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6182-01, Session 1
Materials synthesis, morphologies, and optical properties
of composite opals
C. López, Consejo Superior de Investigaciones Científicas (Spain)
Designing the shape of the photonic bands is not only important to
obtain complete gaps. Many other applications such as super
refraction effect or all-angle negative refraction have attracted the
interest of researchers on photonic crystals where no complete
photonic band gap exists. Indeed, these properties are based on the
shape of the photonic bands at certain regions of the spectrum.
Thus, being able to design and modify the band structure is a very
desirable aim.
The ability to combine different materials in the framework provided
by opals generates a wealth of functionalities owing to the variety of
morphologies and properties different materials offer. Different
synthetic routes are required and strategies must be designed to
allow the combination of organic and inorganic matrices and infills
such as metals, semiconductors, insulators. The use of such tools
helps deepen the understanding of the interactions of light and
photonic crystals in various regimes. Thus, infiltration of polystyrene
or silica opals with Zn, ZnO, InP, GaP, SiO2, Si, to name a few,
opens doors in the study of diffractive phenomena, photonic band
engineering, higher photonic bands gaps, group velocity dispersion
etc. In this contribution examples are given of various growth
methods, morphologies obtained, and optical properties derived
from the combination of inorganic (silica) and organic (PS, PMMA)
opal templates and several infills.

6182-02, Session 1
Radiation dynamics of PbSe quantum dots embedded in
three-dimensional photonic crystals
M. J. Ventura, C. Bullen, M. Gu, Swinburne Univ. of Technology
(Australia) and Ctr. for Ultrahigh-bandwidth Devices for Optical
Systems (CUDOS) (Australia)
Recent developments in the fabrication of high quality photonic
crystals (PCs) has provided a unique opportunity to engineer
environments into which luminescent materials (eg. semiconductor
quantum dots, QDs) can be introduced so the interaction between
the two can be studied.  The photonic bandgap exhibited by PCs in
which propagating electromagnetic modes cannot exist at all, or only
for certain directions of propagation,  can be utilized to manipulate
light at wavelengths on the scale of their dielectric periodicity.
Controlling the spontaneous emission rates of quantum dots
introduced into photonic crystal lattices is seen by many as a pivotal
step towards the realisation of functional photonic crystal devices.
We present experimental results in which the radiation dynamics of
PbSe quantum dots are modified using the main photonic bandgap
as well as higher-order gaps of three-dimensional void-channel
based photonic crystals.
Femtosecond-laser direct writing of submicron-size voids into a pre-
cured liquid resin, resulting in a solid polymer host [2,3] is a single
step process which allow for the generation of arbitrary non-
overlapping channel arrangements and requires no chemical post-
processing. Controlled defects can be introduced at any location
within the lattice geometry.  Microcavities are fabricated at the centre
of a twenty-four layered woodpile structure by the introduction of a
displacement +d of all layers beyond the twelfth [4].  Such a system
is analogous to a Fabry-Perot etalon consisting of two parallel
quarter-wave stacks, in which each layer of void channels contrib-
utes two quarter-wave layers of different average dielectric con-
stants, one containing the channels and another one consisting
entirely of cured resin.  Infrared transmission measurements revealed
main photonic bandgaps centred at 4.5 µm with higher order gaps at
2.25 µm.  A sharp spike with the main photonic bandgap was
characteristic of the defect layer size (+d) and could be tuned though
the gap.
Nearly monodisperse PbSe quantum dots produced by wet chemical
methods. The emission of the quantum dots is dependent on the
crystallite size and can be precisely tuned across the 1-4 µm spectral
window. The quantum dots are introduced into photonic structures
by dispersing them into the liquid polymer host prior to curing and
fabrication.  A series of systems are investigated by selection of the
emission wavelengths of the quantum dots to coincide with the main
photonic bandgap, localised defect states as well as higher order

gaps of the PCs.  Time resolved florescence measurements are
made and observed changes in the radiative emission rates of the
quantum dots are attributed to the interaction with the periodic
structure.
References
1. E. M. Percell, Phys. Rev. 69, 681, (1946)
2. M. J. Ventura, M. Straub, and M. Gu, Appl. Phys. Lett. 82, 1649,
2003
3. M. Straub, M. Ventura, and M. Gu, Phys. Rev. Lett. 91, 043901,
2003
4. M. J. Ventura, M. Straub, and M. Gu, Opt. Express. 13, 2767, 2005

6182-03, Session 1
Optical effects in artificial opals infiltrated with gold
nanoparticles
D. Comoretto, Univ. degli Studi di Genova (Italy); V. Morandi, F.
Marabelli, Univ. degli Studi di Pavia (Italy); V. Amendola, M.
Meneghetti, Univ. degli Studi di Padova (Italy)
We report on the spectroscopical and photophysical properties of
opal films infiltrated with gold nanoparticles (AuNp).
Opal films are grown with the meniscus technique from water
mixtures of monodisperse polystyrene nanospheres and AuNp
suspensions having different relative concentrations.
AuNp are obtained by laser ablation in solution. Their absorption
spectra can be fitted with the Mie-Gans theory indicating that their
shape is mainly (88.5%) spherical (radius 12 nm), but a small fraction
(11.5%) of spheroids is also present, which usually indicate a small
degree of aggregation.
Polarized variable incidence angle reflectance micro-spectroscopy
shows that bare opal photonic structure is modified upon infiltration
with AuNp. As a matter of fact, the photonic crystal stop band is
shifted up to 1500 cm-1 below its original position (depending on the
AuNp loading degree) and its width is remarkably reduced. However,
no spectral features associated with AuNp plasmon band can be
detected in reflectance spectra. The dispersion of the stop band by
changing the incidence angle indicates that a modification of about
10% of the effective refractive index has been achieved. The edges
of the reflectance peak, mapping the air and dielectric photonic
bands, are independent of polarization at the largest incidence
angles, contrary than in bare opals, thus indicating that AuNp affect
the symmetry properties of the photonic band structure.
From the effective refractive index and the interference fringes
progression observed in reflectance spectra above and below the
stop band, the film thickness is derived in full agreement with
Scanning Electron Microscopy (SEM) measurements. Atomic Force
Microscopy and SEM confirm that AuNp are embedded in the
interstices between spheres preserving their nanoparticle nature
without creating bulk metal.
Polarized transmittance spectra show unexpected properties. The
photonic crystal stop band is overlapped with AuNp absorption
spectrum. A spectral signature showing the same dispersion as the
reflectance spectra is detected around the spectral position of the
reflectance peak. Moreover, the unusual lineshape of such a feature
suggests a possible interaction between the AuNp plasmon and the
photonic crystal stop band.
We are currently investigating the optical switching properties of
these films.

6182-04, Session 1
Phase sensitive measurements on 3D opal-based
photonic crystals
J. F. Galisteo-López, Consejo Superior de Investigaciones Científicas
(Spain) and Univ. degli Studi di Pavia (Italy); M. Galli, M. Patrini, A.
Balestreri, L. C. Andreani, Univ. degli Studi di Pavia (Italy); C. López,
Consejo Superior de Investigaciones Científicas (Spain)
Photonic crystals have raised great expectations due to their peculiar
refractive properties and also to the possibility of tailoring emission
dynamics of light sources placed within them. This makes them
particularly attractive for technological applications but also
fundamental studies.
Over the past few years an enormous multidisciplinary effort has
been made to develop the theory which describes their optical
properties and to fabricate those structures predicted to perform in
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given ways. At the same time an optical characterization is needed
to understand the way these materials interact with light. Techniques
such as transmission and reflection spectroscopy have been widely
employed to study certain properties of three dimensional (3D)
photonic crystals such as the existence of spectral intervals
forbidden for light propagation. But if one wishes to study their
dispersive properties, more sophisticated techniques such as phase
sensitive ones are needed.
In this work we present phase sensitive measurements made by
means of white light interferometry [1] on opal based photonic
crystals and we demonstrate the potential of this technique for the
study of the dispersive properties of 3D photonic crystals. The
absolute phase delay accumulated as light is transmitted through the
samples is obtained for systems with varying thickness. The spectral
range of interest comprises the L-pseudogap, originated due to
Bragg diffraction by the {111} planes parallel to the surface, and its
surroundings. This is the first time that such measurements are
presented for 3D systems in the optical range.
From the measured phase we obtain an effective refractive index
defined from an effective medium approach [2] which has proven to
correctly describe the dispersive properties of 1D [2] an 3D [3]
systems. The evolution of such effective refractive index is studied
as a function of sample size.
By derivation of the measured phase we have obtained the group
velocity in the above mentioned spectral range. The different
features which are observed in the experimental results (i.e. slow
photon modes and superluminal spectral regions) and its evolution
with sample size are discussed.
Furthermore, all of the above results have been modelled employing
a scattering matrix method, taking into account the structural
properties of the samples as well as the dispersive properties of the
constituent materials. The coincidence between experimental results
and theoretical calculations is satisfactory. From bandstructure
calculations the infinite crystal limit is obtained for the effective
refractive index and the group velocity, and the evolution of these
magnitudes with sample size and its convergence towards that limit
is discussed.
Finally, we present some preliminary results in the spectral region
where diffraction bands appear in the mode dispersion of the
samples.
[1] M. Galli, F. Marabelli, and G. Guizzetti, Appl. Opt. 42, 3910 (2003).
[2] M. Centini, C. Sibilia, M. Scalora, G. D’Aguanno, M. Bertolotti, M.
J. Bloemer, C. M. Bowden, and I. Nefedov, Phys. Rev. E 60, 4891
(1999).
[3] P. P. Markowicz, H. Tiryaki, H. Pudavar, P. N. Prasad, N.
N.Lepeshkin, and R. W. Boyd, Phys. Rev. Lett 92,  art. no. -083903
(2004).

6182-05, Session 1
Full processing of colloidal photonic crystals by spin-
coating
H. R. Miguez, A. Mihi, R. Pozas, G. Lozano, M. Ocaña, Instituto de
Ciencia de Materiales de Sevilla (Spain)
Attaining good crystalline quality colloidal crystals by methods
compatible with current micro- and opto-electronics technology has
become one of the main goals in the field of colloidal crystal based
photonics. Although a great improvement in terms of minimizing
intrinsic defect density and controlling optical properties has been
made from the early artifical opals made by sedimentation methods
to the nicely ordered arrays achievable by controlled vertical
deposition techniques,(1) there are still some serious flaws in this
approach that complicates the implementation of such lattices in
actual devices: The process to grow a high quality planarized crystal
by vertical deposition methods is time consuming, typical times
involved ranging from a few days to a couple of weeks, depending
mainly on particle size, temperature and the area of the substrate
that needs to be covered. Furthermore, implementing a colloidal
lattice by vertical deposition in a device would require to immerse the
whole device in a suspension containing colloidal beads for at least a
few days, which might damage other parts of the mechanism.
Herein we will show how to use spin coating, a technique widely
employed in current optoelectronics technology, to fully process
colloidal photonic crystals. We will demonstrate that control over
every stage of the lattice growth and post-treatment is achievable by
using this technique. Crystallization,(2) guest material infiltration,(3)

and controlled introduction of defects(4) have been achieved in time
windows that range from a few seconds to minutes, implying a giant
step forwards in terms of the feasibility of such materials. The optical
quality of crystals, inverse lattices attained from them, or dopants is
comparable or better than the quality realized by other methods.
Besides, large surfaces are covered with an non-precedent unifor-
mity. A detailed study of the dependence of the lattice features on
the spin coating relevant parameters such as the spinning velocity
and the characteristics of the precursor suspension (concentration,
dispersants, aging) will be presented.
(1) J.F. Bertone, P. Jiang, K.S. Hwang, D.M. Mittleman, V.L. Colvin,
Phys. Rev. Lett. 1999, 83, 300.
(2) A. Mihi, M. Ocaña, H. Míguez. Submitted.
(3) L.A. Villaescusa. A. Mihi, I. Rodríguez, A.E. García-Bennet, H.
Míguez. J. Phys. Chem., in press.
(4) R. Pozas, A. Mihi, M. Ocaña, H. Míguez. Submitted.

6182-06, Session 2
Characterisation of opal photonic crystals and hetero-
crystals by weak light scattering technique
S. G. Romanov, C. M. Sotomayor Torres, Tyndall National Institute
(Ireland)
Measurements of light losses in 3D photonic crystals (PhC) will be
among most important in the nearest future, because the current
technology provides well-ordered structures suitable for the ballistic
light transport. The specificity of light scattering in PhCs is the
combination of coherent scattering, which is responsible for opening
of the photonic bandgap, and incoherent losses, which reduce the
efficiency of diffraction. These losses affect, in the first instance, the
resolution of the diffraction minima/maxima in transmission/
reflectance spectra. Due to dual nature of scattering, it appears
difficult to study the loss mechanisms with a necessary precision
using a conventional transmission due to the absence of the ideally
packed PhC lattices. On the other hand, the scattered light carriers
the most comprehensive information concerning the light propaga-
tion in PhC, since it is coupled to all existing PhC modes. In the
presence of artificial defects, the light propagation becomes
distorted, i.e. apart from targeted effects, like light waveguiding or
localisation, these defects cause a number of accompany effects,
like light leakage, which also need to be characterised for device
performance optimisation.
In this work the scattering of light was studied in 3D PhCs based on
thin opal films and multiple-film opals prepared by crystallisation in
the vertically moving meniscus. In our measurements, the light was
directed across the film and the film thickness was less than the
mean free path. Losses, which accompany the light propagation,
comprise less than 10% of total intensity. Consequently, the major
fraction of photons detected off the incidence direction of the probe
beam consists of photons, which undergo only one collision and
completed their path along two directions determined by the angle of
the pheterorobe beam incidence and the angle of scattered light
detection. This makes possible to track down the photon trajectory
that is especially important in the case of embedded artificial
defects.
The intensity of the scattered light reduces proportionally to the
inverse scattering angle by 2-6 orders of magnitude. The drop rate
depends on the film thickness - the intensity may change by three
orders of magnitude with only two-fold reduction of the film
thickness. Characterising the drop by the exponent of the hyperbolic
dependence, we plot the spectrum of the exponent to reveal that the
scattering becomes stronger at frequencies of the photonic
bandgap, at minima of the Fabry-Perot fringes, at harmonic
frequencies of planar defect resonances, etc. Remarkably, at the
resonance frequency band of the embedded defect, the scattering
becomes diffusive, which leads to replacing the hyperbolic with the
Lambert-type angle diagram.
Angle-resolved spectra of scattered light are very informative, as
they contain the diffraction features, which are similar to that in
transmission and reflectance spectra. Moreover, they combine in one
spectrum the features characteristic to diffraction attenuation/
enhancement along entrance and exit directions. Nevertheless, the
number of, e.g., minima in forward scattering spectra differs from the
linear sum of diffraction minima in transmission along incidence and
detection directions due to, probably, the different coupling of
externally incident and internally scattered electromagnetic waves to
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eigenmodes of PhC. These observations can be used to identify the
mode symmetry and to assess the role of surface and interface
diffraction. As the example of the latter, the substantial directional
component of the scattered light intensity behind the opal film was
identified as the part of the probe beam, which is diffracted on the
2D lattice of (111) plane of opal lattice.
The forward- and backward scattering allows (i) to study diffraction
along directions, which are not accessible for transmission/
reflectance measurements, (ii) superimpose diffraction features along
different directions in one spectrum by arbitrary choice of the angles
of the light incident and detection and (iii) swap directions of
incidence and detection. This variety of experiment configurations is
a consequence of a simultaneous examination of the PhC properties
along two directions comparing to one direction used in conventional
transmission/reflectance technique.
Noteworthy, that behind the double- and triple-film opals, the width
of the scattering light angle diagram appears substantially narrower
comparing to that of the single film of similar thickness for all
frequencies except the Fabry-Perot resonance bands of the inner
film. For example, the 1.5 exponent applies to the single film opal of
6 mm thickness, whereas exponent of 3.5 applies to the double film
opal of 5 mm total thickness and 2.2 mm thickness of the film, which
faces the detector. Taking this observation into account, we
conclude that the ballistic beam becomes accompanied by a
scattered light of less intensity after passing the hetero-opal with the
thin exit film, if the total thickness of single- and multiple-film opals
are the same.  The analysis of spectrum of the light, which is forward
scattered in a hetero-opal, shows the absence of diffraction
attenuation along the path relating to the scattering angle in the
illuminated film.  This means that scattered light, which approaches a
detector, was born in the exit film. The lower probability for photons
scattered in the illuminated film to reach a detector and the narrower
angle distribution of scattered light intensity point at the enhanced
backscattering at the interface.
The additional value of scattering experiment is its straightforward
relation to the emission from PhCs. In particularly, scattering can
help to estimate the efficiency of capturing of the radiation, which is
emitted by active PhC framework, by PhC defects and to evaluate
the emission directionality.
Directionality of light scattering in 3D PhCs and the sensitivity of
direct measurements of the scattered light intensity to the disorder
make the light scattering technique a flexible and powerful tool,
which allows to expand the opportunities of transmission/reflectance
spectroscopy for PhC characterisation.

6182-07, Session 2
Light propagation anisotropy in thin film opal photonic
crystals
S. G. Romanov, C. M. Sotomayor Torres, Tyndall National Institute
(Ireland); J. Ye, R. Zentel, Johannes Gutenberg Univ. Mainz (Ger-
many); D. N. Chigrin, Univ. Bonn (Germany)
Opal films are frequently used as templates for the preparation of
three-dimensional photonic crystals (PhCs) for the visible and the
near infra-red spectral range. Recently, a number of reports
indicated the deviation of the inverted opals lattice from the
expected face-centred cubic symmetry, ascribing this deviation to
the topology of the infiltrate in the opal voids. Conventionally, most
of studies address properties like the dispersion of photonic
bandgaps (PBGs), transmission and reflectance coefficients, etc. and
just few deals with the anisotropy of these properties. Examination of
the light propagation anisotropy is necessary, first, for designing
optical components based on opal-templated PhCs and, second, for
understanding the PBG structure of opals themselves. In this report
we discuss the anisotropy of the optical transmission in thin opal
films and point at the lattice distortion occurring in opal films.
Two types of anisotropy of light propagation in opal films can be
identified: the directional anisotropy with respect to the angle of light
incidence and the azimuth angle due to the topology of iso-
frequency surface and (ii) the polarisation anisotropy due to
symmetry of opal eigenmodes, which affects a coupling to free
space. We discuss the data of light transmission measurements
considering these aspects of light propagation anisotropy in thin
single opal films and multiple film hetero-opals crystallised from
PMMA beads in the vertically moving meniscus. The relative shift of
the Bragg diffraction bands in different films composing the studied
hetero-opals was below 30% to ensure the overlap of transmission

minima originated from different films at angles of the light incidence
above 40o.
The directional anisotropy of single film opals relates to the direction-
ality of the opal photonic bandgap (PBG) structure, which leads to
the specific topology of the iso-frequency surfaces. However, fitting
of the Bragg bandgap to the PBG structure does not ensure the
correlation of calculated and measured high order bands. Besides,
the experiment shows the presence of several additional weak
minima with the same dispersion as main minima. This discrepancy
becomes especially pronounced for gaps between modes higher
than six.
In the case of multiple-film opals, the directional anisotropy acquires
more complicated character due to consecutive attenuation of the
transmission in films comprising the hetero-opal. This anisotropy
follows the linear superposition of PBG structures of hetero-opal
constituents in the frequency range of the Bragg gap, but this
superposition fails to correlate the experiment at frequencies 1.5
times higher than the Bragg gap along the [111] axis.
The p-s anisotropy was determined as the ratio of transmission in p-
polarisation to that in s-polarisation. The anisotropy dispersion
follows exactly the dispersion of 1-4 and 5-6 gaps and it reaches the
maximum ratio of factor of 200 at the incidence angle of 50-55o,
when the wavevector points at the edge of the opal Brillouin zone.
Partly, this anisotropy may relate to the different symmetry of modes,
responsible for the Bragg gap between 1-4 modes in s-polarised
light and between 2-3 modes in p-polarised light. However, similar
magnitude and character of p-s anisotropy for 5-6 gap is an
indication of the anisotropy irrelevance to mode symmetry. It is worth
to note that in double-film opals the p-s transmission anisotropy is
weaker by an order of magnitude, but it spreads over the wider
range of frequencies and angles because of the superposition of
gaps in opal films.
The diagram of central frequencies of transmission minima as the
function of the azimuth angle with respect to the [111] axis was
measured at 45o incidence angle. These diagrams demonstrate (i)
the azimuth independence of the 1-4 (2-3) gap, (ii) mixture of two-
and six-fold symmetries for the 5-6 minimum and (iii) the six-fold
symmetry for the 8-9 minimum. The latter two cases differ from the
three-fold symmetry of the opal Brillouin zone. This is an indication of
the lattice distortion of opals, which self-assembled in moving
meniscus, and the possible misalignment of lattices of fragments of
opal films within the area of a light spot.
The azimuth transmission diagrams correspond to the angular PBG
dispersion. Depending on the frequency, the rotational symmetry of
s- and p-polarised transmission is a mixture of two- and six-fold
symmetry, moreover, these two may obey different symmetries for
the same frequency. Remarkably, minima of s- and p-transmission
can be in phase or in counter-phase with respect to each other. For
example, the twelve-fold symmetry is observed for p-polarised light
at frequencies of the 8-9 minimum, where the s-polarised transmis-
sion shows poorly structured diagram. The reverse situation takes
place in the range of the 1-4 band, where the pronounced six-fold
symmetry of the s-polarised light opposes weak unstructured
diagram for the p-polarised light. This leads to a systematic azimuth
angle shift of the polarisation anisotropy as compared to lattice
orientation and a frequency dependence of this shift. Near the Bragg
band the transmission in p-polarisation always exceeds that in s-
polarisation, but at high order bands their correlation becomes a
function of the frequency and direction.
The collection of data describing the light propagation anisotropy in
thin opal films demonstrates the need in modified PBG structure
calculations, which take into account a possible lattice distortion due
to unidirectional drawing force, a frequency dependence of the
refractive index, finite-size effects, PBG interfaces, etc. This precise
identification of the PBG properties of thin opal films is a key point
for the correct design of high-refractive index PhCs based on opal
templates.

6182-08, Session 2
Engineered colloidal crystals with tunable optical
properties
S. Ravaine, P. Massé, S. Reculusa, Ctr. de Recherche Paul-Pascal
(France)
In recent years, there has been tremendous activity in an attempt to
fabricate and investigate the structure-property relationship of three-
dimensional (3D) photonic crystals1. A key property of these
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materials is the presence of a photonic band gap, analogous to
electronic band gap in a semiconductor, which arises from the
inhibition of the electromagnetic waves propagation over a certain
range of frequency. Thus photonic crystals are promising tools to
manipulate, confine, and control light. As they can be readily
assembled into long-range ordered lattices, monodisperse colloidal
particles are suitable building blocks for the elaboration of such
materials. Several methods have been developed to organize
colloids in such periodic arrays with well-defined crystal structures,
sufficiently domain sizes and well-controlled thickness. Nevertheless,
the formation of 3D lattices with arbitrary structures, which should
exhibit interesting optical functionality, has met with limited success
by using all of these procedures.
We present here the fabrication by the Langmuir-Blodgett technique
of: 1) multilayer crystals with a perfect control of the thickness of
each of their component stacks; 2) three-dimensional colloidal
crystals containing planar defects of various types. We investigate
the structure-optical properties relationship of these materials by
combining Scanning Electron Microscopy (SEM) and Near-Infrared
(NIR) spectroscopy experiments.
In the case of multilayer colloidal crystals, our results demonstrate
that their optical behavior can be tailored by manipulating the
thickness and the stacking order of each component opal. For
example, NIR transmission spectra of samples made of i layers of
small silica particles deposited onto j layers of larger silica spheres
(called (large)j/(small)i crystals) are better resolved than those of the
opals exhibiting an inverse structure. This result can be explained by
taking into account that (large)j/(small)i crystals have an outside layer
with a lower refractive index than the one of their inside layer, while
the (small)i/(large)j systems correspond to the opposite case.
It is well known that breaking the periodicity in a photonic crystal
induces the appearance of localized states for photons within the
gap. Recently, the existence of defect modes in silica opals by
changing the sphere size of the defect plane has been evidenced by
Persoons and co-workers.1 Some groups have also introduced a
homogeneous sheet of materials to break the lattice periodicity.2-3
In this work, we chose to complete these studies by first introducing
a planar sheet of an organic material between two silica opals. We
thus fabricated a “sandwich” structure made of 200 layers of
behenic acid embedded between two stacks of five layers of silica
particles. The NIR spectrum of this sample clearly exhibits a donor
impurity peak within the stop band, as a consequence of the
presence of the planar defect. In a second approach, we also built
several 3D colloidal crystals containing a single monolayer of
particles with a different diameter. We show that the insertion of a
defect of small spheres between two opals of larger particles gives
rise to an acceptor mode, which appears closer to the high-
wavelength edge of the gap. As expected, the position of the pass
band moves continuously through the photonic band gap from the
conduction band to the valence band as the diameter of the beads of
the defect layer increases. More interestingly, we show that the
defect state position in the stop band varies periodically with the
value of the ratio of the diameter of the colloids of the lower and
upper opals to the size of the particles of the defect layer.
Finally, both the wavelength and the magnitude of the pass band are
found to continuously vary with the position (i.e. altitude) of the
defect layer inside the material. These experimental results were also
successfully simulated using a model based on a 2D rigorous theory
of diffraction. Results of these simulations are presented and
discussed in terms of a degradation of the crystalline ordering of the
top stack close to the defect layer.
1. (a) Wostyn, K.; Zhao, Y.; de Schaetzen, G.; Hellemans, L.;
Matsuda, N.; Clays, K.; Persoons, A. Langmuir 2003, 19, 4465. (b)
Zhao, Y.; Wostyn, K.; de Schaetzen, G.; Clays, K.; Hellemans, L.;
Persoons, A.; Szekeres, M.; Schoonheydt, R. A. Appl. Phys. Lett.
2003, 82, 3764.
2. Palacios-Lidon, E.; Galisteo-Lopez, J. F.; Juarez, B. H.; Lopez, C.
Adv. Mater. 2004, 16, 341.
3. Tétreault, N.; Mihi, A.; Miguez, H.; Rodriguez, I.; Ozin, G.A.;
Meseguer F.; Kitaev, V. Adv. Mater. 2004, 16, 346.

6182-09, Session 2
Photonic crystals from inorganic-polymeric hybrid
particles
T. E. Ruhl, P. Spahn, Deutsches Kunststoff Institut (Germany); C.
Hermann, C. Jamois, O. G. Hess, Univ. of Surrey (United Kingdom)

Photonic crystals exhibit exciting opportunities for controlling light.
This can be utilized in optical waveguides, telecommunication
devices, chemical and biological sensing and solar cells. However,
functional devices require tuneable photonic crystals and ultimately
structures that allow switching.
Therefore inorganic-polymeric hybrid particles were developed,
which offer new opportunities in the design of nanostructured
materials since each component can be removed selectively. The
presentation describes the synthesis of silica-polymer core-shell
particles, absolutely uniform in size and in architecture. They were
used as building blocks for colloidal crystals and inverse opals were
prepared by filling the interstices with titania or tin disulfide.
Removing the polymeric shells by calcination yields the structure of
double inverse opal photonic crystals (DIOPC): The ordered, 3D array
of air spheres in a high refractive index matrix is a host for movable
silica spheres which behave as weakly scattering objects.
Optical properties of this new class of inverse opals are modified
dramatically by the embedded silica-spheres. They depend on the
size of the silica-spheres, the pore to sphere ratio and the position of
the spheres in the pores. Two examples will be discussed in more
detail. If the backbone consists of a material with a moderate
refractive index - like titania - and the silica-spheres are randomly
distributed in the pores, the DIOPC scatters light diffusively since the
interaction of light with the periodic backbone is strongly disturbed.
The silica-spheres can be masked optically by infiltration with various
liquids, matching the refractive index of silica. This produces bright
reflection colours known from ordinary infiltrated inverse opals. This
experiment simulates an order-disorder transition, induced by a
collective shift of the random distributed silica-spheres into one
specific position in the pores.
If the backbone of the DIOPC consists of tin disulfide (n = 3,2 at λ =
700 nm), theoretical calculations show that for certain sets of
parameters a complete bandgap opens up between the 8th and the
9th band of the DIOPC. But a collective shift of the silica-spheres in
a certain direction may break particular symmetries of the crystal and
therefore the degeneration of high symmetry points. This can close
the complete band gap as shown by numerical results for a shift
from the (111)-direction to the (100)-direction of the fcc-lattice.
Those structures are therefore very promising for the development of
switchable photonic crystals for adaptive 3D optical integrated
circuits.
The synthesis and characterization of uniform silica-polymer hybrid-
particles and the double inverse opals will be presented as well as
the optical properties of those materials determined by UV-VIS
spectroscopy and theoretical calculations.
references:
T. Ruhl, P. Spahn, H. Winkler, G. P. Hellmann, Progr. Coll. Polym.
Sci. 2004, 129, 82.
T. Ruhl, P. Spahn, G. P. Hellmann, H. Winkler, Proc. of SPIE 2004,
5450, 67.
T. Ruhl, P. Spahn, C. Hermann, C. Jamois, O. Hess, “Double inverse
opal photonic crystals: The route to photonic bandgap switching”,
Adv. Mater., submitted.

6182-10, Session 2
Photonic bandgap response of structurally modified
inverse non-close-packed opals by template directed
multilayer atomic layer deposition
E. Graugnard, D. Gaillot, J. S. King, C. J. Summers, Georgia Institute
of Technology (USA)
We present theoretical and experimental photonic band gap (PBG)
investigations into the properties of structurally modified inverse non-
close-packed opals fabricated by template directed multi-layer
atomic layer deposition (ALD). This powerful, flexible and unique
technique, recently reported by our group for modifying sub-micron
patterned template structures,[1] was applied to the fabrication of
high-quality 3-dimensional inverted structures with optically passive
materials from face-centered-cubic (FCC) based periodic templates.
In 2000, Doosje and coworkers reported theoretical PBG investiga-
tions of inverse non-close-packed structures that consist of spherical
air domains arranged in a FCC lattice and interconnected by tube-
like channels.[2] These geometrically ideal structures were predicted
to exhibit enhanced PBG properties compared to typical inverse
shell opals.[3] Synthesis attempts have been reported but to date the
degree of complexity has prevented fabrication.[4]:In this work, we
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present a new strategy for fabricating inverse non-close-packed
structures using template directed multi-layer ALD. A buffer material
that can be selectively removed (hence acting as a sacrificial shell), is
first conformally coated using ALD onto the dielectric spheres of an
opal template. Then, a second ALD layer of another dielectric
material is coated onto the sacrificial shell up to the maximum
infiltration allowed in a FCC lattice (86% of the interstitial air voids).
After chemical removal of the modified template (dielectric spheres
and sacrificial shell), the remaining structure consists of an ultra-low-
filling fraction backbone whose overlapping spherical air domains are
interconnected by wide pores. The desired material is then
conformally backfilled onto the interior of the backbone (a second
template), simultaneously decreasing the air pore and spherical
domains sizes and leading to a non-overlapping inverse non-close-
packed structure connected by hyperboloid channels. Therefore, the
combination of a sacrificial shell/backfill shell yields a wide range of
experimentally achievable inverse non-close-packed network
topologies.:TiO2 inverse non-close-packed opal films were fabri-
cated using this technique and optically characterized. We observed
a Bragg peak tuning of over 600 nm and enhancement of the Bragg
peak width by \>50%. Additionally, band structure calculations,
using a dielectric function mimicing the true network topology,
confirm these measurements. Systematic computations were also
performed to determine if a complete PBG can be sustained, as a
function of the fabrication parameters: sacrificial shell radius, backfill
thickness, and refractive index. 3D-FDTD results indicate that
experimentally achievable structures are predicted to exhibit a
complete PBG as large as 7.2%; three times the value reported for
the structure proposed by Busch and John.[3]  Additionally, the
refractive index requirement is predicted to decrease from 3.3 in
86% infiltrated inverse shell opals to 3.0. Additionally, it is predicted
for these structures that the complete PBG peak can be statically
tuned by ~30% by increasing the backfill thickness, which strongly
affects the total dielectric volume fraction.:Using this flexible
technique and appropriate modeling, we have extended the inverse
opal architecture to create NCP structures that have unprecedented
enhanced photonic properties. Modeling results also suggest it
should be possible to fabricate optimized structures with a lower
minimum refractive index requirement, potentially making a full
photonic band gap in the visible a reality in a wide variety of
materials.
:[1] E. Graugnard, J.S. King, C.J. Summers, Nano Letters (Submitted)
:[2] M. Doosje, B. Hoenders, and J. Knoester, J. Opt. Soc. Am. B 17,
600 (2000)
:[3] K. Busch and S. John, Phys. Rev. E 58, 3896 (1998)
:[4] H. Miguez, N. Tetreault, S.Yang, V. Kitaev, & G.A. Ozin, Adv. Mat.
15, 597 (2003)

6182-11, Session 2
Tunable defects in colloidal photonic crystals
F. Fleischhaker, Univ. of Toronto (Canada) and Johannes Gutenberg
Univ. Mainz (Germany) and Instituto de Ciencia de Materiales de
Sevilla (Spain); A. Arsenault, N. Tetreault, Z. Wang, V. Kitaev, F. C.
Peiris, Univ. of Toronto (Canada); A. Mihi, H. R. Miguez, Instituto de
Ciencia de Materiales de Sevilla (Spain); G. von Freymann, Univ.
Karlsruhe (Germany); I. Manners, Univ. of Toronto (Canada); R.
Zentel, Johannes Gutenberg Univ. Mainz (Germany); G. A. Ozin,
Univ. of Toronto (Canada)
Photonic crystals (PCs) are characterized by a spatially periodic
dielectric constant modulation, and can suppress, slow or guide the
flow of electromagnetic radiation in certain lattice directions when
the periodicity is comparable to the radiation wavelength. These
attributes have made them promising candidates for a variety of
optoelectronic devices. Analogously to the doping process of
semiconductors, the functionality of PCs can be extended by the
controlled introduction of extrinsic defects into the crystal, leading to
optical defect states within the photonic band gaps or stop bands.
An elegant approach for a low-cost and large-area fabrication of PC
structures involves the self-assembly of monodisperse silica or
polymer spheres into 3D colloidal photonic crystals (CPCs). In
addition, these bottom-up synthesized microstructured materials
allow for the introduction of an impressive degree of chemical
diversity.
Here we present a bottom-up method for incorporating tunable
defect layers into silica CPCs based on polyelectrolyte multilayers
(PEMs). We show how PEMs of different chemical functionality can

be used to create defect structures responsive to solvent vapor
pressures, light, temperature as well as redox cycling. Two fabrica-
tion strategies have been developed: In the first method we directly
layer-by-layer (LbL) self-assemble a PEM stack onto the surface of a
collidal crystal by engeneering a wettability difference between the
bulk and surface of the crystal. In the second method we pre-form a
PEM stack onto a flat piece of polydimethylsiloxane (PDMS), and the
entire multilayer is transfer-printed onto the surface of the colloidal
crystal. A second layer of CPC is then grown on top of this surface
layer to form the embedded structural defect. The thickness of the
PEM defect can be precisely controlled by the number of self-
assembled polyelectrolyte bilayers and in both cases the mulilayer is
formed exclusively on the crystal surface. Optical spectra of these
polyelectrolyte CPC heterostructures show a norrow transmission
window within the photonic Bragg peak resulting from the PEM
structural defect. The position of the defect state can be actively
tuned by varying the thickness and refractive index of the PEM, as
well as by modifying the effective refractive index of the colloidal
crystal. The extent of these effects can be tailored by changing the
nature of the PEM material and the surface properties of the CPCs.
Precise and reversible tuning of the defect position is possible by
controlled-pressure solvent vapor condensation into the PEM and
the CPC cladding layers as well as by thermal cycling of PEM CPC
heterostructures. Besides that, chemical functionality is introduced
into the defect layer by incorporating photochemically active
azobenzene based polyelectrolytes and redox active
polyferrocenylsilane (PFS) metallopolyelectrolytes into the PEM
stack. The azobenzene containing polyelectrolyte allows for active
tuning of the defect state due to photochemical trans-cis isomeriza-
tion of the azo group. The defect transmission state of PFS defect
CPCs can be dynamically tuned by oxidizing and reducing the
ferrocene units in the PFS PEM. Thickness and refractive index of
the PEM stack are determined by independently performed
ellipsometry measurements and the experimental spectra of the
investigated defect CPCs are theoretically simulated using a scalar-
wave approximation (SWA) model.
The presented materials could find numerous applications as
optically monitored chemical sensors, adjustable notch filters and
CPC-based frequency tunable laser sources.

6182-12, Session 3
Magneto-optical properties of three-dimensional
photonic crystals with a planar magneto-optic defect
A. Khanikaev, M. Inoue, Toyohashi Univ. of Technology (Japan); A. B.
Granovsky, M.V. Lomonosov Moscow State Univ. (Russia)
The significant attention has been recently attracted to the theoreti-
cal and experimental study of the magneto-optical properties of one-
dimensional periodical structures with magneto-optically active
defects [1, 2, 3]. It was shown, that if the resonance frequency of a
defect lies in a band gap region of a corresponding periodical
structure, then, enhanced transmission of the light appears at this
frequency. Moreover, because of localization of the light of the
resonant frequency in a defect layer, the huge enhancement of the
Faraday rotation occurs.
In the present work we study the magneto-optical properties of
layered structures composed from a layer of a magneto-optic
material sandwiched by two identical slabs of three-dimensional
photonic crystals with the simple cubic or face centered cubic
lattices.
In analogy with pervious calculations for one-dimensional structures
[2], we used transfer matrix method, which brings possibility to
calculate transfer matrix of the entire layered structure, if individual
transfer matrixes for every layer are calculated. Obviously, calcula-
tion of the transfer matrix of a magneto-optic layer can be easily
found using 4x4 matrix approach [2], whereas calculation of the
transfer matrix for photonic crystal slabs is complicated problem in
itself, because of the Bragg diffraction in all three dimensions.
Fortunately, owing to the recent interest in photonic crystals, very
effective and powerful method for calculation optical properties of
finite photonic crystal heterostructures has been developed [4, 5].
This method, in analogy with its scalar electronic counterpart, was
called layered Korringa-Kohn-Rostoker method (LKKR). Combining
LKKR method and 4x4 matrix approach we calculated the total
transfer matrix of the multilayered structure and extracted from it all
required information.
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It was found that multilayered structures with three-dimensional
subcomponents possess richer underlying physics in comparison
with its one-dimensional counterparts. Namely, due to Bragg
diffraction in the plane orthogonal to the axis of the multilayered
structure, a quantity of the Bragg waves enter into a magneto-optic
defect layer. Generally, because of the different values of their wave
vector components parallel to the axis of a multilayered structure,
only one of them satisfies resonance transmission condition and
exhibits significant enhancement of the Faraday rotation. However,
maximum of the Faraday rotation could be reached by changing the
angle of incidence for any fixed wavelength. And only a multilayered
structure based on the high contrast inverse opals with defect layer
resonant frequency located in the complete band gap of these opals,
exhibited simultaneous enhancement of the Faraday rotation for all
Bragg waves involving in the transport of the energy. However, even
in this case, the Bragg waves experienced different rotation. The
latter fact can be explained, firstly, as a consequence of a different
positioning of the resonances within the band gap, and maximal
Faraday Effect was found for modes with resonant frequency located
at the center of the band gap for the corresponding direction.
Secondly, rotation showed strong dependence on the angle between
wave-vector of the certain Bragg wave and the direction of magneti-
zation (or anisotropy axis direction) of the magneto-optic defect
layer. Similarly to the Faraday Effect in bulk magneto-optic materials,
the maximal rotation was found for directions of the Bragg waves
collinear with the magnetization direction. However, in contrast with
the bulk MO matter, Faraday rotation was maintained even for the
propagation directions of the Bragg waves orthogonal to the
magnetization direction. The latter phenomenon is analogous to the
so called “band Faraday effect” discovered in the magnetic photonic
crystals - phonic crystals where at least one of the constituting
materials possesses magneto-optic activity [6]. Its essence is the
existence of the Faraday rotation even if the Bloch wave vector
direction is orthogonal to the direction of the magnetization of the
photonic crystal, and is related to the permanent energy transfer
between different Bragg “channels” and the fact that wave vector of
a some partial Bragg wave is not necessarily orthogonal to the
magnetization direction.
In conclusion, we suppose that multilayered structures composed
from photonic crystal slabs and magneto-optic defect layers will find
extensive application, because of possibility to reach a significant
enhancement of the magneto-optic effects for numerous wavelength
and/or directions within the same device and with possibility to
manage its characteristics by changing the magnetization direction.
[1] M. Inoue, K. I. Arai, and M. Abe, J. App. Phys. 85, 5768 (1999)
[2] H. Kato, T. Matsushita, A. Takayama et al., J. App. Phys. 93, 3906
(2003)
[3] S. Kahl and A. M. Grishin, Appl. Phys. Lett. 84, 1438 (2004)
[4] N. Stefanou, V. Yannopopas, and A. Modinos, Comput. Phys.
Commun. 113, 49 (1998)
[5] A. Modinos, N. Stefanou, I. E. Psarobas, and V. Yannopopas,
Physica B 296, 167 (2001)
[6] H. Nishizawa and T. Nakayama, J. Phys. Soc. Jpn. 66, 613 (1996)

6182-14, Session 3
Comparison of polarization splitter devices based on
planar photonic crystals
J. van Look, V. A. Zabelin, R. Houdré, École Polytechnique Fédérale
de Lausanne (Switzerland); M. V. Kotlyar, T. F. Krauss, Univ. of St.
Andrews (United Kingdom)
We will present theoretical and experimental investigations on
different designs of polarization splitters based on planar photonic
crystals (PhCs). Polarization splitting is achieved by exploiting the
polarization dependence of the photonic band structure of the PhC
and consequently the optical response. Lattice symmetry, lattice
constant, air filling factor of the PhC as well as the angle of incidence
are selected in such a way, that the TE photonic bandgap lies within
the operating wavelength of the device, whereas a bandgap for TM
polarized light is not present. This enables a high transmissivity for
TM polarization and a high reflectivity for TE polarization.
Three different polarizer concepts have been designed: A triangular
lattice polarizer, a square lattice polarizer and a self-collimating
polarizer. The triangular and square lattice polarizers consist of a
triangular and a square lattice of air holes introduced into an InP/
(In,Ga)(As,P) slab structure. Both consist in simple crystals tilted 30°

against a shallow etched ridge access waveguide carrying the
incident beam. Transmitted TM-beam and reflected TE-beam are
collected by similar waveguides at the reflection and transmission
PhC interface respectively. Incident angle at the PhC interface and
air filling factor of the PhC are chosen to obtain a broadband
separation of the TE and TM bandgap, to optimize transmission (for
TM polarization) and to minimize PhC interface in-plane scattering
losses (especially for TE polarization).
The self-collimating polarizer design is based on a square lattice PhC
as well, but contrary to the previous approach, the polarizing PhC is
embedded in an intermediate slab of the same PhC structure with a
different air filling factor such that self-collimation effect is achieved
for both TE and TM polarization. This way the optimization of the
PhC / ridge-waveguide interface is decoupled from the optimization
of the polarizer functionality and moreover in-plane light diffraction at
the polarization splitter plate, that is always present in the previous
designs, is suppressed.
2D FDTD modelling of all structures was performed. Calculations
show high diffraction / scattering losses at the PhC interface for the
square and triangular lattice designs without self-collimation, thereby
reducing mainly the TE reflected beam intensity. With introduction of
the self-collimation design, calculations show a large reduction of
interface diffraction losses as well as the back reflection. Transmis-
sion of over 80% is predicted for both polarizations.
Devices based on all three polarizer concepts have been fabricated,
characterized and analyzed. The vertical layer structure consists of
an InP substrate, a 522 nm thick InGaAsP core layer with an
electronic bandgap wavelength of 1.22 µm and a 300 nm InP
cladding layer on top. Planar PhC and shallow ridge waveguides
were structured and etched by use of an e-beam and CAIBE system.
The polarizer performance was characterized using an optical fibre
bench setup (end fire principle). Transmission and reflection
properties for the different polarizations were measured using a
broadband IR-laser, tuneable over a wavelength range from 1490 nm
to 1640 nm. Additional lithographic tuning on the samples provides a
broad spectral characterization.
We will present and discuss optical characterization of all three
designs, with a main emphasis on the following aspects: polarization
splitting efficiency, polarization rejection, cross-talk and back
reflection.

6182-15, Session 3
Photonic crystal lens formed by air-hole array with
gradually varied radii
H. Chien, C. Chen, National Central Univ. (Taiwan)
In this work, we propose a photonic crystal lens structure that is
consisted of air-hole array with gradually varied radii in dielectric
medium. Two-dimensional finite-difference time-domain (FDTD)
method is adopted to calculate the electromagnetic fields. The
numerical aperture is as high as 0.59. The large depth-of-field is 3.2
times larger than that estimated by the focal length and the aperture
of the photonic crystal lens. This structure is used to coupling the
light into a photonic crystal waveguide. The coupling efficiency is
2.75 times larger than the tapered photonic crystal waveguides.

6182-16, Session 3
Disorder-induced losses in photonic crystal waveguides
and nanocavities
L. C. Andreani, D. Gerace, Univ. degli Studi di Pavia (Italy)
Line defects in photonic crystal (PhC) slabs with strong refractive
index contrast support waveguide modes that lie below the light line
in air and are truly guided with no intrinsic losses.
Propagation losses for these modes are only due to the effects of
fabrication disorder, or roughness-induced scattering. This problem
is of crucial importance for prospective applications of PhC slabs to
integrated optical devices and has been subject to a few recent
investigations [1-6].
Existing results include the trends of losses as a function of refractive
index contrast [1] or of structure parameters [2,3,5], the roles of
backscattering for low group-velocity modes and of disorder
correlation length within a Green’s function formalism [4], a compari-
son between PhC
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and conventional strip waveguides [6]. It has been predicted that
disorder-induced losses can be reduced by more than one order of
magnitude by increasing the waveguide channel width [5]. The
importance of including local-field effects due to disorder when using
perturbation theory has been pointed out [6].
In this work we report on novel results for disorder-induced losses
calculated by means of the guided-mode expansion method. We
focus on the W1-type waveguide (a line of missing holes in the
Gamma-K direction of the triangular lattice) defined in a high-index
membrane. Disorder is described by a random distribution of hole
radii within a large supercell and propagation losses due to coupling
to radiative modes are calculated by perturbation theory. We extend
our previous calculations in several directions:
(i) A micro-roughness model for the hole sidewalls is introduced,
which allows to define a correlation length for the disorder. The
behavior of losses as a function of correlation length is similar to that
of strip waveguides [7], but propagation losses in PhC waveguides
with optimal parameters are predicted to be lower than those
measured in state-of-the-art Silicon wires.
(ii) Scattering into the counterpropagating guided mode is included.
The results show that backscattering is unimportant in the high
group-velocity region, but becomes dominating close to a band edge
when the group velocity tends to zero, in agreement with Ref. [4].
(iii) Preliminary studies of the effects of local-field corrections on
roughness-induced losses are performed by calculating the
electromagnetic field of guided modes in the disordered structure,
i.e., the effect of disorder is taken into account in the e.m. field
profile before the use of perturbation theory for coupling to radiative
modes.
The present simulation method is a tool to describe roughness-
induced scattering losses at different levels of complexity. The
results indicate that the trends of losses as a function of structure
parameters are correctly given by the simplified model of Refs. [2,4].
It is confirmed that strongly reduced propagation losses should
occur in the W1.5 waveguide: this is the  optimal structure with
single-mode behavior, high group velocity and large channel width,
leading to ultra-low losses.
We also calculate the effects of disorder on the quality (Q) factors in
PhC nanocavities. We consider L3 defects, i.e., three missing holes
in the Gamma-K direction of the triangular lattice with geometry
optimization of the nearby holes which has been shown to lead to
very high Q-factors by the mechanism of “gentle confinement” [8].
The disorder contribution to the inverse Q-factor increases with the
square of the r.m.s. deviation of the radius. The behaviour of the Q-
factor as a function of nearby hole shift or shrinkage previously
calculated [3] is strongly  modified by the presence of disorder.
Cavity modes with the same Q-factor in the ideal (non-disordered)
crystal show different behavior in the presence of roughness-
induced scattering, showing that different geometries may have
different sensitivity to the effects of disorder.
[1] W. Bogaerts, P. Bienstman and R. Baets, “Scattering at sidewall
roughness in photonic crystal slabs,”  Opt. Lett. 28 (2003), 689-691.
[2] D. Gerace and L.C. Andreani, “Disorder-induced losses in
photonic crystal waveguides with line  defects,” Opt. Lett. 29 (2004),
1897-1899.
[3] L.C. Andreani, D. Gerace and M. Agio, “Gap maps, diffraction
losses, and exciton-polaritons in  photonic crystal slabs,” Photon.
Nanostr. 2 (2004), 103-110.
[4] S. Hughes et al.,  “Extrinsic optical scattering loss in photonic
crystal waveguides: role of fabrication  disorder and photon group
velocity,” Phys. Rev. Lett. 94 (2005), 033903(4).
[5] D. Gerace and L.C. Andreani, “Low-loss guided modes in
photonic crystal waveguides,” Opt. Expr.  13 (2005), 4939-4951.
[6] S.G. Johnson et al., “Roughness losses and volume-current
methods in photonic-crystal waveguides,”  Appl. Phys. B 81 (2005),
283-293.
[7] K.K. Lee et al., “Effect of size and roughness on light transmission
in a Si/SiO2 waveguide:  experiments and model,” Appl. Phys. Lett.
77 (2000), 1617-1619.
[8] Y. Akahane, T. Asano, B.-S. Song, and S. Noda, “High-Q
photonic nanocavity in a two-dimensional  photonic crystal,” Nature
425 (2003), 944-947.

6182-17, Session 3
Impedance matching in photonic crystal microcavities
A. Di Falco, Univ. degli Studi di Roma Tre (Italy); C. Conti, Univ. degli
Studi di Roma/La Sapienza (Italy); G. Assanto, Univ. degli Studi di
Roma Tre (Italy)
Both the advent of nanooptics and technological advances have
candidated microresonators as the best hosts for nonlinear optics
and frequency generations, due to their ability to dramatically
enhance phenomena requiring high intensities and tuning of critical
parameters. [1-3]
In particular, in Photonic Crystal (PC) microresonators it is possible
to obtain extremely high quality factors (Q) in reduced volumes while
tailoring their dispersive features, characteristics which can be
exploited to achieve efficient frequency generation with various
schemes. [4-10]
Most problems in the design of efficient devices are linked to a
difficult energy coupling into the resonators, as high Q imply well
isolated modes. [11] The usual solution consists in adopting
impedance matching techniques, providing an adiabatic coupling to/
from the microcavities. [12,13]
Here we focus on the process of second harmonic generation (SHG)
in a GaAs device realized by input and output waveguides feeding/
extracting power into a SH resonant PC microcavity with a funda-
mental frequency (FF) pump. The resonator is a PC membrane with
three concentric rings of holes with a central defect, the radius of the
PC holes being r=90nm and the lattice constant a=300 nm. The two
suspended channel waveguides have width w=1µm and thickness
h=500um. The FF is TM-like polarized and the cavity is designed to
confine the TE polarization.
We propose and investigate an efficient out-sourcing scheme that
up-converts the pump to a resonant cross-polarized harmonic
signal, taking advantage of the tensorial nature of the second order
susceptibility. Since the device is designed to be nearly transparent
to the pump wavelength, input coupling losses are minimized while
the out-coupled second harmonic can be maximized by impedance
matching.
Resorting to coupled mode theory in the time domain (CMTTD) [11] it
is possible to link the maximum attainable SHG efficiency to the ratio
between external and internal Q (Qe/Qo), accounting for coupling
and internal losses of the cavity, respectively. The impedance
matching is realized by adjusting the distance between the resonator
and the out-coupling waveguide, thus tuning Qe.
The nonlinear process requires an ab-initio approach that we
implemented via a parallelized FDTD code, [14] which takes into
account all three spatial dimensions plus time, the material disper-
sion and the tensorial nature of the second order nonlinearity. [15]
We launched a TM-polarized  continuous wave at FF and  probed
the TE-polarized portion of the signal in the output waveguide. By
Fourier transforming the signal and integrating its power density
spectrum around SH we could evaluate the conversion efficiency.
The maximum was attained when the distance between the cavity
and the waveguide is equal to the radius  r.
In conclusion, we have numerically investigated second harmonic
generation in a photonic crystal microcavity, maximizing the out-
coupled SH power by a simple impedance matching based on the
separation between the PC and the output channel.
1. V. Berger, “Second-harmonic generation in monolithic cavities”, J.
Opt. Soc. Am. B 14, 1351 (1997).
2. Y. Xu, R. K. Lee, and A. Yariv, “Propagation and second-harmonic
generation of electromagnetic waves in a coupled-resonator optical
waveguide”, J. Opt. Soc. Am. B 17, 387 (2000).
3. S. Mookherjea and A. Yariv, “Second-harmonic generation with
pulses in a coupled-resonator optical waveguide”, Phys. Rev. E 65,
026607 (2002).
4. M. Spillane, T. J. Kippenberg, and K. J. Vahala, “Ultralow-
threshold Raman laser using a spherical dielectric microcavity”,
Nature 15, 621 (2002).
5. J. D. Joannopoulos, P. R. Villeneuve and S. Fan, “Photonic
crystals: Putting a new twist on light”, Nature 386, 143 (1997).
6. J. Vuckovic, M. Loncar, H. Mabuchi, and A. Scherer, “Optimization
of the Q Factor in Photonic Crystal Microcavities”, IEEE J. Quantum
Electron. 38, 850 (2002).
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7. K. Srinivasan and O. Painter, “Momentum space design of high-Q
photonic crystal optical cavities”, Opt. Express 10, 670 (2002).
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6182-18, Session 3
Wavelength filter based on photonic crystal cavities for
visible wavelengths
J. Kouba, W. Eberhardt, B. Loechel, BESSY GmbH (Germany)
Photonic crystals are complex structures with spatial periodicity in
their dielectric properties. When electromagnetic waves propagate
through such structures, they are forced to propagate on paths and
with velocities which differ significantly from those of homogeneous
materials. In order to observe these effects, the periodicity, in
analogy with regular crystals also called lattice constant, needs to be
in the range of the wavelength of propagating electromagnetic
waves. In addition to these properties, if the photonic crystal is
designed properly, there appears a frequency range where no
electromagnetic modes exist, thus no electromagnetic waves with
these frequencies can propagate through the photonic crystal.
Frequency ranges of this kind are called photonic band gaps since
they correspond to band gaps of electronic eigenstates in ordinary
crystals.
Many of potential applications of photonic crystals arise from the
existence of the band gaps. E.g. low-loss waveguides including
sharp bends or splitters can be created by introduction line type
defects or high-Q cavities can be produced by introducing point
defects.
The photonic crystals will find their application in future integrated
optical networks because they allow high density integration of many
components on smallest space. It is also expected that photonic
crystals will find application on the sensor field as novel optical
sensor elements.
Many activities exist of the field of photonic crystals for telecommu-
nication wavelength. One of the reasons is the suitability of typical
microelectronic materials such as Si, GaAs or InP for photonic
crystal materials, other reason is the rush development of this field
and the potential of photonic crystals to further miniaturize and
improve performance of both the active and passive components.
Less research has been done on the field of photonic crystals for
visible range of spectra. Also on this field, photonic crystals have
large potential, especially on the field of optical detection or as a part
of a sensor system.
At BESSY, research on the field of photonic crystals concentrate on
visible range of spectra. The challenge in this case is the material of
choice and the manufacturing technology. In order to show photonic
band gaps, two materials with sufficiently large difference in
dielectric constants have to alternate. At the same time, the materials
have to be transparent for the chosen range of wavelengths. This is a
less of a problem in case of photonic crystals for telecommunication
wavelength as it is in case of visible light. Currently at BESSY SiN

based photonic crystals are in the center of investigation.
The work concentrates on theoretical computation, fabrication and
experimental characterization of photonic crystals for visible
frequencies. The work concentrates on 2-dimensional photonic
crystal slabs. These are thin film structures combining the properties
of photonic crystals in directions within the lateral plane with wave
guiding effect in the out-of-plane direction.
Using waveguides incorporated in photonic crystal in combination
with cavities, resonant coupling structures can be realized in the
slab. These structures can act as a highly selective filter for frequen-
cies within the photonic band gap. Also, this assembly can be used
as a detecting device in order to optically sense the vicinity of the
cavity defect since the refractive index of the surroundings will have
a significant impact on the transmission behavior of the cavity. By
monitoring the transmission of a signal with wavelength correspond-
ing to the defect wavelength, one can obtain information about the
observed subject. Another application of this resonant assembly is a
wavelength filter, since the cavity acts as valve, open only for the
resonant frequency. Another possible application of the proposed
structure is in florescence detection where it can be used as a
excitation source.
The paper presents the results of band structure calculations for SiN
based photonic crystal slabs. Band calculation of in the out-of-plane
direction infinitely large structures as well as band structure of the
phonic crystal slab revealing the photonic band gap within the
frequency range of interest are presented. Further, cavity mode
calculations revealing the flat band corresponding to the cavity mode
within the photonic band gap are shown. From the transmission
spectra obtained using FDTD calculation the photonic band gap can
be confirmed.
Further, design of the proposed photonic component is discussed
based on the results of FDTD calculations of light signal propagation
through the structure.
Next, fabrication approach, fabrication process and examples of
fabricated structures are shown. Comparison between high
resolution electron beam lithography and nanoimprinting lithography,
both followed by reactive ion etching of SiN is presented. Structures
with dimensions smaller 100 nm illustrating the technological
challenges while fabricating photonic crystals for visible wavelengths
are shown.
Last part of the paper deals with experimental investigation of
fabricated structures. Overview over the proposed approaches to
experimentally prove the expected transmission behavior is given as
well as the results of the first experimental tests.
In conclusion, the achieved results are summarized and outlook for
further investigations is given.

6182-19, Session 4
3D photonic crystal fabrication by the microexplosion
method
A. F. Matthews, The Australian National Univ. (Australia); G. Zhou, M.
Gu, Swinburne Univ. of Technology (Australia); Y. S. Kivshar, The
Australian National Univ. (Australia)
The microexplosion method for fabricating three-dimensional(3D)
photonic crystals has been realized experimentally by a number of
groups (see, e.g., Refs.[1] and references therein). However, the
simple model which is currently used to describe these structures
does not produce adequate results. We have introduced a new
approach for calculating the properties of 3D photonic crystals which
removes the difficulties found while modeling the photonic crystal
structures created by the microexplosion method[2,3].
We study the dispersion properties and bandgap spectrum of 3D
photonic crystals assuming a shell of high-index material surround-
ing air void in the face-centered-cubic and diamond lattices. This
allows us introducing an effective model which correlates very well
with the properties of microexplosion polymer photonic crystals
produced experimentally. We also discuss some interesting effects
observed in the fabricated crystals which until now have not been
understood due to the inadequacies of more simple models.
In particular with this new model we have been able to explore the
possibilities of new 3D photonic crystal structures. Due to the close
relationship between the energy-momentum curves for atomic
crystals and the frequency-Brillouin Zone curves for photonic
crystals it can be expected that interesting structures in atomic
crystals will show interesting effects in photonic crystals. We discuss
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the relationship between well known atomic crystals optical
properties and the equivalent photonic crystal structures for the well
known diamond structure whose photonic crystal replication shows
a similarly interesting properties to it’s atomic crystal counterpart.
With this understanding we look at the fabrication of diatomic
crystalline structures in a microexplosion system and discuss the
relevance of this approach. Our binary structures are based around
optically interesting diatomic crystals such as Caesium Iodide
(deepest known infra red transmission), Sodium Fluoride (lowest
refractive index of all common optical materials), and Barium
Fluoride (the fastest known scintillator material), and others.
We discuss the density of states for these types of structure. We
also predict that the effects of the infiltration of photonic crystals with
liquid crystals and quantum dots within the system may produce
significant nonlinear effects. With the high density of states at the
bandgap edges we can forsee interesting applications to photonic
crystal laser fabrication including possibilities for very-low threshold
lasing and lasing outside of the frequency regions for currently
availble lasers.
[1] G. Zhou, M.J. Ventura, M.R. Vanner, and M. Gu, Opt. Lett. 29,
2240-2242 (2004); Appl. Phys. Lett. 86, 011108 (2005).
[2] G. Zhou, M. J. Ventura, M. Gu, A. F. Matthews, and Y. S. Kivshar,
Opt. Express 13, 4390-4395 (2005).
[3] A. F. Matthews, G. Zhou, M. Gu, and Y. S. Kivshar, submitted to
Opt. Comm. (2005).

6182-20, Session 4
Laser etching of periodic 1D and 2D submicron relief
gratings on pre-structured fused silica surface
R. Böhme, K. Zimmer, Leibniz-Institut für Oberflächenmodifizierung
e.V. (Germany)
The high quality etching of transparent materials is still a challenge
for laser processing. Laser-induced backside wet etching allows the
etching of transparent materials with pulsed UV-lasers. The samples
irradiated trough the front side are in contact with an absorbing
medium on the rear side where the etching occurs. The laser-etched
structures are characterized by a high fidelity and a low surface
roughness. For the etching of periodically sub-micron structures on a
solid surface interfering laser beams were used produced by
projection of diffraction masks. In conjunction with the backside
etching approach surface relief gratings were realized on planar and
curved fused silica substrates in one-step direct fabrication process.
The etching process of the one- and two-dimensional surface
structures was studied in dependence on the processing parameters
and the applied diffraction masks   optimizing was carried out with
the aim of increased aspect ratios and decreased lateral dimensions.
For characterizing the shape of the etched periodically structures
atomic force microscopy (AFM) and scanning electron microscopy
(SEM) were applied. Furthermore the optical effect of the patterned
surfaces was studied by ellipsometric and spectroscopic methods to
investigate the influence of the sub-micron structures to the
transmission and reflexion spectrum. To demonstrate the capabilities
of the processing approach a rectangular binary grating with a period
of 11 µm was subsequently patterned with sub-micron relief
gratings.

6182-21, Session 4
Two-dimensional Bragg reflectors fabricated in IOG-1
phosphate glass using multibeam UV-laser interference
S. Pissadakis, C. Pappas, Foundation for Research and Technology-
Hellas (Greece)
High refractive index contrast periodic structures, or more specifi-
cally photonic crystals (PCs), are optical elements of enhanced
temporal and spatial dispersion, operational characteristics that
render them attractive candidates for potential applications in
sensing and optical communications [1]. PCs structures extending in
one-, two-, or three-dimensions have been fabricated in several
optical materials, including photoresist [2], glasses or crystal
samples [3], by employing a variety of different patterning or
assembling approaches. Notwithstanding, the periodic
nanostructuring of hard optical materials such glasses or crystals is
of high importance since such materials provide increased mechani-
cal and structural properties, while they can be usually doped with
suitable ions for providing active operation.

The two-dimensional periodic patterning of a high-performance rare-
earth doped phosphate glass is presented here. A two step method
is adopted wherein high damage is induced into the glass volume by
exposure to intense ultraviolet (UV) pulsed, laser radiation and
subsequently, a chemical development in a strong alkali, selectively
etches the exposed areas [4]. A four beam interferometric setup is
used for defining the two-dimensional periodic pattern on the sample
surface. The method presented here produces relief structures of
high smoothness, free of debris or defects, and without extensive
optical damage, compared to other approaches. Additional advan-
tages of the presented method are the mask-less process; and the
potential elimination of undercutting, a detrimental process observed
for typical wet etching methods using protective masks. The Bragg
gratings imprinted here, are tuned for reflection operation in the 1.5
microns band, having periodicities of the order of 500nm. The glass
patterned is the phosphate glass IOG-1, fabricated by Schott USA
and codoped with Er and Yb. IOG-1 phosphate glass is a high
optical quality phosphate glass, optimized for sustaining high
solubility of rare earths ions [5]. The above material characteristics
render IOG-1 phosphate glass an excellent host for the development
of compact, and low-pump, high power lasers and amplifiers.
A quintupled 213nm, 150ps Nd:YAG laser, of high temporal
coherence (2.5cm) and 13mJ output per pulse, was used for the
interferometric exposures. For improving the beam quality the laser
output at the fundamental frequency was spatially filtered, before
multiplied and combined in the non-linear crystals. The UV laser
beam was directed in a fused silica beam splitting composite
element, constituted of two phase gratings in contact with
periodicities of 1080nm and 1072nm respectively. The laser beam
was splitted in four equal parts -corresponding to the four 1st
diffraction orders of the beam splitting element-, and then was
refolded onto the sample surface using four Al-coated mirrors with
improved reflectivity at 213nm. The four beams were aligned onto
the sample surface for obtaining maximum spatial overlap and
minimum temporal mismatches. Before the interferometric cavity a
fused silica spherical lens of 60cm focal length was placed, for
adjusting the energy density of the exposure. After exposure the
glass sample was immersed into 2M KOH/0.4M EDTA aqueous
solution [6]. The selective etching process and parameters adopted
are thoroughly presented elsewhere [7]. The samples used were
1mm thick, and contained 2.3% wt. Er2O3 and 3.6% wt. Yb2O3.
The AFM scans obtained reveal a high surface smoothness relief
structure, free of debris deposition and phase irregularities, with its
average modulation depth being dependent on the exposure
conditions and developing time. The periodicity of the two-dimen-
sional grating was 560nm. Typically, average grating depths greater
than 150nm have been etched using exposures of 36000 pulses and
130mJ/cm2 energy densities, for developing times of 2-4 minutes.
Furthermore, the groove profile of the relief periodicities can be
controlled by prolonging or shortening the developing time.
Nonetheless, the etching process exhibits high repeatability between
identical runs. Upon the alignment precision of the interfering beams,
the duty cycle and symmetry of the two-dimensional periodic
structures may be controlled. For the results being available until
now, slight differences are observed between x- and y-axis periodic
structures, of the order of 3%. We are working on the improvement
of the alignment procedure, for eliminating such asymmetries, but
also for avoiding chirping and low-frequency envelop inscription. For
longer developing times (i.e. 7-8mins) into the 2M KOH alkaline
solution the periodic pattern starts to degrade in diffraction effi-
ciency, since the etchant starts to attack the unexposed areas. Such
degrading effects result in the decrease of the diffraction efficiency
of the grating structure for all the diffracting directions.
The fabrication of two-dimensional gratings using UV assisted post
exposure selective chemical etching inscription process for
phosphate glass is still under investigation. We are working towards
the optimisation of the method for producing structures of higher
aspect ratio and improved symmetry. Also, upon the optimisation of
the method the development of a high efficiency planar, point-
emitting sources operating in the 1.5 microns band, is included in our
experimental plans.
Acknowledgements
Authors gratefully acknowledge Dr Leo Gilroy (Schott USA) for kindly
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6182-22, Session 4
Design and fabrication of 2D silicon photonic crystal
membranes by focused ion-beam processing
W. Hopman, R. M. de Ridder, C. G. Bostan, S. K. Selvaraja, V. J.
Gadgil, Univ. Twente (Netherlands); L. Kuipers, FOM Institute for
Atomic and Molecular Physics (Netherlands); A. Driessen, Univ.
Twente (Netherlands)
“Photonic crystals are structures with a periodic dielectric function,
which may result in the prohibition of the propagation of electromag-
netic waves for certain frequencies in all crystal directions: the
photonic bandgap. We investigate a 2-dimensional hexagonal
pattern of hexagonal holes in a high index silicon membrane slab.
The size of the bandgap not only depends on the differences in the
refractive index indices but also on the air filling factor of the
photonic crystal, which is determined by the size of the holes
compared to the lattice constant (Λ). It is well known from the
literature that a complete bandgap, i.e. a bandgap for all polariza-
tions, can be maximized by creating a crystal having small islands of
high-index dielectric, which are interconnected through narrow veins.
Previously we calculated that rotating the hexagons by 9 degrees
with respect to the lattice results in a maximized complete bandgap.
This means that the width of the veins for a typical design, Λ ~
500nm, can be as small as ~50 nm or even less. This calls for
fabrication with nanometer precision, which is not easily achieved
with most lithographic techniques. Using a focused ion beam milling
machine (dual beam Novalab 600) with a spot size of ~12 nm and an
address grid resolution of 3.1 nm we demonstrate the feasibility of
such structures.
We report the design and fabrication of small photonic crystal
structures which are combined with conventional dielectric channel
waveguides for interfacing them to the outside world.”

6182-23, Session 4
Compact and efficient fiber-to-waveguide grating
couplers in InP-membrane
F. Van Laere, Univ. Gent (Belgium); M. Ayre, Univ. of St. Andrews
(United Kingdom); D. Taillaert, D. Van Thourhout, Univ. Gent
(Belgium); T. F. Krauss, Univ. of St. Andrews (United Kingdom); R. G.
Baets, Univ. Gent (Belgium)
Miniaturisation and integration of optical functions on a chip are key
words for optical communication at an acceptable price. Today, a
large breakthrough is compromised by high coupling losses between
the chip and the outside world (optical fiber), caused by the large
deviation in dimensions between an optical fiber mode and an
optical waveguide mode. Several solutions have been proposed to
address this issue. Typically, some kind of tapered structure is used
[1].
We want to explore the use of grating couplers to tackle the
problem. In this approach, light is vertically coupled from fiber to
waveguide, by means of a grating. This makes wafer-scale testing
possible, since light can be coupled in and out everywhere on the
chip, and not only at the edges of the chip. In [2], compact (10 um)
grating couplers in SOI (Silicon-on-Insulator), with coupling efficien-
cies of 25% were reported. Because of the high vertical index
contrast of this material, strong gratings can be made, resulting in
small coupling lengths and compact components. However, SOI is
not suitable for active components (lasers, detectors, etc), which is a
major drawback for application in an optical communication network.
Other materials can be used for both active and passive compo-
nents. For telecom applications, InP is the material of interest. But

the index contrast for this material system is rather low, inhibiting the
easy transfer of existing designs in e.g. SOI. By applying wafer
bonding technology, the index contrast of the InP-based layer
structure can be modified. In this paper, we report the successful
fabrication of efficient grating couplers in InP, based on this
technology.
A possible definition of “bonding” is “joining of two materials”. We
focus on indirect bonding, using the polymer BCB
(BenzoCycloButene) as a bonding agent. BCB is a low-k dielectric,
which is chemically inert and resistant to chemical etching. The
bonding principle requires only standard clean room equipment and
can be described as follows. Gratings and waveguides are defined
by e-beam lithography using PMMA, the pattern is transferred into a
Fox-14 (flowable oxide) by RIE, and finally etched to a depth of 120
nm into an InP-heterostructure (we use an InP-substrate, InGaAsP
etch-stop layer, 300 nm InP-membrane) by RIE. BCB is spun onto a
GaAs host-substrate, and the InP-heterostructure (with the grating) is
placed upside down on the host-substrate. Hence, the grating is at
the bottom side. After BCB-curing for an hour at 250 degrees in a N2
environment, the substrate of the grating sample has to be removed,
first mechanically, then chemically  Finally, the InGaAsP etch-stop
layer is removed. More details on BCB-bonding can be found in [3].
The design of the grating couplers is done with CAMFR (Cavity
Modelling Framework), a simulation tool based on eigenmode-
expansion. The couplers have dimensions of 10 um by 10 um
(approximately the dimensions of the fiber core). All simulations are
for TE-polarisation. To avoid reflection back into the waveguide, we
have to break the symmetry. Thus, we tilt the fiber by 10 degrees
(near vertical coupling, in stead of vertical). The parameters to be
optimized include period, filling factor, etch depth and BCB-
thickness. The fiber coupling efficiency is calculated by multiplying
the outcoupled power with the overlap integral between the
outcoupled field distribution and the fiber mode. The optimized
parameters are: period=650 nm, filling factor=0.5, etch depth=120
nm, BCB-thickness 1.18 um. The maximum coupling efficiency (for a
central wavelength lambda = 1550 nm) is 60% and the 1dB bandwith
is around 50 nm. An Anti-Reflection coating is used to avoid
reflection at the InP-air interface.
The coupling efficiency can be further increased by adding a bottom
reflector (coupling efficiency of 80%), and by varying the width of the
grating teeth (apodised grating, coupling efficiency over 90%).
The designed structures are fabricated as described above and
measured afterwards. A fiber, connected to a tunable laser, is
positioned above the input grating at a 10 degrees angle, and
another fiber, connected to a power detector, at the output grating.
Assuming that input and output grating are the same, and taking
losses in the measurement setup into account, the coupling
efficiency can be estimated. First measurements are done without
AR-coating and afterwards, a 240 nm Al2O3 layer, serving as an AR-
coating, is deposited. The measured coupling efficiency without AR-
coating for a 1D-grating is approximately 19%. This coupling
efficiency is increased to around 30 % when applying an AR-coating.
The same value was measured on 2D-grating couplers.
However, there is a discrepancy between theory (60%) and experi-
ment (30%). This can be attributed to the deviation in BCB-
thickness. The BCB is spin coated and serves as the bonding layer.
During the joining of the two pieces, some pressure is applied to
remove air bubbles, making thickness control difficult. Additionally,
the etch quality is not very good, accounting for another part of the
discrepancy. Further improvement of the fabrication scheme will
enable us to achieve a higher coupling efficiency.
In conclusion, we have presented the design and fabrication of high-
index contrast grating couplers in InP, for coupling between fiber and
waveguide. The high vertical index contrast is achieved by using
wafer bonding technology. Coupling efficiencies of 30% are
measured on first simple structures.
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6182-24, Session 5
Growth of 2D KTP photonic crystals for efficient second
order nonlinear optical processes
S. Di Finizio, J. Martorell, ICFO/Institut de Ciències Fotòniques (Spain);
J. J. Carvajal, A. Peña, M. Aguilò, T. Trifonov, J. Pallares, L. F. Marsal,
Univ. Rovira i Virgili (Spain); R. Alcubilla, A. Rodriguez, Univ.
Politècnica de Catalunya (Spain); F. Diaz, Univ. Rovira i Virgili (Spain)
In recent years it became clear the relevance of photonic crystals
(PC’s) when considering a nonlinear interaction. In fact, it has been
shown in many occasions that the structuring of the material results in
a clear enhancement of the nonlinear interaction1. However, not too
many structuring technologies can be applied successfully to
materials that exhibit very good physical properties for the nonlinear
generation of visible light. One of these is KTiOPO4 (KTP), an
inorganic material with a high nonlinearity, large electrooptical
coefficients, and very good transparency in the near infrared and
visible range.
In this paper, we propose a novel technique for growing 2-dimensional
KTP-air PC’s by liquid phase epitaxy employing a 2D ordered
macroporous Si matrix as a mask. Indeed, the KTP is forced to grow
inside the air holes of the Si membrane giving rise to an ordered array
of KTP columns in the silicon matrix. Then, the silicon can be removed
by selective chemical etching. Finally, a KTP-air 2D photonic crystal is
obtained.
The 2-D macroporous silicon membranes were prepared by light
assisted electrochemical etching and post-processing. The starting
material was n-type <100\> silicon. The ordered pore formation was
induced by the patterning of  the Si wafers with inverted pyramid-
shaped pits by oxidation, photolithography and subsequent
tetramethyl ammonium hydroxide (TMAH) etching.  The inverted
pyramids act as nucleation sites for the ordered pore growth along the
<100\> direction. After the pores formation, the samples were
thermally oxidized and the oxide layer was patterned by standard
lithography and buffered hydrofluoric acid etching. Then, the samples
were immersed in a TMAH aqueous solution in order to selectively
etch the backside silicon and control the thickness of the membranes
controlling the etching time.  This way, pores depth up to 110 microns
can be reached. Several periods were obtained from 8 microns down
to about 800nm with both square and triangular lattices.
The growth of the 2D KTP structures was done by placing in contact a
single-crystal bulk KPT orientated substrate with the 2D macroporous
membrane and introducing the whole structure in a supersaturated
solution of growth of KTP. The substrate acted as a seed for a further
growth of KTP leading to the filling of the air holes of the Si mask.
After the growth process finished, the bulk KTP substrate was
polished out in order to obtain a free standing bi-dimensional photonic
structure. The top of the KTP columns was also polished in order to
ensure a good optical quality of the sample. Then, the silicon was
partially removed by TMAH selective etching. The period and the unit
cell of the photonic lattice obtained depend on the Si matrix used.
Several KTP-air photonic crystals were obtained with periods down to
2 microns and diameter of the KTP columns in the micron scale.
The morphological features of the samples were studied by Scanning
Electron Microscopy (SEM). A good homogeneity of the samples was
noticed along a number of periods. In addition, the shape of the KTP
columns was almost identical to the shape of the original air holes in
the silicon matrix.
The composition of the grown columns was tested by EDS and EDAX
analysis whereas the degree of crystallinity and the orientation of the
KTP was studied by X-ray texture characterization, showing that the
columns are made of KTP monocrystals with the c axis along the
columns themselves.
Linear and nonlinear (second harmonic) diffraction measurements
were performed on the KTP 2-dimensional structures in order to test
the diffractive properties of the 2-dimensional gratings and the
capability of the grown KTP to generate light via a nonlinear process.
In our experiment, the sample was illuminated from the top surface
and the reflected linear and nonlinear diffracted beams were detected.
As pump source a mode-locked Nd-glass laser with output wave-
length lambda=1055nm , pulse duration of 1ps, and average output
energy of 3mJ was used. The experimental set-up was  designed to
allow measurements at several angles of incidence.
Previous to the nonlinear measurements, the linear diffraction was
studied illuminating the sample with light at 527nm obtained by
doubling the 1055nm pump beam. The diffraction maxima reflect very
clearly the lattice (square or triangular) of the sample. The linear

detected diffracted beams were in the directions predicted by the
laws of linear diffraction.
In order to study the nonlinear diffraction the fundamental beam at
1055nm was used for pumping the sample. The zero and the first
diffracted orders of the second harmonic light were clearly visible.
The angular position of the central peak observed corresponds to the
specular reflection at the double frequency whereas the angular
separation between the zero and the first diffracted order was the
same as the one obtained in the linear case, since as indicated
above the linear diffraction measurements were done at the
wavelength of the second harmonic light.
In conclusion, in this paper we present a new technique for the
fabrication of 2D photonic crystals made from a highly nonlinear
inorganic material as KTP. This technique does not require any
electrical poling or direct pre-patterning of the nonlinear material
itself. Furthermore,  the period of the photonic crystals can be easily
engineered by employing the well known techniques for fabricating
2D silicon membranes and it can lowered down to few hundreds nm,
opening the door to further investigations for enhancing the nonlinear
optical effects in photonic crystals with high damage threshold and
long durability.
[1] Jordi Martorell et al., Appl. Phys. Lett., 70, 702 (1997), A. R.
Cowan and J. F. Young, Phys. Rev. B, 65, 085106 (2002)

6182-25, Session 5
Tunable electro-optic photonic crystals fabricated
through template directed multilayer atomic layer
deposition
D. Gaillot, E. Graugnard, J. S. King, C. J. Summers, Georgia Institute
of Technology (USA)
We present a concept for fabricating tunable non-close-packed
inverse opals by combining multi-layer conformal films in patterned
template structures with infiltrated electro-optic materials.  Ultra-
conformal, multi-layer films allow controllable fabrication of high
quality non-close-packed inverse opals with a wide variety of
possible structures.  The number and sequence of coatings can
augment the opal template in varying degrees from a slight tuning of
the shape or feature size to complete inversion or replication.
Dynamically tunable inverse opal photonic crystals are created when
these templates are used for patterning infiltrated electro-optic
materials.  Multi-layer conformal films allow opal templates to be
used as scaffolding for fabricating a dielectric backbone that serves
as a patterned template for an infiltrated electro-optic material.
Thus, the structural properties of the device are defined by the
template, while the dynamic properties are controlled independently
by the choice of electro-optic material.
Here we present experimental and 3D-FDTD calculations results of
tunable non-close-packed inverse opals infiltrated with liquid
crystals. Additionally, theoretical results of tunable non-close-packed
inverse opals infiltrated with lead lanthanum zirconium titanate
(PLZT) mimicing sol-gel/conformal infiltration techniques are
presented. To fully exploit the properties of the electro-optic
material, conformal coatings were first used to define non-close-
packed opal template structures with increased pore size to allow for
facile liquid/solid infiltration. A variety of dielectric templates were
modeled by choosing conformal coatings to define structures that
exhibit either large Bragg peak tunability or width.  The optical
properties of the non-close-packed inverse opals are discussed and
a model is also presented for characterizing the controlled fabrica-
tion of optimized photonic crystal structures using multi-component
conformal film deposition.
5CB liquid crystals were infiltrated into a 20 micron-thick TiO2 non-
close-packe inverse film fabricated from a 433nm lattice constant
original template. The infiltrated sample was then electrically biased
and the Bragg peak shifting was monitored as the voltage was
increased using an optical speculiar reflectance setup. A large 20nm
Bragg peak shift was obtained as the electrical voltage was
increased from 0 to 50V (0.06∆n change of refractive index) which
was confirmed by theoretical computations using advanced models.
Also the photonic properties of PLZT infiltrated non-close-packed
inverse opals were investigated as a function of refractive index for
values ranging from 2.47 to 2.59 and infiltration technique: sol-gel or
conformal backfill onto the interior of the previously designed TiO2
ultra-low-filling fraction template. Results indicate that as the filling
fraction of PLZT is increased into the template, a larger Bragg peak
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tuning is obtained. The Bragg peak shift eventually reaches a
maximum value of ~5% for a structure in which the interconnected
spherical domains are fully infiltrated with PLZT and the TiO2
backbone removed, resulting to virtually sintered PLZT opals. Thus,
the Bragg peak location is demonstrated to be strongly sensitive to
the PLZT filling fraction which adds static optical flexibility to the
device, as observed in a previous work.[1]:
Using this flexible template directed technique and appropriate
modeling, we have extended the inverse opal architecture to create
NCP templates that have unprecedented geometrical properties
easing electro-optic materials infiltration. Experimental measure-
ments and modeling have also indicated enhanced static and
dynamic tunability capabilities to the photonic properties in infiltrated
inverse templates compared to typical opal-based inverse struc-
tures.[2]:
[1] E. Graugnard, J.S. King, C.J. Summers, Nano Letters (Submitted):
[2] S. John and K. Busch, J. Light. Technol. 17, 1931 (1999)

6182-26, Session 5
Numerical and experimental analysis of lithium niobate
photonic crystals waveguides
M. Roussey, J. Amet, F. I. Baida, M. P. Bernal, N. Courjal, Univ. de
Franche-Comté (France)
Author biography:
Matthieu Roussey was born in Besançon (France) in 1979. He did his
studies in the Université de Franche-Comté. He obtained his Master
degree in “Optics, Mechanics and Microsystems” in 2004 at the
Institut FEMTO-ST, optics department P.M. Duffieux. He is currently
in his second year of PhD in the same institute. His thesis subject
concerns the realization of tunable lithium niobate photonic crystals.
Abstract:
In the next few years, photonic crystals waveguides will have an
important place in the design of optical components. The fabrication
of these nanostructures in materials like lithium niobate could
provide the possibility to realize micrometrical tunable devices a
hundred times smaller than current modulators or dynamic filters.
Indeed, lithium niobate is a very attracting material because of its
many physical properties (electro-optic, acousto-optic and
photorefractive effects and piezoelectricity).
In a previous work [1], Lacour et al. fabricated photonic crystals and
showed that focused ion beam (FIB) milling is the most appropriate
etching technique for lithium niobate nano structuring. To ensure the
vertical confinement of the light, the photonic crystals were then
implemented on APE (annealed proton exchange) waveguides. We
optically characterized the device and demonstrated the existence of
a photonic gap for one given nanostructure [2]. Indeed, the optical
characterizations were performed on only one configuration: a
triangular lattice of holes and a ΓM direction of propagation.
In this talk we will compare the behaviour of different new kinds of
lithium niobate photonic crystals as well as lithium niobate photonic
crystals waveguides. Geometrical parameters like the ratio r/a, the
width of the photonic waveguide and the influence of input and
output photonic tapers will be numerically and experimentally
analyzed.
In order to predict the behaviour of the different structures, we
perform numerical simulations based on a 2D-FDTD (finite difference
time domain) home-made code using Berenger’s PML (perfectly
matched layer) absorbing boundary conditions. The aim of calcula-
tions is to determine the optimal parameters of the structures to get
a sharp edge of the gap at the telecommunication wavelength
(1.55µm).
The optical characterization is based on far field transmission
measurements and near field imaging of the photonic crystal
devices. For the far field set-up we use a white light laser source that
allows a wide (600-1800nm) transmission spectrum with only one
measurement. For the near field set-up we use a commercial SNOM
(Scanning Near-field Optical Microscope) with which we can image
the evanescent field of the photonic structure.
[1] F. Lacour, N. Courjal, M.-P. Bernal, A. Sabac, C. Bainier, et M.
Spajer, “Nanostructuring lithium niobate substrates by focused ion
beam milling” Optical Materials, Vol 27/8, pp 1421-1425 (2005).
[2] M. Roussey, M.-P. Bernal, N. Courjal, F.I. Baida, “Experimental
and theoretical characterization of a lithium niobate photonic
crystal”, Appl. Phys. Lett. (Accepted).

6182-27, Session 5
Electrooptically tunable photonic crystals
J. Wülbern, A. Y. Petrov, M. Schmidt, M. Eich, Technische Univ.
Hamburg-Harburg (Germany)
A long standing challenge in photonics is the implementation of a
nanophotonic circuit into a noncentrosymmetric medium which
exhibits a second order nonlinear optical susceptibility based on
electronic displacement polarization [1]. The inherent quasi instanta-
neous response of the nonlinear polarization in such media gener-
ates the potential of ultrafast electrooptical submicrometer photonic
devices with switching bandwidths well beyond 100 GHz. Such
functionalities will play a vital role in next generation computer
technologies.
We report on electrooptical modulation with a sub 1 Volt sensititivity
in a photonic crystal slab waveguide resonator which contains a
nanostructured second-order-nonlinear optical polymer[2]. The
electrooptical susceptibility in the core was induced by highelectric-
field poling. A square lattice of holes carrying a linear defect was
transferred into the slab by electron-beam-lithography and reactive-
ion-etching [3], creating a photonic crystal slab based resonator.
Applying an external electric modulation voltage to electrodes leads
to a linear electrooptical shift of the resonance spectrum and thus to
a modulation of the transmission at a fixed wavelength based on the
electronic displacement polarization in a noncentrosymmetric
medium (Pockels-effect). This effect is therefore inherently faster
than other reported electrooptic modulation effects in nanophotonics
[4].
[1] Y. Shi, C. Zhang, J. H. Bechtel, L. R. Dalton et al., Science 288,
119 (2000).
[2] M. Schmidt, M. Eich, B. Huebner, R. Boucher, Appl. Phys. Lett.
87, 121110 (2005)
[3] C. Liguda, G. Böttger, M. Eich et al., Appl. Phys. Lett. 78, 2434
(2001)
[4] Ch. Schuller, J. P. Reithmaier, et al., Appl. Phys. Lett. 82, 2767
(2003)

6182-28, Session 5
3D photonic crystals based on expitaxal III-V
semiconductor structures for nonlinear optical
interactions
H. M. Chong, R. M. De La Rue, Univ. of Glasgow (United Kingdom);
L. O’Faolain, T. F. Krauss, Univ. of St. Andrews (United Kingdom); N.
Belabas, A. Levenson, F. Raineri, R. Raj, I. Sagnes, Lab. de
Photonique et de Nanostructures (France); M. Astic, P. Delaye, P.
Lalanne, Institut d’Optique (France); R. Frey, G. Roosen, Institut
d’Optique (France)
There are a number of different types of approach to the realisation
of 3D photonic crystal (PhC) structures for applications in the optical
wavelength region from UV to mid-IR. Significant results have been
obtained in recent years with 3D PhC structures using woodpile,
synthetic opal and 3D heterostructure approaches [1-6]. However,
the micro-nano fabrication of 3D PhC device structures remains
challenging. Research interest in 3D PhCs remains strong because
they offer the possibility of omni-directional confinement of light -
and their potential has yet to be fully explored for integrated photonic
devices applications - in contrast to the situation for 1D and 2D PhC
devices. Examples of potential applications for 3D PhC structures
are as highly reflective mirrors, optical micro-resonators and a range
of nonlinear optical functionalities - including parametric wavelength
conversion and all-optical switching. [7].
For the present work, we have fabricated 3D photonic crystal
structures based on the GaAs/AlGaAs epitaxial material system. The
material was grown by MOCVD and consists of 5 pair DBR mirror
stacks with alternating layers of GaAs and Al 0.93 Ga 0.07 As - with
a total thickness of 1.8 µm and a nominal stop-band centre wave-
length around 1.6 µm. A 2D PhC (air-hole array) structure etched into
the DBR mirro-stack was firstly used as a template to transform the
structure into a wholly 3D-periodic large index-contrast PhC system
via dry-etch processing and wet thermal oxidation. The initial 2D PhC
pattern structure was generated by direct-write electron-beam
lithography (EBL) - and the pattern transfer from the e-beam resist,
via a silica etch mask, into the GaAs/AlGaAs epitaxial layer was
performed by reactive-ion-etching (RIE) and chemically assisted ion
beam etching (CAIBE) based sequentially on fluorine and chlorine
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chemistry. The holes were deeply dry-etched through the mirror
stack layers prior to selective oxidation. The high (93 %) aluminium
content of the alternating AlGaAs layers was used for control of a
selective thermal oxidation process at a chamber temperature of 500
oC. The process produceed fully selective oxidisation of the AlGaAs
layers into Al2O3. The result was a 3D PhC structure with the high
refractive index difference (+n) of the GaAs - Al2O3 pairing, vertically
and the GaAs-air pairing in-plane. We have successfully realised
several 3D PhC structures with different lattice periods in the range
380 nm to 450 nm, with different hole diameters and a largest field
size of 500 µm x 500 µm. Fuller descriptions of the fabrication and
reflectance characterisation of the 3D PhC structures will be
presented in conference, as well as results of non-linear interaction
experiments now commencing.
Acknowledgement
The authors would like to acknowledge the support of an EPSRC
Platform Grant NUMBER, the EU FP6 ePIXnet project.
Richard M. De La Rue acknowledges the support of CNRS and
University of Paris XI during his stay at the Institut d’Optique.
References
1. S. Noda, et al, JJAP, Part 2 - Letters, 35 (7B), L909-912, 1996.
2. D. W. McComb, et al. Journal of Materials Chemistry, 11 (1), 142-
148, 2001.
3. K. Aoki, App. Phys. Lett., 81 (17), 3122-3124, 2002.
4. S. Kawakami, et al, IEEE Photon. Tech. Lett., 15 (6), 816-818,
2003.
5. S. Venkataraman, et al, App. Phys. Lett., 85 (11), 2125-2127,
2004.
6. P. Yao, et al, Opt. Exp., 13 (7), 2370-2376, 2005.
7. P. P. Markowicz, et al, Phys. Rev. Lett., 92 (8), 083903_1 -
083903_4, 2004.

6182-29, Session 5
Tuneable planar photonic crystals
R. Ferrini, P. El-Kallassi, École Polytechnique Fédérale de Lausanne
(Switzerland); J. Martz, École Polytechnique Fédérale de Lausanne
(Switzerland) and Rolic Technologies Ltd. (Switzerland); L. Zuppiroli,
B. Wild, L. A. Dunbar, N. Le Thomas, R. Houdré, École
Polytechnique Fédérale de Lausanne (Switzerland); P. Strasser, F.
Robin, ETH Zürich (Switzerland); A. Talneau, Lab. de Photonique et
de Nanostructures (France); A. Berrier, S. Anand, Kungliga Tekniska
Högskolan (Sweden)
Since the 1990’s, planar photonic crystals (PhCs) have provided the
driving force for a large amount of research in photonics. Recently
attention has been devoted to the necessity of trimming and tuning
the optical response of these structures. This emerging and as yet
relatively unexplored research topic may have a tremendous
potential for technological breakthroughs in various application fields
from integrated optics to detection and sensing. Among the
numerous techniques that have been proposed to tune the optical
properties of planar PhCs, infiltrating their air pores with a synthetic
organic material that has an externally tuneable refractive index has
proved to be one of the most promising approaches. Indeed PhC
infiltration with nematic liquid crystals (LCs) has already been
demonstrated. The characteristic optical anisotropy (birefringence) of
nematic LCs enables easy trimming or tuning of their dielectric
constant, and thus of the optical response of the infiltrated PhCs.
In previous studies we demonstrated the trimming of the optical
properties of InP-based planar PhCs by nematic LC infiltration. A
high-vacuum chamber specifically designed for the PhC infiltration
was realized. A reproducible and reliable filling procedure was
developed to allow an accurate control of all the infiltration param-
eters (i.e. temperature and pressure) and, when necessary, the
modification of the surface chemical state. The infiltrated structures
were optically characterized and the in-filling efficiency was found to
be constant and larger than 80%. The predominant molecule
orientation was determined by means of optical measurements as a
function of both temperature and polarization: LC molecules were
found to be mainly perpendicular to the hole axis.
In this communication we will show the possibility of dynamically
tuning the optical properties of planar PhC devices (e.g. simple
slabs, cavities, waveguides, etc.) infiltrated with nematic LCs. Using
the same technique as in our previous studies we infiltrate GaAs-
and InP-based planar PhCs either with nematic LCs (i.e. LC-K15

from Merck(r)) and with blends of LCs and photochromes (i.e.
azobenzene). In the latter case the isomerization of the photochromic
molecules under illumination in the ultraviolet (UV) spectral range
makes the LC orientation inside the mixture sensitive to light
irradiation at wavelengths lower than 400 nm. The internal light
source technique is used to characterize the optical properties of
these tuneable PhC structures. In particular, we will show how their
optical response can be tuned by applying an external perturbation.
This dynamic change is induced by i) tuning the temperature of the
infiltrated structures, ii) applying an electric filed across the semicon-
ductor heterostructure, and iii) irradiating the sample with UV light.
The tuning mechanisms are studied on the same PhC devices and
then compared. Experimental measurements as a function of
polarization are combined with theoretical calculations in order to
understand how the orientation of the LC molecules inside the holes
is influenced by the different external perturbations.

6182-30, Session 5
Studies of photonic crystal structures infiltrated with
planar liquid crystal textures
E. E. Kriezis, E. P. Kosmidou, Aristotle Univ. of Thessaloniki (Greece)
Lately, there have been reported many efforts towards the design of
photonic crystal (PC) devices with tunable properties. This goal is
mainly realised by combining PCs with nonlinear or liquid crystal (LC)
materials [1]. In this study, the effects of inserting nematic LCs in a
triangular PC lattice are theoretically examined. Different realistic
planar director textures, related to particular surface anchoring
conditions in cylindrical geometries, are considered. A PC defect
cavity geometry is also studied and the possibility of tuning the
frequency of the resulting defect modes by means of applying local
static electric fields is explored.
Four different planar textures have been regarded for the nematic
director: the radial, uniform, planar-polar and bipolar. It is presumed
that the nematic LC material fully fills the voids of a triangular lattice
of infinite height air cylinders drilled in silicon. The radius R of the air
cylinders is selected to be 0.3a, where a is the lattice constant.
Moreover, the relative permittivity of Si is set equal to 11.4, while the
ordinary and extraordinary refractive indices of the LC material are
1.49 and 1.66, respectively.
In the planar-polar case the director aligns almost normal to the
cylindrical surface and it is determined by solving an Euler-Lagrange
equation [2]. The exact solution is related to the effective anchoring
length which influences the alignment at the cavity wall. For the
bipolar director configuration and with strong anchoring at the
cylindrical surface the minimization of the total free energy per unit
volume leads to an Euler-Lagrange equation [3] which is numerically
solved. Note that, as the applied field increases, the nematic director
tends to align more parallel to it.
We firstly investigate the changes observed in the dispersion
diagram of the PC after the infiltration. We have calculated the
dispersion curves of TE modes for the defect-free PC and the
infiltrated PC for the radial and the uniform (weak anchoring) profiles.
The perfect PC is characterized by a large photonic bandgap
spanning from 0.1887a/c to 0.28a/c. However, the addition of the
high refractive index LC (replacing air) narrows the bandgap since
the higher bands are shifted towards lower frequencies. Moreover,
only slight variations are observed between the dispersion diagrams
of the radial and uniform configurations, noticeable mainly in the
higher frequency bands. Very similar (almost identical) dispersion
curves apply to the two former textures (bipolar and planar polar).
Furthermore, the transmission properties of a defect cavity geometry
are investigated. Defect elements are introduced in the perfect
crystal by filling four central air cylinder rows with LC material. The
defect area is surrounded by five lattice periods and the lateral
dimension is presumed infinite. Considering perpendicular and
tangential surface anchoring we study the cases of planar-polar and
bipolar profiles, respectively. We have calculated the amplitude
transmission coefficient for the planar-polar nematic director profile
for various values of the effective anchoring strength. As expected
the introduction of the LC defects results in defect modes appearing
inside the bandgap. Since the defects are associated with the
addition of a high refractive index material (compared to air), modes
from the air band drop towards lower frequencies to form localized
defect states inside the bandgap. It has been observed that the
defect mode frequency is shifted between a/0.2550 and a/0.2543.
For a lattice constant of 388nm this translates into a tuning range of
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1521nm to 1526nm with a corresponding mean linewidth of 0.46nm.
The same study is conducted for the bipolar profile for varying values
of the applied field. In this case the peak range is similar, varying
from a/0.2557 to a/0.2548, or between 1525nm and 1531nm for a
lattice constant of 390nm, and with a mean linewidth of 0.47 nm.
Note that the in the uniform case with no anchoring at the surfaces
much wider tuning ranges are predicted [1]. The small resonance
shifting can be attributed to the fact that weak director reorientations
are taking place and only in a small portion of the cylinder cross-
section. However, it must be noticed that the tuning ranges in the
planar polar and bipolar cases can be enhanced by means of
modifying the geometrical parameters, like increasing the radius of
the holes, the number of periods enveloping the defect area, the
number of defect rows or the material birefringence. All the simula-
tions were conducted by an anisotropic FDTD method combined
with the proper periodic and absorbing boundary conditions [4], [5].
REFERENCES
1. Kosmidou E. P., Kriezis E. E., and Tsiboukis T. D., IEEE J.
Quantum Electron. vol.41, no. 5, pp. 657-665, May 2005.
2. Crawford G. P., Allender D. W., and Doane J. W., Phys. Rev. A,
vol. 45, no. 12, June 1992.
3. Zumer S. and Doane J. W., Phys. Rev. A, vol. 34, no. 4, October
1986.
4. Kriezis E. E. and Elston S. J., Opt. Commun., vol. 177, April 2000.
5. Chan C. T., Yu Q. L., and Ho K. M., Phys. Rev. B, vol. 51, no. 23,
June 1995.

6182-31, Session 5
Two-dimensional photonic crystals from semiconductor
material with polymer filled holes
R. van der Heijden, C. Kjellander, C. Carlström, J. Snijders, R. W. van
der Heijden, C. W. Bastiaansen, D. J. Broer, F. Karouta, R. Nötzel,
Technische Univ. Eindhoven (Netherlands); E. van der Drift,
Technische Univ. Delft (Netherlands); H. W. Salemink, Technische
Univ. Eindhoven (Netherlands) and Technische Univ. Delft (Nether-
lands)
Two-dimensional PhCs can be fabricated by etching a periodic array
of air holes in (semiconductor) material. The functionality of these
crystals is greatly enhanced if their optical properties can be tuned.
This can be achieved by filling up the air holes with a material that
has a tunable refractive index. An important material class in this
respect comprises liquid crystals (1). Although large effects (Dn ~
0.05-0.5) can be achieved in this way, this method is inherently slow
(order of ms). Furthermore, the liquid state could hinder certain
applications or limit the compatibility with further processing steps.
Hence other materials, notably electro-optically active or optically
non-linear (NLO) polymers with intrinsically high tuning speed (< ps)
should be exploited as tunable low-index material. Apart from the
active applications, even filling of the holes with a passive dielectric
has many applications. In contrast to membrane type structures, the
infilling of deeply etched photonic crystals is expected to increase
the vertical confinement due to improved index guiding. Further-
more, it was recently shown that filling of selective holes opens up a
new way to create components like single mode waveguides,
waveguide bends, crossings and splitters from “bulk” 2D PhCs (2).
Also, after planarization of infiltrated structures, further polymer
processing may be used to create additional functionality in the
polymer layer(s) on top.
We have developed a simple and generic method for filling the air
holes of a deeply etched InP-based two-dimensional photonic
crystal with solid polymer. Our filling procedure relies on the capillary
action of a liquid monomer inside the ~ 200 nm diameter air holes.
Several InP-surface treatments were investigated to improve the
wetting of the InP by the monomer, as inspected by contact angle
measurements. The infiltration is carried out at room temperature
and ambient atmosphere. The monomer is subsequently solidified by
thermal polymerization. The solid state of the infill allows cross-
sectional scanning electron microscopy inspection of the filled holes.
It was observed that the holes are fully filled to the bottom, which
indicates that the capillary action is sufficient to draw the monomer
down to the bottom of the holes.
The filled photonic crystals were optically characterized by transmis-
sion measurements around the 1.5 mm wavelength band both before
and after infiltration. Upon infiltration, the high-frequency band edge
shifts to a lower frequency, while no significant shift is observed for

the low-frequency band edge. This selective shift arises from the fact
that the optical mode of the high-frequency band is more localized in
the low dielectric material and is therefore more sensitive to the
change in refractive index.
From the analysis of the transmission measurements it could be
derived that the average filling degree (volume of polymer plug
compared to the hole volume) is larger than 80 %. Taking into
account the polymerization shrinkage of typically 10-15 %, this
analysis confirms the complete filling of the holes.
(1) K. Busch, and S. John, Phys. Rev. Lett. 83, 967 (1999).
(2) S. Mingaleev, M. Schillinger, D. Hermann, and K. Busch, Opt.
Lett. 29, 2858 (2004).

6182-32, Session 6
Terahertz pulse generation through optical rectification in
photonic crystal microcavities
A. Di Falco, Univ. degli Studi di Roma Tre (Italy); C. Conti, Univ. degli
Studi di Roma/La Sapienza (Italy); G. Assanto, Univ. degli Studi di
Roma Tre (Italy)
The increasing interest in TeraHertz sources for biomedical applica-
tions and spectroscopy has lead to a number of proposals to
efficiently obtain THz radiation from optical rectification to semicon-
ductor based antennas in distributed and resonant geometries.[1-10]
In this Communication we focus on a new scheme to generate THz
radiation taking advantage of the high quality factor (Q) of Photonic
Crystal (PC) microcavities and their peculiar dispersion proper-
ties.[11,12] We excite a PC microcavity mode out of resonance and,
via optical rectification of the transient oscillations, we generate THz
radiation in a cross-polarized state.
Simulations were carried out with a homemade FDTD code able to
model nonlinear dispersive media and the interaction of the
electromagnetic fields in the three spatial dimensions plus time. To
this extent we coupled an oscillating dipole with an anharmonic term
to Maxwell’s equations, including the second order susceptibility
tensor D in the material polarization term P.   The medium properties
were specified via a second order differential equation in P, with a
single-pole Lorentz dispersion mimicking the properties of AlGaAs.
The considered PC microcavity is a six-hole wire with a centered
defect [13] with width w=450 nm, thickness h=270 nm and length
l=4um, supporting single-mode propagation (TE polarized) in both
feeding and out-coupling channel waveguides. The choice of lattice
constant a=450 nm and spacing d=0.35a yields a resonant state at
1.447um, with Q=373.
The transmission spectrum for TE polarization is obtained via Fourier
transforming the field probed inside the structure when launching a
broad-band (single cycle) pulse. To reveal the transient in the
microcavity response we launched a CW-like excitation out of
resonance. Such transient is rectified inside the cavity to the THz
range in the cross polarized (TM) state and could be trapped by a
hollow pipe waveguide [14] (the mm-range generated radiation
barely senses the device). We performed the simulations at two
different detunings and  monitored the generated power (from the
power density spectra (PDS)) versus the input excitation. The smaller
detuning =15 nm, corresponding to 2.1 THz, yields a greater
efficiency as compared to the case =20 nm (i.e. 2.8 THz).  The
response to a pulsed excitation was obtained filtering the out-
coupled radiation from the cavity when shining it with a return-to-
zero pump modulation, obtained by launching mnm pulses (m=6,
n=600) into the input waveguide. [15]
To frame these results we resorted to coupled mode theory in time
domain and follow the excitation of the microcavity. Its decay time
w0Q/2 accounts for both the internal and the external losses. By
feeding the cavity mode a(t) with a step-like guided-wave signal
s(t)=Sexp(j*t) for t\>0 and Pinput=|s|2 (s(t)=0 for t<0) we obtained its
amplitude evolution and its dependence from detuning.
The efficiencies were calculated by measuring the PDS of TE and TM
components around w0 and the detuning, respectively, where 2.3 x
10-7 for detuning=2.1 THz and =1.3 x 10-7 for detuning =2.8 THz.
Considering a Q=106, as recently achieved in tailored PC cavities,
[7-8] the conversion efficiency could be considerably increased.
In conclusion, we proposed an optically pumped THz source which
operates via rectification of the transient response of a PC
microcavity pumped out of resonance. Such PC cavity could be
tailored to specific requirements in terms of frequency and efficiency.
1. J. Darmo, R. Bratschitsch, T. Muller, R. Kersting, G. Strasser, and
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6182-33, Session 6
Elastic bandgaps for surface modes in an ultrasonic
lithium niobate phononic crystal
S. Benchabane, A. Khelif, J. Rauch, L. J. Robert, Institut Femto-ST
(France); T. Pastureaud, TEMEX SA (France); V. Laude, Institut
Femto-ST (France)
The intense research activity devoted to photonic crystals over the
past decade and the demonstration of their viability as a basis for
optical devices have led to an increasing research interest for their
elastic counterparts, the so-called phononic crystals. Phononic
crystals are periodic structures made of two materials with different
elastic properties. They can exhibit absolute stop bands under
specific geometrical conditions. The elastic constants contrast that
can be achieved between two different materials, in  particular
between a solid matrix and vacuum scatterers, can be huge
compared to the refractive index contrast usually obtained in optics.
This ensures the possibility to open significantly wider band gaps. In
addition to their ability to behave as perfect mirrors, phononic
crystals can prove to be particularly useful for applications requiring
a spatial localization of acoustic waves. They can hence be used as
acoustic filters or very efficient waveguides, among others. The
specificities of acoustic waves with respect to optical waves
moreover provide additional features to these phononic structures. In
particular, elastic surface modes have to be considered in addition to
the usually studied bulk modes. If band gap phenomena for bulk
modes have been the subject of extensive studies, the existence of
band gaps for surface modes has been pointed out more recently

and a silicon based phononic structure for surface acoustic waves
(SAW) has just been demonstrated [1]. Working with these SAW
presents great advantages, as these waves can be generated
directly at the surface of a piezoelectric substrate by use of
interdigital transducers (IDT’s). SAW devices are already extensively
used for high-frequency applications, such as wireless communica-
tion systems. They are also well-known in the field of integrated
acousto-optics: optical signal processing by use of SAW devices has
been the subject of many research studies. The integration of a
phononic band gap structure to such devices could enhance their
performance, or even widen their range of applications.
In this work, we deal with the possibility to realize a phononic crystal
directly on a bulk piezoelectric material, namely lithium niobate.
Lithium niobate benefits from strong piezoelectric coupling coeffi-
cients as well as rich optical properties. The realization of a phononic
crystal combined with the already demonstrated possibility to
achieve a photonic crystal in this material thus offers interesting
prospects in terms of confined acousto-optical interactions. We here
focus on LiNbO3/void compositions as this optimizes the contrast
between the matrix and the scatterers elastic properties, as well as
on a square lattice geometry. We perform an experimental study of
the SAW propagation in an actual structure. The hole diameter is
chosen to be of 9µm for a 10µm pitch, leading to a filling fraction of
64%. The crystal was fabricated using reactive ion etching of bulk
Lithium Niobate, and classical optical photolithography techniques
were then used for the IDT fabrication. The crystal was characterized
by electrical generation and detection of SAW.
The first part of this work has been to design a proper phononic
structure. To this aim, we have been using the well known plane
wave expansion method previously developed for a theoretical
treatment of phononic crystals, as for instance in [2-4] and which
relevance to surface acoustic waves has been reported by some of
the authors elsewhere [5]. It has been demonstrated in this last
reference that band gaps for surface waves generally coincides with
band gaps for bulk waves. This is of great practical interest, as it
allows a significant reduction in the computation time for the
calculation of band diagrams.
The strong analogy between acoustic and optical band gap
phenomena tends to prompt to the use of a traditional triangular
lattice for a suitable two-dimensional crystal. This geometrical
configuration indeed offers large band gaps simultaneously for
transverse electric (TE) and transverse magnetic (TM) polarizations of
an optical field. However, this geometry does not in any case allow
for full elastic band gaps. Indeed, there exist fundamental differences
between elastic and optical wave propagation. The first point to
consider is the strong coupling between the different polarizations of
the acoustic waves: if it is possible and easy in optics to consider
independently the TE and TM polarizations, acoustic shear and
longitudinal modes tend to strongly combine, and it is therefore not
possible to imagine a phononic device suited to one only of these
types of waves. Besides, in the case of acoustic waves, both the
velocity of the propagating wave and the material characteristics, its
density in particular, play a decisive role, compared with optics
where only the velocity of the wave through the contrast in refractive
indices has to be taken into account. We have then naturally moved
on to the use of a square lattice structure. This latter has already
proved to provide wide band gaps for both bulk and surface waves.
We aim for a structure with a 64% filling fraction, i.e. with a diameter
over pitch ratio of 0.9. Under these conditions, we expect a full band
gap with a fractional bandwidth around 35%.
The crystal has been fabricated on a 500µm thick, Y-cut lithium
niobate wafer. To be able to use standard optical lithography for the
patterning of the crystal structure, we have chosen to work at a
center frequency of about 200 MHz. This leads to hole diameters
around 9µm for an 10µm pitch. The wafer has then been processed
using standard SF6 based Reactive Ion Etching (RIE). The etching
rate is considerably low, around 45 nm.min–1, and the etching slope
is quite significant (around 17% for a 10µm diameter hole).  This
greatly limits the achievable depth and aspect ratios. However, a
highly selective, 1µm thick electroplated Nickel mask enables to
obtain relatively satisfying 10µm deep holes.
The characterization of this crystal has then been performed
electrically by use of interdigital transducers. A large bandwidth
surface acoustic waves source is needed, to cover the whole band
gap frequency range. Such a source cannot be obtained via a single
traditional IDT. One of the possibility would then be to design a well
suited slanted finger interdigital transducer, as described for instance
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in [6], and applied in the characterization of SAW phononic crystals
in [1]. We here propose an alternative consisting in working with a
series of IDT’s of varying mechanical period instead.
We have then measured the electrical transmission through the
phononic crystal. We have first compared a reference device of
central frequency of 132 MHz with the corresponding crystal device.
The emitted surface waves have a frequency which is below the
expected band gap frequency. There is no visible effect of the
crystal. But if we consider this same type of responses in the case of
a SAW system having a center frequency of 210 MHz, which is inside
the band gap, we clearly observe a 20dB loss for the initial signal.
The phononic device responses have then been measured and
normalized over the whole band gap width and a  clear extinction of
the signal occurs from 180 MHz onwards. Similar results have been
found in the (YXt)/45 (i.e. GM) direction. Here the band gap ranges
from about 175 MHz up to 225 MHz. Measurements along the (YX)
propagation axis should confirm the existence of a full band gap.
We have here presented some ongoing work on the realization and
characterization of a lithium niobate based phononic crystal. A full
band gap is expected to be obtained around 200 MHz and prelimi-
nary experimental results seem to confirm this theoretical prediction.
This demonstration of the existence of elastic stop bands in a lithium
niobate device, combined with the already demonstrated possibility
to achieve a photonic crystal in the same material opens interesting
prospects in terms of highly confined, and hence highly efficient
acousto-optical devices.
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6182-34, Session 6
Metallic photonic crystal for THz radiation
J. Kouba, D. Schondelmaier, U. Schade, W. Eberhardt, B. Loechel,
BESSY GmbH (Germany)
Photonic crystals are complex structures with spatial periodicity in
their dielectric properties. When electromagnetic waves propagate
through such structures, they are forced to propagate on paths and
with velocities which differ significantly from those of homogeneous
materials. In order to observe these effects, the periodicity, in
analogy with regular crystals also called lattice constant, needs to be
in the range of the wavelength of propagating electromagnetic
waves. In addition to these properties, if the photonic crystal is
designed properly, there appears a frequency range where no
electromagnetic modes exist, thus no electromagnetic waves with
these frequencies can propagate through the photonic crystal.
Frequency ranges of this kind are called photonic band gaps since
they correspond to band gaps of electronic eigenstates in ordinary
crystals.
Many of potential applications of photonic crystals arise from the
existence of the band gaps. E.g. low-loss waveguides including
sharp bends or splitters can be created by introduction line type
defects or high-Q cavities can be produced by introducing point
defects.
Many activities exist on the field of photonic crystals using dielectric
materials. In such case, dielectric constants are usually considered
to be constant with respect to frequency of interest and the materials
are considered as zero-loss. In case of metallic photonic crystals,
frequency dependent components of dielectric function as well as its
imaginary components responsible for their loss behavior need to be
considered.
By using metals, metallic photonic crystals can have various
interesting applications arising from the high degree of material non-
linearity. At the same time, metallic photonic crystals can find
application as waveguides for THz radiation.
At BESSY, metallic photonic crystals for THz radiation are being
investigated. Especially waveguides for THz radiation later to be

used in a special type of IR ellipsometer are investigated. The work
concentrates on theoretical computation, fabrication and experimen-
tal characterization of metallic photonic crystals, especially of
fabricated waveguides.
Since metals are highly lossy materials, low filling ratio is used in
proposed photonic crystal structures. Honey-comb lattice with
hexagonal arranged cylinders is used. Using different cylinder
diameter, frequency range between 5 and 50 µm wavelength is
currently being investigated.
As for materials, gold is currently being investigated. For the
frequency range of interest, Drude material model can be used in
order to approximate the dielectric function of gold.
The paper presents the results and gives details about the calcula-
tion of band structure of metallic photonic crystals consisting of
honey-comb like ordered metallic cylinders. FDTD calculation was
used to calculate the modes along the edge of the Brillion zone. The
band structure reveals the first photonic band gap reaching from
zero-frequency to the cut-off frequency. This behavior is typical for
metallic photonic crystals. Further, the band structure shows several
photonic band gaps for TE polarization opening the working range
for the THz waveguides.
Further, results of transmission calculation based on FDTD method
are shown confirming the band gaps from previous calculations. In
order to create the waveguide, a row of cylinders is removed.
Additional geometric features are incorporated in the waveguide
channel in order to improve the transmission behavior, especially in
the channel bends. The improvement is confirmed by means of
transmission measurements.
Fabrication of metallic photonic crystals occurs by means of LIGA
technology. This enables to create accurate and tall structures. SU-8
resist is used for its high thermal and chemical stability after
processing. Because of low penetration depth of gold in the
frequency region of interest, thin layers of several tens of nanometers
are sufficient in order to act as full material. For that reason, gold is
sputtered on top of fabricated resist structures. Cylinders with
diameters down to 6 µm and heights of up to 500 µm were success-
fully fabricated. In order to achieve the wave guiding affect both in
the in-plane direction (cross section of the cylinders) as well as in the
out-of plane direction, cylinders are placed between two plates, both
of them also sputtered with gold.
In the next part, the paper deals with experimental investigation of
fabricated structures. Transmission measurements through struc-
tures without waveguides as well as measurements on structures
with incorporated waveguides are scheduled. Experimental ap-
proach as well as results of measurements are presented in the
paper.
In conclusion, the achieved results are summarized and outlook for
further investigations is given in the paper.

6182-35, Session 7
Transmittance anisotropy of 3D photonic crystals due to
Bragg diffraction effects
A. V. Baryshev, Toyohashi Univ. of Technology (Japan) and A.F. Ioffe
Physico-Technical Institute (Russia); M. Inoue, Toyohashi Univ. of
Technology (Japan) and CREST, Japan Science and Technology
Corp. (Japan); M. F. Limonov, A.F. Ioffe Physico-Technical Institute
(Russia); A. V. Sel’kin, A.F. Ioffe Physico-Technical Institute (Russia)
and Toyohashi Univ. of Technology (Japan)
Coupling of polarized light to 3D opal photonic crystals is studied in
the case of low dielectric contrast. We present experimental and
theoretical studies on polarized light propagation in photonic crystals
governed by Bragg diffraction phenomenon. Transmissivity of opal is
found to strongly depend on the propagation direction of light and its
polarization. It is shown that in the vicinity of the frequency of a
single Bragg resonance in a 3D photonic crystal the incident linearly
polarized light excites inside the crystal the TE- and TM-eigen modes
which passing through the crystal is influenced by Bragg diffraction
of electromagnetic field on crystallographic planes. We found that
the TM-modes show low coupling to the crystal in comparison to the
TE-modes. Moreover, there exist critical directions for light propaga-
tion, along which the resonant contribution of the TM-modes to
Bragg diffraction vanishes and the polarization of transmitted light
changes drastically. A theoretical model is proposed which de-
scribes well directional and polarization anisotropy of optical
transmissivity of opals under conditions of low dielectric contrast.
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Lately, there has been much interest in a new class of artificial
structures known as photonic crystals (PhCs) owing to many
different non-trivial electromagnetic effects that were predicted in
PhCs. The most advanced ideas are associated with a total inhibition
of spontaneous emission [1] and a strong localization of light [2]
when photons of certain energy cannot propagate through the
structure along any direction and with any polarization. These effects
can be observed in photonic materials with periodic 3D modulation
of the dielectric constant, for example, in colloidal crystals, synthetic
opals, and inverted opals. At present, there is much work on the
variation of the photonic gap energy with the light wavevector
studied by angle-resolved reflection or transmission spectroscopy.
However, there are only few reports on polarization-resolved study of
3D PhCs and, in fact, coupling of the polarized light to 3D PhCs is
not studied well up to now [3-7].
We have experimentally and theoretically studied the transmissivity
of an oriented opal sample infiltrated with a liquid of close to silica
refraction index. The sample was placed between polarizer and
analyzer, polarization azimuths of which can be changed from 0 to
360 degrees. The transmission spectra of the sample were measured
at different angles of incidence of light and at different azimuths of
the polarizer and analyzer including configurations with the mutually
orthogonal azimuths.
The transmission spectra were analyzed in detail as a function of the
incidence angle of light when the scanning plane in reciprocal space
contained L, Gamma and K high symmetry points of the Brillouin
zone. Angle-resolved transmission spectra were measured for three
linear polarizations: along (s-polarization), normal (p-polarization) and
rotated through an angle of 45 degrees with respect to the scanning
plane. Transmission spectra manifest intensive deeps, they undergo
spectral shift in accordance with the Bragg law and symmetry of the
f.c.c. lattice, when scanning the L-K-L path, and coincide with the
calculated variation of the Bragg wavelengths for the diffraction from
the (hkl) planes. A Bragg resonance suppression effect has been
observed, which reveals itself as the appearance of critical angles of
incidence for the TM-modes passing without Bragg reflection
through the crystal planes. This effect gives rise to the transmittance
anisotropy of the photonic crystals and is responsible for the
modification in polarization of transmitted light. The differences in
transmission spectra for different polarizations of the incident light
are explained by a developed theoretical model taking into account
polarization dependent efficiency of Bragg diffraction of light on
crystal planes. The variation in the transmittance (and, equally, in the
reflectance) is shown to be due to the specific conditions for Bragg
resonant light scattering on the families of crystal planes oriented at
certain angles with respect to the incidence-transmission plane and
to the normal to the lateral sample surface.
This work was partially supported by the RFBR (Grants Nos. 05-02-
17776, 05-02-17809).
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6182-36, Session 7
The Sommerfeld precursor in photonic crystals
R. Uitham, B. J. Hoenders, Univ. of Groningen (Netherlands) and
Materials Science Ctr. (Netherlands)
The Sommerfeld precursor is the fastest travelling part of an
electromagnetic pulse that propagates in a dielectric medium. It is a
forerunner with a very high frequency and small amplitude as
compared to the same quantities for the applied pulse.  The shape of
this precursor, or forerunner, is universal for all homogeneous
dielectric media and not related to the shape of the applied pulse; it
merely results from the high-frequency behavior of the refractive
index which is universal for all dielectric materials. We calculate the
Sommerfeld precursor that results from transmission of an electro-
magnetic plane wave packet of finite time duration, the applied

pulse, through a one-dimensional rectangular N-layer photonic
crystal medium with two slabs per layer, serving as a prototype of an
inhomogeneous medium. This calculation is done for the usual case
that the layers are parallel to the medium boundary at which the
pulse is incident and for the other case that the layers are perpen-
dicular to that plane. The latter geometry is of interest because it
naturally occurs when two- or three-dimensional photonic crystals
are irradiated. The angle of incidence of the pulse onto the medium
is held arbitrary, but restriction is made to transverse electric (TE)
polarized fields.
We found that the shape of the Sommerfeld precursor for transmis-
sion through the inhomogeneous N-layer medium equals the well-
known shape of the Sommerfeld precursor that would arise from
transmission of the same pulse but through a homogeneous
medium. Only its amplitude and period decrease as the spatial
average (along the path of propagation of the precursor) of the
plasma frequency of the photonic crystal increases by adjusting the
size and refractive index of the slabs. There is no effect of the slab
contrast since the Sommerfeld precursor does not experience
reflections within the medium. This follows from the observation that
internally reflected waves give contributions that are beyond the first
order approximation that is used for the Sommerfeld precursor.

6182-37, Session 7
Plane-wave and cylindrical-wave admittance method for
simulation of classical and photonic-crystal-based
VCSELs
M. Dems, T. G. Czyszanowski, Politechnika Lódzka (Poland); K. P.
Panajotov, Institute of Solid State Physics (Bulgaria) and Vrije
Universiteit Brussel (Belgium)
The paper presents a rigorous derivation of newly developed full-
vectorial three-dimensional numerical methods for simulations of
semiconductor lasers and photonic band gap structures, namely the
plane wave admittance method (PWAM) and the cylindrical-wave
admittance method (CWAM). In both of the methods, the simulated
structure is divided into several layers with material parameters
assumed to be constant along one direction. In PWAM each z-
uniform layer forms a two-dimensional (2D) domain in which the
electromagnetic field can be described as a linear combination of 2D
plane waves. In the remaining third direction, the analytical solution
is searched using the admittance transfer procedure, similarly to the
well-known Method of Lines (MoL). However, as compared to the
method of lines, the numerical effort is significantly reduced due to
the use of plane-wave expansion instead of finite difference.
Similarly, in the cylindrical-wave admittance method we use
cylindrical-waves for the 2D optical field decomposition, which
speeds up considerably the calculations for the case of axi-
symmetric classical devices, as the number of the waves can be
further reduced due to the symmetry properties. In such a way, our
methods can be applied not only for the complicated three-
dimensional structures, such as photonic-crystal-based Vertical
Cavity Surface Emitting Lasers (VCSELs), but also for the commonly
used axi-symmetric devices.
A proper operation of VCSELs depends mostly on the efficiency of
confinements of both carriers and electromagnetic field and on the
effectiveness of their mutual interactions. Therefore, the losses and
the gain of the supported optical modes should be precisely
determined which allows for the determination of the threshold
current for VCSELs and edge-emitting lasers. This is achieved in our
methods by the efficient use of uniaxial Perfectly Matched Layers
(PMLs) as absorbing boundary conditions. In classical laser
structures the optical and carrier confinement is achieved by the
various oxidation layers, proton implantation and other modifications
of material parameters. Recently, it become of great interest to apply
photonic crystals in designing diode lasers which creates many new
possibilities not achievable by hitherto known techniques. In order to
guarantee the efficient use of photonic crystals one needs numerical
approaches to photonic crystals which are very efficient and quickly
convergent to enable its application in self consistent methods.
Usually, however, any increase in its exactness is followed by rapidly
increasing time of computations. In this work we show the useful-
ness of our PWAM and CWAM methods as effective computational
techniques in these cases, namely for photonic-crystal-based
gallium nitride VCSELs and classical axisymmetric VCSEL devices.
We also demonstrate the application of PWAM in other photonic
structures, like photonic crystal membrane waveguides.
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6182-38, Session 7
Slow-light effect using omnidirectional-reflector
waveguides
H. Chiu, S. Lo, C. Chen, National Central Univ. (Taiwan)
One-dimensional (1-D) photonic crystals (PC), also known as Bragg
gratings, i.e., dielectric stack of alternating layers of different
refractive indices, have been developed for many applications such
as filters. Dielectric mirrors have the advantages over uncoated
metals of lower absorption, higher reflectivity and higher mechanical
robustness. Recent studies have demonstrated both theoretically
and experimentally that highly reflective mirrors which is angle and
polarization insensitive can be achieved by sufficiently enlarging the
index difference between the high and low-index materials. The
resulting structure is known as the omni-directional reflector (ODR)
By using highly reflective walls in a hollow core, the light can be
constrained to form a waveguide. An approach is to apply dielectric
coating on the hollow waveguide core. Recently, we have demon-
strated the semiconductor hollow optical waveguide formed by
omni-directional reflector (SHOW-ODR). The propagation loss of the
SHOW-ODR can be as low as 1dB/cm for both TE and TM modes, In
this work, we studied the slow-light effect in the SHOW-ODR.
Six multilayer pairs of Si/SiO2 were designed to be coated on a Si
substrate. The refractive indices of Si and SiO2 were 3.48 and 1.48,
respectively. The thickness of the Si and SiO2 layers was one quarter
of the wavelength of 1.55mm in the materials to be 0.111mm and
0.258mm, respectively. The bandgap of the omni-directional reflector
was calculated to be 1190-1720nm. A taper is added on each end of
the SHOW-ODR. We analyzed the behavior of electromagnetic field
simulated by 2-D finite-difference time-domain (FDTD) method. The
group velocity in the SHOW-ODR can be reduced to be one-third of
that in vacuum.

6182-39, Session 7
Coherent control of excited atomic states inside a
photonic bandgap
H. Nihei, Polytechnic College Aomori (Japan); A. Okamoto, Hokkaido
Univ. (Japan)
Coherent control of an atomic state by means of external laser fields
may provide a new class of quantum information processing.
Information processing of this type is performed by changing the
quantum state, which may be served by an optical Rabi oscillation
[1].  The most recent research issue on this optical quantum
information processing is the demonstration of information loss
suppression.  This suppression may be facilitated by maintaining the
excited state and enhancing the lifetime of the Rabi oscillation.  One
of the promising candidates for maintaining the excited state is the
photonic band gap (PBG) structure [2].  Embedding the atom inside
the PBG structures will allow us to maintain its excited state due to
the localization of light in the vicinity of the atom.  In this case, it has
been reported that the long-lived Rabi oscillation is also achieved
between the excited atomic states [3].  Furthermore, if the PBG
effect is controlled, which has been done successfully using a
tunable PBG [4], one can operate a switch for starting or stopping
the Rabi oscillation to process information according to a quantum
algorithm; however, a major part of the quantum information may be
lost after stopping the Rabi oscillation due to atomic decay to the
ground state because the Rabi oscillation is stopped by decreasing
the PBG effect.
In this paper, we demonstrate the coherent control of the excited
states of the atom embedded in the PBG structure.  An important
aspect of this demonstration is that the Rabi oscillation is stopped
without decreasing the PBG effect so that the information loss in the
quantum information processing is strongly decreased.
The atom embedded in a 3D PBG structure is assumed to be
composed of the ground state and the two excited states encoding
the quantum information.  The transition frequencies of the excited
states are assumed to be inside the PBG to facilitate the PBG effect.
At an initial time, laser pulses are used to prepare the atom in a
superposition of the two excited states as defined by the pulse area.
Furthermore, we assume a control laser which coherently couples
the two excited states.
The coherent control required in information processing according to
a quantum algorithm consists of two functions: one is to form the
long-lived Rabi oscillation in the excited states and the other is to

stop the oscillation without atomic decay to the ground state.  While
the long-lived Rabi oscillation has been revealed by calculating a
time evolution of the quantum state of the atom [3], the principle of
this oscillation is first demonstrated in this paper by calculating an
emission spectrum of the atom that can be compared with the
principle of stopping the oscillation.
The Rabi oscillation comes from quantum interference between two
radiation modes represented by two peaks in the spectrum due to a
Rabi splitting.  In the presence of an external control laser field, the
Rabi splitting leads to such a doublet peak whether the PBG exists
or not.  The distinctive property of the PBG is that a spectrum is
strongly suppressed near the PBG and a peak exhibits a pulse-like
shape if the peak is formed inside the PBG.  The pulse-like peak
represents a localized field mode due to the localization of light.  This
localized mode significantly differs from an ordinary propagating field
mode, which is distinguished by the sharpness of the spectrum peak
representing the decay rate.  The decay rate of the localized mode is
extremely small (or even zero in principle) [2].  As a result, the lifetime
of quantum interference between the two localized modes is
enhanced, so that the excited states exhibit the long-lived Rabi
oscillation.
The Rabi oscillation may be stopped by eliminating the quantum
interference.  Here, we propose a method to eliminate quantum
interferences that is carried out by eliminating only one of the two
localized modes.  The other localized mode remains to provide an
important advantage, that is, the formation of the steady excited
state after stopping the oscillation, leading to the strong suppression
of atomic decay to the ground state and also of the information loss
in quantum information processing.  This is significantly different
from the ordinary method that is carried out by decreasing the PBG
effect in which both of the two localized modes are eliminated,
leading to the atomic decay.
In demonstrating the elimination of only one localized mode, the
Autler-Townes dark line [1] in the spectrum plays a central role.  At
the dark line frequency, the spectrum is completely zero (a singular-
ity in the spectrum).  In a similar manner to the Rabi splitting, the
dark line is also formed whether the PBG exists or not.  However, we
have found a novel future characterizing the PBG effect: if the dark
line frequency is tuned to one of the two localized-mode frequencies,
its corresponding localized mode is eliminated.  In this elimination,
the localized mode effect and the dark line effect are neglected
mutually, so that the dark line is also eliminated; however, these
eliminations never affect the other localized mode that leads to the
formation of the steady excited state after stopping the oscillation.
While the tuning of the dark line frequency serves as a principle of
manipulation of the coherent control, the tuning should be performed
as a preprocessing because the tuning is achieved by means of the
laser-pulse control at the formation of the initial atomic state.  The
laser-pulse control is revealed by calculating the dependence of the
dark line frequency on the pulse area.  As a result of this calculation,
we find that the dark line frequency can be selectively tuned to one
of the localized-mode frequencies by changing the pulse area.
After the preprocessing, the coherent control can be carried out,
which may be revealed by calculating the spectrum for various
values of the phase of the control laser field.  As a result of this
calculation, we find that the dark line effect is formed or eliminated
depending on the phase.  Furthermore, when the dark line frequency
is tuned to the localized-mode frequency, the formation or elimina-
tion of the dark line effect leads to the elimination or formation of the
tuned localized mode, respectively.  As a result of this phase
dependence, we can operate a switch for starting or stopping the
Rabi oscillation without atomic decay to the ground state: (i) the
long-lived oscillation is formed for the phase value, eliminating the
dark line effect where the two localized modes are formed, and (ii)
the oscillation is stopped for the phase value generating the dark line
effect, where one of the two localized modes is eliminated, leading to
the formation of the steady excited state.
In summary, an important aspect of the coherent control of the
excited atomic states is that the excited state remains even after the
Rabi oscillation is stopped.  This is a consequence of eliminating
only one localized mode without decreasing the PBG effect.  The
other localized mode remains, so that a steady excited state is
formed, resulting in the strong suppression of the information loss in
quantum information processing.  Furthermore, we can selectively
choose the localized mode between two modes as the existing
localized mode after stopping the Rabi oscillation, which may serve
the principle of multibit quantum information processing.
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6182-40, Session 7
Recursive Green’s function technique and its application
to surface-state photonic cavities and waveguides
A. I. Rahachou, I. V. Zozoulenko, Linköpings Univ. (Sweden)
We present a novel computational method based on the recursive
Green’s function technique for calculation of scattering and light
propagation in photonic crystal (PC) structures including cavities and
waveguides. The advantage of this method in comparison to the
conventional finite-difference time domain (FDTD) technique is that it
computes Green’s function of the photonic structure recursively by
adding slice by slice on the basis of Dyson’s equation. This elimi-
nates the need for storage of the wave function in the whole
structure, which obviously strongly relaxes the memory requirements
and enhances the computational speed. Another advantage of this
method is that it can easily account for the infinite extension of the
structure both into air and into the space occupied by the photonic
crystal by making use of the so-called “surface Green’s functions”.
This eliminates the spurious solutions (often present in the conven-
tional FDTD methods) related to e.g. waves reflected from the
boundaries defining the computational domain. We apply the
method to study surface modes residing on a termination of a semi-
infinite photonic crystal and their possible applications in (a) surface-
state resonant cavities [1] and (b) waveguides [2]. Surface-state
cavities.} We propose and analyze a surface-state based high-Q
cavity in the bandgap photonic crystal. We investigate the resonant
frequencies and intensity distribution of resonant modes of the
cavity. We demonstrate that such the cavity can have a Q factor
comparable with that one of conventional photonic band-gap defect
mode cavities. At the same time, the cavity is situated directly at the
surface of the photonic crystal, that might open up new possibilities
for its integration in photonic circuits [1].
Surface-state waveguides. We explore waveguiding properties of
surface state in photonic crystals. We investigate factors that affect
the velocity of the surface state and its transmission properties. In
particular, we show that inhomogeneities of the PC strongly
deteriorate transmission coefficient for a slow surface state whereas
for the fast one their impact is much less profound. As an example of
applications of the surface-state waveguides we show that they can
be used to feed light into conventional photonic crystall waveguides
as well as to excite whispering-gallery mode cavities. The latter
opens up a possibility to integrate whispering-gallery mode cavities
with photonic crystals [2].
[1] A. Rahachou and I. V. Zozoulenko, Light propagation in finite and
infinite photonic crystals: The recursive Green’s function technique,
Phys. Rev. B, in print (2005).
[2] A. Rahachou and I. V. Zozoulenko, Waveguiding properties of
surface states in photonic crystals, submitted for publication.

6182-66, Session 7
Proposals of inverse designed microscaled scattering
optical elements
A. Håkansson, J. Sánchez-Dehesa, Univ. Politècnica de València
(Spain)
Diffractive optical elements (DOEs) are optical devices that solve the
inverse problem of shaping a laser beam to practically any projection
pattern. Because of this feature, DOEs are currently used in a wide
range of applications such as lenses, deflectors, LED collimators, or
fan-out elements. The elements are fabricated by controlling their
thickness and/or refractive index parameters, which are computer
generated through optimization to forge the beam that propagates
through the layer into the desired shape.
Here, another class of optical devices that we named scattering
optical elements (SOEs) is proposed for molding the flow of light.
Instead of using a single layer of phase-controlling components, as
DOEs, SOEs are based on the multiple scattering by a few layers of
individual constituents, whose positions and shapes are inverse
designed to accomplish a given functionality. Since we acquire a
new freedom of the third dimension through SOEs, we can shape the
fields with vast controllability. Additionally, because SOEs are porous

the reflection can be controlled from totally opaque, similar to a
Bragg reflectors, to almost complete transparent, a possibility of light
control that is not possible using conventional DOEs.
The process of designing an SOE requires a fast and accurate
simulation method, to solve the direct scattering problem, and a
competent global optimization algorithm. Firstly, to solve Maxwell’s
equations in a system of two-dimensional (2D) dielectric scatterers,
the multiple scattering theory (MST) [1] is employed because of its
efficiency and accuracy when dealing with a fixed number of
individual scatterers. Secondly, the genetic algorithm (GA) is chosen
as the optimization method since it has been proved to be effective
in finding the global optimum of complex problems in photonics,
though basically any search algorithm could be used in the ID
process. The combination MST-GA has been proven to be a
powerful tool for inverse design [2-5].
We will present two designed SOEs proposals, first a flat photonic
lens and, secondly, a wavelength demultiplexer. The ultra compact
devices, only 200nm thick, are designed for optical communication
wavelengths. The lens has an optimized functionality for lambda
equals 1550nm, and the demultiplexer device is designed to
separate the two wavelengths 1550nm and 1500nm, respectively.
Furthermore, the wavelength separation has an expected crosstalk
suppressed below -25dB for both wavelengths. The designed
devices consist of five layers of 400nm times 400nm square shaped
bars etched in gallium arsenide.
A promising method to fabricate a real three-dimensional (3D) SOE
structure consists in slicing the total structure into several 2D
photonic plates prepared by a semiconductor nanofabrication
technique. Subsequently, these plates are assembled into the 3D
structure by micromanipulation [6-7]. The inverse design is carried
out under constrains of this specific fabrication method. Only five
layers of 2D photonic plates are assumed to form the photonic
device, this to guarantee that a perfect alignment of these layers will
be possible by the micromanipulation technique. The dielectric
constant of the rods is considered to be that of gallium arsenide
(GaAs).
The authors acknowledge Hideki H. Miyazaki and Kanna Aoki for
their valuable help in defining the parameters of the device for its
practical realization. The financial support provided by the Spanish
Ministry of Education and Science (MEC) (contract No. TEC2004-
02345) and by the Nanophotonic Technology Center of Valencia is
gratefully acknowledged.
[1] A. Ishimaru, Electromagnetic Wave Propagation, Radiation, and
Scattering (Prentice Hall, 1990)
[2] L. Sanchis, A. Håkansson, D. López-Zanón, J. Bravo-Abad, and J.
Sánchez-Dehesa, Appl. Phys. Lett. 84, 4460 (2004).
[3] A. Hakansson, F. Cervera, and J. Sánchez-Dehesa, Appl. Phys.
Lett. 86, 054102 (2005).
[4] Andreas Håkansson and J. Sánchez-Dehesa, Opt. Exp. 13, 5440
(2005).
[5] Andreas Håkansson, P. Sanchis, J. Sánchez-Dehesa, and J.
Martí, IEEE J. Lightwave Technology, (in press) (issue Nov. 2005).
[6] K. Aoki, H. T. Miyazaki, H. Hirayama, K. Inoshita, T. Baba, N.
Shinya, and Y. Aoyagi, Appl.Phys. Lett. 81, 3122 (2002)
[7] K. Aoki, H. T. Miyazaki, H. Hirayama, K. Inoshita, T. Baba, N.
Shinya, and Y. Aoyagi, Nature Materials 2, 117 (2003).

6182-41, Session 8
Fundamentals of couplonics
Y. G. Boucher, Ecole Nationale d’Ingénieurs de Brest (France)
We call COUPLONICS the systematic extension of analytical
coupled-wave formalism to two-dimensional Photonic Crystals (PC),
most specifically in the context of its application to coupled Photonic
Crystal Waveguides.
Two-mode Coupled-Wave Equations (CWE) based on Coupled-
Mode Theory (CMT) have proved a powerful tool for investigating
one-dimensional periodic structures, either passive (Distributed-
Bragg Reflectors) or active (Distributed-Feedback lasers) [1-2]. As an
alternative to the Floquet-Bloch approach, they appear especially
attractive for 1D PC of finite size. Apart from the period of the unit
cell [LAMBDA] and the total interaction length [L], the relevant
parameters are the coupling constant [kappa] and the detuning
[delta] from the Bragg resonance. Whatever the boundary conditions,
a transfer matrix describes the whole structure. The reflection and
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transmission curves are expressed analytically in the spectral domain
in terms of linear combinations of exponential functions. It is
important to note that with just one sign changed, the same kind of
CWE apply to co-directional coupling between adjacent waveguides.
It has been widely believed for a long time that CWE in 1D periodic
structures hold only as far as the index modulation can be treated as
a perturbation, and only if the interaction length is much superior to
the period [L \>\> LAMBDA]. Nevertheless, a few years ago,
Matuschek et al. have shown that CWE remain strictly valid (provided
that the formal definitions of delta and kappa are slightly readjusted)
even in the case of an arbitrary strong step-like index modulation,
and even at the scale of one unit cell only [3]. This stems from the
mathematical property that any (2x2) unitary transfer matrix can be
rigorously expressed in terms of its CWE counterpart.
The present work is chiefly devoted to an exact extension of CWE
formulation, in order to address the general 2D problem of an array
of mutually coupled periodic waveguides. For the sake of clarity, we
will limit ourselves to the case when the unit cell is symmetric. Our
main achievements are as follows:
1. To begin with, we present a unified normalization method, in
dimensionless parameters, valid for any single 1D periodic structure
of finite size. Thanks to a judicious choice of reduced coordinates, its
responses (along with its band diagram or its density of modes) do
not depend nor on its geometrical dimensions, neither even on the
physical nature of the waves under consideration. This result
illustrates once more the well-known deep behavioral analogies
between electromagnetic, sonic or electronic waves in their
respective ‘crystals’.
2. Then we consider the case of a co-directional coupling between
two identical periodic single-mode waveguides. Two configurations
are thoroughly investigated: the continuous system with distributed
coupling is systematically compared to a discrete system, made of
3-port networks regularly interconnected (along two perpendicular
axes) by portions of transmission lines. In the basis of the even/odd
eigenmodes, such a 2D system can be strictly reduced to a set of
two purely 1D sub-systems. We demonstrate the existence of a
formal equivalence for co- and contra-directional coupling between
the two configurations (distributed vs. localized). We derive the exact
expression of the elementary quantum (thereafter dubbed ‘couplon’)
of co- and contra-directional coupling, taking place at the scale of
each unit cell.
3. This approach can be generalized to the asymmetrical case when
the two periodic waveguides (either continuous or discrete) differ by
the value and/or the phase of their respective contra-directional
coupling constants [kappa_1, kappa_2]. Although some technical
difficulties arise due to the fact that eigenmodes are no longer
orthogonal, the comparison remains fully relevant.
4. Our approach can also be generalized to the more symmetrical
case of a periodic array of mutually coupled, identical periodic
waveguides. Due to its formal equivalence with a regular lattice of 4-
port networks interconnected by portions of transmission lines, such
a system can therefore be considered as a special class of 2D
Discrete Photonic Crystal (DPC) [4].
To the best of our knowledge, our work represents the first exact
description, in terms of CWE, of a non-purely one-dimensional
crystal. Initially thought of as mere approximations, typically
‘couplonic’ quantities such as ‘effective coupling constants’ or
‘effective detuning’ appear much more rigorous than they seem.
Even in more than one dimension, COUPLONICS provides us with
an elegant, precise and universal tool for dealing with photonic
(sonic, electronic...) crystals of finite size.
[1] A. Yariv, P. Yeh, Optical Waves in Crystals, Wiley (1984).
[2] T. Tamir (Ed.), Guided-Wave Optoelectronics, 2nd ed., Springer
(1990).
[3] N. Matuschek et al., IEEE J. Quantum Electron. Vol. 33 (3), pp.
295-302 (1997).
[4] L. Le Floc’h et al., Microwave Optical Technol. Lett. Vol. 37 (4),
pp.255-259 (2003).

6182-42, Session 8
The (quasi) natural mode description of the scattering
process by photonic crystals
B. J. Hoenders, Univ. of Groningen (Netherlands); M. Bertolotti, Univ.
degli Studi di Roma/La Sapienza (Italy)

Abstract
We consider the scattering and transmission of light by a photonic
structure for which a N-layer medium is chosen. Although the
rigorous theory of this scattering problem is well established for
more then 150 years, (the first general extensive treatment already
given by Stokes as early as 1862), still not all the important features
of this theory are derived yet. The aim of our paper is to show that a
consequence of the theory developed so far is that the transmitted-
and scattered field of a dispersive N-layer medium can be explicitly
described in terms of its natural modes (On the completeness of the
natural modes for quantum mechanical potential scattering, B.J.
Hoenders, J. Math. Phys. 20, 329 (1979).), or by a variant of these,
the so called quasi normal modes (Quasinormal-mode description of
waves in one-dimensional photonic crystals
A. Settimi et al., Phys. Rev. E 68, 026614 (2003)  ). These two types
of modes are physically defined as the modes of a medium which
satisfy the Sommerfeld radiation condition, and are already known
for a long time in physics. E.g., in the beginning of the 20th century
the natural modes of a dielectrical and metallic sphere or ellipsoid
were discovered and their properties analysed.
One of the important properties of these modes is that their
eigenvalues are complex valued. Another important property is that
the frequency space response (Green) function of the system can be
expanded into these modes, viz. admits a bilinear expansion into the
modes. This expansion has singularities for values of the frequency
equal to the (complex) valued eigenvalues(frequencies) of the modes.
These singularities show up as resonances in the spectrum of the
reflected- transmitted light of a medium. We mention e.g. the well-
known resonances occurring for the case of scattering by a dielectric
sphere (Mie scattering), which are the cause of the beautiful colours
observed in a gel. The modes appear for those real values of their
resonance frequency for which they “fits” best inside the sphere, like
the resonance frequencies of the modes of a membrane- or wire
clamped at their boundaries.
The natural- or quasi normal modes are also the natural bases for the
representation of the field inside the medium in the sense that of all
the possible sets of bases in Hilbert space they require the minimum
number of base functions for the expansion of the field inside the
medium up to a certain arbitrary small error.
The problem addressed to in our contribution concerns the question
whether or not the intriguing properties of the modes stated above
change if a dispersive medium is considered, and the way these
properties eventually change. It will be shown that for a dispersive
medium characterised by the classical Lorentzian type of frequency
dependence all the properties stated above hold, i.e.:
a) The sets of natural- or quasi normal modes are complete.
b) The spectral propagator (Green) function can be expanded into a
bilinear set of modes and has singularities for the complex valued
eigenvalues(frequencies) of the modes.
c) The transmitted- reflected fields show resonances for values of the
frequency situated around the real values of the
eigenvalues(frequencies) of the modes.
d) The set of natural- quasi normal  modes constitute the most
efficient base for the expansion of the field inside the scattering
medium, i.e. any other set of base functions require a larger number
functions in order to approximate the field inside the medium.
The modes are explicitly constructed for the N- layer structure,
mentioned above, and are used for the analysis of the transmission-
reflection problem of such a structure.  They are also shown to be
very useful as base functions for the discussion of the influence of a
N- layer medium on the degree of coherence of an incoming partial
coherent wave.

6182-43, Session 8
Exact solution to diffraction on a grating with
parallelogramic grooves by the true modal method
M. Foresti, L. Menez, Saint-Gobain (France); A. V. Tishchenko, Univ.
Jean Monnet Saint-Etienne (France)
Diffraction gratings with parallelogramic-shape grooves are of great
interest because of their perfect-blazing properties [1]. Such
structures have often been tackled numerically, but no reference
method exist for their electromagnetic analysis, especially if a metal
is used as the grating material. The C method [2] fails because of
sharp grating edges, the Fourier-modal methods [3] often exhibit
instabilities.
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The true modal method [4] is very efficient for lamellar grating
calculations. In this method, the electromagnetic field in the grating
region is represented by grating eigenmodes propagating up and
down along the grooves. The true modal method was never
formulated for parallelogramic-shape gratings where grating modes
propagate obliquely instead of normally to the interfaces. Such
analysis is the subject of the present paper.
We apply the true modal method in an oblique coordinate system [5].
First, the modal dispersion equation is obtained which determines all
the grating modes. Then, the field continuity at the grating interfaces
delivers the analytical expression for the correspondent T matrices.
Finally, the diffraction matrix S of the parallelogramic-shape grating
is found by T-S matrix inversion [6].
Numerical examples will illustrate the accuracy and the rapidity of
the true modal method, and its capability to be a reference method
for arbitrarily-shaped gratings will be discussed.
References:
1. M. Matsumoto, “Analysis of the blazing effect in second-order
gratings,” IEEE J. Quantum Electron., 28, 2016-2023 (1992)
2. J. Chandezon, M.T. Dupuis, G. Cornet, and D. Maystre.
“Multicoated gratings: a differential formalism applicable in the entire
optical region,” J. Opt. Soc. Am., 72,839-846 (1982).
3. M. G. Moharam and T. K. Gaylord, J. Opt. Soc. Am. 72, 1385-
1392 (1982).
4. L. C. Botten, M. S. Craig, R. C. Mcphedran, J. L. Adams, and J. R.
Andrewartha, “The finitely conducting lamellar diffraction grating,”
Opt. Acta 28, 1087-1102 (1981).
5. T. W. Preist, J. B. Harris, N. P. Wanstall, J. B. Sambles, „Optical
response of blazed and overhanging gratings using oblique
Chandezon transformations,” J. Mod. Opt. 44, 1073-1080 (1997).
6. A.V. Tishchenko, N.M. Lyndin, “Diffraction from a stratified
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6182-44, Session 8
Optical mirage in graded photonic crystals
E. Centeno, D. Cassagne, Univ. Montpellier II (France)
We present a concept of graded photonic crystals enhancing the
control of light propagation. Gradual modifications of photonic
crystal parameters curve the path of the light much like the atmo-
spheric index gradient responsible for mirages. This effect is tailored
by parametric studies of the iso-frequency curves. As a demonstra-
tion, we propose a two-dimensional graded photonic crystal
providing frequency selective tunable bending. A model based in the
Iconal equation allows to show that photonic crystal mirages and
atmospheric mirages originate from the same physical principle.
A previous work has recently shown that graded photonic crystals
(GPCs) enhance versatility in the molding of the flow of light [1].
Graded photonic crystals (GPCs) are obtained by appropriate
gradual modifications of PC parameters such as the filling factor, the
optical index or the lattice period. Since GPCs are derived from PCs
through small variations, they are not strictly periodic. However, for
variations less than 1% per lattice period, local properties can be
understood from the photonic band structure. We numerically
demonstrate this approach in the case of a two-dimensional GPC for
large lateral beam shifting. The Angular and frequency selectivity of
this smart component are studied. A lateral variation of 4 ?m for
??=20  nm, i.e. a frequency dependence of 0.2 ?m/nm is for example
demonstrated. A parametric analysis of the iso-frequencies curves
allows interpreting this optical bending in term of effective index
variations. Therefore a model combining the effective index
computation and the Iconal equation can reproduce the mirage
inside GPCs. In comparison the index variation is 1000 time greater
for GPC mirages than for atmospheric mirages.
In conclusion, GPCs open a route in designing versatile
functionalities. This ultra bending effect relies on a gradual modifica-
tion of the IF curves inside crystal and is also angular and frequency
dependent. In the presented structure the lateral shift is equal to 2
?m per 10 nm of wavelength variation. This property can be used for
designing frequency reconfigurable PC waveguides or ultra compact
multiplexer.
[1] E. Centeno, D. Cassagne, “Graded photonic crystals”, Opt. Lett
30, 2278 (2005).

6182-45, Session 8
Analysis of superprism effect in silicon on insulator slab
photonic crystals
E. Cassan, D. Bernier, A. Lupu, D. Marris, L. Vivien, S. Laval, Univ.
Paris-Sud II (France); L. El Melhaoui, P. Lyan, J. Fedeli, CEA-LETI
(France)
Photonic crystals (PhCs), are optical media with periodically varying
refractive index. The photonic crystal structures have been intensively
studied during the last decade. The great interest to such kind of
structures is related to their properties to handle light behavior on
propagation distances of only few wavelengths. The realization on a
miniature scale of the optical structures performing wavelength
multiplexing/demultiplexing or add/drop functions and allowing a tight
control of light propagation is one of the major motivations for the
research in this domain.
The “superprism” is one example of the wavelength demultiplexor
based on a unique behavior of light in PhCs. A slab PhC allows the
creation of a region which behaves similarly to a conventional prism
with greatly enhanced sensitivities with respect to wavelength and
direction of light [1].
Realization of a device based on a “superprism” effect and presenting
a practical interest relies on the two dimensional light confinement in
compact size planar photonic structures. In this context, silicon
photonics has received a growing interest for several years due to the
compatibility with CMOS technology and to the strong index contrast
that allows very tight mode confinement.
We report in this work a theoretical analysis of electro-refraction
properties of slab photonic crystals fabricated within the silicon on
insulator (SOI) technology. Experimental results were published in
reference [2]. The system consists of a SOI film perforated by a
triangular PhC lattice of circular air holes. The top silicon layer of the
SOI wafer is 240 nm thick and the buried oxide thickness is 1 µm. The
PhC lattice parameter and hole diameter are 460 nm and 170 nm,
respectively. Top cladding of the structure was air. Samples were
fabricated using 193 nm deep-UV lithography and reactive ion etching
process (RIE). This process allowed fabricating high quality samples
with very low side wall roughness. Experimental results for anomalous
wavelength-dependent angular dispersion were reported [2]. An
angular swing of 14° was measured for light propagating near the
Gamma-K direction as the input wavelength was changed from 1295
nm to 1330 nm, which corresponds to an angular dispersion of 0.4°/
nm. For the Gamma-M direction, a negative wavelength dispersion
was recorded. An opposite sign angular deviation of 21° was also
observed as the input wavelength was changed from 1316 nm to 1332
nm, i.e. a dispersion of 1.3°/nm.
Dispersion properties of the photonic crystal area have been theoreti-
cally studied with a 3D eigen-frequency solver based on the plane
wave method (PWM) coupled with a supercell approach [3]. Band
diagrams calculations show that Bloch modes of the 5th and 6th
bands can be excited below the light line. Calculation of iso-frequency
curves and the application of the tangential wavevector conservation
have been performed. Given the light wavelength and input direction,
this approach allowed estimating the number and the direction of
group velocities of Bloch waves excited in the PhC area. Large ranges
of wavelength and input angle have been covered to match with the
experimental conditions.
The obtained results show that 3D-PWM calculations allow interpret-
ing the experimental results given in reference [2]. In particular, a good
agreement is obtained regarding both the angular dispersion values
and signs obtained for the two main input angles allowed by the
experimental setup (30° and 45°). Some interesting features, like the
excitation of two distinct Bloch waves in well-separated angular
directions, that were experimentally evidenced, have been also
interpreted.
To conclude, this approach has proven to give insight into the physics
of the light propagation in strong index contrast slab PhC using SOI
wafers. It opens interesting opportunities for the design of new
devices relying on the control of light dispersion using PhCs.
[1] H. Kosaka, T. Kawashima, A. Tomita, M. Notomi, T. Tamamura, T.
Sato, and S. Kawakami, “Superprism phenomena in photonic
crystals”, Phys. Rev. B, 58, 10096-10099, (1998).
[2]  A. Lupu, E. Cassan, S. Laval, L. El Melhaoui, P. Lyan, J.M. Fédéli, «
Experimental evidence for superprism phenomena in SOI photonic
crystals », Optics Express 12 (23), p5690, 2004.
[3]  S.G. Johnson, J.D. Joannopoulos, “Block-iterative frequency-
domain methods for Maxwell’s equations  in a planewave
basis”,Optics Express 8 (3), p173, 2001.
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6182-46, Session 9
Conductivity and permittivity of two-dimensional metallic
photonic crystals
A. Pimenov, A. Loidl, Univ. Augsburg (Germany)
In this work we systematically investigate the effective conductivity
and dielectric permittivity of various two-dimensional metallic
photonic crystals for frequencies below and above the plasma
resonance.
The dynamic experiments for frequencies from 60 GHz to 380 GHz
were carried out in a Mach-Zehnder interferometer arrangement
which allows both, the measurements of the transmittance and the
phase shift of a plane-parallel sample. Using Fresnel optical formulas
for the complex transmittance the absolute values of the complex
conductivity and dielectric permittivity have been determined directly
from the measured spectra. The experiments have been performed in
E-polarization (electric field parallel to the rods) and for the Gamma-X
direction along the cube axis.
The transmittance of the metallic photonic crystals reveals the
classical features of a metal with an extremely low plasma frequency:
the samples are transparent above the plasma frequency and rapidly
become opaque for lower frequencies. The normalized phase-shift of
all samples is below unity in the complete frequency range. This
indicates that the phase velocity of light in the metallic photonic
crystals is higher than the vacuum velocity. The measured phase shift
becomes even negative below a frequency of about 100 GHz, which
formally can be interpreted as negative refractive index. In fact, the
calculations based on the Fresnel equations lead to the positive
refractive index of metallic photonic crystals in the full frequency
range of our experiment.
The dielectric permittivity of the photonic crystals as calculated from
the complex transmittance data is close to unity at high frequencies
and shows a zero-crossing at the plasma frequency. The data for all
samples can be well described using the behavior of an ideal
plasmon. Good agreement with existing theories is obtained concern-
ing the position of the plasma resonances in all crystals investigated.
Both, dielectric permittivity and dispersion relations closely follow the
expected plasmonic behavior.
On the contrary, the effective conductivity of the photonic crystals
differs from theoretical predictions by more than one order of
magnitude. This disagreement remains for all filling factors and
independent upon the assumptions about the strength of the skin-
effect. Further experimental and theoretical efforts are necessary to
resolve this problem.
Finally, sharp maxima in the transmittance have been observed for all
compositions close to the frequency of the plasma resonance. These
peaks lead to characteristic minima in the effective conductivity of the
photonic crystals and have been attributed to the longitudinal plasma
resonance. As a possible mechanism for the excitation of the
longitudinal plasmon the sample inhomogeneity is suggested.

6182-47, Session 9
Ordered bimetallic nanostructures with hierarchical
porosity and their applications
A. Eychmüller, Technische Univ. Dresden (Germany); L. Lu, Kwansei
Gakuin (Japan); N. Gaponik, Technische Univ. Dresden (Germany)
We describe how two different kinds of ordered bimetallic
nanostructures with hierarchical porosity, such as macroporous
nanostructures and nanostructures constructed from hollow spheres,
can be selectively and conveniently fabricated by a general template
technique on silicon wafers and on glass substrates. An ordered
macroporous Au/Pt nanostructured film and an ordered hollow Au/Pt
nanostructured film were selectively fabricated by using a modified
silica crystal-templated method at room temperature. Such porous
nanostructured films consisting of larger interconnected aggregates
exhibit excellent catalytic activity. We also extended successfully our
method to selectively fabricate ordered Au/Ag nanostructures as
surface-enhanced Raman scattering (SERS) substrates. Additionally,
we report an alternative procedure to incorporate gold nanoparticles
into 3D ordered colloidal crystal films. The size of the gold
nanoparticles within the films can be controlled from about 10 nm to
about 60 nm by simply varying the gold plating time. Also in this case,
the application of the as-prepared films in surface-enhanced Raman
spectroscopy (SERS) is investigated by using Rhodamine 6G as
probe molecules. It is found that the resultant gold-coated 3D ordered

colloidal crystal films can be used as SERS substrates, exhibit an
excellent enhancement ability which is found to be dependent on the
gold particle size.

6182-48, Session 9
Near-field optical storage system including evanescent
wave amplifier metamaterial based on photonic crystal
S. Mimouni, CEA-LETI (France)
The use of a solid immersion lens (SIL) is a promising technique for
increasing areal density in optical disks. This immersion lens has a
spherical surface facing the objective and a flat surface toward the
recording medium. Thanks to it high refractive index material, it
produces a high numerical aperture beam yielding to tighter focus,
by focusing at the interface between the lens and the air. All rays
exceeding a numerical aperture of unity will generate evanescent
waves. Both near-field and propagating waves are important for the
formation of the high aperture focus at the SIL-air interface, because
evanescent waves have a high transverse wave-vector component
and are directly related to high frequency information.
These evanescent waves which carry the sub-diffraction size of the
focus, are necessary to maintain the small size of the spot, thus the
recording media is maintained in the high-amplitude evanescent
wave vicinity. This huge technical constraint yields to the two major
difficulties related to the near-field optical recording: first the
distance between the recording medium and the bottom surface of
the lens should be controlled with a precision better than 10nm at
405nm working wavelength, second the recording can only be done
at first surface of the medium, so very thin cover-layer or cartridge
should be used.
We propose a realistic technique to release this constraint and make
evanescent waves travel on far-field distances. Then we can mount
this new optical pick-up on a conventional actuator with usual track
and focus servo. This technique consists on attaching a new imaging
component immediately at the lower surface of a conventional solid
immersion lens. Theoretically this component is a three dimensional
photonic crystal with a thickness at least of one wavelength. But all
study will be done on a two-dimensional arrangement of photonic
crystals (2DPC). A classical procedure, based on photonic band
structure (PBS) calculations, is given to design a negative index band
within a desired frequency range and an effective index of -1. This
last requirement, necessary condition for perfect lensing and
evanescent waves amplifying, was provided by using the low
frequency range of the PBS. The structure (2DPC) is optimized to
ensure an isotropic response and efficient coupling from the SIL for
all focalized wavevectors.  The limitations of these optimizations are
discussed.
This 2DPC slab should synthesize an effective negative refraction
phenomenon to refocus light at a far-field distance below the SIL
interface (approximately twice the thickness of the slab). The quality
of the second focus will be analyzed because aberrations are
introduced by small imperfections like anisotropy and non-uniform
wave coupling from SIL to 2DPC. For this we use finite-element
method (FEM) to analyze wave propagation in the periodic structure
by using the equifrequency surfaces of PBS and their gradients to
demonstrate how higher orders of diffraction arises from the 2DPC.
Finally a phase change disc structure (ZnS-SiO2/GeSbTe/ ZnS-SiO2/
Al) combined with the new optical pick-up will be simulated using
FEM to calculate the detected signal contrast (from crystalline and
amorphous marks) as the air gap increases and show the main
advantages of this system over the conventional SIL system: a
higher air gap and large tolerances to small changes of air gap.

6182-49, Session 9
Negative refraction devices with photonic crystals
V. Mocella, P. Dardano, Istituto per la Microelettronica e
Microsistemi (Italy); L. Moretti, Univ. degli Studi Mediterranea di
Reggio Calabria (Italy); I. Rendina, Istituto per la Microelettronica e
Microsistemi (Italy)
Abstract: Photonic crystals (PhCs) can show a negative refraction
effect, that is, when the light passes through this periodic structure, it
can go to a different direction of that usually predicted. The
refraction state is function of the index contrast and the slab
thickness of the crystals but also the incident angle and the
polarization of the light. By suitably using these properties it is
possible to realize very simple and very efficient optical components
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to route the light. As example a device acting as a polarizing beam
splitter where TM polarization is refracted in positive direction
whereas TE component is negatively refracted. This device coupled
with Bragg mirrors based on photonic band gap set up a cavity
entirely based on PhC with two different behavior for the two different
polarization states.
1. Introduction
Photonic Crystals (PhCs) give new possibilities in the control of the
propagation of the light. In particular using PhCs a negative refraction
behavior can be obtained, i.e. a refracted beam going in the “wrong
direction” compared to the direction expected on the base of the
classical refraction laws.
Following a classical derivation of the Dynamical Diffraction Theory of
x-ray diffraction, it can be shown that it is possible to obtain a
negative or a positive refraction, as a function of the slab-width of a
PhC [1].
This effect is due to a periodic exchange of energy inside the crystal
between the components refracted in the positive and the negative
directions, respectively. This result, usually applied in x-ray diffrac-
tion, is immediately applicable to low-contrast PhCs. However, also
high-contrast PhCs exhibit the same effect, as it is confirmed by an
analysis based on equi-frequency surfaces, calculated via the usual
plane wave expansion.
2. Beam-splitter polarizator using Photonic Crystal
On the base of this effect we demonstrate that a 2D PhC acting as
beam-splitter polarizator can be realized. Looking at the dispersion
(equi-frequency) surfaces, we find a suitable width +x for which the
TM component (i.e.   along the cylinder axis) is almost totally
refracted in the positive direction and the TE component ( along the
cylinder axis) is almost totally refracted in the negative direction. In
our simulations we consider a structure realised with air holes in
silicon (* =11.9) arranged in square lattice which radius-ratio is r/
a=0.195 and a slab-width +x=5a. The result of FDTD simulation show
a very good efficiency at the IR optical wavelength [2].
3. Cavity
It is possible realize a cavity entirely based on PhC with Bragg mirrors
based on photonic band gap. The Bragg mirrors are realised with air
holes in silicon arranged in hexagonal lattice of which radius-ratio is r/
a=0.45. In that way we have a photonic band gap for both the
polarization therefore the two beam, separated by the beam splitter,
are reflected with two different angles by the same structure.
4. References
[1] V. Mocella, “Negative refraction in Photonic Crystals: thickness
dependence and Pendellösung phenomenon.”, Opt. Express 13,
1361-1367 (2005).
[2] V. Mocella,  P. Dardano,  L. Moretti, and I. Rendina, “A polarizing
beam splitter using negative refraction of photonic crystals,” Opt.
Express 13, 7699-7707 (2005).

6182-50, Session 10
Femtosecond pulses chirping compensation by using 1D
photonic crystals
C. Sibilia, A. Belardini, M. Centini, Univ. degli Studi di Roma/La
Sapienza (Italy)
In our work was experimentally investigated the transmission of a
coupled cavities photonic crystal (PC) in order to compensate chirped
femtosecond pulses at the telecommunication wavelength of  800
nm.
The PC is constituted by the alternation of cryolite (Na3AlF6), as low
refractive index material (nL=1.34 at •=800 nm) and zinc sulphide
(ZnS), as high index material (nH=2.3 at •=800 nm). Each layer has a
quarter-wave thickness (the referring wavelength is 800 nm). Every
1.5 couples is interposed a one-wave thick high index layer that
behaves like a cavity. There are three equal cavities that are in
resonance one to each other. This cavities allow a wide pass band of
more than 30 nm in order to avoid distortions on the input 70 fs
pulses. The PC was growth on a glass substrate and closed with
another glass in order to avoid the deterioration of the highly
hygroscopic layers.
The experiment was carried out by using a Ti:Sapphire self-
modelocked laser that generated 70 fs pulses with a 74 MHz
repetition rate at the wavelength of 800 nm. The experiment was
performed by using an autocorrelator set-up in order to measure the
pulse duration. The set-up was firstly calibrated by checking the

pulse duration of the source, verifying that the duration was 70 fs.
Than was put in the autocorrelator the same substrate where was
deposed the PC sample, measuring an output pulse duration of 80
fs, that indicates a 10 fs of chirping. In the last step of the experiment
was measured the output of the PC sample deposed on the glass
substrate. The measured was performed for different incidence
angles resulting that at 0 deg no chirping was compensated (i.e.
pulse duration of 80 fs) and at 20 deg the chirping was completely
compensated (i.e. pulse duration of 70 fs).

6182-51, Session 10
Compact photonic devices based on 1D and 2D photonic
crystal broadband reflectors
S. Boutami, École Centrale de Lyon (France) and Lab. de Photonique
et de Nanostructures (France); B. Ben Bakir, J. Leclercq, X. Letartre,
P. Rojo-Romeo, M. Garrigues, C. Seassal, P. Viktorovitch, École
Centrale de Lyon (France); M. Strassner, L. Le Gratiet, K. Merghem,
I. Sagnes, Lab. de Photonique et de Nanostructures (France)
One- and two-dimensional photonic crystal (PC) slabs have many
applications in integrated optics. Nevertheless, because of their finite
height, guided modes inside the slab can undergo radiation losses
due to the coupling with radiative modes. Although these losses may
be a drawback for integrated photonic circuits based on guided
photonics, this coupling of guided modes to radiation modes can be
usefully exploited for the manipulation of photons in free space.
Indeed, we can thus develop new devices based on the exploitation
of the third dimension in PCs.
In these structures, photonic crystal slabs are building blocks that
can be  used as reflectors. When light is shined on a PC, the
coupling between radiated and guided modes can lead to a total
reflectivity, under specific conditions. This can be exploited for the
fabrication of vertically multilayered components such as lasers and
filters. The operation of photonic crystal membrane (PCM) -based
reflectors is not only controlled by the coupling rate of wave-guided
and radiated modes through the periodic corrugation, but also by the
in-plane lateral escape rate of the wave-guided photons out of the
corrugated membrane illuminated area. The ability of high index
contrast PC to slow down photons allows for a very good control
over the lateral escape losses and result in very compact devices:
this is especially achieved at the high symmetry points (or extreme)
of the dispersion characteristics, where the group velocity ap-
proaches zero and where the wave-guided modes are stationary. In
these conditions, the relevant parameter is the second derivative at
the extreme, which should be made the smallest possible, for the
most efficient lateral confinement of wave-guided modes interacting
with radiated modes. More precisely, we can define a specific
surface related to the corresponding quasi wave guided mode,
which is proportional to the lifetime of photons and the second
derivative at the extreme. A wide choice of optical response can be
achieved by modifying the topological parameters of the PCM as the
air filing factor, lattice constant, and height [1].
Theoretical simulations are realised employing MIT Photonic-Bands
(MPB) for computing the band structures, Gsolver (a full vector
diffraction grating analysis tool), a Transfer Matrix Method (TMM),
and Finite-Difference Time-Domain method (2D and 3D FDTD) for the
validation of the complete structure.
1D PC-based broadband and compact (lateral size of 30um) InP
reflectors were designed and realized. They exhibit a theoretical
reflectivity superior to 98% over a 400nm wavelength range for light
polarized parallel to the slits of the PC. The experimental results are
in perfect agreement with these numerical simulations. These
broadband reflectors are based on the interplay between the incident
wave and two resonant orthogonal guided modes with a very high
vertical coupling rate. The low corresponding lifetime of photons in
each of the guided modes leads to a low quality factor of the
resonances, and so to a broadband reflection by overlap. For light
polarized perpendicular to the slits, a narrowband reflection remains
in the spectral range. We can get rid off this last effect in 2D PC-
based reflectors where it is possible to modulate widely and finely
these lifetime constants.
In order to realize compact polarization-dependant reflectors, a 2D
elliptical holes array-based PC reflector was designed, realized, and
characterized. It exhibits a very sharp polarization dependence.
When modifying the polarization of the incident wave, we change the
coupling time constants between the radiated modes and the two
resonant modes of the slabs, which results either in an optimization
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or in a deterioration of the overlap of the resonances. Thus, the
reflector behaves  either as a broadband reflector or as a broadband
transmitter, over a 350nm wavelength range around 1.55um.
The association of such PCM reflectors with vertical structuration of
InP/air gap-based MOEMS can lead to a new class of active and
passive photonic devices, named PCMOEMS [2]. A wide range of
optical responses can be obtained as a function of the number and
thickness of the membranes and air gaps, and of the characteristics
of the PC lattices formed in some of the membranes.
In addition, a wide choice of Electro-Opto-Mechanical modulations
of the spectral responses can be produced by moving vertically, via
electrostatic actuation, one or several suspended membranes
independently.
The PCMOEMS presented here are wavelength selective filters. The
first design is composed of an air gap resonant cavity embedded
between a top PC reflector and a bottom InP/air Bragg mirror. Since
these two reflectors are highly reflective over a large spectral range,
we can obtain extremely selective and tunable filters for a wide range
of wavelengths.
This first design naturally led us to a second one, in which the Bragg
stack in the bottom is replaced by another PC. The aim is to
minimize the size of the device vertically, by reducing the number of
slab, and also to get rid of the lateral losses of the Bragg Stack.
These both structures have been epitaxially grown, and are now
under process.
References
[1] X. Letartre et al., “Switching devices with spatial and spectral
resolution combining photonic crystal and MOEMS structures”, J. of
Lightwave Technol., 21 (7) 1691-1699 (2003)
[2] J.L. Leclercq et al., “3D structuration of multi-layer suspended
membranes including 2D photonic crystal structures”, J. Vac Sci.
Technol. B, 21 (6) 2903-2906 (2003).

6182-52, Session 10
UV-modulated one-dimensional photonic-crystal
resonator for visible lights
S. Yang, H. Horng, National Taiwan Normal Univ. (Taiwan); C. Hong,
Dayeh Univ. (Taiwan); H. Yang, National Taiwan Univ. (Taiwan)
SiO2 and ZnO are sputtered alternatively onto a glass to form a one-
dimensional photonic crystal. By taking the refractive indices of SiO2
and ZnO into account, a suitable period is designed for the one-
dimensional photonic crystal to achieve a forbidden band from 400
to 600 nm in wavelength. Furthermore, with the transparency of SiO2
and ZnO at visible lights, a photonic-crystal resonator for visible light
(e.g. 500 nm in wavelength) is fabricated by inserting an excess layer
of ZnO at the center of the one-dimensional photonic crystal. The
resonating phenomenon is evidenced with experimental observa-
tions, which are consistent with the simulated results using finite-
difference time domain method. Further experimental data reveal
that the resonating phenomenon can be modulated by irradiating the
photonic-crystal resonator with UV light. This modulation is attrib-
uted to the variation in the refractive index of ZnO by absorbing
incident UV light. It is notable that the resonating behavior recovers
when the UV light is removed. These results imply that the one-
dimensional SiO2/ZnO photonic-crystal resonator can be used as a
modulator or an optical switch with aid of UV-light irradiation.

6182-54, Session 10
GaN photonic crystal lasers
C. Hou, Y. Ting, C. Chen, National Central Univ. (Taiwan)
In this study, we demonstrated near UV photonic crystal lasers on a
bulk GaN substrate. The structure of the photonic crystal laser is
fabricated in hexagonal lattice with a period of 141nm and the
diameter of the air hole of 98nm. The power-dependent measure-
ment result shows that the output intensity increases significantly
and the full-width at half-maximum decreases above the threshold.
The mode wavelength of the GaN photonic crystal laser is 371nm
with Q-factor about 100 under a RT photoluminescence measure-
ment.

6182-55, Session 12
Biological photonic crystals: the bioengineering of
metamaterials
T. Fuhrmann-Lieker, M. Kucki, L. Lingys, Univ. Kassel (Germany)
The self-organization of photonic crystals is often quite difficult to
control in terms of order and the implementation of defects as
waveguides. In nature, however, elaborated structures exist that are
formed with a high degree of order based on physicochemical
principles. We report on the shell structure of centric diatoms,
Coscinodiscus granii and C. wailesii, for applications as photonic
crystals. For photonics, these algae are interesting because they have
a very efficient photosynthesis system that may be influenced by the
optical properties of the shell. The shell consists of a thin silica slab
that allows only a few optical waveguide modes and is patterned by a
regular hole array. The parameters of the photonic crystal slab differs
in the two parts of the shell. The upper part, the valve, exhibits a
hexagonal array with lattice constants of 1-2 µm, the central part, the
girdle, has a square array with lattice constants of 250 - 300 nm. Band
calculations show band edges and resonance points in the visible
spectral region and thus a low group velocity favouring the interaction
between light and matter in these regions.
In order to explore the suitability of these biological photonic crystal
slabs for lasing and photovoltaic applications, we applied different
methods of functionalizing the composite system of silica and protein
matrix by functional dyes. Dyes can be attached covalently to the
silica after isolating the shells or added to the cultivation solution of
living diatoms, followed by in-vivo incorporation. Depending on the
chemical structure of the dyes, successful uptake leads to composite
materials with laser dyes. Several Rhodamine derivatives known as
efficient emitter materials in dye lasers have been incorporated by this
method. The influence of the photonic crystal structure on the
emission behaviour of the dyes is investigated.
Another question that arises about the optical properties of the shell is
the efficiency of light coupling. We investigate the coupling of incident
light into the shell as waveguide as well as from the waveguide to the
chloroplasts in which the photosynthesis takes place. Implications on
solar cell design is discussed.
A quite special feature of the material system in comparison to other
biological photonic crystals is the compatibility to silicon waveguide
technology. We demonstrate the combination of diatom shells with
integrated optical chips by sintering.
The flexibility in material composition and possible control of structure
parameters by biomimetic synthesis, choosing matrix proteins and
dyes to be incorporated, makes diatom silica to a promising
metamaterial for photonic applications.
Collaboration with M. Sumper, University of Regensburg, and funding
by DFG priority program 1113 is gratefully acknowledged.
Reference: T. Fuhrmann et al., Appl. Phys. B 78, 257 (2004)

6182-56, Session 12
Interaction of photonic crystals with nanoscopic particles:
toward novel (bio-) sensing techniques
M. Barth, O. Benson, Humboldt-Univ. zu Berlin (Germany)
It is an outstanding characteristic of photonic crystals that their optical
properties depend strongly on the local dielectric environment. Due to
this high sensitivity, several groups have proposed photonic crystals
as promising candidates for sensing applications [1-3], mainly by
infiltrating an analyte, thereby changing the refractive index contrast.
We want to extend this approach by creating a controlled environment
in which the interaction of small dielectric particles (polystyrene
microbeads, cells or even single macromolecules) with the near field
of a photonic crystal can be studied in detail. For this purpose an
optical tweezer setup is used to trap and move particles into or on the
surface of a planar photonic crystal, which is immersed in a liquid
environment. Simultaneously, transmission measurements monitor
changes in the optical properties of the photonic crystal as a function
of the particle position. This enables us to quantify the effect of local
distortions in the dielectric environment on the propagation of light in
different photonic crystal structures. First finite element simulations
have shown that photonic crystal waveguides with a single cavitity-like
defect are ideal candidates for achieving high sensitivities in the
detection of such particles. They exhibit sharp resonance peaks in
transmission which undergo frequency shifts and broadening in the
presence of a dielectric particle, a behavior that may be used, e.g., to
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count biological entities. Furthermore, when in resonance, the strong
field enhancement at the cavity ensures intense interaction of the
particle and the electromagnetic field, giving prospect to fluores-
cence detection and ultra-sensitive spectroscopy based on two-
photon absorption. Due to the small interaction volume, only minimal
amounts of analyte (femtoliter) should be sufficient for detection. As
the photonic structures may be combined with conventional
microfluidic devices and functionalized for bio-recognition, our
approach bears large potential for novel sensing techniques,
incorporating compact design, high sensitivity and versatility.
References:
[1] Topol’ancik et al., Appl. Phys. Lett. 82, 1143 (2003)
[2] Loncar et al., Appl. Phys. Lett. 82, 4648 (2003)
[3] Kurt et al., Appl. Phys. Lett. 87, 041108 (2005)

6182-57, Session 12
Crystallization of polymer opals onto patterned silicon
wafers
J. Ye, Johannes Gutenberg Univ. Mainz (Germany)
Crystallization of Polymer Opals onto Patterned Silicon Wafers
Jianhui Ye(1), Rudolf Zentel(1), Sanna Arpiainen(2), Jouni Ahopelto(2),
Fredrik Jonsson(3), Sergei G. Romanov(3), Clivia Sotomayor
Torres(3)
(1) Department of Chemistry, University of Mainz, Duesbergerweg
10-14, D-55099 Mainz, Germany
(2) VTT Centre for Microelectronics, P.O. Box 1208, FIN-02044 VTT,
Finland
(3) Tyndall National Institute, University College Cork, Lee Maltings,
Prospect Row, Cork, Ireland
The strong research effort devoted to photonic crystals (PhCs) is
motivated by their potential to design a novel generation of optoelec-
tronic devices of reduced size, combining high integration, high-
speed processing and enhanced emission efficiency. Advanced
photonic circuits will need complex architectures, which can be
achieved using functional platforms for positioning, shaping and
coupling of high-quality two- and three-dimensional (2D and 3D)
PhCs. In contrast to 2D PhCs, which can be built-in directly to, for
example, SOI platforms by means of well-developed 2D
nanolithography, integration of 3D PhCs poses a great challenge.
Assembling 3D PhCs through wafer bonding was proved compli-
cated and costly procedure [1], with no straightforward prospect of
further integration. Alternative 3D nanolithography, which imply in-
situ 3D patterning of polymer template followed by its infiltration by
high refractive index semiconductor and completed by
nanocomposite inversion, look more efficient but remains a costly
process and requires sophisticated equipment. Moreover, 3D
lithography methods are not free from limitations. For example, the
holographic technique [2] is difficult to apply to formation of PhC
templates in narrow trenches and cavities on substrates due to wall
shadows and parasitic reflections, whereas the two-photon
polymerization is restricted to templates with the size less than
hundred micrometers [3]. To our opinion, self-assembly of monodis-
perse microspheres into opal structures remains the favourite route
towards templates for platform-integrated photonic materials, owing
to its simplicity, flexibility and low cost [4]. In particular, the prepara-
tion of a silicon-inverted PhC on a silicon platform for the telecom-
munication frequency range is practically important target. Accom-
plishing this task requires, first of all, realization of perfectly crystal-
line low refractive index 3D templates.
In this paper, we report the growth of high quality colloidal crystals
from very large SiO2 spheres of 890 nm diameter in a drawing
apparatus [5,6] on patterned silicon substrates. The choice of sphere
size is dictated by the need to match the telecommunication
wavelength range and the high-order photonic band gaps of the
inverted Si-opal. Crystallization in moving meniscus allows easy
managing of opal parameters by changing the withdrawal speed
comparing to evaporation temperature control [7] and can be
implemented to growth of high quality opals onto complex structured
silicon wafers [8]. We focus on optimizing the opal crystallization
conditions in confined geometries of complex topology to obtain
silica opals with excellent quality. The controlled parameters are:
• spatial selectivity of opal crystallization
• precise filling silica opal onto the patterns
• uniformity of opal thickness

• matching the thickness and the depth of the substrate profile
• 3D order
• absence of cracks
Results of optical, microscope and Fourier transforms studies of these
opals will be demonstrated. They confirmed their high crystal quality.
References:
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Dimensional
Photonic Bandgap Crystals at Near-Infrared Wavelengths, Science,
289, 604 (2000)
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6182-58, Session 12
Fabrication of large-area two-dimensional photonic
crystals using interference lithography and direct writing
of defects
P. P. Baroni, T. Scharf, Univ. de Neuchâtel (Switzerland)
Interactions between light and photonic crystals (PC) with defects
(waveguides, resonators, etc) is a new fascinating field of research.
Fast and easily adjustable fabrication of such structures is therefore of
great interest especially for testing new structures and effects in the
laboratory. The paper will present processes to produce a photonic
crystal lattice and defects in a 600 nm thick layer of silicon, deposited
on a 4-inch glass wafer. An interference fringe pattern combined with
lithography is used to produce the PC. A focused HG lamp combined
with lithography is used to introduce well localized defects into the PC.
The photonic structures are created in several steps. First, we deposit,
a 600 nm thick layer of amorphous silicon on a 4 inch glass wafer. This
will now be structured by using photoresist spun onto it and using a
particular laser beam interference setup. To create the photonic
crystal we illuminate the wafer with interference fringes produced by
superposition of direct and reflected light from a mirror. The period is
defined by the incident angle and the wavelength of the light. We use
a laser at 413 nm. To obtain a two-dimensional pattern, the substrate
is exposed three times with in plane rotation angles that differ by 120
degrees. Two difficulties appear at this level: the coherent waves that
interfere are originally from a pinhole and therefore not exactly planar.
That creates concentric fringes. The period of the concentric fringes is
several 1 mm and decreases from the centre to the wafer rim. The
fringes represent height differences of the written structure. This limits
the area where the structures are uniform. The second difficulty is to
find the exposition parameters (power and time of exposure) to get a
lattice of pillars rather than a lattice of holes, knowing that the
sensitivity strongly depends on external parameters (humidity,
temperature, time of storage, etc). We will describe in detail the
conditions for obtaining a photonic crystal on areas as large as 5 mm2
and give a model that explains the appearance of holes and pillars.
In second process step we use a mercury vapor (HG) lamp to image
an 8 µm diaphragm on the pre-structured photoresist layers. This is
done with the help of a microscope stand and allows to fabricate
distinct defects in the lattice. We use a piezoelectric table for exact
positioning of the substrate as well as to move and “erase” lines and
single points. The minimal width of defect lines is given by the
numerical aperture of the objective and wavelength. We will discuss in
details the conditions to obtain defects in the pre-structured photore-
sist. A detailed analysis of the exposure conditions is presented and it
is shown that it is possible to choose the position of exposure in situ.
The last step is the transfer of the structures from photoresist into
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silicon in order to benefit of its optical properties and life time
stability. We use an Inductively Coupled Plasma (ICP) process with a
STS system. The goal here is to optimize the ratio between the
etching rates of silicon and photoresist in order to obtain well defined
pillar shapes. Pillar walls should be as straight, as smooth and as
vertical as possible.
The structures we have currently obtained are lattices with grating
period of 700 nm and height of the pillars of 600 nm. They show
excellent uniformity over arrears of about 2x2 mm2. We have written
defects in the photonic crystal that are only 600 nm wide but up to
200  µm long. Two-dimensional defect lines, corners and defects
with varying shape have been realized.
Thus we were able to produce two dimensional photonic crystals
made of hexagonal pillars of silicon. The pillars are sitting on glass
wafers and periods are easily adjustable due the interference
lithography used for fabrication. The structures are present on the
entire 4-inch wafer and vary in shape. We can fabricate holes and
pillars on the same wafer. The next step is to couple light into the
defect lines that serves as waveguides and to create particular
optical effects by writing defect structures. The final aim is infiltration
of liquid crystal to obtain active photonic crystals.

6182-59, Session 12
3D defect engineering in polymer opals
B. Lange, R. Zentel, Johannes Gutenberg Univ. Mainz (Germany)
Progress in electronics and photonics can be seen in the develop-
ment of new materials, which broadens our ability to manipulate
electron and photon transport respectively. Photonic crystals are a
new class of materials first discussed in 1987. Yablonovitch[1] and
John[2]  introduced the idea of controlling light and its emission with
photonic crystalline materials.
There are different ways to fabricate photonic crystals, here we focus
on the self-assembly of monodisperse nano-spheres into ordered
three dimensional opal structures. To control the propagation of light
inside a photonic crystal it is necessary to introduce well directed
defects, thus advanced photonic circuits will need complex
architectures and a sufficient number of spheres to ensure a
photonic band gap effect in all directions. There are already different
ways to realize simple patterns in opals established, like controlling
the stages of sedimentation[3], E-beam processing[4,5], or the
fabrication of defect planes[6,7]. The fabrication of complex three
dimensional architectures is recently in the focus of several scien-
tists. Norris reports about tailoring air defects into opals[8] and Zhao
about line defects embedded in opals.[9]
An alternative method is the photo-processing of polymer opals in
analogy to photo resists with photolithography.[10] This method
makes a patterning of the whole opal at once possible. In combina-
tion with two photon lithography there is also the potential to pattern
the opal in three dimensions. The needs for this system would be a
special polymer for the monodisperse constituent colloids and a light
sensitive system.
Systems for photolithography consist today mostly of an acid
sensitive polymer and a photo acid generator (PAG). Under illumina-
tion with UV-light the PAG transfers chemically and creates protons.
These protons catalyze reactions in the polymer, which transfers
from a hydrophobic apolar polymer into a hydrophilic polymer, which
is soluble in aqueous base. Here we describe the preparation of
photosensitive polymer opals and a method to fabricate three
dimensional defect structures with them.
A suitable monomer for our purpose is t-butylmethacrylate (tBMA),
because the t.-butyl-ester-group can be cleaved under acidic
conditions.[11] It is polymerized into monodisperse spheres by a
surfactant free emulsion polymerization. There are two possibilities
to incorporate the light sensitive system consisting of a PAG and a
sensitizing dye. One way is to add the lightbsensitive system during
the polymerization, so that it is incorporated during the formation of
the spheres. As some PAGs and dyes disturb the radical polymeriza-
tion they have to be infiltrated into the preformed colloids. This can
be done by diffusion into the swollen colloids. After the incorporation
of the light sensitive system into the colloids the crystallization from
an aqueous dispersion by slow drying follows. The high quality of the
opals can be observed by absorption measurement or scanning
electron microscopy. With UV-lithography, followed by baking and
development two dimensional defects can be created in this specific
polymer. But it is also possible to realize three dimensional defects, if
a multilayer built up of photo-labile (filled with light sensitive system)

and photo-stable (not filled with light sensitive system) polymer
beads is used. The process of irradiation through a mask with UV-
light followed by baking and development with aqueous base stays
unchanged.
Since there are a lot of process steps involved the opal has to be
stabilized in order to survive these steps undamaged. The main
problem is that the photo-stable layer floats off during the develop-
ment of the adjacent photo-labile layer. For this purpose core-shell
colloids with epoxies in the shell were synthesized. These beads
were used for the photo-stable layer and were annealed prior to the
development step. During annealing the epoxy-groups polymerize
and also groups from different spheres react with each other, so that
a macroscopic crosslinking of the beads among each other is
achieved. This macroscopic crosslinking stabilizes the system
enormously and a much better processing is possible.
Going from UV-lithography to two-photon-lithography would simplify
this process a lot, because without the need of a multilayer built-up
three dimensional defects can be produced directly in the depth of
the opal. The requirement is that the light sensitive system can be
excited by a two-photon-process and acid is produced in the focal
point of the two-photon-laser. This work is currently under investiga-
tion, but some preliminary tests showed promising results.
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6182-13, Session 13
Fabrication and optical assessment of sol-gel-derived
photonic bandgap dielectric structures
A. Chiappini, C. Armellini, S. N. B. Bhaktha, A. Chiasera, M. Ferrari,
Y. Jestin, M. Mattarelli, M. Montagna, E. Moser, Univ. degli Studi di
Trento (Italy); G. Nunzi Conti, S. Pelli, G. C. Righini, Istituto di Fisica
Applicata Nello Carrara (Italy); V. M. Sglavo, Univ. degli Studi di
Trento (Italy)
Photonic Crystals (PhCs), which exhibit specific photonic band gaps
(PBGs), are expected to be key platforms for future large-scale
optical integrated circuits mainly because PhCs allow confining light
in tiny space and enhancing interaction between light and matter. To
exploit the unique behavior of photonic crystals it is important to
develop new ways of making optically functional photonic crystals
that integrate the self-assembly chemistry methods and the
microfabrication techniques, to create new photonic crystal devices
and chips that are user-friendly to high-volume manufacturing
processes [1].
A simple and cheap method to obtain three-dimensional photonic
crystals, with specific bandgap properties, based on the self-
assembling of silica spheres with the diameter of few hundred
nanometers, is reported.
We present the details of the procedure used to synthesize silica
spheres, with particular attention to the conditions that permit to
tailor their dimension.
High quality synthetic opal photonic crystals were formed by
controlled self-organisation of colloidal silica spheres. In particular
we have elaborated a protocol in order to obtain silica micro spheres
with low polydispersivity and we have demonstrated that large well-
ordered crystals of synthetic opal, that exhibit a photonic stopband,
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can be produced in few days. Thin films of well-ordered opal that
exhibit opalescence have been formed using Evaporation-assisted
sedimentation [2] and Vertical deposition methods [3].
The samples were analyzed with a scanning electron microscope.
The diameter of the silica spheres was estimated in 270 nm with a
5% standard deviation.  Moreover we have investigated the optical
properties of packed monodisperse silica submicron spheres by
means of optical reflectance measurements. The stop band was
centered at 561 nm. The peak broadening effect, defined as the ratio
between the bandwidth and the resonance frequency, was 0.05. The
stop band depth was 40.2 %.  The results are compatible with a
three dimensional face centered cubic order in these solids struc-
tures.
Furthermore a synthesis procedure was developed to fabricate silica
spheres doped with Erbium ions by a sol route. A particular attention
will have to be paid in order to have a smaller size distribution of the
particles. SEM analysis indicated that the sphere dimension cover a
range from 50 micrometers to few micrometers and TEM measure-
ment was performed to confirm the high quality of the surfaces of the
spheres.
Preliminary spectroscopic results concerning spheres activated by
Er3+ ions are described as well.
Room temperature photoluminescence spectrum of the 4I13/2 —\>
4I15/2 transition, obtained by exciting at 514.5 nm or 980 nm, shows
a band with a Full Width at Half Maximum of 27 nm. The decay curve
of the metastable state exhibits a single exponential profile with a
lifetime of 9.7 ms.
This result indicates that the realized Er3+- activated SiO2 spheres
are suitable for the development of Spherical Microresonators [4]
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6182-60, Session 13
Hollow multimode-interference couplers
S. Lo, S. Hsu, C. Chen, National Central Univ. (Taiwan)
Recently, we have demonstrated the semiconductor hollow
waveguides formed by omni-directional reflectors (SHOW-ODR).
Low propagation loss (1dB/cm) and low polarization-dependent loss
have been obtained. In this study, by using the SHOW-ODR, we
demonstrated the multimode interference (MMI) couplers. The omni-
directional reflector (ODR) is composed by six-pair Si/SiO2 multilayer
on Si-substrate. The thickness of Si and SiO2 is 0.111micrometer
and 0.258micrometer, respectively. The wavelength range for the
omni-directional reflection is designed to be from 1190 to 1720nm.
By the beam propagation method (BPM), the power-splitting ratio of
the MMI coupler was designed to be one. The width of the MMI
section of the device is 51.5micrometer. The self-imaging length is
920micrometer which is shorter than that of the conventional
dielectric MMI coupler due to the lower core (air) refractive index.
A broadband amplified spontaneous emission (ASE) source emitting
a wavelength range from 1520 to 1620nm was used for the measure-
ment. The device was connected to the light source with a single-
mode fiber. The output waveguide power was collected by single-
mode fiber and analyzed by optical spectrum analyzer. The transmis-
sion characteristics showed a good agreement with the transmission
spectrum calculated by BPM.
In the C band, the uniformity of the device is lower than 2dB. The
transmission spectra for the TE and TM modes are identical within

the wavelength range between 1520 and 1570nm. For the wavelength
larger than 1570nm, the transmission of the device for the TE mode is
slightly lower than the one of the TM mode due to the thinner thin-
films on the side-wall deposited by plasma enhanced chemical vapor
deposition (PECVD) technology. These results have demonstrated the
potential of the SHOW-ODR to be used for the fiber optics communi-
cations.

6182-61, Session 13
Silica-based air-clad fibres: evaluation of drawing
parameters
R. Renner-Erny, L. Di Labio, V. Romano, W. A. Lüthy, T. Feurer, Univ.
Bern (Switzerland)
In recent years, photonic crystal fibres (PCF) have attracted much
interest because of their unique possibilities in mode selection,
dispersion engineering, or tailoring of nonlinear properties to name but
a few. PCFs allow fundamental mode propagation with much larger
mode diameters as possible with standard step index fibre, thus,
facilitating guiding of high power radiation. They allow for high index
as well as low index core geometries and light guidance is provided
either by modified total internal reflection or by the photonic bandgap.
An example for the high index guiding type of PCF is the fibre with air
cladding, the subject of our investigation.
Although PCFs have been commercially available for half a decade
[1,2], only few publications give details about process parameters for
drawing of PCF preforms [3]. For manufacturing PCFs of non-
commercial shapes, it is nevertheless necessary to have these data
available.
When a preform is drawn to a fibre, numerous parameters can
influence the shape of the resulting fibre. The three most important are
the furnace temperature, the drawing force and the pressure inside of
the air channels. Here, we present an evaluation of these parameters
for drawing of air-clad fibres.
The preforms were assembled from silica tubes with a central silica
rod. All silica components used are of HSQ 300 quality. In contrast to
standard fibre drawing, slight excess pressure was applied to all silica
tubes during the draw process. The preforms were then drawn at
different furnace temperatures (1700°C to 1860°C), drawing forces
(0.06 N to 0.52 N), and pressures (0 to 11 kPa above ambient
atmosphere), and subsequently examined with respect to their optical
properties. Even for simple geometries light guiding in the core over
meter distances was found.
This work is supported in part by the Swiss NCCR program “Quantum
Photonics”, subproject 5C “Coherent Control of Matter in Photonic
Crystal Fibres”.
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6182-62, Session 13
Optical properties of photonic bandgap fibers made of
silicate glass
R. R. Buczynski, Univ. Warszawski (Poland); D. Pysz, P. Szarniak, R.
Stepien, Instytut Technologii Materialów Elektronicznych (Poland)
ABSTRACT
Most works on photonic crystal fibers with a photonic band gap
consider structures made of silica glass with a hexagonal lattice. In
our work we fabricate and study the optical properties of photonic
crystal fibers (PCFs) with solid and  hollow-cores that guides light
though photonic band gap mechanism and fabricated from multi-
component glass [1,2].
Ability of guiding light in the air instead of glass makes PCFs very
attractive for several applications. When light is guided in air there is
no non-linear phenomena, scattering and attenuation related to glass
properties, back reflection from glass/air surfaces. Because of these
properties air-core PCFs are very attractive for high energy light beam
delivery. A beam of the wavelengths that is usually highly attenuated
in the glass substrate and cannot be transmitted through the classical
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fiber with a glass core can be successfully delivered through a
hollow core fiber.
Use of multicomponent glass allows to manipulate with refractive
index, combine glasses with high refractive index constant in the
structures and obtain high nonlinear coefficient in fibers in compari-
son to fused silica glass fibers [3-4]. Since melting temperature of
silicate glass is lower than for fused silica it is much easer to obtain a
complex air-glass structure with non-circular and different in size air
holes in single structures. Furthermore, also refractive index of
silicate glass is larger. Therefore a choice of photonic band gap size
and position is larger in this case. On the other hand silicate glass
has much higher attenuation than fused silica. Only short pieces of
the silicate fibers of a few meters maximally can be used in practice.
It allows to use them in metrology, sensing and for delivery of light
beam with dedicated spectrum for biomedical applications.
Attenuation is not critical anymore if we consider a hollow core
structure where most of the energy is transmitted in air instead of
glass.
Technology we dispose in-house at Institute of Electronic Materials
Technology (IEMT) in Warsaw is dedicated to composition of
different silicate and non-silicate multicomponent glass and to
fabrication of PCF based on multicomponent glass.
In this paper we report on progress in fabrication of photonic badgap
fibers made of silicate glass  with solid and hollow cores. We have
fabricated several types of PCFs with square and hexagonal lattice.
These fibers have improved transmission properties with respect to
the once, that we reported previously [5]. Increase of transmission is
achieved by use of high quality silicate glass composed at IEMT
based of F2, NC21 glass. Fabricated PCFs with air-core poses a
core size of 5-15 microns and their cladding is made of an array of
17 x 17 air capillaries.
Parameters of the fabricated PCFs are optimized with use of in-
house software based on biortonormal basis and 3D FDTD methods
[6,7]. Simulations with biortonormal basis method allows to deter-
mine type of glass and geometrical parameters of the photonic
crystal cladding in the fiber to obtain a guidance in the air for desired
wavelength. 3D FDTD simulation allows to verify numerically optical
parameters of the optimized structure before it is fabricated.
Using simulations we obtain the structure with the square lattice
where photonic band gap exists for mode index b/k<1 (air line). This
condition is necessary to be fulfilled for the considered PCF that light
can propagate in large air core and is totally reflected from photonic
crystal cladding.
The structure considered for air-core guiding has a filling factor of
f=0.62. Photonic band gaps for the structures with the same
geometrical parameters and different refractive index of the glass
substrate are calculated and compared. In case of a PCF made of
SK222 glass with a relatively low refractive index the photonic band
gap exists up to normalized wavelength equal to 0.43 and reach air
line just at the border. In case of a PCF made of F2 glass with higher
refractive index the photonic band gap exists up to normalized
wavelength equal to 0.47 and reach air line at normalized wavelength
equal to 0.43. For all considered materials material dispersion with
use of Sellmeier formula is taken into account.
We report also on fabrication of photonic band gap fiber optimized
for light guidance in the visible range. This fiber has a hexagonal
lattice made of an array of 17 x 17 air capillaries with a lattice
constant L=6.1 mm and air holes of diameter equal to d=5.6 mm. A
hollow core is created by omitting seven central microcapilaries and
have diameter of 16 mm. Preliminary characterization results shows
that the fiber can guide the light with a central wavelength of 510 nm.
The transmission properties for presented PCFs are measured by
using broadband light source and an optical spectrum analyzer.
In the paper we discus also  possible future modifications of the
structures and their potential applications.
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6182-63, Session 13
Analysis of light propagation mechanisms in photonic
liquid crystal fibers
K. Szaniawska, Politechnika Warszawska (Poland); T. Nasilowski,
Vrije Univ. Brussel (Belgium); T. R. Wolinski, Politechnika
Warszawska (Poland); H. Thienpont, Vrije Univ. Brussel (Belgium)
Photonic crystal fibers have appeared as a new class of optical
fibers which has revealed many interesting features successfully
applied also to the sensing domain. A typical PCF consists of pure
silica with a periodic distribution of air holes in the cladding. In PCFs
light can be guided either by effective index mechanism related to
the Total Internal Reflection (TIR) or through light confinement by the
Photonic Band Gap (PBG) phenomenon. The size and the location of
the air holes allow for tailoring PCF parameters in a very wide range
opening up possibilities for various applications. Moreover, propaga-
tion parameters of PCF can be fine tuned when the air-holes are
filled with different gases, liquids or solid materials.
One of the most interesting materials for filling the PCFs air-holes are
Liquid Crystals (LC), since they open up a wide range of new
possibilities for the light propagation tuning properties due to the fact
that LCs are the materials with strongly adjustable anisotropy. In this
way we obtain a novel class of microstructured fibers that can be so-
called as photonic liquid-crystal fibers (PLCFs) [3, 4].
PLCFs are very promising for a wide range of applications; however
the true understanding of LC behavior and molecular orientation
inside very small capillaries is crucial for light propagation in such
structure. Moreover the molecular alignment is largely determined by
filling method and dimensions of such thin capillaries. Most of these
effects related to the molecular orientation will be averaged in the
first stage of numerical simulations. This assumption will be valorized
with preliminary experimental results.
The second issue is an understanding of the light propagation in
such structures in case of different orientations and phases of LC
molecules. A microstructured fiber filled with LC molecules is not
only a complex anisotropic structure, but also exposes the change of
its fundamental character of light propagation from the index guiding
to the photonic bandgap mechanism. Moreover both of these
mechanisms can be extensively tuned due to the very large variation
of index differences between the LC and the glass.
The light propagation is numerically simulated with different methods
based on Transverse Matrix, Multipole, BPM, FEM etc. Many
properties of PCFs depend on the holes size and spacing between
them, thus calculated structures can be adjust to specific applica-
tions. Different parameters of PLCF are required for devices based
on temperature tuning and electric field effects.
The results obtained by numerical simulation are confirmed by
experimental investigations.
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6182-64, Session 13
Susceptibility of highly birefringent doped core PCF to
thermal and mechanical perturbations
T. Nasilowski, Vrije Univ. Brussel (Belgium); G. Statkiewicz, M.
Szpulak, J. Olszewski, T. Martynkien, W. Urbanczyk, Politechnika
Wroclawska (Poland); P. Mergo, J. Wojcik, Univ. Marii Curie-
Sklodowskiej (Poland); J. Van Erps, Vrije Univ. Brussel (Belgium); F.
Berghmans, SCK•CEN (Belgium); H. Thienpont, Vrije Univ. Brussel
(Belgium)
Microstructured fibres (MOF), also called photonic crystal fibres (PCF)
or holey fibres (HF) constitute a class of optical fibres, which has a
large potential for number of novel applications either in the telecom,
in the sensing domain, plenty of nonlinear appliances and many
others. However, some of the applications require the use of specialty
fibres with a doped core. We have made a preliminary exploration of
MOF with doped regions in case of mechanical and thermal perturba-
tions. The extensive study of the fibre cross-section structure in
respect to environmental susceptibilities was our main concern.
Polarimetric optical fibre sensors rely on the modulation of the state of
polarization of the optical signal as a function of external perturba-
tions (e.g., temperature, strain, stress or hydrostatic pressure, etc.).
These sensors mainly involve polarization maintaining fibres, for
example bow-tie, panda or elliptical core fibers1.
Such birefringent fibres can now also be based on silica
microstructured fibre (MOF) or photonic crystal fibre (PCF)2. These
typically come as an array of microscopic air-holes/canals running
along their length, with a single missing air-hole that forms a region of
raised refractive index and that effectively guides light by total internal
reflection. The large index contrast and the two-dimensional nature of
the microstructure extend the range of achievable waveguide
parameters as compared with conventional fibres.
PCF can be made highly birefringent as the large index contrast also
allows a high form birefringence. Additionally, the stack-and-draw
fabrication technique allows defining the required microstructure near
the fibre core. Such highly birefringent photonic crystal fibres (HB
PCF) exhibit a very strong separation of the polarization modes and
enhanced flexibility in the tailoring of wave propagation characteris-
tics. This property can be exploited to design optical fibre sensors.
Various methods of introducing birefringence into microstructured
fibres have already been reported. PCF with elliptical air holes or/and
with asymmetric core or asymmetric distribution of holes in the fibre
have evidenced a strong phase modal birefringence (often one order
of magnitude larger than standard HB fibres ~10-3). A particular
characteristic of these fibres is that they show a very high anomalous
chromatic dispersion3, due to the geometrical origin of the birefrin-
gence. The phase and group birefringence may differ very much and
may even have opposite signs.
HB PCF can be applied for measuring different types of strain,
including axial strain, transversal strain or hydrostatic pressure. The
underlying mechanisms for strain and pressure susceptibilities are the
same as for conventional fibre sensors: physical changes in fibre
dimensions and the elasto-optic effect.
PCF constitute a new class of optical fibres which has revealed many
interesting phenomena paving the way for a large number of novel
applications. However, some of the applications require the use of
specialty fibres with a doped core. The doped core in such fibre plays
the role either of active region in fibre lasers and amplifiers4 or as UV-
sensitive region for writing fibre Bragg gratings5. Such a doped core
holey fibre (DCHF) also gives more opportunities for tailoring and
designing the properties of the guided modes, which can be an asset
of this type of PCF with respect to the classical doped core step index
fibre.
To our knowledge, the problem of the interaction of doped core HB
PCF with different physical parameters has not been well thoroughly
studied yet. The main goal of this paper is therefore to analyze the
influence of doped region on the phase and group modal birefrin-
gence in HB PCF.
In this text we investigated both numerically and experimentally the
basic properties of different structures of doped core HB PCF. Some
structures are very appealing, because of its ability to increase the
birefringence, mainly lower the losses of the fundamental mode and
all this with still highly doped region. On the other hand, other
structures are very attractive, because of simplified construction for
aside illumination with UV for Bragg grating inscription or active fibre
pumping.
In general indeed, a DCHF gives more opportunities for tailoring and

designing the fibre parameters, which can be an asset of this type of
HF with respect to the classical doped core step index fibre.
Keywords: Microstructured fibre, photonic crystal fibre, holey fibre,
robustness (susceptibility), birefringence
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6182-65, Session 13
Polarization properties of photonic liquid crystal fibers
T. R. Wolinski, P. Lesiak, S. Ertman, A. W. Domanski, Politechnika
Warszawska (Poland); R. S. Dabrowski, E. Nowinowski-Kruszelnicki,
Wojskowa Akademia Techniczna (Poland); J. Wójcik, Univ. Marii
Curie-Sklodowskiej (Poland)
Anisotropic optical fibers that exhibit particular polarization proper-
ties have been extensively investigated for over the last two
decades1,2 including also fibers with liquid crystal (LC) cores3.
Recently, there has been a great interest in microstructured photonic
crystals fibers (PCFs) and particularly in yet more advanced micro-
structures known as microstructured photonic liquid crystal fibers
(PLCFs) 4,5. The microstructured LCF consisting of a PCF filled with
a LC benefits from a combination of a passive PCF host structure
and an “active” LC guest material being responsible for diversity of
new and uncommon properties including also optical polarization6.
The paper analyzes polarization properties and presents the latest
experimental results on polarization phenomena occurring in
microstructrured photonic liquid crystal fibers. Both types of LCFs:
either with liquid crystalline cores or photonic LCFs with solid cores
have been analyzed and investigated. The LCF acts as an optically
anisotropic medium characterized by an index ellipsoid and can
serve as a fiber with controlled birefringence. However, the fiber
birefringence is equal to zero when the liquid crystal molecules are
parallel to the fiber axis that is a typical structure of liquid crystalline
ordering inside a hollow-core fiber. We report in this paper on the
latest polarization characteristics of microstructured PLCFs in which
only selected micro holes or holes areas were filled with prototype
nematic LC guest materials that are characterized by either ex-
tremely low (of the order ~ 0.05) or relatively high (of the order ~ 0.3)
material birefringence. The nematic mixtures - synthesized at Military
Univ. of Technology, Poland - were introduced into the micro holes
of the host PCF generally by the capillary effect. Several host PCF
structures have been used including prototype PCFs manufactured
at Maria Curie Sklodowska Univ., Poland and a commercially
available highly birefringent PCF from Blazephotonics, UK. The
PLCFs under investigation have been powered either by a broad-
band white light source or by a tunable laser operating at infrared.
Due to anisotropic properties of the microstructured PLCFs,
switching between different guiding mechanisms as well as
electrically and temperature-induced tuning of both light propagation
and fiber birefringence has been demonstrated. These experimental
results hold great potential for both fiber-optic sensing and in-fiber
polarization switching applications.
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6182-67, Poster Session
Novel design of wavelength demultiplexer based on
photonic crystal platform
S. Haxha, Univ. of Kent (United Kingdom)
NOVEL DESIGN OF WAVELENGTH DEMULTIPLEXER BASED ON
PHOTONIC CRYSTAL PLATFORM
Shyqyri Haxha1, Walid Belhadj2, Fathi AbdelMalek2, and Habib
Bouchriha2
2Laboratoire de Physique Quantique et de Photonique, Faculté des
Sciences de Tunis
COMPUS Universitaire B.P 1060 Cedex Tunis, Tunisia
1Photonics Group, Department of Electronics, University of Kent,
Canterbury CT2 7NT, UK
Tel: +44 (0) 1227 827257 fax: +44 (0) 1227 456084
Email: S.Haxha\@kent.ac.uk;
Wavelength multiplexers and demultiplexers (MUX-DEMUX) are key
components in wavelength division multiplexing (WDM) for use in
point-to-point core networks. Dense-WDM (DWDM) systems require
highly accurate wavelength control of the WDM light source and the
wavelength multiplexer-demultiplexer. Realisation of MUX-DEMUX
based on photonic crystal platform is highly important due to the
strong light confinement. Photonic crystals are structures where the
refractive index changes periodically, allowing the design of
waveguide components that can perform complex interconnections
within a very small area [1]. A wide range of photonic devices based
on 2D and 3D photonic crystals have been demonstrated such as
Mach-Zehnder modulators [2], power splitters [3], MUX-DEMUX [4],
high performance right angle bends and waveguide crossings that
rely on resonances [5] and so on. The final goal of photonic crystals
would be integration of the photonic components into a single
ultrasmall optical integrated circuit.
In the two decades, a number of MUX-DEMUX employing the
conventional directional couplers have been reported, however their
device size still remains very large. This is because of the weak
coupling in horizontally arranged couplers. Liu et at [6] demonstrated
MUX-DEMUX using vertical couplers with stronger coupling and
Manolatou et al [7] reported a directional DEMUX by lifting the
degeneracy; however the waveguide dispersion has been ignored.
Compared with the conventional couplers the device dimensions
have been improved, but are still a long way from being on the
wavelength order. In this work the 2D finite difference time domain
(FDTD) [8] has been employed to design and optimise a new
demultiplexer based on the photonic crystal waveguide couplers.
In this paper a theoretical study of a new design of two-channel
(photonic crystal waveguide I and photonic crystal waveguide II)
MUX-DEMUX based on the photonic crystal waveguide coupler
consisting of a triangle lattice of dielectric cylinders in air has been
carried out. Optimisation of the fabrication parameters such as
periodicity, a and the radius of the dielectric cylinders, r and
calculation of the coupling length has been performed by utilising the
2D FDTD. Waveguide parameters have been carefully designed in
order to prevent mode coupling. Calculation of the coupling length
and wavelength demultiplexing operation has been performed by
using the 2D FDTD, where continues beams have been launched in
the photonic crystal waveguide I (feeding port) at different frequen-
cies. Power efficiency and wavelength directionality of the MUX-
DEMUX have been thoroughly investigated. Significant improve-
ments on the lightwave propagation efficiency and demultiplexing

operation have been performed by introducing an artificial single
defect inside the 2D photonic bandgap structure. The defect radius
(of the pillar) has been investigated in terms of the power efficiency
and wavelength directionality. It has been found that significant
improvement on the power efficiency and wavelength directionality
can be achieved by selection of the appropriate location and
dimensions of the defect. Geometric parameters of the defect have
also been optimised in order to improve optical power efficiency.
Pulse propagation through the MUX-DEMUX structure and variation
of the transmission and reflection coefficients at each port against
the normalized frequency have also been performed in this study.
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6182-68, Poster Session
Off-axial laser effect in 1D photonic crystal with active
layers
O. N. Kozina, Saratov Div. of the Institute of Radio-Engineering
(Russia); L. A. Melnikov, Saratov State Univ. (Russia)
We present the result of theoretical investigations of laser action in
one-dimensional nonlinear photonic band-gap (PBG) materials. We
considered photonic crystal, which consists of two layers (air and
dielectric), repeated periodically along the z-axes. The model of
active medium corresponds to Nd3+ doped glass.  For these
calculations we used the transfer matrix formalism and the expres-
sion for complex refractive index for an active medium. We observed
the spectral dependencies of the transmission versus pump level
and on the normalized frequency. The noticeable enhancement of
the transmission at wavelength near 1.06 µm occurs, when unsatur-
ated gain is about 10 cm-1.
Early we presented the results of calculation accounting nonlinear
deformation of the field distribution along the structure due to gain
and refraction index saturation for normal incident. We used iteration
method for estimate saturation influence on field deformation.  And
we have shown that at real gain parameters (for our case it corre-
sponds to value of gain G=0.0001) the field deformation is negligible
after 40 iterations. Thus real and imaging parts of the refractive index
vary weakly with the frequency. If this approximation the results of
calculations of laser power and laser frequency are presented on the
dependence from gain.
We presented the results of the theoretical calculation of the
reflection and transmission coefficients, field distribution and
threshold condition for the nonlinear case when incident wave is
absent for axial propagation of radiation (for TE modes). We
calculated the transfer matrix of the system for this case, then
calculate longitudinal field distribution and re-calculate transfer
matrix with saturation terms in refraction index. We have shown that
the threshold condition achieves when value of gain is equal to
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G=0.001479. Then we calculated the dependence of the laser power
from gain and sowed that the laser power is decrease when the
value of gain reduces and became zero for G=0.001479 which
corresponds to the threshold of oscillations.
Nowadays we present the results of investigation transmission/
reflection characteristics, laser power and laser frequency on the
dependence from gain, gain bandwidth, refraction index and others
parameters for the case of off-axis propagation of radiation. We
investigated the angles of propagation when generation is possible.
The result for off-axis propagation allows calculating the angular
spectrum of radiation from such laser system. The cases of TE and
TM modes are considered.

6182-69, Poster Session
Linear waveguides in photonic crystals based on periodic
arrangement of spheres
K. Vynck, D. Cassagne, E. Centeno, Univ. Montpellier II (France)
Photonic crystals based on periodic arrangements of spheres have
received an increasing interest in the past few years due to their
potential ability to create ultracompact photonic components.
Periodic arrangements of spheres can be obtained by several
fabrication techniques like self-organization for opals [1-3] or
micromanipulation [4]. It has been recently demonstrated that
specific patterns can also be created by electron beam lithography
[5]. In order to create waveguides, it is necessary to introduce
defects in the periodic arrangement [6,7]. However, the introduction
of these defects is not straightforward and requires intensive
modelling efforts to design geometries with suitable waveguide
modes.
In our study, the first step was to find a pattern on a monolayer of
dielectric spheres so that the corresponding photonic band structure
would exhibit a 2D photonic band gap (PBG), the light being
confined vertically by index guiding. We succeeded in our search
with a configuration that allowed us to obtain this PBG for dielectric
contrasts higher than 2. By studying the evolution of the gap as a
function of the dielectric contrast of the spheres, we constructed a
complete gap map of this structure.
The second step was to create a linear waveguide in this structure in
order to obtain suitable waveguide modes in the 2D PBG region. The
refractive index used for the dielectric spheres in the calculation was
intentionally low (n=2.45), so that it demonstrated the possibility of
guiding light even with low-refractive index materials. For we tried, all
along our study, to stay close to the experiment, the defects
introduced to constitute the waveguide were the exact same spheres
as in the PBG structure. We inserted a line defect directed along the
Γ-X direction into the unaltered PBG structure. This insertion gave
rise to a pair of non-degenerate guided modes with reduced
frequencies of 0.226 and 0.234 at the X point.
This study therefore demonstrates the possibility of creating a
theoretically lossless linear waveguide in a monolayer of dielectric
spheres. This may be useful in the future if one is interested in
fabricating 2D/3D hybrid photonic crystals based on dielectric
spheres.
This work is supported by EU IST Project N° 510162 Photonic hybrid
architectures based on two and three-dimensional silicon photonic
crystals.
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6182-70, Poster Session
Control of the chromatic dispersion maintaining
ultraflattened dispersion slope in index-guiding holey
fibers
S. Kim, U. T. Paek, K. Oh, Gwangju Institute of Science and
Technology (South Korea)
Based on the a hollow optical fiber (HOF) structure has been
proposed, which is composed of three-layered structure, the central
air hole, high index rig core, and silica cladding, a novel silica index
guiding holey fiber (IGHF) design is proposed utilizing a new defect
core structure that is composed of 2-layered high index rings with
triangular lattice structure. The central silica defect in prior IGHFs is
replaced by a germanosilicate ring surrounding the central air-hole,
which provides three new parameters, the air-hole diameter, D, the
outer ring core diameter Wring, and the refractive index difference,
D.  Utilizing this layered hollow structure as a defect, we introduce a
new IGHF structure and chromatic dispersion properties are
theoretically investigated using both 3D full-vectorial Beam Propaga-
tion Method (BPM) and preconditioned conjugate-gradient minimiza-
tion of the block Rayleigh quotient in a plane-wave basis, for the first
time to the best knowledge of the authors.
Recently, due to the increased freedom of structure for the IGHFs in
comparison to the standard optical fiber, the investigation of the
chromatic dispersion for the IGHFs have been reported by varying
the air hole diameter and the air hole distance, for example, zero
dispersion wavelengths shifted to the visible and near-infrared
wavelength, and ultra-flattened chromatic dispersion, a large positive
dispersion with a negative slope in the 1550nm wavelength range,
ultra-low and flat dispersion by varying the hole-size radialy, going
from small holes around the core to large holes in the last ring, and
fully controlled dispersion level and dispersion slope maintaining low
loss and a high nonlinear coefficient. However, in conventional
IGHFs and previous investigated IGHF with ultra-flattened disper-
sion, the chromatic dispersion is controlled by only two parameters,
air hole diameter, D and air hole distance, L.  Therefore, in a
conventional design technique, it is difficult to control the dispersion
level without change of dispersion slope in wide wavelength range.
Moreover, in practical fabrication, varying air hole diameter and the
distance between air holes to control the dispersion is very compli-
cated process.
In this paper, we present a novel defect design based on HOF
structure embedded in IGHF in order to study the impact of new
defect core on the dispersion, dispersion slope and mode field
diameter.  The proposed IGHF has both ultra-low dispersion,
0±0.5ps/(km.nm) and ultra flattened dispersion slope, 1·10-3ps/
(km.nm2) over the wavelength range of 350nm in telecommunication
range from l=1330nm to l=1680nm.  Moreover, its mode field
diameter is compatible to dispersion compensation fiber (DCF), 9mm
therefore the splice loss to DCF is less than 0.01dB.  From the
parametric research by varying the defect parameters, Wring and D,
dispersion level is flexibly controlled from negative to positive
constant value with same dispersion slope in a wide wavelength
range without change of structure parameters, D and L.

6182-71, Poster Session
Photonic bandgap crystals on magneto-dielectric
substrate for microwave frequency applications
M. K. Tiwari, Univ. of Delhi (India); H. C. Gupta, D. C. Dube, Indian
Institute of Technology Delhi (India)
Effect of magnetic permeability of substrate on Photonic Band Gap
(PBG) has been studied for microstrip type periodic metallic structure
and the experimental findings are being presented and discussed.
Periodic structure was carved out in the metallic foil of 18 micron
thickness and was put on the composite of magnetic and dielectric
substrate. As the dielectric constant of the substrate affects the band
gap for the photons in the microwave region, the combined effect of
magneto-dielectric substrate have been studied here for different
combination of ferrite materials with different composition and
different periodic metallic structures. The substrate of Ni-Zn ferrite
was prepared on the Perspex sheet of desired dimensions. The
behavior of variation of band gap was also been studied for the air as
dielectric material of the substrate. We found a well defined PBG and
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the band gap increases and transmission loss decreases in the
microwave region with appropriate combination of magnetic and
dielectric substrate for periodic metallic structures. Thus it could be
concluded that the dielectric constant viz. a viz. magnetic permeabil-
ity plays an important role in the formation of broad band photonic
materials for the microwave applications such as filters, antennas,
frequency selective surfaces etc. Further work is going on to
fabricate the stop band filters on the PBG embedded ground plane.

6182-72, Poster Session
Transmission parameters of holey fibers fabricated with
randomly spaced holes distribution along the cladding
F. E. Seraji, M. Rashidie, Iran Telecommunication Research Ctr. (Iran)
The holey optical fiber (HOF) is normally made from a single material
such as silica with an array of air holes running along the length of
the fiber cladding with a core of  silica material. The holes are
normally spaced  in a periodic arrangement which may not be always
needed [1] and they may be arranged randomly. Therefore, the light
guidance through total internal refraction arises from average index
effect and thus it does not rely on periodicity of the holes in cladding
[2]  that can be modeled by approximate [3] and exact methods [4].
In this report  we don’t consider periodicity requirement of the holes
in the cladding of the  HOF and describe the fabrication of  random-
hole clad holey fibers which have been made with highest drawing
speed so far reported for our aim of feasible mass production of
HOF. We have evaluated the loss, the cutoff wavelengths, and the
numerical apertures of the HOF’s and have  compared the results
with theoretical analysis based on effective index method, which
have shown a good agreement.
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6182-73, Poster Session
Prediction and verification of negative refraction in a two-
dimensional photonic crystal slab using a rigorous semi-
analytical approach
A. Enayati, K.N. Toosi Univ. of Technology (Iran); M. Shahabadi,
Univ. of Tehran (Iran); N. Granpayeh, K.N. Toosi Univ. of Technology
(Iran)
Prediction and verification of negative refraction in a two-dimensional
photonic crystal slab using a rigorous semi-analytical approach
A. Enayati1, M. Shahabadi2, and N. Granpaye1
1 K.N. Toosi University of Technology, Tehran, Iran
2 School of Electrical and Comp. Eng., University of Tehran, Tehran,
Iran
Prediction of negative refraction by Veselago [1] followed by
theoretical and experimental work by Pendry [2] and Smith [3] started
a new research area in the field of artificial materials having special
electromagnetic characteristics. Among these materials are those
with simultaneous negative permittivity and permeability   which are
called double negative materials (DNMs). They show negative index
of refraction which is the consequence of opposite direction for
phase and group velocity vector. Negative index of refraction causes
a sign change in the Snell law. Although, having negative index is
sufficient for a material to exhibit negative refraction (NR), this is not
the necessary condition of NR. More specifically, photonic crystals
(PhCs) made of natural right-handed materials can be used to realize
negative refraction. In contrast to DNMs in which bulk electromag-
netic effects are in work, it is diffraction which is the main cause of
NR in photonic crystals. In other words, the unit cell of a DNM has a
small dimension with respect to the wavelength whereas that of a
photonic crystal is comparable to the wavelength. As explained in
[4], by engineering the dispersion relation of a PhC one is able to
excite desired Bloch modes which are the fundamental solutions of
Maxwell’s equation in periodic structures. To realize negative
refraction, the incident wave should excite those Bloch modes with

desired negative direction of propagation.
The main approach to investigate NR in two-dimensional PhCs is to
use equi-frequency surfaces (EFSs) which are projection of three-
dimensional photonic band structure onto the plane of wave vector.
Studying these diagrams, one is able to specify wave vectors for
which the angle between the phase and group velocity of propaga-
tion in the crystal attains a desired value. Note that in DNMs the
mentioned angle cannot be modified since the phase and group
velocity vectors are always anti-parallel.
In this contribution, we firstly model wave propagation in a given
dielectric two-dimensional PhCs and demonstrate that this is exactly
equivalent to wave propagation along a properly chosen multi-
conductor transmission line [5]. In this model, the electric and
magnetic field of every spatial harmonic constituting the Bloch
modes are equivalent to the voltages and currents of the proposed
equivalent transmission line. It is shown that the transmission lines
are mutually coupled as a consequence of diffraction in PhCs.
Following the conditions for existence of source-free solutions for
the proposed transmission line, we arrive at the dispersion relation of
the PhC and thus its EFS diagrams.
Now, after determination of the wave vectors for which NR can be
observed in a given PhC, a slab of that PhC is investigated. The slab
is excited using a Gaussian electromagnetic beam to examine field
distribution within the slab. Several properly selected pseudo-
periodic continuations of the original beam are used to excite the
slab, so that their linear combination yields the response of the PhC
slab to an isolated Gaussian beam [6]. As a result of this analysis, we
demonstrate that the field inside the PhC slab is negatively refracted.
Finally, a brief explanation of power conservation at the interface of
the PhC slab is presented.
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6182-74, Poster Session
Negative refraction of a three-dimensional left-handed
metallic photonic crystal in microwave
A. Mahmoudi, Univ. of Qom (Iran); A. Semnani, K.N. Toosi Univ. of
Technology (Iran)
A metamaterial with a negative effective index of refraction is made
from a three-dimensional hexagonal lattice photonic crystal with a
metallic basis embedded in foam. It has been simulated with Ansoft
HFSS in a frequency range from 7.0 to 12.0 GHz. Simulated results
tested experimentally and negative refraction verified in some
frequencies. Experimental results are in excellent agreement with
simulations.
In this paper, we experimentally verify the negative refraction from a
3D PC prism at multiple frequencies.
We made this lattice layer by layer and then by combining these
layers, we made a prism with dimensions 12cm Å~ 19cm Å~ 40.5
cm.
The 3D photonic crystal made of copper bars with diameter 0.63 cm
and height of 1.5 cm arranged in a 3D array with a 3D hexagonal
lattice. We draw the lattice on plates of foam (1.5 cm thick) and then
embed copper rods into lattice points. Then different layers located
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on each other and formed a 3D system .
The ratio of the radius r to the lattice constant a(=b=c) was r /a=0.2.
Foam has a relative dielectric constant near unity. Transmission
measurements are performed to verify and test the negative refraction.

6182-75, Poster Session
Photonic stop bands in opal films and crystalline liquids
P. Dolganov, V. Masalov, E. N. Samarov, G. A. Emelchenko, Institute
of Solid State Physics (Russia)
In recent years photonic crystals have received much attention due to
both unique optical properties and many potential applications [1,2].
Photonic crystals with three-dimensional (3D) structures possess the
most complicated structure and optical characteristics. Selective
Bragg reflection of light on periodic structures of photon crystals and
phenomena related with this has been studied extensively.
We have measured the dispersion near photon bands in two best-
known 3D photon crystals: thin films of opal [3,4] and crystalline
liquids [5,6], also called Blue Phases of liquid crystals [6]. Cubic
structure of opals is formed by SiO2 spheres with diameter D from 200
nm to 103nm [3,4]. Spheres contact with each other and form face
centered cubic (fcc) structure with four SiO2 spheres in unit cell.
Crystalline liquids also form 3D cubic structures with typical period of
hundreds of nanometers i.e. the same as in opals. 3D structures of
crystalline liquids are formed by spatial variation of the field of
orientational ordering namely preference orientation of the long
molecular axis [5,6].
Despite wide studies of opals and crystalline liquids, there still remain
several open questions, which require experimental investigations. Our
objective was to study of structure of photon bands in the most
famous 3D photonic crystals - opals and crystalline liquids. We
measured the diffraction lines and interference spectra of light
reflected from two surfaces of photonic crystals. The structure of the
photon zone was reconstructed from the measurements of the
spectral dependence of the refractive index.
Both photonic materials exhibit divergence of the refractive index at
the edges of photon bands. In the reduced zone scheme, the relation
of ω as a function of wave vector k shows the gap and nonlinear
behavior neat zone boundary. These peculiarities of photonic crystals
are much stronger in opal due to larger difference of n(r) in opal
structure. Further experimental studies are needed for understanding
the structure of photon bands and relation of the structure of photonic
crystals with their optical properties.
This work has been financially supported by IST-2-511616-NoE
(PHOREMOST), by INTAS (project No 2002-0796), by the Russian
Foundation for Basic Research (projects No 04-02-97263, No. 02-05-
16675)
[1] Photonic Band Gap Materials, edited by C.M. Soukoulis (Kluwer,
Dordrecht, 1999).
[2] Special issue on Photonic Crystals and Photonic Microstructures
[IEE Proc. Optoelectron. 145 (1998)].
[3] J.V. Sander, Nature 204, 1151 (1964).
[4] V.N. Bogomolov, S.V. Gaponenko, I.N. Germanenko et al., Phys.
Rev. E 55, 7619 (1997).
[5] D.C. Wright and N.D. Mermin, Rev. Mod. Phys. 61, 385 (1989).
[6] V.A. Belyakov and V.E. Dmitrienko, Usp. Fiz. Nauk 146, 369 (1985)
[Sov. Phys. Usp. 28, 535 (1985)].

6182-76, Poster Session
Single-mode lasing from ZnO-SiO2 thin film
nanoresonators obtained by magnetron sputtering method
A. N. Gruzintsev, Institute of Microelectronics Technology (Russia); G.
A. Emelchenko, Institute of Solid State Physics (Russia); C. Barthou, P.
Benalloul, Univ. Pierre et Marie Curie (France); V. T. Volkov, Institute of
Microelectronics Technology (Russia)
Photonic crystal slabs (PhCS). i.e. two-dimensional (2D) PhC with finite
vertical dimension, have attracted much attention because of their
potential applications to semiconductor feed-back lasers. Defect
cavities in these photonic devices can have high quality factor and
small modal volume. The in-plane confinement is achieved via Bragg
scattering, while the index guiding prevents light leakage in the
perpendicular direction. Low threshold lasing has been realized in
PhCS made of III-V semiconductors, operating in the near infrared
frequencies. The first publication on the ultraviolet PhC laser had

appeared last year only [1]. This is because shorter wavelength
requires smaller feature size, which is technologically chalenging for
commonly used wide band gap materials (GaN and ZnO).
High purity ZnO films with the thicknesses of 130, 250 and 400 nm
were grown at a temperature of 350°C by magnetron sputtering from
a ZnO powder target on a Z-400 Leybold Haereus equipment. The
growth rate was about 0.15-0.2 nm/sec. This magnetron sputtering
method gives ZnO films with good stoichiometry and without any
crystallinity. Annealing treatment at 600°C in air atmosphere provides
ZnO polycrystalline films with a polycrystal size around 50-60 nm, a
smooth surface and an effective luminescence in the UV spectral
region at room temperature. The synthetic opal substrates with the
100 nm SiO2 layer and the silicium (111) substrates with the 500 nm
thermal oxidized layer were used as substrates. The opal of 260 nm
± 3.5% SiO2-spheres were used for the zinc oxide layers deposition.
The microstructure of the synthesized films was examined by
scanning electron microscopy (SEM) and atomic-force microscopy
(AFM).
The nitrogen laser radiation excitation falls perpendicular to the
surface of the structure and the emission from the sample is
collected at different emission angles. We can see the sharp
increasing of the EHP line at 397 nm intensity with the increasing of
the optical pumping intensities (Fig. 1). This is typically for the
stimulated emission peak. There is also a second spontaneous
emission peak at 380 nm, related with the free exciton recombination
in ZnO at room temperature. The spectral position of the stimulated
EHP emission maximum remains the same for the different registra-
tion angles, but the position of the spontaneous exciton emission
depends on this angle. The shift of the exciton PL maximum is well
correlated with the analogy short wavelength shift of the maxima
positions of the Fabry-Perot interference in the reflection spectra.
The dependence of the exciton and EHP luminescence intensities on
the optical pumping power are also quite different (Fig. 2). If this
dependence for the 380 nm exciton line is almost linear with a small
deflections owing the interference influence, this dependence for the
EHP line is nonlinear for excitation power higher than 3.5 MW/cm2.
The increasing, almost two order of magnitude, of the electron hole
plasma line intensity indicates that the stimulated emission and
optical amplification processes takes place in the spectral region at
397 nm of the nanoresonator.
Figure 1. The PL spectra of the nanoresonator with the 0.25 µm ZnO
layer thickness, measured at * = 40°.T = 300K. Figure 2. Dependence
of the PL intensities of the EHP (397 nm) and exciton (380 nm)
luminescence on the optical pumping intensity. T = 300K.
We have observed optical pumped lasing effect in ZnO nonepitaxial
polycrystalline layers obtained by magnetron sputtering method on
an amorphous silicon oxide and opal layers. Lower crystal quality of
the luminescence layer was compensated by the choice of the
thickness of the two layers ZnO-SiO2 nanoresonators. It was shown
that the nanoresonators with large difference for refractive index
layers have some advantages in the optical losses in comparison
with the traditional resonators of the solid solution semiconductor
lasers.
This work has been financially supported by IST-2-511616-NoE
(PHOREMOST), by INTAS (project No 2002-0796), by the Russian
Foundation for Basic Research (projects No 04-02-97263, 04-02-
16437 and 04-02-16942), by the RAS Program” Low-dimensional
quantum structures” and by CNRS (France)/RAS (Russia) coopera-
tion project No. 7781.
References.
1. X.Wu, A.Yamilov, X.Liu, S.Li, V.P.Dravid, R.P.H.Chang, H.Cao.
Appl. Phys. Lett., v. 85, N17, (2004)3657-3659

6182-77, Poster Session
Finite-difference time-domain method simulation for
tuning properties of H-PDLC film
V. O. Kubytskyi, V. Y. Reshetnyak, National Taras Shevchenko Univ.
of Kyiv (Ukraine); T. V. Galstian, Univ. Laval (Canada)
Holographic polymer dispersed liquid crystal grating(H-PDLC) have
received much attention in recent years due to their great number of
potential applications, such as switchable focus lenses, telecommu-
nications, optical filters, flat-panel displays. The state-of-the-art
knowledge of grating physical properties is not advanced enough to
allow a satisfactory technological use of these materials. In this
paper we propose a new method of analysis of H-PDLC grating
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based on a finite-difference time-domain simulation [1]. This consists
in a numerical approach to solving Maxwell’s time-dependent curl
equations in a three-dimensional domain with no other assumptions
involved.
Some experimental data [2] obtained by scanning electron micros-
copy show that grating has solid polymer regions alternated with
high liquid-crystal droplets regions. To find the director distribution
inside of the droplets we used Lebwohl-Lasher lattice model of
nematic LC, and minimized the energy of the cell by Monte-Carlo
method [3].
We believe that our results will help to obtain better characteristics of
H-PDLC grating, for example  diffraction efficiency, by appropriate
choice of liquid crystal parameters, applied voltage, grating spacing,
etc.
1. K. Yee, “Numerical solution of initial boundary value problems
involving Maxwell’s equations in isotropic media,” IEEE Trans.
Antennas Propag. 14, 302-307 (1966).
2. T. J. Bunning, L. V. Natarajan, V. P. Tondiglia, R. L. Sutherland, D.
L. Vezie, and W. W.Adams, ‘’The morphology and performance of
holographic transmission gratings recorded in polymer-dispersed
liquid crystals,’’ Polymer 36, 2699-2708 (1995).
3. P.A.Lebwohl and G.Lasher, Phys.Rev., “Nematic-liquid-crystal
order-A Monte Carlo calculation,”A 6, (1972) 426

6182-78, Poster Session
Nonlinear PBG structures for all-optical signal processing
E. Y. Glushko, Institute of Semiconductor Physics (Ukraine)
The electromagnetic field trapped inside the total reflection angular
range of a photonic crystal (PhCr) is a perspective phenomenon for
use in all-optical devices. All-optical principles used in logical
devices for optical computing, optical associative memories, and
optical interconnections are attractive due to their highest working
frequencies in signal processing, small energy losses and practically
unlimited possibilities to organize parallel operating of signals [1,2].
The all-optical ideology i.e., the absence of electronic transformation
of signals at any stage, as well as an absence of spin or phonon
mechanisms in signal processing increases the common speed of a
signal passing through the device. Therefore the all-optical way in
logical gates and adder devices may have a great importance for the
development of next generation computers [2]. An idea to use the
nonlinear covering of a linear PhCr was developed in [3] and a cell of
the all-optical adder was proposed. The field structure for semicon-
ductor, dielectric and mixed type 1D layered structures GaAs/AlGaAs
and GaAs/glass were investigated in previous works [4, 5] without
taking into account the optical nonlinearity. It was shown that for
infrared optoelectronics of wavelengths in interval (1, 10)  µm the
calculated structures have characteristic layer widths ranging from
0.1 to 2.0  µm. In this case, there exists a possibility to operate by
mode population at a given frequency using special input fibers
delivering external signals to each mode at separated incidence
angles. Further, the combined nonlinear-linear Si-SiO2 layered
systems were considered in [5] and [6] where a new solution for
strong nonlinearity was obtained and angular-frequency processing
range for logical gates was discussed.
In our work, we consider theoretically and experimentally (As40S60-
xSex/SiO2 structures) the photonic bandgap (PBG) systems
containing nonlinear insertions for possible applications in all-optical
adders and logical gates. Two principal schemes of an all-optical
adder based on pure one-dimensional and combined 1D-3D PBG
materials containing optically nonlinear layers are discussed. The
photonic structure behavior with changing intensity is investigated
for a few systems consisting of a periodically layered structure
covered with an optically nonlinear material and a 3D opal PBG
structure. The latter plays the role of a bus controlling and directing
the signals after the logical transformation. Theoretical estimations of
the adder cell parameters are made for As40S60-xSex/SiO2, Si/SiO2
and GaAs/AlAs photonic crystals covered with layers made from
nonlinear doped glasses. It is shown that the beam angular-
frequency diagrams contain extremely sensitive areas inside the total
reflection range, where the weak nonlinearity leads to dramatic
change in light reflection and transmission. Both solitary local modes
and pure band modes are considered theoretically.
ADDER CELL SCHEMES. The bandgap shift phenomena give an
opportunity to design the cell that may change its reflectivity
depending on signal intensity and transmit bits to neighboring cell.

The problem of an optical bit signal shift to the high-order digit
position is solved in our work by use of two outputs for each input
signal. One of two output signals intends for bit transport from junior
position to major one if the physically added signal “2” arrives to the
cell. Another one serves for both signals “1” and “0” pass through the
cell without changing. There exist two ways to organize the shift of bit
signal from low-order digit position to the high-order digit. In
framework of R-scheme the non-binary signal reflects from the cell. In
T-scheme the signal of double intensity pass through the cell.
SIGNAL PROCESSING INSIDE THE ADDER BODY. The adding
process must be accompanied by the utilization of superfluous
energy. Any physical sequence of two added signals has the form like
(0,2,2,2,....2,2) where the numbers represent the intensity magnitude.
This sequence will be transformed by the adder into the logical
sequence of the same length (1,1,1,1,....1,0). Therefore, almost half of
the input energy will have to be drawn aside. There exists also the
problem of an adder range precip by the rejected part of the light
beams. We discuss in this work a way to solve the problem by use a
special precip appendixes that join each adder cell output and absorb
the rejected energy. There exist two close ways to organize binary
adding of complicated signals built on reflection or transmission of
the signal “2”: R-scheme and T-scheme. For both schemes the
number of cells in a column equals to the whole number of optical
adder digit capacity. The digit hierarchy from junior to major is
reflected in the adder in the rows sequence directed from top to
down. Then the number of cells in a row depends on the row position
in hierarchy. To process all three types of input physically added
binary sequences containing 0, 1 or 2 graded intensities the every
next row should be one cell longer. For 256-digit capacity the adder
body has to be consists of 32768 cells connecting by optical
channels in the one of a two possible schemes. Also, we consider a
general design of all-optical logical gates OR, AND, NOT and XOR in
both schemes of processing.
MATERIALS AND THE EXPERIMENTAL SETUP. To implement the
above proposed T- and R-processing schemes we designed 1D PhCr
based on 30 layered As40S60-xSex/SiO2 Bragg mirror structure
supplied by a system of connected inputs and outputs. As40S60-
xSex glass sample was synthesized by melting method in rocking
furnace at 700-750°C. The alternated films with thicknesses (0.4, 2)
µm were deposed by the vacuum thermal evaporation at 10-3 Pa
from the resistance-healed crucible onto the SiO2 layers [7]. Three
active logical gates were organized on the As40S60-xSex/SiO2 PhCr
using the prism-mirror way of the signal redistribution. The physically
added signal transmission through the three bit device in R- and T-
schemes was measured from the glass substrate side.
RESULTS. We have observed experimentally the optical bit signal
shift to the high-order digit position in a line consisting of three
connected PhCr cells. The band shift effect angular and intensity
dependencies were investigated at 1.06  µm laser wavelength for 30
layered As40S60-xSex/SiO2 PhCr coated by a nonlinear layer. The
theory of electromagnetic field structure in combined linear-nonlinear
PhCr lying in the ground of active logical cells was developed and
new nonlinear solutions were obtained. The calculations were
performed for different materials to find angular-frequency ranges
suitable for R- or T-signal processing schemes. The most effective
areas of parameters are picked out for considered materials.
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S.A.Kostyukevich, T.Wagner, “Application of All- layers for high
efficiency grating production”, Journ of Non-Crystalline Solids,
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6182-79, Poster Session
Flexible control of dispersion in index guiding photonic
crystal fibers governed by geometrical parameters
M. Lucki, L. Bohac, Czech Technical Univ. in Prague (Czech
Republic)
Abstract - this letter deals with the possibilities of flexible control of
dispersion governed by geometrical parameters such as core’s size
and normalized hole diameter d/Λ defined as a quotient of low-index
region hole’s diameter d and the pitch Λ. Refractive index set, curves
of total dispersion in function of wavelength, normalized hole
diameter and core’s size are presented and discussed. Limitations of
possible decrease (or increase) of total Group Velocity Dispersion
like possibility of high order mode zero-dispersion wavelengths
appearance is presented (plot of light distribution in a form of light
illuminating cross-section patterns of fundamental mode and higher
order processes are compared). The set of geometrical parameters
in a microstructure is described. Proposals of the proper choice of
geometrical parameters for various applications (anomalous
dispersion for supercontinuum generation; zero-dispersion point
choose) have been done. The key feature governing the output
spectrum width is total Group Velocity Dispersion. There is a
possibility of a flexible control of dispersion by geometrical param-
eters of the fiber, as core’s size and normalized hole diameter d/Λ is.
In a single-mode fiber, the total dispersion consists of material and
waveguide contributions and zero-dispersion wavelength is usually
1.3 µm. Dispersion-shifted fibers have the zero-dispersion point
shifted to longer waves (1.55 µm). Since the light is propagated in
pure solid core, in addition to waveguide dispersion, material
dispersion is coming into play, too. Silica material is characterized by
a certain value of material dispersion while for instance holey fibers
guide light in central air-hole acting like a core; material dispersion of
air is but negligible. Modal dispersion exists only in multimode fibers.
Index Guiding fibers might be multimode only on some certain
conditions connected with the light distribution and effective index
cladding values. A typical Index Guiding PCF confines the wave in
the core since it works as Endlessly Single Mode Fiber. For normal-
ized hole diameter over 0.45 single mode regime doesn’t occur for
the whole spectrum but is bounded from below, occur from a certain
wavelength till eternity. Further increase of the normalized hole
diameter shifts the limitation to longer waves. Higher order modes
appear for shorter waves and may propagate in the form of certain
modes in the core or leak into the high-index silica background of
the microstructured cladding. Practically single mode propagation is
limited by material losses in ultraviolet and infrared region, over 0.4
µm and under 2 µm. Out of Endlessly Single Mode regime, for d/
Λ\>0.45, also the quotient of λ/Λ comes into play. Not only the
quotient of d/Λ must be concerned but also a single value of Λ
determined by the λ. If Index Guiding PCF works in a multimode
regime, modal dispersion obviously arises. As it was mentioned
above, dispersion governs the output spectra. To keep the shape of
input signal without dispersion compensation, a wavelength in the
vicinity of zero-dispersion wavelength should be chosen. On the
other hand supercontinuum generation at anomalous dispersion
exhibit a possibility of obtaining a broad bandwidth. Wavelengths
longer than a zero dispersion wavelength are characterized by an
anomalous dispersion in Index Guiding PCF’s. Such properties as
flexible control of dispersion among various nonlinear effects within
PCF are the result of unique realization of photonic crystals.
Photonic Crystal Fibers are the realization of two-dimensional
photonic crystals. A photonic crystal applied in Photonic Crystal
Fibers is a homogenous structure along one axe and constitutes a
regular matrix of alternating refractive index along two axes. The
microstructure that is created by regular air holes in silica plays the
role of a low-index medium; it is characterized by a lower effective
refractive index than the index of a pure silica core. Microstructure
cladding offers flexible control of total group velocity dispersion
through dominant waveguide dispersion by controlling structural
parameters as the hole diameter d and the spacing (called also pitch
or lattice constant) Λ; or normalized hole diameter d/Λ (most of
features depends on the air-fraction volume, that is represented by
the quotient of those two quantities). Another quantity coming into
play is the value of a core’s diameter. Such possibilities of geometry
manipulation offer a powerful control of values of waveguide
dispersion or obtaining the zero dispersion point at certain wave-
length. To set the refractive index profile, matrix of coaxial holes in
silica must be defined. The profile implemented in these simulations
is based on circular holes - up to six rings - in triangular lattice (with

the lattice defining angle of 60deg). Normalized hole diameter (that
has already been defined above) vary from to 0.3 to 0.67. The size of
the core is a variable. Core’s diameter is up to 61.6 µm, relatively
large as for the core. There are three main steps of implementation:
first is to set refractive index profile, the second one is to find modes
and the last one - to plot dispersion parameter: - in the function of a
wavelength; in the function of normalized hole diameter, and in the
function of the core’s size. Observation of resultant transmission
curves is an information feedback to precise the geometrical set and
to define the range of geometrical parameters for which required
results occur. The course of dispersion in function of wavelength in
the range 1.5-1.55 µm for assumed value of normalized hole diameter
or the core’s size is presented. Dispersion in function of normalized
hole diameter at 1.55 µm is shown, as well as the dispersion in
function of the core’s diameter for assumed value of normalized hole
diameter. Remarkable trend in the dispersion characteristic is the
monotonic increase of dispersion with the increase of wavelength for
a constant value of normalized hole diameter or core’s diameter. This
confirms that the dispersion arises beyond wavelengths than zero-
dispersion wavelength. Dispersion increases with increasing volume
of air-fraction. The increase of the dispersion can be done by
increasing the normalized hole diameter; by increasing air-filled
fraction. Unfortunately it has disadvantage: if we increase the
normalized hole diameter over the value of 0.45, it ceases to work in
the endlessly single mode regime. Interesting feature might be the
influence of core’s diameter on the dispersion. We may notice that
mode propagated in a small core is highly dispersive. By decreasing
the core’s size, dispersion decreases. It is but worth nothing since the
core’s diameter is being further increased that modes of higher order
appears. New zero dispersion wavelengths corresponding to higher
modes will appear and new contributions of dispersion corresponding
to second and higher modes will be added. After a decrease of
dispersion for enlarging the core’s diameter, a rush change in the
trend occurred. We may conclude that decreasing by changing the
core’s size has its limitations. We cannot endlessly enlarge the core
due to the possibility of higher modes occurrence, as well as new
contributions of dispersion related with new modes. Summarizing,
Index Guiding Photonic Crystal Fibers offers powerful control of
important transmission parameters (group velocity, nonlinear effective
index cladding, dispersion property through the waveguide disper-
sion) resulting from certain flexibility of fabrication and manipulation of
structural parameters as the hole diameter d and the spacing Λ.

6182-80, Poster Session
Experimental and theoretical analysis of dispersion
characteristics of two-mode birefringent holey fiber
P. Hlubina, Technical Univ. of Ostrava (Czech Republic); M. Szpulak,
Politechnika Wroclawska (Poland); L. Knyblova, Technical Univ. of
Ostrava (Czech Republic); G. Statkiewicz, T. Martynkien, Politechnika
Wroclawska (Poland); D. Ciprian, Technical Univ. of Ostrava (Czech
Republic); W. Urbanczyk, Politechnika Wroclawska (Poland)
In this paper, we present the results of experimental and theoretical
analysis of dispersion characteristics of a two-mode birefringent holey
fiber, in which the birefringence is induced by two large holes
adjacent to the fiber core. Different interferometric techniques were
used to measure in a broad spectral range the wavelength depen-
dences of the phase and the group modal birefringence for the
fundamental and the higher-order linearly polarized (LP) spatial
modes. We also measured the wavelength dependence of the
intermodal dispersion for two orthogonal polarizations of the
fundamental and the higher-order LP spatial modes employing a
white-light spectral interferometric method. Furthermore, we modeled
all the dispersion characteristics using a full vector finite element
method and confirmed good agreement between experimental and
theoretical results.

6182-81, Poster Session
Main factors for effecting photonic bandgap of photonic
crystal
X. Li, Y. Jiang, X. Wei, Beijing Institute of Technology (China)
Abstract: Photonic crystals is a new type of optical material whose
dielectric constant changes alternately following the coordinates of
space. The photonic bandgap of photonic crystals (PCs) are directly
affected by crystal type, crystal lattice constant, modulation of
refractive index and periodicity. Finite difference time domain (FDTD)
technique and plane wave expansion method(PWE) are used to
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analyze the relations between the above factor and photonic bandgap
by numerical simulation. The results show that it is possible to draw
the universal principle. This will help to design different type photonic
crystals for convenience. Finally, for instance, IR and near-IR photonic
crystals filter was designed and fabricated.

6182-82, Poster Session
Band structure calculations of 2D photonic
pseudoquasicrystals obtainable by holographic
lithography
Y. V. Miklyaev, P. N. Dyachenko, South Ural State Univ. (Russia)
The most interesting phenomena in photonic crystals suppose the
presence of omnidirectional band gap, i.e. overlapping of stop bands
in all directions. The higher rotational symmetry and isotropy of
quasicrystals in comparison with ordinary crystal give hope to achieve
a gap opening at lower dielectric contrasts [1].
But nonperiodic nature of quasicrystals makes the size of stop bands
lower than in the case of ordinary periodic crystal. To weigh advan-
tages and disadvantages of quasicrystals we study transition from
periodic structure to nonperiodic by considering pseudoquasicrystals
- quasicrystal approximants [2] with growing period.
We consider the structures that can be obtained by multiple exposure
holographic lithography. This is one of the most perspective ways for
2D quasicrystal fabrication [3]. We consider the case of 2, 3, 4, and 6-
fold exposure by two wave interference pattern, corresponding
square, hexagonal, 8-fold and 12-fold symmetry lattice. The dielec-
tric-air boundary was taken as an isosurface of deposited energy
density. To get corresponding approximants we take different grating
spacing for different exposures. For example for 8-fold symmetry we
take two exposures with grating vector length equal to k1 and two
exposures with grating vector k2. For first (small), second and third
approximants the ratio k1/k2 was taken equal to 3sqrt(2)/4, 5sqrt(2)/7
and 7sqrt(2)/10, correspondingly. For the band structure calculation
we used plane wave expansion method [4].
One can consider different approximants of 8-fold quasicrystal as a
square lattice with different numbers of dielectric “atoms” in the unit
cell. Similarly, different 12-fold approximants correspond to different
sizes of the unit cell in hexagonal lattice.
We have found the following dielectric contrast thresholds for band
gap opening in TM modes: 3.0  square lattice; 1.75  hexagonal lattice;
1.7  first (small) approximant of 8-fold quasicrystal (with 14 dielectric
“atoms” in unit cell); 1.65 first (small) approximant of 12-fold
quasicrystal (with 13 dielectric “atoms” in unit cell); 1.6 second and
third approximants of 8-fold quasicrystal (41 and 82 “atoms” in unit
cell, correspondingly); 1.4 second and third approximants of 12-fold
quasicrystal  (42 and 146 “atoms” in unit cell, correspondingly).
So, one can see, that the dielectric contrast threshold goes down with
increasing rotational symmetry and the index (or size of the unit cell)
of approximant. It means that quasicrystal geometry is more
preferable for photonic crystals made from low index materials. But to
get larger gap with high dielectric contrast one have to find optimal
order of rotational symmetry depending of the given material. It
makes no remarkable difference in dielectric contrast threshold to use
in 2D periodic lattice more than some tens of “atoms” in the unit cell.
It is interesting to note, that holographic photonic crystals in compari-
son with dielectric cylinders in air possess lower contrast threshold for
band gap opening for TM modes, but higher one for full 2D photonic
band gap [5].
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6182-83, Poster Session
Optical properties of periodic and quasiperiodic one-
dimensional photonic crystals: a comparison
J. Zaghdoudi, Ecole Nationale d’Ingénieurs de Tunis (Tunisia)
One-dimensional (1D) photonic crystals composed of alternating
stacks of layers having a low and a high index of refraction was
recently shown to act as omnidirectional reflection band. They reflect
light at any polarization, any incidence angle, and over a wide range
of wavelengths.
In contrast to the three-dimensional case the 1D photonic crystal is
attractive since its production is more feasible at any wavelength
scale.
When a structural defect is introduced in the photonic crystal,
photon-localized state can be created in the photonic band gap. In
1D photonic crystal, the defect can be used to open controlled
optical windows in the photonic band gap or to obtaining an
omnidicrectional photonic band gap. We can find more types of
defects that play the role of broking the periodicity of the photonic
crystal to produce new physical phenomena or new quasi-periodic
systems.
A design procedure for omnidirectional high reflectors with wide
bandwidths for the optical telecommunication bands is described.
From the numerical results performed by the transfer matrix method,
it is found that a partially omnidirectional high-reflector covering the
optical telecommunication wavelengths 1.3 and 1.55µm is obtained
for a quarter-wave stack air/(LH)12/air by using the tellurium as a
materiel of high refractive index (nH=4.6). The study of a deformed
stack which be constructed according the quasiperiodic sequences
(Fibonacci and Thue-Morse) so that the coordinates y of the
deformed object were determined through the coordinates x of the
Fibonacci stack in accordance with a the following power low rule y
= x1+k  leads to an omnidirectional high reflector band covering the
all optical telecommunication wavelengths, here k is the coefficient
defining the deformation degree.
The reflection properties of one-dimensional generalized Cantor-like
multilayer (GCLM) are investigated numerically in the visible range.
Strong correlation between the stack geometry and the properties of
the optical reflection spectra is found, namely spectral scalability and
sequential splitting. The construction of multilayer systems according
to the definite Cantor distribution brings improvements to the
reflection properties. In particular, the widening of the band gap and
the thin peak appearance in the reflection spectra whose number
increases with the division number in the (GCLM). Optical properties
of (GCLM) inserted between two periodic stacks are numerically
investigated. We chose SiO2(L) and TiO2 (H) as two elementary
layers. The study configuration is H(LH) j[GCLM] PH(LH) j which
forms an effective interferential filter in the visible spectral range. We
show that the number of resonator peaks is dependent on the
repetition of the number P of the (GCLM). The best performances are
obtained in particular for the symmetrical configurations of the
(GCLM) and especially for  P an odd number.

6182-84, Poster Session
Full vector beam propagation method modeling of dual-
core photonic crystal fibre couplers
R. Cherif, M. Zghal, Ecole Supérieure des Communications de Tunis
(Tunisia); F. Bahoul, R. Chatta, Ecole Nationale d’Ingénieurs de Tunis
(Tunisia)
Photonic Crystal Fibres (PCFs) are optical fibres having a periodic
air-silica cross-section. The air holes extend along the axis of the
fibre for its entire length. The core of the fibre is formed by a missing
hole in the periodic structure. The presence of wavelength-scale
holes in the transverse profile of a PCF can lead to novel optical
properties that cannot be achieved in more conventional forms of
optical fibre. In this paper, we specifically focus on structures
belonging to the class of index-guiding PCFs. To investigate the
propagation properties of PCFs, the 3D Finite Difference Vector
Beam Propagation Method (FD-VBPM) with perfectly matched layers
boundary conditions has been implemented and validated. The
method has proved its efficiency in spite of the high-contrast of
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silica-air structures. We used the FD-VBPM to study a dual-defect
silica-air PCF obtained by filling two holes with an inter-core separa-
tion. We demonstrated that it can operate as a polarization preserving
directional coupler. We studied the influence of the PCFs parameters
on the coupling length L at the operating wavelength λ=1.55µm. We
showed that the coupling lengths of couplers with smaller hole-pitch
and smaller value of d/* becomes shorter. Moreover, the coupling
length of x-polarized mode is shorter than that of y-polarized mode,
because the two cores are placed in parallel to x-axis and the coupling
of x-polarized mode is stronger than that of y-polarized one. This study
confirms that the designed couplers could separate two wavelengths.
Although, in order to obtain shorter coupling lengths, strong coupling
between cores is necessary, too strong coupling causes lower
extinction ratios. It has been shown that it is possible to design PCF
couplers having shorter coupling lengths (few millimetres) than
conventional optical fibre couplers with coupling lengths of several
tens or hundreds of millimetres.

6182-85, Poster Session
Periodic transmission lines for terahertz bioMEMS
T. Akalin, A. Treizebré, T. Dargent, B. Bocquet, Univ. des Sciences et
Technologies de Lille (France)
We investigate the way of detecting very light changes in dielectric
function of biological entities in liquid phase such as living cell,
neurons and proteins. These studies will be used to extract some
biological mechanisms information. On this purpose, we have
designed a one dimensional EBG (Electromagnetic BandGap) structure
with a defect at terahertz frequencies. It is now well known that such a
structure presents a transmission peak in the forbidden band with a
high quality factor. Here the defect is a microchannel placed below a
transmission line. We will show this BioMEMS in two configurations: (a)
with classical transmission lines (CPW or Microstrip) and (b) with
original transmission lines. We have recently [1] demonstrated a way to
excite a propagating mode (also known as Goubau mode [2]) on a very
thin single metal wire transmission line. For this propagating mode, the
electromagnetic field is very highly confined around the metallic strip.
We will briefly detail the properties of such a line and its excitation. We
will then show the variations of the defect mode in the forbidden gap
with the variation of the dielectric permittivity of the solution. The
designed BioMEMS is in a planar topology with glass and quartz
substrates.
References:
[1] Anthony Treizebré, Tahsin Akalin et Bertrand Bocquet, “Planar
Excitation of Goubau Transmission Lines for THz BioMEMS”, accepted
for publication for IEEE Microwave and Wireless Components Letters
[2] G. Goubau, “Open wire lines”, IRE Trans. On Microwav. Theor. And
Tech., vol. MTT-4, pp.197-200, Oct. 1956

6182-86, Poster Session
Generation of light from a 1D random sequence of
nonlinear domains
X. Vidal, J. Martorell, Univ. Politècnica de Catalunya (Spain) and Institut
de Ciències Fotòniques (Spain)
In recent years, there has been a growing interest in the use of
photonic crystals to enhance nonlinear optical effects and, in particu-
lar, the second order nonlinear interaction ( ). Photonic crystals provide
an excellent framework that can be used to localize light, as well as, to
match the phases of the interacting waves. In such photonic struc-
tures, the mechanism for phase matching relies on the refractive index
periodicity build into the material, which induces the adequate change
in the effective index of refraction of one or more of the interacting
waves. One may also fabricate nonlinear 2-D photonic crystals by a
periodic distribution of inverted nonlinear domains ( ). In the event that
the dimensions of such domains are on the order of a coherence
length, one reaches a quasi-phase matched (QPM) interaction in
several directions of space. However, in most of the work performed
up to this point, the distribution of linear or nonlinear material is always
periodic. Unfortunately, in many cases, such perfect periodic structur-
ing is difficult to achieve and in others, nature organizes itself in a less
ordered fashion. The latter one was the case that was recently studied
by Baudrier-Raybaut et al. in Ref. ( ) where a ZnSe crystal was seen to
grow forming a structure of microscopic centrosymmetric domains that
were randomly oriented in space. Surprisingly, such material, which
does not show any kind ordering, it was shown to exhibit an efficient
generation of second harmonic light. In the present paper, we propose

a model that may be used to study nonlinear processes in any kind
of configuration where the linear and nonlinear domains in a given 1-
D sequence are randomly ordered. Such model can be used to fully
explain the results reported in Ref. (3), as well as, to predict the
performance of new configurations for random type photonic
crystals.
We consider a material fabricated by stacking dielectric plane-layers
of nonlinear material separated with layers of linear material. In a
particular configuration of the most general one we could consider a
periodic distribution of linear and nonlinear material. Under the
assumption that the size of the linear and nonlinear layers is equal to
a coherence length of the nonlinear interaction, the structure would
perform as the traditional QPM structure of inverted domains but
with half the efficiency ( ). However, in the general case, a stack of n
domains of nonlinear material could be separated by a stack of m
layers of linear material. Both, m and n are integer numbers randomly
and independently generated. The end result is a structure of linear
and nonlinear domains that are randomly ordered in a 1-D sequence.
Note that the thickness of the linear layer would be m times a
coherence length while the thickness of the nonlinear layer would be
n times a coherence length. If we allow for a change in the thickness
of the original linear or nonlinear layer, as well as, a random
orientation for the nonlinear susceptibility within each nonlinear
domain, we may reproduce, among others, the configuration of the
structure studied in Ref. (3).
To study second harmonic generation of light in such structures we
have developed the following model. In the geometry we are
considering the wave vector for the fields is assumed to be parallel
to the z-axis while the electric field is on the xy plane. It is assumed
that the pump beam is incident from only one side of the structure,
while we restrict our study to the second harmonic generation of co-
propagating beams.
We may solve the corresponding nonlinear wave equation for the
transverse part of the electric field at the second harmonic frequency
applying the same Green function integration used in Ref. ( ). Without
loss of generality we may assume that the only non-vanishing terms
of the second order nonlinear susceptibility tensor are those
perpendicular to the z-direction of propagation of the electromag-
netic field. Under the no depletion pump approximation one obtains
an analytical expression for the amplitude of the generated electric
field by each one of the nonlinear layers.
As a first numerical application of this model we considered a
structure that reproduces the specifics of the ZnSe crystals studied
in Ref. (3). We observe that using 1-D random sequences of
nonlinear domains with a random orientation of the nonlinear dipole
within a given domain with respect to the others, we obtain, as in the
experiment, a non-vanishing generation of second harmonic light.
Note that in our 1-D sequence of domains, as well as in the
experimental ones, the overall nonlinear susceptibility averaged over
the entire sequence of nonlinear domains is zero.
In addition, we have considered the effect of the size of the layers in
a random sequence of linear and nonlinear layers. When there is no
dispersion in the size of the domains, the behavior we obtained is
similar to the case of a periodic sequence of layers with and without
second order nonlinear susceptibility that leads to QPM. For
instance, maximum generation is reached with domains of the size of
the coherence length and no generation when the size of the layers
is twice that of the coherence length. On the other hand, the
maximum conversion, obtained for the periodic sequence of layers
one coherence length thick falls down to approximately 10% when a
dispersion in the thickness is included. However and quite surpris-
ingly, for size domains different from the coherence length, the
generation is higher than without size dispersion, reaching compa-
rable values of conversion to the case where the width of each layer
deviates from a coherence length as much as a coherence length.
In summary, we have studied second order nonlinear processes in
fully random distributions of nonlinear material. We observe that,
contrary to the common believe, an efficient generation is possible in
materials where no periodic ordering of the nonlinear material is
present. Moreover, the predictions of our model show an excellent
agreement with very recent measurements of second harmonic
generation from crystals formed of randomly ordered nonlinear
domains.
(1)  Jordi Martorell, R. Vilaseca and R. Corbalán, Appl. Phys. Lett. 70,
702 (1997).
(2)  V. Berger, Phys. Rev. Lett. 81, 4136 (1998).
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(3)  Baudrier-Raybaut, M., Haïdar, R., Kupecek, Ph., Lemasson, Ph. &
Rosencher, E. Nature 432, 374-376 (2004).
(4)  Fejer, M. M., Magel, G. A., Jundt, D. H. & Byer, R. L., IEEE J.
Quant. Electron. 28, 2631-2654 (1992).
(5)  Jordi Martorell, Appl. Phys. Lett. 86, 241113 (2005).

6182-87, Poster Session
Synthesis and luminescence properties of opal-based
photonic crystal with HEuEDTA
A. S. Sinitskii, S. O. Klimonsky, Y. D. Tretyakov, M.V. Lomonosov
Moscow State Univ. (Russia); M. Li, J. Li, J. Zhou, Sun Yat-Sen Univ.
(China)
There has been considerable interest in the investigation of three-
dimensional photonic crystals (3D PCs) since the original works of
Yablonovitch and John [1, 2]. PCs are dielectric composites with a
highly periodic structure in which the dielectric constant varies on
the scale of visible light wavelength. It was predicted that PCs
exhibit a photonic band gap (PBG) for which light within a certain
frequency range can not propagate in any direction inside the
crystals, causing the unique properties of PCs, such as localization
of light and control of spontaneous emission. Nevertheless, typically
produced PCs do not possess omnidirectional PBG because of
insufficiently high refractive index contrast and defects of the
structure [3, 4]. Only stop bands, corresponding to the prohibition of
light propagation in some directions, can be observed experimen-
tally. Hence, spatial redistribution of intensity of the light, emitted
from PC, should occur [5, 6].
For preparation of PCs we used monodisperse silica microspheres
synthesized through hydrolysis of tetraethoxysilane in water-ethanol
liquor in the presence of ammonium hydroxide as a catalyst [7]. After
the synthesis, the suspension of spherical particles was diluted with
distilled water and left undisturbed in a burette sealed to avoid
evaporation and pollution. In order to improve the mechanical
strength of materials produced and increase the refractive index
ratio, the resulting sediment was slowly heated and annealed at a
temperature of ~600-700 °C. After the shrinkage the average size of
the microspheres was about 280 nm. Since the position of the stop
band is determined by the period of PC lattice (i.e. the size of the
microspheres), the conditions of the microsphere synthesis and
thermal treatment were chosen by taking into account the aim to
produce PCs with the stop band at about 600 nm corresponding to
the characteristic lines of Eu3+ emission. Europium (III) salt of
ethylenediaminetetraacetic acid (HEuEDTA) was embedded in silica
PCs by infilling them with HEuEDTA water solution and further drying
on air.
The properties of PCs were studied by SEM, AFM, optical micros-
copy, laser diffraction, visible spectrophotometry, XRD, EDS, EPR
and magnetic measurements. High spatial anisotropy of photolumi-
nescence was observed by spatially- and spectrally-resolved laser
spectroscopic measurement. The influence of PC structure quality
on spatial anisotropy of photoluminescence was studied as well.
[1] E. Yablonovitch, Phys. Rev. Lett. 58, 2059 (1987).
[2] S. John, Phys. Rev. Lett. 58, 2486 (1987).
[3] J.E.G.J. Wijnhoven and W.L. Vos, Science 281, 802 (1998).
[4] Yu.A. Vlasov, V.N. Astratov, A.V. Baryshev, A.A. Kaplyanskii, O.Z.
Karimov and M.F. Limonov, Phys. Rev. E 61, 5784 (2000).
[5] V.N. Bogomolov, S.V. Gaponenko, I.N. Gaponenko, A.M.
Kapitonov, E.P.Petrov, N.V. Gaponenko, A.V. Prokofiev, A.N.
Ponyavina, N.I. Silvanovich, S.M. Samoilovich,  Phys. Rev. E 55,
7619 (1997).
[6] A.F. Koenderink and W.L. Vos, Phys. Rev. Lett. 91, 213902
(2003).
[7] W. Stöber, A. Fink, E. Bohn, J. Colloid Interface Sci. 26, 62 (1968).

6182-88, Poster Session
Nonlinear photonic crystal fiber with high birefringence
made of silicate glass
P. Szarniak, Instytut Technologii Materialów Elektronicznych
(Poland); M. Foroni, Univ. degli Studi di Parma (Italy); R. R.
Buczynski, Univ. Warszawski (Poland); D. Pysz, Instytut Technologii
Materialów Elektronicznych (Poland); P. Wasylczyk, Univ.
Warszawski (Poland); P. Gaboardi, F. Poli, S. Selleri, Univ. degli Studi
di Parma (Italy); R. Stepien, Instytut Technologii Materialów

Elektronicznych (Poland)
Photonic crystal fibers have attracted great attention in the recent
years, since they offer new features and can find applications in such
areas like telecommunication, high power delivery, metrology,
sensing, optical coherence tomography, etc. Beside new phenom-
ena observed in photonic crystal fibers (PCFs), like photonic
bandgap guiding mechanism [1], microstructured fibers offer a
significant enhancement of nonlinear and birefringence phenomena
[2]. High nonlinearity is a result of combination of high numerical
aperture NA of the fiber and small size of its core. It allows to
increase light confinement in the core which results in smaller
effective area Aeff and higher nonlinear coefficient γ in the fiber.
PCFs allow to achieve anomalous dispersion in the vicinity of the
visible range, around 800 nm. This feature enables to generate ultra-
broad supercontinuum for more modest initial pulse energies and
duration than in a case of classical optical fibers [3]. Due to the high
structure asymmetry in the photonic crystal cladding,
microstructured fibers can achieve a birefringence two orders of
magnitude higher in comparison to conventional Highly Birefringent
(HB) fibers such as Panda and Bow-Tie fibers [4].
In this paper we present design and fabrication of a PCF that
combines these two important properties. Such structure is
particularly interesting because its nonlinear properties depend on
the polarization state of the input light. It has been shown that if the
input pulse is linear polarized in a direction matched to the one of the
main axes of the fiber (slow or fast), the polarization of light is
preserved in the output spectrum and different characteristics for
orthogonal polarizations are observed [5]. Appropriate design of the
structure that takes into account dispersion profiles for orthogonally
polarized eigen-modes allows to obtain a structure with polarization
dependent generation of nonlinear effects. This fact especially
concerns the supercontinuum generation, whose characteristics can
be tuned by a change of polarization of input light [6].
Most of the work devoted to PCFs assume a use of the fused silica
glass in the fiber fabrication. In our works we use silicate glass for
fiber fabrication and modeling [7]. Although, silicate glass has usually
higher attenuation in comparison to fused silica, nevertheless it
possesses even from one to two orders of magnitude larger Kerr
nonlinearity index. Furthermore, also linear refractive index of silicate
glass is larger. The contribution of these two features additionally
enhances nonlinear effects in silicate PCFs. For these reasons much
shorter length, even several centimeters of the fiber, are enough to
observe nonlinear phenomena [8].
The nonlinear fiber presented in this paper is fabricated using a
typical two steps process. First, glass capillaries are stacked in an
appropriate structure arrangement into the perform which is
drowned down to a subpreform. Then, after inserting the obtained
subpreform into an external glass tube, it is finally scaled down to a
fiber. The geometry of the fabricated PCF consists of two rings of
air-holes with a high filling factor arranged in a regular hexagonal
lattice. Two pairs of similar size air-holes, which are placed opposite
each other with respect to the center of the fiber, are enlarged and
form a core with a strong elliptical shape. The elongation of the core
introduces asymmetry into the structure causing a high birefringence
in the fiber.
The fabricated PCF has air-holes in the photonic cladding region of
diameter equal to 16.9 µm, while the diameter of the fiber is 117  µm.
The diameter of the main axis of the elliptical core is equal to 2  µm
and 8  µm, respectively.
Since the structure is simultaneously anisotropic and cobweb-type,
the fiber is birefringent as well as nonlinear. In order to evaluate
these PCF properties, a full vector modal solver based on the Finite
Element Method (FEM) has been used [9]. The guided mode effective
index and the magnetic field distribution have been calculated. The
magnetic field fundamental component of the guided mode
highlights the high birefringence of the considered PCF and the small
effective area value obtained by evaluating the intensity through the
Poynting vector definition. The computed birefringence and effective
area values at 800 nm and at 1550 nm are respectively, B800 =
3.5477 · 10-4, Aeff800  = 7.7  µm2 , B1550 = 2.10386 · 10-3,
Aeff1550  = 8.8  µm2. to the electric and magnetic field distributions
of the fundamental guided mode underlines the non linear properties
of the considered PCF. In particular by calculating the effective index
of the guided mode for different wavelengths and by applying the
Sellmeier equation, the dispersion parameter for each polarization
has been obtained through a finite difference formula.
The PCF properties obtained by modelling have been exploited to
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understand the preliminary experimental results on spectral
broadening. A Ti:sapphire laser that is employed to investigate the
efficiency of self-phase modulation in highly non linear PCFs is used.
Light pulses produced by the laser have a duration of 50 fs at 800
nm with average power of 150 mW and they are expanded with a
telescope and then focused on the core of 39 cm length fiber, placed
on a three-dimensional translation stage. Radiation coming out of the
fiber is focused on the entrance slit of a spectrometer.
The experimental measurements demonstrate a broadening of the
pulse spectrum obtained by choosing the pulse wavelength in the
PCF normal dispersion regime, as demonstrated by the simulation
results. As a consequence, self-phase modulation dominates, as well
as Raman scattering, causing a broadening towards the long
wavelength side. In these preliminary experiments the distance
between the pumping wavelength and the zero-dispersion wave-
length is higher than 200 nm. In order to obtain better results, that is
an output spectrum smoother and larger, the pulse wavelength will
be moved closer to the zero-dispersion wavelength, so that other
nonlinear effects will participate to the spectral broadening.
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6182-89, Poster Session
Holey fiber with suppressed oscillations of macro-
bending losses
J. Olszewski, M. Szpulak, G. Statkiewicz, T. Martynkien, W.
Urbanczyk, Politechnika Wroclawska (Poland); T. Nasilowski, Vrije
Univ. Brussel (Belgium); F. Berghmans, SCK•CEN (Belgium) and Vrije
Univ. Brussel (Belgium); H. Thienpont, Vrije Univ. Brussel (Belgium)
An effect of macro-bending losses in PCFs have been studied both
theoretically and experimentally in a number of papers published so
far [1 - 8]. There are known already several theoretical approaches
allowing to predict the macro-bending loss in PCFs, such as an
equivalent step index (ESI) method [1 - 3], a method based on
Hermite-Gauss approximation of the mode profile [4] and finite
element method (FEM) with perfectly matched layers boundary
conditions [5, 6]. In most cases, the ESI method is accurate enough
to correctly evaluate the general tendencies in macro-bending-loss
characteristics in the real PCF structures [1, 3]. Such approach
assumes that the holey region surrounding the core extends to
infinity which results in monotonic dependence of macro-bending
losses vs. both the wavelength and the bending radius. However, the
assumption of unlimited holey cladding in PCFs is far from reality. In
fact, three regions can be distinguished in the cross section of the
typical index-guided PCF, i.e., the core, the holey part of the
cladding surrounding the core, and the outer part of the cladding

made of solid silica. The more adequate structure of the ESI fiber
should therefore contain two-layer cladding with lower effective
index in the inner region. As it is already known for the conventional
fibers [9], the oscillations in bending losses characteristics are
observed in such double-clad waveguides. The loss oscillations
originate from the coupling between the fundamental mode guided in
the core and the gallery of the cladding modes arising due to light
reflection from the boundary between inner and outer part of the
cladding. Such effect hasn’t been yet experimentally confirmed in
photonic crystal fibers, however, in some recently published results
[7, 8] there are clearly visible, unexplained oscillations in the
characteristics of bending losses in large mode area PCFs. Addition-
ally, our recent numerical analysis [6] also confirms the existence of
bending loss oscillations in LMA PCFs and strong dependence of
these oscillations upon angular orientation of the bent fiber and its
constructional parameters.
Although the oscillatory behavior of macro-bending loss in photonic
crystal fibers can find practical application as for example in
evanescent-field gas sensors or as bending tunable spectral filters,
usually such effect is undesirable. The main goal of this communi-
cate is to demonstrate that the oscillations of the bending losses can
be significantly suppressed by proper design of the holey part of the
cladding. We will present the results of theoretical analysis of
bending losses in large mode area PCF and its dependence upon
several constructional parameters of the fiber such as: type of lattice,
pitch length, hole diameter, number of holes’ rings surrounding the
fiber core, shape of the cladding boundary between the holey and
solid part of the cladding, and angular orientation of the bent fiber.
The optimal fiber designs that suppress the loss oscillations will be
selected and characterized.
Keywords: holey fiber, bending loss
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6182-90, Poster Session
Measurements of hydrostatic pressure and temperature
sensitivity in birefringent holey fibers
T. Martynkien, G. Statkiewicz, W. Urbanczyk, Politechnika
Wroclawska (Poland); J. Wójcik, Univ. Marii Curie-Sklodowskiej
(Poland)
We report on experimental studies towards application of highly
birefringent holey fibers as active elements of fiber optic pressure
sensors. Three air-silica birefringent holey fibers of different
construction were characterized with respect to sensitivity of phase
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modal birefringence to temperature (dB/dT) and hydrostatic pressure
(dB/dp). The measurements were carried out in the spectral range
from 0.5 - 1.5 um using interferometric methods.
The birefringence in the first fiber was induced by two air holes
adjacent to the fiber core and having diameters greater than the
other cladding holes [1]. The second fiber has highly elliptical core
composed of three adjacent elementary cells completely filled with
glass. [2]. In the third fiber, high birefringence was induced by
asymmetrical cladding, in which one row of hexagonal cells has
lower fill factor than the other cladding cells [3]. The first structure is
commercially available (PM-1550-01) and was produced by Blaze
Photonics [4], two others were manufactured by the Laboratory of
Fiber Optic Technology, UMCS in Lublin, Poland.
Our results show that the spectral behavior of the sensitivity to
temperature dB/dT highly depends on the geometry of the birefrin-
gent holey fiber. In the first fiber, dB/dT has negative sign, and its
absolute value is very small, and doesn’t exceed 1.5x1e-9 1/K in the
whole analyzed spectral range. This value corresponds to the
polarimetric sensitivity KT= 0.006 rad/Kxm, which is about two
orders of magnitude lower than KT in standard highly birefringent
fibers with elliptical core [5]. In the fiber with triple defect, dB/dT is
positive, highly dispersive, and at wavelength=1.5 um reaches a level
of +5x1e-8 1/K, which corresponds to the polarimetric sensitivity
KT= +0.2 rad/Kxm. This value is almost as high as the temperature
sensitivity in standard highly birefringent fibers with elliptical core
(KT= -0.5 rad/Kxm). In the third analyzed fiber, the susceptibility to
temperature dB/dT changes its sign from negative to positive at
wavelength=1.5 um, which makes this structure completely
insensitive to temperature at wavelength=1.5 um.
The sensitivity to hydrostatic pressure dB/dp is negative in all
characterized fibers and only slightly depends upon wavelength. The
parameter dB/dp reaches the value -2x1e-6 1/MPa, -6.3 x1e-7 1/
MPa, and -2.3x1e-6 1/MPa respectively in the first, the second, and
the third fiber. These values correspond to the polarimetric sensitivity
to pressure Kp=-14 rad/MPaxm, Kp=-4.5 rad/MPaxm, Kp=-17 rad/
MPaxm (at wavelength=0.8 um), which are at least 2-3 times higher
than in standard HB fibers [5].
It is worth to mention that our measurements results of temperature
sensitivity are in good agreement with the fragmentary experimental
data published earlier [6 10]. Moreover, our results coincide with the
predictions of theoretical models presented in [11] and [12] that
explain the physical mechanism of pressure and temperature
susceptibilities in birefringent holey fibers.
In conclusion, we would like to stress that extremely low temperature
response and simultaneously relatively high sensitivity to pressure in
birefringent holey fiber creates an opportunity of using such
structures as active elements in fiber-optic pressure sensors.
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6182-91, Poster Session
Development of all-solid photonic crystal fibers
I. Kujawa, P. Szarniak, Instytut Technologii Materialów Elektronicznych
(Poland); R. R. Buczynski, Univ. Warszawski (Poland); D. Pysz, R.
Stepien, Instytut Technologii Materialów Elektronicznych (Poland)
Photonic crystal fibers (PCFs) are type of fibers with a cladding
composed of microstructural inclusions placed parallel with respect to
an axis of light propagation. Usually the air holes are microstructural
elements in the structure, but solid-glass microstructures can also be
applied. With two or more thermally matched glasses with a high index
contrast a PCF can be developed where one glass forms the back-
ground, and the others create a lattice of inclusions. Optical properties
of all-solid holey fibers (SOHO) are sensitive to the photonic cladding
configuration, as typical PCFs with air holes, and strongly depend on
dispersion properties of used materials.
Dispersion management in PCFs is important not only for dispersion-
compensated fibers but also for several applications of non-linear
fibers. The SOHO structures offer additional degree of freedom to the
designer for determination of dispersion in fibers than in case of air-
holes PCFs.
In this paper we report on results of numerical analysis and character-
ization of SOHO fibers made of multicomponent glass recently
fabricated in our laboratory. We take into consideration an influence of
interplay of solid photonic cladding material dispersion on the
dispersion properties and modal characteristics of such type of fibers.
In case of air-glass PCFs total dispersion characteristics, with a good
approximation can be separated on two components related to
material and geometrical dispersions, where the first one represents
chromatic dispersion of the background glass from which PCF is
made, while the second one is associated only with geometry of the
structure and is determined by such parameters as lattice pitch and
filling factor [1]. As final, the total dispersion of typical PCFs can be
seen as interplay between these two contributions.
For all-solid PCFs description of its dispersion properties become
more complex, because material dispersion of glass microrods  has to
be taken into account. In this case material and geometrical disper-
sions cannot be treated separately. Although designing of dispersion
properties in SOHO fibers is more complex, the fabricated fibers have
dispersion closer to the designed one than in case of air-glass PCFs.
In case of air-glass PCFs the irregularities in their structures occur due
to different tendency to collapse of air-holes in the photonic structure
caused by non-uniform pressure and temperature distribution in the
perform during drawing process. As a result dispersion of the
developed PCFs can significantly differ from the designed one, since it
is very sensitive on incidental imperfections and deviations of the
photonic cladding structure [2]. In contrary, a fabrication of all-solid
PCFs allows to better control of geometry and uniformity of the
cladding structure design. It is confirmed by our technological results
as well as previous results presented in the literature [3].
In this paper we present a numerical analysis of influence of all-solid
PCFs approach on the dispersion and modal properties of such type
of fibers. The numerical analysis is carried using full-vector mode
solver based on the plane-wave expansion method [4]. Since in the
method, so called super-cell approach is used, one has to choose
appropriate super-cell dimensions. In our calculations we assume
super-cell with dimensions 9x9. This corresponds to manufactured
fibers with photonic cladding structure consisted from 4 rings of
micro-rods, which surround a solid core. Similarly to fabricated fiber
samples, as a background and micro-rod materials, F2 and NC21
glasses are considered, respectively. The considered glasses have a
high index contrast equals 0.084 for 1.55 µm wavelength. Taking also
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into account higher nonlinear index of silicate glasses than fused
silica, the considered structures have potential to be used as highly
efficient fibers for nonlinear applications as reported in [1].
In all performed calculations material dispersions of F2 glass as well
as NC21 glass in the holes are taken into account. The dispersion
characteristic of in-house synthesized NC21 glass is experimentally
evaluated and included in the simulations. The simulations are
organized in the following way: firstly, dispersions profiles for the
PCFs with hexagonal lattice and circular air-holes made of F2 glass
are calculated. Different configurations of air holes diameters d and
lattice pitches Λ are considered. Then dispersion of similar PCFs
with holes filled by NC-21 glass are evaluated. Our numerical results
show, that application of microrods inclusuions significantly change
dispersion profiles in comparison with corresponding air-holes PCFs.
The influence of material dispersion of solid inclusions to the total
dispersion of SOHO fibers reveals stronger when the ratio d/Λ is
increasing. The effect of this additional interplay allows to signifi-
cantly flatten dispersion profiles in the range from 1.0 µm to 1.3 µm.
and shifts the zero-dispersion-wavelength toward 1.55 µm wave-
length, in comparison with corresponding air-holes PCFs.
A normalized frequency as function of wavelength is also studied.
Since the refractive index contrast of used glass components in
SOHO fiber is smaller than for air-glass PCFs, endlessly single mode
regime can be easily obtain.
In experimental part of the paper we report also on fabrication all-
solid PCF with silicate glass based on obtained numerical results.
Using standard mosaic method structures with several lattice types
(hexagonal, square, rectangular) and different ratio d/Λ can be
constructed.
Multicomponent glasses give large flexibility in adjustment of
refractive, thermal, mechanical and chemical properties. Due to low
temperature of multicomponent glass melting a fabrication of
preform elements (rods of different shape, tubes) is relatively easy
with respect to fused silica processing.
We report on development of F2/NC-21 silicate all-glass PCFs with
microstructured cladding (d/Λ=0.55). F2 is a commercially available
glass (SCHOTT Inc.) which contains a high concentration of lead-
oxide (PbO=45.5%) with a refractive index nD=1.619. It is selected
as background material. Its measured density, coefficient of thermal
expansion, glass transition temperature and softening point are
equal to ρ=3.61g/cm3, α20-300=94 · 10-7K-1, Tg=430oC and
DTM=500oC, respectively. A borosilicate glass (B2O3=26.0%) NC-
21 is glass synthesized in-house at IEMT. NC21 is signed with a
refractive index nD=1.533 and used as material for micro-rods
(inclusions) in the structures. Its density, coefficient of thermal
expansion, glass transition temperature and softening point are
equal to ρ=2.50g/cm3, α20-300=82 · 10-7K-1, Tg=500oC and
DTM=530oC, respectively.
We have fabricated three all-glass PCFs with outer diameter
OD1=80±20 µm, OD2=120±20 µm and OD3=160±20 µm. For
example for OD=87.40 µm the inclusions diameter is equal to d≈3.15
µm and the pitch Λ≈4.85 µm; for OD=105.30 µm: d≈3.37 µm and
Λ≈6.11 µm, and for OD=162.00 µm: d≈5.63 µm and Λ≈9.99 µm. The
configurations of the solid microstructured cladding indicate no
change regardless of the change of the outer diameter of the
drawing fiber.
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Femtosecond supercontinuum generation in photonic
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6183-01, Session 1
Micro/nano-scale design, fabrication, and integration of
generic and application-specific optical printed circuit
boards (O-PCB) and VLSI photonic integrated circuits
E. Lee, Inha Univ. (South Korea)
(This paper is being submitted for consideration for an Invited Talk at
the SPIE Photonics Europe, Strasbourg, France, 3-7 April, 2006)  We
present, in the form of review and overview, the collective results of
our study conducted at the OPERA (www.opera.re.kr) center on the
micro/nano-scale fabrication and integration of optical waveguide
arrays and devices for applications in a newly-conceived optical
micro-system that we call “optical printed circuit board” (O-PCBs)
and for VLSI photonic integrated circuits (VLSI-PIC). The objective of
this study is to realize generic and application-specific O-PCBs and
VLSI photonic circuits (ASPIC) that are compact, high-speed,
intelligent, light-weight, low-energy and environmentally stable and
friendly for low-cost and high-volume universal applications. The O-
PCBs consist of 2-dimensional planar arrays of optical waveguide
circuits and devices of micro/nano-scale sizes and characteristics to
perform the functions of sensing, storing, transporting, processing,
switching, routing and distributing optical signals on flat modular
boards or substrates. Conceptually, the O-PCBs are similar to the
conventional electrical printed circuit boards (E-PCBs) except that
the former use optical signals and the latter use electrical signals.
The integrated optical devices include waveguides, micro-lasers,
detectors, switches, sensors, directional couplers, multi-mode
interference devices, AWGs, micro-ring resonator devices, photonic
crystal devices and plasmonic devices. Materials include polymers
and semiconductors. Some of the examples of O-PCBs and VLSI
circuits include E-PCB/O-PCB/E-PCB laminated modules, sensor
modules, CPU-to-memory chip-to-chip interconnecting O-PCBs,
and all-optical triplexer circuits for FTTH applications. For VLSI nano-
scale photonic integration and applications, we designed and
fabricated power beam splitters, wavelength splitters and filters
using photonic crystals and plasmonic structures, including quantum
scale devices. We discuss scientific issues, technological issues,
design approaches and fabrication and packaging issues concerning
the miniaturization, interconnection, and integration of micro/nano-
photonic devices and circuits and discuss potential utilities of O-
PCBs and VLSI micro/nano-photonic circuits for on-board, inter-
chip, and intra-chip applications in computer systems, telecommuni-
cation systems, transportation systems, space/avionic systems, and
bio-systems. We also discuss scaling laws for miniaturization and
integration of micro/nano-photonic devices with some examples.
Specific numbers for design, fabrication procedures for materials
and devices, and measured performance characteristics of the O-
PCBs and VLSI circuits will be presented for various functional
modules. Micro/nano-scale device characterization by NSOM, low-
coherence, AFM, and short light pulse methods will also be
described.

6183-02, Session 1
A generic lightwave integrated chip (GLIC) for fast high-
resolution wavelength monitoring
J. A. Ging, A. G. Larkin, R. F. O’Dowd, National Univ. of Ireland/
Dublin (Ireland); H. Ou, K. Rottwitt, Danmarks Tekniske Univ.
(Denmark)
Optical transmission technologies such as Wavelength Division
Multiplexing (WDM) and Dense-WDM (DWDM) have emerged in
recent years to meet the demand for higher bandwidths and data
rates. Due to the routing and add/drop capabilities of the increas-
ingly complex WDM networks, it is vital that stringent optical channel
monitoring is performed for both network maintenance and the
supervision of system performance. In the deployment of future
DWDM systems where network management oversees the optimiza-
tion of bandwidth usage, fast wavelength monitoring with high
precision will be the priority. A new method presented here has been
realised on a Planar Lightwave Circuit (PLC) in SiO2 on Silicon and it
portrays the following capabilities; sub-microsecond measurement
speed and a wavelength precision better than 5 pm.
The device is founded on the realisation of quadrature by using a

combination of Fabry-Perot cavities. Although a linear filter may be
used independently as a wavelength meter, its exactitude is variable
and due to the effective staircase nature of its response, it may fail to
give an accurate wavelength value. The multiple Fabry-Perot cavities
are then referred to a calibrated linear dielectric filter which serves as
a Look-Up Table (LUT) for the system in order to determine the
selected wavelength with a 2-5 pm precision. The Fabry-Perot
interferometer is a simple structure which consists of placing two
semi-reflecting mirrors opposite each other to form an optical cavity.
Successive reflections from the mirror faces create a multiple beam
interference pattern. In the developed PLC, a 1x4 splitter is designed
and two trenches are etched into one of the waveguide arms,
thereby establishing a Fabry-Perot cavity. The length of the
waveguide section between both trenches is crucial. The cavity on
the arm is replicated on another output arm with the exception that
there is an offset of the length between the etched Fabry-Perot
trenches. The remaining two arms of the splitter then contain a
waveguide carrying 1⁄4 of the total power directly to the output and
the linear dielectric filter before all four arms are connected to
relevant photodetectors.
The fundamental theory underlying the operation of the device is
based on the response of the Fabry-Perot interferometers. In order
to fabricate the PLC, knowledge of the distance between successive
peaks of the interference pattern or the Free Spectral Range (FSR) is
required. Selecting the output response in one of the Fabry-Perot
arms to have an FSR of 100 GHz, the waveguide length of the
“central etalon” of the multi-section Fabry-Perot interferometer may
be determined. Allowing the first order of interference to occur at 100
GHz, it is obvious that the C-band, spanning 192-196 THz will be
subject to approximately 40 repeats of the 100 GHz FSR. To obtain
an “in quadrature” response from the Fabry-Perots, there is a
condition that the responses of the two arms containing these
cavities are one quarter of an FSR out of phase with each other. It is
obvious that the response of the second Fabry-Perot arm must be
advanced by 25 GHz and thus achieving quadrature. An arbitrary
selection of 192 THz, i.e. the 1920th order of interference, will require
the FSR to be shifted at that interference order of 25/1920 = 0.013
GHz or that the FSR of the second Fabry-Perot arm be realised at
100.013 GHz. Evaluation of the physical lengths of the waveguides
depicted by the “central cavity” can be performed using the equation
(1):     FSR = c / (2*n*d)                                                   (1)
Where c is the speed of light in a vacuum, n is the effective refractive
index of the core medium and d is the length of the waveguide cavity
in question. Deriving the effective index of the core waveguide using
a Finite Element or Finite Difference Method, it is possible to then
determine the “central etalon” lengths to yield the desired FSR’s.
A suitably low finesse of the Fabry-Perot interferometers generates a
suitable elongated sinusoidal type response. As the interferometers
have been engineered to coincide with the spectral range of the C-
band, the approximately linear sections of the produced waveforms,
which are the rising and falling slopes of each FSR, overlap in such a
manner as to span the region of interest. Normalising the output of
the linear filter and both Fabry-Perot arms with respect to the direct
power transmission allows plots of the power ratio versus frequency
to be drawn. From the dielectric linear filters look-up table an
estimation of the frequency in question is obtained. Utilising this
information in conjunction with the normalised Fabry-Perot re-
sponses it is possible to determine the FSR pair corresponding to
this inferred frequency. We next distinguish the exact frequency by
differentiating which of the normalised power points intersects within
the allowable range for this FSR thus realising a wavelength-meter.
The precision of the device is found to be better than 5 pm, which is
based on the photodetectors response.
It is envisaged that a coarse channel pre-selector will be deployed
prior to the device for network applications as it is limited by the
criterion that only one wavelength may be present at any instance.
This initial filter is implemented by using a tunable Micro Electro
Mechanical System (MEMS) band-pass filter which is capable of
discriminating any channel in the ITU grid before it propagates
through the device. The compact features of the device make it an
ideal candidate for application in future silica based PLC DWDM
networks. By its generic nature the device also has applications in
optical sensing and biophotonics.
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6183-03, Session 1
Novel GaP-based dilute nitride Ga(NAsP)/GaP laser
material system for the integration of optoelectronics on
silicon
B. Kunert, K. Volz, J. Koch, T. Torunski, S. Reinhard, W. Stolz,
Philipps-Univ. Marburg (Germany)
The integration of optoelectronic devices to Silicon (Si) microelec-
tronic circuits would tremendously increase their functionality and
open-up completely new fields of applications, i.e. optical intercon-
nection at chip level. To realize an efficient laser material as light
emitting source on Si a lot of effort has been devoted to the
monolithically growth of standard direct band gap III/V compound
semiconductors on Si-substrate, i.e. GaAs/Si or InP/Si. Due to the
large lattice mismatch of these materials to the Si-substrate high
densities of threading dislocations are formed in the layers, acting
also as non-radiative recombination centres. Thus, so far no long-
term stable optoelectronic devices have been realized on Si-substrate
using these standard compound semiconductor systems.
The indirect compound semiconductor GaP has a lattice constant
almost equal to that of Si and the growth of Ga(NP)/GaP layer
sequences on Si substrates has been optimized in recent years,
leading to high structural perfection without the formation of misfit
dislocations and antiphase domains. Therefore, the realization of a
direct semiconductor on GaP substrate might lead to the real
monolithic integration of III/V-based optoelectronics and Si-based
microelectronics in the near future.
The development of such a direct band gap material system is the
focus of the present study. We present the novel direct band gap
material Ga(NAsP), which can be grown lattice-matched to GaP.
High-quality, pseudomorphically strained Ga(NAsP) quantum wells
(QWs) on GaP substrates have been grown by using low temperature
metal organic vapour phase epitaxy (MOVPE) using more efficiently
decomposing metal organic group-V-sources (tertiarybutyl arsine
(TBAs), tertiarybutyl phosphine (TBP), 1,1-dimethylhydrazine
(UDMHy)). These QWs are compressively strained without the
formation of misfit dislocations as verified by detailed high resolution
X-ray diffraction and transmission electron microscope investigations.
Temperature-dependent photoluminescence (PL) and PL excitation
measurements have been performed, proofing the direct band gap
character of the active Ga(NAsP) QWs. Efficient PL has been
observed even at room temperature. The growth of doped (AlGa)P/
GaP-separate confinement heterostructures (SCH) has been
optimized for the realisation of electrical injection laser devices.
For the first time we observed electrically pumped lasing operation of
a Ga(NAsP) SQWs pseudomorphically grown on GaP substrate at low
temperature (140K). The realized electrical injection laser applying the
novel dilute nitride Ga(NAsP)/GaP-material system already at this
early stage of development clearly underlines the potential for the
integration of III/V-based optoelectronic functionalities using this
novel material system to Si substrate in the near future.

6183-04, Session 1
Ultracompact optical link made in amorphous silicon
waveguide
R. Orobtchouk, Institut National des Sciences Appliquées de Lyon
(France); S. Jeannot, STMicroelectronics (France); T. Benyattou,
Institut National des Sciences Appliquées de Lyon (France); J. Fédéli,
P. Mur, CEA-LETI (France)
Photonic on CMOS represents the combination of CMOS technology
with integrated optics components. It can bring either a new function-
ality to the electronic circuit or the driving and the amplifying means
to the optical components. In the first case, as global interconnec-
tions are expected to face severe limitations in the future, optical
interconnects could be an alternative to electrical ones [1]. Due to the
high refractive index contrast between silica and silicon, the silicon
waveguide on SOI allows a high level of integration compare to
alternative optical technology such as doped silica [2], silicon nitride
[3] or polymer waveguide [4] on silicon wafers. As the technology is
compatible with standard CMOS processing, massive production of
low cost optical chips for future intra chip optical interconnections [5-
6] or fiber to the home telecommunication applications can be
envisioned. Hydrogenated amorphous silicon (a-Si:H) waveguide have
been also considered and present low propagation losses in infrared
range have been reported [7]. Because of the simplicity of manufac-

turing of this material, the a-Si:H based waveguide can represent an
alternative to the SOI technology for the realization of low coast
devices.
Fabrication of the waveguides on top of Integrated Circuits is followed
by the molecular bonding of InP dies, needed to perform the optoelec-
tronic components (sources and detectors).
This paper reports about the design, fabrication and experimental
passive compact building blocks (µbend of 2 µm radius, Y junction
and Multi Mode Interference (MMI) splitter of 2 µm wide and 4.2 µm
long) in a Hydrogenated amorphous silicon (H:a silicon) based strip
waveguide. The cross section of the waveguide is about 0.5 µm wide
and 0.2 µm high.
The a-Si:H layer is deposited by a Plasma Enhanced Chemical Vapor
Deposition (PECVD) method at low temperature on low refractive
index material like PECVD SiO2 witch is also act as the under and
upper cladding layers. The basic building block size have been defined
using deep UV (248 nm) lithography and an HBr etching process in a
200 mm CMOS line at CEA/LETI. Because of the low temperature
deposition process, all technological steps are under 400° C and that
is make the fabrication fully compatible with the back end of the line
integration constraints of the CMOS technology.
The modeling of the basic building block is realized with 2D FDTD [8]
method coupled with the effective index method [9] for a wavelength
of 1.3 µm. This method is less consuming in time and memory than a
3D FDTD [8], and gives the same results as regard with the devices
optimization. The 3D FDTD is only used for results validation and for
the computation losses of the devices.
As the topology of the a-Si:H and Silicon On Insulator (SOI)
waveguides are the same, a comparison between the two waveguides
technologies will be made. The experimental tests are performed at
the infrared wavelength range between 1.25 µm to 1.65 µm. The a-
Si:H strip waveguide have low losses of 6 dB/cm on two wide spectral
ranges (1.25 µm to 1.4 µm and 1.45 µm to 1.65 µm). Between these
two spectral range, the propagation losses is growing up to 15 dB/cm.
The minimum propagation losses are close to the value obtains for a
SOI strip waveguide (5 dB/cm) [10]. The other devices present the
same characteristics than those of the SOI technology. The µbend of 2
µm radius have radiation losses less than 0.08 dB/90° bend in all the
spectral range. The extra losses of the MMI splitters is about 1 dB at
1.3 µm and the increase of the losses do not exceed 1 dB on the all
spectral range. The imbalance between the 2 outputs of the MMI
splitters or the Y junction does not exceed 0.5 dB. On the other hand,
the extra losses of the Y junction increase greatly with the wavelength
(2 dB at 1.3 µm and 8 db at 1.65 µm) that make this device highly
chromatic compare to the MMI splitter.
In order to make the hybridation with III-V sources and detectors, a
compact guide to guide coupler with a length of a length of 20 µm has
been design. The fabrication of this coupler is on progress.
[1] International Technology Roadmap for Semiconductor : Intercon-
nect. http://public.itrs.net.
[2] Zhang and al. Material Letters, Vol. 12, pp. 63-66, 1991.
[3] S. Jeannot, N. Schnell, R. Orobtchouk, J.M. Fedeli, F. Fusalba, V.
Jousseaume, P. Maury, F. Gaillard, T. Benyattou, G. Passemard, Proc.
IITC Conf. San Francisco, 2004
[4] Muhannad S. Bakir, Thomas K. Gaylord, Kevin P. Martin, and
James D. Meindl, IEEE Photonics Techn. Letters, Vol. 15, pp. 1567-69,
2003.
[5] I. O’Connor, F. Gaffiot, “On-chip optical interconnect for low-
power”, in Ultra Low-Power Electronics and Design, ed. E. Macii,
Kluwer, 2004
[6] R. Orobtchouk, N. Schnell, T. Benyattou, S. Lardenois, D. Pascal,
A. Cordat, S. Laval, E. Cassan, A. Koster, D. Bouchier, N. Bouzaida, B.
Dal’zotto, B. Florin, M. Heitzmann, Z. Lamouchi, D. Louis, L. Mollard,
D. Renaud, J. Gautier,Proceedings of the IEEE 2002 International
Interconnect Technology Conference, pp. 83-85, 3-5 June 2002.
[7] G. Cocorullo, F. G. Della-Corte, I.   Rendina, C. Minarini, A. Rubino,
E. Terzini, Optics-Letters., Vol. 15, pp. 2002-4,1996.
[8] A.Taflove, S.C.Hagness, “Computational Electrodynamics : the
Finite-Difference Time-Domain Method”, Artec House, 2000.
[9]  R. K. Varshney, A. Kumar, J. of Lightwave Technology, Vol. 6, pp.
601-606, 1988.
[10] R. Orobtchouk, N. Schnell, T. Benyattou, J. M. Fedeli, Proceeding
of 12th European Conference On Integrated Optics ECIO, pp. 221-24,
2005.
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6183-05, Session 1
Cascaded AWGS for future WDM access networks
F. I. El-Nahal, The Islamic Univ. of Gaza (Palestinian Territory
(Occupied)) and Univ. of Cambridge (United Kingdom); R. J. Mears,
Univ. of Cambridge (United Kingdom)
While WDM technology is maturing in transport networks, there is a
new drive to bring WDM downstream, closer to the end user. Current
access technologies are either copper or optically-based, both of
which offer limited node complement or data rates in the Mb/s
range. Future access networks need to offer cost-effective, high
transmission capacity support for the increasing number of new
broadband end-customer services. Wavelength routing in access
networks offers the prospect of high security and increased capacity
to the end user. Moreover, the rapid deployment of WDM into the
core and metropolitan networks has cut down WDM components
costs, and pushed WDM technology closer to the end-user. The
AWG is emerging as a key WDM technology, offering high wave-
length selectivity, low insertion loss, small size, high channel count
and potentially low cost.
Here we propose passive/active Arrayed Waveguide Gratings
(AWGs) with enhanced performance for system applications mainly
in novel access architectures employing cascaded AWG technology.
Two technologies were used to achieve space wavelength switching
in these networks. Firstly, passive passband-flattened AWGs in
conjunction with a passive power splitter and an array of semicon-
ductor optical amplifiers (SOAs). Secondly, Active AWGs (active
AWG is an AWG with an array of phase modulators on its arrayed-
waveguides section, where a programmable linear phase-profile or a
phase hologram is applied across the arrayed-waveguide section).
Three stage access architectures were investigated. These architec-
tures can address up to 6912 customers employing only 24
wavelengths, coarsely separated by 1.6 nm. The results obtained
demonstrate that cascaded AWGs access architectures have a great
potential in future LANs. Furthermore, they indicate for the first time
that active AWG architectures are more efficient in routing signals to
the destination ONUs than passive AWG architectures. The power
penalty for the active AWG architectures is 0.8 dB lower than that of
the passive AWG architectures. Moreover, active AWG architectures
are less noisy, less costly and more compact.

6183-06, Session 2
Active micro- and nano-structured glass fiber and
waveguide devices
A. Schulzgen, College of Optical Sciences/The Univ. of Arizona
(USA)
Combining optical waveguide structures with electron confinement in
active materials promises photonic devices with unique optical
performances. In this talk examples are discussed to fabricate micro-
and nano-structured active devices and ways are illustrate to tailor
their optical characteristics.
As a first example we demonstrate how semiconductor quantum
dots can be incorporated in planar waveguides; an important step
towards integrated optics with functional semiconductor
nanostructures. Low propagation loss waveguides are fabricated by
ion-exchange processes in glasses that contain PbS quantum dots
with radii of a few nanometers. The size-dependent near-infrared
optical properties of these quantum dots are shown to remain intact
throughout the fabrication.  In addition, we will show novel compact
fiber lasers based on microstructured optical fibers and large co-
doping with active Er and Yb ions. The flexibility in microstructure
fiber design results in improved fiber laser performance.  We
demonstrate several Watts of output power from a few cm short
single mode fiber lasers with microstructured cladding and large
core areas. Finally, we will also discuss our efforts to build fiber
lasers that contain multiple cores within the same fiber.

6183-07, Session 2
Novel polymer waveguides consisting of an alicyclic
methacrylate copolymer
Y. Ichihashi, P. Henzi, M. Bruendel, D. G. Rabus, A. Welle, J. Mohr,
Forschungszentrum Karlsruhe (Germany)
We investigate the Deep UV-induced refractive index modification of
alicyclic methacrylate copolymers for realizing integrated optical

circuits for the development of cheap, disposable integrated optical
sensors for chemical and biological monitoring. Modifying the
physical and chemical properties of polymeric materials by ionizing
radiation is a practicable and economical method for industrial
applications. The UV- induced change of the refractive index has
been extensively exploited in the fabrication of fibre Bragg gratings in
photosensitive glass. The photo-induced refractive index change in
oxide glasses is used as well to fabricate optical elements such as
channel waveguides or gratings by the use of direct laser writing. On
the other hand only a few publications are available about the photo-
induced refractive index modification of polymers for the fabrication
of planar waveguide circuits which will be addressed in this paper.
An extremely useful class of low cost thermoplastic polymers, which
exhibit a significant increase in refraction index through application
of ionizing radiation, such as ion and deep ultraviolet (DUV) radiation,
are methylmethacrylate polymers. Compared with other optical
polymers, such as polycarbonate, poly(methyl methacrylate) (PMMA)
has a lower refractive index, higher water absorption and its thermal
stability is insufficient for some application. In order to improve the
physical and chemical character of PMMA, we changed the structure
of a side chain of PMMA and introduced an alicyclic group. We
focused on the alicyclic methacrylate copolymers and investigated
the change of the physical and chemical properties of the material by
deep UV exposure.
Alicyclic methacrylate copolymers were obtained from Hitachi
Chemical Co., Ltd. as OPTOREZ-Series (OZ-1000, 1100, 1310 and
1330). The structuring of the waveguides was carried out by a
conventional photolithographic technique. The UV-irradiation results
in a local and controllable increase of the refractive index in the
exposed areas of the polymer surface generating the integrated-
optical waveguiding structures in a planar polymer plate. Only a thin
surface layer of a few micrometers is modified by the DUV-light,
therefore only a single homogeneous polymer layer is required,
which serves as the substrate and waveguide as well and no further
etching or development step is required. The use of a single polymer
substrate avoids the large mismatch of coefficients of thermal
expansion (CTE) between polymeric and inorganic materials, which
leads to birefringence in the polymer layers and results in tempera-
ture sensitive devices. Thus athermal and low polarization sensitive
polymer devices can be fabricated by employing a single substrate
with a coefficient of thermal expansion matching that of the modified
surface waveguide layer due to only marginal structural modification.
Basic components like y-branches, directional couplers, multimode-
interference coupler (MMI) are fabricated to show the feasibilities and
limits of this technology. The devices were designed and fabricated
for the visible and NIR wavelength region. All transmission experi-
ments were carried out using randomly polarized light. The minimum
propagation loss of the straight waveguide of OZ-1100 and OZ-1310
was 2 dB/cm at 1550 nm. These losses were measured with cutback
method. The fiber-to-chip coupling is 0.7 dB per facet. These values
are sufficient for short distance and sensor applications. Furthermore
we can show that these alicyclic methacrylate copolymers have a
better thermal stability and a higher refractive index than conven-
tional PMMA waveguides.
In addition, the waveguides can be integrated in micro-fluidic
devices to further enhance the device functionality. The combination
with fluidics and biological substances offer the possibility to build a
biosensor with various optical components. Furthermore DUV
irradiation leads to a new surface chemistry affecting the selective
adsorption of proteins and the adhesion of living cells in vitro. The bi-
functionality of the modified polymer chips supporting waveguides
and cell anchorage capabilities at the same time provides the
opportunity to monitor biochemical processes and cellular processes
in situ and in real time. Different examples showing the bi-functional-
ity of the developed process will be given.

6183-08, Session 2
Adaptable integrated optical phase modulator array using
liquid crystals
K. Kaur, M. Schmiedchen, T. T. Tschudi, Technische Univ.
Darmstadt (Germany)
Microwave technologies and Optical data transmission have greatly
evolved over the last decade. Accordingly, there is a high demand
for both, active and passive components (like switches, filters,
modulators, and so on), which are suited for the manipulation of
microwave-and optical-frequencies. In this paper we propose an
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adaptable integrated optical phase modulator array based on liquid
crystals. Implemented on a single chip together with a multiplexing
stage, this electrically controllable active component is capable of
generating arbitrarily phase shifted microwaves for DOA (destination
of arrival) techniques. Two fibre-coupled, stabilized IR-laser diodes
are fed into the device. Both lasers are separated from each other by
the desired microwave frequency (for example, 40 GHz). Generation
of the desired microwave is conducted by transforming the beat
frequency after a multiplexing (MUX) stage into electrical signals.
Then after passing through a demultiplexer (DEMUX) one of these
laser frequencies split into N channels. Optical phase shifts are
applied to each of these channels. The two frequencies are then
recombined using multiplexing techniques, thereby, realising an N-
channel microwave phase shifter. At the output, the phase shifted
beams can be made to interfere in phase in any desired direction
and out of phase in the other undesired directions by introducing a
proper phase shifts in their paths and by placing the elements of the
array properly. The beam will become sharper as the number of
elements in the array is increased.
The basic structure of the phase modulator array consists of an
embedded polymer channel waveguide with an active zone at its
output end for introducing a phase shift. The polymer waveguide is
fabricated by direct ultraviolet photolithography process. A hybrid
organic/inorganic polymer ORMOCERTM having negative resist
behaviour is used. This polymer has many desirable properties, such
as tunable refractive index, low optical losses, low processing
temperature, good adhesion on a wide range of substrates, and
easily photopatternable. Liquid crystals form the active region of the
modulator. Owing to its low driving voltage and mature (low cost)
fabrication technology, liquid-crystals are excellent candidates for
phase shifting applications. The light is guided by the waveguide into
the liquid crystal part where its phase can be changed. This is
achieved due to the versatile electro-optic behavior of liquid crystals.
A potential difference is applied across the liquid crystals for realizing
the phase shift. An array can be realized by having such active
elements side by side in a plane.
Such a phase shifting element of the array has been built. It is
composed of ORMOCLADTM (clad material for waveguide struc-
tures with refractive index of 1.538\@635nm) layer spin coated on an
ITO coated Si substrate. An ORMOCORE TM (core material for wave
guiding applications with refractive index 1.553\@635nm) layer is
then spun over the clad layer and patterned to have waveguide
stripes by UV exposure. This is then covered with an upper clad
coated on (ITO coated) Si substrate having spacers in between. The
spacers are fixed with the help of UV curable glue. In order to retard
the light a liquid crystal (ZLI-5049-100 TM) is filled between two Si
substrates at the exit part of the waveguide. So the phase shifter has
a liquid crystal cell built at the waveguide end. A mechanically
rubbed polyimid layer is used in normal liquid crystal cells for
aligning the liquid crystal molecules. In case of our element, we
achieve this alignment by rubbing the ORMOCLAD layer. Good
alignment results have been obtained by rubbing this clad layer. The
LC molecules are aligned parallel to both the substrates. Light is
coupled to the waveguide and is guided to the liquid crystal filled
part. A phase shift is obtained by applying a potential difference
across upper and lower substrates with LC filled in between. This
phase shift is measured experimentally and is compared with the
theoretical calculations.
Our next aim is to increase the number of such elements, lying side
by side on the substrate, to N thereby, giving rise to a 1XN splitter.
The beam passing through each splitted path is retarded by applying
an appropriate voltage difference across the active liquid crystal
zone. This results in a device generating phase controlled micro-
waves. The direction of the output beam is controlled by changing
the phases of these beams appropriately with respect to each other.

6183-09, Session 2
Optical and acoustical ridge waveguides based on
piezoelectric semiconductors for novel integrated
acoustooptic components
J. Brückner, U. Geyer, G. Bastian, B. Daniel, M. Hetterich, Univ.
Karlsruhe (Germany)
The interaction of surface acoustic waves (SAWs) and light is
spatially restricted to a region close to the surface approximately
given by the acoustical  wavelength. Therefore optical waveguides
very close to the surface are required for high-frequency i.e. short-

wavelength acoustic waves. In contrast to existing collinear
integrated acoustooptical devices we are aiming at the regime where
the optical  and acoustical wavelengths are comparable.  The
periodically modulated refractive index caused by the SAWs may
serve as a tunable and switchable optical add/drop comparable to
fiber Bragg gratings, though not static.
Another aspect of this regime is the phonon energy, which is non-
negligible compared to the energy of the photons. So a significant
energy shift i.e. wavelength conversion caused by scattering
processes can be exploited.
Existing integrated optical waveguides based on silica, SOI,
lithiumniobate or III-V semiconductors are not suitable for a
realization of such components, due to small piezoelectric coeffi-
cients or weak optical confinement.
In contrast, heterostructures made of II-VI compounds are promising
candidates for the proposed applications.
Using Beam Propagation simulations we developed an optimized
ridge waveguide structure based on a CdSe/CdS heterostructure,
grown by molecular beam epitaxy. The waveguide is defined by wet-
chemical etching using a standard photoresist mask.
The mode field dimensions are about 1 µm x 2 µm, which requires
fiber coupling using lensed fibers. We present measured coupling
and propagation losses and discuss the integration with acoustical
waveguides.
Funding from the Center for Functional Nanostructures (CFN) and
The Research Training Group 786, both of the German Research
Foundation (DFG) is acknowledged

6183-10, Session 2
Photonic integrated circuits based on novel glass
waveguides and devices
Y. Zhang, W. Pan, D. Zhang, T. M. Benson, P. Sewell, D. Furniss, A.
B. Seddon, The Univ. of Nottingham (United Kingdom)
Novel materials, micro- and nano-scale photonic devices, and
‘photonic systems on a chip’ have become the latest focuses in the
area of photonic research and development globally. This interest is
driven by the rapidly growing demand for broader bandwidth in
optical communication networks, and higher connection density in
the interconnection area, as well as a wider range of application
areas in for example health care, environment monitoring and
security.
Novel glasses, such chalcogenide, heavy metal fluoride and
fluorotellurite glasses, together exhibit wide transmission windows,
across ultraviolet to mid-infrared, and combine high optical non-
linearity with the ability to include active dopants for incorporating
different functionality and forming different optical components. The
novel idea of using a single mode large cross-section glass-based
waveguide as an optical integration platform is an evolutionary
innovative solution for the monolithic integration of optical compo-
nents, in which the glass-based structures act both as waveguides
and as an optical bench for integration.
We will describe a range of techniques for fabricating photonic
integrated circuits and devices based on novel glasses we have
demonstrated. One is fibre-on-glass (FOG), in which the fibres can
be doped with different active dopants and pressed onto a glass
substrate with a different composition using a combination of low-
temperature thermal bonding and mechanical compression. Another
is the hot-embossing of novel glasses for the fabrication of glass-
based PIC waveguides and devices, in which a silicon mould is
placed on top of a glass sample, and hot-embossing is carried out
by applying heat and pressure. Designs and experimental results
based on these novel glass-based photonic circuits will be pre-
sented.

6183-11, Session 3
Application of the RCWA to the vectorial analysis of
aperiodic photonic devices in integrated optics
P. Lalanne, J. Hugonin, Institut d’Optique (France)
The Rigorous Coupled Wave Analysis (RCWA), also known as the
Fourier Modal Method, is a powerful numerical tool for analysing the
diffraction by gratings. The method has been developed over many
year.
In fact, the RCWA can be also used with an artificial periodization
and perfectly matched layers for analysing non periodic diffraction

Conference 6183: Integrated Optics, Silicon Photonics,
and Photonic Integrated Circuits



48 An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe

problems especially in integrated optics [P. Lalanne and E.
Silberstein, OL 25, 1092 (2000), J. Tervo et al. Opt. Comm. 198, 265
(2001). E. Silberstein et al. , JOSAA 18, 2865 (2001), J.P. Hugonin
and P. Lalanne, JOSAA 22, 1844 (2005).].
The first part of the presentation will describe (in an intuitive way ) the
mathematical concepts required for formulating rigorously an open
diffraction problem as a periodic one.
A review of recent results obtained with an efficient implementation
of the method will be provided. The performance will be illustrated
through 3D numerical examples obtained for photonic
nanostructures, and especially photonic-crystal microcavities and
waveguides.

6183-12, Session 3
Electromagnetic modal approach to analyzing
microcavities
T. H. Vallius, J. Tervo, P. Vahimaa, J. P. Turunen, Joensuu Yliopisto
(Finland)
Recently, there has been a great deal of interest in applying one of
the most common method of rigorous diffraction theory of gratings,
outside the domain of traditional diffractive optics. The approach has
been proved both reliable and efficient in the analysis of waveguides,
photonic crystals, and integrated optics as well. The efficiency of the
Fourier series combined with absorbing boundary conditions have
opened new prospect to. Unorthodox applications to non-periodic
structures have drawn attention and sometimes even outperformed
traditional approaches. Since general resonators produce polychro-
matic fields with various time dependencies, electromagnetic
analysis has usually been carried out by using time-domain ap-
proaches, such as the finite-difference time-domain method. This is
quite surprising since lasers in the stable state have stationary time
dependence and can thus be modeled by using frequency domain
approaches to each harmonic component of the polychromatic field.
Therefore grating theory was introduced to analyze resonators with
S-matrix treatment. In physical optics we may govern the propaga-
tion within the resonator by propagation operators. Assuming that
the field distribution does not change during each round-trip in the
resonator, we can form an eigenvalue equation that yields the
resonance modes of the resonator. Now we make an electromag-
netic generalization of the resonator equation of physical optics by
using S-matrix treatment of the structure. Rigorous diffraction theory
gives the propagation operators that are applied to building the
resonator equation.
The presented method do not involve approximations but is a
complete solution of Maxwell’s equations and boundary conditions.
The numerical efficiency of the approach is high enabling efficient
computation of the field distribution within the resonator.

6183-13, Session 3
Variational approach to dispersion-managed solitons
M. F. Ferreira, M. H. Sousa, Univ. de Aveiro (Portugal)
New ways in optimization of existing telecommunication systems
based on dispersion management technology attracted recently
wide research interest from soliton-based groups. The main idea was
to combine a high local group-velocity dispersion with low path-
average dispersion. The former feature results in the reduction of the
four-wave mixing while the latter one reduces the Gordon-Haus
timing jitter effect. Due to their characteristics, dispersion-managed
(DM) solitons offer tremendous advantages that make them a
preferred option for upgrading the embedded fiber plant and for use
in new ultrahigh-speed multiplexed systems operating at 40-Gbit/s
per channel. One of the most remarkable features of dispersion-
managed solitons is that they can exist even where the average
dispersion is zero or normal. This result opens the prospect of
wavelength-division multiplexed soliton systems with wavelengths
near zero dispersion.
While numerical simulations of the governing equations accurately
capture the pulse dynamics of dispersion-managed systems, serious
design optimization requires intensive computation. This process is
generally much too time consuming and there is no guarantee of
obtaining a stationary solution that corresponds to the desired pulse
characteristics. Thus an analytic framework is necessary to under-
stand the fundamental interactions of the pulse dynamics with the
dispersion fluctuations and nonlinearity, as well as to achieve an

optimum design of dispersion-managed fiber systems.
In this paper we use a variational approach to reduce the governing
equation in the case of a periodic dispersion-managed fiber system
to a coupled set of nonlinear ordinary differential equations (ODE’s).
Numerical simulations show that the ODE model accurately captures
the pulse dynamics as governed by the dispersion-managed
nonlinear Schrödinger equation (DMNLSE). The phase-plane
dynamics of the reduced system, particularly the existence and
stability characteristics of the fixed-points, are explored. We
consider the cases in which the average dispersion is anomalous,
zero or normal.
The obtained results are valid for an arbitrary pulse profile. However,
we will consider particularly the Gaussian and the super-Gaussian
type pulses. This study is then extended further to the case of
birefringent fibers where we deal with the vector DM pulses that are
governed by the coupled DMNLSE.
Moreover, the adiabatic evolution of the dispersion-managed pulse
parameters under perturbations is obtained. These dynamical
systems of the pulse parameters, thus obtained, give us useful
estimates of the effect of perturbations on the soliton propagation,
such as the amplifier noise, higher-order dispersion, intrapulse
Raman scattering, the nonlinear interaction with other solitons, etc.

6183-14, Session 3
Design optimization of SiGe/Si: modulation-doped
multiple quantum well modulator for high-speed
operation
S. B. Maine, D. Marris-Morini, L. Vivien, D. Pascal, E. Cassan, S. C.
Laval, Univ. Paris-Sud II (France)
Global metallic interconnects in silicon CMOS integrated circuits
introduce more and more limitations due to the increasing of RC
delays, power consumption, and timing of signals. According to the
ITRS roadmap, the use of optical interconnects is a possible solution
to overcome these limitations. Compatibility with integrated
microelectronic circuit can be obtained using silicon on insulator
substrate. The optical distribution from one input to several outputs
as well as high speed photodetectors have already been demon-
strated [1].
We report in this communication efforts on the development of fast
(\>5GHz) integrated optical modulator on SOI substrates. Physical
properties of silicon are not propitious to the conception of such
devices due to indirect bandgap and crystal symmetry (no Pockels
effect), so that reaching the target frequency operation is a real
challenge that needs advanced optimizations.
A structure based on the free-carrier-induced electrorefractive effect
(plasma effect) in Si/SiGe quantum wells, with modulated doping,
placed in the intrinsic region of a PIN diode has been proposed. The
measured variation of the effective index was typically 2.10-4 for a
0V to 6V reverse voltage bias variation. This effective index variation
produced by the carrier depletion under a reverse bias leads to a
phase modulation of the guided wave. Intensity modulation is then
obtained using interferometers like Fabry-Perot cavities or Mach-
Zehnder, or ring resonators. The main parameters to realize efficient
optical modulator are the length allowing to perform a π phase-shift
(Lπ=λ/2∆n, where ∆n is the variation of effective index and λ the
wavelength), the device losses πLπ, and the RC cutoff frequency
(fc=1/2πRC).
This study is focused on the integration of doped modulation SiGe/Si
quantum-well optical modulator in SOI submicron rib waveguides
presenting optical losses lower than 0.4dB/cm [1]. The silicon layer
thickness and the wavelength are fixed to 380nm and to 1.31µm,
respectively. Simulations of the geometrical parameters influence
(waveguide width, etching depth, number, position and size of
quantum wells...), of layers-doping and of the position of the metallic
contacts have been carried out to define optimized modulation
structures. Low loss modulators have also low cutoff frequencies
and inversely high frequency cutoff modulators have high losses.
Then, a compromise between both cutoff frequency and loss has to
be determined. The complicated influence of all parameters on
frequency operation and optical loss levels will be presented, as well
as the overall optimization of such optical modulators. Following first
estimations and fixing maximum loss lower than 5dB, the 3dB
frequency bandwidth is higher than 10GHz with a Lπ of 0.21cm for a
reverse voltage bias of 6 V. The obtained factor of merit (Lπ*Vπ* is
then of 1.26 which can be favorably compared with the best results
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obtained with optimized MOS capacitor modulator [2].
[1] S. Lardenois, D. Pascal, R. Orobtchouk, M. Heitzmann, N.
Bouzaida, L. Mollard, L. Vivien, E. Cassan, and S. Laval. Low-loss
sub-micrometer SOI rib waveguides and corner mirrors. Optics
Letters, 28:1150-1152, 2003
[2] L. Liao, D. Samara-Rubio, M. Morse, A. Liu, D. Hodge. High
speed silicon Mach-Zehnder modulator. Optics Express, Vol.13, No.
8, 2005

6183-15, Session 3
Design and fabrication of high-performance multimode
interference couplers in silicon-on-insulator
F. P. Payne, Univ. of Oxford (United Kingdom)
We show that by incorporating a filter that removes unwanted stray
light, high perfromance multimode interference couplers with
uniformity in splitting ratios of better than 0.03 dB can  be designed
and fabricated in silicon-on-insulator waveguide technology, allowing
the fabrication of very high extinction ratio switches and modulators.
The multimode interference (MMI) coupler is now widely used in the
design and fabrication of integrated optical circuits, and finds
particular application as a building block in Mach-Zehnder based
modulators and switches. The performance of a modulator or switch
is very much determined by the uniformity in the splitting ratio of the
couplers used. In particular, the extinction ratio of a modulator or
switch is very sensitive to non-uniformities in the output arms of the
couplers. Current MMI couplers typically achieve uniformity in
splitting ratio of about 0.3 dB, a value that is still too high for very
high performance modulators and switches. A principal cause of
non-uniformity in MMI components is unwanted stray or scattered
light causing interference in the output arms of the couplers.
Although well known to designers of integrated optical circuits, it is a
problem that has received relatively little attention in the literature.
Stray light typically manifests itself when light is launched from an
optical fibre into the fundamental mode of a single mode integrated
optical waveguide, usually, but not always, at the input of a planar
lightwave circuit. Because of the inevitable mismatch between the
fibre mode and the waveguide mode there is always some coupling
loss which results in stray light not guided by the waveguide.
The aim of this paper is to show that, by incorporating an absorption
filter that removes unwanted stray light from the input to an MMI it is
possible to fabricate MMI couplers in silicon-on-insulator waveguide
technology with uniformities in splitting ratio as low as 0.03 dB.
In a recent paper we have described the design and fabrication of a
waveguide filter in silicon-on-insulator technology that significantly
absorbs stray light. Our design of stray light attenuator exploits free
carrier absorption in n-doped silicon.
A series of 1x2 MMI splitters were designed and fabricated in silicon-
on-insulator waveguide technology. In some devices the input to the
MMI was preceded by a stray light filter, and in others the filter was
omitted. Light was launched at the input to the devices using an
SMF 28 fiber. Because of the mismatch between the fiber mode and
the input silicon waveguide mode, some scattered light was
inevitably generated. The output arms of the MMI splitters were
scanned with an SMF 28 fiber. In the case of the splitters without a
stray light filter, the mean value of the measured uniformity was
0.57dB, a value typical of current designs. In the case of the MMIs
which were preceded by a stray light filter the uniformity was
significantly improved, and a typical measured was 0.015dB. The
mean uniformity of all MMIs measured with a stray light filter was
0.033dB
By incorporating a stray light filter into the design of MMI couplers
we have demonstrated the fabrication of MMI splitters with unifor-
mity in splitting ratios of better than 0.03dB. To our knowledge this is
the best ever achieved for these components, and opens the way for
designing and fabricating very high performance modulators and
switches.

6183-16, Session 3
New characterization dynamic methods for Er/Yb
codoped phosphate glass waveguides
J. A. Valles, M. A. Rebolledo, J. Used, Univ. of Zaragoza (Spain)
Erbium-doped waveguides are nowadays presenting a great
technological interest because of their use as amplifiers in high
functionality integrated structures and as cw or pulsed tuneable laser

sources for optical communications, optical storage, medical
applications, etc. [1]. In particular, Er/Yb-codoped waveguides in
phosphate glass are used to develop almost-polarization-independent
high-gain integrated optical amplifiers. Phosphate glasses are
excellent for rare-earth host materials and the ytterbium codoping
offers the advantage of a ytterbium large absorption cross section
near 980 nm, and a good spectral overlap of its emission with the
erbium 4I15/2 (r)≠ 4I11/2 absorption, leading to an efficient energy
transfer from ytterbium to erbium [2].
In order to optimise these devices, a detailed knowledge of their
characteristic parameters (absorption and emission cross sections,
energy transfer and upconversion coefficients, propagation and
insertion losses, etc.) is required. New characterization techniques
were developed for transversally accessible waveguides, that allowed
the determination of the absorption and emission cross section
distributions for several transitions of the erbium ion [3] and of some
other parameters as cooperative upconversion coefficients or excited
states absorption cross sections [4]. In the case of packaged
waveguide modules, these parameters can be obtained by fitting the
measured optical powers at the input and output ports, when the
waveguide is cw-pumped, to numerical results of the detailed
propagation of all the involved optical powers inside the waveguide
[5]. However, the accuracy of these results may be seriously affected
by the unavoidable errors, when measuring absolute optical powers
and insertion losses. In order to avoid these drawbacks, it seems as
advisable to develop new characterization techniques, based on the
dynamical behaviour of the optical powers for modulated pumping.
Then, only more-accurate relative measurements are required.
In this paper we present a characterization technique of Er/Yb-
codoped phosphate glass waveguides, based on the measurement of
the dynamical behaviour of optical powers for square-wave modulated
pump. An Er/Yb-codoped phosphate glass provided by Teem
Photonics was used for the experiments and two different setups were
required. First, an optical amplifier was built, using the waveguide as
active medium, and the relaxation of the copropagating amplified
spontaneous emission (ASE+) powers were measured as a function of
pump power modulation amplitude. Note that, not only the mecha-
nisms that influence the population dynamics but also signal reabsorp-
tion and stimulated emission phenomena are significant in the optical
powers propagation along the waveguide.
Secondly, the waveguide was used for building a tuneable ring laser
and the evolution of the laser power was measured. After the pump is
switched on and before stationary regime is achieved, the laser power
evolution follows a dumped oscillation. The pump power was
modulated at a frequency of 100 Hz and for several pump powers the
evolution of the laser power was measured for the whole wavelength
range where oscillating behaviour showed up. The relevant parameters
in these measurements are the frequency of the oscillations, the
relaxation rate and the delay between the pump switch-on and the
starting of the oscillations.
In order to determine the waveguide characteristic parameters, we
have adapted to the Er/Yb-codoped system in phosphate glass the
model in Ref. 6, and have extended its applicability to calculate the
dynamical propagation of the optical powers along the waveguide.
This model describes not only the population dynamics but also the
time dependence of the propagation of the optical powers along the
active waveguide. The fitting process between the experimental and
numerical values can be further simplified by assuming some
reasonable approximations. Once the fitting process is carried out, the
best-fit parameters are summarized and their reliability is fully
discussed.
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6183-49, Poster Session
Time-domain modeling and filtering behaviour of guided-
wave optics by Hertzian potentials
A. Massaro, L. Pierantoni, T. Rozzi, Univ. Politecnica delle Marche
(Italy)
This work analyzes a new efficient algorithm for evaluating the time-
domain electromagnetic (EM) field and the filtering behaviour of
periodical waveguide, by reducing the number of equation to solve.
The scalar Helmholtz-equation is utilized in order to determine the
electric and magnetic Hertzian-potentials that represent the EM field.
The principle of the method is demonstrated by a simple 2D applica-
tion to a multilayer dielectric stack at optical frequency.

6183-50, Poster Session
Large-diameter optical receivers into optical receivers with
large-diameter photodiodes
R. Swoboda, Technische Univ. Wien (Austria) and A3PICs  Electronics
Development GmbH (Austria); K. Schneider, H. Zimmermann,
Technische Univ. Wien (Austria)
This work presents two types of large-diameter optical receivers. Both
are optoelectronic integrated circuits (OEICs) realized in 0.6µm
BiCMOS Si technology integrating PIN photodiode, transimpedance
amplifier (TIA) and output circuit.
The two presented examples of optical receivers (ORs) also represent
the two main areas of application. On one hand there is an OR for the
use in optocouplers (OCs) and on the other hand a receiver for plastic
optical fibres (POF). They have in common, that the photodiode is very
large. This offers the advantage that the positioning of the POF or
packaging for OCs is much easier and of course cheaper than with
receivers with small photosensitive area, e.g. glass fibre receivers. This
is important for mass products like OCs and for short-distance optical
interconnects which are used e.g. in automotive applications.
The drawback of the large-diameter photodiode is the limited speed,
due to the huge capacitance at the input node of the TIA in the order of
several pF. Besides the influence on the bandwidth, the large input-
node capacitance of the TIA also may result in lower sensitivity, which
can be critical for the POF receiver.
Optocoupler:
The receiver for the OC consists of a PIN photodiode with the diameter
of 780µm followed by a TIA. The PIN photodiode produces in linear
dependence on the incident light a photocurrent IPH which contains
the binary information. A “1” means high optical power; a “0” means
low optical power, which converts into a high or low current at the
photodiode. A TIA converts this photocurrent IPH into a voltage VTIA.
Due to the fact that a digital signal is received a decision circuit is
implemented on chip. A dummy TIA is used for the generation of the
reference voltage used by the decision circuit. The decision circuit is
followed by a 50 Ohm driver for characterisation purposes.
The chip was glued and bonded to a laminate for the measurements,
which were done with a 850nm laser source. An ac-response was not
measured due to the fact, that this is not useful because of the
decision circuit. The supply voltage is 5V and the current consumption
depends on the incoming light. Without light the receiver consumes
9mA, with incoming light with a data rate of 50Mb/s 10mA and for a
data rate of 100Mb/s it consumes 12mA. Compared to [1] with a
700µm-diameter photodiode, a 5 times higher data rate is achieved.
Transient measurements showed a rise- and falltime of 5ns and 4.9ns,
respectively, measured with a data rate of 50Mb/s and an average
optical input power of -13.8dBm. The rise- and falltime are, therefore,
about three times shorter than [2]. The chip still works at 100Mb/s, but
pulse width distortion occur at this data rate, due to the decision
circuit.
POF receiver:
Basically the POF receiver again consists of an integrated PIN-
photodiode, a TIA and a differential limiting amplifier chain to interface
to 50 Ohm devices. Since the optical signal and also the current IPH
has an average value, there must exist a lower cut-off frequency to clip
the “1”s and “0”s symmetrically with a limiting amplifier. Since a
normal RC high-pass AC coupling with low cut-off frequency of around
60 kHz cannot be implemented in integrated circuits, the AC-coupling
was realized with the help of an artificially band-limited dummy-TIA
and a PI-controller, which injects the average value of the photocurrent
IAVGPD into the dummy TIA. The swing of VTIA is now symmetrically
referenced to VDummy-TIA, so this voltage difference can be sym-

metrically clipped by differential limiting amplifier chains to achieve a
large optical dynamic range with the upper limit of the average
optical power of 0dBm.
The integrated PIN photodiode has a large diameter of 500µm and
its capacitance is in the order of 3pF. The responsivity of the
integrated photodiode at 660nm is 0.36A/W and at 850nm it is
0.26A/W.
Ac-measurements were done at two wavelengths (660nm and
850nm) with a prior calibration cycle to remove the frequency
responses of the laser diodes and cabling. The stimulating optical
powers were chosen so low that the receiver was below clipping.
Measurements show upper 3dB cut-off frequencies of 165MHz at
660nm and 148MHz at 850nm.
Transient response was again measured at two different wave-
lengths of 660nm and 850nm and with low optical powers to avoid
saturation of the receiver. The lasers were modulated by a rectangu-
lar signal with a frequency of about 30MHz. The reached 10%-90%
rise- and fall-times were for 660nm a risetime of 1.78ns and a falltime
of 2.45ns, and for 850nm a rise time of 1.94ns and a falltime of
2.5ns.
Bit-error-measurements at 250Mbps showed sensitivities of -
23.0dBm at 660nm and  -22.8dBm at 850nm for a POF receiver with
an integrated large-diameter photodiode of 500µm. The receiver was
implemented in a modified 0.6µm BiCMOS process. The power
consumption of 66mW (including the power consumption of the
50Ohm driver of 29.7mW) can be reduced in further designs, since
this chip was built only for demonstration purposes without
optimization for low-power consumption.
Conclusion: The presented examples of OIECs in a 0.6µm BiCMOS
technology showed the capability of optical receivers with large
photodiode diameters of 500µm and 780µm. The results show that
the advantages of easier handling and positioning of the devices and
POFs do not have to be paid for by low performance. The rise/fall
times and the data rates even were increased by factors of 3 to 5.
References:
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“A 20 Mbit/s Integrated Photoreceiver with Digital Outputs in 0.6 µm
CMOS Technology”, Proc. 28th ESSCIRC, pp. 503-506, 2002.
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6183-51, Poster Session
Novel polarization-independent guided-mode resonator
using single-layer silica microspheres
F. Hsiao, C. Huang, National Central Univ. (Taiwan); C. Chan, Asia
Vision Chemical Materials Tech. Co., Ltd. (Taiwan); C. Chen, National
Central Univ. (Taiwan)
In this work, we present a novel structure of guide mode resonator.
The silicon thin film is adopted for the waveguide in the guide mode
resonator. In the conventional guide mode resonator, the diffraction
gratings are fabricated on the surface of the waveguide. The
conventional devices are, in general, polarization-dependent. We
replaced the diffraction grating by the hexagonally packed, single-
layer silica microspheres. The 3-dimensional FDTD method is
adopted to simulate the performance of the guide mode resonator.
The simulation results show that the guided-mode resonator can be
polarization-independent. We deposited the closely packed single
layer silica microspheres on the silicon layer grown on quartz. The
measurement result shows that the guide mode resonator performs
as a polarization-independent filter at the wavelength of 1328nm with
a full-width at half-maximum of 80nm.

6183-52, Poster Session
Design of the semiconductor polarization controller
based on the electrooptic effect
S. Haxha, F. AbdelMalek, Univ. of Kent at Canterbury (United
Kingdom); A. B. M. Rahman, City Univ. (United Kingdom)
DESIGN OF THE SEMICONDUCTOR POLARIZATION CONTROLLER
BASED ON THE ELECTROOPTIC EFFECT:
S. Haxha, F. AbdelMalek and B. M. A. Rahman
Photonics Group, Department of Electronics, University of Kent,
Canterbury
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Designing new high speed electrooptic semiconductor polarization
controllers is significantly important for realization of future optical
communication systems. Effective polarization controllers should be
able to meet the increasing demand of the huge quantities of data in
multimedia and internet-based communication systems. One of the
major obstacles in realization of future ultra-high speed communica-
tion systems is polarization mode dispersion. Polarization mode
dispersion causes serious problems in fibre-optic transmission
systems, such as high-speed dense wavelength division multiplex-
ing, long-distance lightwave and multichannel cable television
transmission systems, and as bit rates increase to 40 Gb/s and
beyond, its effect will be even greater. Therefore, low insertion loss
and monolithically integrated polarization controllers would have
significant impact in such systems. Polarization controllers are key
components for such systems to overcome problems associated
with polarization mode dispersion [1].
In ultra-high-speed communication systems it is always necessary to
manipulate or convert optical polarization states in waveguide
devices, and an effective polarization controller should be capable of
transferring any general input polarization into the desired output
polarization. This can be realized optically and electrically, depending
on the polarization controller design. Electrical polarization control-
lers are compact, and optimization of the metal electrodes can be
achieved to avoid speed limits, such as velocity matching between
optical and electrical signals [2]. Passive polarization controllers
usually consist of multiple sections, resulting in the increase of the
component length, high coupling losses between adjacent sections
and the difficulty in fabricating multisection devices.
In this work, a study of a new electrically tuned polarization controller
based on the semiconductor platform along with the key fabrication
tolerances using rigorous full vectorial finite element techniques is
carried out. So far most of the reported polarization controllers are
designed on the lithium niobate materials or fibre optic based. The
disadvantage of the lithium niobate polarization controllers is that
they can not be fully integrated with other semiconductor optoelec-
tronic devices. Whereas, semiconductor polarization controllers can
be monolithically integrated with other electronic and photonic
devices, leading to possible realisation of compact optoelectronic
integrated circuits (OEICs).
Full vectorial modal solution in conjunction with electrooptic solver
and fully vectorial least squares boundary residual (LSBR) method [3]
are employed to investigate polarization conversion and optimise the
key fabrication parameters of the polarization controller. These finite
element based techniques have been considered to be accurate and
versatile and they have been employed to design, analyse and
optimize optical and microwave properties of lithium niobate [4] and
semiconductor electrooptic modulators [5] and [2]. This research
work clearly demonstrates that the use of full vectorial simulation
techniques is mandatory in order to design and optimise fully
integrated PCs. The power transfer between two fundamental
transverse electric (TE) and transverse magnetic (TM) optical modes
has been investigated. The effect of fabrication parameters such as
the modulating voltage and other waveguide dimensions on the
polarization conversion has been carried out.
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6183-53, Poster Session
Polymeric variable optical attenuator based on surface
plasmon polariton
S. Park, Y. Eom, Electronics and Telecommunications Research
Institute (South Korea); H. S. Won, S. H. Song, Hanyang Univ. (South
Korea)
Surface plasmon polaritons (SPPs) represent waves that can
propagate along an interface between a metal and a dielectric. The
SPP field is strongly enhanced at the interface, and a condition that
generates SPPs is sensitive to interface properties. The SPPs have
been widely utilized in a number of optical devices. Current re-
searches are focusing on the usage of SPPs for guiding in integrated
optical devices. For a sufficiently thin metal film embedded in
dielectric, the SPPs associated with the upper and lower interfaces
couple and form a symmetric mode, a long-rage SPP (LRSPP),
whose propagation loss decreases with the decrease of the film
thickness. Due to the symmetry, a condition for exciting LRSPPs is
extremely sensitive to the interface properties, specially an effective
refractive index difference between the upper and lower claddings.
Furthermore, a thin metal stripe of finite width surrounded by a
dielectric can use an optical waveguide, whose field distribution can
be adjusted close to that of a single-mode fiber by varying the stripe
thickness and width. The LRSPP waveguides consisting of thin gold
stripes embedded in a dielectric was realized demonstrating the
coupling loss of ~0.5 dB and propagation loss of ~0.6-0.8 dB/cm at
a wavelength of 1.55  µm. Integrated optical devices based on
LRSPP strip waveguides were demonstrated such as splitters,
couplers, modulators, and switches. In particularly, some researches
showed that a thin metal strip can be used as both a waveguide and
a control electrode to transmit an electrical current, which is heating
the surrounding dielectric and, via the thermo-optic effect, affecting
the effective refractive index of the LRSPP mode, increasing
eventually the insertion loss. However, these configurations which
use a thin metal strip of less than 30nm as a heater are actually
inadequate for commercial systems due to the limit of the physical
lifetime of the very thin metal waveguide.
In this letter, we propose a polymeric variable optical attenuator
(VOA) based on the LRSPP at a wavelength of 1.55  µm. The device
controls the output optical power by generating radiation loss due to
a refractive index asymmetry of claddings both sides of a metal strip.
The proposed polymeric VOA consists of a silicon substrate, lower
cladding, thin metal strip core, upper cladding, and heater aligned on
top of the metal strip. The operation of the polymeric VOA is based
on changing radiation loss of the LRSPP resulting from the refractive
index difference between the upper and lower cladding embedding
the metal strip core. When the electrical power is applied to the
heater, thermal energy is transferred to the upper cladding, metal
strip, and lower cladding in turn. Heating via the heater generates the
temperature gradient which increases with the applying electrical
power. The temperature is the maximum near the heater and
decreases as far away. The temperature difference between the
upper and lower cladding embedding the metal strip core is induced,
resulting in the effective refractive index difference. The refractive
index asymmetry results in radiation loss of the LRSPP mode.
Therefore, the optical output power of the device can be controlled
by changing the temperature gradient caused by the heater.
The lower and upper claddings were the same polymer which was a
UV-curable epoxy, ZPU450, supplied by ChemOptics Inc. The
propagation loss of ZPU450 (n=1.45 at 1.55  µm) is 0.4 dB/cm and
its thermo-optic coefficient is -1.7x10-4 oC-1. For fabrication of the
device, ZPU450 with a thickness of 15  µm was spin-coated on a
silicon substrate and cured with an UV light in a nitrogen atmo-
sphere. A 4- µm wide stripe was patterned using UV exposure, 20-
nm thick gold deposition and lift-off. ZPU450 was spin-coated to
form an upper cladding layer with a thickness of 15  µm. As a heater,
a 10-nm thick Cr and 200-nm thick Au film was formed on the upper
cladding layer by thermal evaporation. Finally, the device was baked
at 200 oC for 1 hour to cure the polymer perfectly. The length of the
metal strip core and heater were 10 mm and 8 mm, respectively.
To measure the guiding performance of the metal strip waveguide, a
TM-polarized light with a wavelength of 1.55  µm was coupled to the
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device and the output was measured. The intensity distribution of
fundamental LRSPP mode at the output facet of the metal strip was
very symmetric. The fundamental LRSPP mode in the strip has the
fiber-to-fiber insertion loss of 6.1dB, when using the end-fire in/out
coupling with single-mode fibers.
The attenuation characteristics of the fabricated VOA based on
LRSPP was measured with a 1550-nm laser coupled through a
single mode fiber. When electrical powers were applied to the
heater, changes of the optical output power were observed. The
attenuation over 30 dB was obtained when the electrical power of
100 mW was applied to the 8-mm-long heating electrode. To
investigate the time response of the device, a rectangular control
signal was applied to the heater. When the electrical power is
adjusted to give an attenuation of 20dB, the response time was less
than 3 ms.
In conclusion, we have demonstrated a polymeric VOA based on the
LRSPP with a straight metal waveguide. The device is operated by
controlling radiation loss of the LRSPP mode resulting from the
temperature gradient caused by the heater. To get the long physical
lifetime in commercial systems, the heater was formed with a 200-
nm Au film which is about ten times thicker than the thin metal
waveguide. The operating electrical power of the device can be
reduced by using polymers with higher thermo-optic coefficient and
optimizing the polymer thickness to get larger temperature gradient.
The proposed device could be one of SPP based optical compo-
nents with sufficient reliability for commercial integrated optical
system.

6183-54, Poster Session
Polymer optical circuits technology for large-scale
integration of passive functions
A. Maalouf, F. Henrio, S. Haesaert, D. Bosc, École Nationale
Supérieure des Sciences Appliquées et de Technologie (France)
Polymers are attractive to realize integrated circuits specially
because they are very simple to process and are promising for low
cost devices. Moreover, beside low cost technology, the large
possible range of refractive index, could lead to large scale of
integration, lowering the fabrication costs. In some cases, it could be
an alternative solution to semiconductor or inorganic dielectric
technologies. With usual UV photolithography for example, this work
shows that it is possible to perform small guides in order to provide
relatively high circuit densification. The high index contrast, between
optical core and cladding, can be as high as 0.08 instead of 0.02 for
the higher contrast in silica Ge doped waveguides. Recently, this
contrast has been increased to 0.12 at the wavelength of 1550nm.
These materials make possible the patterning of guides having
radius of curvature smaller than 200µm.  Such curvatures open the
way to functions based on micro-rings that potentially lead to
compact wavelength multiplexers. With the view to mastery the
fabrication of polymer waveguides, some features of the process are
reported here. For example, shortcomings such as unsuitable film
worm aspects are described and solutions are given with require-
ments assigned to rough materials. Polymers mechanical and
thermal properties have to be adjusted to withstand integrated circuit
processing. Beside the key feature of the index contrast, some
others properties have been required especially a low loss transmis-
sion of the guide. After some details concerning the realisation
processes, waveguides and functions are performed. This paper also
presents last results concerning the realization of integrated passive
micro-ring resonators with this technology.

6183-55, Poster Session
Ultrahigh-speed germanium on silicon photodetectors at
1.3-1.55 µm
M. Rouvière, L. Vivien, E. Cassan, S. C. Laval, D. Pascal, X. Le Roux,
J. Mangeney, P. Crozat, D. Marris-Morini, Univ. Paris-Sud II (France);
J. Damlencourt, J. M. Féféli, CEA-LETI (France); S. Kolev, AdvEOTec
(France)
High speed photodetectors are key components in several applica-
tions like local area networks, board to board, chip to chip and intra-
chip interconnects. These components have been available for
several years from the III/V semiconductor technology on InP and
GaAs wafers.
Nevertheless, integration of III/V devices on large wafers within the
mainstream silicon technology requires somewhat difficult and high-

cost hybrid integration approach. In this context, compatibility with
silicon complementary metal-oxide semiconductor (CMOS) technol-
ogy would allow to obtain low cost and reliable devices for a large
range of applications.
For this purpose, epitaxial growth of Germanium on silicon is a
promising candidate as active material. Despite large lattice
mismatch between Ge and Si, (about 4.2%), previous works have
shown that epitaxial growth of high-quality germanium layers on
silicon can be achieved using reduced pressure chemical vapor
deposition (RP-CVD) or ultra-high-vacuum chemical vapor deposi-
tion (UHV-CVD). Due to a tensile strain after the epitaxial growth, a
bandgap shrinkage yields absorption edge shift of about 50 nm is
obtained in comparison with bulk Ge, thus allowing strong absorp-
tion up to the wavelength of 1.55µm, which is beyond the absorption
edge of bulk Ge. The measured carrier mobility of holes was found to
be ~1300 V.cm-2.s-1,. Pump-probe experiments using a
femtosecond laser have been carried out and have shown carrier
lifetimes much longer than carrier collection times. Then, the
recombination rate of the photogenerated carriers will be very low.
To determine the dynamic properties of germanium on silicon
photodetectors, surface-illuminated Ge MSM structures have been
realized on silicon on insulator (SOI) substrates and have been
characterized. Cut off frequencies of a large set of devices have
been measured by two kinds of measurements: time measurements
to record the impulse response and frequency measurements up to
50 GHz using optical modulator and vector network analyser.
Consistent performances have been obtained from both time and
frequency measurements and for both 1.31 µm and 1.55 µm
wavelengths. The measured 3-dB bandwidths under 2V bias are
close to 10, 18, 20 and 35 GHz for electrode spacings equal to 2000
nm, 1000 nm, 700 nm and 500 nm, respectively. Finally, The -3-dB
bandwidth increases with the decrease of electrode spacing and the
increase of the bias voltage.

6183-56, Poster Session
Complex coupled distributed feedback laser
monolithically integrated with electroabsorption
modulator and semiconductor optical amplifier at 1.3-
micrometer wavelength
P. Gerlach, Univ. Ulm (Germany) and Infineon Technologies AG
(Germany); M. Peschke, Univ. Ulm (Germany); T. Wenger, B. K.
Saravanan, C. Hanke, Infineon Technologies AG (Germany); R.
Michalzik, Univ. Ulm (Germany)
Introduction:
Electroabsorption modulators (EAMs) are considered as key
components for modern optical telecommunication systems due to
very high speed operation capability [1], high extinction at low driving
voltage [2] as well as low or even negative chirp [3]. Furthermore
EAMs can be monolithically integrated with other semiconductor
components such as distributed feedback (DFB) lasers and
semiconductor optical amplifiers (SOAs) [4,5]. The fabrication of DFB
laser integrated electroabsorption modulators (DFB-EAMs) is
challenging because both device sections have different require-
ments on the active material. Therefore quantum well intermixing or
selective epitaxy is commonly used to achieve variable bandgap
energies along the longitudinal device direction [4]. In order to
eliminate these critical and costly technological steps the usage of a
common active layer in all device sections is a promising alternative
approach which requires efficient forward and reverse operation of
the active layer [6]. As a drawback, these DFB-EAMs in general
suffer from the high residual absorption of the EAM section. To
compensate for this, the DFB laser wavelength can be positively
detuned by a few tens of nanometers with respect to the gain peak
[7] which, however, keeps the output power relatively small. DFB-
EAMs additionally integrated with an SOA and using a common
active layer appear to be an optimum solution since they combine
the advantages of compactness, modulation speed and sufficient
output power.
Experimental results: EAMs operating at 1.3 micrometer wavelength
have been monolithically integrated with complex coupled DFB
lasers and SOAs using an identical active layer. Investigated devices
are grown on n-InP and contain ten compressively strained AlGaInAs
quantum wells. For the optical and electrical confinement a 2
micrometer wide ridge waveguide structure is etched. The devices
consist of a 730 micrometer long DFB laser section, a 120 microme-
ter long EAM section and a 500 micrometer long SOA section. They
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are electrically isolated by small etch trenches, resulting in an
electrical separation resistance of about 25 kOhm. Device fabrication
does neither require epitaxial overgrowth nor selective epitaxy since
local lateral metal gratings in the DFB laser section are used to
provide the required optical feedback within the laser section. The
evaporated nickel gratings are fabricated using electron beam
lithography and lift-off. Positive detuning of the DFB laser wave-
length has been chosen in order to minimize the residual absorption
of the EAM section. The light being generated in the DFB laser
section is modulated in the EAM and boosted in the SOA before it
leaves to the front facet, which is anti-reflection coated. On the
backside of the DFB laser an additional 130 micrometer long monitor
photodiode section is integrated as well, which is useful to monitor
the laser operation and reduce the influence of the cleaved rear facet
on the laser diode. The device has been mounted on a specially
tailored copper heat-sink in order to increase the thermal resistance
of the SOA which results in a higher average temperature and a red-
shifted gain spectrum in the SOA section. Therefore the gain peak of
the SOA is closer to the operating wavelength and the effective
amplifier gain is increased. All measurements have been performed
at room temperature. The optical output is coupled into a standard
single-mode fiber using a lens-integrated isolator. Experimental
results show a laser peak at 1322 nm wavelength and more than 30
dB side-mode suppression. More than 10 dB/2 V extinction and 2
mW fiber coupled output power are obtained. Modulation experi-
ments clearly show 10 Gbit/s capability.
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A multiple regrowth process for monolithically integrated
InP-based mode-locked laser diodes with uni-travelling
carrier absorber
H. Lohe, R. Scollo, F. Robin, H. Jäckel, W. Vogt, E. Gini, R. Harbers,
D. Erni, ETH Zürich (Switzerland)
Progress in photonics by monolithic integration for higher functional
density, performance and reduced cost faces challenging hurdles

due to technological and functional heterogeneities. Advanced local
material growth techniques are enabling concepts towards high-
density photonic integration, unprecedented performance and multi-
functionality and ultimately optical systems-on-a-chip. Mode locked
laser diodes (MLLDs) are key devices for ultra-short pulse generation
for all-optical Tbit/s communication networks. We have proposed
and demonstrated the use of a fast recovery-time absorber based on
an InP/InGaAsP uni-travelling-carrier structure (UTC) to achieve
pulses below 1 ps with repetition rates up to 40GHz. This structure
demonstrated optical pulse length of 600fs.
We present our work on a multi-section monolithically integrated
mode-locked InP/InGaAsP-laser. To generate stable sub-ps optical
pulses at 1.55 ?m wavelength directly from the laser a ultrafast uni-
travelling carrier (UTC) absorber has been integrated by multiple
metal-organic vapour phase epitaxie (MOVPE) regrowth into an
actively mode-locked laser with multiple quantum well (MQW)
InGaAsP/InP optical amplifier and passive waveguide. The use of the
UTC absorber instead of the commonly employed reverse-biased
gain material requires the heterogeneous growth of multiple layers
stacks on the same chip.
Critical for the MLLD performance are the reflections and the optical
coupling between the different monolithic integrated layer structures
of passive, absorbing and gain sections. Simulations of the optical
waveguide demonstrate that to minimize reflections a non-vertical
interface between the different structures is preferable. We therefore
developed a wet chemical etching process sequence of selective
and non-selective etchants, which is sensitive to crystal orientation
and yields a nearly 45° tilted interface. In addition we can conclude
from our simulations that in order to minimize both, insertion loss
and reflections, offsets between the light guiding layers have to be
avoided. These offsets originate from different growth rates near and
far away from masked areas during regrowth due to reactants
diffusion on the SiO2 mask. To reduce the offsets and optimize the
planarization over the whole wafer we subdivide the growth process
into five steps:
1. Because of its high sensitivity to non-planar surfaces we first grow
the gain material consisting in InGaAs/InGaAsP multiple quantum
well separate confinement hetero structure (MQW-SCH) on top of a
490nm-thick InP lower buffer layer needed for the non-selective
etching of the MQW-SCH layers. The photo luminescence emission
peak wavelength of the quantum wells is red-shifted by 40nm to
compensate for group V element interdiffusion and a resulting blue
shift during the subsequent growth steps.
2. Future laser gain sections are then masked with SiO2 for selec-
tive-area regrowth of the UTC absorber butt-coupled to the gain
section. The gain material is first wet-etched using a combination of
non-selective and material-selective etchants. The regrown UTC
layer stack consists in a 430nm-thick InP lower buffer layer-which
thickness was optimized to achieve low growth overshoot as well as
good mode matching-followed by an undoped InGaAsP collector
layer and a p-doped InGaAsP absorbing layer. We have optimized
the SiO2-mask underetching to achieve less than 400nm material
piling at the UTC-gain section interfaces.
3. For the second regrowth all active sections (UTC-absorber and
gain) of the designed lasers are covered with a SiO2 mask and the
UTC material is wet-etched using non-selective and selective
etchants. The shallow non-planarity of the UTC stack allows a good
controllability in the removal of the UTC layers. The light guiding
layers of the passive waveguide consisting in a 300nm-thick InP
lower cladding and a 570nm-thick InGaAsP core is then grown.
4. The undoped 1300nm-thick InP upper cladding for passive
waveguide sections is regrown on top of all sections. The separate
growth of this thick layer is crucial to achieve well-planarized
surfaces.
5. The wafer is patterned a last time using a SiO2 mask and the
undoped InP upper cladding on top of the UTC and gain sections is
wet-chemically removed. The p-doped 1300nm-thick InP cladding
followed by a 170nm-thick highly doped InGaAs contact layer are
grown on top of the active layers.
After regrowth, the wafer is ready for device fabrication (rib
waveguide definition and electrical contacting). The MLLD with
integrated UTC absorber produces uncompressed 600fs-long pulses
compared to 3ps for MLLDs with reverse-biased MQW-gain
absorber processed on the same wafer.
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Application of PVD technique to the fabrication of erbium
doped ZrF4-based glass ceramic for optical amplification
B. Boulard, O. Péron, Univ. du Maine (France); A. Chiasera, M.
Ferrari, Y. Jestin, Univ. degli Studi di Trento (Italy)
The mantra of telecommunication providers “ lower cost, smaller
size, and lower power” is pushing optical manufacturers towards
higher level of integration and ever increasing transmission capacity.
As the worldwide market for optical amplifier is continuously
expanding, the needs for integrated optical amplifiers (IOAs) in the
1.5 µm band become evident. The IOAs should be as short as
possible (a few centimeters long) so that the required rare earth
concentration and/or the emission cross section of the 4I13/2 (r)
4I15/2 transition of erbium must be higher that in Erbium Doped
Fiber Amplifiers (EDFAs). Although silica is one of the best low-cost
materials, low phonon energy matrices like fluoride glasses remain
very attractive, in terms of high solubility of rare earth ions (\> 5x1021
ions.cm-3), and flat gain in the 1.5 µm band. The increase of
emission cross-sections can be obtained by a thermal treatment of
ceramisation whose main interest is to obtain crystal-like optical
properties in a composite material offering macroscopic glass
properties. M. Mortier et Al. [1,2] have investigated some new
zirconium based fluoride glasses with compositions (mol%): (64-82)
ZrF4, (10-22) LaF3, 5 AlF3, (0-5) InF3, (0-20) GaF3, (0-4) ErF3; they
have succeed in the preparation of transparent glass ceramics, for
which the absorption and emission cross-sections were increased by
20-30% with regards to the initial glass.
Among the various technologies available for the fabrication of
fluoride glass planar waveguides, only physical vapor deposition
[3,4,5] and ion-exchange between chlorine and fluorine [6] tech-
niques lead to efficient optical components; low loss (<0.3dB/cm)
channel waveguide. Unfortunately, the ion-exchanged glass cannot
match the composition required to undergo ceramisation, because it
would content chlorine. In the contrary, our experience of the PVD
technique and some previous results [7,8] indicate that it is possible
to apply co-evaporation technique to multicomponent glassy melts
for which evaporation is not congruent.
The paper will present the first optical and spectroscopic
characterisation of ZLE (ZrF4-LaF3-ErF3) planar waveguides that
have been fabricated by adjusting both vaporization temperature and
composition of the LaF3-ErF3 [9] and ZrF4-based glass. In order to
improve resistance to moisture, a low refractive index (~1.43) KAlF4
cladding has been deposited.  Thermal stabilization of the ZLE films
is in progress by introducing GaF3. This way, the composition
becomes close to the bulk glass one thus allowing similar thermal
treatment leading to glass ceramics thin films.
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6183-59, Poster Session
Large area Si light emitting device for the mid-wave and
long-wave infrared bands
V. K. Malyutenko, S. S. Bolgov, A. A. Avdeev, Institute of Semicon-
ductor Physics (Ukraine)
Just a couple of years ago, achieving IR emission from Si device was
considered a daunting challenge. Today, several teams have already

demonstrated Si-based light emitters that could be considered as
potential light sources operated at room temperature in the near-IR
(NIR) band. To bypass efficient non-radiative recombination
processes in this indirect semiconductor, numerous approaches
have been successfully attempted. Two recent concepts are based
on a carrier confinement in a small active region (Si nanocrystals, Si/
SiO2 superlattices, porous silicon, and erbium-doped silicon) and
employing high-purity float zone (FZ) Si with textured and specially
passivated surface. In addition, new approach to extract NIR light at
telecommunication wavelengths from Si cavity using Raman
scattering has been demonstrated recently. However, none of these
techniques have been able to extend emission wavelengths toward
mid-wave and long-wave bands.
We report on basic principle and technology of Si high-temperature
(T\>300K) IR emitter based on emissivity enhancement technique. In
a word, we utilize the possibility to dynamically   modulate Si thermal
emission power in the spectral range of intra-band electron transi-
tions (well beyond 2 um) through free carrier contact injection
process. We experimentally demonstrate that free carrier double
injection is followed by high-power (\>mW/cm2) uniform IR (3-12 um)
radiation emitted by the extended (1x1 mm2) structure base.
Spectral, temperature, and transient parameters of the devices
(single elements and arrays) as well as prospects of their practical
application are reported.

6183-60, Poster Session
Analysis of the electric field on the refractive-index
change of an optical waveguide
I. E. Zaldivar, M. Garcia, V. Grimalsky, Instituto Nacional de
Astrofísica, Óptica y Electrónica (Mexico)
Analysis of the electric field on the refractive-index change of an
optical waveguide
Ignacio Zaldívar Huerta, Mario García Ramírez, Volodimir Grimalsky
Instituto Nacional de Astrofísica, Óptica y Electrónica (INAOE)
Apdo. Postal 51 y 216, 72000, Puebla, México
zaldivar\@inaoep.mx
ABSTRACT
We report an analysis achieved to evaluate the refractive-index
change produced into a polysilicon optical waveguide by applying an
electric field. A coplanar waveguide structure on silicon is consid-
ered. The analysis makes use of Kramers-Kronig dispersion
relations.
Keywords: Optical waveguides, coplanar waveguide (CPW), optical
modulators, optical communications
1. INTRODUCTION
Optical waveguides in which the refractive index can be modified
have important applications as optical modulators and optical
switches in such areas as optical communications and high-speed
signal processing [1]. Recently, there has been great deal of interest
in the development of optical waveguide modulators using silicon
substrates, due mainly to the mature silicon processing technology
and the possibility of integrating these optical devices with micro-
electronic elements. Because of its transparency, silicon is suitable
for low-loss optical waveguides in the second and third fiber-optical
communications wavelengths (1.3 and 1.5  µm). This characteristic
permit to silicon competes with the inherently faster III-V-based
devices and electro-optic materials such as lithium niobate [2, 3]. In
this work, we evaluate by means of a simulator the distribution and
penetration of an electric field (E) within a polysilicon optical
waveguide. The goal is to determine the best electro-optical
interaction between the optical and electrical field. The behavior of
the electric field within the optical waveguide permits to determine
the refractive-index change (+n) in this region. We are considering an
optical waveguide embedded into a coplanar waveguide structure
and considering silicon as substrate.
2. STRUCTURE CONSIDERED
The structure considered in this analysis consists of a n-type doped
crystalline silicon and a p-type doped polysilicon rib embedded into
a coplanar waveguide (CPW) structure. A conventional CPW consists
of a conductor strip with semi-infinite ground planes on both sides.
This CPW structure can be incorporated into one arm of a Mach-
Zehnder interferometer. The region required for light confinement is
the polysilicon rib where a proper choice of the geometrical
dimensions can give arise to single mode propagation. Metal contact
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on top of the polysilicon layer permits that a DC voltage can be
applied to the structure. Oxide regions on either side of the rib
maintain optical confinement. Vertical optical confinement is due to a
buried oxide and an oxide cover. We remark the compatibility with
current CMOS fabrication technology, which could provide the
integration of optics and electronics on the same substrate.
3. PRINCIPLE OF OPERATION
When a positive voltage is applied to the central electrode of the
CPW, a thin charge layer is accumulated under the oxide cover.
Under this condition, the majority carriers in the polysilicon region
modify the refractive index so that phase shift is induced in the
optical mode. The carriers injected in the central waveguiding region
will determine a local refractive index change. To evaluate the phase
shifter, we first determine the refractive index change. A more
accurate index perturbation due to injection/depletion of carriers can
be quantified by Soref and Bennet formulas [1] who empirically found
the refractive index change as a function of free carriers in silicon via
a Kramers-Kronig analysis. At a wavelength of 1.55  µm, refractive
index changes are +ne=-8.8x10-22 +Ne and +nh=-8.5x10-18
(+Nh)0.8, where +Ne and +Nh are the carrier densities for electrons
and holes, respectively. These densities are directly related to the
drive voltage [4]. The change in refractive index results in a phase
shift +* in the optical mode given by [5] +*=2 * +neffL/•, where L is
the active length of phase shifter, • is the wavelength of light in free
space, and neff is the effective index change in the waveguide,
which is the difference between the effective indices of the
waveguide phase shifter before and after charge accumulation.
Numerical simulations have shown that a significant effective index
modulation can be obtained under accumulation conditions. By other
side, the behavior of electrical field is supported by a two-dimen-
sional (2-D) device simulator based on the finite element method and
adapted to find the electrical field distribution on a CPW. The
application requires divide the structure considered into sub-regions.
4. CONCLUSIONS
The analysis of a polysilicon rib embedded into a coplanar
waveguide was presented. We have presented an innovative
structure full compatible with CMOS technology that permits
refractive index modulation. We have calculated that under accumu-
lation condition an effective index modulation of 10-4 could be
obtained. There is an enormous advantage in the possibility to
integrate electronic devices together with the optical systems. The
analysis achieved demonstrates that we could obtain good perfor-
mance from silicon-on-insulator waveguide modulators for optical
processing systems.
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Universal logical gate with optoelectronic devices
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Universal Logical Gate with Optoelectronic Devices
Vasile DEGERATU
Faculty of Electronics and Telecommunications, “Politehnica”
University of Bucharest, O2Micro Romania, e-mail:
v_degeratu\@hotmail.com, Bucharest, Romania
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e-mail: pschiopu\@joe.tehfi.pub.ro, Bucharest, Romania
ABSTRACT
In this paper the authors present, from theoretical point of view, a
universal logical gate achieved from optoelectronic devices. These
devices may achieve the logical functions AND, OR and XOR in
according with the received control signal. The logical circuits, the
processors achieved from universal logical gates are configurable. In
the other words, they may modify the internal structure in according
with the application which has to be achieved. In this way, we can
obtain more powerful, rapidly processors which have a small
hardware.
Keywords: optoelectronic gates, optoelectronic computers,
reconfigurable computing, reconfigurable hardware.
1. INTRODUCTION
The computer gets into all domains and influences our thinking
mode, our operation our action. The integrated circuit industry has
developed spectacular in the same time with the apparition to the
planar-epitaxial technology.
With all these spectacular development of IT industry, the computer
performances are behind of scientific necessities. We wish better
computers for knowing what happen in the first moments after Big
Bang, with its help for achieving of better simulations, more precise
prognoses, recognition of configurations etc.
Nowadays, for achieving of better computers are followed more
directions. Each of them has its specific, advantages and disadvan-
tages. There are opinions that sustains that in the future the
performances of computers will owe to the fast implementation of IT
performing technologies and usefulness of some new solutions by
architecture. We consider that the change of paradigm in IT domain
will have a decisive role for obtaining of better computers. In other
words, it is necessary to change our kind of thinking in relation to
computers. The first steps were made through researching in domain
of neural computers (neural network), optical computers, molecular
computers, quantum computers etc.
Each technology has advantages, disadvantages and specific
features. Many advantages of optoelectronics and optics show us
that the optoelectronics and optics are optimum technologies for
implementation of new paradigms into processing of information.
The ability to use polarization is an advantage of optoelectronics (or
optics) for processing of information. Polarization is important into
optical computing because with its help some operations with
negligible energy losses can be achieved, such as switching from
one state to another and steering beams.
2. AMPLIFICATION OF OPTIC SIGNAL
The light used is linear polarized after two orthogonal directions. If
the light is polarized in the paper plane we will note it with || symbol
and if it is polarized orthogonal with the paper plane we will note it
with * symbol. The device named half wave plate is used. The light
beam that leaves the half wave plate device has the polarization
direction rotated with 90 degrees by input beam.
The device named Optical Parallel Array Logic (OPAL) is also used.
The OPAL is a device with liquid crystals. The electrical voltage of
device is chosen higher than the threshold voltage. We have a
photoconductive part and a polarizing transparent part. If the light
doesn’t fall on photoconductor, the polarization direction of beam
that passes through the transparent part is rotated with 90 degree. If
the light falls on photoconductor the beam that passes through the
transparent part keep itself polarization direction.
The beam intensity that gets out from OPAL is equal with the
intensity of the beam that passes through the transparent part. If this
intensity beam is high we can say that the OPAL is an active device
that has the output signal by higher intensity than the input signal. In
other words the OPAL is a device that amplifies the optical signal.
When the light is parallel polarized (|| symbol) we shall consider this
state as being “0” logical state. When the light is orthogonal
polarized (* symbol) we shall consider this state as being “1” logical
state.
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3. RECONFIGURABLE HARDWARE
Nowadays, computers have their structure formed from million of
transistors on a chip. In the last decade, the hardware part of
computers has evolved rapidly. So, we tend to think that the
performance of computers has also evolved the same, but we make
a mistake. In actual computers the resources are wasted. The central
component of computers, the microprocessor has a rigid structure
which is able to be modified only if it is replacement by new other.
Hence, the programmers confront with a lot of problems. They have
to invent the complicated algorithms for solution problems which
may to be solve easily if they use other computer configuration.
Since a few decades some solutions have been found. The video
card which works parallel with the principal processor has the role to
display the image on monitor. The sound is processed by a sound
card. They are less elegant solutions and they have serious limita-
tions.
We are able to say that the actual electronic computers have a big
dilemma. If they are specialized we will obtain the advantage of a
higher calculation speed but the slow flexibility disadvantage. If it are
achieved the polyvalent computers we will obtain some advantage,
the bigger flexibility and slow prices but reduction of calculus power
as disadvantage.
Achieving of computers which are able to modify permanently the
internal architecture in according with the functions which have to be
achieved is a big advantage.
4. THE UNIVERSAL LOGICAL GATE
In this paper the authors present, from theoretical point of view, a
universal logical gate achieved from optoelectronic devices. The
universal logical gate (the same with elementary logical gate) is a
circuit which achieves physically the transformation of input variables
into output variable of circuit in according with given logical function.
The difference between the universal and elementary logical gate
consists, in the fact that, the logical function achieved by universal
logical gate may change, in according with the task which has to be
achieved by gate. Therefore, if we want to have, an OR logical gate
at one time, the universal logical gate will achieve the logical function
OR and if we want to have, a XOR logical gate in other time, the
universal logical gate will achieve the logical function XOR, so on.
The gate will receive the information referring to what logical gate to
be achieved from a control signal.
5. ADVANTAGES AND APPLICATIONS
We wish that for a certain application the processor of one computer
to has a certain configuration and for other application it to has other
configuration. A processor made from universal logical gates could
put into practice this requirement of reconfigurable hardware in
conformity with the application. Number of configurations is very big.
The limitation is given only by the logical gates because their number
is finite and so their combinations are finite.
In succession we will show another advantage of universal logical
gates. We suppose that into circuit, for a certain application we use
successively “n” logical blocks series arranged. In other words, the
inputs of “n-1” block are the outputs of “n-2” block and the outputs
of “n-1” block are the inputs of “n” block. We mention that, at one
time, only one from those “n” blocks works.
We can define the duration of a processing cycle the time since the
appearance of the input signals for a logical block to the appearance
of the output signals for the same logical block. We purpose that
these “n” logical blocks are comparable as size (they have about the
same number of logical gates) and are comparable as processing
time of dates (duration of processing cycles for blocks are equal).
The task achieved by these “n” blocks arranged series can be made,
in the same time, by a logical block made from universal logical
gates. In this way, at t1 time the logical block has a certain configu-
ration and at t2 time (t2\>t1) the logical block has other internal
configuration, so on. Hence, we will have one block achieved from
universal logical gates which will works “n” cycles, instead of “n”
classical blocks series arranged which to work successively one
from those “n” cycles. The total time for both variants is the same.
We are able to diminish the hardware of one processor, a logical
circuit for obtaining the same performance in comparison with a
classic circuit. We can do this thing if we will use the logical blocks
with loop made from more universal logical gates. If the hardware
size of a logical circuit (processor) is maintained constantly then if we
use the universal logical gates we will obtain a powerful processor, a
more performance logical circuit.

In conclusion there are many advantages and applications for this
universal logical gate.
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FLC-SLM dynamic improvement with temporal
multiplexing: application to optical image processing
M. Madec, Institut d’Electronique du Solide et des Systemes (France)
and Micromodule (France); W. Uhring, Institut d’Electronique du
Solide et des Systemes (France); J. Fasquel, IRCAD (France); P. Y.
Joffre, Micromodule (France); Y. Herve, Institut d’Electronique du
Solide et des Systemes (France)
Optical processing theory has been introduced in 1964 by Anthony
Vander Lugt. This theory consists in exploiting light speed and
parallelization opportunity of light to get high computing power. A
classical optical processing is the image filtering, achieved by the 4-f
Vander Lugt optical correlator architecture. Diffraction properties of
light and thin lenses are used to compute the optical Fourier
transform of an image given in input of the system. The spectrum of
the image is multiplied by a filter and transformed by an equivalent
system. In the output plane, the image is the convolution integral
between input image and filter. The operation is made on the whole
image at the same time, what can’t be achieved with classical
numeric devices (DSP, processor). The limitation of the computing
power is given by the optoelectronic interface: the display time of
spatial light modulators (SLM) used in the input plane and in the filter
plane, and the acquisition time of the camera in the output plane.
Spatial light modulators have been developed since 1973. They use
liquid crystal (LC) to change the input polarization light and alter the
incident wave front. Two classes of LC are used: nematic (NLC) and
ferroelectric (FLC). NLC present the advantage to be easy drivable,
that’s why a high dynamic (8-bit) can be reached, but they are very
slow (10 ms switching time minimum) whereas FLC present faster
switching time (approx. 50 µs) but molecules are bistables, so that
only binary modulation is possible. Another fast binary up-to-date
technology is the digital micromirror device (DMD) developed by
Texas Instruments. Since 2002, two new technologies have been
emerging: the analogue FLC introduced by Boulder Nonlinear
Systems and the multiple quantum wells (MQW) SLM which combine
high dynamic and high frame rate. The BNS analogue SLM has been
characterized and effective dynamic has been estimated to 4-5 bits,
what is too weak in comparison with a classical numeric architec-
ture. In the other hand, fast acquisition systems have been improved
since 5 years with the apparition of CMOS sensors in replacement of
CCD systems.  Those systems can reach very high dynamic (up to
10 bits) at more than 1000 images per second.
As binary displaying systems are faster than acquisition ones, the
lack of dynamic can be compensated by a temporal multiplexing
(MT) technique, which consists in displaying a sequence of reduced
dynamic images (subframes) and using the exposure time of a
pulsed coherent light source to reconstruct the true image. This
method is widely used for DMD videoprojectors. The image to
display is decomposed according to its binary writing. This sequence
of white-and-black subframe is displayed on the matrix and
exposition time is calculated to retrieve the bit significance. With the
natural time averaging of eyes (retinal persistence) or a forced time
averaging controlled by the exposure time of a camera, a greyscale
image impression could be obtained. Although this method is well-
know and applied without problems in projection system, effects in
optical filtering are complex.
Temporal multiplexing has been tested with simulation in the imaging
plane and in the filtering plane. Two sources of distortions have been
established. The first one, called “quadratic distortion” (QD), is a
consequence of the quadratic acquisition system. Image processing
is made on the electric field whereas the camera acquires only the
intensity (square modulus of the electric field). As a consequence,
the sum of square modulus of each electric field is acquired instead
of the square modulus of a sum. The second distortion, called
“accumulation distortion” (AD) concerns the lost of the phase of the
electric field during acquisition, and especially its sign. For a variety
of filter all the subframes are added whereas some of them should
be subtracted in certain pixels.
In the filtering plane, decomposition of the filter according to its
binary writing leads to gratings which introduce diffraction problems.
This makes the quality of the processed picture poor. Other
decompositions have been evaluated and give good results but
require too many subframes to be competitive.
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In the imaging plane, the quality of the processing depends on the
filter. It has been demonstrated that results are acceptable only for
symmetric filters with a positive impulse response (PIR), what
exclude matched filter (not symmetric) and band-pass and high-pass
filters (whose impulse response inevitably contains negative terms).
This problem has been bypassed using difference of PIR filters to
achieve non-PIR ones. In the case of PIR filters, accumulation
distortion, which is the most important, doesn’t come up.
Previous simulations demonstrate that due to quadratic distortions
with a binary FLC, the equivalent dynamic reached is not very large
(4-5 bits in the best case). The idea of our architecture is to use two
8-bit analogue FLC SLM, provided by Boulder Nonlinear Systems,
whose effective dynamic has been evaluated at 5 bits. First is used
in the input plane and his dynamic is improved by temporal multi-
plexing whereas the second is in the filtering plane. The complete
architecture has been simulated taking into account characterization
done on the device. Results are given and a new equivalent dynamic
estimation has been made. Efficiency of the method is proved.
In this paper, after a short theoretical introduction about temporal
multiplexing, simulation results are exhibit in order to highlight the
critical points discussed above. The architecture we want to test is
exposed in details, including characterization results of the SLM and
simulation method. Then, simulated images are given and related
dynamic is estimated. In the last part, the potential of this method
will be discuss.

6183-63, Poster Session
VHDL-AMS models of FLC for light modulator virtual
prototyping
M. Madec, Institut d’Electronique du Solide et des Systemes (France)
and Micromodule (France); Y. Herve, Institut d’Electronique du
Solide et des Systemes (France) and Systems’ViP (France); W.
Uhring, Institut d’Electronique du Solide et des Systemes (France);
O. Rolland, Systems’ViP (France)
Liquid crystals (LC) has been discovered in 1888 by Reinitzer and
developed for display domain. First LC devices used the molecules
in the nematic phase. Its main advantage is to be easily drivable in a
large range of greyscale (8 bit) but they are slow (60 Hz max.). Such
characteristics are sufficient for customer applications but not for
scientific ones (e.g. optical processing). In 1980, N. A. Clark exhibits
a new material, in smectic phase, which presents sub-microsecond
switching time. Those molecules, commonly known as ferroelectric
liquid crystals (FLC) are bistable, which limit the modulation capacity
to on-off. Lots of works report methods to obtain grey levels with
FLC. First is the spatial multiplexing, where pixels are divided into
separately drivable sub-pixels. Another is the temporal multiplexing,
which consists to transform the image to display in a sequence of
binary sub-frames according to the binary writing of the pixels and to
display each sub-frame coupled with a pulse width controlled
lightning. This method was used in some microdisplays to reach 8-
bit in monochrome or a 24-bit RGB dynamic. This two methods use
a digital control by opposition to an analog one, as the threshold
shifting modulation method; As LC are not ideal, the switching
voltage varies from one molecule to one other. By applying an
intermediate electric field, the two stable states cohabit in the same
cell and by spatial integration, a grey level appears. Others analog
methods use an equivalent idea. Up to now, only one analog FLC-
SLM has been supplied by Boulder Non Linear Systems since 2002.
Our team characterized this SLM and limitations have been
highlighted: frequency varying response non-linearity, remanence
problem, global and local non-uniformity and interface control
difficulties. The purpose of this work is to develop a model of a FLC
cell then a FLC valve in order to develop a new driving method for
FLC using controlled voltage pulse using virtual prototyping.
First, we will discuss about the modelling language. We can found
existing models written in various languages (e.g. SPICE). For our
application, we choose a stronger tool, VHDL-AMS, which is an
extension of the standard (IEEE) hardware description language,
VHDL, for analog and mixed signal. The flexibility of HDL languages
permits to develop various kinds of models for the same entity. Two
approaches will be exposed in this paper. The first one is a
behavioural description of the LC molecules, that is to say that the
model consists in a set of conditions and equations deducted from
observations and theory. Although it is a compilation of descriptive
parts, it leads to a deductive model. It’s important to notice that a
behavioural description can be as precise as we need. On the other

hand, we can use a physical description based on mechanic
equations. To improve the model reliability we have to take into
account more elaborate physic phenomenon like ageing of the
molecule, alteration of LC physical characteristics (elasticity,
viscosity ...) with temperature, ionisation and destructive effects.
Advantage of the chosen modelling language is that the two
approaches can be easily mixed. Fitting between behavioural and
physical architecture is ensured by some experiments. In parallel of
the modelling process, we use an elementary FLC cell to validate our
models. Moreover, experimental results permit to observe FLC
behaviour, what is useful for our first approach, and to access to
physical or modelling parameters. This works is called “model
fitting”.
Model development is described in this paper. To highlight its
efficiency and reliability, it is used to simulate well-knows binary
FLC-SLM. Then, we will illustrate methods used to obtain analog
modulation and extract features and limiting factors of the SLM
under test. Some compensation algorithm can be tested with this
model. Advantage of the virtual prototype is that tests can be done in
every condition, what is not possible with a physical material (e.g.
ionisation and destruction effects). The FLC model is the background
of our investigations on a new digital method to design a fast analog
SLM with bistable FLC. The design of the global virtual prototype of
the SLM will be obtained with the same method: the cell will first be
used with a high level behavioural model of the voltage controller.
This will permit to validate the method. Then, we will go down into
the transistor level structural description, which is closer than
microelectronics.
An extension to this works is to adapt the model to new ferroelectric
molecules, like antiferroelectric liquid crystal (AFLC) or thresholdless
V-shaped molecules (TVLC) which present interesting properties for
analog modulation.

6183-64, Poster Session
Determination of the Er excitable fraction in SiOx:Er
waveguides
C. Garcia, P. Pellegrino, Y. Lebour, B. Garrido, Univ. de Barcelona
(Spain); F. Gourbilleau, R. Rizk, ENSICAEN (France); N. Daldosso, D.
Navarro-Urrios, L. Pavesi, Univ. degli Studi di Trento (Italy)
Er-doped silicon rich silicon oxide (SiOx) has been, over the past few
years, the focus of considerable interest due to its potential as an
active CMOS compatible material for light emission and optical
amplification in the optical telecom range (1.54  µm). The indirect
excitation of Er via Si nanoclusters (Si-ncs) in this material benefits
from the high absorption cross-section of Si-ncs for optical pumping
in the visible (~10-16 cm2)1  which leads to an increase in several
orders of magnitude of the effective absorption cross-section in
comparison with direct pumping of the Er levels. On the other hand,
Si-ncs present other important advantages such as a broad
absorption spectrum so inexpensive pumping with LEDs or flash-
lamps is feasible2.
One of the key aspects is the optimization of this material for
maximizing gain in planar waveguide amplifiers. There is still some
controversy, however, over certain facets of the interaction between
Er and Si-ncs such as for example the number of Er atoms that can
be excited by each nanocluster or the role of the Si-ncs free carrier
absorption in limiting the gain.3,4  The present report addresses the
strength of the Er-Si-ncs interaction by the quantification of the Er
excitable fraction through the study of the emission properties of a
set of Er-doped SiOx waveguides obtained by reactive sputtering.
So, this study will try to answer to the important question of how
much Er is really coupled to the Si-ncs and the impact of this on the
maximum attainable gain.
The studied structures consisted of 1 µm-thick active layers
deposited by reactive sputtering on a 10 µm SiO2 clad on a Si wafer.
The Si excess was of about 7%, while the Erbium density ranged
between 4-6Å~1020 at/cm3. They were all annealed at 900ºC for
durations ranging from 1' to 60'. Prior investigations had established
that this annealing temperature and Si and Er contents were the
most efficient in terms of activating the photoluminescence. The
series of annealing processes aimed at reducing the losses due to
carrier absorption in the resulting waveguides.
The different duration of the annealing treatments produced a
variation of the index of refraction among the samples, related to the
expected progressive densification of the layers. Optical character-
ization of the samples demonstrated an increase of one order of
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magnitude in both emission intensity and luminescence lifetime
between the 1' and 60' annealed samples.
The proper characterization of the measurement setup was made by
using a reference with a known amount of emitting Er and allowed the
quantification of the light emitted by all samples around the peak
wavelength of 1.54 µm. Optical pumping was provided by the 488 nm
and 476 nm lines of an Argon laser. The 488 nm light, partially
resonant with a transition between levels in the Er atom, is capable of
exciting the Er directly, while excitation by the 476 nm (non-resonant),
can only happen in the form of energy transfer from the Si-ncs to the
Er. The quantified measurement of the emission with both excitation
wavelengths, combined with the proper measurement of the spot
dimensions, permitted the determination of the density of Er ions
excited through the direct and indirect excitation paths. It was found
that, even though at least 50% of the Er in each sample is active and
susceptible of being excited directly by photons of the 488 nm line,
the fraction of the Erbium that can be excited via the nanoclusters is
limited to around 2%, in the most favourable case, corresponding to
a density of 1019 at/cm3. For shorter annealing times the excitable
fractions were even smaller, implying that the quality and compact-
ness of the matrix has a great impact on the energy transfer process
through the improvement of the surroundings of the nanoclusters.
These small excitable fractions agree well with previous studies in
similar, higly doped samples5, were the distribution of Erbium ions
was mapped through Energy Filtered Transmission Electron Micros-
copy. These studies show that, instead of being uniformly spread, the
Erbium atoms tend to locate themselves in regions of the SiO2 matrix
that show depletion of Si nanoclusters, therefore effectively reducing
the number of Er atoms in sufficiently close vicinity for the energy
transfer to take place.
Our results, which are consistent with findings by other authors6 in
Er-doped SiOx samples deposited by ion implantation, indicate that
at high Erbium doses, the number of Er atoms that can be excited by
the nanoclusters is very small.. The implications for optical amplifica-
tion are huge, as all Erbium that is not excited inside an amplifier
effectively absorbs the transmitted light instead of amplifying it.
Therefore, the maximum Erbium density in an optical amplifier should
be reduced by a factor of ten compared to what is now used, to the
range of 1019 at/cm3, thereby reducing the maximum gain attainable
with this material to approximately 0.2 dB/cm.
1D.Pacifici, G.Franzo, F.Priolo, F.Iacona, L.Dal Negro, Phys. Rev. B
67 (2003) 245301
2J. Lee, J.H. Shin and Namkyoo Park. J.Light. Tech. 23, 19 (2005)
3P.Kik and A.Polman, Proceedings NATO Workshop OASIS (2002)
4N. Daldosso, D.Navarro-Urrios, M.Melchiorri, L.Pavesi,
F.Gourbilleau, M.Carrada, R.Rizk, G.Garcia, P.Pellegrino, B.Garrido,
L.Cognolato, Appl. Phys. Lett. 86, 261103 (2005)
5P.Pellegrino, B. Garrido, J. Arbiol, C. Garcia, Y. Lebour and J.R.
Morante. Mater. Res. Soc. Symp. Proc. Vol. 832 (2005)
6M.Wodjak, M.Klik, M.Forcales, O.B.Gusev, T.Griegorkiewicz,
D.Pacifici, G.Franzo, F.Priolo, and F.Iacona. Phys. Rev. B 69, 233315
(2004)

6183-65, Poster Session
Optical transformer of superhigh frequencies
A. V. Osadchuk, V. S. Osadchuk, Vinnitsa State Technical Univ.
(Ukraine)
The further development of optoelectronics requires perfect trans-
formers of optical signals in frequency, especially in the field of
superhigh frequencies. Usage of  photoreactive effect and negative
resistance of semiconductor devices allows to boost sensitivity and
accuracy of transformation of optical signals.
The transformer constructive represents an integrated hybrid circuit,
which consists of an gallium arsenide field-effect transistor with a
Schottky barrier, a bipolar transistor, inductance and two capacities.
As photosensing devices the field and bipolar transistors appear. This
circuit implements the superhigh-frequency oscillator, the frequency
of which generation is drived by optical radiation acted on transistor
photosensing structures.
For study of the characteristics of optical transformers it is necessary
to consider the mechanism of interaction of optical radiation with
transistor structures, to develop mathematical model of optical
transformation, on which basis it is necessary to receive volt-ampere
characteristics, dependence of active  and reactive components of a
total output impedance, frequency of generation from optical

radiation and modes of electric supply of the device. This work is
devoted to consideration of these problems.
It is shown theoretically and experimentally, that on electrodes the
collector - drain of the offered circuit exists negative dynamic
resistance, which compensates the power losses  in a tuned circuit
created by an external inductance and capacity, existing on
electrodes of a collector - drain of the device. The RC- electric circuit
establishes an additional positive connection of an output with an
input of the device. One of the capacities plays a block role, i.e.
protects the constant voltage source from an action of currents of
superhigh frequencies. The optical transformer works as follows. At
the action of optical radiation on basis a bipolar and the channel of
field transistors happens variation both fissile, and reactive compo-
nent the total resistance on electrodes a collector - drain of the
device, that is  called a frequency change of generation.
The dependence of an active and reactive components of the total
resistance on electrodes a collector - drain from action of optical
radiation is obtained on the basis of a set of Kirchhoff’s equations,
which explain the behavior of a nonlinear equivalent circuit of the
optical transformer. The solution of a set of equations was carried
out by the method of Gauss on a PC.
The variation of parameters of bipolar and field phase-sensitive
transistors from action of optical radiation is obtained on the basis of
solution of the equation of transposition in view of a right member of
the equation, which takes into account actions of optical radiation.
As have shown theoretical and experimental researches the active
component, which had negative values, varied almost linearly on 50
Ohms at variation of power of optical radiation from zero up to 80
uWt/cm^2. The reactive component, which had capacitor character,
varied from 8,978 kOhms up to 8,961 kOhms by the same change of
power of optical radiation. With this the constant voltage of a power
supply was made up 2 V. The function of transformation, which
determines the dependence of frequency of generation on power of
optical measurement, is obtained due to conditions of Lapunoff
stability. As researches have shown, the frequency of generation
varied from 1,4285 GHz up 1,4271 GHz at variation of power of
optical radiation from zero up to 80 uWt/cm^2. The analytical
formula of sensitivity is obtained by differentiation of transformation
function on power of optical radiation. The sensitivity of the
transformer makes up 22 kHz/uWt/cm^2. The generation frequency
also depends on an electric mode of supply of the device. At
magnifying of the voltage from 1,4 V up to 3 V the frequency of
generation has varied from 1,4285 GHz up 1,4271 GHz. The output
voltages is magnified from 1 V almost up to 3B at magnifying of a
supply voltage from 1,5 V up to 3 V. The temperature stable section
of the transformer operation  lays in a range of temperatures from -
40 C up to +80 C.
The further stepping-up of sensitivity and accuracy of transformation
can be received on the basis of usage instead of a passive external
inductance of an active element on the basis of the reactive
transistor, however by this almost on two order the frequency of
generation will decrease. The optimum wave length of optical
radiation has made up 0,7 microns.

6183-66, Poster Session
Group delay-compensated Bragg grating filters for high-
speed DWDM systems
L. Wosinski, Kungliga Tekniska Högskolan (Sweden); M. Swillo,
Phoxtal Communications AB (Sweden); M. Dainese, Replisaurus
Technologies AB (Sweden)
High quality wavelength selective filters in form of Bragg gratings
UV-imprinted in optical fibers find more and more applications in
different network components. Recently gratings imprinted in planar
lightwave circuits (PLCs) have become of great interest for applica-
tions in wavelength division multiplexing (WDM) systems.
To improve filter spectral response and suppress sidelobes, a
correct grating apodization should be implemented, although many
researchers confirm with experimental results and simulations that
sidelobes from the left side of the grating spectrum are difficult to
remove and even become bigger due to non-perfect alignment
during UV exposition. It is true for both, phase mask- and interfero-
metric methods of grating imprinting and appear in fibers as well as
in planar silica-on-silicon waveguides.
Improvement of grating profile in this case can be obtained by
quantifying the sidelobes and calculating the blank exposition with
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inverted Gaussian profile with appropriate FWHM and intensity.
In our study we started with a 10 mm long grating exposed in a
channel waveguide with germanium doped, boron codoped core,
using an interferometric system and Gaussian apodization, where the
interferometric pattern was moved along the waveguide. Three
strong side lobes were clearly visible on the short wavelength side of
the filter; one was of the same order of magnitude as the main peak.
To improve the shape of this filter, several post-exposures were
performed over the same filter area. The five subsequent exposures
have been done with inverted Gaussian profiles of different FWHM.
The subsequent results showed gradual decrease of the sidelobes.
The raising of the refractive index at the edges of the grating by
choosing suitable intensity profile has been geometrically adjusted to
the side lobes characteristics. Finally the side lobes on the shorter
wavelength side have been almost completely erased, while the
formation of longer wavelength side-lobes has been avoided. The
improving process has been stopped when the right-side lobe
started to be comparable with the left side one which means that the
mean refractive index started to be higher on the edges than in the
filter center.
For high speed transmission systems also dispersion introduced by
system elements cause pulse broadening and degrades pulse
transmission. The dispersive properties of the filter are determined
by its phase response. Group delay, defined as a variation of phase
with frequency, is responsible for the delay time of the optical pulse
passing through the device. To obtain low dispersion filter character-
istics, the grating should have a linear phase response which means
constant group delay as a function of wavelength. A good approxi-
mation of this demand can be achieved in the simplest way by
making the grating strong, but very short. Shorter gratings are
spectrally broader, but the changes of the group delay in the center
region of the reflected band can be much smaller. Therefore a trade-
off should be found between the channel bandwidth (and spacing)
and dispersion induced pulse broadening.
Another possibility is to make the grating strong by increasing the
length of the grating, but in this case the flat top channel spectrum
(constant group delay response) must be achieved by a special
complex grating design.
There exist methods for exact modeling of filter characteristics that
can be used for UV-imprinted Bragg gratings in fibers and planar
waveguides. The solutions are based on transfer matrix method [1],
Gaussian apodized truncated sinc-shaped refractive index profile [2],
inverse scattering method [3] or Levenberg-Marquardt algorithm
method [4].
For example it is possible to model and confirm with suitable
simulations that a filter with a rectangular reflectivity profile and with
~30 dB sidelobe suppression as well as constant group delay can be
obtained with presently achievable refractive index changes by UV
illumination of waveguide core. However solutions based on very
complicated intensity distribution or demanding exact mapping of
the designed profile are very difficult or even impossible for practical
realization, especially for planar components.
The profile noise on the spectral response of the grating can be
caused by non uniform thickness or refractive index of the deposited
layers. Interlayer boundaries and their roughness can give additional
reflections and light scattering and contribute to this noise as well.
Even small changes in the flat top spectral response can cause large
group delay dispersion and make the filter useless for high speed
WDM systems.
The method that we suggest here is based on group delay compen-
sator, the additional grating that compensate for both, design- and
fabrication-caused group delay. The design of the main grating
should be simple for practical realization but should have high
suppression of Bragg wavelength with decreased sidelobes in order
to minimize crosstalk. The compensator doesn’t need to have such a
strong suppression. The light transmitted through the compensator
is scattered and does not have any influence on the quality of the
main signal.  The important thing however is the quality of the
reflected light from the compensator. Therefore, it is accepted a
small loss (about 0.1 dB) in reflection, which is necessary for group
delay modification. A Bragg wavelength for the compensator is
identical to the one in the main filter. Since the Bragg grating in the
main filter is already apodized (the sidelobes are minimized), the
bandwidth of the compensator can be larger than this of the main
filter, which significantly relaxes requirements for the compensator.
Finally, the requirements for the compensator are as following: the
loss for reflection should be less than 0.1 dB within the bandwidth of

the main filter and the group delay should compensate the one
generated by the main filter within 0.6 nm for channel bandwidth 0.8
nm with 100 GHz channel spacing. Such a compensator can be
realized by special apodized grating, which period is the same as in
the main filter, but strength of the grating is reduced in the central
part of the grating.
The filter-compensator structure has been fabricated and tested
confirming the predicted properties. The full characterization of the
device is in progress.
REFERENCES
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and Poling in Glass Waveguides conference, Williamsburg, 26-28
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6183-67, Poster Session
A concept of new integrated optical components with
fast operative control of the spectral response
A. V. Shamray, A. Kozlov, I. Ilichev, M. P. Petrov, A.F. Ioffe Physico-
Technical Institute (Russia)
Optical components are, like high speed electronics and micropro-
cessors, key enablers of the information revolution. The main trends
in the development of modern optical systems are dynamic
reconfiguration and increasing of controllability. In spite of many
efforts aimed at development of controllable wavelength selective
devices, the problem still needs further investigation to meet the
challenges of advanced technical applications.
In this work we present a new concept of dynamically controllable
wavelength selective optical components. It is based on the original
technique of the operative control of the spectral response of
integrated optical Bragg gratings. The technique could provide new
functional capacity of the optical components for informational and
laser technologies.
The demonstrator of the proposed technique based on a holographic
Bragg grating in a single mode LiNbO3 optical waveguide has been
fabricated and tested. Potentially a high wavelength selectivity (0.1 -
0.01 nm), fast electrooptical control (up to 20 GHz), relatively low
controlling voltage together with the integrated optical implementa-
tion make this device very promising as a key building block of
various optical systems for wavelength control and switching. For
instance, it could be used for building of wavelength selective
electrically controlled optical attenuators for power equalizers,
electrooptical modulators (allowing modulation of one specific
wavelength channel without affecting the other channels), Add/Drop
multiplexers, controllable dispersion elements, tunable lasers,
systems for laser wavelength and power stabilization, and as an
electrooptical Q- switch.

6183-68, Poster Session
Raman amplification in porous silicon at 1.5  µm
M. A. Ferrara, L. Sirleto, L. Rotiroti, I. Rendina, Istituto per la
Microelettronica e Microsistemi (Italy)
In this paper, in order to realise an amplifier operating in the S band,
an approach based on Raman scattering in porous silicon is
presented. Main advantages of porous silicon are: it is CMOS
compatible; being the formation of porous silicon a wet etch
process, the apparatus to form this material is simple and chip.
Moreover, the choice of porous silicon has important advantages: to
obtain light amplification at 1.54  µm no special impurity is required,
and it is possible to take advantage of enhancement of Raman
scattering and nonlinear effects in porous silicon with respect to
silicon due to quantum confinement. Additionally the two photon
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absorption, which is competitive with stimulated light scattering,
could be negligible choosing a suitable porosity.
According to Raman effect theory, the natural atomic vibrations of
material can be used to create or amplify light. Stimulated Raman
scattering takes place, under excitation by an intense laser beam,
when the number of Stokes photons is sufficiently large. In this
hypothesis, photon stream at Stokes frequency, injected along with
the pump, is amplified.
Experimental results, proving spontaneous Raman amplification at
1.5 micron in porous silicon, are reported.

6183-69, Poster Session
Investigation of thermo-optic effect in SOI waveguide
arrays
F. Magno, F. De Leonardis, V. M. N. Passaro, Politecnico di Bari
(Italy)
Silicon-on-insulator (SOI) waveguide structures are very promising
for the realization of dense photonic integrated circuits and firmly
established within optoelectronic industry, being used as the basis
for sophisticated components such as multiplexer, demultiplexer,
optical attenuators and add-drop filters [1-2].
A typical SOI waveguide has a silicon core (refractive index about
3.5) and a silica cladding (refractive index about 1.5). Therefore there
is a very high index contrast, enabling high confinement of the
optical modes and allowing reduction of circuit area and device
dimensions. SOI waveguides can be single-mode even with large
dimensions using a rib structure, since the bottom slab waveguide
offers an “escape path” for the higher order modes.
SOI-based optical devices are characterized by small optical losses
over communication wavelengths and have the potential for
integration with SOI-based CMOS electronics [3-4], that benefit from
reduced parasitics and absence of latch up. Silicon is available in
large size, good quality and at low price, and its technology is highly
developed.
Optical switches, tunable optical filters (TOF), reconfigurable optical
add/drop multiplexers (ROADMs) are also key components in optical
communication systems. An attractive way to modulate the refractive
index in SOI rib waveguides is the thermo-optic effect, allowing low
transmission loss, low cost, high stability, low power consumption
and very large scale of integration. Silicon possess a very high
thermo-optic coefficient dn/dT (1.86 10-4 K-1 at the wavelength of
1550 nm), compared with the most commonly used semiconductors
and optical materials [5]. This high thermo-optic constant allows low
power and fast time response to be achieved [6-7].
In a previous paper, we have simulated various SOI rib waveguides
to be used for low power, high speed thermo-optic modulators and
ROADMs [8], focusing on achieving optimized switching characteris-
tics, i.e. fast response and low power performance, varying the
dimensions of the waveguides and the heater.
In this paper, we have first studied the influence of the buried oxide
depth of the basic rib waveguide on thermo-optic coefficient and
switching characteristics. Then we have considered the effect of the
heater on possible neighboring waveguides in the array, studying the
influence of the spacing period between waveguides and of the
heater width on the thermo-optic factor. The investigation has been
carried out by using a finite element method (FEM) approach.
Then, we have analyzed a double rib structure, in which there isn’t a
silicon slab under the rib but another finite layer of silicon (larger than
the rib). We have compared this new structure with the basic rib
structure from the point of view of power requirement and switching
time. Subsequently we have considered again an array of
waveguides but constituted of double rib structures. The comparison
between the two types of array evidences the importance of the role
played by the high thermo-optic coefficient of the silicon. To the best
of our knowledge, this is the first time that a detailed theoretical
investigation is applied to the thermo-optic effect in SOI waveguide
arrays.
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6183-70, Poster Session
Er3+ activated silica-hafnia glass-ceramics planar
waveguides
Y. Jestin, N. Afify, C. Armellini, Univ. degli Studi di Trento (Italy); S.
Berneschi, Istituto di Fisica Applicata Nello Carrara (Italy); S. N. B.
Bhaktha, Univ. degli Studi di Trento (Italy) and Univ. of Hyderabad
(India); B. Boulard, Univ. du Maine (France); A. Chiappini, A.
Chiasera, G. Dalba, Univ. degli Studi di Trento (Italy); C. Duverger,
Univ. du Maine (France); M. Ferrari, C. E. Goyes Lopez, M. Mattarelli,
M. Montagna, E. Moser, Univ. degli Studi di Trento (Italy); G. Nunzi
Conti, S. Pelli, G. C. Righini, Istituto di Fisica Applicata Nello Carrara
(Italy); F. Rocca, Univ. degli Studi di Trento (Italy)
Over the last few years considerable efforts have been made in order
to obtain rare earth doped glass-ceramic materials with active ions
embedded in the crystalline phase. This class of materials is of great
importance in photonics, because they combine the mechanical and
optical properties of the glass with a crystal-like environment for the
rare-earth ions, where their higher cross-sections can be exploited in
order to fabricate more compact devices. The objective of the
research presented here is to fabricate ultra-transparent Er3+-
activated glass ceramics in planar waveguide format and to assess
their optical, spectroscopic, and structural properties. 70SiO2 -
30HfO2 planar waveguides, activated by 1 mol % Er3+ ions were
prepared by sol-gel route, using dip-coating deposition on v-SiO2
substrates and stabilized by a last treatment for 5 min in air at 900°C.
In order to nucleate nanocrystals inside the planar waveguide,
additional heat treatments were performed in air at a temperature of
1000°C and 1100°C for 30 minutes The precursor waveguide
WG900, and the glass ceramics W1000 and W1100 were character-
ized by several techniques including photoluminescence (PL)
spectroscopy, lifetime measurements, losses measurements, modal
measurements, Raman spectroscopy, and X-ray diffraction measure-
ments. A nanostructured glass ceramic with an attenuation coeffi-
cient of 1 dB/cm at 1542 nm and containing crystallites of a mean
size of 3 nm was obtained by thermal annealing.
Acknowledgements: Authors acknowledge the financial support of
MIUR-FIRB RBNE012N3X, PAT 2004-2006 FAPVU, MIUR-PRIN2004
(2004-2005), CNR-CNRS (2004-2005), and ITPAR (2003-2006),
projects.

6183-71, Poster Session
Evaluation of optical birefringence at ferroelectric
domain wall in LiNbO3
P. Ferraro II, L. Aiello, F. Pignatiello, M. Paturzo, S. Grilli, P. De
Natale, S. M. De Nicola, Consiglio Nazionale delle Ricerche (Italy)
Micro-engineering ferroelectric domains in lithium niobate crystal is a
fundamental step to allow its applications in the field of optics and
photonics. Important applications of the engineered domain
structures range from periodically poled crystal for nonlinear optical
frequency conversion and electro-optic Bragg switches up to
memory devices for optical data storage. The transition regions
between neighboring antiparallel domains are called domain walls.
Their structure affect device characteristics such as linearity and
efficiency.
Theoretical calculation show that the polarization change across a
180° ferroelectric domain wall should be atomically sharp. On the
contrary, experimental results reported for the intrinsic wall width of
a domain range from about a hundred nanometers to about ten
microns. In this work we perform a measure of optical birefringence
at domain wall in LiNbO3 using a plane polariscope. To be precise,
we present a digital measurement of whole-field map of isoclinic
angle a, that is the angle between a principal stress direction and a
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reference axis, by a phase-shifting based technique. In this way we
obtain a measure of domain wall width and, above all, we determine
the direction of principal axes of stress-induced birefringence, that
until now were only supposed to be parallel and perpendicular to the
domain wall, according to theoretic predictions.

6183-72, Poster Session
Resonant cavity enhanced silicon photodetector at 1.55
micron in waveguides structure based on internal
photoemission effect
M. Casalino, L. Sirleto, L. Moretti, G. Coppola, S. Libertino, I.
Rendina, Consiglio Nazionale delle Ricerche (Italy)
Silicon photodetectors have already found wide acceptance for
visible light (0.400-0.700 µm) applications, because of their near
perfect efficiency at these wavelengths. Regarding near IR wave-
lengths for data communications applications, silicon could offer the
potential of low fabrication cost and direct integration with comple-
mentary metal-oxidesemiconductor (CMOS) circuits. Traditionally,
the operation of conventional photodetectors are based on the
semiconductor interband transition effect. Such devices give an
electrical signal when the photon energy is greater than the semicon-
ductor bandgap.
In silicon this corresponds to a cutoff wavelength of about 1.1 µm,
which is not in the 1.3-1.55 µm fiber optic communication
wavelenght range. A possible alternative is the use of silicon-
germanium, but the growth of this compound on silicon is still a
challenge in terms of cost and complexity [1,2]. The exploitation of
the internal emission effect over the metal-semiconductor Schottky
barrier may offer a solution. In fact, depending on the height of the
metal-semiconductor barrier, the cut-off wavelength can be shifted
at wavelength well beyond 1.6 µm [3,4].
The photodetector performance is measured by the bandwidth-
efficiency product. For conventional vertically illuminated photode-
tectors, quantum efficiency and bandwidth have inverse dependen-
cies on the photoabsorption layer thickness, therefore the trade-off
between bandwidth-efficiency is a paramount problem for a
photodetectors.
Resonant-cavity-enhanced (RCE) photodetectors offers the best
performance in order to overcome the limitation of conventional
photodetectors. The enhancement in η in RCE photodetectors  is
obtained by placing the active strucuture inside a Fabry-Perot
resonat microcavity. The enhancement of the optical field in a Fabry-
Perot resonator allows the use of thin absorbing layers, which
minimizes the transit time of the photogenerated carriers without
hampering the quantum efficiency. RCE devices benefit from the
wavelength selectivity and the large increase of the resonant optical
field introduced by the cavity [5].
RCE photodetector research has mainly concentrated on using p-i-n
type photodiodes (PD’s) [6,7], whereas there have been only a few
reports on RCE Schottky PD’s [8,9,10], and generally, for wavelength
of 1.55 micron, III-V compounds are used. In top-illuminated RCE
Schottky PD’s, a Schottky contact can function as the top reflector
of the resonant cavity. Optical losses in the metal contact limit the
quantum efficiency. Effort to increase the device responsivity has
been pursued by utilizing semi-transparent Sckottky contacts. The
RCE detection scheme is particularly attractive for Schottky type
photodetector, since it allows the fabrication of high performance
photoreceivers by means of the relatively simple structures and
fabrication processes.
In order to overcome the bandwidth-efficiency trade-off, recently,
photodetectors integrated in  waveguides structures have been
proposed. In such a structure, light and photogenerated carriers
travel in perpendicular directions, this ensures that internal quantum
efficiency and bandwidth are almost indipendent of each other and
makes it possible to obtain better performances than top-illuminated
photodiodes.
In our previous paper [11], the design of a Si resonant cavity
enhanced Schottky photodetector, based on the internal photoemis-
sion effect, and operating at 1.55 micron is reported. Using Au-Si as
Schottky barrier a 0.1% quantum efficiency has been obtained.
Moreover we proved that the enhancement due to the presence of
cavity has a significant effect.
The aim of this paper is to extend the previous model for Si RCE
Schottky photodetector, based on internal photoemission effect,
from bulk to waveguide strucuture, we are going to investigate two

structure having a vertical and a longitudinal cavity and we want to
compare the performances.  Work is in progress in order to realize
and characterize the devices.
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6183-73, Poster Session
Liquid crystal orientation in photonic SOI devices
H. J. Desmet, K. Neyts, R. G. Baets, Univ. Gent (Belgium)
Liquid crystals (LCs) have many potential applications in photonics
because of their enormous electro-optical properties. In integrated
optics, the use of LCs can lead to very compact electrically tunable
components. An example is given by silicon-on-insulator (SOI)
devices with a liquid crystal cladding.
However, one problem often arise when using liquid crystals in
integrated components: the small features of these components
influence the orientation of the liquid crystal molecules (also called
the director of LC). It is exactly this orientation that determines the
optical properties, because it gives the optical axis and thus the
refractive index tensor.  The problem is worse if an important fraction
of the light in the liquid crystal is close to the surfaces or to sharp
features, which is often the case. As a consequence, the subject of
alignment of liquid crystal in complex geometries is closely related to
that of the use of liquid crystal in integrated optics.
When determining the influence of a photonic component geometry
on the alignment of liquid crystal, not only the designed geometry
but also the details of the fabrication process play an important role.
Small variations in a surface, for example due to an etch process,
can have a significant influence on the orientation of the liquid crystal
director. Moreover, the sharpest features -which have often a large
dependency of the fabrication process - have the most important
influence on the alignment.
In the work we present here we have investigated in a systematical
way the alignment of nematic liquid crystals on patterns etched in
silicon-on-insulator. The patterns in the SOI were fabricated by
deep-UV photolithography. This technique does not give the best
defined structures but it has the potential to become the standard for
photonic SOI components because it allows mass production.
The structures we examined were etched in the 220 nm top silicon
layer of an SOI wafer. Before putting on the liquid crystal, a glass
plate was placed on top of the SOI sample, and was hold a few
micrometers above it by microspheres. The liquid crystal was then
inserted between the glass and the silicon surface by capillary
forces. This way, we obtained a uniform liquid crystal layer.
In order to determine accurately the alignment behavior we tested
real photonic structures (waveguides, rings, photonic structures) as
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well as non-photonic structures. The last group includes for example
all kind of two-dimensional gratings with pitches in a range from 400
nm up to 50 µm.
The uniformity of a grating allows determining the liquid crystal
behavior by simple optical microscopy in a crossed-polarizer setup.
In this way one finds an average for the alignment within one period.
By comparing the results of many types of gratings one can deduce
more details about the local alignment.
For example, while it is well known that a one-dimensional grating
gives a homogeneous director orientation parallel to the grating, two-
dimensional gratings can give any type of alignment when varying
the ratio between the two pitches, changing the etch depth or using
non-orthogonal preferential directions.
Besides changing the geometrical parameters, we also changed the
chemical parameters of the silicon surface by covering it with a
surfactant.
As a result of this set of measurements, we were able to make a
model for the liquid crystal alignment on textured SOI surfaces. We
compared this result with existing and new theoretical models that
describe liquid crystal orientation in complex geometries. We also
examined the impact of these findings on the final behavior of the
photonic components.
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6183-74, Poster Session
Diffraction gratings written inside on LiNbO3 crystals by
means of femtosecond laser pulses
G. A. Torchia, C. Méndez, D. Delgado, J. Rodríguez, I. Arias, Univ. de
Salamanca (Spain)
Femtosecond laser writing for fabrication of photonic structures in
transparent materials has become an active research topic which
has been strongly studied during last years.  Due to the high intensity
laser regime ( GW/cm2) ,  multi photon absorption processes can be
reached. Ionization at the medium produces ablation if the laser is
focused on the surface and optical damage and high index regions if
the laser is focused inside of transparent materials.
The possibility of making waveguiding structures by using one step
process is the main advantages of the writing procedure which
implies a low cost, fast and direct way to obtain the desired optical
circuits. Passive and active channels waveguides, splitters, couplers,
Mach Zehnder interferometers, diffraction gratings, among other
have been performed successfully in glasses, fluorides and other non
crystalline system. However, only few examples of femtosecond
laser writing in single-crystals have been reported. Additionally,  2D
and 3D waveguiding structures were conducted in fused silica which
represents a additional advantages of this kind of fabrication process
in transparent materials.
In this work, by using a Ti:Saphire laser from Spectra Physics, lasing
at          795 nm,120 fs pulse width, 1 Khz repetition rate and
delivering energies  up to 1 mJ , diffraction gratings as phase
modulation elements have been obtained inside of z-cut Lithium
Niobate samples.
Lithium Niobate wafer was mounted on a X,Y,Z translation stages,
which has an accuracy of 0.5 µm. For the laser writing process, the
sample was translated perpendicular to the incident beam at a
writing velocity of 50 µm/s. The laser beam was focused 200 µm
under the surface of the z-cut  lithium niobate crystal by using a 40x
(NA=0.65) objective microscope at fluences lower that the optical
damage (2 J/cm2). This damage is originated by the Kerr effect in the
material due to the high laser intensities (tens of Gwatt/cm2) that can
be reached. At the energies used in this work, the laser interaction
region presents a permanent index increment without laser damage
or color centers formation after the ionization process at the medium
takes place. The width of the writing spot was 2 µm, and the depth
of the interaction region was determined to be 5 µm, in accordance
to the Rayleigh length for the focused femtosecond beam waist.
Phase diffraction structure of 10 µm pitch and 3x3 mm2 have been
conducted.
High diffraction efficiency was observed under He-Ne illumination at

normal incidence to the gratings for TM and TE polarization. Up to
the * 3 diffraction order are observed showing  an important
intensity from the output pattern. This fact implies that the index
increment shows a high contrast for both ordinary and extraordinary
index for z-cut the lithium niobate substrate. From the diffraction
pattern we have estimated the index increment which was to be
+n=10-4 for both indexes. Finally, the time stability and performance
of these refractive index structures will be analyzed as function of
temperature up to reach 600º C in steps of 100 º C during two hours
for each temperature.
The results presented in this work open the possibility to extend the
femtosecond laser writing to other non lineal crystals as well as to
active materials doped with rare earth or metal transitions ions in
order to get high efficiency diffraction gratings in  laser materials.
Additionally, several direct writing motifs like rings, bend-waveguides
and also 3D more complex photonic structure can be achieved in
different single crystals by the experimental procedure shown in this
work.

6183-75, Poster Session
Waveguide photodetectors in polycrystalline germanium
on silicon
L. Colace, G. Masini, G. Assanto, Univ. degli Studi di Roma Tre (Italy)
The demand for fast internet access and massive data transmission
has shifted the emphasis of the optical communications market from
long-haul connections towards local networks and subscribers,
softening the specifications and launching new trends with novel
tradeoffs and evaluation criteria. In this framework, silicon-germa-
nium (SiGe) has been considered a promising alternative to InGaAs,
due to its large absorption coefficient in the NIR and good carrier
transport properties. However, due to lattice mismatch, the epitaxy
of Ge on Si requires the use of complex growth techniques and
equipment which possibly hinder a seamless integration with CMOS
Si-electronics, one of the key factors in Si-based optoelectronics. A
number of high performance SiGe photodetectors fabricated on
silicon substrates have been reported, however their integration with
standard technology remains questionable. Among several ap-
proaches, one of the most appealing is based on polycrystalline Ge
because of its low thermal budget. Poly-Ge photodetectors have
been integrated on standard Si CMOS integrated circuits. Moreover,
poly-Ge deposition is a low-cost process, a relevant aspect in large
volume -consumer oriented- applications where performance can be
traded for price.
Thermally evaporated Ge-films have a polycrystalline structure if the
substrate is kept above 250°C. In this case the absorption spectrum
is very similar to pure (bulk) germanium, and a good NIR sensitivity is
available. Poly-Ge/Si p-n heterojunction photodiodes have been
fabricated for normal incidence detection, exhibiting a 1.3µm
responsivity of 16mA/W, dark current densities below 2mA/cm2 and
an operating speed higher than 2.5 Gbit/s. The low responsivity is
attributed to the small active region (depletion layer of about 50nm in
Ge) associated to the large acceptor-like defect-density.  The goal is
to overcome this limitation and maximize the NIR responsivity. To
this purpose, we investigated various waveguide photodetector
geometries. The basic photodetector is a p-n junction between the
poly-Ge etched mesa and the SOI n-doped silicon-overlayer. Light
absorption takes place along the light propagation path while
photogenerated electron-hole pairs are collected perpendicularly to
the guided-wave vector with the help of the reverse bias.  Alternative
designs involve a modified top metal contact, shaped in order to
minimize conductive losses and light-polarization sensitivity, thus
allowing a higher responsivity.
In this work we report on devices design, fabrication and character-
ization, demontrating  responsivities as high as 150mA/W at 1.55um.
This work was carried out in the frame of a research contract with
Pirelli Labs S.p.A. (Italy). Patent pending.

6183-76, Poster Session
Multichip colour variable LED linear modules
L. Wang, M. Riemeijer, Philips Lighting, Central Development
Lighting (Netherlands); G. Calon, Philips Lighting, Central Develop-
ment Lighting (USA); E. van Lier, P. Deurenberg, T. Treurniet, J.
Ansems, O. Chao, V. Mercier, Philips Lighting, Central Development
Lighting (Netherlands); K. van Os, G. Lijten,  Philips Applied
Technologies (Netherlands)
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In this paper we report on a multi-chip colour variable LED linear
module with colour mixing and collimation. Six dice are mounted
close together on a substrate and combined with a faceted dielectric
collimator to shape the light output. To achieve a very slim optical
collimator (with minimal thickness) we combine a mechanical
reflector with a total intern reflection (TIR) collimator.
One of the bottlenecks in LED module design is the very high
coefficient of thermal expansion (CTE) for organic optical materials
(encapsulant). This material is needed to make good optical contact
between LED-chip and surrounding optical system. Therefore it is
important that the design can handle large volume changes of the
encapsulant during LED operation whilst maintaining good and
stable optical performance. Furthermore, the encapsulant needs to
be soft to avoid high stresses on fragile components (e.g. bond
wires). These problems are solved in our module.
To overcome variations in the colour of the light output due to
temperature changes and ageing, this module is equipped with a
temperature and a light sensor. The signals of these sensors are
supplied to a colour control algorithm, which changes the power
levels to each LED colour in the appropriate way. This algorithm is
capable of reducing the colour error ∆u’v’ from 0.022 (in open loop)
to 0.005 for a temperature change of 50 degrees Celsius.
Cooling of the linear module is based on natural convection. The
operation temperature of the housing is about 400C above ambient
temperature. Variable material combinations in the thermal path from
the junction to the house have been modelled in order to minimize
the internal thermal resistance.
A prototype is made and optical performance is measured as well.
The optical efficiency of the module is 75%.

6183-77, Poster Session
Novel type of microchip laser radiation
A. Dmitryuk, L. Maksimov, G. Petrovsky, V. Savostyanov, Research
and Technological Institute of Optical Material Science (Russia)
Novel high concentrated Yb/Er and Nd phosphate glasses were
elaborated and micro-chip lasers were produced. Lasing parameters
of Yb/Er and Nd phosphate glasses were studied. It was observed
the novel type of radiation excited by pumping power sufficient high
for amplification of radiation but less than the lasing threshold. It was
found that this radiation was characterized by direction and comb
spectrum differing from both luminescence and lasing spectra. It was
proved that the modulated radiation emitted by the micro-chip lasers
was super luminescence. Spectral interval between adjacent lines of
comb spectrum varies with radiation wavelength, thickness of Fabry-
Perot resonator and refractive index of amplifying medium.
The phenomenon of super luminescence modulation in Fabry-Perot
micro resonator can be used for designing the simplest comb
spectral channels generators for DWDM working in 0.9-1.6 µm
spectral range. 200 and 250 spectral channels were realized for Yb/
Er and Nd micro-chip lasers, correspondingly.

6183-17, Session 4
Characteristics of rib waveguide racetrack resonators in
SOI
G. T. Reed, W. R. Headley, B. Timotijevic, F. Gardes, Univ. of Surrey
(United Kingdom)
Optical ring resonators have the sufficient flexibility to realise many
functions in a single device, from filters/multiplexers, to modulators,
to switches. The use of Silicon-On-Insulator (SOI) material, coupled
with Ultra Large Scale Integration (ULSI) processing techniques, may
allow the cost of these devices to become economically advanta-
geous over current components.  This paper describes our recent
work in developing polarisation independent ring resonators, and
subsequently work on increasing the limited free spectral range and
full width half maximum of the resonance.
There are two key components that comprise a polarisation-
independent racetrack resonator: a polarisation-independent rib
waveguide and a polarisation-independent directional coupler.
Polarisation independence is achieved in the waveguides when the
geometrical design ensures that both polarisation modes propagate
with the same effective index.  We report on such devices together
with polarisation independent couplers, which are achieved by
allowing different inter multiples of the coupling length for the TE and
the TM modes.  By combining these components, the  resulting

device is a polarisation independent ring resonators.  These devices
have been thermally modulated by means of a modulated visible
laser.  Subsequently we have improved the device characteristics by
employing smaller bend radii to increase the free spectral range by a
factor of 5, and by cascading racetracks to improve the full width
half maxima of the resonance by almost 40%.  Experimental results
are reported for all of the above characteristics.  We will further
investigate the opportunities for increasing the FSR whilst retaining
polarisation independence, the possibility of retaining polarisation
independence whilst utilising the properties of the ring resonator to
form a modulator.

6183-18, Session 4
Silicon photonics with microspheres
A. Serpengüzel, A. Kurt, Koç Univ. (Turkey)
Silicon microspheres coupled to optical fibers are used for optical
channel dropping in the near-IR. The observed morphology
dependent resonances have quality factors of 100000. The experi-
mentally measured quality factors are limited by the sensitivity of the
experimental setup. These optical resonances provide the necessary
narrow linewidths, that are needed for high resolution optical filtering
applications in the near-IR. In addition to filtering, detection, and
switching applications of this photonic system is studied in the near-
IR as well as far-IR. The silicon microsphere shows promise as a
building block for silicon photonics in the near-IR as well as far-IR.

6183-19, Session 4
Ultrahigh-quality factor silicon on insolator microdisk
resonator characterized by optical near-field
I. Stefanon, S. Blaize, G. Lerondel, P. Royer, Univ. de Technologie de
Troyes (France); B. Martin, K. Phan Huy, D. Amans, A. Morand, P. M.
Benech, École Nationale Supérieure d’Electronique et de
Radioélectricité de Grenoble (France); J. Verbert, E. Hadji, CEA
Grenoble (France); J. Fédéli, CEA-LETI (France)
Resonator based on microdisk or microring cavities are now studied
for few applications as low threshold laser, add and drop configura-
tion or wavelength filter function ... [1-5]. All these structures are
based on Whispering Gallery Modes propagating along the circum-
ference of the disk. For example, thanks to high refractive index
contrast between silica and silicon semiconductor, high quality
factors are exhibited with radius of few micrometers. In this paper, a
wavelength filter fabricated using SOI technology is reported. It is
only composed of a microdisk resonator and a waveguide output
coupler placed near the microdisk. At a resonant wavelength, light
injected in the waveguide is coupled in the microdisk resonator. The
efficiency of the coupling depends essentially of the separation
between the microdisk and the waveguide. For a peculiar distance,
all the light can be coupled in the microdisk leading to an extinction
of the light at the output of the waveguide. For wavelength out of
resonance, the light propagating in the waveguide is not perturbed
by the microdisk. If this condition is respected, the resonant
wavelength is totally filtered.
In this “forced” regime and in the ideal case, the light in the
microdisk is only described by a forward WGM. Nevertheless, the
real microdisk is usually perturbed by different phenomena as edge
rugosity or other pertubation like a hole or a waveguide. That induce
back reflection and the appearing of stationary WGMs. In a structure
with azimuthal symmetry, these modes are naturally degenerate. But
when this symmetry is broken by the presence of an output coupler
waveguide in the vicinity of the cavity, a degeneracy splitting of these
modes is observed with high quality factor resonator as microtoroid
[6] or microdisk on a pedestal surrounding by air [7]. Such a contra-
directional coupling leads to two deleterious effects: it reduces the
extinction ratio between the output and input waveguide power and
it induces a splitting of the resonant peak into a spectral doublet
defined by the two stationary modes. The role of inhomogeneities
like surface roughness in mediating the contra-directional coupling
was first pointed out by Ilchenko and Gorodetsky in [8], and
analytically studied for the first time by Little and al. [9]. But the role
of the waveguide itself is not completely clear so far. Theoretically, it
is usually supposed that all the energy going outside the cavity is
either radiated or coupled in the waveguide. Moreover, the light
injected in the waveguide is either coupled in the microdisk or is not
perturbed by the microdisk which leads to simple coupled mode
theory matrix [10]. Indeed, as the coupling length is short, it is
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supposed that the coupled energy in the waveguide does not rewind
in the microdisk. But, in the case of high confined structures, the
material high refractive index introduces high reflection at each
interface.
To take into account this phenomenon, the characterization of the
wavelength filter with a microdisk diameter of 8 µm is reported.
Firstly, a measurement of the doublet is shown using lens optic
fibers at input and output of the waveguide and a tunable laser.
Ultra-high quality factor as high as 92000 is measured. Then, an
optical near-field analysis is used to investigate the nature of the
contra-directional coupling in silicon microdisk channel-dropping
filter. The experimental setup is based on a Scattering type Near-
field Optical Microscope (s-SNOM). The combination of the s-SNOM
with a heterodyne interferometer allows us to map the complex field
(intensity and phase) inside the cavity [11]. By tuning the frequency
of the laser radiation launched into the structure, it was possible to
map the WGM for the two resonant wavelength of the doublet. It is
shown that the two peaks are related unambiguously to the selective
excitation of two stationary eigenmodes. To the best of our knowl-
edge, it is the first local observation of the broken azimuthal
degeneracy of the WGM in silicon microdisks. Finally, the role of the
waveguide in this phenomenon is discussed.
[1] R. E. Slusher, A. F. J. Levi, U. Mohideen, S. L. McCall, S. J.
Pearton, and R. A. Logan, “Threshold characteristics of semiconduc-
tor microdisk lasers,” Appl. Phys. Lett. 63, 1310-1312 (1993).
[2] T. Baba and D. Sano, “Low-threshold lasing and Purcell effect in
microdisk lasers at room temperature,” IEEE J. Sel. Top. Quantum
Electron. 9, 1340-1346 (2003).
[3] C. Seassal, X. Letartre, and J. Brault et al., “InAs quantum wires in
InP based microdisks: mode identification and continuous wave
room temperature laser operation,” J. Appl. Phys., vol. 88, no. 11,
pp. 6170-6174, (2000).
[4] P. Dumon, W. Boergarts, V. Wiaux, J. Wouters, S. Beckx, J. Van
Campenhout, D. Taillaert, B. Luyssaert, P. Bienstman, D. Van
Thourhout and R. Baets,” Low loss SOI photonic wires and ring
resonators fabricated with deep UV lithography”, IEEE Phot. Tech.
Lett. 16 (5), 1328-1330 (2004).
[5] Q. Xu, B. Schmidt, S. Pradhan and M. Lipson,”Micrometre-scale
silicon electro-optic modulator”, Nature 453(19), 325-327 (2005).
[6] T. J. Klippenberg, S. M. Spillane and K. J. Vahala, “Demonstration
of ultra-high-Q small mode volume toroid microcavities on a chip”,
Appl. Phys. Lett. 85 (25), 6114-6115 (2004)
[7] M. Borselli, K. Srinivasan, P. E. Barclay and O. Painter, “Rayleigh
scattering, mode coupling, and optical loss in silicon microdisks”,
Appl. Phys. Lett. 85, 3693-3695 (2004).
[8]  Ilchenko VS and Gorodetskii M L Thermal non linear effects in
optical whispering gallery microresonators, Laser Phys. 2 1004-9,
(1992)
[9] Liitle B E, Laine J.-P., Chu S.T., Surface roughness induced
contradirectional coupling in ring and disk resonators, optics letters
Vol 22 (1)  (1997)
[10] B.E. Little, S. T. Chu, H. A. Haus, J. Foresi and J. P. Laine,
“Microring resonator channel dropping filters”, J. of Light. Tech. 15
(6), 998-1005 (1997).
[11] Ilan Stefanon, Sylvain Blaize, Aurélien Bruyant, Sébastien
Aubert, Gilles Lerondel, Renaud Bachelot, Pascal Royer , Hetero-
dyne detection of guided waves using a scattering-type Scanning
Near-Field Optical Microscope Optics Express, Volume 13, Issue 14,
5553-5564 (2005)

6183-20, Session 4
Polymer-based microcavity photonics
I. N. Ledoux-Rak, M. Lebental, J. Lauret, A. Q. Le Quang, R. Hierle,
J. Zyss, École Normale Supérieure de Cachan (France)
The emergence of Molecular Photonics at the cross-road of physics,
chemistry and device engineering is being triggered by the increas-
ing demands of broadband telecommunication systems or
biophotonics. In particular, increasing beyond 100 GHz the band-
width acceptance of optoelectronic devices, or down-scaling device
dimensions approaching the level of individual molecules, require the
exploration of new avenues, extending the traditional domain of
nonlinear optical phenomena at the macroscopic or micrometric
scales towards hybrid nanostructured materials displaying multifunc-
tional properties.

An important asset is the complementarity and technological
compatibility of polymer and inorganic semiconductor structures,
both at the material and device levels. Major current and foreseeable
impacts appear to be in the realm of nonlinear optics and
microlasers which will be exemplified by a selection of recent and
ongoing developments in our laboratory at different macroscopic,
microscopic and nanoscopic scales. In this perspective, we will
discuss recent issues focused at the engineering, elaboration and
characterization of novel materials, micro- and nanostructures
displaying various active optical properties (electro-optic or laser
responses) and, in some cases, associating inorganic to organic
materials so as to exploit their respective assets in terms of stability,
optical quality and laser emission properties in the visible and near IR
spectral range.
Special emphasis will be put on visible and near IR emitting micro-
lasers, as an important class of devices that are in demand to
complement the existing passive and electro-optic waveguide
technology on the way to a full fledged all-polymer based integrated
optical circuitry with a wide range of applications from information
technologies to biotechnologies. The use of organic polymers in this
approach meets the demand for a consistent material avenue while
ensuring compatibility with inorganic semiconductors at all scales,
from intimate hybrid blends at the molecular scale to relatively
straightforward deposition on semiconductor substrates. Along
these lines, we have developed three kind of basic schemes for
micro-lasers:  polymer micro-rings around silica fibres, distributed
feedback structures (DFB’s) and planar micro-cavities sustaining
whispering gallery modes (WGM). We will report in this talk our latest
advances on WGM microlasers,  i.e. on micro- and nano-scale
fabrication technologies all the way to combined experimental and
theoretical considerations pertaining to mode pattern (in particular
“closed loop” versus chaotic behaviour). The engineering of out-
coupling angular features will be discussed in terms of the tailoring
of the micro-cavity outer shape as well as transverse pump geometry
[1-3].
[1] Direct evidence of open ray orbits in a square two-dimensional
resonator of dye-doped polymers G.D. Chern, A.W. Poon, R.K.
Chang, T. Ben Messaoud, O. Alloschery, E. Toussaere, J. Zyss, S.Y.
Kuo, Opt. Lett. (29), 1674 (2004)
[2] Dramatic shape sensitivity of directional emission patterns from
similarly deformed cylindrical polymer lasers H.G. Schwefel, N.B.
Rex, H.E. Tureci, R.K. Chang, A.D. Stone, T. Ben Messaoud, J. Zyss,
J. Opt. Soc. Am. B 21(5), 923 (2004)
[3] Unidirectional laser emission from polymer-based spiral
microdisks, T.Ben Messaoud and J. Zyss, Appl. Phys. Lett. 86,
241110 (2005).

6183-21, Session 4
Photonic bandgap properties of microcavity ring
resonator arrays
M. Chin, L. Y. Tobing, Nanyang Technological Univ. (Singapore)
MICRO-RING resonators have been used as the building blocks for
the synthesis of high-order optical filters [1]. Two model configura-
tions have been used for these filters. In one configuration which we
refer to as Type I, the resonators are not mutually coupled but are
periodically coupled to two side waveguides, with equal spacing
between adjacent resonators [2-4]. If the periodic spacing is chosen
so that the responses of all the rings add in phase, then the
configuration is analogous to a hybrid combination of distributed-
feedback (DFB) grating and ring resonators, with each ring acting as
a “tooth” in the grating that has high reflectivity at resonance [3]. In
another configuration which we call Type II, the rings are mutually
coupled in a linear cascade, each ring forming a Fabry-Perot cavity
and the array is equivalent to a chain of coupled Fabry-Perot or
mirror stack [5-6]. The array is coupled to an input and output bus
waveguides.
In both configurations, the bandpass response is much better
compared to a single ring resonator which has a Lorentzian
response, but there are still deficiencies, such as ripples in the
passband for the mutually coupled array and sidelobes in the
stopband for the periodically coupled array. An ideal bandpass filter
should have a square (“flat-top”) amplitude response with sharp
rolloff and sidelobe-free stopbands, as well as a linear phase
response with zero dispersion over the whole bandwidth. To
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approach this ideal filter, we propose a third configuration that is a
geometric hybrid of the Type I and Type II configurations. This new
configuration is a 2-D filter that can be constructed as a periodically
coupled array with each “tooth” consisting of a higher-order coupled
ring filter. We show that, by combining the complementary features
of the two 1-D arrays, this 2-D periodic array of identical, reciprocal
and lossless resonators can realize a “near-perfect” filter with flat
and sharp passband, negligible sidelobes in the stop bands, and
linear phase response over 90% of the passband.
We develop a uniform transfer matrix approach to analyze the 2-D
ring resonator array as a superposition of the two 1-D arrays. An
advantage of this approach is that it can be coupled easily with the
Bloch theorem to derive the photonic bandgap (PBG) properties of
these periodic structures. Like other photonic crystal structures,
these linear periodic structures of micro-ring resonators can form
photonic bandgaps, frequencies where light cannot propagate
through the structure. It will be shown that the PBG of the 2-D array
is the superposition of the PBG of the two 1-D arrays, which is
important in explaining the resulting near-ideal filter characteristics of
the 2-D array.
Furthermore, the existence of localized or defect modes in a linear
periodic array of symmetric and lossless resonators is demonstrated
for both finite and infinite structures. Guided and defect modes in the
optical region have been predicted for a periodic dielectric
waveguide consisting of dielectric rods or air holes [7], and experi-
mentally demonstrated in a chain of coupled vertical-cavity
microresonators [8]. We investigate the nature of guided and defect
modes in the Type I and Type II arrays mentioned above which, to
our knowledge, have not been studied so far.  The defect can be
introduced either by removing one ring, or by making one ring bigger
or smaller. Such defects generate a localized state in the photonic
bandgap, where light is localized near the defect forming a so-called
defect mode. Defect states within the photonic bandgaps behave
like either donor or acceptor modes similar to other photonic
crystals.  The results based on the transfer matrix model is com-
pared and verified with the finite difference time domain simulations.
Finite structures with moderate number of rings can be made very
low loss using special waveguide material, as demonstrated recently
[6]. In very low loss structures the defect modes will have very high
Q, giving rise to some interesting potential applications. First,
transmission through such a defect may be very sensitive to the
environment making it a potentially very compact sensor. Secondly,
if there is some mechanism to tune the defect frequencies then this
system may be used as a high-Q tunable filter. Finally, if the defect
could be made of an active medium, then a single-mode microcavity
laser with extremely small linewidth may be achieved in which
spontaneous radiation can only emit into the defect mode and very
large spontaneous coupling factor may be obtained [9].
References
[1] B. E. Little, S. T. Chu, W. Pan, and Y. Kokubun, “Microring
resonator arrays for VLSI photonics,” IEEE Photon. Technol. Lett.
12, 323-325 (2000).
[2] R. Grover, V. Van, T.A. Ibrahim, P.P. Absil, L. C. Calhoun, F. G.
Johnson, J. V. Hryniewicz, and P.-T. Ho, “Parallel-cascaded
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Opt. Letts. 26,  917-919 (2001).
[5] J. V. Hryniewicz, P. P. Absil, B. E. Little, R. A. Wilson, and P-T.
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microring resonator filters for WDM applications,” IEEE Photon.
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Joannopoulos, “Guided and defect modes in periodic dielectric
waveguides,” J. Opt. Soc. Am. B 12,  1267 (1995).
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6183-22, Session 5
Advance nanostructured materials for integrated optics
C. N. Afonso Rodriguez, Consejo Superior de Investigaciones
Científicas (Spain)
Integrated optics demand the development of many photonic
waveguide devices on Si platforms using a SiO2 buffer layer and thin
film techonologies. Among them, incorporating rare earth ions or
metal nanocrystals in dielectric hosts are respectively of interest for
producing active media for gain devices or non-linear optical
materials with an ultrafast response. In the former case, the scaling
down of the Er doped fiber amplifier to an integrated one requires
high concentration of rare-earths in order to achieve enough optical
gain and solutions for enhancing the small absorption cross-section
of Er at 980 nm or its limited bandwidth are additional features
required for further development of long distance communications.
In the latter case, metal-dielectric nanocomposites have been
pointed out as promising materials for several applications in the
field of information technologies like all-optical switching, signal
regeneration or high speed demultiplexing. The challenges are to
combine in waveguides their high and fast nonlinear response with
low absorption or losses. The aim of this contribution is to show that
nanostructuring rare-earth dopant or nanocrystal distributions in
films and waveguides is essential to keep under control the rare-
earth energy transfer processes or the absorption/losses in order to
achieve an enhanced performance. Examples will be given for oxide
films or waveguides doped with Er or copoded with Er and other
rare-earth, and having Cu or Au nanocrystals. In all cases, it will be
shown how the control of the dopant or nanocrystal distribution
within few nanometers leads to an optimised system response.

6183-23, Session 5
Silver film ion-exchanged Er-doped waveguide lasers and
photowritten waveguide gratings in phosphate glass
S. E. Yliniemi, College of Optical Sciences/The Univ. of Arizona
(USA); J. Albert, A. Laronche, Carleton Univ. (Canada); Q. Wang, S.
Honkanen, College of Optical Sciences/The Univ. of Arizona (USA)
We report on a detailed theoretical and experimental study of silver
film ion-exchanged waveguide lasers in Er/Yb-codoped phosphate
glass.  Phosphate glass is preferred for Er-doped waveguide lasers
because of high solubility of rare-earth ions in phosphate glass,
which allows for doping high erbium concentrations without
significant lifetime reduction.  In contrast with conventional molten
salt ion exchange processes our silver film ion exchange process is
“gentle” causing no damage to the phosphate glass.  In our process,
we first introduce silver ions in glass just beneath the surface, where
they replace sodium ions and locally increase the refractive index,
thus forming a waveguide.  The silver ions are released from a thin
film deposited on the glass surface and are driven in glass with an
electric field.  The process can be performed at relatively low
temperature and a photoresist can be used as a diffusion mask.  The
use of a photoresist as a mask makes the channel waveguide
patterning very simple and accurate.  The second step of our
process is a thermal annealing which redistributes the silver ions to
modify the waveguide index profile.
The active waveguides are fabricated in commercially available
Schott IOG-1 phosphate glass, which is doped with high concentra-
tions of erbium and ytterbium.  Typical doping levels are 1 wt% of
Er2O3 and 4 wt% of Yb2O3.  In this study, other rare-earth concen-
trations are investigated as well.  For single-mode channel
waveguides in IOG-1 glass the mask aperture widths range from 2
µm to 5 µm and the ion exchange is done at ~ 100 C for about 1 hr
with a voltage of ~ 100 V.  After removing the remaining silver film
and resist the glass substrate is annealed at ~ 230 C for about 2 hr.
The background propagation loss of our waveguides is ~ 0.15 dB/
cm.
The waveguide laser experiments are performed by using dielectric
mirrors attached to both ends of the waveguide chip and using a
single-mode 980 nm semiconductor laser diode as a pump.  The
experimental results are compared to theoretical modeling.
In addition, we demonstrate permanent photowritten gratings in
channel waveguides made from IOG-1 glass.  We write the gratings
in the substrate glass using a phase mask and high intensity uv-light
(193 nm, from an ArF excimer laser) prior to fabricating the
waveguides.  This way, the large absorption induced by the
waveguide is avoided and the grating planes extend deeply below
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the surface of the sample.  These bulk gratings are strong enough to
survive the thermal processes involved in waveguide fabrication.
The reflectivity of about 70% is achieved with ~ 7 mm long
waveguide grating, which is suitable for distributed feedback (DBR)
lasers.  It is important to note that these gratings are fabricated in a
passive, i.e. an un-doped, IOG-1 glass and are not directly suitable
for DBR-lasers.  However, we also make these gratings in the
passive section of a hybrid IOG-1 glass.  In a hybrid glass, active and
passive sections are monolithically integrated in a single substrate.
Here, we also report on waveguide DBR-lasers using photowritten
gratings in a hybrid glass.

6183-24, Session 5
Raman scattering technique in characterisation of
glasses containing nanoparticles for integrated
optoelectronics
M. Ivanda, S. Music, M. Ristic, U. V. Desnica, M. Buljan, Institut
Ruder Bo‰kovic (Croatia); M. Montagna, M. Ferrari, Univ. degli
Studi di Trento (Italy); G. C. Righini, Istituto di Fisica Applicata Nello
Carrara (Italy)
Glasses containing semiconductor nanoparticles attracted the
interest for their important physical properties and the possibility of a
wide range of applications. The properties of these glasses are
related to the confinement of (quasi) particles (electrons, holes,
excitons, phonons, etc.) in volumes with  radii less than 10 nm. The
critical need for the application in optoelectronics is to have an
accurate knowledge of the mean particle size and sizes distribution.
The best and probably most reliable technique for determination of
these quantities is transmission electron microscopy. Unfortunately,
this technique is time consuming, gives pure statistics and needs
expensive electronic microscopes. Raman scattering is one of the
most important non-destructive techniques providing information on
the vibrational and electronic states in a confined system. Low
frequency Raman scattering on the acoustic vibrational modes of
nanoparticles has been used for determining the size of dielectric,
semiconductor and metal nanoparticles embedded in a glass (1-4).
This contribution reports on application of low-frequency Raman
scattering on acoustical vibrational modes of nanoparticles. The
theoretical background as well as the experimental results of glass
containing different nanoparticles for optoelectronics will be
presented. The approach is based on a 1/w dependence of the
Raman light of the vibration coupling coefficient and on the fact that
each nanocrystallite of diameter D vibrates with its eigenfrequency
w~1/D. The Raman scattering spectra will be analyzed using
confined acoustical vibrations model. The model-calculation
considered homogeneous broadening of the confined acoustical
modes due to interaction of the particles with matrix and inhomoge-
neous broadening due to the contribution of the Raman scattering
from the particles of different sizes. The comparison with the
experimental Raman spectra of different nanoparticles (nc-Si, nc-Ge,
nc-TiO2, nc-SnO2, and nc-CdSxSe1–x) in glass matrix:  prepared by
ion implantation and sol-gel techniques was used for determination
of size distribution. The final Raman scattering results will be
compared to TEM, x-ray and GISAXS measurements. The Raman
spectroscopy technique has proved to be a simple and fast method
that has favorable statistical characteristics due to the macroscopic
probe volume and makes in situ measurements possible.
References:
1.  E. Duval, A. Boukenter and B. Champagnon, Phys. Rev. Lett. 56,
2052 (1986).
2.  M. Ivanda, A.M. Tonejc, I. Djedj, M. Goti´c, S. Musi´c, G. Mariotto
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copy and Its Applications to Semiconductor Research,  Y.
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Verlag 2002, p. 16.
3. M. Ivanda, K. Babocsi, C. Dem, M. Schmitt, M. Montagna, W.
Kiefer, Phys. Rev. B 67, 235329 (2003).
4. M. Montagna, E. Moser, F. Visintainer, L. Zampedri, M. Ferrari, A.
Martucci, M. Guglielmi and M. Ivanda,  J. Sol-Gel Science and
Techn. 26, 241 (2003).

6183-25, Session 5
Er3+/Yb3+ activated silica-hafnia planar waveguides for
photonics fabricated by RF sputtering
A. Chiasera, Univ. degli Studi di Trento (Italy); S. N. B. Bhaktha, Univ.
degli Studi di Trento (Italy) and Univ. of Hyderabad (India); M. Brenci,
Istituto di Fisica Applicata Nello Carrara (Italy); A. Chiappini, M. Ferrari,
Univ. degli Studi di Trento (Italy); V. Foglietti, Istituto di Fotonica e
Nanotecnologie (Italy); R. R. Gonçalves, Univ. de São Paulo (Brazil); Y.
Jestin, Univ. degli Studi di Trento (Italy); A. Minotti, Istituto di Fotonica
e Nanotecnologie (Italy); M. Montagna, E. Moser, Univ. degli Studi di
Trento (Italy); S. Pelli, G. C. Righini, Istituto di Fisica Applicata Nello
Carrara (Italy); C. Tosello, Univ. degli Studi di Trento (Italy); K.
Chaitanya Vishnubhatla, Univ. degli Studi di Trento (Italy) and Univ. of
Hyderabad (India)
Er-doped waveguide amplifiers (EDWAs) are promising candidates for
integrated optical (IO) circuits operating in metropolitan area networks
[1, 2].
Silicate-based glasses have a solubility for rare-earth ions of about 6 x
10^20 cm-3, are transparent in the NIR-visible region and are
compatible with IO technology [2]. Various technologies have been
employed for the fabrication of silica-based IO components and,
recently, we have shown that rf-sputtering (RFS) is a suitable
technique for fabrication of silica-titania planar waveguides activated
by rare-earth ions [3, 4].
Hafnium, like Ti, belongs to group 4 in the periodic table. Its oxide is
transparent over a wide range of wavelengths and exhibits high
refractive index [5] and recently we have shown that sol-gel Er-doped
SiO2-HfO2 planar waveguides are a further viable system for 1.5  µm
applications [6, 7, 8]. In this work, we present results on the fabrica-
tion by RFS technique and spectroscopic characterization of Er3+/
Yb3+-activated SiO2-HfO2 planar waveguide. Moreover we present a
preliminary result concerning the patterning of channel waveguides in
these films.
Er3+/Yb3+-codoped 95.8 SiO2 - 4.2 HfO2 planar waveguide was
fabricated by the rf-sputtering technique. The sample was doped with
0.2 mol% Er and 0.2 mol% Yb. The thickness and the refractive
indices of the waveguide were measured by an m-line apparatus
operating at 543.5, 632.8, 1319 and 1542 nm. The losses, for the TE0
mode, were evaluated at 632.8, 1319 and 1542 nm. The structural
properties were investigated with energy dispersive spectroscopy and
Raman spectroscopy. The waveguide had a single-mode at 1.3 and
1.5 um; an attenuation coefficient of 0.6 dB/cm at 1.5 µm was
obtained. The emission of 4I13/2 —\> 4I15/2 of Er3+ ion transition
with a 42 nm bandwidth was observed upon excitation in the TE0
mode at 980 and 514.5 nm. The 4I13/2 level decay curves presented
a single-exponential profile, with a lifetime of 4.6 ms.
Back energy transfer from Er3+ to Yb3+ was demonstrated by
measurement of Yb3+ emission upon Er3+ excitation at 514.5 nm.
Photoluminescence excitation spectroscopy was used to obtain
information about the effective excitation efficiency of Er3+ ions by
co-doping with Yb3+ ions.
Channel waveguide in rib configuration were obtained by etching the
active film by a wet etching process. Scanning Electron Microscopy
was used to analyze the morphology of the waveguides.
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Yeatman, “Sol-gel silica/titania-on-silicon Er/Yb-doped waveguides
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[2] W. Huang, R.R. Syms, E.M. Yeatman, M. M. Ahmad, T.V. Clapp,
and S. M. Ojha, “Fiber-Device-Fiber gain from a sol-gel Erbium-doped
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122, 2004.
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6183-26, Session 6
Homogeneous and nanocomposite rare-earth-activated
glasses for photonic devices
M. Ferrari, C. Armellini, Univ. degli Studi di Trento (Italy); S.
Berneschi, M. Brenci, Istituto di Fisica Applicata Nello Carrara (Italy);
A. Chiappini, A. Chiasera, Y. Jestin, M. Mattarelli, M. Montagna, E.
Moser, Univ. degli Studi di Trento (Italy); G. Nunzi Conti, S. Pelli, G.
C. Righini, Istituto di Fisica Applicata Nello Carrara (Italy); C. Tosello,
Univ. degli Studi di Trento (Italy)
Since the discovery of optical fibers, the possibility to develop
optically confined structures has opened new possibilities for making
novel optical components. Rare earth-activated confined structures
thus offer interesting solutions for this end. A growing activity in this
field is aimed at the development of optical amplifiers in planar form
based on rare-earth-activated glasses to provide devices such as
lossless splitters, which can find applications in the metropolitan and
local area networks. A further development in the control of
luminescence properties is achieved by rare earth-activated
microcavities which represent a particular class of photonic crystals.
Since the advent of high quality optical films, with a thickness of a
fraction of wavelength fabricated by multi-deposition techniques, the
control of the spontaneous emission properties of luminescent
centers in microcavities is now also possible. Finally, rare-earth co-
activated nanoscomposite materials, also in planar format, have
been investigated in order to enhance the spectroscopic properties.
The aim of this paper is to give a review concerning the advances in
glass-based photonic systems, where light confinement induces an
enhancement and a control of the optical and/or spectroscopic
properties.
Acknowledgements: Authors acknowledge the financial support of
MIUR-FIRB RBNE012N3X, PAT 2004-2006 FAPVU, and  MIUR-
PRIN2004 (2004-2005).

6183-27, Session 6
Femtosecond inscription of wavelength specific features
in passive and active optical waveguide structures
G. D. Marshall, M. Ams, M. J. Withford, Macquarie Univ. (Australia)
In recent years the field of direct write optical waveguide fabrication
has expanded rapidly due to the versatile and flexible nature of this
technique. By translating a tightly focused femtosecond laser beam
through a dielectric medium a region of refractive index change can
be generated at the beam focus [1]. Glasses of various compositions
are the most common media used in this technique and the localized
change in refractive index is typically positive going thus creating a
waveguide analogy of the common step-index optical fibre. Various
devices have been fabricated using this technique including 1-to-N
photonic interconnects [2] and miniature gain volumes [3].
In a recent publication [4] we reported a method of creating such
waveguides in bulk media without the difficulties of complex beam
shaping or waveguide-overwriting which had previously accompa-
nied the transverse waveguide writing technique. Using this
technique we have fabricated highly symmetric optical waveguide
structures in passive and active media and have reported optical
losses as low as 0.39 dB/cm at 1550 nm in such waveguides
fabricated in un-doped phosphate glass. Furthermore we have been
developing the technique of point-by-point inscription of fibre-Bragg
gratings (FBGs) using a low-repetition rate (1 kHz) femtosecond laser

for the application to passive and active single-mode optical fibres
and direct laser written waveguides. Using the point-by-point
method similarly described by Martinez et al. [5] we have produced
FBGs in un-sensitised single-mode optical fibre (SMF-28e from
Corning) with up to 53 dB on resonance insertion loss and minimal
(<0.1 dB) out of resonance insertion loss. The manufacturing process
is rapid and allows arbitrary Bragg wavelengths and reflection
characteristics to be written. Such gratings are highly stable and
withstand annealing to temperatures of 600°C for 30 minutes. In a
natural combination of these fields of work we will report on the
fabrication of Bragg grating structures in direct femtosecond laser
written optical waveguides in passive and active media. Such
structures provide the opportunity to create a new range of photonic
devices that, as examples, include wavelength division multiplexed
(WDM) channel separators and micro-laser components.
A key component to the waveguide-with-grating manufacturing
process is an understanding of the photosensitivity phenomena that
enable the femtosecond laser processing technique to induce the
refractive index change required for device fabrication. It is not
necessarily the case that the chemical photosensitivity pathways that
can be exploited in optical fibres with germanium or active-element
doped cores are available to the photo-thermal processes that
enable waveguide fabrication in bulk media. Correspondingly a
review of these processes will be presented along with results from
active and passive photonic devices.
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6183-28, Session 6
Sol-gel ormosil-on-silicon channel waveguides with low
loss at 1.55 um
P. J. Moreira, Instituto de Engenhariade Sistemas e Computadores
do Porto (Portugal) and Univ. do Porto (Portugal); P. V. Marques,
Univ. do Porto (Portugal) and Instituto de Engenhariade Sistemas e
Computadores do Porto (Portugal); A. P. Leite, Univ. do Porto
(Portugal)
The sol-gel process is recognised as effective to produce thin films
of organically modified silicate glasses (ormosils), using low
temperatures. Ormosil-on-silicon devices can be thus produced
using relatively simple photolithographic techniques, avoiding RIE.
In this work, the fabrication of channel waveguides with low loss at
1.3 µm and 1.55 µm is demonstrated, using the hydrolytic sol-gel
process complemented with an effective elimination of the OH
groups.
A negative property of the channel waveguides produced by the
hydrolytic sol-gel process is the relative high absorption in the 1.55
µm region due to the excess of OH groups contained in the material.
The application of a non-hydrolytic sol-gel process has been
proposed and resulted in waveguides with low propagation loss at
1.55 µm (0.6 dB/cm), but the material presents relatively high
refractive index since its chemical composition is restricted to the
use of the precursor diphenylsilanediol, which contains two phenyl
groups. The refractive index of the material can be decreased by
mixing a fluorinated precursor. Nevertheless, this solution increases
the cost of the material considerably.
When the conventional hydrolytic sol-gel process is used, a good
correlation between the transmission spectrum of the channel
waveguide and that of the initial sol is demonstrated, indicating that
a percentage of the OH groups will not condense and will remain in
the material, even after thermal treatment. With the new technique
developed, it is possible to produce hybrid materials with a flexible
composition. In particular, low refractive index material can be
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synthesized since it is not necessary to use precursors containing
phenyl groups. Control of the refractive index can be accurately
achieved using small concentrations of phenyl-based precursor. This
flexibility on the material composition allows the production of a
buffer/cladding layer with a refractive index closer to the silica index
and a photopatternable core layer with a slightly higher refractive
index, in order to guarantee channel waveguides with monomode
propagation. The final absorption loss of the waveguides is condi-
tioned by the intrinsic absorption of the organic component of the
material, which is acceptable at 1.3 µm (0.3 dB/cm) as well as at 1.55
µm (0.6 dB/cm). The elimination of the OH groups creates adequate
conditions for doping with erbium ions in order to obtain an optically
active material. A thermo-optic modulator is demonstrated, fabri-
cated according to this technology.

6183-29, Session 6
Comparative study of the strength of Er indirect optical
pumping in silicate glasses codoped with Si clusters and
Er3+ ions
Y. Lebour, P. Pellegrino, C. Garcia, J. A. Moreno, B. Garrido, Univ.
de Barcelona (Spain)
The emission of Er3+ ions in a silica host matrix around 1540 nm
drives great interest as it corresponds to the minimum attenuation in
silica-based optical fibers. Moreover, it has been found that the Er
effective absorption cross-section is largely enhanced through an
indirect excitation via Si clusters (Si-cs) with respect to direct
excitation in Er doped silica. These properties offer the possibility to
fabricate a smaller, cheaper, and CMOS-compatible erbium-doped
waveguide amplifiers where the active layer is composed by a silica
wafer doped with Er and Si-cs. Among the achievements in this field,
it is worth to remark the recent publication on signal enhancement in
Er-doped Si-cs rib-loaded waveguides reported by our group and
coworkers[1].
In this work, we have explored the possibility to extend the mecha-
nism of energy transfer from Si-cs to Er in different silicate glasses
by an extensive study of their optical emission properties. Aluminum
silicates (AS), soda-lime (SL) and fused silica (FS) wafers, all
provided by Corning, were used as matrices. Two Si excesses of 5
and 15 at.% and several Er doses, so that the resulting Er peak
concentration could vary from 2x1019 up to 6x1020 cm-3, were
introduced on the wafers by ion implantation technique. Thermal
treatments in a rapid thermal process (RTP) were carried out before
and after Er implantation. We attained by the former one to precipi-
tate the Si-cs, and by the later to find the accurate temperature to
obtain the best Er emission around 1540 nm. Structural characteriza-
tion of the resulting structure was performed by dedicated experi-
ments. Further information on the samples elaboration and the
structural characterization are given elsewhere[2]. In this contribu-
tion, we present a comprehensive study of the light-emission as a
function of the matrix characteristics, Si and Er content, excitation
wavelength and power and discuss the ultimate challenges to
fabricate an erbium-doped amplifier.
Very intense emission, compared to structures doped only with Er,
has been successfully detected in all co-implanted glasses, with
similar intensity. By isochronal annealing we have shown that a
temperature around 500 oC seems to be the best to maximize the Er
emission in the case of AS, while for SL wafers, it shifts to high
temperature (600oC), closer to the glass-transition. These tempera-
tures are well below the threshold for the formation of Si
nanocrystals (around 1100 oC for Si+-implanted into SiO2 wafer),
suggesting that the energy transfer is efficiently mediated by Si
amorphous aggregates and not necessarily by crystalline structures.
Consequently, this feature relaxes the need of forming nanocrystals
with a specific size, as the Si clusters are only used in a mechanism
of absorb-transfer the energy to Er ions.
Modeling of the energy transfer between the absorbing Si-cs and the
nearby Er3+ ions was carried out in order to estimate the relevant
physical parameters which describe the emission process such as
the PL effective excitation cross-section and lifetimes of the Er signal
at 1540 nm. We measured lifetimes ranging from 2.5 to 12 ms and
an effective excitation cross-section about 1x10-17 - 6 x10-17 cm2
(depending on the Er dose and Si excess). This is several orders of
magnitude higher than the Er direct absorption cross-section (about
10-21 cm2). The value of the effective excitation cross-section and
the lifetimes we obtained demonstrate that population inversion in
the Er-Si-cs waveguide amplifiers could be reached at very low

pump power, much less than in Er in silica waveguides. Furthermore,
the increase of the refractive index induced by the Si clusters could
be used to provide the index contrast necessary for optical confine-
ment of an optical mode at 1540 nm in waveguides, fabricated using
this kind of structures. However, an important parameter playing a
key role in the optical-gain value is the maximum attainable
concentration of optically-active Er3+ ions. In fact, only a small
fraction of the total Er concentration incorporated into the wafers is
effectively excited. Among the best results reported recently are
presented by M. Wojdak et al.[3]. They found that in highly-doped
samples ([Er] =2x1020 cm-3) the excitable Er fraction was less than
3%. In our samples we estimate about 4-5% of active ions. Thus
maximizing the concentration of the excitable Er3+ ions through Si-
cs is considered the ultimate challenge before the realization of an
integrated optical waveguide amplifier based on Er-codoped Si-rich
glasses.
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6183-30, Session 6
Highly stable and low-loss electro-optic polymer
waveguides for high-speed modulators using
photodefinition technique
M. Balakrishnan, M. B. J. Diemeer, A. Driessen, M. Faccini, W.
Verboom, D. Reinhoud, Univ. Twente (Netherlands); A. Leinse, Lionix
BV (Netherlands)
Polymers with optically active nonlinear chromophores have been
shown to have a promising future in low cost and high speed electro-
optic (EO) device applications. However, a main question of concern
is the photochemical stability and the thermal stability of the polar
order of the chromophores for long term application. The chro-
mophore tricyanovinylidenediphenylaminobenzene (TCVDPA) with a
single benzene bridge between a tricyanovinyl acceptor and an
amino donor has been reported to have high photochemical stability
combined with high electro-optic activity. In the current work
TCVDPA is incorporated as side chain in the high glass transition
temperature (Tg) polymer, polycarbonate (PC). The high Tg (~190°C)
of this polymer is suitable for high thermal stability of the electro-
optic modulators. The glass transition temperature, which drastically
reduces when TCVDPA is incorporated as guest in PC host (because
of the plasticizing effect of the chromophore) is prevented by
attaching the chromophore as side chain to PC. The intermolecular
interaction between the chromophores during the poling process
(which aligns the chromophores in the direction of the applied
electric field and gives a net EO effect) has been studied. The EO
coefficient (r33) of TCVDPA incorporated as guest in polysulfone was
measured at different concentrations of TCVDPA. A maximum r33 of
12.5 pm/V at 830 nm was measured. A deviation from linearity was
observed above 15 wt% of TCVDPA because of intermolecular
interaction which causes anti-parallel clustering of the chro-
mophores. The possibility of reduction of this intermolecular
interaction by attaching bulky side groups to TCVDPA and thereby
preventing their close approach has been shown. A doubling of r33
was observed in TCVDPA with butyl side group.The material system
PC-TCVDPA is being proposed for high speed EO modulator using
microring resonator. Inverted structures for port waveguides and the
adjacent microring resonator are defined in a cladding material by
photodefinition. These inverted structures are then filled in with the
active polymer (TCVDPA-PC) by spin coating. This method of
defining inverted ridges offers the possibility of fabricating
waveguide structures with reduced side wall roughness which is
difficult to realize using reactive ion etching technique.
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6183-31, Session 6
Advancement of IC on the space robot based on
photonics
V. K. Chitlangi, Poornima College of Engineering (India)
the  Ic’s  thus  developed  are  advanced to teh extrem  extent.
But  the most  significant  advancement  of Ic  which  i  have  to
purpose now  is that  developmen t of Ic  with  photnics  which  has
spectroscope  built  in it
My  purposed  application   of  IC in  the  space robot  is that  the
advancement  as this  IC  involve  the  spectroscopy as named
under technology  calles  LIBS (laser  indusced  brekdown spectros-
copy).
Thus  thi  robot  is  built  on the  concept  of nanorobots which  have
to perporm  the  function of  taking  samples  at  the  surface  of  the
MARS and send  it  to the  surface  of  teh  earth  which  is  too
importan  for us.  Thus  teh  IV|C from photonice  has  vat  applica-
tion in  space  instrumentation.

6183-32, Session 7
Optimal design, fabrication, and characterisation of
GeO2-SiO2 doped silica multimode-interference couplers
H. N. J. Fernando, M. J. Hayden, P. J. Hughes, National Univ. of
Ireland/Cork (Ireland)
While silica being the de-facto host material for the realisation of
Photonic Integrated Circuits (PICs) because it offers low loss and low
insertion loss, when coupled to silica optical fibres, attractive
improvements in silica-based multimode interference (MMI) are
presented. This article reports low loss (better than 0.09dB/cm)
germano-silicate planar devices with optical combiner/splitters
exhibiting greater splitting uniformity (~ 0.08dB) based on multimode
interferences with index contrast ~ 0.7%. It also discusses the
design considerations in improving functional performances of MMI-
device while preserving its compactness allowing high-density
packaging.
In the recent past there has been a tremendous increase in the
interests of MMI-devices, because of its less complexity, compact-
ness, and the ability to accommodate high fabrication tolerances.
Applications of MMI-devices are becoming unavoidable in many
areas replacing conventional Y-junctions and directional couplers.
Flexibility to integrate permits realisation of smart integrated optical
functional devices with less complexity [1]. Therefore it is a prime
importance to enhance functional performances/properties of MMI-
couplers and it is the purpose of this paper.
Latest improvements, demonstrate in this article, in device excess
loss and splitting uniformity and wide bandwidth mean applications
of MMI-devices in quantum information processing [2] and sensor
technology [3], where low power levels are unavoidable, further
strengthen and widen its applicability, replacing aforementioned
conventional optical devices.
Among other silica PLC fabrication technologies plasma enhanced
chemical vapour deposition (PECVD) is promising because it allows
high deposition rates at low temperatures with low cost drawing the
attention for mass production. Above all PECVD technology has an
interesting feature to engineer UV-photosensitivity of SiO2/doped-
SiO2 during deposition, at the atomic level, without post-processing
annealing steps [4].
The work presented in this paper employed, commercially available
STS (Surface Technology Systems, UK), PECVD (plasma enhanced
chemical vapour deposition) reactor for the deposition of SiO2 or
doped-SiO2 films followed by photolithography and structure
definition by inductively coupled plasma etching (ICP). Photolithogra-
phy and Ge-doped silica layer etch steps have been optimised to
achieve square, single mode, core cross-sections. The obtained
splitting uniformity and material loss at 1550nm wavelength are
expected to be improved better than 0.09dB/cm with the use of right
choice of index matching gel/fluid, to launch light from silica fibres,
and fine alignments with newly commissioned waveguide auto-
aligner station with resolution better than 20nm.
Several PLC structures, including MMIs, Y-branches, taper/bend
structures etc. were designed, fabricated and characterised. With the
main emphasis on the improvements in design and fabrication of
MMI-couplers led to the realisation of 1X2 MMI- splitter/combiners
with superior uniformity better than 0.08dB. The excess losses of

these compact MMI-devices were further improved by 0.43dB and
0.41dB at 633 and 1550nm wavelengths, respectively, by introducing
Whispering Gallery Mode (WGM) [5] curved structures and adiabatic
tapers between the multimode section and the single mode access
waveguides.
Careful design and inclusion of WGM structures further ensured the
compactness of the final device with only 250mm separation (SMF
fibre diameter 125mm) access waveguides, with single-mode core
cross-sections, permitting high-density photonic integrated circuit
design and packaging. Total PLC length is designed to be few
millimetres. Systematic calculations and simulations of PLC
structures were performed by bi-directional eigan mode propagation
analysis using FIMMWAVE (from Photondesign) and further verified
by unidirectional beam propagation (BPM) method. Theoretical
predictions are in satisfactory agreements with the experimental
results.
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6183-33, Session 7
Ultralow-loss optical distribution for on-chip optical
interconnects
D. Marris-Morini, L. Vivien, E. Cassan, A. Lupu, S. C. Laval, D.
Pascal, Univ. Paris-Sud II (France); L. El Melhaoui, J. Fédéli, CEA-
LETI (France)
On-chip optical interconnects are a possible candidate to overcome
the bottleneck of the global metallic wiring in silicon integrated
circuits. Silicon-on-insulator (SOI) technology, widely used in silicon
complementary metal-oxide semiconductor (CMOS) industry, is
promising for the convergence of integrated microelectronic and
photonic circuits on the same wafer. This approach allows taking
benefit from the strong light confinement in SOI microwaveguides
(nSi-nSiO2 ~ 2). On-die optical links are composed of an optical
source and integrated modulator, a guided optical distribution from
one input to several outputs, and a set of integrated photodetectors
at each branch end to feed electronic circuitry. High-speed CMOS-
compatible integrated transmitter and receivers are needed for
optical interconnects. The first constraint is yet that a minimum
amount of optical power is available for light detection to ensure an
acceptable bit error rate (BER<10-15). According to previous works
[1], the required optical power is a few microwatts.
We report in the present communication experimental results on on-
die light distribution at lambda=1.3µm using shallow etched
submicron SOI rib waveguides, compact beam splitters, and corner
mirrors. Propagation losses lower than 0.4 dB/cm have been
measured for such microwaveguides. Compact beam splitters have
been realized using a star coupler configuration followed by mirrors
to ensure a T-splitter geometry. Using such photonic devices, 10
successive divisions of light have been carried out. The realized
integrated optical circuit involves ten cascaded compact 1 to 2 T-
splitters and 10 mirrors. This is equivalent to a maximal division from
1 input to 2^10 = 1024 points. The average measured excess losses
are 0.7 dB per division (1 T-splitter and 1 corner mirror), which is
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close to the theoretical value estimated using FDTD simulations.
Results demonstrate the feasibility of splitting the light from 1 input
to 1024 outputs with slightly-etched submicron rib SOI waveguides,
beam splitters and corner mirrors: with a 10mW source, the optical
power available after ten divisions is still 2µW. Moreover, the size of
the distribution is compatible with optical clock distribution for
CMOS microelectronic chips (~1cm).
[1] E. Cassan, D. Marris , M. Rouvière, L. Vivien, S. Laval, Optical
Engineering (2005).

6183-34, Session 7
Temperature sensing in EMD environment with
periodically poled lithium niobate devices
G. Margheri, Consiglio Nazionale delle Ricerche (Italy); M. De Sario,
Politecnico di Bari (Italy); D. Grando, Univ. degli Studi di Pavia (Italy)
Temperature sensing in E.M.D.environment with periodically poled
lithium niobate devices
G.Margheri, T. Del Rosso, S. Trigari,S Sottini
ISC-CNR, via Madonna del Piano, 50019 ,Sesto Fiorentino, Italy
D. Grando
Università di Pavia, Via Ferrata 1, I-27100 Pavia, Italy
A.D’Orazio, M. De Sario, V. Petruzzelli,
Politecnico di Bari, Dipartimento di Elettrotecnica ed Elettronica
Facoltà di Ingegneria Via E. Orabona, 4 - 70125 Bari,  Italy
ABSTRACT
In recent years a number of devices have been fabricated by
exploiting the nonlinear optical properties of lithium niobate crystals
(LN). The renewed interest towards this material is mainly due to the
periodically poling technique of LN substrates, which ensures quasi
phase matching (QPM) conditions in several intriguing applications
[1-7],
Second harmonic generation (SHG) is the basic effect usually utilized
in the above mentioned devices. When performed on periodically
poled lithium niobate (PPLN) substrates of proper period, the
interaction between the mode at the fundamental wavelength and
the second harmonic, can be achieved at any chosen wavelength
with slight walk-off  and exploiting the largest coefficient of the
nonlinear tensor for frequency conversion, that is d33 in LN. For a
given PPLN, the efficiency of frequency conversion strongly depends
on QPM, which can be achieved by tuning the wavelength or the
temperature .In this latter case, the  QPM   tuning in PPLN devices
and  as a consequence the SHG efficiency ,are  primarily caused by
the thermal expansion of the crystal.
In this work,we exploit the possibility of realizing a new kind of
optical thermometer to be installed on high speed trains to measure
temperatures (up tp 400 °C ) of pantographs, an environment where
EMD due to electric discharges makes it impossible to use electronic
devices.
We have studied two types of thermometers ,a waveguide and a free
propagation version In the former case ,the advantages of  lower
power budget due to light confinement ,the possibility of miniaturiza-
tion ,and the presence of  consolidated technologies of the telecom
market (for ex. that one of fiber to waveguide connection)  , makes it
attractive an IO solution for a  future compact  and rugged engineer-
ing model .In the latter case the much simpler design and fabrication,
the relaxed opto- mechanical tolerances ,together with the availabil-
ity of high power  tunable light sources ,especially at 1550 nm
,indeed constitutes a  valid alternative for  a simpler and sturdy
solution.
In this work we summarize our experimental activity on PPLN
devices, giving figures which are  achievable with standard equip-
ments. A lab device  consisting in a channel waveguide realized with
Annealed Proton Exchange (APE) on an electrically poled LN
substrate ,with a length of 26 mm  and 8.4 microns width  and a duty
cycle of 60:40,  a poling period of 16.3 microns ,was tested in  the
neighboring of 1550 nm. We achieved a linear behavior of the
wavelength of phase matching  lpm vs temperature in the range 20
to  90°C,with a resolution of 1°C.The maximum SHG efficiency was
estimated in  about 47% /W ,taking into account a  measured loss of
0.8 dB/cm.
A similar device in bulk PPLN was also tested ,with a larger poling
period (19 micron) and in a similar wavelength range.The linear
behaviour lpm vs temperature was confirmed, but with a better

figure for the resolution (0.3 °),even if with a much smaller efficiency
of about 0.1% /W due to the absence of light confinement .In this
case, the use of an Erbium Doped Fiber Amplifier (EDFA) was
necessary to ensure the proper light intensity for a suitable SH
generation.
The model of guided wave SHG has been also developed .The
experimental results substantially confirmed the experimental results.
The asymmetry in the efficiency vs. wavelength curves are due to the
disomogeneity of the channel waveguide. These features  were
absent in the efficiency curves of the bulk model, where on the
contrary an almost ideal sinc behaviour was detected.
In summary ,although good figures were found on both versions
(waveguide and free propagation) and in principle the problems
connected with APE waveguide stability could be bypassed  for
higher temperature performances ( Ti: Li NbO3 waveguides could be
used safely at more than 400°C) , a worse figure on temperature
resolution and the limitations in terms of  design tolerances (opto
mechanical and guide realization), suggest the bulk device   as
solution for a future development of  a  demo model of the sensor.
REFERENCES
[1] Stegeman G.I., Hagan D.J., Torner L 1996 Optical and Quantum
Electronics. 28  1691-740
[2]  Schiek R, 1993 Journal of Optical Society of America B 10 1848-
55.
[3]  Prudenzano F., Ciminelli C., D’Orazio A., Petruzzelli V., De Sario
M. 1999. Optical and Quantum Electronics. 31 655-73.
[4] Prudenzano F., Ciminelli C., D’Orazio A., Petruzzelli V., De Sario
1999 M.  Physica E, Low-dimensional System & Nanostructures. 5
84-97.
[5] Petruzzelli V. and Prudenzano F. 2001 Fiber and Integrated
Optics. 20 n.4. 347-65.
[6]  D’Orazio A., De Sario M., Petruzzelli V., Prudenzano F. accepted
for publication on Optical and Quantum Electronics - International
Journal
[7] De Rossi A., Conti C., Assanto G. 1997 Optical and Quantum
Electronics. 29 53-63.

6183-35, Session 7
An integrated optic biosensor of high sensitivity
E. Arace, N. Yurt, S. Honkanen, S. B. Mendes, N. N. Peyghambarian,
College of Optical Sciences/The Univ. of Arizona (USA)
We are developing integrated optical devices for highly sensitive
detection of biomolecular materials by exploring their unique
spectroscopic features.  Ultimate optical sensitivity for probing
biomolecular films is obtained when the analytical optical beam is
confined into a single-mode structure as it provides for an enhanced
optical interaction with surface-adsorbed analytes.  Limit of
detection, which is a critical characteristic of sensor devices,
benefits directly from an enhanced sensitivity.  In addition to
sensitivity, limit of detection is also dictated by the noise present in
the device signal: a low background noise translates into a much
improved limit of detection.  For this purpose, we have designed,
fabricated, and successfully tested integrated optical waveguides
with two optical channels, where one channel is exposed to the
analytes to be probed and the other channel is used for eliminating
any noise present in the device (e.g. due to source and/or coupling
fluctuations).  A detection limit of less than 0.1 pmol/cm2 was
measured for a protein film composed of horse heart cytochrome-c
molecules that were electrostatically adsorbed onto the waveguide
surface from a phosphate buffer solution.  The wavelength of the
probing laser beam was chosen at 532 nm to match the absorption
band of oxidized cyt c.

6183-36, Session 7
Characterization and operation of a broadband all-optical
vertical cavity semiconductor wavelength converter
C. Porzi, Scuola Superiore Sant’Anna (Italy); L. Poti, A. Bogoni,
Consorzio Nazionale Interuniv. per le Telecomunicazioni (Italy); M.
Guina, O. G. Okhotnikov, Tampereen Teknillinen Yliopisto (Finland)
In future optical networks, node functions should be completely
realized in the optical domain. This will eliminate opto-electronic
conversion and increase transmission transparency with a sensible
reduction in the switching matrix congestion. One of the basic
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functionality is wavelength conversion. Particularly in all-optical
networks, wavelength conversion or space deflection is preferred to
any kind of synchronous or asynchronous buffer. Currently, there are
several ways to perform wavelength conversion in the optical
domain. Many schemes exploit nonlinear effects in active devices
like Semiconductor Optical Amplifiers (SOAs), which can be
integrated in a Mach-Zehnder-like interferometer. However, SOAs
are power consuming, intrinsically noisy and, in most cases, they
need accurate polarization alignment of the input signals. All-fiber
schemes, exploiting Kerr nonlinearities in special fibers, such as High
NonLinear Fibers (HNLF), or Photonic Crystal Fibers (PCF) have also
been proposed. HNLFs and PCFs are difficult to integrate, suffer
from complex fabrication process, provide high coupling losses with
standard fibres and require high optical powers in order to correctly
operate.
In this work, we propose a compact and passive scheme for
wavelength conversion based on a Vertical-Cavity Semiconductor
Switch (VCSS). The operation principle relies on absorption satura-
tion in Multiple-Quantum-Wells (MQW), embedded in an asymmetric
Fabry-Perot microcavity. With appropriate design of the microcavity
parameters, the VCSS exhibits a high switching contrast and a low
switching power. Owing to its vertical architecture, VCSS offers
many advantages, including a simple fabrication process, versatility
in coupling with optical fibers, increased functionality, chirp-free
operation, and polarization independence. Using a VCSS, we report
low penalties for the converted signal over a broad range of input
pump wavelengths.
The device was grown by Molecular Beam Epitaxy (MBE) on InP
substrate. It comprised a 19.5 pairs n+-Ga0.47In0.53As/InP DBR, 28
Ga0.47In0.53As QWs, and a 50% dielectric coating. The microcavity
exhibited a resonant wavelength of about 1535-nm. To achieve a
high level of the signal suppression in the OFF state we have used an
impedance-matched design that takes into account the partial
saturation of the absorption induced by the signal itself. We have
carried on conversion experiments between a wavelength-tunable
pump signal, and a Continuous Wave (CW) beam with a wavelength
matching the Fabry-Perot resonance of the device. The pump light
was delivered by a tunable CW, modulated through a Mach-Zehnder
modulator. The modulated pump was than amplified, by means of an
Er-Doped Fiber Amplifier (EDFA), and ASE noise filtered out by an
optical band-pass filter. The pump power was controlled by means
of a Variable Optical Attenuator (VOA). The CW-signal and the pump
were coupled together into a circulator before being injected in the
VCSS. The signal reflected by the VCSS was collected at the
circulator output port. The pump signal has been removed using an
optical band-pass filter centred at the converted signal wavelength.
First we performed a low frequency characterization of the device in
order to investigate the dependence between the switching ratio and
the pump-signal wavelength detuning. The pump signal was a 8-ns
long square wave at 10 KHz. Low repetition rate measurements are
desirable when trying to asses the maximum contrast ratio; in this
way thermal effect as well as the influence of the finite recovery time
of the absorption are avoided. The average pump power was set to 0
dBm at the VCSS input for all the values of pump wavelength
detuning. The input CW probe power was about -2 dBm. In the
absence of the pump light the signal experienced strong absorption.
Once the pump pulse was applied, a switching window was opened
by bleaching the device absorption. A contrast ratio of 23 dB was
measured for low pump-probe detuning. The switching contrast was
decreased just by 2 dB to about 21 dB when the pump-signal
wavelength detuning was 25 nm. The recovery time of the absorp-
tion, i.e. device speed, was measured to be of several hundreds of
picoseconds.
Finally, we have modulated the pump light with a 2^31-1 PRBS.
After being amplified and detected with the 40-Gb photodiode, we
observed the converted signal on a high bandwidth oscilloscope.
Measurements of the extinction ratio for the converted signal
indicated a nearly 15-dB contrast with a pump signal modulated at
622 Mb/s and having an average power of only 8-dBm. The lower
values of the contrast ratio compared to the low-repetition rate
measurements are due to the relatively long recovery time of the
absorption. However, even at high repetition rates the device
exhibited a relative weak dependence of the extinction ratio on the
pump signal wavelength.  BER/OSNR measurements on the 622 Mb/
s wavelength converted data signal indicated a maximum power
penalty of 2.5-dB with respect to the original pump signal, for a 20-
nm wavelength conversion. To the best of our knowledge, these

values represent a significant improvement with respect to any
previously reported results for similar devices. Error free operation
was observed up to 2 Gb/s. With further improvement in the device
recovery time, for example by using ion irradiation at high doses, we
expect to extend the application of VCSS-based wavelength switch
to much higher date rates.

6183-37, Session 7
Novel multimode-interference coupler structured by
SHOW-ODR
S. Lo, C. Chen, National Central Univ. (Taiwan)
In this study, we demonstrated a novel multimode-interference (MMI)
coupler based on the radiation propagation mode. We used several
sections semiconductor hollow optical waveguide formed by omni-
directional reflector (SHOW-ODR) to structure this device. The omni-
directional reflector (ODR) is composed by six-pair Si/SiO2 multilayer
stack on Si-substrate, which corresponding the thickness of
Si(0.111micrometer) and SiO2(0.258micrometer). It is high-reflection
and insensitivity for total incident angle for different mode at
operation wavelength from 1190~1720nm.
Because of superior optical character of ODR, the SHOW-ODR had
been demonstrated low propagation loss and low polarization
dependence. Therefore, we used several sections different mode of
SHOW-ODR to structure the novel MMI on Si-substrate. We named
it Ra-Mode-MMI.
In order to show the optical character of Ra-Mode-MMI coupler, we
verified the self-imaging length formula by theory and simulation.
Furthermore, a power-splitting ratio 1 of 1x2 Ra-Mode-MMI was
demonstrated. The width of multimode SHOW-ODR section is
51.5micrometer. The self-imaging length is 920micrometer by
calculated from the formula of self-imaging length. It is smaller than
conventional dielectric MMI coupler due to the lower core (air)
refractive index.
In addition, we used a single-mode fiber to connect with the
broadband light source (ASE) to guide into the Ra-Mode-MMI
coupler. The output waveguides power were collected by single-
mode fiber and analyzed by optical spectrum analyzer. The trend of
transmitted power function as wavelength is similar the simulation by
beam propagation method (BPM).
The uniformity of device was less 2dB at operation wavelength
1520~1565nm by measured. Moreover, the transmitted power
function as wavelength for TE and TM mode is identical at the
wavelength lambda<1570nm. The TE is slightly smaller than TM due
to the thinner thin-film on the inside-wall of SHOW-ODR deposited
by plasma enhanced coupled vapor deposition (PECVD) technology.
The power loss is caused by lower reflection of thin-film. The Ra-
Mode-MMI is also demonstrated low-polarization dependence.
Therefore, it opens the SHOW-ODR application of research.

6183-38, Session 8
Silicon nanophotonics
L. Pavesi, Univ. degli Studi di Trento (Italy)
I will review some exciting applications of silicon nanostructures in
silicon photonics: optical gain, infrared amplifications, optical
superlattices and dynamical photonic crystals.

6183-39, Session 8
Tuning the wavelength emission of patterned porous
silicon using high-energy helium irradiation
E. J. Teo, M. B. H. Breese, A. A. Bettiol, D. Mangaiyarkarasi, National
Univ. of Singapore (Singapore)
Due to its indirect bandgap, bulk silicon is a poor emitter of light
which greatly limits its integration in optoelectronics and photonic
devices. It was later discovered that porous silicon formed by
electrochemical etching of silicon in hydrofluoric acid can produce
strong visible photoluminescence even at room temperature. This is
commonly attributed to the quantum confinement effects caused by
the low dimensionality of the silicon skeleton remaining. Since then,
there have been tremendous efforts to develop the material for
fabrication of light emitting silicon-based devices and its eventual
integration into standard microelectronic circuit.
In order to incorporate porous silicon into a single crystal substrate,
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high-resolution techniques of patterning porous silicon is required. A
variety of optical, electron or soft lithography has been used, where
the electron or light beam selectively quench or enhance the PL
intensity. However, attempts to produce variable wavelengths have
failed as such irradiation only alters the rate of anodization but not
the properties of the silicon. In contrast, ion beam irradiation induces
damage along its path, which increases the local resistivity of the
irradiated regions, thereby enabling both the wavelength and
intensity of the PL emission to be varied.
In this work, a highly focused 2 MeV helium beam is used to irradiate
various resistivities of p-type silicon in a predefined manner. The
samples are then electrochemically etched in hydrofluoric acid and
washed in ethanol. In order to prevent the porous silicon from
oxidation, the samples are immediately transferred to a vacuum
chamber for characterization. Photoluminescence spectroscopy is
carried out on the irradiated regions using a 405 nm blue laser diode,
through a 100Å~ objective. The PL images are taken using a CCD
camera under UV excitation.
Results show that the PL emission wavelength and intensity depends
strongly on the dose of the beam. There is a gradual red-shift in the
wavelength of the photoluminescence from green to red as the dose
of the irradiated regions increases. As compared to 300 keV silicon
used in previous ion irradiation studies, the penetration depth of 2
MeV helium is much longer and the damage is 2-3 orders of
magnitude lower. This enables greater control over the PL emission
due to the thicker damaged layer and reduced damage rate with
dose. The mechanism underlying the large red-shift in PL wavelength
with dose can be explained in terms of the resultant increase in
resistivity. Ion beam introduces lattice damage in the form of
vacancy-interstitial pairs which form trap levels in the energy
bandgap. These defects act to trap the charge carriers, which
reduces the hole density and increases the resistivity. Both of these
parameters have a strong effect on the emission properties of the
porous silicon formed. Results are compared to bulk silicon with
different resistivities etched at different current densities. These
experiments could help to understand the effect of ion beam
irradiation on porous silicon formation. Using this technique, we are
able to produce patterned micron-sized areas of porous silicon with
widely differing PL wavelengths on a single substrate.

6183-40, Session 8
SOI-based monolithic integration of SiON and Si planar
optical circuits
O. Cohen, Intel Corp. (Israel); R. Jones, Intel Corp. (USA); D. Rubin,
Intel Corp. (Israel); A. Fang, Intel Corp. (USA); N. Izhaky, Intel Corp.
(Israel); M. J. Paniccia, Intel Corp. (USA)
In recent years there has been a growing interest in using Silicon On
Insulator (SOI) as a platform for integrated planar optical circuits, this
is mainly due to the high quality high volume processes demon-
strated by the CMOS manufacturing industry and recent  MEMS
technology progress. In this work we present the fabrication
challenges of monolithic integration of Silicon and SiON planar
lightwave circuits on a single SOI chip processed in CMOS Fab
environment. The demonstration of a processing scheme that will
yield low loss waveguides for both Si and SiON as well as efficient
transition of light between the two materials is the goal of this
present work.  The patterning  of both Si and SiON waveguide
regions is done  in  a unique self alignment process using one
lithography mask and different plasma etch selectivity. This
approach eliminates any offset related loss in the Si-SiON junction in
addition to further optimizing the mode matching at the junction
through setting different values of rib height for the two materials.
Another challenge encountered is the integration of a high tempera-
ture thermal anneal, which is needed to reduce SiON absorption loss
across the C band loss without degrading the Si waveguide
performance. Here we demonstrate low propagation loss, single
mode, rib waveguides for both Silicon and SiON core regions as well
as low loss Si-SiON waveguides junction. We present loss measure-
ments of the two relevant optical communication bands of 1310nm
and 1550nm (C band). The Si-SiON junction loss has been measured
to be -0.9+/-0.1dB, only 0.3dB greater than the theoretical value
determined by Fresnel’s facet reflection. Achieving Si-SiON
monolithic integration of planar waveguide circuit enables future
integration of already demonstrated applications, e.g., Silicon can be
used to achieve fast modulation, optical amplification, and Raman
lasing whereas SiON can be used for athermal Bragg grating filters
and efficient fiber-waveguide coupling.

6183-41, Session 8
3D integration of nanophotonics with CMOS electronics
B. Jalali, T. K. Indukuri, P. Koonath, Univ. of California/Los Angeles
(USA)
Silicon-on-Insulator (SOI) materials system has proven to be an
efficient platform for the realization of both electronic and photonic
devices. Recent years have seen significant amount of research in
the area of silicon photonics, resulting in the demonstration of a
variety of both active and passive optical functionalities [1-3].  One of
the most attractive features of the silicon is the prospect of integra-
tion of optical and electronic devices on the same substrate. On the
otherhand, the  cost of manufacturing CMOS devices increases
exponentially as the feature size continues to scale further down
nano-scale dimensions, with the number of transistors projected to
reach 1 billion per chip. In order for this scaling to be economically
feasible, it becomes necessary to maximize the real estate usage on
silicon wafers. It is desirable, therefore, to realize opto-electronic
integration in silicon in such a way that the photonic devices
consume minimal amount of real estate on a silicon wafer.
These requirements unequivocally point to the separation of
electronic and optical functionalities to different layers of silicon and
integrate these layers vertically in a three-dimensional (3-D) fashion.
Innovative fabrication technologies need to be developed to realize
this 3-D integration in a monolithic fashion, at the same time being
compatible with the well established CMOS foundry processing
techniques. From the perspective of optical devices, vertical
integration is an efficient way to fabricate densely integrated 3-D
structures, thereby enhancing the functionality of the chip. Apart
from this inherent advantage, in the realization of optical waveguide
structures, vertical integration offers the prospect of precise control
of coupling coefficient in vertically coupled devices. Here, the control
over the critical dimension is more precise than laterally patterned
structures, where the limits are set by the photolithography. Thus,
complex optical circuitry with accurately controlled evanescent
coupling between devices is possible by employing vertically
integrated optical devices.
We have developed the process of SIMOX 3-D sculpting, a novel
method based on the SIMOX (Separation by Implantation of OXygen)
process, to realize 3-D integrated nanophotonic and electronic
devices on the same silicon substrate in a monolithic fashion [4]. In
this approach, photonic devices are confined to a buried silicon
layer, separated a from a surface silicon layer by an intervening
silicon dioxide layer. Opto-electronic integration is then achieved by
fabricating Metal Oxide Semiconductor Field Effect Transistors
(MOSFETs) on the surface layer silicon of this vertically integrated
layers of silicon. Figure 1 shows the optical micrograph of the top
view of this device. One of the most attractive features of the
technique of SIMOX 3-D Sculpting is that the integration photonic
devices does not impact the availability of silicon real estate from the
point of view of electronic circuitry as optical and electronic
functionalities are separated to two different layers of silicon.
The process of SIMOX 3-D sculpting involves the implantation of
oxygen ions into an SOI substrate patterned with thermally grown
oxide. The thickness of the thermal oxide mask may be chosen
suitably to decelerate the oxygen ions that penetrate into the area
underneath the mask during the implantation. After the implantation,
annealing is performed at high temperatures (~ 1300 ºC) to cure the
implantation damage which also aids the formation of a continuous
buried SiO2. This layer of SiO2 separates a surface layer of silicon
above it and a buried silicon layer below it. By employing the
process of masked implantation followed by annealing, waveguide
devices can therefore be realized in the buried silicon layer. On the
surface silicon layer, conventional processing is used to define a
variety of electronic and photonic devices.
SIMOX 3-D sculpting technique was utilized to realize microcavity
devices that are laterlly coupled to rib waveguides. These devices
were around 220 nm in thickness, realized in the buried silicon layer.
After the fabrication of optical devices in the buried silicon layer,
conventional processing is used to the realize MOSFETs on the
surface silicon layer. The optical devices were characterized using a
broadband source and an optical spectrum analyzer to observe the
spectrum at the throughput port of the resonator. The spectrum
shows sharp resonances with a free spectral range of 5nm and
optical extinction ratios as high as 20 dB. The electrical characteris-
tics of the fabricated n-channel MOSFETs on the surface silicon layer
were extracted using a HP4145B semiconductor parameter analyzer.
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The drain current versus gate voltage characteristics clearly
demonstrate gate control in the fabricated MOSFETs. The drain
current versus drain voltage characteristics exhibits the typical
characteritics of an inversion channel. These transistors had a gate
length of 1 microns. The devices exhibit a threshold voltage of 2.5 V
which is close to the theoretically expected value.
SIMOX 3-D sculpting has been also been utilized to realize a variety
of optical devices based on vertically coupled microcavities. Devices
that consist of two microdisk resonators vertically coupled to each
other, through the oxide layer formed after the implantation and
subsequent anneal were fabricated to distinctly demonstrate the
capability of the SIMOX 3-D sculpting to engineer 3-D structures in
silicon. The resonators themselves are coupled to bus waveguides
that act as the input and output ports of the device. It may be
emphasized here that, we have realized waveguides as well as
microdisk structures on both the buried and surface layers of Silicon,
coupled vertically through the intervening layer of SiO2. A compari-
son of the performance of the cascaded device to that of a single
stage device illustrate the superior characteristics of the two-stage
resonator in terms of its steeper roll-off, better out-of-band rejection
and flatter pass-band.
In summary, we describe a novel approach to three-dimensionally
integrate nanophotonic and electronic devices in Silicon. These
devices are realized on vertically stacked layers of silicon separated
from each other by a dielectric layer of silicon dioxide formed
through the process of oxygen implanation. Opto-electronic
integration is thus achieved by confining the photonic and electronic
devices to separate layers of silicon. This has the significant
advantage that photonic devices do not consume any of the
expensive silicon real estate required for CMOS circuitry. The
versatility of the technique of SIMOX 3-D sculpting in obtaining
complex optical circuitry is also demonstrated by synthesizing a
cascaded microdisk structure that may be utilized to tailor the
passband characteristics of optical filters.
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6183-42, Session 8
Recent advances in silicon-based optical switching
devices
B. Li, Sun Yat-Sen Univ. (China)
Optical switching devices are key components for applications in
1.31/1.55 um optical communications, networks and microsystems.
They can reduce the cost of the network and increase fiber transmis-
sion capacity and at the same time, distribute optical signals to
different subscribers. Optical switching devices in Si-based
waveguides make use of changes in the refractive index induced by
carrier injection and offer advantages of small device size, polariza-
tion independence and capability of integrating with other Si-based
optoelectronic devices. By adding Ge into Si, the bandgap of SiGe
shifts towards the optical communication wavelength while the
refractive index increases, which is good for wave guiding. P-N
junction can also be formed easily during SiGe epitaxy.
In this talk, advantages of using SiGe/Si in optical switching devices
at the optical communication wavelength will be introduced. This is
then starting with a conventional symmetric 2x2 switching structure
and followed by recent trends on optical switching devices using
carrier injection. The several novel switches will be described in more
detail are: 1) three 2x2 switching approaches based on total internal
reflection and/or two-mode interference, 2) two 1x2 switching
approaches based on total internal reflection and carrier injection
principle, 3) two 3x2 switching approaches for multi-port and multi-
wavelength optical cross-connect application based on based on
total internal reflection and carrier injection principle, and 4) a 2x3
switching approach based on carrier injection principle. Moreover, a
3x3 multi-port optically switchable logic gate will also be introduced.

6183-43, Session 9
Discrete light propagation in voltage-tunable photonic
lattices
G. Assanto, Univ. degli Studi di Roma Tre (Italy)
Discrete light propagation and self-localization are investigated in
one-dimensional arrays of channel waveguides realized in voltage-
controlled nematic liquid crystals. We review discrete diffraction and
discrete solitons in such systems, as well as all-optical angular
steering, multiband breathers and Zener band-to-band all-optical
tunneling.

6183-44, Session 9
Parametric downconversion of photons at 1550 nm by
laboratory prototype periodically poled lithium niobate
bulk and waveguide: a route to single photon source and
photon entanglement
S. A. Castelletto, I. P. Degiovanni, V. Schettini, Istituto Elettrotecnico
Nazionale Galileo Ferraris (Italy); T. Del Rosso, G. Margheri, S.
Sottini, Consiglio Nazionale delle Ricerche (Italy)
Abstract
Parametric down-conversion (PDC) consumes pump photons and
produces light with a two-photon field description [1]. This two-
photon light, which allows one photon to indicate or herald the
existence of its twin, is key to applications such as quantum
metrology [2] and quantum optical communication [3,4].
In particular, these PDC applications work by preparing one photon
in a well defined state by measuring its twin, effectively creating a
single-photon source.
To realize such a single-photon source [5] for these applications,
there are strong key demands, we address here. High efficiency
photon pair production and collection in a well defined spatial and
spectral mode are required to be the highest possible for the utility of
these applications. Moreover there is strong interest in having the
heralded photon at a wavelength convenient for telecom (1550 nm).
Recent works [6-12] on collecting PDC photons into a single mode
fiber have shown a number of problems in obtaining the highest
collection efficiency because of the mixed spatial and spectral mode
of spontaneous emission of photons.
For high efficiency of pair production, the use of periodically poled
lithium niobate crystals (PPLN) is becoming common [11,12] and
some attempts to have those photons generated in a guided mode
would facilitate their generation and collection in well defined modes.
However forcing PDC emission in guided modes can be a trade-off
for the highest efficiency in both time correlation and spectral/spatial
correlation. The purpose of this work is to establish theoretically and
experimentally the assessment of new parametric down-converters
(namely bulk and waveguided PPLN prototype),  fulfilling the above
requirements.
We have set up a commercially available 5 mm periodically poled
lithium niobate (PPLN) crystal doped with MgO, pumped by a CW
laser at 532 nm to produce 810 nm and 1550 nm photon pairs in a
slightly noncollinear geometry.
The crystal was operated in a quasi-phasematching configuration,
with noncritical phase-matching and a 7.36 microns period to
produce PDC photons at 810 nm and 1550 nm at external angles of
1° and  2°.
The PDC photons were routed to single mode fibers and then the
810 nm to a Si Avalanche Photodiode (APD), while the 1550 nm to a
InGaAs APD, operating in gated mode.
We properly matched the CW pump gaussian mode and the PDC
modes to have the highest coupling efficiency and we tested the
experimental setup as a source to calibrate the single photon
detector at 1550 nm. However, because the commercial uncontrol-
lable PPLN properties were not optimized  for this application, we
are setting up an equivalent experiment scheme to test better
controlled laboratory prototypes of periodically poled lithium niobate
( with both free and guided propagation with period of 19 and 16
microns, respectively) pumped by a CW laser at 775 nm to produce
1550 nm degenerate photon pairs. We will characterize this source
by detecting single photons via two InGaAs single photons ava-
lanche photodiode operating at 1550 in terms of pair production rate,
collection efficiency, eventually expecting advantages in terms of
highest coupling efficiency and lowest single photon detection noise,
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given by the waveguide versus the bulk operation.
We are envisaging also new waveguide design to optimize PDC
photon pairs coupling with single mode fibers.
We conclude by determining the effectiveness of these prototypes
as a route to single photon sources and photon entanglement for
quantum metrology and quantum optical communication.
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6183-45, Session 9
Optimal design parameters research for novel
monolithically integrated non-linear all-optical loop
mirror for signal regeneration
E. Moll, K. A. Williams, R. V. Penty, I. H. White, Univ. of Cambridge
(United Kingdom)
Long haul optical communication links require regularly placed
repeaters because signal degradation, leading to degraded signal to
noise performance and eventually an increase in error transmission.
To date these regenerators are typically based on optical-electrical-
optical (OEO) regeneration. All-optical regeneration has the potential
to surpass OEO in terms of bandwidth and reduced complexity of
operation. Optical Signal to Noise Ratio (OSNR) improvements have
been achieved in different integrated devices. Such Mach-Zehnder
devices typically consist of passive waveguides with y-splitters
feeding one SOA in each arm used as a non-linear element with a
phase shifter. The SOA lengths are normally in excess of 450 µm
yielding an overall chip length of several millimeters. As the complex-
ity of future communications sub-systems grows, it will become
increasingly important to integrate regenerators with other functional
components. Compactness will therefore play a pivotal role.
Mach-Zehnder Interferometers (MZI) have been reported in the
literature achieving a 4.5dB at 10Gb/s extinction ratio (ER) improve-
ment. 40Gb/s operation has also been reported. Compact hybrid
integrated MZI have also been manufactured with sizes of 750 µm by
750 µm using two SOAs per arm. These devices were fabricated
monolithically to obtain a 5 quantum well structure with active ridge
waveguides. The results obtained showed a 5dB OSNR improve-
ment at 1550nm. It is believed that a compact integrated loop mirror
designed specifically for the purpose of performing regeneration of
optical signals will provide better results as has been demonstrate in
a discrete environment. Such a device would exploit the non-linear
part of the all-optical transfer function where the slope is greater than
1 to achieve regeneration. Furthermore, this device would be
designed such that its overall dimensions are kept sub-mm(c)˜ to
ensure the device could be monolithically manufactures. Standard
interferometric devices rely on an external source (either optical or
electrical) to provide the phase shift necessary to obtain constructive
or destructive interferometry.
We propose a device based on self-induced phase shifting to create
a non-linear optical transfer function with a single optical access. The
device is designed around the Nonlinear-Optical Loop Mirror (NOLM)
principle. The device is a loop formed by four SOAs with a splitter/
recombiner at one of the junctions for optical access. The device
also includes a mirror inside one of the SOAs such that part of the
light is transmitted around the loop and part is reflected. The
dimensions of formed loop are kept below 4mm (1mm/SOA) to the
requirement for integration. It is assumed the loop is based on a

standard ridge waveguide design with InGaAsP/InGaAs quantum
wells yielding a refractive index of 3.88. Also, the width of the
waveguide is kept constant at 2 µm to ensure single-moded
operation.
We present simulations results obtained with VPITransmissionMaker
from VPIPhotonics.
VPITRansmissionMaker allows the simulation of optical “modules”
such as Lasers, SOAs, Bragg Grating. The SOA and Laser modules
exploit on the Transmission Line Laser Model (TLLM) model for
solving the standard laser rate equations. For the Multi-Quantum
Wells (MQW) SOAs, another set of equations are used to model the
effects of carriers entering and exiting the quantum wells. The model
is used to explore the tunability of the design and manufacturing
parameters for optimal performance of the non-linear optical loop
mirror. Design parameters include the size of the loop, drive current
of each SOA, position and reflectivity of the mirror, number and size
of the quantum wells and separate confinement height. To provide
an efficient way of comparing different values for a given parameter,
three figures of merits are chosen. The first one is the input dynamic
range of the device in its current configuration, which corresponds to
the area of the transfer function where the input signal will experi-
ence regeneration. The second parameter is the peak to trough ratio
corresponding to the maximum possible output swing i.e. the
maximum point of the transfer function less its corresponding
minima. The final parameter named the regeneration slope is the
division of the peak to trough ration by the input dynamic range.
The results are obtained by increasing the input optical power
linearly over a range of -10dBm to 10dBm. The input signal is
provided by a 1550nm DFB laser in which the peak output power
can be specified directly as a simulation parameter. The linewidth of
this laser is 10MHz
By changing the reflectivity of the mirror integrated in the loop, it is
possible to vary the input dynamic range from 1 to 5dB while the
regeneration slope varies from 0.5 to 8.5dB. Similarly, changing the
ring sizes allows one to tune to the best size for the regeneration
slope. It is to be noted that the best peak to trough ration various
cyclically with the ring circumference due to the phase matching
occuring at the recombination point.
The optimisation is an iterative process since the optimisation of one
parameter modifies the optimisation of another parameter. For
instance, the optimisation of the loop size with the current density
modifies the optimal number of quantum wells and vice versa.
Pulsed operation has been simulated to verify the usefulness of the
loop mirror proposed above. As a proof of concept, 8ps wide pulses
at 1550nm are streamed through the device at 10GHz. Their
extinction ratio (ER) prior to going through the device is 7.8dB while
the ER after the device is increased to 14.6dB. This leads to a ER
improvement of 6.8dB. It is hoped that further iterations of the
optimisation process will will lead to further ER improvements.
We have presented simulations results for a novel non-linear optical
loop mirror created to carry out signal regeneration. The particularity
of this loop is the mirror etched into one of the active waveguides to
create self-induced phase shifts leading to non-linear transfer
functions with a single optical input. Optimisation is explored for
various design parameters that would need to be decided prior to
manufacturing such a device. It is believed that such optimisation
can provide a way to create all-optical signal processing devices
created for a single application.

6183-46, Session 9
Photorefractive bright soliton in erbium doped lithium
niobate
F. Pettazzi, M. Alonzo, Univ. degli Studi di Roma/La Sapienza (Italy);
C. Sada, M. Bazzan, N. Argiolas, P. Mazzoldi, Univ. degli Studi di
Padova (Italy); V. I. Vlad, A. Petris, Institutul National pentru Fizica
Laserilor, Plasmei si Radiatiei (Romania); E. Fazio, Univ. degli Studi di
Roma/La Sapienza (Italy)
Erbium doped Lithium Niobate is a new material which provides
different functionalities for photonic applications. Lithium Niobate is
an electro-optic, acustooptic material which is widely used as optical
modulator and for holographic recording. Erbium doping adds to
these important functionalities the possibility of amplifying optical
signals. Optical amplification in Er doped lithium niobate was widely
investigated in the past, using surface waveguides obtained by
indiffusion processes [1].
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The application of the Czochralski (CZ) technique to grow up single
crystals doped in the bulk, opens the way to new possible applica-
tions and especially to much higher erbium concentrations. The
Czochralski method is indeed very versatile, allowing a fine tailoring
of the lithium niobate composition and doping in order to match the
experimental needs [2]. Samples grown with such technique show
high doping homogeneity, and good optical quality.
In the present work we have investigated the photorefractive effect in
Er doped samples, in order to analyse the possibility of writing single
mode waveguides by using the nonlinear technique of generating
spatial solitons. Photorefractive spatial solitons have been largely
investigated in the past and recently bright spatial solitons have been
observed in intrinsic lithium niobate [3]. It was experimentally
observed that the refractive index modification induced by the
soliton traveling, remains written for long time in such material, and
can be used, several days after the soliton writing process has been
turned off, to guide light both at the same or at different wave-
lengths. Such waveguides have very low losses and have been
recently used also to guide femtosecond pulses, showing a minimum
dispersion [4].
Soliton waveguides are a new great tool to create 3-dimensional
integrated circuits.
In the present work we analyse the influence of erbium ions to the
photorefractive effect by using single crystals of different composi-
tions by the Czochralski method. Such analysis have been per-
formed at different wavelengths which were inside or outside specific
absorption bands of the erbium ions.
Following such results we have investigated the soliton formation in
erbium doped as well as undoped lithium niobate samples for
comparison. An almost complete characterization of such a process
has been performed varying the light wavelengths, intensities and
the background illumination level. From our experimental observa-
tions, formation times, long term stability and the role of external bias
were deduced.
Our results are consistent with the formation dynamics observed in
undoped samples, for which induced waveguides are stable,
monomode and circular.
A theoretical model will be presented to describe the influence of
erbium for the local response of the material (in terms of current
density, localization of trapped charges, photovoltaic and
photorefractive effects and so on...), for the soliton formation
determining the associated modification of the material refractive
index. Also the propagation of light in the self induced waveguides
will be described. A comparison of the numerical and experimental
data will be presented in order to point out the role of erbium in the
lithium niobate material.
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6183-47, Session 9
Nonlinear effects in ultrasmall silicon-on-insulator ring
resonators
G. Priem, P. Dumon, W. Bogaerts, D. Van Thourhout, G. Morthier, R.
G. Baets, Univ. Gent (Belgium)
High contrast systems such as Silicon-on-Insulator (SOI) allow the
fabrication of structures with strong transverse optical confinement
within submicron dimensions. This confinement can even be further
enhanced in the longitudinal direction by using resonant structures
such as ring resonators, in which the propagation of the light pulse is
slowed down. Structures with very high confinement are of great
interest for nonlinear optics, as they allow nonlinear effects to be
used with very low power levels.
At the telecom wavelength of 1550 nm, light is absorbed in the
Silicon material by means of two-photon absorption. Through this
absorption process, free carriers are excited giving rise to additional
absorption (Free Carrier Absorption) and a change in refractive index

change (Free Carrier Dispersion, FCD). After recombination, these
carriers lead to phonon creation, resulting in heating of the structure.
The change of temperature results in an additional change of the
refractive index.
High-power continuous-wave measurements were performed on ring
resonators with radii as small as 4 micron. Detailed analysis showed
that the nonlinear steady-state behaviour of these structures is
dominated by thermal refractive index effects. An important amount
of free carrier dispersion is however also present. A carrier lifetime of
about 1-10 ns (carrier dependent) and a temperature relaxation time
of approximately 65 ns were derived. Thermal bistability was
observed for optical input powers as low as 0.28 mW - which is the
lowest reported power so far in Silicon-on-Insulator ring resonators.
Potential applications may be found in all-optical switching and
memory operation.
During these continuous-wave measurements, quasi-periodic
pulsating behaviour was observed for the higher input powers due to
interaction between the carrier and thermal refractive index effect. To
our knowledge, this has been measured for the first time in Silicon-
On-Insulator structures. The origin of these pulsations lies in the fact
that both effects are counterproductive with different time constants,
making the resonance wavelength fluctuate around a centre position
instead of converging to a stable situation. The quasi-periodic nature
of these oscillations is due to noise in the input power. Such
behaviour may be problematic for possible memory and switching
operation mentioned above. Stabilizing these pulsations could
however result in a flexible type of optical pulse generation with time
constants in the ns range.
Pulsed measurements also demonstrated the potential of the free-
carrier dispersion effect for ns signal processing. Using a high-power
pulsed pump signal, a continuous-wave probe signal at a nearby
resonance wavelength was modulated at a speed of 0.5 Gb/s. At this
speed, the thermal effects that are present, are averaged and only
influence the relative position of the resonance wavelength. Adding
an external temperature controller would result in a completely
tunable building block for all-optical signal processing at Gb/s
speed. Higher bit rates could be obtained by reducing the carrier
lifetime, however at the cost of higher pump power.

6183-48, Session 9
Extended transfer function of nonlinear active
semiconductor microring resonators
Y. G. Boucher, Ecole Nationale d’Ingénieurs de Brest (France); Y.
Dumeige, L. Ghisa, P. Féron, École Nationale Supérieure des
Sciences Appliquées et de Technologie (France)
A lot of work has been devoted lately to micro-cavities with incurved
geometry (such as microrings, microdisks, microspheres, etc.) [1].
They appear attractive not only from a fundamental point of view, but
also in terms of possible applications, due to their small size and
high quality factor. This makes them especially interesting in view of
the integration of all-optical functions for signal processing, such as
spectral filtering, bistability, add/drop switching or laser emission.
Unfortunately, time-consuming numerical calculations are often
involved in order to describe precisely their spectral response as well
as their nonlinear behavior. What we present is an analytical model
developed for investigating the spectral and/or nonlinear properties
of one (or several) semiconductor microring resonator(s), coupled to
one (or two) rectilinear waveguide(s) acting as input/output ports.
This work is conducted in the frame of the extended transfer function
formalism, which describes the effect of internal sources and takes
naturally into account the saturation of the active medium by
Amplified Spontaneous Emission (ASE). ASE is known to play quite
important a role in semiconductor active devices. Often considered
as a mere noise, it is also the very driving source of the laser field. In
previous years, a few works have been devoted to the description of
the laser behavior in the spectral domain, in the frame of a semi-
classical description of the electromagnetic field [2,3]. The gain, the
source and the refractive index of the active zone are saturated
through ASE, longitudinally averaged and integrated over its whole
spectral range.
In the simplest approach, the optical properties of each active semi-
ring (effective index, modal gain and spectral rate of spontaneous
emission) are supposed to be uniquely determined by the steady-
state value of the carrier density N, obtained within the framework of
the rate equation formalism and assumed uniform along the active
zone. On the other hand, the steady-state value of N results from a
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balance between pumping and recombination processes. Let us
consider for instance the special case of a longitudinally single-mode
microring laser. As far as ASE is well described by the Lorentzian-like
generalized transfer function of the resonator, a self-consistent
calculation enables one to derive not only the total emitted power,
but also the spectral density of the emitted radiation, as functions of
the pumping level. Laser frequency and carrier clamping are also
determined.
The range of validity is not restricted to the below-threshold
behavior. The internal and emitted fields are always filtered into the
resonance modes of the whole structure: their spectral density are
described by the generalized Airy-like transfer function, well
approximated by a Lorentzian, which contains all essential mecha-
nisms at work in a laser oscillator: Gain, losses and sources.
Continuously valid across threshold, the method enables one to
derive in a simple way the main steady-state properties of the laser
oscillation. Most specifically, we obtain analytical expressions, in
normalized units, for emitted power, linewidth sharpening, carrier
clamping and frequency shift, with the pumping rate as the only
external parameter.
Of course, the generalized transfer function approach remains
perfectly valid when the semiconductor is not pumped, enabling one
to derive simple expressions for optical bistability. Evidence of
multistable behavior in a sequence of mutually coupled microring
resonators will also be presented.
[1] J.E. Heebner et al., Optics Lett., Vol. 29 (7), pp. 769-7771, 2004.
[2] G.M. Stéphan, Phys. Rev. A, Vol. 55 (2), pp. 1371-1384, 1997.
[3] Y. Boucher, Research Signpost: Recent Res. Devel. Optics (3),
pp. 177-204, 2003.
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6184-01, Session 1
High-power single-mode 980-nm DBR tapered diode
lasers with integrated 6th-order surface gratings based
on simplified fabrication process
K. Paschke, J. Fricke, G. Erbert, H. Wenzel, Ferdinand-Braun-Institut
für Höchstfrequenztechnik (Germany)
Compact single-frequency and high-brightness lasers sources are
key components in emerging laser technologies such as space and
fibre communication, optical frequency conversion, optical radar,
and other. A distributed Bragg reflector (DBR) tapered diode laser is
a promising candidate for these applications [1]. This device contains
a straight ridge waveguide (RW) section and a tapered gain guided
section. The straight RW section consists itself of a passive DBR
section located at the rear facet and an active gain section. The
Bragg grating is formed as a surface grating of 6th order, etched into
the p-contact, cladding and part of the waveguide layers. Grating
and RW structure have been simultaneously fabricated using wafer
stepper lithography and reactive ion etching, respectively [3]. Such
single-growth devices enable a inexpensive fabrication. The result is
a high power source operating in a single longitudinal mode and
having a good beam quality. In the device under study the current
through the RW and the tapered sections can be adjusted sepa-
rately, which allows an independent control of output power, stability
of laser frequency, and beam quality and moreover a simplified
modulation of the output power [2].
The vertical laser structure grown by metal-organic chemical vapour
phase epitaxy consists of an optical cavity with a 0.5 µm thick
Al0.50Ga0.5As waveguide embedded in Al0.53Ga0.47As cladding
layers. The active region is composed of a compressively strained
InGaAs single quantum well sandwiched between tensile-strained
GaAsP barriers. The total laser length of the device is L = 4 mm, and
the total RW length is LRW = 2000 µm. The RW width is W = 3 µm
and the etch depth was selected for an appropriate effective index
step of about Dneff = 15·10-3. The tapered section has a length of
Ltaper = 2000 µm and a total flare angle of f = 6°. After completing
the wafer processing, the wafers were cleaved and the facets were
low and antireflection coated (Rf » 1%, Rr » 10-3). According to
simulations, the reflectivity of the grating should be larger than 80%.
The devices were finally mounted junction side up for the measure-
ments.
The power-current characteristics, the spectral intensity, the position
of the beam waist, and the intensity profiles in the beam waist and
the lateral far field were measured in dependence on the currents
through the RW and tapered sections at T = 25°C. The RW section
was driven in continuous wave (cw) operation, whereas the tapered
section was operated with µs current pulses of a duration of 10µs
and a repetitions rate of 25 Hz.
The current in the RW section IRW was varied from 0 mA up to
1000mA. The highest output power of P = 8.8 W was obtained with
IRW = 600 mA and Itaper = 18.8 A limited by thermal roll over. For
this RW current the threshold current is Ith,taper = 0.43 A and the
slope efficiency has a value of S = 0.9 W/A up to 4 W. The power-
current characteristic remains almost kink free within the studied
current range. A further increase of IRW does not lead to an increase
of the output power.
The intensity profiles in the beam waist and the lateral far-field were
measured versus the current in the tapered section for a fixed
current IRW = 200 mA. At this RW level the best beam quality was
measured. In the intensity profiles of the beam waist only minor side
lobes are visible. Up to P = 4.4 W (IRW = 200 mA, Itaper = 6 A), 90%
of the power is inside the central Gaussian-like lobe. To evaluate the
beam quality of DBR tapered lasers, the beam propagation ratio M2
was calculated from the 1/e2 levels of the measured intensity profiles
of the beam waist and the lateral far field. At each investigated power
level up to P = 4.4 W the M2 values are smaller than 1.1 for the
central lobe.
The optical spectra of the DBR tapered lasers were measured at
several currents through the tapered section between 3 and 12 A
and the current in the RW section IRW was varied continuously from
0 mA up to 1000 mA. For these measurements the tapered section
was operated in pulsed mode of a duration of 100 µs with a
repetitions rate of 1 kHz. The spectral output of the DBR tapered
diode laser reveals single longitudinal mode operation. The shift in
wavelength is less than 0.2 nm over the operating power range from
2.2 W to 6.9 W. This confirms the high spectral selectivity of the DBR
tapered lasers.

First measurements on lasers in cw operation show a maximal
output power of 2.8 W. For this power level the M2 value are smaller
than 1.1 for the central lobe. These lasers operate in a single
longitudinal mode with a side-mode suppression of more than 45 dB
at 2.5 W.
In summary, we have fabricated single-growth DBR tapered diode
lasers at 980 nm utilizing 6th order Bragg gratings. These lasers
showed a high beam quality with a propagation ratio M 2 = 1.1 at 4.4
W in pulsed operation and at 2.8 W in cw operation. These small M2
values illustrate the nearly diffraction limited properties of these
lasers. This technology of DBR tapered lasers allow a highly flexible,
simplified fabrication of wavelength-stabilised lasers with single
longitudinal mode emission.
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6184-03, Session 1
High-power-gain switched laser diodes using a novel
compact picosecond switch based on a GaAs bipolar
junction transistor structure for pumping
S. N. Vainshtein, J. T. Kostamovaara, Univ. of Oulu (Finland)
A number of up-to-date applications, including advanced radars with
high single-shot resolution, precise 3 D imaging, laser tomography,
time imaging spectroscopy, etc., require low-cost, compact, reliable
sources enabling the generation of high-power (1-100 W) single
optical pulses in the picosecond range. The technique of using the
gain-switching operation mode of laser diodes for the generation of
single picosecond pulses in the mW range has been well known (see
e.g. Ref.[1]) and commonly used for many years, but this method
fails to generate high-power single picosecond pulses because of a
lack of high-current switches operating in the picosecond range.
We report here on the achieving of optical pulses of 45W / 70ps, or
alternatively 5W / 40ps, with gain-switched commercial laser diodes
having emitting areas 250 Å~200 um of and 75 Å~2 um respectively.
This was made possible by the use of a novel high-current avalanche
switch based on a GaAs bipolar junction transistor structure, due to
the very fast transient [2] (switching time <200ps from the initial
voltage of ~300V to the final voltage of ~50V) caused by the
generation and spread of a comb of powerfully avalanching Gunn
domains of ultra-high amplitude in the transistor structure [3,4]. This
unique switching mechanism allowed the switching time to be
shorter than that taken for the carriers to cross the blocking (n0
collector) layer at maximum possible (saturated) velocity, and
provided at least an order of magnitude faster switching than that
achieved in the most advanced experiments with Si avalanche
transistors.
A simulation code developed earlier [5] but modified and carefully
verified here allowed detail comparison of the experimental and
simulation results. Excellent quantitative agreement was achieved
between the simulated and measured optical waveforms, the
absolute levels of optical power and (the most advanced aspect) the
time-resolved spectra. This agreement is valuable, since the model
included no adjustable material or laser structure parameters that
were a priori unknown except for the shifting of the gain spectra to fit
the central wavelength of the simulated spectrum to that experimen-
tally observed for a specific laser type. Good agreement between the
simulated and measured responses both convinced us that the
optical pulses achieved here are indeed the most advanced for the
available laser diodes and current switch, and provided a tool for
reliable predicting the parameters achievable with various laser
diodes.
One very important advantage of the optical transmitter developed
here is its compactness and low power consumption, since a single
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high-speed switching component is used for pumping a laser diode,
and only a small capacitor (in the pF range) needs to be charged to
~300V between two switching events. The repetition rate of the pulses
in our experiments ranged from single pulses to ~30 kHz, but the last
value is not determined by the principal limitations on the GaAs
avalanche transistor or the laser diode.
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6184-04, Session 1
Design of an ultrahigh-power multisection tunable laser
with a semiconductor optical amplifier
Y. Zhang, T. M. Benson, The Univ. of Nottingham (United Kingdom)
Ultra-high power widely tunable monolithic multi-section tunable
lasers have been a sought after dream for more than 20 years, which
have attracted a great deal of investment globally in the exploration of
tunable laser technologies and their applications due to their unique
attributes and flexible functionalities in the upcoming optical commu-
nication and sensing systems. There are some stringent requirements
for tunable lasers imposed by telecom applications regarding the
facet output power, tunability and so on. For monolithic tunable lasers
that require a regrowth process, facet output power and operation
performance have been largely undermined and restricted by adverse
butt-joint reflections. Butt-joint reflections from the regrowth inter-
faces of these multi-section devices have seriously affected their
tunability, and greatly reduced their facet output power. Butt-joint
reflection losses between active-passive interfaces are therefore the
crucial and decisive operating factors in multi-section tunable lasers.
In this paper, new and original design ideas, and novel approaches to
the designs of ultra-high power InGaAsP-InP based multi-section
widely tunable lasers are introduced. The inventive ideas presented in
this paper basically comprise of four parts. Firstly, an InP spacer layer
is placed below the ridge and above the multiple quantum wells
(MQWs) stack, so as to introduce extra freedom in the control of
widening the single mode ridge width. Secondly, a bulk balance layer
structure is placed above the InP buffer layer and below the MQWs
stack, which enables a large reduction of free-carrier loss by greatly
shifting the optical power distribution to the intrinsic and n-doped
sides, with lower free-carrier absorption losses. Thirdly, optimized
butt-joint angles are designed for the active-passive interfaces of
multi-section tunable lasers to tackle the adverse butt-joint problems
and optimize the operation performance of multi-section tunable laser
devices. Fourthly, a curved semiconductor optical amplifier (SOA)
section, with an angled ridge at the output facet, is introduced to the
multisection tunable laser so as to further increase the total optical
output power of the device and largely reduce the backward optical
reflection into the device.

6184-28, Session 1
Influence of thermal effects on the performance of high-
power semiconductor lasers and pump-laser modules
N. Matuschek, T. Pliska, J. Troger, S. Mohrdiek, B. E. Schmidt,
Bookham AG (Switzerland)
1. Introduction
The performance of erbium-doped fiber amplifiers depends critically
on the output-characteristics of the fiber Bragg grating (FBG)

stabilized pump-laser module. Driven by the market the power level
of pump-laser modules has to be   increased from generation to
generation. Simultaneously, the modules have to be optimized in
terms of costs, increased flexibility, and reduced complexity. As an
example, uncooled modules without temperature stabilization by a
thermo-electric cooler have been developed and introduced into the
market [1]. Moreover, there is an increasing demand for high-power
broad-area single emitters and laser bars for industrial and medical
applications [2].
It has been found that successful design of high-power laser diodes
requires the inclusion of all thermal effects influencing device
properties in the design considerations. Nonlinearities in the power
vs. injection current characteristic, for instance roll-over behavior,
depend strongly on the thermal resistance and series resistance of
the device. Variations in the output power spectrum are induced by a
shift of the gain curve and a changing gain bandwidth with tempera-
ture. Degradation of the laser material, which affects the laser
reliability, is directly influenced by the thermal properties of the
device.
In this communication we demonstrate the optimization of the device
performance with respect to thermal properties, output power,
wavelength stability and device reliability at the example of a high-
power single-mode pump-laser module operating at wavelength
around 980 nm. A comparison between theoretical models and
measured device performance is presented at each design step.
Based on these design considerations a new generation of FBG-
stabilized pump-laser modules with “telecom grade” output powers
of up to 600 mW has been developed and qualified.  The G08 chip
inside the pump-laser module defines new technology standards in
terms of laser and coupling efficiency, light output power perfor-
mance, thermal stability, and stable beam divergence. Even with a
continuous-wave (CW) roll-over power as high as 2 W at 5°C and
thus maximum power densities of around 200  MW/cm2 the ridge-
waveguide laser diodes with E2 passivation do not reveal any
physical limits [3].
2. Laser Chip and Module Design
Chip properties. Bookham’s advanced (Al)Ga(In)As/GaAs-pump laser
diodes are realized by molecular beam epitaxy allowing high volume
manufacturing with minimal variations in material quality. The classic
ridge-waveguide device structure is based on a graded index carrier
confinement single quantum well design to achieve optimum electro-
optical performance and high reliability [3]. Based on two- and three-
dimensional simulations of single-mode narrow stripe ridge
waveguide laser diodes, the epitaxial structure and the macroscopic
chip dimensions were designed to achieve an optimum in wall-plug
efficiency, moderate power densities on the facets, low current
density, reduced optical losses as well as low series resistance for a
minimum junction temperature within the whole operating regime.
The proven E2 facet passivation technology provides maximum
protection from chip failures due to catastrophic optical damage
(COD), while “bulk failures” have continuously been reduced by
improving design, wafer processing and overall material quality.
With our new generation of G08 laser chips we achieve recorded CW
roll-over powers of more than 2 W at 5°C, 1.6 W at 25°C, and still 1.3
W at 75°C heat-sink temperature at 980 nm, proving the thermal
stability of our device design. Characteristic temperature of the
threshold increase (T0) is 155 K for this particular design, with
threshold currents of around 40 mA at 25°C. The far-field pattern is
stable up to a power level of 1350 mW at 25 °C and amounts to 7°-
9° and 20°-22° for the lateral and vertical direction, respectively,
resulting in up to 85% coupling efficiency to a single-mode fiber.
Furthermore, the devices show low internal losses of around 1 cm-1
and a maximum recorded slope efficiency of more than 1 W/A at 25
°C. Series resistance of the device is reduced to around 0.4 *.
Thermal resistance. The performance of a high-power laser diode is
strongly affected by the temperature distribution and temperature
gradients in the active layer. A high junction temperature and local
“hot spots” lead to a degradation of mechanical and electro-optical
properties, and thus, to a reduced reliability that may result in a
failure of the device. Hence, it is crucial to minimize the junction
temperature by minimization of the thermal resistance.
We use two-dimensional as well as advanced three-dimensional
computational tools in order to simulate the temperature distribution
in the device. These tools can be used to determine the contribution
of each component of the device package to the total thermal
resistance and to optimize them with respect to device geometry and
material parameters. From the simulation of ideal G08 laser chips we
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find a thermal resistance of about 15 K/W. The measured value of
around 17-21 K/W is slightly higher, which might be caused by an
additional contact resistance or because of small unwetted areas in
the solder interface missing in the simulation of the ideal device. It is
of particular importance to include the solder interfaces between
various components. Voids in the solder interface may lead to local
hot spots in the active region directly above the voids and to a global
temperature increase in the device. Our simulation tools allow us to
include the influence of incomplete wetting and thus to identify critical
areas for soldering and to define fabrication tolerances for the
soldering processes.
Chip reliability. The chip reliability is described by our well established
acceleration model for the failure rate, FR, of high power pump-laser
diodes. Using this model chip degradation is accelerated by junction
temperature, Tj, injection current, I, and optical power  according to  ,
where Ea is the activation energy, kB Boltzmann’s constant and X, Y
the acceleration exponents for current and power, respectively. The
proportionality constant as well as X, Y, and Ea follow from a fit of life
test data tested at various accelerated operating conditions. Using
above model with parameter values obtained from the fitting
procedure we find a failure rate better than 1 kFIT at 25°C and 800
mW facet output power for G08 laser chips. The laser parameters and
failure rates, confirmed by in-situ monitoring, indicate telecom grade
long-term operating stability and lifetime.
Module performance. Because of stringent requirements on wave-
length and power stability for pumping amplifiers in WDM-systems,
pump lasers are usually stabilized by an FBG. Without FBG stabiliza-
tion the power output spectrum shifts to longer wavelengths with
increasing junction temperature due to the temperature shift of the
gain curve, which makes uncooled operation of a module over a large
temperature range impossible. The reduced threshold gain at the
FBG’s Bragg wavelength, •B, forces the module to lase at wavelength
around •B.
We have developed an accurate model for the calculation of the
module’s output characteristics based on the effective reflector
approach [4]. This model allows us to calculate the output
charcteristics of the FBG-stabilized module and thus, to optimize the
performance with respect to various design paramters. A module
package has been realized with a G08 chip packaged into a standard
14-pin butterfly module, from which we obtain a fiber-coupled light
output power of 830 mW. The slope efficiency of the module is 0.6 W/
A and the total electrical-to-optical power conversion efficiency up to
35%, which reduces the overall energy consumption in optical
amplifier systems.
3. Summary
The optical output power, wavelength stability, and reliability of a
high-power semiconductor laser and pump-laser module are strongly
influenced by the thermal properties of the entire device. The key for
improving the thermal behavior is the minimization of the device’s
thermal resistance and series resistance. This is achieved by
optimization of the epitaxial structure, the device geometry, and by
the choice of materials with superior properties. Moreover, optimized
solder processes resulting in homogeneous solder interfaces without
voids are important.
Following this approach a new generation of pump-laser modules has
been developed incorporating our new G08 laser chip. Fiber coupled
light-output power of highly reliable single-mode laser diodes with an
emission wavelength of around 980 nm has been increased to 600
mW ex-fiber. The chip reaches in excess of 2 W record ex-facet CW
light output power with up to 60 % power conversion efficiency. The
maximum fiber coupled CW light output power exceeds 800 mW. The
device is designed to satisfy the stringent requirements of cost
efficient uncooled applications [1] as well as the cooled very high
power market of broadband multi channel networks.
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6184-05, Session 2
Two-mode dynamics in different semiconductor laser
structures
A. Scirè, P. Colet, Univ. de les Illes Balears (Spain); M. Sorel, Univ. of
Glasgow (United Kingdom); C. J. Tessone, C. R. Mirasso, M. San
Miguel, Univ. de les Illes Balears (Spain)
We recognized interesting similarities in apparently different
semiconductor two-mode laser systems: Twin-Stripe Edge Emitting
Lasers  (two spatial modes), Vertical-Cavity Surface-Emitting lasers
(two  polarization modes) and Semiconductor Ring-Laser (two
counter-propagating modes). Despite their technological difference,
under  specific operation conditions, the models for those systems
show a clear similarity in the observed instabilities and dynamical
behavior, which  can be understood in terms of their symmetries.
In particular, symmetric solutions (the same amplitude for the two
modes) are present in all the above mentioned devices. In absence
of interaction between the two modes, the phase relationship
between them is not defined (phase diffusion). Breaking the phase
diffusion degeneracy reflects in a rich bifurcation scenario, which
includes the presence of two supermodes in which the phase
relationship between the two-modes takes two defined values
separated by \pi. Those supermodes are called In-phase and Out-of
phase supermodes in the Twin-Stripe Edge Emitting Lasers (TS) [1];
x-Linearly Polarized and y-Linearly Polarized solutions in Vertical-
Cavity Surface-Emitting lasers (VCSELs) [2]; in-phase and out-of
phase standing waves in the Semiconductor Ring-Laser (SRL)
context [3]. In the TS structure the phase diffusion degeneracy is
removed by the presence of the twin element (spatial-lateral
symmetry is broken), in VCSELs the cristallographic axes individuate
two preferred phase relationship between the (circularly polarized)
modes of the electric field  (cilindric symmetry is broken), whereas in
SRL the phase degeneracy is removed by a localized losses/
reflection point (circular symmetry is broken).
The breaking of the respective symmetry induces preferencial
relative-phase states, which (through Pichfork-bifurcation) can
bifurcate into two antisymmetric states: e.g. as the pump current is
increased in SRLs, a bifurcation from the two symmetric solutions to
two quasi-unidirectional waves was observed and investigated both
theoretically and experimentally [3].
The symmetric solutions represent coherent (locked) states and find
applications in coherent high-power pulse generation for self-
pulsating TS [1]; the presence of two antisymmetric states enables
the applications to optical communications in terms optical gating
and switching for bistable SRLs [3]. In VCSELs the polarization non-
linear dynamic has been exploited in a scheme for polarization
encoding in chaotic communications [4].
[1] A. Scirè, et al. IEEE J. of  Quantum Electron., 41, 272-279 (2005).
[2] A. Scirè, et al. Optics Letters, 27, 391-393 (2002).
[3] M. Sorel, et al. Optics Letters, 27, 1992-1994 (2002).
[4] A. Scirè, et al. Phys. Rev. Lett. 90, 113901 (2003).

6184-06, Session 2
Laterally coupled dual-wavelength distributed feedback
lasers
F. Pozzi, R. M. De La Rue, M. Sorel, Univ. of Glasgow (United
Kingdom)
Dual-wavelength lasers, also known as dual-mode or two-colour
lasers, are a particular kind of multi-mode lasers, which are specifi-
cally designed to emit two longitudinal modes with different
wavelengths. They are key elements in a variety of applications, such
as optical communications, optical remote sensing, gigahertz (GHz)
generation and terahertz (THz) imaging. In recent years different
dual-wavelength systems have been implemented, such as coupling
of two separate lasers, single external-cavity lasers (microchip
lasers), and simultaneous emission of two modes from a single laser
diode (dual distributed feedback (DFB) or dual distributed Bragg
reflector (DBR) lasers). Among these, simultaneous emission is more
promising due to its compactness, stability and spectral quality. In
this work results on design, fabrication and testing of single- and
dual-mode laterally coupled DFB lasers emitting around 1.35 mm will
be shown.
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Devices were fabricated on an InP/InAlGaAs wafer structure grown
by molecular beam epitaxy (MBE). The Bragg grating (first order,
50% duty cycle) was defined by high resolution electron beam
lithography (EBL) and reactive ion etching (RIE). The basic distributed
feedback structure consists of a lateral grating, which is a shallow
grating defined by periodically varying the width of the ridge
waveguide. It is a very convenient technological choice since it
allows easier injection of current into the waveguide, reduced
fabrication processing and high flexibility in designing the Bragg
wavelength lB. Moreover, with this type of grating the strength of the
coupling coefficient k can be adjusted by controlling the etch depth
of the ridge waveguides. In this work, in order to guarantee an
increased control on the etching depth, therefore on k, the possibility
of exploiting an RIE etch-stop layer has also been investigated. The k
values for these devices were determined from measurements of the
stop-band width around threshold, and are well in agreement with
the simulated values of 10-20 cm-1. A small value of the coupling
coefficient guarantees a very narrow stop-band, allowing very fine
control over the two wavelengths. Results on InP material dry-
etching tests and comparisons between different fabricated ridge
waveguide depths will be presented.
Dual-wavelength lasing operation is achieved by means of two
gratings having different Bragg periods L1 and L2, which select two
different wavelengths l1 and l2. Here, after considering different
designs, two structures were finally chosen: one consisting of two
DFB lasers in cascade, another being a DFB laser with two different
grating periods on each sidewall. The coupled DFB structure also
includes, between the two DFB gratings, a phase adjustment
section, which can either be used as an absorber section, to allow
control of the mutual optical injection levels. The second design is, to
our knowledge, a novel device structure, never proposed before.
Devices were fabricated varying several geometrical parameters,
such as the gap between the two grating periods, ranging from 0.1
nm to 1.6 nm, the etching depths and lengths of the different
sections. Testing of the fabricated devices was conducted continu-
ous wave (CW) on a heat sink. Emitted spectra were assessed at
various temperatures, ranging from 12 °C to 25 °C, and for different
current levels.
The potential for generating signals in the GHz range was investi-
gated by photomixing, i.e. detecting the optical beating of the two
modes on a fast photodetector. These measurements provided
information on the laser mode stability, on the noise and on locking
phenomena in different working conditions.
In conclusion, design and fabrication of single-mode and dual-mode
laterally coupled DFB lasers will be reported. Results from testing of
these devices in various regimes will be shown, along with analysis
and discussion.

6184-07, Session 2
Stability of locking in mutually delay-coupled
semiconductor lasers
H. H. Erzgräber, D. Lenstra, Vrije Univ. Amsterdam (Netherlands); B.
Krauskopf, Univ. of Bristol (United Kingdom)
Two coupled oscillators are locked if they operate with a common
frequency even though their natural solitary frequencies are different.
Their dynamics, especially the influence of delay in the coupling and
the possibility of synchronization, is of fundamental
interest in physics and still not fully understood. Coupled semicon-
ductor lasers are a prototype example of two coupled oscillators; see
Ref [1].  They are also of great technological interest because of
possible application, such as bistable devices
for optical flip-flops or high frequency generation for optical clocks.
A locked solution describes CW-emission of the coupled laser
system, and we call such solutions coupled laser modes (CLMs). We
show how the locking of mutually delay-coupled semiconductor
lasers depends not only on their spectral detuning but also on the
coupling phase and the pump current of the lasers. Moreover,
different types of instabilities are encountered at the boundary of the
locking region. The analysis is based on a Lang-Kobayashi type rate
equation model for the inversions and the complex envelopes of the
optical fields.
Due to the spatial separation of the lasers and finite propagation time
of the light between them there is delay in the coupling. Even for
short coupling distances in the order of millimeters this delay-time
cannot be neglected because of the high gain and the fast

intrinsic time scales of semiconductor lasers. We focus on the short
coupling time regime, where only a few CLMs exists, which can be
studied individually in experiment as well as theoretically [2].
We find that the CLM structure of the coupled semiconductor laser
system undergoes a lot of qualitative changes around the solitary
laser threshold. On the other hand, a limiting case is reached for
higher pump current well above threshold.  Due to the coupling, the
threshold of the coupled laser system is lower than that of the
individual solitary laser. Moreover, the laser threshold also depends
on the detuning between the lasers, and it is lowest for zero detuning.
For low pump currents just above the threshold of the coupled laser
system there is only one CLM, which is stable. No instabilities are
found, so that the coupled laser system is either off or operates CW.
For higher pump currents more and more CLMs are above threshold,
and most of them are unstable. However, stable locking is always
possible for a certain region in the plane of detuning and coupling
phase. The existence of unstable CLMs is important for the possibility
of dynamical instabilities. Depending on the pump current, the
boundary of the locking region is formed either by saddle-node
bifurcations or Hopf bifurcations, which lead to qualitatively different
dynamics.
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6184-08, Session 2
All-optical two-mode switching in semiconductor ring
lasers
A. Scire, Institut Mediterrani d’Estudis Avançats (Spain)
Ring lasers have been the subject of a huge amount of experimental
and theoretical investigations, ranging from fundamental studies of its
non-linear dynamics, to practical applications as the ring laser
gyroscope. Recently, Semiconductor Ring Lasers (SRLs) have been
investigated due to their peculiar two-mode dynamic properties. In
particular, bistable operation between the clockwise (CW) and
counter-clockwise (CCW) modes has been demonstrated in several
structures, namely single SRL [M.Sorel,et.Al. Optics Letters 27, 1992
(2002),J.J.Liang,et Al.  Applied Phys. Lett. 70, 1192 (1997)], and
double SRL sharing the same active element [S.Zhang, et Al. J.
Selected Topics Q. Electronics 10, 1093 (2004)]. Recently, the study
of bistability in a tandem of two SRLs [M.T.Hill,et Al. Nature 432, 206
(2004)] unveiled higly appealing features  for applications in all-optical
switching and optical memories. Indeed, the switching time of such
structure has been experimentally proved to be fast and low consum-
ing, enhancing the efforts toward a full understanding of the bistable
SRL dynamics. We theoretically investigate the switching properties
of a single Semiconductor Ring Laser (SRL) operating in the bistable
regime, under coherent optical pulse injection. The result is that a
single SRL is able to act as an optically adressable memory element
by switching through two stable states in which the optical power is
concentrated in one propagation direction (clockwise or counterclock-
wise). Through numerical simulations of a rate equations model, we
find that the switching characteristics  have a response time of the
order of a few tenth of ps, and a minimum switching energy of the
order of 1 fJ, under noisy conditions. We show that the fast switching
dynamics is due to an energy redistribution process between the
clockwise and counterclockwise modes  that does not involve the
(slow) carrier density variable.  This process allows the device to attain
time scales much faster than the typical limit represented by the
inverse of the relaxation oscillation frequency.

6184-09, Session 3
High-gain new InGaAsN/GaAs heterostructure
C. Peng, J. Konttinen, T. Jouhti, M. Pessa, Tampereen Teknillinen
Yliopisto (Finland)
The novel electronic structure and good lattice matching to GaAs
makes pseudomorphic InGaAsN a promising semiconductor for cost-
effective GaAs-based telecommunication applications in the 1.3 um
spectral region, which is currently dominated by the InP technology.
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However, incorporation of N into InGaAs decreases the radiative
transition matrix elements, which will increase the threshold in the
case of lasing, and the luminescence efficiency in InGaAsN also
decreases rapidly with increase of N content due to the increase in
nonradiative recombination centers. The solubility of N in these
materials is quite limited due to the large miscibility gap between As
and N, which in turn leads to difficulty in incorporating N. It turns out
that low N content is preferred when growing InGaAsN materials,
although the introduction of N should be favorable for the relief of
macroscopic compressive strain in InGaAs with high In content.
In order to assure long emission wavelength as well as high emission
efficiency, new InGaAsN single quantum well (SQW) structures were
designed. Comparing with the conventional InGaAsN SQW struc-
tures, photoluminescence (PL) investigations show a significant
improvement. After 3000 sec of annealing at 700 oC, the PL peak
area is about 20 times higher while the wavelength keeps 25 nm
longer. After 800 sec of annealing, the PL quenched slowly for the
conventional structures because of the strain relaxation, while the PL
of the new structures increased rapidly and show no saturation after
3000 sec of annealing. Further laser processing based on the new
InGaAsN structures resulted one half of the threshold current density
compare to conventional InGaAsN.

6184-10, Session 3
Al-free active region InGaAsP/GaAs (lambda = 852-nm)
DFB diodes for atomic clocks and interferometry
applications
F. Vermersch, V. Ligeret, M. Lecomte, M. Calligaro, O. Parillaud, S.
Bansropun, M. M. Krakowski, Thales Research & Technology
(France)
Introduction: The major need for flight navigation systems during
critical phases, such as landing and take-off, is to operate in all
weather conditions. Consequently, a precision approach is manda-
tory for positioning systems and hence the need for accurate
gyroscopes and atomic clocks. Atomic clocks will be used in the
future European positioning system Galileo. Different approaches
exist for the realisation of atomic clocks, namely magnetic selection
Caesium atomic clocks and optically pumped Caesium clocks.
Current positioning system uses the magnetic version, but the
optically pumped clocks provide a more accurate alternative with
better stability for a more compact system. Furthermore, with
ongoing research for the next generation clocks based on different
concepts such as cold atoms and coherent population trapping,
diode lasers emitting at 852nm, corresponding to a Caesium
transition, have become strategic components. In a conventional
bench for atomic clocks, the laser source is a Fabry-Perot laser
diode, which is placed in an external cavity laser configuration to
provide the single frequency emission behaviour and the essential
low line-width. However, with this configuration, limited power
typically only a few milliwatts is achieved, which is not sufficient to
fulfil the atom cooling requirements. In this particular case, a master-
slave configuration is added with the master-laser coupled into a
high power slave-diode for amplification to the required power. The
need for this amplification tends to make this configuration prone to
careful tuning on a day-to-day basis. This technique presents
difficulties for spatial applications owing to the precise requirements
of the optical alignment and the mechanical stability. A system
based on a single-frequency and spatial single mode diode laser
providing both low line-width and higher power is a better approach
for this application.
Motivation: With the aim to develop such a device, we have
developed laser structures emitting at lambda=852nm, using an
aluminium free active region. Lasers in the InGaAsP/GaAs material
system are characterised by a much better reliability than AlGaAs-
based devices. It provides the possibility to easily avoid oxidised
AlGaAs-compounds on mirror facets and catastrophic growth of
dark line defects under high power operation, resulting in a longer
device lifetime and better reliability. These two factors are important
for high power and spatial applications. Another advantage of the
aluminium-free system is the easier implementation of epitaxial
regrowth compared to an AlGaAs-based system. This is a particu-
larly important issue for the fabrication of a single frequency and
single spatial mode operation with a distributed feedback laser
structure, based on the epitaxial regrowth concept.
Epitaxial structure: The laser wafer was grown by metal organic
vapor phase epitaxy (MOVPE) on an n-type doped (100) GaAs

substrate. The device under study, is a separate confinement
heterostructure  with a GaInP large optical cavity (total thickness ~
1µm), to provide  low optical losses, and a compressive-strained
GaInAsP quantum well. An intentional lattice mismatch in the
quantum well causes a reduction of the hole effective masses, and
thus reduces the valence band density of states. Strain separates the
light and heavy hole sub-bands by up to several kBT such that under
compressive strain the heavy hole band is uppermost. As a result,
the emission is transverse electric (TE) and the TM radiative
recombination rate is strongly reduced. The confining layers consist
of p and n doped AlGaInP.
Broad area laser characterisation: Initial work was based on 100µm
wide broad area lasers of different lengths with uncoated facets to
determine typical parameters such as internal efficiency, internal
loss, and transparency current density, which determine the quality
of the epitaxial structure. We measured low internal losses (<3 cm-1),
a high internal efficiency (94%) and a low transparency current
density (100A/cm(c)˜). For a 2mm long device under CW operation at
15°C, we obtain a high slope efficiency (0.48 W/A) and a low
threshold current (374mA), corresponding to a threshold current
density of 187A/cm(c)˜. A high optical power of 3.5W per facet is
obtained at 7.5A without any catastrophic optical damage (COD). A
maximum wall-plug efficiency of 0.48 is measured between 2.45A
and 3.75A. With the same device at 20°C, we obtained 3W per facet
(I=7.5A). The series resistance is 0.1 Ohms.The lasing emission is
observed up to 115°C, at which point, we are limited by our
equipment, indicating a value of T0 =125K and a value of T1= 420K.
An optical power of more than 500mW is obtained at 100°C (I=2.1A).
For a 1mm long laser diode, we obtain 852nm wavelength at 280mW
(I=780mA) at 20°C.For high power CW characterisation, diodes with
high reflectivity (HR) and antireflectance (AR) coatings were realised.
For a 2mm long AR/HR coated broad area laser diode we measure,
at 20°C and under CW operation, a high slope efficiency (0.92 W/A)
and a low threshold current (490mA), equivalent to a threshold
current density of 245A/cm(c)˜. We obtain an optical power of more
than 5.5W (I= 8.5A), under CW operation at 15°C, with a maximum
wall-plug efficiency of 0.45. An optical power of more than 1.4W is
obtained at 100°C (I=3.6A). The lasing emission is achieved up to at
least 115°C as well, indicating a value of T0 =116K and a value of
T1= 436K. At 852nm a power of 1.2W (I=1.7A, 15°C) is achieved for
a 2mm long device.
Ridge laser characterisation: In order to obtain a spatial single mode
emission, lateral confinement is provided by 4µm wide ridge diode
lasers. For an AR/HR coated 2mm long, 4µm wide ridge device, we
obtain a low threshold current (40mA) and a high slope efficiency
(0.90W/A). Monitoring the wavelength emission with respect to the
pumping current and the temperature is a convenient approach to
assess the wavelength behaviour of such a structure. These lasers
exhibit the same linear increase in wavelength at different currents,
with a slope of 0.25nm/K. This illustrates a typical red shift of the
emission wavelength for these structures. The dependence of the
lasing wavelength on injected current is not heat-sink temperature-
dependent: the same slope of 0.008nm/mA is observed at different
temperatures. We obtain 852nm wavelength at 145mW (I=200mA,
15°C). In order to investigate the brightness of our structures, we use
the beam quality factor M(c)˜. This factor is equal to 1 for a gaussian
beam limited by diffraction. To characterise it, we measure the far
field and the near field. The M(c)˜ parameter is very stable with the
increasing current until a higher order mode appears. This evolution
corresponds to the increase in refractive index and consequent
decrease in the cut off width of the ridge in the slow axis direction
with respect to the temperature. The standard method to calculate
this factor is based on 1/e(c)˜ width and angle measurement (M(c)˜1/
e(c)˜ ). This method is suitable for a beam showing gaussian profile.
But based on a reference article by Siegman, we decided to
calculate the M(c)˜s value with the second moments product of the
far-field and of the waist near-field. This method is more suitable for
general cases. We obtain an optical power of 230mW (I=280mA) in a
single spatial mode with the beam quality parameter ( M(c)˜1/
e(c)˜=M(c)˜s =1.3). At 230mW under continuous wave operation at
20°C both near and far field are gaussian-shaped with respective full
widths at 1/e(c)˜ of 7µm and 11.8°.
DFB laser characterisation: From our first attempt for a DFB laser, we
obtained single frequency and single spatial behaviour at 20°C with a
threshold current of 45mA and a slope efficiency about 0.45W/A for
uncoated 2mm long around 4µm wide devices. The gain peak
wavelength dependence in temperature is about 0.26nm/K and
about 0.06nm/K for the Bragg wavelength. The gain peak wave-
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length increase in current with the same slope than the ridge lasers
whereas the Bragg wavelength evolution in current  has a slope of
0.003nm/mA.At 40mW (I=140mA,), both near and far fields in the
slow axis are gaussian-shaped with respective full widths at 1/e(c)˜ of
7µm and 10.4°, corresponding to a single spatial mode emission with
the beam quality parameter M(c)˜1/e(c)˜=1.2 and M(c)˜s=1.5. The
method M(c)˜1/e(c)˜  overestimates the beam spatial quality because
of the gaussian approximation of the mode profiles. At this power,
the laser wavelength is 853.8nm with a side-mode-suppression ratio
over 30dB. Our future work will concentrate both on the optimisation
of the grating structure to obtain exactly 852nm under normal
conditions and on the facet coatings to improve output optical
power.

6184-11, Session 3
Improvements in GaInNAs/GaAs quantum-well lasers
using focused ion-beam post-processing
J. Pozo, J. M. Rorison, Univ. of Bristol (United Kingdom); M.
Saarinen, J. Konttinen, T. Jouhti, M. Pessa, Tampereen Teknillinen
Yliopisto (Finland)
At the present time, there is a considerable demand for long
wavelength (1.3 µm - 1.5 µm) laser diodes for low cost data-
communication applications capable of operating at high speed and
at high ambient temperatures without the need for thermoelectric
coolers. First proposed in 1995 by M. Kondow [1], GaInNAs/GaAs
material system has attracted a great deal of interest as it promises
good temperature performance [2] . The broad gain observed in
GaInNAs/GaAs QW samples suggests that wavelength tuning should
be possible by the application of gratings to select an optical mode.
In addition, splitting the contact has been shown to improve
modulation speed in other materials [3]. These two methods should
be able to be used jointly and processed together.
The use of split-contact lasers has the advantage of that no change
is made in the processing steps, since there is only need for a new
metal mask to define a new top p-contact. Despite the bandwidth
enhancement of two-contact lasers compared to the single contact
case is well known [3], to the authors’ knowledge, so far it has not
being applied to GaInNAs/GaAs lasers.
The use of Bragg-gratings on the ridge waveguide of the laser will
generate a periodic modulation inducing an interaction between the
forward and backward travelling modes. The effect of this interaction
is the one of a band pass filter on the gain shape of the laser,
allowing filtering out the actual lasing wavelength, and tuning the
lasing wavelength in the range of wavelengths with substantial
optical gain. Therefore, this method can be used optimally in lasers
with broad gain, as is the case of GaInNAs/GaAs [2].
In this paper, we reveal experimental investigations in how to apply
these two post-processing methods to 600µm-long 1.25µm-
Ga0.66In0.34N0.01As0.99/GaAs 6nm- single quantum-well ridge
waveguide lasers.
SPLIT-CONTACT. DESIGN AND FABRICATION.
In a split-contact device, the top-p contact is divided in two sections,
one longer (the gain section), and one shorter (the absorber section).
The gain section will be biased at 3 or 4 times threshold, while the
modulation signal will be applied to the absorber section. Since the
absorber section is un-biased, it has low carrier density, which will
originate an increase in the differential gain in this section. This,
therefore, gives an enhanced bandwidth as compared to the single
contact case.
The ratio between the length of the gain and absorber section, can
be varied to produce different bandwidth increases. Different ratios
between the length of the gain and absorber section has been
studied and the optimum results have been reached with a 5:1.
To isolate both sections, focused ion beam etching (FIBE) is used to
etch an insulating gap in the top p-contact of the laser. This is
carried out in two parts on an FEI200 system. The first is at a beam
current of 2700pA to remove the bulk of the material, then a
polishing etch is used to thin the layer left and break the contact; this
is done with a beam current of 1000pA.
BRAGG-GRATINGS. DESIGN AND FABRICATION
For designing the Bragg-grating we have to take into account that
the reflections from subsequent periods of the grating must interfere
constructively. This means that the period of the grating, Λ, has to be
related to the lasing wavelength, λ, according to Λ=mλ/2neff, where
neff is the effective index of refraction of the laser.

Different designs have been investigated to determine the optimum
dimensions and order of the grating. For the determination of the
main order of the grating we are limited by the accuracy of the
FEI200 system, which is 10nm. Thus, to have a resolution in the
wavelength of design of 0.7nm, a grating with m = 100 is required.
Lowers orders of m generally make the effect of the grating stronger
but the smaller scale imperfections become more important than in
the large scale. Large orders of length, although less strong in their
effect are less sensitive to imperfections. Length and depth of the
grating also affect the effect of the grating. Different designs with
lower orders have also been investigated, and the best results have
been achieved with m = 100, 4 periods of grating and a depth of
200nm.
The fabrication of the grating has been carried out using the same
system as in the split-contact. The grating is located on the top of
the ridge waveguide. Since the accuracy of the system is essential, a
very low beam current of 11pA has been used.
EXPERIMENTAL RESULTS AND CONCLUSION.
The lasers before being etched had a lasing wavelength of 1.252-µm
with a full width half maximum in the gain shape measured with the
Hakki-Paoli method [4]  of 30nm at 293K [2]. With the use of a
Bragg-grating on the ridge waveguide, the wavelength of the laser
has been increased to 1.266-µm, an increase of 14nm. Experimental
results of T0, temperature dependence of lasing wavelength and the
gain shape will also be presented.
On the other hand, the single contact laser has a modulation
bandwidth of 6.01 GHz at 293K. At the same temperature, significant
increase of the small signal modulation bandwidth has been
achieved using a 5:1 split-contact, making the laser able to achieve
direct modulation at 10Gp/s. At this point, experimental results of
eye diagram, BER, differential gain and carrier density measured
using electrical impedance measurements [5] will also be presented
at a range of temperatures suitable for network applications.
To conclude, combining split-contact and Bragg-gratings we have
been capable of increasing notably the performance of existing
GaInNAs/GaAs quantum well lasers.
REFERENCES.
M. Kondow, K. Uomi, A. Niwa, T. Kitatani, S. Watahiki, Y. Yazawa,
“GaInNAs: A novel material for long-wavelength-range laser diodes
with excellent high-temperature performance” Jpn. J. Appl. Phys.,
vol.35, pp. 1273-1278, 1996.
J. Pozo, J.C.L. Yong, J.M.Rorison, T. Jouhti, M. Pessa, “Investigation
of Optical gain and L-I characteristics in (GaIn)(NAs)/GaAs lasers”
Proc. SPIE Vol. 5452, p. 215-225, Semiconductor Lasers and Laser
Dynamics; Sep 2004.
A. B. Massara, S. Yang, T. J. Houle, R. P. Thilakumara, R. V. Penty, I.
H. White, “Uncooled 10 Gb/s operation of two-contact InGaAsP
lasers with low drive current,” Optical Fiber Communication
Conference and Exhibit, 2001. OFC 2001, Vol. 3, Page(s): WDD72-1 -
WDD72-3, 17-22 March 2001.
B.W. Hakki, T.L. Paoli, “Gain spectra in GaAs double-heterostructure
injection lasers”, J.Appl.Phys., 1975, 46, pp. 1299-1306.
J. Pozo, Y. Qiu, P. Ivanov, P. Yu, J.M. Rorison, M. Saarinen, J.
Konttinen, T. Jouhti and M. Pessa, “Investigation on the high speed
modulation in (GaIn)(NAs)/GaAs lasers”, Proc. SPIE Vol. 5840, p.
844-852, Photonic Materials, Devices, and Applications; Jul 2005

6184-12, Session 3
High-brightness 1310 and 1550-nm grating outcoupled
surface-emitting semiconductor lasers
S. Mcwilliams, T. Masood, V. Amarasinghe, Photodigm Inc. (USA); G.
A. Evans, Southern Methodist Univ. (USA)
1310 and 1550-nm single-frequency grating-outcoupled surface-
emitting (GSE) semiconductor lasers with output powers exceeding 1
W, threshold currents less than 1 A and $<$ 0.5-nm spectral
bandwidths are reported. This laser consists of two 750 microns long
planar cavities (ridges) that excite both ends of a surface emitting
second-order grating. At the opposite ends of the outcoupler are 400
micron narrow-band distributed Bragg reflectors (DBR)terminating
the laser cavity. The emitting output aperture are approximately 100
x 100 micron square. Higher output power can be achieved for
outcoupler dimensions greater than 100 x 100 micron square. The
outcoupler grating is detuned from the lasing wavelength (Bragg-
wavelength) which helps in obtaining better linearity of the LI-curve.
The GSE laser s far-field beam divergence measured at full-width
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half-maximum (FWHM) is < 1 x 10 degrees. The GSE 1310/1550 nm
laser structures were grown by metal-organic chemical vapor
deposition in the AlGaInAs-InP material system.

6184-13, Session 3
Dilute nitride-based 1.3-µm high-performance lasers
P. Navaretti, H. Liu, W. M. Soong, J. P. R. David, G. Hill, M.
Hopkinson, The Univ. of Sheffield (United Kingdom)
GaAs-based dilute nitride materials show interesting potential for
optoelectronic device applications in the 1-2µm wavelength range,
such as  fibre optic lasers and detectors. In recent years the rapidly
expanding   telecommunications market has driven the need for fast,
cheap and reliable light sources for fibre-based data transmission
within the 1.3 and 1.55µm wavebands. Current device technology for
these applications is based on InGaAsP materials, but these devices
exhibit a strong temperature dependence of the threshold current  as
a result of relatively low conduction band discontinuity in this
materials system. In contrast, the reduction in band gap offered by
the dilute nitrides, coupled with lower cost and higher yield process-
ing makes GaAs based GaInNAs QWs an attractive alternative.
GaInNAs QW laser structures have been grown by MBE using a
thermalised nitrogen plasma source. Samples are grown in a V90
MBE system on 3inch GaAs substrates and show a wavelength
variation < 2nm over the wafer area. The plasma conditions (flow
rate, r.f power) are optimized to provide as high as possible a
molecular flux, by monitoring the plasma emission spectra. These
conditions have been show to produce samples with the highest PL
intensity. The nominal Indium content of  the QWs is 40%, the
nominal nitrogen content is ~2.5% and the well width is 8nm. The
emission peak of such structures is centred on 1.3µm. We have used
a quaternary GaInNAs barrier structure consisting of 1% N and 2.6%
In. The low indium content is to balance the strain for the dilute
nitride to allow us to grow relatively thick barriers (52nm).  The lasers
consist of a 3 QW structure within an AlGaAs waveguide.
We use an extremely low growth temperature for the layers contain-
ing nitrogen (around 375ºC) to avoid composition modulation. The
samples we have grown have always shown the best optical quality
when using this growth temperature. It is well known that the use of
low temperatures during the growth can lead to the incorporation of
point defects and non-radiative centers. Post growth annealing is
often required, although in this case we believe that the growth of
the top GaAs and AlGaAs cladding layers, grown at much higher
temperatures, is already enough to provide a self annealing of the
dilute nitride layers that recovers the damage due to the low
temperature. Under the optimum growth conditions we obtain bright
PL in the 1.3µm range at room temperature under low (<10mW)
excitation conditions and a very narrow single peak (full width at half
maximum of only 9.8meV) at low temperature.
Laser diodes grown using initial growth conditions were fabricated
into narrow ridge waveguide (RWG) edge-emitting devices using
standard photolithography and dry etching. Results from these three
QW devices show low threshold current (as low as 460A/cm2) and
excellent temperature characteristics (T0 as high as 106K at 1290nm
and room temperature). A second iteration of the growth conditions
has now been performed and by changing the nitrogen plasma
source and the cell configuration we have obtained a big improve-
ment in optical quality, assessed by PL.
We are presently working on different barriers and interface
configurations in order to try and improve more the laser characteris-
tics.
The results we obtained through the optimisations show that there is
still room for improvement for 1.3µm dilute nitride lasers and that
1.55µm lasers based on these materials are a viable alternative to the
ones used at present.

6184-14, Session 4
Simulation and design of optical gain in In(Al)GaN/GaN
short wavelength lasers
B. Witzigmann, V. Laino, M. Luisier, F. Römer, ETH Zürich (Switzer-
land); G. Feicht, U. T. Schwarz, Univ. Regensburg (Germany)
In this contribution, microscopic simulation of optical gain in GaN-
based short wavelength lasers is presented. The model is used to
perform a design study of different active regions, and to discuss the
impact of inhomogeneous broadening, carrier-induced screening of

the piezo-charges, and well thickness on material gain and laser
threshold current. As a reference, the model parameters are
calibrated with temperature dependent Hakki-Paoli measurements of
spectral gain. Excellent agreement between measurement and
simulation is achieved, which give the design studies a quantitative
character.  Keywords: Semiconductor Laser, Simulation, Short
wavelength, Gallium Nitride
There has been considerable progress in realizing commercial-grade
Gallium-Nitride based optoelectronic devices for applications such
as blue and green light emitting diodes (LEDs) or short wavelength
laser diodes for high density storage applications [1]. Still, the design
of the epitaxial layer structure of the optically active region is a
challenging task. At typical laser or LED operation levels, high carrier
densities are required for InGaN/GaN type quantum wells (in the
order of several 1019cm-3). Many-body effects result in a strong
Coulomb induced bandgap shift, and homogeneous broadening
affecting spectral optical gain [2]. Additionally, the wurtzite type
crystal structure exhibits piezoelectric fields at the interfaces, which
are partially screened in the presence of carriers in the well.
Therefore, increasing the carrier density causes a shift of the well
subbands (Stark shift), and a change of the optical transition matrix
element due to the relocalization of the wavefunction. These effects
have been described both theoretically and experimentally [2,3]. In
this contribution, we aim to establish a quantitative link between the
experimental data and a microscopic gain model, and show the
impact of critical design parameters on the luminescence of a
InGaN/GaN quantum-well (QW) structure.
The gain calculation is performed as follows: the QW-bandstructure
is computed using a 6-band k x p method, which includes coupling
effects for the heavy-hole, light-hole and the crystal-field split hole
dispersion. Spectral optical gain is obtained from a semi-classical
relation that consists of the microscopic polarization and the matrix
element for the transitions between the subbands, all dependent on
the momentum vector. The microscopic polarization is obtained as
solution of the semiconductor Bloch equations including the carrier
correlations on a quantum kinetic level in the Hamiltonian. The
polarization dephasing rates are calculated within the second Born
approximation in the Markovian limit [4]. It is important to note that
this theory ensures a correct treatment of plasma and excitonic
effects, which leads to a natural derivation of homogeneous
broadening and bandgap renormalization without any phenomeno-
logical parameters. Inhomogeneous broadening results from local
well width or composition fluctuations and depend on the material
growth conditions. In the simulation, a convolution of the homoge-
neously broadened gain spectrum with a Gaussian distribution is
applied [2].
The model parameters are taken from literature and are standard
values [5,6]. Modal gain has been measured with the Hakki-Paoli
method using the procedure as outlined in [7].
The simulations are compared to measurements of spectral gain at
different temperatures (227K, 262K, 300K). Lowering the temperature
from room-temperature level decreases the amount of carrier-carrier
scattering, and therefore, reduces homogeneous gain broadening.
Inhomogeneous broadening, on the other hand, remains fairly
constant, as its root cause (thickness and compositional variations)
is not affected by the temperature change. We are able to match
simulation and measurements at all three temperatures with one
parameter set (with inhomogeneous broadening being 35meV),
which demonstrates the validity of the model.
As design study, we increase the well width from 2 nm to 4 nm, and
investigate the typical gain characteristics for lasing operation.
First, the impact of the screening of the Piezo-fields is investigated.
Due to the large spatial separation of the electron and hole
wavefunctions in the Piezo-field for the 4 nm well, the optical matrix
element, and differential gain at the gain peak is reduced to almost
50% compared to the 2 nm case. In the thinner 2 nm well, the
screening of the piezo fields is accomplished at a low carrier density
already, which reduces the effect of piezo-induced electron-hole
separation considerably.
At the same time, the integrated spontaneous emission spectrum of
the 4 nm well is reduced by more than 50%. It is shown that the total
spontaneous emission current at threshold carrier density level for a
typical laser is reduced by approx. 20%. However, adding non-
radiative recombination terms such as Shockley-Read-Hall recombi-
nation, the 4 nm well design has a higher total threshold current
density compared to the 2 nm well, due to the higher carrier density
required to reach the cavity optical loss.

Conference 6184: Semiconductor Lasers and Laser Dynamics II



84 An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe

Inhomogeneous broadening is an important non-ideality, and
particularly strong in InGaN/GaN structures due to the growth
kinetics. From the comparison of the model data to measurements,
inhomogeneous broadening of 35meV has been extracted. This
value is applied to calculate material gain for both the 2 nm case and
the 4 nm case. The results show that the 4 nm well gain is much less
susceptible to inhomogeneous broadening, as a thickness or
composition variation results in a much smaller variation of the
respective physical properties such as subband levels in the wider
well design. At a fixed carrier density above transparency
(6x1012cm-2), the simulations suggest a 15% decrease in peak gain
for the 4nm well, and a 50% decrease for the 2nm well due to
inhomogeneous broadening of 35meV.
In conclusion, a design study of material gain and spontaneous
emission in InGaN/GaN QWs is presented. Based on a quantitative
model, it is concluded that a narrow well (2 nm) has better differential
gain, and lower threshold currents than a 4 nm well. On the other
hand, the degradation of luminescence due to inhomogeneous
broadening is much more severe for a thin well. Therefore, the
degree of inhomogeneous broadening is an important factor for the
structural design of the epitaxial layers, in particular the thickness of
the quantum-well.
The authors would like to thank Osram OPTO in Regensburg,
Germany for the laser samples and the valuable discussions.
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6184-15, Session 4
600-mW optical output power at 488 nm from a high-
power hybrid laser diode system and PPLN bulk crystal
S. Schwertfeger, M. Maiwald, R. Güther, B. Sumpf, K. Paschke, C.
Dzionk, G. Erbert, G. Tränkle, Ferdinand-Braun-Institut für
Höchstfrequenztechnik (Germany)
Compact blue laser light sources with high optical output power
larger than 500mW are requested for several applications and gain
more importance in future. Especially 488nm emitting laser sources
are needed for spectroscopic analysis [1], digital photo finishing and
medical applications. Up to now this wavelength is provided mainly
by gas-lasers, e.g. Ar-ion lasers. These devices suffer from large
dimensions and small wall-plug efficiency at power levels above
100mW.
An alternative way to obtain blue laser light is the second-harmonic
generation (SHG) using high power near-infrared diode lasers. A
maximum SHG output power of 60 mW at 465nm in a single pass
configuration was demonstrated Batschko et al. [2]. They used a
Master Oscillator Power Amplifier (MOPA) system with an output
power of 1.5W having a conversion efficiency of 4.2%.  To enhance
the output power up to 1 W the nonlinear crystal can be placed in a
resonant external cavity [3]. A sophisticated design and control of the
ring cavity is necessary. Another method uses the high power
density within an optical  waveguide Takagi et al. reached a
conversion efficiency up to 10% at an input power at about 400mW
[4]. Caused by optical damage the reliable output power is limited to
about 100mW.
Recently, the output power of single frequency NIR diode laser
systems could be remarkably increased. These diode laser systems
consist of a DFB laser as master oscillator and a tapered power
amplifier. More than 3W were reported at 1060nm [5].
In this contribution, we report on 488nm SHG using a MOPA system
emitting at 976nm as pump source. The used nonlinear crystal is a
3cm long PPLN bulk crystal.
The MOPA system used for these investigations consists of an
InGaAs distributed feedback (DFB) laser as master oscillator. The

chip has a length of 1.5mm and is mounted on a CuW heat spreader
epi-side down on a C-mount. For lateral mode confinement this laser
has a 3µm ridge waveguide structure.The laser can deliver up to
300mW in lateral and longitudinal single mode. To reach the
necessary wavelength to fulfill phase matching condition the device
was adjusted to a temperature of T = 48°C and biased with a current
of IDFB = 165mA.
Two identical aspherical lenses with a focal length of f = 8mm
focused the oscillator light onto the input facet of the tapered
amplifier. Between these lenses a 60dB optical isolator was placed
to prevent back reflection. The seed power was Pseed = 40mW.
The power amplifier is an InGaAs single-quantum-well tapered laser
structure with an antireflection coating on both facets (R  *  5 * 10-4).
The tapered amplifier has a total length of 4000µm and consists of
an index guided 1350µm straight section and a gain guided 2650µm
tapered section. The full tapered angle is * = 6°. The chip is mounted
on a CuW heat-spreader p-side down on a C-mount.
The output beam from the tapered amplifier was shaped for optimal
focusing in the 3cm long nonlinear crystal. The fast axis radiation
was collimated by an aspherical lens (f = 8mm). An additional
cylindrical lens (f = 150mm) was used for slow axis collimation and
astigmatic compensation. To focus the collimated beam into the
PPLN crystal a spherical lens (f = 175mm) was used. The beam size
is about 100µm in diameter. The SHG-crystal (HC PHOTONICS
CORP.) was placed within an oven at a temperature of about 70°C.
The dimensions of the nonlinear material are 0.5mm x 30mm x 2mm.
To measure the generated optical power at 488nm a short pass filter
was used to suppress the infrared light passed the crystal. Charac-
terization of the SHG was done varying the pump power from 1W up
to 4W by adjusting the amplifier current. As expected, the measured
output power increases quadratic ally with increasing pump power.
At an input power of Ppump = 4W a maximum output power of
Pblue = 600mW at 488 nm was achieved. To the authors knowledge
this is the highest optical power in a single pass configuration using
a diode laser. The SHG conversion efficiency was 15%. The overall
wall plug efficiency was as high as 4%.
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6184-16, Session 4
Reliability of InGaN laser diodes grown on low dislocation
density bulk GaN substrates
L. Marona, P. Wisniewski, Instytut Wysokich Cisnien (Poland); M.
Leszczynski, P. Prystawko, I. Grzegory, T. Suski, S. A. Porowski,
TopGaN Ltd. (Poland); R. Czernecki, Instytut Wysokich Cisnien
(Poland); P. Perlin, TopGaN Ltd. (Poland); T. Riemann, J. Christen,
Otto-von-Guericke-Univ. Magdeburg (Germany)
Making a usable semiconductor device structure, does not take only
achieving its high crystalline and structural quality. The structure has
also to be able to operate stable and sustain adequte currents and
voltages. Semiconductor laser diodes are known to have the largest
operating current densities among all optoelectronic and electronic
devices. These current densities reach values of many kA/cm2
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implying large heat generated in the very narrow active area of a
laser diode. Additional problem is high density of electromagnetic
field in the laser cavity which may lead even to melting the material,
typically at the region of the facets. The recent introduction of new
class of laser device, i.e gallium nitride based laser diodes, may lead
to breakthrough in the information storage and image display
technologies. However, prior to  the fulll commercialization of the
devices, the mechanisms responsable for aging processes have to
be elucidated.
In this work we would like to present the reliability study of low
dislocation density InGaN laser diodes grown on the top of GaN
monocrystalline substrate obtained by high pressure growth
technique. The active region of our lasers consists an InGaN/InGaN
multiple quantum well (MQW) emitting blue light around 415nm,
placed between GaN or InGaN guiding layers and GaN/AlGaN
superlattices as n- and p-cladding. Laser stripes are 600µm long of
width between 5µm and 20µm.
We carried out our investigation comparing virgin and degraded laser
diodes. Our devices underwent the aging procedure consisting in the
application of 1 A of current during the time span of up to 1000 h.
The majority of the diodes were tested under pulse current condi-
tions (100 kHz, 50 ns). We also performed the lifetme measurements
for cw operating laser diodes.
Before and during aging we measured all electrical and optical
parameters: I-V, L-I characteristics, spectra, differential quantum
efficiency.
Then we used the accelereted (variable temperature) testing method
for the determination of the device life time and characteristic
activation energy of the degradation processes.
Generally there are two basic kinds of degradation in our laser
diodes: fast, catastrophic degradation leading to the device short-
circuiting  and usually large macroscopic damage, and a slow
degradation visible by a gradual decrease of optical power and
increase of threshold current. The results showing square root
dependence of threshold current during aging  suggest that the
diffusion is responsable for degradation processes in our laser
diodes.
Finally, we study the microscopic properties of the completely
processed laser structures using spectrally resolved
cathodoluminescence microscopy (CL ) and electron microscopy
(SEM, TEM). A layer sequence of the laser was revealed by cross-
sectional CL, showing, e.g., the luminescence of the cladding layers,
the MQW, and the p-GaN. The lateral homogeneity of the whole laser
was measured by highly spatially resolved plan-view CL imaging.
Also we performed the study aimed at finding the  the correlation
between density of dislocation in our laser structures and laser
parameters as lifetime, threshold current and differential quantum
efficiency.

6184-17, Session 4
Load dislocation-density broad-area high-power CW-
operated InGaN laser diodes
P. Perlin, P. Wisniewski, R. Czernecki, P. Prystawko, M. Leszczynski,
T. Suski, I. Grzegory, S. A. Porowski, Instytut Wysokich Cisnien
(Poland)
High power, blue light emitting laser diodes are of crucial importance
for the development of new generation of full color projection
displays, most notably projection TV. For this application we need
devices of an optical output power at the range of 200 mW - 1 W.
Even  in nitrides devices, characterized by high resistance to
catastrophic optical damage (40-50 MW/cm2) a narrow stripe laser
design would prevent from reaching that high output power. We
would like to demonstrate here the performance of 1000 mm x 20
mm laser diode fabricated on top of the low dislocation density bulk
GaN substrate (grown under high nitrogen pressure). The devices
were mounted in the p-down configuration on Au/Sn eutectic
covered diamond heat spreaders. Whole system was then sited on
the thermoelectric cooler assembly. Over 200 mW of CW power (410
nm emission wavelength).was generated at room temperature. These
lasers were able to operate at currents up to 1. 8 A which means that
it was necessary to dissipate around 100 kW/cm2  of heat. The
lifetimes of these devices exceeds  100 hour under CW operation
giving good promises of soon reaching the industrial standards.. We
believe that with the further improvement of the mounting technology
these devices will be able to provide 1 W of output light  for current
not exceeding  1.5 A.

6184-18, Session 5
Theoretical analysis of forward and backward optical
injection locking configurations in semiconductor Fabry-
Perot and DFB lasers
F. Kéfélian, P. B. Gallion, École Nationale Supérieure des
Télécommunications (France) and Consultant (France)
Injection locking properties of laser were originally derived from the
studies performed in the field of electrical and microwaves oscillators
and especially from Adler’s works on vacuum tube oscillator circuit.
Consequently, the equation commonly used for optical injection
locking, often referred as the Lang’s equation [1], doesn’t take into
account specific parameters of the laser’s structure, nor the sense of
the injection compared to the output field observation sense.
Using a transmission line and Green’s function approach [2] with
electromagnetic boundaries conditions taking into account field
injection through each side, we have derived, for the first time to our
knowledge, theoretical general equations for the laser field of a
Fabry-Perot and a DFB laser submitted to coherent optical injection
by output side facet (backward) or opposite side facet (forward).
These equations take into account spatial hole burning and gain
compression, but fundamental results of this paper are already
existing in low power Fabry-Perot laser.
Firstly, this equation gives the rigorous expression of the coupling
constant of the external field, for each side of injection; for DFB laser,
this constant is expressed in function  of a complex equivalent round
trip time.
The static locking equation shows the influence of the laser structure
on the phase locking condition. We pointed out the existence of  a
“phase trap” regime of locking for large forward injection, character-
ized by an enlargement of the locking band and an ultra-stabilization
of the phase of the slave laser on the master.
The calculation of the external coupling constants for DFB lasers
with an anti-reflection coated facet is performed and establishes that
these lasers are generally more sensible to injection locking than
standard cleaved facet Fabry-Perot laser for normalized grating
coupling factor less than two.  For injection through the anti-
reflection coating used as output facet, the external coupling factor
is considerably reduced, with normalized grating coupling factor
greater than four and with a high reflectivity coated opposite side
facet.
Finally, we derive locked slave laser intensity and phase noise
spectral equations. They show that output fields of each facet don’t
exhibit the same noise. The usual noise equations [3] (corresponding
to backward injection) result in a second order low pass filter
behavior for the master phase noise power spectral density transfer
to locked slave laser. However, for the forward sense, i.e. for
injection through the opposite facet to the output, the phase noise
equation involves not only the master phase noise but also its first
derivate, thanks to the fact that the injected field is added to the
cavity wave at the half of its round trip time. Consequently, in
forward configuration, the phase noise spectral components of the
master laser field can be transferred even for large Fourier frequen-
cies, resulting in a higher cross-correlation between slave laser and
master laser. This effect appears to be stronger in Fabry-Perot laser
than in anti-reflection coated single facet DFB laser.
[1]R. Lang, Injection locking properties of a semiconductor laser.
IEEE JQE June 1982
[2]B. Tromborg and al. , Transmission line description of optical
feedback and injection locking for Fabry-Perot and DFB lasers, IEEE
JQE Nov. 1987
[3]P. Spano and al. , Frequency and intensity noise in injection-
locked semiconductor lasers: Theory and experiments. IEEE JQE
March 1986

6184-19, Session 5
Model simulations of a reflective semiconductor optical
amplifier
M. van Iersel, D. Lenstra, K. Allaart, Vrije Univ. Amsterdam (Nether-
lands)
Our work can be viewed in the context of fibre-to-the-home
applications. The transceiver device used in this application does not
contain any active elements and consists in principle of a Mach-
Zender duplexer and two semiconductor optical amplifiers (SOAs).
One of these SOAs is used as a receiver to detect the incoming data,
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the other one is used to modulate a CW-signal with the data to be
sent upstream. Our main interest is in this SOA-modulator.
The SOA-modulator we consider is a reflective amplifier with bulk
material as the active element and a total round-trip length $L$. The
signal entering the SOA is a CW-signal which is electrically modu-
lated inside the device. This modulation occurs actually twice, since
the signal is reflected at the back of the SOA. We assume that this
reflection is the only one occuring. A reflection at the front of the
device would interfere with the (newly) incoming signal, causing the
data to get blurred.
We have modeled the SOA using a rate equation for the inversion
and an expression for the outgoing field in terms of the incoming
field and the instantaneous inversion, for both cases of linear and
nonlinear gain, while assuming modulation speeds well below the
round-trip frequency (~ 100 GHz). In the rate equation for the
inversion the relevant intensity is the averaged total internal intensity
carried by the right and left traveling waves in the amplifier. These
directional intensities are taken exponentially growing in their
propagation directions with growth rates determined by the actual
inversion value. In this way a closed system of equations is obtained,
which is numerically solved by using a fourth-order Runge-Kutta
method for the first-order differential equation for the inversion.
First we considered the case of a constant pump current, i.e., no
modulation. In this case we checked the behaviour of the transmis-
sion as a function of several variables. The calculations showed that
the results for linear and nonlinear gain smoothly connect to each
other. A large transmission for small values of the input power P_in
and a saturation of the transmission for increasing values of P_in was
observed. An increasing pump current or a decreasing current at
transparency causes an increase in the transmission.
In the next step we included modulation in our calculations. In first
instance we used an on/off-keyed scheme to modulate the signal.
Nice bit patterns were found for higher values of the pump current in
the ‘on’-state, J_on, and larger values of the input power P_in. After
determining reasonable values for J_on and P_in we looked at the
influence of the modulation speeds on the transmission. Here we
considered speeds up to 10 Gbit/s. A good extinction ratio (\> -20
dB) was found for speeds up to 6 Gbit/s. This result does not yet
take into account noise, e.g., due to amplified spontaneous
emission. This will be subject of further study.

6184-20, Session 5
Time-resolved scanning near-field microscopy of InGaN
laser diode dynamics
U. T. Schwarz, C. Lauterbach, Univ. Regensburg (Germany); M. O.
Schillgalies, C. Rumbolz, M. Furitsch, A. Lell, V. K. Härle, OSRAM
Opto Semiconductors GmbH (Germany)
For the last years research on InGaN laser diodes (LD) pivots around
cw characteristics, the most important of which are lifetime, optical
output power, and quality of the far-field. For applications in data
communication and optical data storage (DVD, blu-ray disk) the
dynamic properties relative intensity noise (RIN), frequency chirp,
and beam pointing stability are as important. We use a self-built
scanning near-field microscopy (SNOM) in combination with a time-
resolved detection scheme for a direct observation of mode
competition, filamentation, and beam steering [1-3].
In a single scan of the time-resolved SNOM we produce a data cube
with dimensions xyt. Typical dimensions for a near-field scan are
8µm x 4µm x 1 µs. For time-resolved experiments the output of the
fiber is fed into a fast photomultiplier. The overall rise time of the
photomultiplier and oscilloscope is 5ns. With the same setup we can
measure the far-field and the propagation from near-field to far-field.
For this we disengage the distance-control loop of the SNOM. The
piezos allow a position of the SNOM fiber tip in free space in a cube
of xyz=(20 µm)(c)¯.
We compare gain guided (oxide stripe) and index guided (ridge
waveguide) laer diodes. Ridge waveguide LD show a rich dynamic
behaviour at the beginning of the electrical driving pulse. The
transient behaviour of the near-field of the mode may look like a
switching through different lateral modes, e.g. from the single lobed
intensity distribution of the fundamental mode to the first order
lateral mode with two symmetric lobes. In equilibirium at long times
(several 100 ns) we typically observe asymmetric intensity distribu-
tions with the main lobe being considerably narrower than the ridge
waveguide. This situation is typical for filaments.
In gain guided LDs we typically observe a mode with a single lobe

similar in shape to the fundamental mode, even during the switch-on
of the laser pulse. The width of the mode in equilibirum depends on
the  driving current. We tentatively assign the stability of the
fundamental mode in gain guided LDs to the soft potential associ-
ated with gain guiding, in contrast to the hard index step in ridge
LDs.
From the simultaneous measurements of the intensity at different
distances z to the LD facet one can reconstruct the near-field phase
distribution [2,3]. For both gain guided and ridge LDs the near-field
phase shows a positive curvature which is in agreement with
filamentation. The phase also exhibits a tilt of the order of pi over the
facet in agreement with the tilting of the beam pointing direction.
Variation of the far-field and tilting of the phase are obviously
synchronous, as the phase is being derived from the propagating
beam. It is interesting to note that the intensity distribution of the
near-field changes to a lesser degree during beam steering, as
compared to the phase. Beam pointing instability seems thus to be
linked to an instability of the phase distribution in the waveguide.
These dynamic properties of laser diodes are determined by the
differential gain and by the coupling of gain and carrier induced
change of refractive index, i.e. by the antiguiding factor or alpha
factor. This alpha factor is a measure for spatio-temporal behaviour
of a laser diode and controls the tendency of the laser diode for
filamentation, the final single longitudinal mode linewidth, and the
chirp during modulation. We performed gain spectroscopy of InGaN
LDs employing the Hakki-Paoli method, which allows to measure
simultaneously gain, differential gain, and carrier induced change of
the refractive index, all as a function of carrier density and wave-
length [4,5]. The measured alpha factor is alpha= 4 at laser threshold
[6]. This value of alpha= 4 is relatively high for a double
heterostructure quantum well LD. A strong tendency for  blue LDs for
filamentation can thus be expected. The width of measured filaments
agree with the width as expected from the measured antiguiding
factor for a series of different current densities. We recently
measured a dependency of the antiguiding factor on the quantum
well width in InGaN laser diodes. This should have an critical impact
on the stability of the LDs. We plan to present also experiments
comparing the near-field dynamics of those LDs with different QW
width.
References:
[1] U. T.  Schwarz, M. Pindl, E. Sturm, M. Furitsch, A. Leber, S. Miller,
A. Lell, and V. Härle, “Influence of ridge geometry on lateral mode
stability of (Al,In)GaN laser diodes,” Phys. Status Solidi A 202, 261
(2005).
[2] U. T.  Schwarz and M. Pindl, “Near-field and far-field dynamics of
(Al,In)GaN laser diodes,” SPIE proc. 5738 (2005).
[3] U T. Schwarz, M. Pindl, W. Wegscheider, C. Eichler, F. Scholz, M.
Furitsch, A. Leber, S. Miller, A. Lell, and V. Härle, “Near-field and far-
field dynamics of (Al,In)GaN laser diodes,” Appl. Phys. Lett. (2005).
[4] U. T. Schwarz, E. Sturm, W. Wegscheider, V. Kümmler, A. Lell,
and V. Härle, “Gain spectra and current-induced change of refractice
index in (In/Al)GaN diode lasers,” Phys. Status Solidi A 200, 143
(2003).
[5] U. T. Schwarz, E. Sturm, W. Wegscheider, V. Kümmler, A. Lell,
and V. Härle, “Excitonic signature in gain and carrier induced change
of refractive index
spectra of (In,Al)GaN quantum well lasers,” Appl. Phys. Lett. 85,
1475 (2004).
[6] U. T. Schwarz, E. Sturm, W. Wegscheider, V. Kümmler, A. Lell,
and V. Härle, “Optical gain, carrier-induced phase shift, and linewidth
enhancement factor in InGaN quantum well lasers,” Appl. Phys. Lett.
83, 4095 (2003).

6184-21, Session 5
Delay time identification in chaotic optical systems with
two delays
A. Locquet, Georgia Tech Lorraine (France); S. Ortin, Univ. de
Cantabria (Spain); V. S. Udaltsov, Georgia Tech Lorraine (France); L.
Larger, Univ. de Franche-Comté (France); D. S. Citrin, Georgia Tech
Lorraine (France); L. Pesquera, A. A. Valle, Univ. de Cantabria (Spain)
Encryption using optical chaos has attracted considerable attention
in recent years. This type of encryption at the physical level can
provide an additional security layer in optical communication
systems.  Since the dynamics generated by delay systems can be
high-dimensional, many optical chaotic systems are based on
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delayed optical or optoelectronic feedback. Hegger et al. [1] have
shown, however, that in spite of the high dimensionality of delay
systems, it is possible to analyze these systems in a low-dimensional
projection of their phase space.  Certain time delay cryptosystems
have been broken by working in this low-dimensional space [2,3].
This projection of the phase space can only be constructed,
however, if the value of the delay of the system is known. It is
therefore crucial to be able to hide the delay value.
The estimation of the delay of chaotic systems with a single delayed
feedback loop has been shown to be relatively simple, even in case
of chaos of very high dimension and entropy [1,4]. To make the
identification more difficult, it has been proposed to modulate the
delay time [5] or to use multiple feedback loops [4,6,7,8,9].
In this work, we examine the problem of the delay time identification
for two types of chaotic systems subjected to multiple delayed
feedbacks. The first system is a semiconductor laser subjected to
two optical feedbacks, which is modeled in the spirit of Lang and
Kobayashi [11]. The second type of system is a generalization of the
optoelectronic generator of chaos in wavelength described in [12], in
which a second feedback loop has been added. Depending on the
specific architecture of this latter system, the delayed terms are
either added after going through two different nonlinear elements
(case 1) or before going through the same nonlinearity (case 2).
In both cases, several standard techniques have been used to
identify the delay times from the chaotic time series x(t). We cite here
four of them: 1) the delayed mutual information of x(t) [4], 2) the
prediction error of a series of local linear fits of the dynamics [1,4], 3)
the prediction error of a global nonlinear model of the system [10],
and 4) an analysis of the filling factor of a low-dimensional projection
of the phase space [1,6]. These techniques have proven to be really
effective to extract the delay time in the case of a single feedback
loop.
Our results show that in the case of a laser with two external cavities
and for the system corresponding to case (1), the delay identification
problem is not significantly more complex than in the case of a single
time delay. The standard delay identification techniques can be used
successfully to identify the two delays. On the contrary, for case (2),
the standard identification techniques fail. For this case, we propose
several adaptations of the identification techniques that take
specifically into account the presence of a second delay in the
system. These adapted techniques lead to the identification of the
two delays of the system. The computation time increases  signifi-
cantly, however, when these adapted techniques must be used.
Additionally, it is found that for large values of the feedback rate, it is
particularly difficult, though not impossible, to identify the delays.
These results show that suitably chosen multiple-delay systems can
contribute to increase the security level of chaotic communications
by increasing the computation time needed to break the
cryptosystem.
[1] R. Hegger, M. Bunner, H. Kantz, and A. Giaquinta, Phys. Rev. Lett
81, 558 (1998).
[2] C. Zhou and C. Lai, Phys. Rev. E 60, 320 (1999).
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[4] V. S. Udaltsov, L. Larger, J. P. Goedgebuer, A. Locquet, and D. S.
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[5] W. H. Kye, M. Choi, S. Rim, M. S. Kurdoglyan, C.-M. Kim, and
Y.J. Park, Phys. Rev. E 69, 055202 (2004).
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[7] M.W. Lee, P. Rees, K.A. Shore, S. Ortin, L. Pesquera, and A.
Valle, IEE Proc. Optoelectron. 152, 97 (2005).
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Goedgebuer, Opt. Lett. 29, 325 (2004).
[9] C.M. Kim, W.H. Kye, S. Rim, S.Y. Lee,  Phys. Lett. A 333, 235
(2004).
[10] S. Ortin, J.M. Gutierrez, L. Pesquera, and H. Vasquez, Physica A
351, 133 (2005).
[11] R. Lang and K. Kobayashi, IEEE J. Quantum Electron. 16, 347
(1980).
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6184-22, Session 5
Coherent generation and control of long-lived ultrashort
transients in a semiconductor laser
C. O’Rourke, J. Allam, D. Baxter, K. Boehringer, A. Klaedtke, J.
Hamm, O. G. Hess, Univ. of Surrey (United Kingdom)
Introduction
The injection of optical pulses into semiconductor lasers is an
important phenomena in, for example, injection-seeded mode-
locking, clock recovery, wavelength switching, etc [1]. For situations
where the intensity of the injected pulse and pre-existing cavity
radiation is comparable, their relative optical phase will be important
in determining the electric field within the cavity and the subsequent
evolution of the laser emission.
Numerical simulation of coherent pulse injection therefore requires a
treatment of the electric field rather than the intensity. In complex
cavities with strong cavity-radiation interactions, a treatment is
required which goes beyond discrete modal frequencies. Finally,
such a simulation may need to deal with time scales from less than
an optical cycle (~1fs) to several relaxation oscillation periods (~1ns).
Numerical Methods
We have calculated the 1D spatio-temporal dynamics of the electric
field in a laser cavity following injection of an ultrashort optical pulse.
The electric field is calculated from Maxwell’s equations using a
finite-difference time-domain (FDTD) method. Following Nagra [2],
we represented the optical gain using a single Lorentzian resonance,
and further extended the approach to the use of multiple oscillators
to reproduce the spectral variation of the semiconductor optical gain.
We found it essential to include spatial resolution of the carrier
lifetime, incorporation of carrier diffusion, and careful initiation of
stimulated emission, in order to obtain good agreement with
experiment.
Experiments
In recent experiments [3], a short optical pulse was injected into a
laser diode (electrically biased above threshold), and the subsequent
emission measured with <1ps resolution. After a period of ~0.5ns
during which the injected pulse decays (due to loss at the laser
facets) and the relaxation oscillations diminish, stable long-lived
‘dark pulses’ were observed propagating within the cavity.
Simulation of Dark Pulse Dynamics in Amplifiers and Lasers
In order to investigate the mechanism leading to the formation of
dark pulses, we simulated the propagation of a short optical pulse in
a gain-clamped optical amplifier. The pulse was injected into the
amplifier along with CW radiation sufficient to saturate the optical
gain. The injected pulse caused a depletion of the gain, which
recovered on a timescale of ~10ps. During subsequent propagation,
the injected pulse and following spatiotemporal hole evolve into a
remarkably stable bright/dark picosecond transient, stable over
timescales of ~1ns.
The FDTD simulation of an optical pulse injected into a semiconduc-
tor laser reproduces all the experimentally-observed features,
including relaxation oscillations, decay of the injected pulse,
formation of dark pulses and their evolution over longer timescales.
We ascribe the dark pulse formation to gain depletion forming a
stable bright/dark transient as observed in the amplifier.
We found that dark pulses are generated following pulse injection as
long as the injected pulse duration is shorter than the cavity round
trip time. The optimum dark pulse amplitude is reached for injected
pulse energies which exceed the electromagnetic energy stored in
the cavity. In the regime of stable dark pulses, the average light
intensity over one cavity round-trip is equal to the CW light level, i.e.
the CW light has been spatio-temporally redistributed within the
cavity.
Coherent Generation and Control of Long-Lived Transients
In the regime where the intensity of the injected optical pulse is
comparable to the intensity of the CW emission, constructive or
destructive interference leads to an increase or decrease in the
optical intensity, and correspondingly a transient depletion or
enhancement of the optical gain. We found that changing the phase
of a single injected pulse with respect to the laser CW emission
allows the injection of either bright or dark optical pulses, and their
eventual evolution into stable transients in each case.
We have also injected pairs of “bright-dark” pulses whose phase is
respectively 0 and π (or vice versa) relative to the CW emission. The
injected pulse pair redistributes the CW light within the cavity. If the
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separation of the pulse pair is short compared to the initial gain
recovery time, the cavity round-trip time, and the relaxation oscillation
period, there is no net enhancement or depletion of the gain (and no
relaxation oscillations). For a range of injected pulse shapes, pulse
duration and pulse separation, as long as the pulse areas are equal,
we observe the immediate formation of stable bright or dark pulses.
Hence we have demonstrated a coherently-controlled optical pulse
source, in which control of the optical phase leads to generation of
either bright or dark pulses.
Conclusion
We have developed a multiple oscillator FDTD simulation to study the
dynamics of ultra-short pulses in semiconductor laser diodes. We
have investigated the mechanism for the formation of ‘dark pulses’,
and demonstrated the coherent generation and control of stable bright
and dark pulses. Experimental verification of these phenomena will
require control of the relative phase of injected pulses and CW laser
diode emission.
Our simulation method is highly suited to studying the evolution of
mode-locking, injection-locking, and effects of external optical
feedback in semiconductor lasers.
We acknowledge financial support from the Engineering and Physical
Science Research Council.
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6184-02, Session 6
High output power and nearly diffraction-limited beam
quality at 2.3 µm from a GaSb-based optically pumped
VECSEL
N. Schulz, M. Rattunde, C. Manz, K. Köhler, C. Wild, J. Wagner,
Fraunhofer-Institut für Angewandte Festkörperphysik (Germany); S. S.
Beyertt, U. Brauch, T. Kübler, A. Giesen, Univ. Stuttgart (Germany)
Due to their capability of high output power combined with excellent
beam quality, optically pumped vertical external-cavity surface-
emitting lasers (VECSELs) are attracting considerable current research
interest. They can be employed in a broad area of applications, e.g. in
the visible spectral range for laser projection or in the infrared regime
for telecommunication purposes [1,2]. At wavelengths beyond 2 µm,
only few reports concerning VECSELs have been published up to
date. So far, output power of such long-wavelength devices has been
restricted to the several mW range [3].
In the wavelength range between 2 and 3 µm there exist a variety of
applications where a high quality laser beam is essential. Examples
are LIDAR applications, intra-cavity gas spectroscopy [3] as well as
remote sensing. By means of the VECSEL concept, the requirements
are within reach.
We have realized a GaSb-based VECSEL emitting at 2.33 µm. The 10
µm-thick semiconductor heterostructure was grown by MBE on a
GaSb substrate in a single epitaxy run. The primary laser device is set
up by an unprocessed semiconductor chip clamped substrate-side
down on a copper heat sink and positioned in an external cavity. A
Nd:YAG laser emitting at 1.064 µm is used as pump source. In this
configuration, cw laser operation and a very low threshold pump
power density of 728 W/cm^2 was measured at room temperature.
To improve heat extraction out of the active region, an intracavity heat
spreader has been mounted on the semiconductor top surface using
the method of liquid capillarity bonding [4]. Because of its high thermal
conductivity and transparency at the pump as well as the laser
wavelength [5], we used polycrystalline CVD diamond as heat
spreader material. In this configuration, cw output power exceeding
300 mW was achieved at an incident pump power of 3.5 W without
indication of thermal rollover.
Further, we investigated the spatial mode profile of the laser beam.
Controlled by resonator geometry, low-divergent circular symmetric
Gaussian beams having M^2 values of 1.05 are obtained. Fundamen-
tal mode emission at more than 60% of the maximum output power is
demonstrated providing a basis for the above mentioned applications.

6184-23, Session 6
2-2.7-µm single-frequency tunable Sb-based lasers in cw
at RT
A. Garnache, A. Ouvrard, L. Cerutti, J. Angellier, A. Vicet, D. Barat, Y.
Rouillard, F. Genty, Univ. Montpellier II (France); D. Romanini, Univ.
Joseph Fourier (France)
Mid-IR Sb-based semiconductor laser technology is maturing rapidly
and is finding applications in areas such as high resolution spectros-
copy (trace gas detection, in-situ water and carbon dioxide isotope
ratio measurements...), medicine or free-space optical telecomms.
DFB diode lasers, micro-cavity VCSELs and now External-cavity
VCSELs (VECSELs) exhibit narrow single-frequency operation and
wide mode-hop-free tuning range, especially well adapted for gas
spectroscopy application in the 2-2.5µm atmospheric transparency
window (species of interest such as CH4, NH3, CO, HF) and near
2.7µm (H2O, CO2). We will present the results achieved with such
Sb-based lasers emitting in the 2-2.7µm window, in both vertical and
in-plane configurations. These sources operate in cw above 300K,
with up to 5mW output power in a single transverse mode and a
linear light polarization. 830nm diode-pumped V(E)CSELs and
electrically-pumped DFB lasers were designed (type-I strained QW,
HR Bragg mirror), grown (MBE) and processed (DFB by NANOPLUS
Nanosystems) and fully characterized. VECSEL devices exhibit many
advantages like high output power, higher beam quality, narrower
linewidth, broad continuous tunability, weaker sensitivity to feed-
back, and higher polarization stability. These sources are now being
used in high sensitivity spectroscopy instruments for in-situ
measurements. Figure 2.3µm GaSb lasers properties: a) DFB
(4x700µm ridge): 10mW max output, 4MHz laser linewidth, 35dB
SMSR, M2\>1.5; b) VECSEL (4-15mm long cavity):
<<20kHzlinewidth, \>28dB SMSR, M2<1.2.

6184-24, Session 6
High-brightness clarinet lasers with an Al-free active
region at 915 nm
I. Hassiaoui, N. Michel, M. Calligaro, M. Lecomte, O. Parillaud, M. M.
Krakowski, Thales Research & Technology (France); I. Esquivias, L.
Borruel, J. Garcia-Tijero, Univ. Politécnica de Madrid (Spain); S.
Sujecki, E. C. Larkins, The Univ. of Nottingham (United Kingdom)
Introduction: high-power and high-brightness tapered lasers at 915
and 975 nm are used as pump sources for Er, Yb and Er/Yb solid-
state and fiber lasers. In this work, we present Al-free active region
tapered lasers at 915 nm from Alcatel-Thales III-V Lab. These
devices are based on a Large Optical Cavity (LOC) grown by
Metallorganic Chemical Vapor Phase Deposition (MOCVD) on a
GaAs substrate. The active region contains waveguide layers of
GaInAsP (1.6eV), a GaInAs quantum well, and two AlGaInP cladding
layers. First we have realised broad area lasers. We obtained very
low optical losses of 0.5 cm-1, a very low transparency current
density of 86 A/cm2, and a very high characteristic temperature T0
of 179 K between 10 and 60°C. Broad area lasers with as-cleaved
facets, 2 mm length and 100 µm width have a threshold of 270 mA
and an external differential efficiency of 0.54 W/A/Facet at 20°C CW.
They deliver 2.9 W CW per facet at 6 A CW. The same devices
deliver 0.5 W per facet at 110°C submount temperature, at 1.7 A
CW. The power characteristics remains linear even at the highest
temperature. This stable behaviour with temperature is allowed by
the high electrical confinement of the GaInP barriers around the QW.
Similar devices with AR/HR coatings have a threshold of 411 mA and
an external differential efficiency of 1.05 W/A at 25°C. They deliver 7
W CW at 9 A, 20°C.
Tapered lasers: broad area lasers deliver high power, but their
inherently multimode behaviour results in poor beam quality: their M2
beam quality factor is typically between 15 and 20. New devices are
required to provide both high power and high brightness, such as
tapered lasers. Tapered lasers include a straight section, which acts
as a modal filter, and a tapered section of increasing width, which
provides high power, while preserving a high beam quality. More-
over, a narrow beam divergence in the horizontal (slow) axis is also
required in applications such as collective coupling of tapered bars
for double-clad amplification. Clarinet lasers were recently proposed,
designed and demonstrated at 975 nm. This laser delivers high
power and high brightness, together with a very narrow beam
divergence.
Power characteristics and beam quality: based on these good
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results, three kinds of tapered lasers were processed from the same
structure at 915 nm: index-guided tapered lasers with a narrow angle
(Type IG1), small arrays of 6 IG1 lasers, and index-guided clarinet
lasers. The IG1 lasers deliver 1W CW at 1.5 A CW. Their threshold is
between 90 and 110 mA, and their external differential efficiency is
between 0.7 and 0.75 W/A. At 1 W CW, these devices have a far-
field divergence angle of 5° to 6° FWHM, and 9° to 10° at 1/e2. At
the same power of 1W CW, they have a near-field width of 13 to 18
µm FWHM, and 20 to 24 µm at 1/e2. They have an M2 beam quality
factor of 3.0 at 1W, using both the 1/e2 and standard deviation
methods. The clarinet lasers deliver at least 0.65 W CW. Their
threshold is between 170 and 180 mA, and their external differential
efficiency is between 1.0 and 1.1 W/A. At 0.65 W CW, these devices
have a far-field divergence angle of approximately 2.5° FWHM, and
less than 5° at 1/e2. At 0.65 W CW, the clarinets have a near-field
width of 6 to 8 µm FWHM, and 14 to 19 µm at 1/e2. They have an
M2 beam quality factor of less than 1.5 at 1/e2, and less than 2.5
with the standard deviation method. The low and stable beam
divergence was specifically engineered by our partners from UPM.
This is an important advantage for the collective coupling of minibars
of tapered lasers into multimode fibers. Small arrays of 6 lasers of
type IG1 were fabricated in order to assess the feasibility of tapered
minibars. The small arrays deliver 4W CW at 6.5 A, 20°C CW. They
have a threshold of 687 mA and an external differential efficiency of
0.72 W/A. The far-field divergence of the array at 4W CW is 6.2°
FWHM and 10.2° at 1/e2.
Pulsed measurements: we have compared the beam quality between
CW and pulsed operation, in order to better understand the
behaviour of these index-guided tapered lasers. Experiments were
carried with a CCD camera, measuring the width of the output beam
along the propagation axis. The M2 beam quality factor in the
horizontal direction was then computed from the w(z) curves at 1/e2,
or from the s(z) curves for the standard deviation method respec-
tively. The measurement uncertainty on M2 is ±0.3. At 1 W CW, we
have measured a near-field width of 9.6 µm FWHM and 23.1 µm at
1/e2 on the IG1 tapered laser. The M2 value from the w(z) measure-
ments is 3.2 at 1/e2 and 4.0 with the standard deviation method. At
the same power of 1W in pulsed operation, the IG1 laser has a beam
width of 14.3 µm FWHM and 22.1 µm at 1/e2, together with a
smoother profile. In pulsed operation, the M2 beam quality factor
decreases to 2.9 at 1/e2 and 2.8 with the standard deviation method.
This improvement of beam quality is probably caused by the
absence of thermal lens effects in pulsed operation. The beam profile
and beam quality of the clarinet lasers was also evaluated with the
w(z) and s(z) techniques near 0.5 W CW. In this case the near-field
width of the lasers at waist is 12.5 µm FWHM and 23.9 µm at 1/e2,
and the M2 beam quality factor is 1.6 at 1/e2 and 2.8 with the
standard deviation technique. In pulsed operation, the beam narrows
to only 6.8 µm FWHM and 12.4 µm at 1/e2. At the same power of 0.5
W in pulsed operation, the M2 beam quality factor is reduced to only
1.3 at 1/e2 and 2.9 with the standard deviation technique. The
results above will be used to simulate the devices accurately, in
collaboration with UPM. In future work, we will increase the power of
these devices up to 2W CW, together with the same good beam
quality of M2<3.

6184-25, Session 6
Reduced risk of catastrophic optical mirror damage in
high-power tapered lasers using intra-cavity diverging
lens
C. W. Tee, F. K. Lau, X. Zhao, R. V. Penty, I. H. White, Univ. of
Cambridge (United Kingdom); N. Michel, M. M. Krakowski, M.
Calligaro, M. Lecomte, O. Parillaud, Thales Research & Technology
(France)
Catastrophic optical mirror damage (COMD) due to the high optical
intensity at the laser output aperture will lead to device degradation
or failure. This is an issue of relevance in the field of high power
tapered laser. In a tapered laser, the taper angle and the length of
the tapered section denote the shape of an optical mode at the
output aperture. Diffraction optics precludes the possibility of
optimizing the two design parameters in isolation. To ensure that the
optical mode fills up the laser output aperture for a given taper angle,
which is critical to diffuse the intensity distribution, it is necessary to
design a sufficiently long laser for the optical mode to expand
effectively. In this work, a novel cavity concept capable of overcom-
ing this design trade-off is proposed and demonstrated. The

evolution of an optical mode propagating within the laser cavity can
be effectively engineered by altering its phase. When the optical
mode leaves the index-guided ridge section and enters the gain-
guided tapered section, it can be viewed as a Gaussian beam
propagating with a curve wavefront, whereby the magnitude of
diffraction is itself a function of the radius of curvature of the
wavefront. By enhancing the curvature of this wavefront, the
diffraction of the optical mode can be effectively increased, leading
to an expanded mode size at the output aperture. As a result, a
desired beam shape at the emitting facet can be obtained without
modifying the laser geometry.
A 6° high power tapered laser with an output wavelength of 975nm is
used as the prototype device for the proposed design. The laser is
based on an MOCVD Al-free active region with two GaInAs QWs,
GaInAsP LOC and AlGaAs claddings. Fresnel optics theory is
adapted to design lens profile that introduces a diverging effect. A
parabolic lens design prototype with a width and length of 40µm and
300µm is selected. Implementation is achieved by 3-D surface
profiling of the tapered laser using focused ion beam etching
technique. The lens is located at a distance of 600µm away from the
taper/ridge interface, which suffice for the optical mode to expand to
a sizable width of 20µm. In order to isolate and quantify the effect of
phase engineering using the proposed design concept, two different
etch-depths have been implemented to provide a consistent
framework for performance comparison. The etch-depths into the
large optical cavity of the laser are calculated to be 0.13µm and
0.27µm. Light-current (LI) measurements before and after the etching
process shows that the threshold current increases from 550mA to
590mA subsequent to the incorporation of the intra-cavity lens. This
is due to the enhanced wavefront curvature of the optical mode due
to the diverging lens effect, thereby reducing the back coupling of
reflected power from the output facet. The maximum output power
of the laser with the etch-depth of 0.13µm remains unchanged at
625mW, whereas that of 0.27µm increased to 635mW. The incre-
ment in output power is attributed to the additional modal gain
provided by high carrier concentration wings on both sides of the
tapered waveguide, since the expanded optical mode now fill up a
wider part of the waveguide. To quantify the magnitude of expansion
in mode size, nearfield measurements are carried out before and
after the implementation process. For the etch-depths of 0.13µm and
0.27µm, the mean width of the nearfield at facet broadened by 8µm
(12.2%) and 12.9µm (19.7%) at full-width half-maximum (FWHM),
and by 12µm (9.5%) and 16.8µm (13.3%) at 1/e(c)˜, respectively,
from the original values of 65.63µm and 126.14µm. This validates the
design concept where the diverging effect is scalable and can be
controlled by implementing a different etch-depth, since the
modulation to the effective index of the optical mode is a function of
etch-depth. Due to the gain-guided nature of the optical field within
the tapered section of the laser cavity, a large degree of astigmatism
is present. The beam waist of the lateral field is located at a distance
away from the front facet of the laser, and is highly sensitive to
injection current. To verify the influence of the lens on the expanded
mode shape, nearfield at waist and far-field are measured. The
widths of nearfield at the waist are narrowed by an average of 1.5µm
(8.8%) and 2.4µm (14%) at 1/e(c)˜ for the etch depth of 0.13µm and
0.27µm, from the original value of 17.3µm. The average far-field
divergence angle is increased by 1.1° (15.6%) and 1.3° (18.5%) at 1/
e(c)˜ intensity, respectively, from the original value of 7.16°. Finally
the M(c)˜ factor of the laser is calculated based on the emission
wavelength, the divergence angle of the far-field at 1/e(c)˜ intensity
and width of the near-field at waist at 1/e(c)˜ intensity. The pre-etch
device has a mean M(c)˜ value of 1.68. The M(c)˜ factors for etch-
depths of 0.13µm and 0.27µm are increased by an average of 0.09
and 0.03, which can be neglected when considering their corre-
sponding impact on the laser beam quality. The worst M(c)˜ factor
among all 3 sets of data is 2.17, which is favourable as for as fibre
coupling efficiency is concerned. To summarize, intra-cavity
diverging lens is proposed and demonstrated to be capable of
effectively expanding the lateral optical mode in order to counter the
effect of SHB and thermal lensing effect, thereby reducing the risk of
COMD. The Gaussian output beam profile is maintained throughout
the current range tested, showing that expanding the nearfield at
facet using integrated lens does not compromise the brightness of
the laser. A key finding in this work is that the diverging effect on an
optical mode is a thoroughly scalable effect that can be engineered
by varying the etch-depth of the integrated lens. Fabrication of the
lens is compatible with existing laser manufacturing process flow in
that it can be easily implemented by post-processing technology.
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This opens up new possibility in device design, with the beam width
along the lateral direction being a parameter that can be optimized in
isolation.

6184-26, Session 6
IPDR improvement and gain reduction in a beam holding
SOA
J. Ha, K. A. Williams, R. V. Penty, I. H. White, Univ. of Cambridge
(United Kingdom)
This paper shows that the input power dynamic range (IPDR) of a
semiconductor optical amplifier (SOA) based gated can be increased
to levels as high as 27 dB using an external holding beam. Such high
IPDR values would greatly enhance the performance of the SOA
switch in packet switching applications.
The SOA is a promising candidate for use in optical packet switching
systems because of its suitability for internal integration with other
devices and potential low cost. The SOA has also many advanta-
geous properties such as high gain and short switching time.
However the fast carrier dynamics within an SOA can cause
distortion if a high input power signal is injected. This gain saturation
can be improved using a number of techniques such as the
polarization multiplexing technique (PMT), gain clamping (GC) SOA,
the use of a holding beam, and operation at transparency. Disadvan-
tages of these approaches include the fact that the PMT involves a
complex transmitter and the performance of a GC SOA is limited by
the relaxation frequency distortion. Operation at transparency needs
high injection power of around 19 dBm. On the other hand, the
holding beam technique is a relatively simple, practical, and flexible
approach in that the gain of the SOA can be changed depending on
network environments, unlike a GC SOA. Also, the SOA IPDR can be
adjusted by changing the holding beam power. Thus, this technique
is suitable for suppressing the SOA nonlinearity in optical packet
switched networks. In designing an SOA based switching network,
IPDR is most important for switching applications as SOA switching
must minimize any distortions caused by SOA nonlinearity. There-
fore, the relationship between SOA gain and IPDR is of great
importance in packet switching applications.
In this work, in order to investigate the dependence of the SOA IPDR
and gain on holding beam power, the following experiment has been
performed. A DFB laser operating at 1551.77 nm wavelength is
modulated by using an integrated EA modulator with a 10 Gb/s NRZ
signal consisting of a 215-1 pseudorandom bit sequence. An
erbium-doped fiber amplifier (EDFA) is used to achieve high SOA
input powers. A holding beam with a wavelength of 1540 nm is used.
The signal and the holding beam are combined by a 3 dB coupler
and injected into the SOA. The SOA used in this work is a Kamelian
OPA22-N-C-FA optical amplifier. An arrayed waveguide grating
(AWG) filter with a 50 GHz 3 dB bandwidth is used to remove the
amplified spontaneous emission (ASE) noise signal.  In order to
measure the BER for SOA input powers less than -30 dBm, an EDFA
is used as a preamplifier to increase the receiver sensitivity.
The experimental results of the gain saturation curves as a function
of holding beam power are presented. The result shows that the
SOA fiber to fiber gain without a holding beam is 19 dB when a
current of 90 mA is injected. The holding beam improves the
saturation input power while also reducing the SOA gain. The 3 dB
gain saturation input power is increased from -7 to -4 dBm by
injecting 10 dBm of holding beam power. In order to investigate the
effects of holding beam power on system penalty, power penalty is
measured at the 10-9 BER. The IPDR is substantially improved by
injecting a holding light. Our results show that at low input powers
less than -30 dBm, the power penalty is increased with an increasing
holding beam power because of the optical signal to noise ratio
(OSNR) degradation at the SOA output caused by the SOA gain
reduction, whereas at high input powers, the power penalty
decreases. This is mainly because the holding beam reduces the
carrier lifetime which results in suppression of waveform distortion
and an improvement of the extinction ratio at the SOA output. The
relationship between IPDR and gain reduction as a function of
holding beam power is also reported. The result shows that the
minimum SOA input power for less than 1 dB penalty decreases
from -29.2 to -30.7 dBm at the holding beam power of -10 dBm
because the holding beam improves the OSNR at the SOA output.
However, the minimum SOA input power increases because the
OSNR at the SOA output degrades due to the SOA gain reduction as
the holding beam power increases.  The maximum SOA input power

for less than 1 dB penalty significantly increases as holding beam
power increases. In particular, the increase in the maximum SOA
input power saturates and thus IPDR also saturates at 0 dBm of
holding beam power. This result also shows that commercial DFB
lasers without an EDFA could be used as a holding beam source for
the improvement of IPDR.
The IPDR without a holding beam is 13 dB, and it is substantially
increased to as high as 27 dB by injecting a holding beam. The
cascadability of SOAs may be significantly enhanced by this
improved IPDR, thus allowing multi-stage switching to be imple-
mented.  Though a gain reduction of 12 dB is observed, the gain
remains at 7 dB, more than sufficient for optical switching require-
ments.

6184-27, Session 6
Technological challenges for CW operation of small-
radius semiconductor ring lasers
M. Sorel, Univ. of Glasgow (United Kingdom); A. Scirè, Univ. de les
Illes Balears (Spain); G. Giuliani, Univ. degli Studi di Pavia (Italy); S.
Furst, Univ. of Glasgow (United Kingdom); S. Yu, Univ. of Bristol
(United Kingdom)
Semiconductor ring lasers have been studied for over 20 years as
monolithically integrated laser sources for applications in photonics
integrated circuits Most of the research has been focused on the
understanding of the interplay between the two counterpropagating
modes in the lasing cavity. It appears that for low current injection,
both the counterpropagating modes can oscillate, originating a rich
variety of dynamics, such as very stable oscillations occurring in the
hundreds of MHz range [1]. For high current injection, the SRL
selects unidirectional operation due to the strong cross-saturation of
the gain between the two counter-propagating waves [2]. If the
waveguide backscattering is low, this phenomenon occurs also in
perfectly symmetrical ring cavities and does not require the design of
asymmetric geometries to unbalance the losses of the two modes.
Under unidirectional operation, the lasing direction of the SRL can be
switched by external optical injection, thus enabling the realisation of
a very fast all-optical flip-flop [3]. In addition to the lasing directional
bistability, a number of other new phenomena have been identified
such as optical frequency hysteresis and multi stability, which can
provide very interesting solutions for frequency conversion
functionalities and multi-bit optical logic circuits. If SRLs were
originally seen as just an alternative to conventional FP and DFB
lasers, it is now clear that they have the potential to provide several
new functionalities to be successfully deployed in optical telecom-
munications and all-optical signal processing.
The most crucial technological challenge is the reduction of the ring
dimensions, since this not only reduces current threshold and energy
dissipation, but also increases the switching speed necessary for the
integrated functional digital circuits. The shallow etched waveguide
approach provides a mature and robust technology, however, the
bending losses associated to the low optical confinement introduce
a severe constraint to the minimum achievable ring radius. We have
studied the down-scaling of the ring cavity by designing new
InGaAs/InAlGaAs wafer structures and by optimising the selectivity
of dry etching of the waveguides to provide very precise control over
the etching depth. We show that the influence of bending losses are
negligible down to ring radii of 100 microns and that high accuracy
over the output coupling ratio can be achieved.
Smaller devices require a deep-etched ridge waveguide configura-
tion, in which the waveguide sidewall penetrates the active
waveguide layer. If single mode transversal mode propagation has to
be provided, waveguide widths in the order of 500 nm are necessary.
These very small dimensions increase both the non-radiative
recombination on the sidewalls and the electrical resistance of the p-
type contact, thus strongly affecting CW operation. An alternative
device design approach relies on wet steam selective oxidation,
similarly to the technology presently used in the fabrication of
VCSELs. A high Al content layer, placed between the active region
and the upper cladding, is selectively oxidised to define a narrower
current aperture. In this manner, the waveguide width can be
increased, while keeping single transversal mode propagation. Very
promising results have been recently obtained on conventional FP
lasers, showing CW operation and a substantial reduction of the
threshold current with ridge waveguide width of 3 microns and
current aperture widths down to 400nm.
[1] M. Sorel et al., IEEE J. Quantum Electr., Vol. 39, No.10, Oct 2003
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[2] M. Sorel et al., Applied Physics Letters, Vol.80, No.17, April 2002
[3] M. T. Hill et al., Nature, vol. 432, pp. 206-209, 2004

6184-29, Session 7
Square-wave oscillations in edge-emitting diode lasers
with polarization-rotated optical feedback
A. Gavrielides, Air Force Research Lab. (USA); D. W. Sukow, Washing-
ton and Lee Univ. (USA); T. Erneux, Univ. Libre de Bruxelles (Belgium)
Polarization-rotated optical feedback (PROF) where the polarization
state of the optical feedback is orthogonal to the laser’s natural
operating mode offers several advantages compared to conventional
optical feedback. The optical phase of the feedback is presumed to be
unimportant since it interacts with an unsupported mode. Such
incoherent feedback can be realized with an opto-electronic feedback
system but the all-optical PROF does not suffer from the limited
bandwidth of the electronics. PROF has been most commonly studied
in Vertical Cavity Surface Emitting Lasers [1] giving rise to switching
between the two natural orthogonal polarization modes.
Although the orthogonal polarized mode has usually been neglected in
simulations of the rate equations, recent comparisons between
numerical and experimental observations [2,3] have indicated the need
for a two-polarization model. Under specific conditions, we experimen-
tally found square-wave oscillations of the two field intensities
exhibiting a period close to two times the round trip time of the
feedback. A numerical bifurcation diagram using the two-field rate
equations indicates how square-wave regimes emerge in the bifurca-
tion diagram. These solutions appear at a critical feedback rate after a
cascade of bifurcations where sustained relaxation oscillations
dominate. The rate equations consist of four delay-differential
equations for the amplitude of the two orthogonal fields, the phase
difference between the phases of each field, and the carrier number.
By using the method of steps, it is possible to construct square-wave
solutions in the limit of large delays. The analysis reveals the role of the
small difference between the losses of the two fields. Moreover the
period is not necessarily a multiple of the delay because jumps of the
carrier density control part of the square-wave.  Consequently, PROF
leads to different types of square-wave oscillations depending on the
parameters, which is interesting for applications.
1. H. Li, A. Hohl, A. Gavrielides, H. Hou, K.D. Choquette, Stable
polarization self-modulation in vertical-cavity surface-emitting lasers,
Appl. Phys. Lett. 72, 2355-2357 (1998)
2. T. Heil, A. Uchida, P. Davis, T. Aida, TE-TM dynamics in a semicon-
ductor laser subject to polarization-rotated optical feedback, Phys.
Rev. A 68, 033811 (2003)
3. D.W. Sukow, A. Gavrielides, T. Erneux, M.J. Baracco, Z.A.
Parmenter, K.L. Blackburn, Two-field description of chaos synchroni-
zation in diode lasers with incoherent optical feedback and injection,
Phys. Rev. A, to appear (2005)

6184-30, Session 7
Analysis of the external filtered modes of a semiconductor
laser with filtered optical feedback
K. Green, B. Krauskopf, Univ. of Bristol (United Kingdom)
We present a detailed analysis of the external filter mode (EFM)
structure of a semiconductor laser subject to filtered optical feedback
(FOF) [1]. These EFMs form the ‘backbone’ of the dynamics of the
system. Specifically, from the governing delay differential equations,
we find analytic, transcendental expressions for both the solution
curves, which define the frequency and amplitude of the EFMs, and
their envelopes. We use numerical continuation to find and follow
solutions of these equations. This approach allows us to show how the
structure depends on the key parameters of filter width, filter detuning,
effective feedback strength, and feedback phase. In other words, we
identify the external influence of the filter on an otherwise fixed laser.
Note that our results can readily be interpreted for the equivalent case
that the filter frequency fixed and the free-running laser frequency is
changed.
Specifically, we show how the plane of filter width versus filter
detuning is divided into regions in which the EFMs travel over a single
or over two separate connected EFM-components. The boundary
between these regions is given by transitions through extrema and
saddles (in the surface of EFMs); the vertices of this region are
identified as cusp points. Analytic expressions for these transitions are
derived. In particular, we show how the EFM-components can be

described by a 4th-order polynomial function of the filter parameters.
Our analysis expands on previous results [2] by presenting a global
picture of the FOF laser’s mode structure. We illustrate the transition
from one to two EFM-components  in a number of ways: (i) we show
how the solution envelope changes as the filter parameters change;
(ii) to compare with results from conventional optical feedback, we
show the EFM-components in the mode frequency versus inversion
plane; and (iii) we show the cyclic nature of the EFM-component
curves as the periodic feedback phase parameter is varied.
This analytical and geometrical insight into the overall EFM structure
is of immediate physical relevance; for example, for using a filter to
obtain single-mode operation, or for selecting a specific frequency of
the laser light.
[1] K. Green and B. Krauskopf. Mode structure of a semiconductor
laser subject to filtered optical feedback. Optics Communications, to
appear, 2005.
[2] M. Yousefi and D. Lenstra. Dynamical behavior of a semiconduc-
tor laser with filtered external feedback. IEEE J. Quantum. Electron.,
35(6):970—976, 1999.

6184-31, Session 7
Dynamics of semiconductor lasers with filtered optical
feedback
B. Krauskopf, Univ. of Bristol (United Kingdom); H. H. Erzgräber, D.
Lenstra, Vrije Univ. Amsterdam (Netherlands)
If a semiconductor laser is subject to delayed filtered optical
feedback (FOF) two qualitative different types of oscillations are
possible: the well known relaxation oscillations and, more remark-
ably, pure frequency oscillations; see Ref [1]. We explain how the
different types of oscillations arise in the presence of the filter.
In the FOF scheme a part of the emission of the laser is spectrally
filtered, for example by a Fabry-Perot filter, and than fed back into
the laser. Due to the finite propagation time of the light the feedback
field accumulates a non-negligible time delay. Moreover, by
changing the linewidth of the filter or the detuning between the filter
center frequency and the solitary laser frequency gives additional
control over the feedback light.
This study is restricted to the case of a narrow filter which means
that there are only a few external filtered modes (EFMs) within in the
width of the filter, where EFMs describe CW-emission of the system.
We describe this system by a set of rate equations with delay and
use advanced bifurcation techniques to explain the underlying
mechanisms of these oscillations. In particular, we look at the
stability of the EFMs. They are born in saddle-node bifurcations and
destabilize in Hopf bifurcations which, depending on the parameters,
may lead to either relaxation oscillations or frequency oscillations.
Apart from their different typical time scale in the order of the delay
time, frequency oscillations are also quite different from relaxation
oscillations in another respect: the laser frequency oscillates while
the intensity of the laser is almost constant. It turns out that the filter
plays an essential role because it changes the instantaneous amount
of feedback the laser receives, depending on the instantaneous
frequency of the laser. This interplay between the laser and the filter
permits the intensity of the laser to stay almost constant.
By investigating the stability of the frequency oscillation we show
that they are observable in large regions of parameter space of
feedback rate and feedback phase. Frequency oscillations typically
destabilize in torus bifurcations, which gives rise to quasiperiodic
oscillations. Other instabilities may also be found depending on the
detuning (between filter and laser) and the feedback phase.
References
[1] A. P. A. Fischer, M. Yousefi, D. Lenstra, M. W. Carter and G.
Vemuri, Filtered optical feedback induced frequency dynamics in
semiconductor lasers, Phys. Rev. Lett., vol. 92, pp. 023901, 2004

6184-32, Session 7
Optical frequency dynamics and relaxation oscillations of
a semiconductor laser subject to filtered optical
feedback
M. Nizette, T. Erneux, Univ. Libre de Bruxelles (Belgium)
Filtered optical feedback where part of the laser output passes a
Fabry-Perot filter and is fed back into the laser has raised consider-
able interest. Using a narrow filter, it is possible to control the laser
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complex dynamics and target specific responses. Recent experi-
ments have shown that the optical frequency may exhibit oscillations
on the time scale of the delay with no observable power modulation
[1]. More recently, systematic numerical bifurcation studies [2] have
indicated that this regime results from a Hopf bifurcation and that it
may coexist with other Hopf bifurcations to sustained relaxation
oscillations.
The laser rate equations consist of three delay-differential equations
for the carrier density, the complex electrical field in the cavity, and
the complex feedback field. By using asymptotic techniques based
on the natural values of the parameters, we found that the laser
equations can be simplified for the two Hopf bifurcation cases.
Important physical mechanisms can be underlined through the
scaling of the parameters.
In the case of the optical frequency oscillations, the relatively large
delay and small values of the feedback rate and of the filter width
and detuning are responsible for the unusual dynamical response.
The linewidth enhancement factor is not found to play a significant
role. We have verified that the solution of the reduced three real
equations correctly matches the solution of the original five equa-
tions.
For the second Hopf bifurcation, the relaxation oscillation time scale
is small compared to the other relevant time scales and allows an
averaging of the variables with respect to the fast relaxation
oscillations. The resulting equations are no more delay-differential
and are similar to the equations of a laser subject to an injected
signal. We found that, even though the relaxation oscillation
frequency is cut off by the narrow filter, the reinjection of the CW
component of the laser output can cooperate with the amplitude-
phase coupling to generate sustained oscillation relaxations.
[1] A.P.A. Fischer, M. Yousefi, D. Lenstra, M.W. Carter, G. Vemuri,
Filtered optical feedback induced frequency dynamics in semicon-
ductor lasers, Phys. Rev. Lett. 92, 023901, 2004.
[2] H. Erzgräber, M. Yousefi, D. Lenstra, B. Krauskopf, and A.
Fischer, Different Types of Oscillations in Semiconductor Lasers with
Filtered Optical Feedback, WORKSHOP “NONLINEAR DYNAMICS
IN PHOTONICS”, Berlin, May 2 - 4, 2005.

6184-33, Session 7
External cavity modes in Lang-Kobayashi and traveling
wave models
M. Radziunas, M. Wolfrum, Weierstrass-Institut für Angewandte
Analysis und Stochastik (Germany); B. Krauskopf, Univ. of Bristol
(United Kingdom); H. Wuensche, Humboldt-Univ. zu Berlin (Ger-
many)
In this work we compare two approaches to modelling a semicon-
ductor laser with conventional optical feedback (COF), where the
laser is subject to delayed feedback due to an external cavity (EC).
One is to model the system by the Lang-Kobayashi (LK) equations
[1], which are delay differential equations (DDEs) for the electric field
and inversion inside the laser, and the other is to use a traveling
wave (TW) model [2], where the system is described by partial
differential equations for the optical waves that counterpropagate
along the longitudinal axis of the laser and similar as before equation
for the inversion.
Models of DDEs, such as the LK equations have been shown to be a
powerful tool for simulation and analysis of the dynamics of lasers
with feedback. In addition to the case of COF, more recently also
lasers with filtered feedback, phase conjugated feedback, and two
lasers with a delayed coupling have been investigated by means of
LK-type models [3]. In such DDE models the optical field is de-
scribed by a complex amplitude, which means that the laser’s length
and the spatial distribution of the fields within the laser are ne-
glected. The influence of the delayed feedback is modeled by a
driving force on the optical field in the lasing section.
For the COF laser this force is given by the delayed field multiplied
by a complex feedback rate that describes the amplitude and phase
of the light that re-enters the laser. Originally the LK equations were
developed for the case of large delays and weak feedback. For
shorter delay times and higher coupling strengths, as they are
considered nowadays [4], the question is whether this modelling
approach is still justified.
The alternative is to use a TW model that includes the spatial
(longitudinal) distribution of the fields. This approach is more
frequently used to describe the dynamics of integrated multisection

lasers, where the sections are short (on the order of the length of the
laser). The complex amplitudes of the counterpropagating waves can
be mutually coupled by Bragg gratings (if present), and are completed
by reflectivity conditions at the edges of the laser. They are coupled
through the standard carrier rate equation in the active section.
The COF laser can also be described by a TW model. In the passive
EC the optical fields remain uncoupled, which allows one to calculate
the fields in the EC explicitly. The influence of the EC on the laser then
enteres as a delayed feedback term in the boundary condition of the
laser section. There is an associated complex feedback strength,
which is defined by the field losses and the phase shift within the EC
as well as by the field reflectivity at the outer EC facet.
We present a comparison of the continuous wave solutions, which are
known as the external cavity modes (ECMs), and their stability
properties in both models. After a suitable normalization, we are able
to show that the equations determining the ECMs in the LK model
can be understood as a local approximation for similar, but more
complicated equations in the TW-model [5]. In particular, this allows
us to relate properly the feedback rate of the LK-model with the
feedback strength used in the TW-model. Finally, we present and
compare some bifurcation diagrams for both models, which were
obtained by numerical bifurcation analysis.
[1] R. Lang, K. Kobayashi, External optical feedback effects on
semiconductor injection properties, IEEE J. of Quant. El., 16, p. 347,
1980.
[2] J.E. Carrol, J.E.A. Whiteaway, R.G.S. Plumb, Distributed Feedback
Semiconductor Lasers, IEEE Publishing, 1998.
[3] B. Krauskopf, Bifurcation analysis of lasers with delay, in D.M.
Kane and K.A. Shore (Eds.), Unlocking Dynamical Diversity: Optical
Feedback Effects on Semiconductor Lasers, p. 147-183, Wiley, 2005.
[4] T. Heil, I. Fisher, W. Elsaesser, B. Krauskopf, K. Green, A.
Gavrielides, Delay dynamics of semiconductor lasers with short
external-cavity laser diodes: Bifurcation scenarios and mechanisms,
Phys. Rev. E, vol. 67, 066214, 2003.
[5] O. Ushakov, S. Bauer, O. Brox, H.-J. Wuensche, F. Henneberger,
Self-organization in semiconductor lasers with ultra-short optical
feedback, Phys. Rev. Lett. 92, 043902 (2004).

6184-34, Session 8
Spin-controlled vertical cavity surface-emitting lasers
S. Hövel, N. C. Gerhardt, C. Brenner, M. R. Hofmann, F. Lo, D.
Reuter, A. D. Wieck, Ruhr-Univ. Bochum (Germany); E. Schuster, W.
Keune, Univ. Duisburg-Essen (Germany)
We analyze the concept of a spin controlled vertical cavity surface
emitting laser (VCSEL). Using optical excitation by polarized light we
show that the output polarization of a VCSEL can be controlled by the
spin polarization of the electrons in the active region. Finally, we
demonstrate a concept to achieve a spin polarized electron popula-
tion in the active region by electrical injection via ferromagnetic
contacts.
Conventional electronics uses charge as carrier of information.
Recently, it has been suggested and demonstrated that the electron
spin offers new, additional possibilities for future electronics and
optoelectronics. It has been shown by several groups that the degree
of circular polarization emitted by light-emitting-diodes (LEDs) can be
influenced by the spin polarization of the carriers injected by
ferromagnetic contacts [1-4]. Unfortunately the usual degree of
polarization achieved in such devices is only a few percent at room
temperature [3] . Though recently record values of 32% at room
temperature were reported [5], spin-optoelectronic applications of
such LEDs are not realistic, yet.
We suggest the use of spin controlled lasers, in particular VCSELs,
instead of LEDs. The nonlinearity at the laser threshold can potentially
be used to convert small spin injection efficiencies into a large effect
onto the degree of polarization of the emitted light [6].
We investigate the potential of this approach in two steps: In the first
step, we study an optically pumped VCSEL structure. A controlled
degree of spin polarization of the electrons in the active region can be
generated by circularly polarized pump light. We analyze both
experimentally [7] and theoretically the dependence of the polarization
of the VCSEL emission on the degree of spin polarization of the
electrons in the active region. We find that a VCSEL structure can
considerably amplify spin information even under room temperature
continuous wave operation. We determine the minimum value of spin
polarization required to obtain significant polarization of the emitted
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light and find, for example, that a spin polarization of about 30% in
the active region is sufficient to achieve 100 % polarization of the
VCSEL output [7].
However, for practical device applications, optical excitation is not
satisfying. Considering electrical excitation, two main criteria have to
be met. First, the spin injection efficiency into the active region of the
device has to be sufficiently higher than 10%. Such values have
been achieved at low temperatures [4] and, more recently, also at
room temperature [5]. Second, the concept of spin injection should
operate without the need for high external magnetic fields. Injection
concepts using paramagnetic spin aligning semiconductor materials
definitely need external fields [2]. But in most cases, this criterion is
difficult to fulfill also by spin injection via ferromagnetic contacts for
the following reasons: The optical selection rules which connect the
spin polarization of the recombining electrons and holes in the active
region with the polarization of the emitted photons require a
particular geometry in order to achieve unambiguous results: A clear
relation between spin polarization and optical polarization is given for
light emitted perpendicular to the active layer plane and spin
orientated parallel to the light emission direction [5]. However, usual
ferromagnetic layers have an easy axis in plane of the film and the
magnetization has to be turned into the vertical direction by large
external magnetic fields [3]. Here, we show that the use of Fe/Tb
layers as ferromagnetic spin injection contacts [8] enables spin
injection without external field, i.e. in remanence, and at room
temperature.
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6184-35, Session 8
Nonmodal emission characteristics of boad-area vertical-
cavity surface-emitting lasers
M. L. Peeters, G. Verschaffelt, I. Fischer, Vrije Univ. Brussel (Bel-
gium); S. K. Mandre, Technische Univ. Darmstadt (Germany); J.
Danckaert, H. Thienpont, Vrije Univ. Brussel (Belgium)
Vertical-cavity surface-emitting lasers (VCSEL) have become mature
and attractive devices for various applications like datacom and
spectroscopy. Furthermore, they are fascinating sources with
respect to their fundamental dynamical and cavity properties. Broad
area (BA)-VCSELs, with aperture diameters of 10 micron and up,
usually exhibit a rich transverse mode and dynamical behavior.
However, the onset of modal behavior and the buildup of coherence
depend on fundamental cavity properties.  Here, a distinction is
usually made between temporal coherence and spatial coherence.
Temporal coherence and the coherence length are related to the
spectral bandwidth of the VCSEL and provide a measure of the
correlations present in a beam at two different instances in time. On
the other hand, the correlation between two different points in the
beam at the same instant in time gives rise to the concept of spatial
coherence and can be defined in terms of a (transverse) coherence
area.
Sources with a reduced degree of spatial coherence have many
applications [1]. They have been proposed as a way to increase the
image quality and the depth of focus in imaging systems. They are
also needed in fields such as microdensitometry, line width metrol-
ogy and lithography where high spatial coherence of light gives rise

to speckled images. Other applications include illumination for night
vision systems, range finders and personal projection systems.
In this contribution, we will focus specifically on the spatial coher-
ence properties of BA-VCSEL sources. VCSELs typically have
narrow emission lines due to their high-finesse cavity and the
resulting monochromaticity of these sources directly implies a very
long longitudinal coherence length, which can be detrimental for
display and projection applications. The adverse effect of the
longitudinal coherence can however be mitigated by reducing the
spatial coherence of a monochromatic source. For VCSELs with a
high Fresnel number, the loss of full spatial coherence is usually due
to the co-emission of multiple mutually incoherent transverse modes,
which are individually fully spatially coherent. This reduction in
spatial coherence as a consequence of multimode emission is minor
and not sufficient for the mentioned applications because of the
considerable dynamic range of the human eye.
The question to address is hence the following: can we reduce the
spatial coherence of VCSELs in a way that does not involve
increasing the number of transverse modes? Indeed, the number of
transverse modes needed to have a sufficient decrease in spatial
coherence can be estimated (see for example [2]) and within the
limited useable gain band width, this is impossible to achieve in
devices with realistic aperture sizes. One can thus say that we need
to avoid modal emission if we wish to have any chance to realize a
dramatic reduction. Alas, the photon lifetime and the preconceived
modal buildup time (related to the number of round trips) is of the
order of picoseconds, seemingly dashing any hope at disturbing the
laser at the involved time-scale.
We have previously demonstrated that a strong current pulse can
cause a broad-area VCSEL to avoid going into stationary (multi-
mode) emission, but instead to emit as a quasi-homogeneous source
[3]. Here, we experimentally prove this using specific and unintuitive
emission properties of a BA-VCSEL exhibiting a drastically reduced
coherence area. In particular we demonstrate:
- First, the independence of the far-field intensity on the near-field
intensity profile; instead, the far-field intensity profile is given by the
Fourier transform of the near field coherence function.
- Second, the independence of the complex degree of angular
coherence on the near-field degree of coherence; instead the angular
coherence is given by the Fourier transform of the near field
amplitude distribution.
- Third, a substantial decrease of the distance at which the far field
sets in, no longer related to the Rayleigh range of the cavity.
Finally, we will elucidate the mechanism causing this operating
condition, based on a evaluation of the coherence and modal
buildup times in realistic VCSEL cavities.
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6184-36, Session 8
Optimization of polarization-stable single- and multimode
surface grating VCSELs towards high fabrication
tolerance and superior performance
J. M. Ostermann, Univ. Ulm (Germany) and Politecnico di Torino
(Italy); P. Debernardi, Politecnico di Torino (Italy); R. Michalzik, Univ.
Ulm (Germany)
To control the polarization of vertical-cavity surface-emitting lasers
(VCSELs), special measures have to be taken since there is no
intrinsic mechanism which selects a certain direction of polarization.
Underlying reasons are the isotropic gain, the cylindrical resonator
and the polarization-independent reflectivity of the distributed Bragg
reflectors of standard VCSELs. Surface gratings [1], which are
etched directly into the cap-layer, have proven to be able to control
the polarization of top-emitting oxide-confined VCSELs very well [2],
even under high-frequency modulation [3]. Unfortunately up to now
the grating parameters, especially the grating depth, had to be
known and implemented rather accurately in order to ensure proper
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performance. It was observed that for small grating depths (20 to 30
nm) the polarization is oriented orthogonal to the grating grooves,
while larger grating depths (\>50 nm) result in parallel orientation [4].
Additionally, for grating periods larger than the vacuum emission
wavelength and for large grating depths strong diffraction occurs,
while for grating periods smaller than the emission wavelength the
far-field is free from diffraction side-lobes [5]. However, there is still
an increased threshold current, which is attributed to backward
diffraction of the grating. These drawbacks can be reduced by using
small grating depths [6]. Any diffraction (forward and backward) has
been avoided for single-mode VCSELs by using sub-material
wavelength gratings, but this required the fabrication of grating
grooves with a width of 60 nm for 850 nm VCSELs [7].
All realizations of surface gratings presented up to now suffer from
high demands on the processing compared to standard VCSEL
manufacture. When looking for a way to overcome this problem, we
discovered that the dependence of the polarization orientation on the
grating parameters as well as the diffraction can be reduced
simultaneously if the longitudinal position of the grating is changed.
The performed simulations clearly show this effect in very good
agreement with the fabricated VCSELs which have a grating with the
same size as the inner diameter of the contact ring. 118 out of 120
highly multi-mode VCSELs with grating periods between 0.5 and 1.2
micrometer, etch depths between 35 and 105 nm and orientations of
the grating grooves along the [011] as well as along the [0-11] crystal
axis show a well-defined polarization orthogonal to the grating. The
orthogonal polarization suppression ratio, averaged over the light
versus current characteristics up to thermal roll-over, exceeds 15 dB
for 99 out of the 120 devices. At the same time the performance of
the grating devices compares very well with the performance of the
reference devices which were fabricated on the same sample. By
using a grating diameter smaller than that of the oxide aperture, we
could increase the single-mode output power at the same time by a
factor of more than 2.5. None of the 89 fabricated grating relief
devices shows a polarization switch within their single-mode regime,
while 35 out of the 87 reference devices do. Again, the increase of
the single-mode power and the polarization control is comparable for
all investigated grating parameters, which are the same as for the
highly multi-mode VCSELs. This technique was successfully
implemented for 850 and 760 nm VCSELs but can be easily scaled
to other wavelength ranges.
With this optimized longitudinal position of the grating we propose
and demonstrate a technique which combines reliable polarization
control of VCSELs with very high fabrication tolerances for superior
performance.
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6184-37, Session 9
Nonlinear dynamics and polarization bistability in
optically injected VCSELs
I. Gatare, Ecole Supérieure d’Electricité (France) and Vrije Univ.
Brussel (Belgium); J. Buesa, H. Thienpont, K. P. Panajotov, Vrije
Univ. Brussel (Belgium); M. Sciamanna, Ecole Supérieure
d’Electricité (France)
Vertical-cavity surface-emitting lasers (VCSEL) has attracted much
attention owing to its numerous advantages with regards to edge-
emitting lasers such as low threshold current, high-speed modulation
bandwidth and the possibility to fabricate large two-dimensional
laser arrays which open novel applications in the area of optical
network interconnects. Unlike edge-emitting lasers, VCSEL may be
subject to polarization instabilities which usually lead to polarization
switching between two orthogonal linearly polarized (LP) fundamen-
tal modes when changing the operations conditions such as the bias
current or the device temperature. Optical injection has been
proposed as an efficient method for controlling the VCSEL polariza-
tion instabilities by adding an external degree of freedom to the laser
system [1]. However, optical injection may induce bistability
phenomena and even more complex dynamics which still need to be
understood. We investigate new dynamics as well as bistability
induced in a VCSEL submitted to an external optical injection with
orthogonal polarization, i.e. the injected light is linearly polarized and
orthogonal to the polarization direction of the free-running VCSEL.
Intensity dynamics accompanying polarization switching in a VCSEL
submitted to orthogonal optical injection are experimentally and
theoretically studied. The injected power is changed for fixed
frequency detuning, i.e. the frequency offset between master and the
free-running VCSEL. Our experimental results unveil new dynamics
such as wave-mixing, subharmonic resonance, limit cycle and even
more complicated dynamics leading to period doubling route to
chaos. Depending on the frequency detuning value, we find that
wave-mixing dynamics can take place either before or after the
achievement of polarization switching while increasing the injection
power. Our experimental mapping of the VCSEL dynamics in the
injection parameter plane, i.e. the injected power and the frequency
detuning, allows us to trace out polarization switching as well as
bifurcation boundaries between qualitatively different dynamics. We
unveil a small zone of chaotic dynamics around the detuning value of
2 GHz which corresponds to the frequency splitting between the
VCSEL orthogonal fundamental transverse modes. The effect of a
chaotic attractor has been clearly unveiled by following the injected
VCSEL dynamics as the detuning is set above the 2 GHz critical
value. When the frequency detuning is fixed very close to 2 GHz and
the injected power increased from the free-running state, the injected
VCSEL undergoes polarization switching accompanied by injection
locking of the fundamental mode to the master laser frequency. If the
injection strength is still increased, the locking is exited and the
VCSEL exhibits period doubling dynamics to a chaotic regime which
involves both orthogonal fundamental LP modes. For higher injection
powers, the VCSEL leaves the chaotic regime through a reverse
period doubling mechanism towards a period one or limit cycle
dynamic.
We have focused our attention on the behavior of the injected
VCSEL at the upper boundary of the chaotic region corresponding to
a frequency detuning of 10 GHz. Instead of chaos, we report a
subharmonic resonance which occurs when the frequency splitting
between the VCSEL and the injected beam is twice the relaxation
oscillation frequency. It is worth noting that we observe successive
subharmonic regimes while increasing the injected power for the
same detuning value. We believe that this is due to the simultaneous
increase of the relaxation oscillation frequency and the frequency
splitting between the VCSEL and the master laser, i.e. the frequency
pushing, while increasing the injected strength. Unlike the case of
subharmonic resonance reported in injected edge-emitting lasers
where the polarization of light is considered as fixed [2], we only
observe subharmonic resonance after polarization switching is
achieved, i.e. when the VCSEL emits in the orthogonal mode with
respect to the polarization direction of the free-running VCSEL.
These experimental results have motivated us to undertake theoreti-
cal studies to better understand the mechanism underlying the
polarization dynamics of VCSEL under orthogonal optical injection.
To this end, we carry out a detailed bifurcation analysis and report
on qualitatively different dynamics as we change the injection
strength and/or the detuning. Our study is based on the model
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developed by San Miguel et al. [3] for the free-running VCSEL which
we extend to the case of orthogonal optical injection. Polarization
dynamics and bifurcation analysis have been performed in [4] where
special attention has been devoted to the case of polarization
dynamics corresponding to an elliptically polarized injected state
(EPIL). In this regime, the two LP modes are locked to the master
laser frequency but not to its polarization. Using continuation method
for our bifurcation analysis, we unveil dynamics that underlie the
EPIL state and show that this particular injection locking state is
exited through period doubling dynamics. Our study investigates
also how polarization switching is affected by the presence of
dynamics in the injected VCSEL. We find that discontinuity in the
polarization switching curves may be explained by the presence of
complex dynamics which arise from a torus bifurcation. Switching
curves represent the switch-off and the switch-on of the horizontally
polarized mode when the injection strength of a vertically polarized
master laser is respectively increased and decreased for different
frequency detuning values.  We also show that polarization switching
points may also coincide with a period doubling bifurcation curve
thus suggesting the scenario in which polarization switching is
achieved through period doubling dynamics.
Besides intensity-induced polarization switching dynamics, we have
conducted an in-depth theoretical analysis of pure frequency-
induced bistability and polarization switching dynamics. Here, the
frequency detuning is changed for fixed injection power levels. We
have studied the evolution of the averaged optical intensity when the
frequency detuning is first decreased and then increased for a fixed
injection power level. For low injection power levels, our numerical
results are qualitatively in agreement with previous experimental
work on pure frequency-bistability conducted by Hong et al. [5] in
which they reported a bistable polarization switching only in the low-
frequency detuning regime. However, we show that, for high
injection power levels, bistable polarization switching is possible in
both low- and high-frequency detuning regimes.
We analyze the hysteresis associated to polarization switching
bistability for a large injection power range and find that the width of
the bistable loop is preferentially   distributed around particular
discrete values. Furthermore, in the low injection power range, we
unveil a particular case of bistability on a chaotic regime situated in
between the low and the high-frequency detuning polarization
switching points. A detailed bifurcation study of this regime shows
that pure frequency polarization switching is achieved through wave
mixing and period doubling dynamics. Moreover, before reaching the
period doubling, we observed subharmonic resonances which occur
at particular frequency detuning values. Our numerical results then
motivate further experimental investigations of frequency bistability
especially for high injection power levels.
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6184-38, Session 9
The influence of current noise on polarisation mode
hopping in VCSELs
M. Cornelles Soriano, G. Verschaffelt, G. Van der Sande, M. L.
Peeters, Vrije Univ. Brussel (Belgium); D. Lenstra, Vrije Univ.
Amsterdam (Netherlands) and COBRA Research Institute (Nether-
lands); M. Yousefi, Technische Univ. Eindhoven (Netherlands); J.
Danckaert, Vrije Univ. Brussel (Belgium)
From a fundamental point of view, two sources of noise can be
distinguished in semiconductor lasers. Spontaneous recombination
of electrons and holes results in spontaneous emission noise due to
a fraction of spontaneously emitted photons ending up in the lasing
mode (referred to as field noise). On the other hand, the random and
instantaneous character of each discrete recombination event leads
to carrier inversion noise. However, in practice, external sources
contribute to extra noise on the injection current of the laser,
resulting in a higher carrier noise level than the fundamental shot
noise level. In this contribution, we present experimental results that
show the effect of colored noise, externally added to the current, on

the switching characteristics of Vertical Cavity Surface Emitting
Lasers (VCSELs). VCSELs often emit in a preferred linear polarization
direction. Due to anisotropies in the laser cavity, a switching to the
orthogonal direction can occur when varying several parameters like
e.g. current or temperature. In our research, we have used an oxide-
confined VCSEL fabricated at ULM [1], lasing at 970 nm. It lases in a
single longitudinal and transverse mode for the range of currents we
are interested in, with a threshold for laser emission at 0.9 mA. This
device emits continuously in a single linear polarization mode up to
1.42 mA, where it starts lasing in the orthogonal direction, corre-
sponding to the orthogonal polarization mode. Around such a
switching point, the system can jump randomly between the two
polarization states. Actually, it is the noise which drives the laser
from one state to the perpendicular one. In our experimental set-up,
the current noise is externally added through a bias-T to the driving
noise-less pump source and finally send to the laser. This colored
noise is generated with an arbitrary waveform generator (AWG),
which has a 3-dB bandwidth of 400 MHz. The response of the AWG
is measured to be flat within this bandwidth. For the detection, we
are acquainted with a fast photo diode (3 GHz bandwidth), a fast
oscilloscope (4 GHz bandwidth) and an electrical spectrum analyzer.
Furthermore, we are able to resolve between the two orthogonal
polarization directions of the out coming light with the adequate
optics. When a VCSEL is mode hopping between the two possible
orthogonal states, it stays for a certain time in one of the modes
before jumping to the other one. This residence time varies from one
device to another and it strongly depends on the switching condi-
tions. It has also been found that the residence time can scale over
several orders of magnitude for a given device if the switching point
is changed by adding external stress [2]. Here, we report a shift of
the Maxwell point when the strength of the external noise is
increased, the Maxwell point being defined as the value of the
current where the bistable laser system spends equal time (on
average) in each of the two orthogonal polarization modes. It has
been experimentally found that the Maxwell point shows a linear
dependence with the strength of the current noise, moving towards
higher values of the current for higher values of the strength of the
noise. This shift of the Maxwell point is remarkable, ranging from a
starting current of 1.4 mA up to 1.9 mA. The upper limit is restricted
by the maximum strength of the noise that our waveform generator
can produce. We have also measured the scaling of the residence
time at the Maxwell point, while it is shifting due to the current noise.
In this case, the scaling of the residence time is not the expected
linear decrease for a increasing strength of the noise. Actually, there
is a counteracting process, the spontaneous mode hopping is slower
when the switching point moves apart from the threshold, as was
previously reported. Our system can be described via a rate
equations model. Two rate equations describe the time evolution of
the amplitude of the two orthogonal polarization modes, and another
equation accounts for the time evolution of the carriers. In order to
simulate the colored noise, a fourth equation describing the
fluctuations of the current noise has been used. It needs to be noted
that the timescale of the noise in our experiments is of the same
order of magnitude of others relevant parameters in the laser, e.g.
the carrier lifetime and the relaxation oscillations period. We
compared numerical simulations of the previous model with the
experimental results. [1] H. Unold, S. Mahmoud, R. Jaeger, M.
Grabherr, R. Michalzik, and K. Ebeling; IEEE J. Sel. Top. Quantum
Electron 7, 386 (2001). [2] B. Nagler, M. Peeters, J. Albert, G.
Verschaffelt, K. Panajotov, H. Thienpont, I. Veretennicoff, J.
Danckaert, S. Barbay, G. Giacomelli, and F. Marin; Phys. Rev. A 68,
013813 (2003).

6184-39, Session 9
Polarization switching dynamics and bistability in
mutually coupled vertical-cavity surface-emitting lasers
R. Vicente, Univ. de les Illes Balears (Spain); J. Mulet, Institut
Mediterrani d’Estudis Avançats (Spain); C. R. Mirasso, Univ. de les
Illes Balears (Spain); M. Sciamanna, Supélec (France)
The understanding and control of the light polarization properties in
semiconductor laser devices is of fundamental importance for any
polarization sensitive applications. Typically, conventional edge-
emitting lasers operate in a single, well defined and fixed linear
polarization state, due to the large anisotropy induced by the
geometry of the active region. However, cylindrical vertical-cavity
surface-emitting lasers (VCSELs) typically emit linearly polarized (LP)
light along one of two preferential orthogonal directions (called x and
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y) due to weak anisotropies. As a result of these weak anisotropies
slight modifications in the laser operating conditions (such as
temperature or injection current) may result in a polarization switching
(PS) between the two LP directions [1]. PS in VCSELs may also occur
as a result of optical feedback (the reinjection of part of the light
emitted by the VCSEL after delayed reflection) [2] or optical injection
(the injection of a fraction of an external light) [3].
In this work we theoretically show that the mutual injection of coherent
optical fields by two face-to-face coupled VCSELs may induce PSs in
otherwise polarization stable VCSELs. The polarization dynamics of
the individual VCSELs are modelled according to the spin-flip model
(SFM) for single-transverse mode VCSELs [4]. The rate equations for
the two circularly polarized components of the electric field are then
extended to account for mutual coherent optical injection, within the
limit of a small to moderately large coupling strengths. We first
consider the symmetric case for which the two VCSELs have the same
internal parameters and the same optical frequencies. Results of
numerical simulations show that PSs appear repeatedly when
continuously varying either the coupling strength or the propagation
phase between the two VCSELs. A stability analysis of the steady-
states in the laser system allows us to relate each PS event to the
creation of a new, linearly polarized compound-cavity mode with
higher gain. Each PS is furthermore accompanied by a bistable region,
whose hysteresis width can be tuned by varying the coupling
parameters. The PS properties are also analyzed for different choices
of the VCSEL internal parameters, and in particular for different values
of the spin-flip relaxation rate.
As a next step, we analyze the consequence of a frequency detuning
between the two VCSELs on the polarization switching properties.
Large frequency detuning is shown to induce several dynamical
instabilities in the two polarization modes, resulting in the occurrence
of polarization chaos. The different nonlinear dynamics and the
corresponding routes to chaos are analyzed using detailed polariza-
tion-resolved bifurcation diagrams. The inclusion of a large frequency
detuning may also inhibit the occurrence of PS when varying the other
coupling parameters such as the coupling strength or the propagation
phase.
Our work complements the analysis of PS induced by optical
feedback or optical injection in VCSELs, and motivates new applica-
tions in which one could make use of the tunable bistable region
around each PS for fast polarization switching applications [5].
Recently, such a scheme of two face-to-face VCSELs has been
successfully implemented in laboratory, but for the purpose of chaos
synchronization [6].
[1] K.D. Choquette, R.P. Schneider, L.K. Lear and R.E. Liebenguth,
IEEE J. Sel. Topics in Quantum Electron. 1, 661 (1995).
[2] M. Sciamanna, K. Panajotov, H. Thienpont, I. Veretennicoff, P.
Mégret, and M. Blondel, Opt. Lett. 28, 1543 (2003).
[3] Z. G. Pan, S. Jiang, M. Dagenais, R. A. Morgan, K. Kojima, M. T.
Asom, R. E. Leibenguth, G. D. Guth, and M. W. Focht, Appl. Phys.
Lett. 63, 2999 (1993).
[4] M. San Miguel, Q. Feng, and J.V. Moloney, Phys. Rev. A 52, 1728,
(1995).
[5] K. Panajotov, F. Berghmans, M. Peeters, G. Verschaffelt, J.
Danckaert, I. Veretennicoff, and H. Thienpont, IEEE Photon. Technol.
Lett. 11, 985 (1999).
[6] N. Fujiwara, Y. Takiguchi, and J. Ohtsubo, Opt. Lett. 28, 1677,
(2003).

6184-40, Session 9
Switching phenomena in a VCSEL with frequency-selective
optical feedback
A. Naumenko, N. A. Loiko, B.I. Stepanov Institute of Physics (Belarus);
M. Sondermann, Albert-Ludwigs-Univ. Freiburg (Germany); K. Jentsch,
Univ. Muenster (Germany); T. Ackemann, Univ. of Strathclyde (United
Kingdom)
External frequency-selective optical feedback was suggested to
stabilize single-longitudinal mode operation of edge-emitting laser
diodes. However, along with a stable single-mode lasing characteris-
tics, more complex phenomena as multistability, hopping between
modes and dynamical behaviors including the phenomenon of low-
frequency fluctuations were found (see for example [1-3] and refer-
ences there in).
This paper presents similar effects for a vertical-cavity surface-emitting
laser (VCSEL), which operates intrinsically in a single longitudinal

mode but often demonstrates a competition of two orthogonally
polarized modes [4-6]. Frequency selective optical feedback with an
appropriate bandwidth can influence the polarization selection due to
the frequency splitting between the two sets of the external cavity
modes with orthogonal polarization. In addition, when a diffraction
grating is used as frequency selective element it provides polariza-
tion selectivity, since the diffraction efficiency of a grating depends
on the angle between the grooves and the electrical field vector of
the incident field. Combination of frequency and polarization
selection properties in one device opens new opportunities for
control of VCSEL operation.
The experiments have been performed with gain-guided devices
from EMCORE Corp. (an aperture diameter of 15 µm, emission
wavelength in the 850 nm region, operating in the fundamental
transverse mode close to threshold). The external cavity with a
holographic reflection grating is set up in Littman configuration.
Theoretical analysis is based on the so called spin-flip-model for
simulation the polarization and spin dynamics of a VCSEL based on
a quantum-well active medium [7]. The modified rate equations
describing the polarization dynamics in a VCSEL with optical
feedback from an external reflector have a form similar to the one
formulated in [8]. We have introduced here also the detuning of the
solitary laser frequency from its reference value due to the thermal
effects using a phenomenological dependence of this detuning on
the injection current, and derived a transfer function of the feedback
loop with diffraction grating.
We have studied the interplay of the finite bandwidth of the grating,
the thermal frequency shift and the birefringent splitting between the
two polarization components. Threshold conditions and the
competition between the two polarization modes are influenced by
many parameters, especially the intrinsic and external amplitude
anisotropies and the difference in detuning conditions brought about
by birefringence. We have described and analyzed the resulting
transition scenarios in detail including the possibility of switching
events between external-cavity (EC) modes and the resulting
hysteresis in amplitude and frequency. In tendency, it was found that
the transition between different EC-modes (with the same or a
different polarization) could be understood by a preference for the
mode with the lowest losses and hence highest intensity.
In particular, we have observed a very abrupt turn-on to a high-
amplitude state with hysteresis. After this switch-on, the emitted
intensity typically decreases till the threshold of the solitary laser is
reached. For high enough currents, the laser is always operating
more or less uninfluenced by the feedback. This is related to the
thermal frequency shift with current responsible for the fact that
feedback can be effective only in a small range of currents.
These experimental observations are in good agreement with
expectations from theory. The investigations yield a new type of
bistability between the stable non-lasing off-state and stable high-
amplitude EC-modes. The simple analytical expression binding the
main parameters (amplitude-phase coupling factor, feedback
strength and grating bandwidth) at which the bistability takes place
is derived. Conditions for the maximal jump of the laser intensity
during abrupt turn-on are elucidated. The frequency shift rate in
grating-controlling regime as a function of the above parameters is
got. The switch-on is preceded by a small region with oscillations.
However, it should be possible to switch directly from the off-state to
the high-amplitude lasing states by external, hard perturbations. The
abrupt switch-on at threshold obtained in the present work was not
demonstrated for edge-emitting lasers, possibly, since it is difficult to
realize a sufficiently strong feedback in edge-emitting lasers.
The above bistability provides potential for all-optical switching in
photonic applications. In the case of broad-area devices, bistability
could be favorably explored to excite spatial localized emission
states (cavity solitons) by an external focused control beam (see [9]
for preliminary results). Cavity solitons are considered to be
attractive as “bits” for future all-optically and potentially massively
parallel information processing schemes.
1. P. Zorabedian, IEEE J. of Quantum Electronics, vol. QE-30,
pp.1542-1552, 1994.
2. M. Yousefi and D. Lenstra, IEEE J. of Quantum Electronics, vol.
QE-35, pp.970-976, 1999; A.P.A. Fischer, O.K. Andersen, M.
Yousefi, S. Stolte and D. Lenstra, IEEE J. of Quantum Electronics,
vol. QE-36, pp.375-384, 2000.
3. A. Naumenko, P. Besnard, N. Loiko, G. Ughetto and J.C. Bertreux,
IEEE J. of Quantum Electron, vol. 39, pp.1216-1228, 2003.
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4. C.J. Chang-Hasnain, J.P. Harbison, G. Hasnain, A. von Lehmen,
L.T. Florez, and N.G. Stoffel, Electron Letts. vol. 27, pp.163-165,
1991.
5. M.B. Willemsen, M.P. van Exter, and J.P. Woerdman, Phys.Rev.
Lett., vol. 84, pp.4337-4340, 2000.
6. T. Ackemann and M. Sondermann, Appl. Phys. Letts., vol. 78,
pp.3574-3576, 2001.
7. M.S.Miguel, Q. Feng and J.V. Moloney, Phys. Rev. A , vol. A52,
pp.1728-1739, 1995.
8. N.A. Loiko, A.V. Naumenko, and N.B. Abraham, Quantum
Semiclass. Opt., vol. 10, pp.125-140, 1998; J. Opt. B: Quantum
Semiclass. Opt., vol. B3, pp.S100-S111, 2001.
9. M. Sondermann, F. Marino, K. F. Jentsch, T. Ackemann, and R.
Juager. In Nonlinear Guided Waves and Their Applications, Toronto,
March 28-31, 2004. Paper MB5.

6184-41, Session 9
Dynamics of vertical-cavity surface-emitting lasers in the
short external cavity regime: pulse packages and
polarization mode competition
A. R. Tabaka, Vrije Univ. Brussel (Belgium); M. Peil, Technische Univ.
Darmstadt (Germany); M. Sciamanna, Supélec (France); I. Fischer,
Vrije Univ. Brussel (Belgium); W. E. Elsasser, Technische Univ.
Darmstadt (Germany); H. Thienpont, I. P. Veretennicoff, K. P.
Panayotov, Vrije Univ. Brussel (Belgium)
Semiconductor lasers (SLs) with optical feedback (OF) are well
controllable nonlinear systems with delay. Therefore, such systems
are well suited for an analysis of fundamental nonlinear dynamics
phenomena of delay systems. The appearance of different dynamical
regimes in such laser systems with delay is basically determined by
the injection current and the main feedback parameters; the strength
of the feedback; i.e. the amount of light that reenters the active
region of the SL, the length of the external cavity (EC) and the
feedback phase. In the case of a long EC and moderate feedback,
the stable emission of a laser is easily destabilized leading to
periodic, quasiperiodic or chaotic regimes of the intensity dynamics.
In the fully-developed chaotic regime the linewidth broadens evoking
a degeneration of the coherence properties of the laser light. For that
reason, this regime is referred to as “coherence collapse” (CC) [1].
Intriguing phenomenon belonging to this CC regime is the so-called
“low-frequency fluctuations” (LFF), characterized by sudden, random
dropouts of the laser intensity, followed by a stepwise recovery
process [2]. A transition from these irregular dropouts to organized
periodic states is observed when the EC is substantially shortened or
when the injection current is lowered [3]. Indeed, for delay times of
the order of the relaxation oscillation period or shorter, i.e. in the so-
called short cavity regime, the regular pulse packages (PP) have
been recently found in edge emitting semiconductor lasers (EELs) [4].
In this regime the dynamics of EELs sensitively depends on the
feedback phase, comprising stable emission, periodic, quasiperiodic
and chaotic states [5]. Typically, in this short EC regime, EELs emit
pulses at the delay time modulated by a slower time-periodic
envelope forming pulse packages.
Recently, OF induced dynamics of Vertical-Cavity Surface-Emitting
Lasers (VCSELs) has attracted considerable interest. It has been
demonstrated that VCSELs are similarly sensitive to external OF as
EELs. However, VCSELs differ from conventional EELs by their much
shorter cavity length, which restricts emission to one (single)
longitudinal mode. VCSELs also emit circular output beams allowing
for easier implementation into optical fibre communication systems
and integrability in two-dimensional arrays. However, the circular
geometry and the surface emission of VCSELs do not introduce
strong anisotropies to fix the polarization of the emitted light.
Nevertheless, VCSELs of small aperture typically emit light in one of
the two orthogonally (x and y) linearly polarized directions. However,
as the injection current increases, switching from one polarization
mode (PM) to the other with orthogonal polarization direction can be
observed [6]. These polarization instabilities become important in the
case of OF as well. The existence of the two PMs in VCSELs can
give rise to additional polarization mode competition dynamics in the
presence of feedback. So far, research on OF induced dynamics of
VCSELs has mainly focused on VCSELs with long ECs, while a
detailed analysis of the dynamics of VCSELs with short ECs is still
lacking.
In this work we address this topic and present results of studies on
the intensity dynamics of VCSELs with OF in the short EC regime.

Our experimental results demonstrate the emergence of pulse
packages (PP) in the total intensity dynamics of VCSELs. We identify
characteristic differences to the PP dynamics in edge emitters
originating from the interplay between time-delay induced dynamics
and polarization mode (PM) competition. The major differences
comprise: the lack of qualitative changes of the dynamics for
variations of the feedback phase, the significant variations of the
amplitude of the fast intensity pulsations, and finally the distinct
differences in the shape of the PP envelope. For clarification, we
provide detailed analysis of the polarization dynamics applying
complementary cross-correlation and spectral analysis techniques.
The analysis reveals interplay of the dynamics linked to the hierarchy
of time-scales present in the laser system: the fast time-scale of the
EC delay, the slower time-scale of the PP, and the slow time-scale of
the polarization mode competition. We also identify two types of PP
dynamics. On the PP envelope time scale, the dynamics can take
place either in one of the two PM while the other mode is sup-
pressed, defining type I PP dynamics, or the PP dynamics can occur
in both PMs simultaneously, referred to as type II PP dynamics.  In
order to get insight into this behavior, we provide a toolbox of
methods adapted to the different relevant time scales and temporal
variations of the dynamics.
The spectral analysis uncovers an anti-correlated behavior of the two
PMs at frequencies lower than the PP envelope frequency, which
reveals the continuous, much slower polarization mode hopping
dynamics. Exactly at the PP envelope frequency and harmonics
thereof, the dynamics is correlated or anticorrelated depending on
the level of the injection current. Furthermore, we analyze the high
frequency dynamics of the fast intensity pulsations on the time scale
of the EC round-trip frequency and we provide evidence that
correlation properties of the pulses can change from package to
package or even within a single package, depending on the
momentary difference between the PM intensities. We find that the
high frequency pulses emitted at the delay in the two PM are
correlated when the low frequency PP dynamics is of type II. On the
contrary, the pulses at the delay are anti-correlated if the slow
dynamics is of type I. The progressive change of the dynamics with
the injection current is connected also with an average phase shift
between the emission of pulses in the two PMs. Moreover, our
cross-correlation analysis shows that the appearance of the
dynamics in one PM triggers the emission of pulses in the other PM.
We also compare the power spectral densities of the PMs with
increasing the injection current and we uncover a gradual change
from correlated to anti-correlated behavior for the high as well as for
the low frequency components of the PP dynamics. We quantify
these gradual changes of the correlation properties utilizing a time-
resolved correlation analysis. The application of a number of
complementary techniques identifies the strong interplay of the delay
induced instabilities and the PM competition, as being the origin of
the distinct differences between the total intensity short EC dynam-
ics of VCSELs and EELs. This strong interplay of the two mecha-
nisms, which we reveal for PP dynamics of short EC VCSELs with
weak intrinsic polarization anisotropy, seems to be of general nature.
[1] D. Lenstra, B. H. Verbeek, and A. J. den Boef, IEEE J. Quantum
Electron. QE-21, 674 (1985).
[2] T. Sano, Phys. Rev. A 50, 2719 (1994).
[3] A. Gavrielides, T. C. Newell, V. Kovanis, R. G. Harrison, N.
Swanston, D. Yu, and W. Lu, Phys. Rev. A 60, 1577 (1999).
[4] T. Heil, I. Fischer, W. Elsäßer, B. Krauskopf, K. Green, and A.
Gavrielides, Phys. Rev. E 67, 066214/1 (2003).
[5] A. Tabaka, K. Panajotov, I.Veretennicoff, and M. Sciamanna,
Phys. Rev. E 70, 036211/1 (2004).
[6] K. Panajotov, J. Danckaert, G. Verschaffelt, M. Peeters, B. Nagler,
J. Albert, B. Ryvkin, H. Thienpont, and I. Veretennicoff, Polarization
behavior of vertical-cavity surface emitting lasers:experiments,
models and applications, vol. 560 of AIP Conference Proceedings
(M. Bertolotti, C. M. Bowden and C. Sibilia, Eds., Melville, N.Y.,
2001).

6184-42, Session 10
Phase-amplitude coupling of quantum dot lasers
S. P. Hegarty, S. Melnik, G. Huyet, Tyndall National Institute (Ireland)
The carrier induced refractive index change in quantum-dot (QD)
lasers has been the object of much recent study, for both technologi-
cal reasons and for reasons of fundamental interest. Because of the
high symmetry of quantum-dot energy levels, a Kramers-Kronig
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transformation was thought to lead to a zero index change with
carrier injection at gain peak. Researchers have measured the alpha-
factor of QD lasers using various techniques developed initially for
bulk and quantum well lasers. The Hakki-Paoli and FM/AM tech-
niques have been widely employed. However, the carrier dynamics
of QD lasers shows significant deviations from that observed for
quantum well devices due to their unique capture/escape mecha-
nisms. This suggests that some of the techniques commonly used to
measure the a-factor of quantum well devices might have some
limitations when applied to quantum dot lasers. In quantum-well
lasers, the contribution of intraband transitions to the differential
index is well described by the Drude model of free carrier plasma
refractive index. Analogous transitions in QD lasers can be envisaged
between bound QD states and the continuum levels of the carrier
injector layers. Remarkably, it has been shown that the Drude
formula can also be applied to the case of QD lasers when the QD
carriers are not tightly confined and when working at photon
energies in the 0.8 to 1.0 eV region.
We present here measurements of the carrier induced index change
at 0.8 eV (below bandgap, free-carrier effect only) and also at the
0.94 eV gain peak (affected by both free-carrier effect and inter-band
transitions). We scale the measured free-carrier index change at 0.8
eV and demonstrate that approximately half the index change at
ground-state (GS) resonance is due to this effect. We then incorpo-
rate this measurement into a quantum-dot rate equation model. The
model reads
Edot=i(a.rho + b.N)E + 0.5*gzero(2.rho-1)E - 0.5*gammas.E
rhodot=-gammad.rho - gzero(2.rho-1)|E|^2 + gammac.N(1-rho)
Ndot=J - gammaN.N - gammac.N.(1-rho)
This model assumes that the carriers are first injected in a quantum
well described by the carrier density N before being captured into a
dot ensemble described by the average population rho. The
coefficients a and b describe the resonant (r) and non-resonant (N)
carrier induced refractive indices and E describes the complex
amplitude of the electric field. We will show that in this model the
Hakki-Paoli technique provides a meaningful value for the alpha-
factor below the lasing threshold.  However, the FM/AM technique,
which usually gives a direct measurement of the alpha-factor needs
to be treated very carefully in the context of QD carrier dynamics. In
particular the ratio of the phase and intensity modulation indices do
not necessarily converge at high frequency due to the carrier capture
dynamics. In spite of this limitation to the technique when applied to
QD lasers, we will show that by knowledge of the modulation index
minimum and slope at high frequency, it is possible to extract the
resonant and non-resonant differential indices a and b.
We also include measurements on the wavelength and polarisation
sensitivity of the non-resonant refrective index change and demon-
strate a strong polarisation dependence that suggests the major
component is due to confined carrier absorption.

6184-43, Session 10
High-performance 3-layer 1.3- µm InAs/GaAs quantum-
dot lasers with very low continuous-wave room-
temperature threshold currents
H. Liu, M. Hopkinson, The Univ. of Sheffield (United Kingdom)
The combination of high-growth-temperature GaAs spacer layers
and high-reflectivity (HR) coated facets has been utilized to obtain
low threshold currents and threshold current densities for 1300-nm
multilayer InAs/GaAs quantum-dot lasers. A very low continuous-
wave room-temperature threshold current of 1.5 mA and a threshold
current density of 18.8 A/cm2 are achieved for a 3-layer device with
a 1 mm HR/HR cavity. For a 2 mm cavity the continuous-wave
threshold current density is as low as 17 A/cm2 for an HR/HR
device. An output power as high as 100 mW is obtained for a device
with HR/cleaved facets.

6184-44, Session 10
Temperature characteristics of quantum-dot
superluminescent LEDs
M. Rossetti, L. Li, A. Markus, A. Fiore, École Polytechnique Fédérale
de Lausanne (Switzerland); L. Occhi, C. Vélez, Exalos AG (Switzer-
land)
Among all the nanostructures quantum dots (QDs) have been
predicted to show the most striking effects with very positive impact

on the device performances. In fact, quantum confinement dramati-
cally modifies the electronic band structure of the bulk material,
producing discrete electronic levels in QDs. If the spacing between
different energy levels is much larger than kT at room temperature,
improved thermal stability can be in principle achieved, leading to
the realization of temperature insensitive devices for low cost,
uncooled operation. In particular, the luminescence of InAs/GaAs
QDs for 1.3 micron applications shows emission energies relative to
recombinations from several energy states with separations around
70 meV which is 3 times kT at room temperature. In spite of this,
most QD lasers did not show so far the expected temperature
independence. This anomalous behavior has been attributed to
thermal redistribution of carriers in the valence band, where the
energy states are closely spaced due to the high effective mass of
holes. Also, the presence of lattice defects and lattice-embedded
impurities can give rise to degradation of temperature characteris-
tics. In fact they introduce nonradiative recombination centers whose
influence may strongly depend on the temperature. In this work, we
focus on the temperature dependence of QD superluminescent
diodes (SLEDs). QD SLEDs take advantage of the intrinsic inhomo-
geneous broadening QD ensembles and can provide spectral
bandwidths \> 100nm [L.H. LI et al., Electronics Letters, Volume 41,
2005, pages 41-43], very promising for high resolution optical-
coherence tomography (OCT).
10 In/As quantum dot layers were grown by molecular beam epitaxy
inside a waveguiding cladding-core-cladding structure, and devices
were obtained by etching down single-mode ridge waveguides with
lateral size of few micrometers suitable for fiber coupling.
Waveguides are tilted to avoid optical feedback and lasing. Chirped
multilayer QD structures [L.H LI et al., Journal of Crystal Growth,
Volume 278, Pages 680-684] were used to provide a photolumines-
cence spectral bandwidth \> 100nm.
Under electrical injection the devices show exponential L-I character-
istics, which is typical in the amplified spontaneous emission regime,
with output powers up to 8 mW for a 4 mm long device. At low
currents the emission from the ground state (GS) energy level of the
QDs dominates with a full width half maximum (FWHM) of 55 nm
around 1.3 micrometer wavelength. With increasing current, GS
saturates and the carriers start filling the first excited state (ES)
resulting in a second line growing on the high energy side of the
spectrum around 1.2 micrometer which leads to a spectral FWHM of
100 nm and a 3 dB valley between these two wavelengths. Such a
broad spectrum provides spatial resolutions smaller than 10
micrometers in OCT images for instance for medical purposes. A
further optimization of the growth conditions should result in a higher
output power and a very broad, quasi-gaussian emission spectrum.
Temperature analysis of the L-I curves of a narrow gain sample (not
optimized for broad gain) presented a 15 dB variation in output
power (30mW to 1mW) in the range 20 to 85°C. This behavior is
comparable to that of the best quantum well based commercial
SLEDs, but is still far from the ideal picture of the temperature
insensitive QD devices.
In the regime of spontaneous emission, the external efficiency of a
light emitting system is related to the ratio of radiative and
nonradiative lifetimes. We consider the radiative lifetime not
depending on temperature and equal to 1ns, as suggested by time
resolved photoluminescence experiments [A. Fiore et al., Applied
Physics Letters, Volume 76, June 2000, pages 3430-3432]. With this
idea we measured L-I curves of short waveguides at varying
temperature, reporting an exponential decrease of the measured
intensity, and therefore of the nonradiative lifetime, with a T0 value
which is in agreement with the T0 measured on laser thresholds. We
point out that this is a strong indication of the importance of
nonradiative recombinations on temperature performances. As a
further investigation we also analyzed the device modal gain and
internal losses. Internal losses showed a totally temperature
independent characteristic whereas a strong variation of the gain
curves was reported between 20 and 85°C. Increasing temperature
the curves are shifted towards higher currents and show a faster
saturation of the maximum modal gain. While the first mechanism
can be fully explained by the presence of thermally activated
nonradiative recombination centers, the second is more intrinsic and
must rely on the structure of the QD energy levels, namely on carrier
thermalization over the closely spaced energy levels in the valence
band.
Previous results together with laser thresholds and laser differential
efficiencies have been modeled in the framework of traveling-wave
and mean-field rate equation models in order to estimate the order of
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magnitude of these nonradiative processes. Equations for GS and
ES energy levels of many different dot sizes are coupled with a
reservoir level (corresponding to the wetting layer in the experiment)
for both electrons and holes in the system. Carrier dynamics is
driven by several phenomena: capture from the wetting layer (WL) to
the excited states, relaxation from high-energy to low-energy states,
thermal population of high-energy states, carrier redistribution from
dot to dot. Non-radiative lifetimes were introduced in all the
equations accounting for recombinations inside the dots and in the
wetting layer. With non-radiative decay times of few hundreds of
picoseconds inside the dots and much faster in the WL the experi-
ments can be well reproduced, showing that both phenomena have
a strong impact on the temperature performances of QD devices.
To conclude we report broad-band QD superluminescent LEDs with
several mW output powers and 100nm bandwidth, we analyze the
temperature characteristics and provide some understanding on the
main causes driving the experimental behavior pointing out the
importance of nonradiative recombinations as one of the principal
mechanisms leading to thermal degradation.

6184-45, Session 10
1.32- µm InAs/InGaAs/GaAs quantum-dot lasers
operating at room temperature with low-threshold
current density
A. Salhi, V. Tasco, L. Martiradonna, G. Visimberga, M. De Giorgi, M.
De Vittorio, R. Cingolani, A. Passaseo, Univ. degli Studi di Lecce
(Italy)
The realization of 1.3- µm edge-emitting lasers is one of the most
challenging goals in the technology of GaAs-based devices due to
matching with the transparency window of optical fibers. To
overcome strong temperature sensitivity of lasers based on InGaAsP
material system due to insufficient electron confinement in the active
region, InAs/InGaAs system is used. Very low room temperature
threshold current densities have been obtained from narrow ridge
devices containing 1 and 3 layers of dot-in-well (DWELL) and having
high reflection coatings on both facets. In this work, we report on low
threshold 1.32  µm broad area laser diodes operating at room
temperature containing three layers of InAs QDs grown directly on
GaAs and capped with 5nm thick In0.16Ga0.84As layer. For and
infinite cavity length a threshold current density of 8 A/cm2 per QD
layer was obtained.
The laser structure was grown by Molecular Beam Epitaxy (MBE)
using a RIBER COMPACT 21-T system. Several active regions were
grown and optimized in order to obtain the highest photolumines-
cence intensity and the lowest FWHM. The structure active region
consists of three stacked InAs/In0.16Ga0.84As QD layers separated
by two 40 nm-thick GaAs barriers and enclosed between 210 nm-
thick GaAs spacers. The 2.8 InAs monolayers, the In0.16Ga0.84As
layer and the first 5 nm-thick GaAs layer were grown at low tempera-
ture <500 °C and the 35 nm-thick GaAs remaining layer of the spacer
was grown at high temperature ~ 600 °C to prevent the formation of
defective QDs. The morphological properties of QDs were analysed
by Atomic Force Microscopy (AFM) on uncapped samples, a density
of 2Å~1010 cm-2 was found and the average diameter and height
are 45 nm and 6 nm respectively. The FWHM obtained from active
regions grown in these conditions is 24 meV, which demonstrate a
good QDs size uniformity. The active region is inserted between two
1.5 µm-thick n and p-type Al0.7Ga0.3As cladding layers. The
claddings are enclosed between two 50-nm thick GaAs/
Al0.7Ga0.3As digital grading alloy. The structure is ended by 300 nm
p+-GaAs cap layer. The wafer was processed into 110  µm-wide
stripes. Devices were mounted epitaxial-layer up on cooper heat
sinks, using a thin layer of SnPb. All measurements were performed
in pulsed operation (1 µs pulse width, 1 % duty cycle) to avoid
device heating.
At 300 K the emission wavelength is centred at 1.32 µm. The
spectrum exhibits multiple longitudinal and lateral modes. For
uncoated 110 µm x 4 mm cavity length, a threshold current density
of 42 A/cm2 was obtained.  The threshold current density obtained
from devices containing only one layer of InAs/In0.16Ga0.84As/GaAs
is 30 A/cm2 demonstrating that no defects was induced from the
stacking. For an infinite cavity length the threshold current density
decreases to 24 A/cm2 which corresponds to ~ 8 A/cm2 per QD
layer. This value is among the best reported values for QD lasers
operating near 1.3  µm. From the temperature dependence of
threshold current density, a characteristic temperature T0 of 70 K

was measured in the temperature range 20°C-90°C. These results
were obtained without specific optimization of the complete
structure such as doping profile or the use of high reflection coatings
on both facets, which are expected to improve both characteristic
temperature and threshold current density respectively.

6184-46, Session 10
1.32- µm InAs/InGaAs/GaAs quantum-dot lasers
operating at room temperature with low-threshold
current density
M. S. Wartak, P. C. Weetman, Wilfrid Laurier Univ. (Canada)
During the eighties and the nineties we have witnessed tremendous
progress in the research, development and commercialization of
quantum well based semiconductor lasers [1]. Special class of those
lasers is fabricated using materials based on nitride semiconductors.
In recent years we have witnessed tremendous progress in the
research on those materials [2]. It has been found that replacing a
small amount of the group V element by nitrogen in a III-V material
systems reduces the energy gap. This reduction signi¯cantly changes
band structure and offers new possibilities of improving optoelec-
tronic properties of devices based on those materials. For example,
impressive improvements of in-plane lasers [3, 4] as well a VCSELs
[5] based on those materials have been reported. In those develop-
ments, an important role was played by simulations [6]. Since the
parameter space of design for those devices is enormous, the role
played by simulations in establishing the best structure cannot be
underestimated. For a speci¯c device application there is huge
number of possible practical combinations of material and structural
parameters. From the engineering point of view analysis of the
effects of those parameters plays very important role. The compre-
hensive analysis and understanding of hole effective masses would
provide a clear picture for the rather complicated laser design based
on those materials. In this paper we report on some efforts to
systematically characterize hole effective masses for InGaAsN/GaAs
material systems. Recently, preliminary results on in-plane effective
masses of the electron subbands in In0:36Ga0:64As1¡xNx/GaAs
have been reported [7, 8] for the well widths between 2 and 25 nm
and N composition of 1-4%. The composition is chosen for the
purpose of obtaining light output in the 1.3(c)ˆm range[7, 8]. We
expand upon this work by analyzing the effects of well width and N
composition on the valence band effective masses. In the submitted
work, systematic analysis of the electrostatic effects on the effective
masses of holes in InyGa1¡yAs1¡xNx=GaAs quantum-well structures
were determined and analyzed. A 10-band k.p Hamiltonian matrix
was used in the calculations and solved self-consistently with the
Poisson equation. Numerical results have been presented for a large
range of material and structural parameters. Our results show that
signi¯cant variation in the effective masses is possible by adjusting
the relevant parameters and that the effects due to self-consistency
are small. Some of the preliminary results of the research presented
in the present paper have appeared in [9] and [10]. We would like to
acknowledge the support from the Natural Science and Engineering
Research Council of Canada (NSERC) and Sharcnet, Ontario,
Canada.
[1] “Semiconductor Lasers”, Edited by Eli Kapon, Academic Press,
1999.
[2] H. Morkoc, Nitride Semiconductors and Devices, (Springer,
Berlin, 1999).
[3] J.S. Harris, Jr., International Conference on Indium Phosphide
and Related Materials, 15, 333 (2003).
[4] M. Pessa, C.S. Peng, T. Jouhti, E.-M. Pavelescu, W. Li, S.
Karirinne, H. Liu and O. Okhot- nikov, IEE Proc. Optoelectron., 150,
12 (2003).
[5] T. Tawara, H. Gotoh, T. Akasaka, N. Kobayashi and T. Daitoh, The
5th Paci¯c Rim Confer- ence on Lasers and Electro-Optics, 1, 343
(2003).
[6] J. Piprek, Semiconductor Optoelectronic Devices. Introduction to
Physics and Simulations, Academic Press, Amsterdam 2003.
[7] S. Tomi¶c, E.P. O’Reilly, P.J. Klar, H. Gruening, W. Heimbrodt,
W.M. Chen and I.A. Buyanova, Phys. Rev. B69, 245305 (2004).
[8] A. Polimeni, G. Baldassarri, H.von Hoegersthal, F. Masia, A.
Frova, M. Capizzi, S. Sanna, V. Fiorentini, P.J. Klar and W. Stolz,
Phys. Rev. B 69, 041201-1 (2004).
[9] M.S. Wartak and P. Weetman, J. Phys.: Condens. Matter 17
6539-6544 (2005).
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[10] M.S. Wartak and P. Weetman, “Characterization of e(r)ective
masses in InGaAsN quantum well structures by computer simula-
tions”, Journal of Applied Physics, Dec. 1,2005, in print. 3

6184-47, Session 11
Modeling and optimization of vertical-external cavity
J. Mulet, S. Balle, Institut Mediterrani d’Estudis Avançats (Spain)
Passively mode-locked Vertical-External-Cavity Surface-Emitting
lasers (VECSELs) are a new concept of pulsed optical sources suited
to high-power and ultrafast applications due to the small tendency to
display Q-switching instabilities [1]. Wafer-scale integration of the
external cavity plus a saturable absorber mirror opens the possibility
of using these devices as ultrahigh bitrate optical clocks for OTDM
communication systems. Several demonstrations of mode-locked
VECSELs have already been reported for both optically-pumped [2]
and, more recently, for electrically-driven devices [3]. In electrically
driven devices, pulse durations of the order of 10 ps, repetition rates
up to 15 GHz, and output powers of few tens of miliwatts have been
obtained [3]. These results motivated us to develop a detailed
theoretical description of these devices in view of their optimization.
The study analyzes the role of different design parameters on the
mode-locking onset, stability, pulsewidth and output power.
In this work, we consider the electrically-driven mode-locked
VECSEL described in Ref. [3] that comprises two vertical-cavities, an
emitter and a saturable absorber, conforming a linear resonator. The
external-cavity length is adjusted to set the repetition rate to 15 GHz.
The effective mode coupling between both vertical-cavities can be
adjusted through the finesse of the cavities defined by the reflectivity
of the top distributed Bragg reflectors (DBR) and via an intracavity
beam splitter with variable transmissivity which is used as output
coupler. The emitter is forward biased, thus acting as a vertical-
cavity semiconductor optical amplifier (VCSOA). The absorber has a
structure similar to the emitter cavity but it is reverse biased in order
to provide fast carrier sweep-out down to few picoseconds, thus
acting as a fast saturable absober. In the external cavity, both
vertical structures are optically coupled through a microlens that
defines the spatial mode and the spot sizes on each vertical cavity.
An analytical treatment of the scalar wave equation allows us to
provide a correct balance between rigorousness and flexibility. Our
model [4] improves the detail of conventional pulse iterative models
and alleviates the complexity of spatially distributed descriptions.
The optical fields are analytically propagated in all material layers,
using the transfer matrix formalism, except for the fields at the
quantum well (QW) layers which represent the relevant variables for
the light-matter interaction. After several approximations, the time-
domain model can be reduced to a set of delayed ordinary differen-
tial equations for the optical fields of the QWs coupled to ordinary
rate equations for the carrier-densities in these same layers [4]. With
this model, we investigate, by means numerical and analytical
techniques, the influence of the different design parameters on the
laser threshold, mode-locking threshold and pulse properties.
We begin studying the monochromatic compound-cavity modes
(CCMs) and the linear stability analysis (LSA). The lowest off-state
CCM defines the laser threshold. The inversion of the modes
increases when the frequency deviates from the threshold mode,
thus limiting the available optical bandwidth for locking external-
cavity modes. This effect stems from the interferometric regeneration
in vertical cavities where the larger the amplified gain the lower the
optical bandwidth. The available bandwidth can be increased by
reducing the number of pairs of top DBRs, thus supporting shorter
pulses. The mode-locking onset upon increasing the injection level in
the emitter cavity is investigated by following the on-state CCMs,
their linear stability properties, the temporal and spectral dynamics.
Close to threshold the VECSEL operates cw in a stable CCM. When
the current injected into the emitter is increased, we observe that the
output power from the VECSEL undergoes harmonic oscillations
near the repetition rate. Oscillations are associated with the
activation of side modes in the optical spectrum. At this point, LSA
confirms that no on-state CCM is stable, so a multimode solution
must set in. This stage is followed by a rapid onset of multi-
longitudinal mode emission; the optical spectrum develops a
frequency comb. In the time domain, the oscillations gradually
reshape into pulses. We also find incomplete mode locking,
characterized by a slow irregular modulation of the pulse train, for
certain current intervals far from threshold. Predictions from the
linear-stability analysis of CCMs correctly provide the first onset

associated with multimode emission. Results from numerical
simulations indicate, however, that fully-developed mode-locked
pulses appear beyond the multimode onset. For fully-developed
pulses, we obtain durations ranging from 10 to 20 picoseconds at 15
GHz repetition rate, in good agreement with experimental findings
[3]. These pulses are slightly broadened due to self-phase modula-
tion, resulting in a time bandwidth product of ~0.5.
We have numerically investigated the impact of the different design
parameters on the conditions required to achieve fully-developed
mode-locking: spot-area ratio, coupling strength and number of pairs
in the top DBR of the emitter cavity. The main results are summa-
rized next. Mode-locking onset is favored by more tightly focusing
the spatial mode on the absorber facet. In fact, there exists a
minimum spot-area ratio required to find stable mode-locking near
the laser threshold where the fundamental transverse mode
performance is maintained. Integrated devices demand more
stringent conditions since stable mode locking must be obtained at
essentially the same spot areas in both the emitter and the absorber.
In view of these applications, we find that the critical spot-area ratio
can be reduced by tightly coupling the cavities through the standing
wave effect: the ratio of standing wave pattern intensities in both
vertical cavities. The strong mode coupling can be achieved by
reducing the finesse of the emitter cavity or increasing the finesse of
the absorber favoring the mode locking onset. However, different
finesses change the unsaturated gain and absorption levels, so the
gain provided by the emitter has to be redesign in order to maintain
the threshold characteristics and the mean output powers.
In conclusion, we have developed a detailed theoretical description
for passively mode-locked VECSELs. The model retains the details
of all relevant design parameters being suited to analyzing the device
performance. We find that the onset of mode locking depends on the
ratio of saturation energies between the emitter and absorber that
can be controlled by the interplay of three combined effects: i)
contrast in saturation fluences, ii) spot-area ratio, and iii) the standing
wave intensities in the vertical cavities. In order to favor mode
locking, emitter and absorber have to be tightly coupled in order to
saturate the latter in their mutual dynamical interplay.
[1] A. C. Tropper et al., J. Phys. D: Appl. Phys. 37, R75 (2004)
[2] R. Häring  et al., IEEE J. Quantum Electron. 38, 1268-1275 (2002).
[3] K. Jasim et al., Electron. Lett. 40, 34 (2004)
[4] J. Mulet and S. Balle, IEEE J. Quantum Electron 41, 1148-1156
(2005)

6184-48, Session 11
Observation of nonlinear dynamics and chaos in
InGaAsP/InP based integrated semiconductor lasers
M. Yousefi, Y. Barbarin, S. Beri, E. A. Bente, D. Lenstra, M. K. Smit,
Technische Univ. Eindhoven (Netherlands)
In recent years, light-matter interaction has become a prominent
topic of study, both due to its technological applications and also
from a scientific point of view. The semiconductor laser is a key
component in this field and its physics and dynamics as been
intensely studied. Technologically, the emphasis has been on the
study of the underlying physics of the semiconductor lasers in order
to optimize the operation characteristics and mitigate the unwanted
dynamics that the laser acquires when it interacts with the external
world. Scientifically, the dynamics of these lasers have been the
centre of attention [1] and configurations such as semiconductor
laser subject to external optical injection or external optical feedback
have been the key topics of study [2,3]. This is partly because these
configurations show very interesting dynamics, can be modeled with
relatively simple ordinary differential equations and partly because
these configurations can be assembled relatively easily in a lab and
are therefore easily accessible.
Meanwhile, the technical application of light-matter interaction has
evolved and currently semiconductor lasers appear on integrated
circuits (IC) in combination with other active or passive optical
components. Most of these laser couple strongly to other compo-
nents on the IC and the nonlinear dynamics of the integrated
semiconductor have become an issue in its technical application.
Currently, the dynamics of multi-section semiconductor lasers, such
as the DBR-laser, are being investigated, but no such work has been
reported for other types of integrated semiconductor laser. Since the
density of components on future optical ICs is bound to increase, the
integrated semiconductor laser will interact even stronger with its
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neighboring components, which is bound to cause even stronger
nonlinear dynamics on an optical IC.
We have performed an experimental investigation of the dynamics of
an InGaAsP/InP based integrated Colliding Pulse Model Locked
semiconductor Laser (CPMLL) [4]. These lasers were fabricated by
us for 40 GHz passive mode locking operation. The device consists
of a ~2mm long Semiconductor Optical Amplifier (SOA) section with
a Saturable Absorber (SA) placed approximately in the middle. Mode
locking in these devices is easiest to achieve if the SA is exactly in
the middle of the device. For this purpose we fabricated a set of
devices, where the SA is gradually displaced from the middle in
order to achieve at least one symmetric device after cleaving. The
results presented in this work are from the most asymmetric devices
which happened to be the dynamically most active on a ~1 GHz time
scale.
We measured the RF-spectrum of the laser together with time series
of the output power. Thereafter, we construct a phase space for our
dynamics and perform statistical analysis of the time series of the
output power to extract the deterministic content of the laser
dynamics. Using this analysis we reveal a clear transition from a
periodic limit cycle to chaotic dynamics using the pump current as
the bifurcation parameter. The chaotic dynamics is exited through a
periodic sequence as the pump current is altered further.
[1] D.M. Kane, K.A. Shore, “ Unlocking dynamical diversity”, Wiley &
sons, New Jersey, USA (2005).
[2] J. Mørk, B. Tromborg and J. Mark, “Chaos in semiconductor
lasers with optical feedback: Theory and experiments”, IEEE J.
Quantum Electron. Vol-QE-28, pp. 93-108 (1992).
[3] S. Wieczorek, T. B. Simpson, B. Krauskopf, and D. Lenstra,
“Global quantitative predictions of complex laser dynamics, Phys.
Rev. E 65, 045207 (2002).
[4] Y. Barbarin, E.A.J.M. Bente, M.J.R. Heck, Y.S. Oei, R. Nötzel and
M.K. Smit, “Passively Modelocked 20 and 40GHz Bulk InGaAsP
Lasers” Proceeding ECOC 2005 Glasgow Scotland pp.

6184-49, Session 11
Measurement of linewidth enhancement factor of
different semiconductor lasers in operating conditions
G. Giuliani, S. Donati, Univ. degli Studi di Pavia (Italy); W. E. Elsässer,
Technische Univ. Darmstadt (Germany)
The linewidth enhancement factor (alpha-factor), has a great
importance for semiconductor lasers (SLs), as it is one of the main
features that distinguishes the behavior of SLs with respect to other
types of lasers. The alpha-factor influences several fundamental
aspects of SLs, such as linewidth, chirp and dynamics. It is of
interest to determine whether the alpha-factor is to be considered a
property of the active material or, rather, it can be regarded as an
operative parameter of the SL, in particular when it has a complex
structure. Examples of lasers with an effective alpha value different
from the “material” one are reported in the literature [1]. A depen-
dence of the alpha-factor on the emitted power was also predicted
due to non-linear effects [2], but this was never experimentally
demonstrated to date.
We have experimentally measured the alpha-factor of different SL
types (Fabry-Perot, VCSEL, DFB, external cavity) using conventional
methods, and also using a new technique based on operation of the
SL in presence of moderate optical feedback [3]. The latter technique
is based on the Lang-Kobayashi equations, and it allows to measure
the alpha-factor in operating conditions (i.e., well above threshold),
compared to the widely used Hakki-Paoli method where the SL is
operated below threshold.
Scope of the work is twofold. First, we compare results obtained
with different methods for the same device. Second, we study
whether the alpha-factor remains constant when the operating
conditions of the laser are changed.
For the external cavity laser, the alpha-factor is measured to vary
between 2 and 5 for different tuning positions of the external grating,
while the linewidth (which is measured simultaneously) changes
accordingly to the expected dependence of the linewidth on the
alpha-factor. This is an indication that an ECL can be regarded as a
monolithic laser with an alpha factor that varies depending on the
effective position of the external cavity grating.
For Fabry-Perot SLs, the measured alpha-factor is shown to be
constant for devices with good longitudinal mode stability (i.e.

devices exhibiting no or few mode-hops as the injected current is
varied). Measurements on high-power lasers show that the alpha-
factor deos not vary with the emitted power, up to 50 mW. Further
measurements are under way on 150 mW devices, which will be of
help to assess the possibile power dependence of the alpha factor.
Measurements carried out on sinlge-longitudunal mode Fabry-Perot
SLs with poor mode stability (i.e. devices exhibiting frequent mode-
hops as the injected current is varied), reveal that tha alpha-factor
can vary between 5 and 7.5, and these variations are consistent with
the simultaneously measured values for the linewidth. A theoretical
explanation for this effect is still to be found, but a possible interpre-
tation is that additional gain/index dispersion is caused by the pulling
effect of the detuned gain profile.
Single-mode VCSELs are shown to have a constant alpha-factor,
which is a reasonable conclusion as the emitted power is low and
there are no additional causes for gain/index dispersion variations
when the injected current is varied.
In conclusion, application of the newly proposed optical feedback
method for the measurement of the alpha-factor gives intersting
results, as it allows to estimate the alpha-factor in operating
conditions well above threshold for a number of semiconductor
lasers of different type.
[1] K. Vahala, A. Yariv, “Detuned loading in coupled cavity semicon-
ductor lasers-effect on quantum noise and dynamics”, Appl. Phys.
Lett., v. 45, no. 5, pp. 501-503, 1984.
[2] G.P. Agrawal, “Intensity dependence of the linewidth enhance-
ment factor and its implications for semiconductor lasers”, IEEE
Photon. Technol. Lett., vol. 1, no. 8, pp. 212 - 214, 1989
[3] Y. Yu, G. Giuliani, S. Donati, “Measurement of the Linewidth
Enhancement Factor of Semiconductor Lasers Based on the Optical
Feedback Self-Mixing Effect”, IEEE Photon. Technol. Lett., vol. 16, n.
4, pp. 990-992, 2004

6184-50, Session 11
Measurement of the linewidth enhancement factor of
quantum cascade lasers by the self-mixing technique
J. von Staden, T. Gensty, M. Peil, W. E. Elsässer, Technische Univ.
Darmstadt (Germany); G. Giuliani, Univ. degli Studi di Pavia (Italy); C.
Mann, Fraunhofer-Institut für Angewandte Festkörperphysik
(Germany)
Over the last years, quantum cascade lasers (QCL) have become an
important radiation source in the mid-infrared (MIR) and THz
wavelength regime. In contrast to conventional interband diode
lasers, QCLs are unipolar intersubband lasers in which the laser
transition occurs between quantized energy levels within the
conduction band. Hence, the emission properties of QCLs differ in a
fundamental way from that of diode lasers.
One crucial laser parameter determining the emission properties of
semiconductor lasers (SL) is the alpha parameter. It is defined as the
carrier induced variation of real and imaginary parts of the semicon-
ductor material´s susceptibility. It is of great importance for many
applications because it influences linewidth, chirp, and the properties
of SLs in terms of nonlinear dynamics. Up to now, there are only a
few investigations on the alpha parameter of QCLs. One key
question is if the alpha parameter of QCLs differs from that of other
SLs because of its specific bandstructure design.
In this contribution we report on alpha measurements of QCL
applying a quite new experimental technique. This new measurement
method is based on feedback induced changes of the emission
properties of the laser [1]. For the measurement, a small amount of
the emitted light is backreflected into the laser. The reflection occurs
at a target that is periodically moving back and forth, driven by a sine
wavegenerator. The superposition of the backscattered light and the
light in the cavity results in a modulation of the output power. This is
due to the varying phase difference between original and reflected
wave. The characteristic shape of the resulting waveform depends
on the feedback strength and the alpha parameter. By analysis of the
waveform, the alpha parameter can be extracted.
The presented method avoids difficulties of other methods and
allows for estimation of the alpha parameter above threshold. It is a
quite general method that works well for common Fabry-Perot-type
lasers, but also for distributed feedback (DFB) lasers.
The QCL we are investigating is a DFB device, which is optimized for
a wavelength of 5,45µm. The active area has a size of 10x1000 µm,
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consists of 25 gain stages and is based on the GaInAs/AlInAs/InP
material system with uncoated facets [2]. We operate the laser cw at
liquid nitrogene temperature. The threshold amounts to 120mA for
cw-operation at 77K.
Here, we apply the self-mixing method to estimate the alpha
parameter of a DFB-QCL. We will demonstrate that our self-mixing
setup works well for QCLs. First measurements show an alpha
parameter of about 7. In this contribution we will analyze the
influence of the device temperature and injection current on the
alpha parameter. Based on our results we will discuss the substantial
deviation of the measured alpha from the theoretically expected
value of around zero.
[1] Y. Yu, G. Giuliani, S. Donati, “Measurement of the Linewidth
Enhancement Factor of SLs Based on the Optical Feedback Self-
Mixing Effect”, IEEE Photon. Technol. Lett. 16 (4), 1041-1135 (2004)
[2] Ch. Mann, Q.K. Yang, F. Fuchs, W. Bronner, K. Köhler, T. Beyer,
M. Braun, A. Lambrecht, “Single-Mode InP-Based Quantum
Cascade Lasers for Application in Trace-Gas Sensing”, Proc. of SPIE
5365, 173-183 (2004)

6184-51, Session 12
Absorber length optimisation for sub-picosecond pulse
generation in 1.3-um quantum-dot mode-locked laser
diodes
A. R. Rae, M. G. Thompson, C. Marinelli, R. L. Sellin, R. V. Penty, I.
H. White, Univ. of Cambridge (United Kingdom); A. R. Kovsh, S. S.
Mikhrin, D. A. Livshits, I. L. Krestnikov, Nanosemiconductor GmbH
(Germany)
This work focuses on ultra-short pulse generation in quantum dot
mode-locked lasers through optimization of the mode-locked laser
cavity geometry.  Recently there has been a significant amount of
work on mode-locking in quantum dot lasers, with high repetition
rate picosecond pulse generation being readily achieved from these
devices [1-3] and, in some cases sub-picosecond pulse generation
has been reported [4].  To gain insight and to understand better the
pulse-width limitation of quantum-dot mode-locked lasers, the
effects of the absorber length on mode-locking performance are
investigated. We show that, through careful design of the length of
the quantum dot absorber, it is possible to move from pulse
generation in the few picosecond regime to pulse generation in the
sub-picosecond regime.
Saturable absorption is a very common technique used to achieve
passive mode-locking in semiconductor lasers. The low saturation
energy, weak quantum confined stark effect and fast recovery time
of quantum dot saturable absorbers make them particularly well
suited for mode-locking applications [5].  High quality mode-locking
has been demonstrated in QD lasers using a wide range of absorber
lengths, from 100µm - 600µm [6], but to date there has been no
systematic investigation on the effects and optimization of the length
of the QD saturable absorber.  In this investigation we explore mode-
locking at a repetition rate of 20GHz and with absorber lengths
ranging from 130µm to 520µm, demonstrating a significant reduction
in the pulse width and increase in the mode-locking output power.
The quantum dot laser under investigation is grown on a GaAs
substrate using Molecular Beam Epitaxy.  The active material
consists of a five fold stack of InGaAs quantum dots, separated by
thin GaAs spacer layers.  The 6µm wide ridge waveguide laser
structure is fabricated using standard photolithography and an ICP
etch process.  A variable length absorber section is incorporated into
the device as 10 x 65µm individual sections.  This enables the length
of the absorber to be varied from 65µm to 650µm, and has the
advantage that all the measurements are performed on one device,
thus removing any discrepancies between devices.  The absorber
facet is HR coated and the front facet is as-cleaved.  The total length
of the device is 2mm, giving a round trip cavity time of 50ps and a
mode-locking repetition rate of 20.3GHz.  For a fully biased device
the threshold current is 20mA and a maximum CW output power of
16mW was recorded for a drive current of 230mA.  The device is
operated at room temperature.
Optimisation of the absorber length is very important for achieving
stable mode-locking as well as short pulse mode-locking.  Stable
mode-locking is observed for absorber lengths ranging from 130µm
to 520µm, with absorber bias voltages of -1V to -8V and gain section
currents above threshold.  A collinear autocorrelator is used to
characterise the sech2 mode-locked pulses, with the usual 3:1 peak

to background ratio observed for stable mode-locking.  For all
absorber lengths where mode-locking occurs there is an exponen-
tial-like dependence of the pulse width on reverse bias.  Optimum
mode-locking is always found to occur just above threshold, and
through control of the absorber reverse bias it is possible to generate
pulse widths in a range greater than 10ps to less than 1ps.  The
exponential-like decrease in pulse-width with applied reverse bias
can be explained in terms of the exponential dependence of the
absorber lifetime on applied reverse bias [7].
An increase in the absorber length results in a decrease in the mode-
locking pulse width.  A pulse width reduction from 2.68ps to 820fs is
observed for an increase in the absorber length from 130µm to
520µm. There is also an associated increase in the threshold current,
and an observed increase in the optimum mode-locking average
output power from 0.5mW to 2.5mW.  For absorber lengths greater
than 520µm the threshold current increases too much and the device
stops lasing.  Optimum mode-locking is found for an absorber length
of 520µm, a reverse bias of 8V and a drive current of 140mA.  A
sech2 pulse-width of 820fs is measured with a peak output power of
130mW.
The pulse-width reduction associated with the longer absorber
lengths can be explained in terms of the delicate balance between
the pulse broadening mechanism in the gain section and the pulse
shorting mechanism in the absorber section.  Increasing the length of
the absorber effectively increases the amount of saturable absorp-
tion and hence pulse shorting experienced by the pulse.  Due to the
monolithic structure of the laser under investigation, an increase in
the absorber length results in a reduction of the gain section and
hence a reduction of the amount of pulse broadening experienced by
the pulse.  The overall effect results in a pulse width reduction.
In this work we have demonstrated that optimisation of the absorber
length can dramatically reduce the pulse-widths and increase the
output powers achievable from quantum dot semiconductor lasers.
[1] M. Kuntz et al, Applied Physics Letters, vol. 85, pp. 843-845,
2004.
[2] M. G. Thompson et al, IEE Electronics Letters, vol. 39, pp. 1121-
1122, 2003.
[3] M. G. Thompson et al, Electronics Letters, vol. 41, pp. 248-250,
2005.
[4] E. U. Rafailov et al, presented at CLEO, San Francisco, California,
USA, 2004.
[5] M. G. Thompson et al, presented at ICSL, Simane, Japan, 2004.
[6] M. Kuntz et al, New Journal of Physics, vol. 6, pp. art. no.-181,
2004.
[7] J. R. Karin et al, Applied Physics Letters, vol. 64, pp. 676-678,
1994.

6184-52, Session 12
Characterization of an ultrafast uni-traveling-carrier
absorber for monolithically integrated InGaAsP/InP
mode-locked laser diodes
R. Scollo, H. Lohe, F. Robin, D. Erni, E. Gini, W. Vogt, H. Jäckel, ETH
Zürich (Switzerland)
Future high capacity optical time division multiplexed fibre-optic
communication networks will require stable optical pulse sources
producing pulses shorter than 1ps for aggregated transmission rates
over 1Tb/s. Monolithically integrated semiconductor mode-locked
laser diodes (MLLDs) are promising candidates, because of their
intrinsic high repetition rates, their low cost and their usefulness for
clock-recovery and signal regeneration. The material-gain bandwidth
of InGaAsP amplifiers theoretically allows amplification for pulses
shorter than 500fs. However, state-of-the-art MLLDs with repetition
rates below 100GHz have been limited to uncompressed pulse-
widths around 2ps and suffered from pulse instabilities. We have
theoretically demonstrated that the relatively slow absorption
recovery (~10ps) compared to the ultrafast gain transients (~1ps)
gives rise to a second gain window right after the traveling pulse
resulting in satellite pulses. Simulations show the need for a recovery
time of the absorber shorter than 2ps.
As a possible solution the uni-traveling-carrier (UTC) structure [1] has
been proposed as ultrafast absorber for integration in monolithic
MLLDs [2]. The principle of operation is based on the generation of
carriers in a thin p-doped InGaAsP absorbing region. Generated
holes are majority carriers and respond with the dielectric relaxation
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constant (~fs) and only electrons have to diffuse and drift through the
absorbing and collecting regions. For mode-locking the saturation
energy of the absorber must be smaller than the saturation energy of
the amplifier (ESat ~5pJ). The monolithic integration of different
vertical structures for amplifier and absorber is technologically
challenging but also allows for independent design of the saturation
properties.
To measure the response characteristics of the UTC structure,
absorbers with different lengths (15mm-200mm) and different
absorbing materials (lbandgap=1620nm and lbandgap=1560nm)
have been monolithically integrated with 1500mm-long passive
access waveguides. The structures have a 50nm thick p-doped
absorbing InGaAsP layer and a 170nm thick intrinsic InGaAsP
collector drift region (lbandgap=1300nm). The choice of a quaternary
collector region is imposed by mode-matching conditions between
the absorber, amplifier and passive waveguide sections of the MLLD.
It will also decrease potential spikes in the conduction band, which
would slow down the electron flow. The choice of the correct
absorber material composition is fundamental to minimize the
saturation energy and to design the correct absorber length for the
complete laser structure. Additionally, the bandgap of the UTC must
be matched to the emission wavelength of the laser. The absorption
coefficient is expected to increase with decreasing wavelength due
to the higher number of free states for higher energies. An increase in
reverse bias voltage should also increase the absorption coefficient
due to the Franz-Keldish (FKE) electric field dependent band-gap
shift, providing the possibility for active mode-locking by voltage
modulation and for synchronization to an external RF-source.
Pump-probe characterization was performed to determine the
recovery time and the saturation characteristics of the UTC absorber.
The measured transmission decrease with the applied voltage is DT/
DV=7% per volt. When the pump and probe signal are perfectly
overlapped in time the transmission signal is decreased due to two
photon absorption (TPA) in the access passive waveguide. The
signal then increases because of absorption saturation. The
wavelength-dependent ratio between the background transmission
and the maximum transmission therefore depends on the recovery
time of the absorber, on the absorption coefficient, and on the
material saturation energy. Increasing the bias voltage of the
absorber from 0V to 2V reduces the recovery time of the absorber
from \>10ps, the carrier lifetime in quaternary InGaAsP materials for
a 0V bias, to 2ps, the estimated transit time of electrons through the
structure for a -2V bias. The decrease in recovery time increases the
absorber saturation energy. The material saturation energy density
measured by transmission experiments through a 2mm thick
absorbing layer material is found to be ESat=1pJ/mm2. It is shown
that for the wavelengths of interest it only slightly increases for
decreasing wavelengths. The saturation energy for a 100mm long
UTC absorber can therefore be calculated to be in the order of 2pJ
for the required wavelength of 1550nm and the 2ps recovery time.
Measurements of the saturation energy will be presented for different
wavelengths and different lengths of the UTC. The wavelength
dependence of the transmission change is analyzed for a 100mm
long UTC with 1620nm bandgap for a constant pulse energy of 250fJ
and a constant reverse bias voltage of 0V,1V and 2V. An optimum in
the transmission change is found around 1580nm where the best
compromise between unsaturated absorption coefficient and
absorber length is reached. In an actual laser design a transmission
change of less than 20% is required leading to a saturation energy
smaller than 250fJ. For MLLD integration with a 100mm UTC
absorber there is therefore an optimum operation wavelength around
40nm blue shifted from the band-gap, where the best compromise
between smallest saturation energy of the absorber and the required
absorption change is reached.
In conclusion we have characterized a fast saturable absorber
designed for integration in MLLDs [3], based on the UTC-concept,
showing a voltage dependent saturation recovery time of 2ps
(compared to ~10ps for reverse biased bulk SOA structures)
demonstrating the importance of an optimum absorption bandgap -
absorber length ratio. For a 100mm UTC absorber a 40nm red-shift
of the absorber band-gap compared to laser emission  is needed for
optimum MLLD performance.
[1] T.Ishibashi, T.Furuta, H.Fushimi and H.Ito, “Photoresponse
Characteristics of Uni-Traveling-Carrier Photodiodes,” Conference
Proceedings of SPIE Vol.4283, p.469-479, 2001.
[2] R.Scollo, H.J.Lohe, F.Robin, D.Erni, W.Vogt, E.Gini, H.Jäckel,
“Design and Measurement of an Ultrafast Absorber for Monolithically

Integrated InGaAsP/InP Mode-Locked Laser Diodes,” Proceedings
of the IEEE/LEOS, NUSOD 2004.
[3] H.J.Lohe, R.Scollo, J.F.Holzman, F.Robin, D.Erni, W.Vogt, E.Gini,
H.Jäckel, “Comparison of Monolithically Integrated Mode-Locked
Laser Diodes with Uni-Traveling Carrier and Multi-quantum Well
Saturable Absorbers,” LEOS 2005.

6184-53, Session 12
Study of monolithic integrated Bragg gratings in
InGaAsP/InP materials as chirped mode-locked pulse
compressors
D. Gallego, H. Lamela, G. Carpintero, Univ. Carlos III de Madrid
(Spain)
Pulses without chirp are important in high-bit-rate communications
systems. Fourier-transform limited pulse is needed to reduce pulse
broadening in fiber propagation. But it is also important in non-linear
systems to decrease the fraction of the pulse energy which is not
soliton-like and disperses away, thus creating a noise background.
Pulses generated from mode-locked semiconductor lasers contain
chirp due to complicated mechanisms. Numerical investigations of
mode-locked semiconductor lasers including chirp have been
reported [1]. The chirp within a monolithic mode-locked laser results
from the change in refractive index associated with a change in
carrier density and hence a change in material gain. This is com-
monly modelled by linewidth enhancement factor and modulation
speed.
It has been demonstrated that in a mode-locked DBR laser the
chirped grating can compensate most of the chirp [2]. However,
mode-locked lasers with a Fabry-Perot structure show much more
chirp [3]. Typically, in optimum performance for monolithic mode-
locked lasers operating at 1.5 µm wavelength, the time bandwidth
product is near the limit for lasers with DBR and between 1.0 and 4.0
for Fabry-Perot structures.
Pulses generated by 40GHz-diode lasers can not achieve the
required quality and external elements are commonly used to shape
the pulses from the source to the transmission line requirements.
External compression devices based on chirp compensation present
high compression rates. On the other hand, these devices require
considerable lengths to achieve optimum compressions rates,
unsuitable for integration. An example is the Dispersion Compensat-
ing Fibers (DCFs) where a pulse has to be propagated through
several meters to obtain the required compensation.
The aim of this paper is to present a complete study of a
monolithically integrated on a multilayer InGaAsP/ InP material
mode-locked laser chirp compensator in transmission based on a
Bragg grating [4]. The main advantage is that this solution can
provide integrated compressors, with large GVD and lengths in the
range of the millimetre. A grating on InGaAsP/InP material typically
has an effective index of 3.2 and is possible to achieve GVDs of
±106 ps2/km. In uniform Bragg gratings, as the detuning approxi-
mates to the optical bandgap edge, the GVD increases. But it is
needed to design carefully the characteristics of the grating because
the small bandwidths of the high dispersion regions limit the chirp
compensation. The performance can be improved by apodization.
So it is also analyzed the influence of different type apodizated
Bragg grating in the pulse compression. As the design is limited by
the fabrication techniques, it is also present a parametric tolerance
study of the design from manufacture point of view
The obtained results will be one of the bases for the design of a
compact high quality ultrashort pulse diode laser at 40GHz repetition
rates, which is under investigation within the scope of the EU funded
project MONOPLA [5].
REFERENCES:
1. M. Schell, M. Tsuchiya, and T. Kamiya, “Chirp and stability of
Mode-locked semiconductor Lasers”, IEEE J. Quantum Electron. Vol.
32 Nº7 July 1996.
2. K. Sato, A. Hirano and H. Ishii, “Chirp-Compensated 40-GHz
mode-locked lasers integrated with Electroabsortion Modulators and
Chirped Gratings”, IEEE J. selected topics in Quantum Electron. Vol.
5  Nº 3 May/June 1999, pp.590-595.
3. K.A. Williams, M.G. Thomson and I.H. White, “Long-wavelength
monolithic mode-locked diode lasers”, New Journal of Physics, Nº6,
Art. No. 179, 2004
4. N.M Litchinitser, B.J Eggleton and D.B. Patterson, “Fiber Bragg
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Gartings for Dispersion Compensation in transmision : Theoretycal
model and design criteria for nearly ideal pulse recompression” . J.
LightwaveTech. Vol 15, No.8. August 1997.
5.MONOPLA IST project http://gdo.uc3m.es/monopla

6184-54, Session 12
Integrable directional couplers pulse compressors in
mode-locking laser devices
M. Lopez Garcia, H. Lamela, G. Carpintero, Univ. Carlos III de
Madrid (Spain)
Pulse compression represents one of the most important  issues in
optoelectronics. However, most of the compressors do not allow
both integration and  high compression ratios . Directional couplers
have showed  optimum characteristics to obtain  compression based
on chirp compensation with short structures that allow integration.
Up to now,  the proposed [1]  and characterized [2] compressors
using  directional couplers have been vertical coupling configurations
. However, in previous  work  [3] we have shown that lateral coupling
allow higher compression ratios in shorter distance  with  more
useful configurations suitables for  integration  using InGaAsP
materials.
Given that lateral coupled structures represents a more powerful
integrable pulse compressor  we present here  an exhaustive  study
of the main parameters which allow fabrication  to obtain high
compression ratios in short propagations distances with a device
based in InGaAsP materials .
As for vertical devices, coupling mode theory [4]  has been used
assuming the representation of total field in the structure as a
combination of two supermodes which Group Velocity Dispersion
(GVD) playing the  main role in maximize the  total compression. This
GVD parameter   depends on  coupling coefficient (κ) between the
guides. Furthermore,  a deep study of  individual modes confinement
and  coupling between them have been developed using Effective
Index Method   obtaining  variation of maximum compression ratios
with distance between guides.
We have demonstrated in previous work that some  problems of
tolerance to wavelength variations   in vertical and lateral coupling
[3,4] could appear by showing that  the higher the waveguide
separations the shorter  the tolerance. In this  work we  will carry out
a complete study of the tolerance of this integrated devices for
maintaining short lengths  of the device. Besides this the polarization
of individual modes will be  taken into account in order to obtain
more accurate  results .
On the other hand  as a new feature, a mode converter will be
designed to obtain coupling of  the appropriate supermode in the
structure of the compressor. This consists in a detuned directional
coupler  whose output agree in phase and amplitude with that of the
required supermode to obtain chirp compensation [1].  Two
converters are needed  as an  input and output of the compressor.
This will increase the length of the total device which can arise in
device lengths of  several milimeters.
The complete  design have to be integrable with structures of
monolithical mode-locking diode lasers based in IngGaAsP/InP.  So,
we will study in this work these structures with ribbed guides as they
will be fabricated in the  IST MONOPLA  project  [5].
[1] U.Peschel,T.Peschel and F.Lederer, “A compact device for highly
efficient dispersion compensation in fiber transmission “. Appl.Phys.
Lett. 67 (15), 9 October 1995.
[1] Yong  Lee, “A semiconductor Coupled-Waveguide Structure as  a
Dispersion compensator” , Appl.Phys. Vol 39 (2000) pp.1140.1145,
Part1, No.3A, March 2000.
[3] Martin Lopez, Horacio Lamela and Guillermo Carpintero, “Study
of monolithic integrable directional coupler structures as pulse
compressors in InGaAsP”.  SPIE International Congress in Optics
and Optoelectronics. 28 August-2 September 2005. Univ. Of
Technology, Warsow, Poland.
[4] Horacio Lamela, Martin Lopez, Daniel Gallego and Guillermo
Carpintero.”Design of chirped pulse compressors for monolithic
integration in InGaAsP/InP materials”. LAT 2005 International
Conference on Lasers, Applications, and Technologies.  St.
Petersburg, Russia , May 11-15, 2005.
[5]  http://gdo.uc3m.es/monopla/

6184-56, Poster Session
Facet phase effects on the coherence collapse threshold
of distributed-feedback semiconductor lasers
F. Grillot, Institut National des Sciences Appliquées de Rennes (USA)
The extension of today’s optical networks to the home requires the
development of extremely low-cost laser sources [1]. While wafer
fabrication techniques allows massive production, packaging
remains a cost bottleneck, as it is not supported by parallel process-
ing. Cost reduction must therefore be based on packaging simplifi-
cation, such as flip-chip bonding and direct coupling of the laser to
the fibre [2]. However, in order to realize an optical module without
optical isolator, the conception of feedback resistant lasers continue
to remain a challenge. Actually, it is well known that the perfor-
mances of a semiconductor laser operating under external optical
feedback are strongly altered. Five distinct regimes based on
spectral observation have been reported for 1.55 µm semiconductor
distributed feedback lasers (DFB) [3]. A full theoretical analysis
reporting the effects of external optical feedback on the threshold
gain and on spectral linewidth of DFB lasers has also been published
[4]. More particularly, it has been shown that for a certain level of
feedback the laser tends to become unstable and starts operating
within the so-called coherence collapse regime [5]. This particular
state depends neither on the external cavity length nor the feedback
phase. The coherence collapse is a common name given to describe
the complicated irregular dynamics that occurs when the laser is
operating above and not too close to threshold. A lot of papers
describe the coherence collapse regime as coexisting chaotic
attractors [6] whereas others explain it as an importance source of
noise [7][8]. When the laser operates under the coherence collapse
regime, a drastic reduction of the coherence length is observed
altering the dynamic performances. In the important case of optical
transmission, the coherence collapse leads to a strong degradation
of the Bit Error Rate (BER) when the laser is used as a transmitter, as
theoretically [9] and experimentally [10] demonstrated. Thus, the
prediction of the coherence collapse threshold is an important
feature for all applications requiring either a low noise level or a
proper control of the laser coherence. In order to predict the onset of
the coherence collapse, an analytical expression based on a weak
coherent feedback hypothesis has been introduced for Fabry-Perot
lasers [11] and has also been extended to the case of more
complicated structures such as DFB lasers [12].
When an antireflection coating is used on both facets, DFB lasers
which have a uniform grating emit on two longitudinal modes which
are symmetrically located with respect to the Bragg wavelength.
These two longitudinal modes have the same losses and allow to
define the stopband of the laser. In order to obtain a single-mode
laser which is determinant for long-haul transmissions, a high
reflection coating HR (an antireflection coating AR respectively) is
applied on the rear facet (on the front facet respectively) to break
down the longitudinal symmetry. Due to the high reflection coating,
interference effects between the grating and the facets make the
lasing properties highly dependent on cleavage plane variations as
small as a part of a wavelength. Thus, a wide range of spectral
behaviour can usually be observed on a wafer. As a result, semicon-
ductor DFB lasers may emit either at the Bragg wavelength which is
linked to the grating period or at another wavelength located within
the laser stopband. To take into account such a random phenomena,
the Bragg detuning is introduced as the difference between the
emission wavevector of the laser and the bragg  wavevector.
Following [11], the coherence collapse threshold of DFB lasers
having an antireflection (AR) coating on the emitted facet and a high
reflection (HR) coating on the rear facet has been calculated and
compared to experimental results [12]. It was both theoretically and
experimentally shown that due to the HR-facet, the feedback
sensitivity as well as the coherence collapse threshold exhibit a facet
phase dependence through a parabolic distribution. The large
dispersion among the critical levels observed for a given set of DFB
lasers is a function of the bragg detuning and leads to a wide range
of behaviour under external optical feedback which is detrimental to
most applications. It is however important to stress that up to now a
perfect antireflection coating namely equal to zero has been
assumed in those simulations.
The goal of this paper is to investigate the case of a real antireflec-
tion coating. Indeed, an antireflection coating equal to zero does not
correspond to an usual situation since it is typically in the range of
10-4. As a consequence, calculations of the coherence collapse
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threshold have been conducted assuming AR/HR DFB lasers with an
antireflection coating ranging from 10-5 to 10-2. The rear reflectivity
is still kept to 95%. Under such a situation, phase effects do not
occur only on the rear facets but also on the front facet. On one
hand, simulations show that the parabolic distribution due to the HR
reflectivity and previously demonstrated in [12] is still predicted
showing a coherence collapse threshold which stays a function of
the bragg detuning. On the other hand, those numerical results show
that phase effects induce on the front facet add a new dispersion in
the previous distribution. For instance, let us assume a laser with a
given Bragg detuning whose coherence collapse threshold is set by
the first distribution. Thus, due to the AR reflectivity which is not
equal to zero, a new variation describing an ellipse arises around the
coherence collapse threshold (when the phase of the residual
reflectivity ranges from 0 to 2 * ). It is however important to stress
that even if this effect appears as strongly dependent on the
accuracy of the antireflection coating it stays less important than
those induce by the HR facet. As a result, all along the parabolic
distribution, several ellipses arise. Amplitude of each ellipse
enhances both with the bragg detuning but also with the antireflec-
tion value. In the case of 1.55 µm DFB lasers, it is shown that the HR
facet induces a first variation on the critical feedback level up to 15
dB whereas phase effects due to the AR facet generate a dispersion
at most equal to 10 dB in the worst situation. In all cases simulations
show that the better the antireflection coating is, the less the
amplitude of the ellipse is which is determinant to improve the quality
of optical transmissions.
As a conclusion, these simulations investigate the effects of facet
phases on the coherence collapse threshold of AR/HR DFB lasers.
Instead of assuming only facet phases on the rear facet, comple-
mentary facet phases arising on the front facet and due to a residual
reflectivity have also been taken into account. It has been shown that
these facet phase effects strengthen much more the dispersion of
the coherence collapse thresholds. Those numerical calculations go
deep into details and can be a strong input for telecommunications
applications because they clearly show that a high degree of
accuracy on the antireflection coating is required to avoid new facet
phase effects.
[1] R.W. Tkach, A.R. Chraplyvy, “Regimes of feedback effects in 1.5
µm distributed feedback lasers”,  Journal of Lightwave technology ,
Vol. LT-4,  pp. 1655-1661, 1986.
[2] D. Lensra, B. H. Verbeek and A.J. Den Boef “Coherence collapse
in single-mode semiconductor lasers due to optical feedback.”, IEEE
Journal of Quantum Electronics, Vol. QE-21,  pp. 674-679, 1985.
[3] B. Thedrez, O. Gauthier-Lafaye, F. Grillot, V. Voiriot, J.-L.
Lafragette, J. L. Gentner, B. Fernier, J. Py, L. Sylvestre “1.3µm
tapered DFB lasers for isolator-free 2.5 Gbit/s all-optical networks”,
in Proc. OFC’01, WC4, 2001.
[4] F.Favre, “Theoretical analysis of external optical feedback on DFB
semiconductor laser”, IEEE J. Quantum Electron.,  Vol. QE-23,  pp.
81-88, 1987.
[5] D. Lenstra, B. H. Verbeek and A.J. Den Boef, “Coherence
collapse in single-mode semiconductor lasers due to optical
feedback.” IEEE J. Quantum Electron., Vol. QE-21,  pp. 674-679,
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[6] J. Mork, B. Tromborg and J. Mark, “Chaos in semiconductor
lasers with optical feedback : theory and experiment”, IEEE J.
Quantum Electron. , Vol. QE-28, 11, pp. 93-108, 1992.
[7] J. Mork, B. Tromborg and P. L. Christiansen, “Bistability and low-
frequency fluctuations in semiconductor lasers with optical feed-
back: a theoretical analysis”,  IEEE J. Quantum Electron. Vol. 24,  2
pp. 123-133, 1988.
[8] B. Tromborg and J. Mork, “Non-linear injection locking dynamics
and the onset of coherence collapse in external cavity lasers”, IEEE
J. Quantum Electron., Vol. 26, 4, pp. 642-654, 1990.
[9] R.B. Clarke, “The effect of reflections on the system perfor-
mances of intensity modulated laser diodes”, J. Lightwave Technol. ,
Vol. 9,  pp. 741-749, 1991.
[10] F. Grillot, , B. Thedrez, F. Mallecot, Ch. Chaumont, S. Hubert,
M.F. Martineau,  A. Pinquier and L. Roux, “2.5 Gbit/s transmission
characteristics of 1.3µm DFB lasers with external optical feedback”,
IEEE Photon.  Technol. Lett, Vol. 14,  pp. 101-103, 2002.
[11] J.Helms and K. Petermann, “A simple analytic expression for the
stable operation range of laser diodes with optical feedback”, IEEE J.
Quantum Electron., Vol. 26,  pp. 833-836, 1990.

[12] F. Grillot, B. Thedrez, O.Gauthier-Lafaye , M.F. Martineau,
V.Voiriot, J.L. Lafragette, J.L. Gentner and L. Silvestre, “Coherence
collapse threshold of 1.3µm semiconductor DFB lasers”,  IEEE
Photon.  Technol. Lett., Vol. 15, 1,  pp.  9 -11, 2003.

6184-57, Poster Session
Enhancement of electron capture efficiency in MQW
structures
I. M. Safonov, M. V. Klymenko, National Univ. of Radio Electronics
(Ukraine); I. A. Sukhoivanov, National Univ. of Radio Electronics
(Ukraine) and Univ. Guanajuato/Dept de Electronica/FIMEE (Mexico)
Semiconductor lasers with a direct modulation are widely used. Rate
properties in contrast to lasers with a dc-pumping are very important
for such lasers in respect to use them in optical communications. To
obtain the highest rates in MQW laser, it is necessary to provide
effective transport of charge carriers. One of key processes is a
capture of charges from the confinement area or from continuum
area into quantum wells (QWs) [1, 2]. This work is dedicated to
enhancement of this process efficiency. In this work we considered
two types of capture processes. The first one is a capture of carriers
bounded in a reservoir (formed by separate confinement layers) [3]
into QWs, the second one is a capture of free carriers into QWs.
Effective mass of holes is larger than effective mass of electrons;
therefore, the rate of holes capture is larger. Consequently, it is
possible to suppose, that response of the device is determined by a
slower electron capture process.
As it is well known, increasing of the interaction of quantum states
can be realized by the overlap integral increasing. Besides, the
capture efficiency depends on the electron-phonon interaction. In
this work, we proposed and realized method for enhancement of
electron capture efficiency. The possibility for increasing the capture
efficiency for an order of magnitude is shown. As a result of the
proposed method the capture-optimized QW structure is proposed.
In general, spatial electrons’ distribution in MQW structures is non-
uniform for both bound and quasi-bound electron states [4] and at
the same time wave functions of initial and final states in capture
process do not correlate [5]. For the enhancement of the capture
efficiency it is necessary to change wave functions’ localization. The
variation of in-QW states implies changing of QW-area, which leads
to changing of in-QW states and gain spectrum. Therefore, for the
enhancement it is necessary to change initial states by modifying of
the area adjacent to QWs.
As an example, we considered symmetrical 2QW-SCH with 5 nm-
width QWs. Considered structure based on InGaAsP material with
different ratios of components for different layers. The presence of
two equal interacting QWs leads to the formation of two highly
interacting levels and makes this structure very sensitive to modifica-
tions. We shown that even for such a structure it can be realized
modifications which greatly increase the capture efficiency without
in-QW levels’ position changing.
To obtain an optimal structure in respect to the largest capture
efficiency, it is necessary to solve a complicated multiparameter
task. In general case, the solution gives gradient profile which is not
useful for realization. But the structure modification can be made
easier. We proposed the simple method based on general regulari-
ties of QW structrures’ eigen-states behavior at quantum potential
profile variation. Inclusion of an additional QW into separate
confinement area (SCA) leads to lowering of quantum levels in all
structure and localizes wave functions of lowest levels in SCA over
the well. And on the contrary, inclusion of a barrier leads to the
increase of eigen-states energy and the decrease of density of the
electron finding probability near the barrier. The use of the barrier-
well combination allows to keep levels position as well as change
carriers’ localization.
Symmetrical solutions keep parity of capture efficiencies for different
wells of the structure. Besides, these symmetrical structures are
easier to analyze. This fact takes place due to more uniform
distribution of the total charge (including holes); therefore, it is not
necessary to take into consideration the electrical field inducted by
nonuniform carriers distribution.
The stated problem has been solved by embedding of three pairs of
barrier and two pairs of well layers into confinement layers. By the
iterative varying of geometrical parameters of embedded barriers
and wells solution was obtained. As a result intersubband coupling
coefficients for in-QW levels and four lowest states in the reservoir
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were increased more than an order of magnitude. Highest levels in
the reservoir were changed insignificantly. The modification of the
structure was realized in the way to conserve the position of in-QW
levels.
Above we considered the problem of the carriers capture from the
reservoir to the QWs. In reservoir carriers are bounded. In the same
manner the structure without confinement area was investigated.
This problem is model of process of free carriers capture. In the case
the capture from continuum the intersubband coupling coefficient
can not be defined. As a parameter to be optimized we considered
the spectrum of overlap integral of in-QW wave function and spatial
distribution of amplitudes of running waves that are the free carriers’
wave functions. It has been shown that embedding of additional
layers can be used for optimizing of the free carriers’ capture.
References
1. W. Rideout, W.F. Sharfin, E.S. Koteles, M.O. Vassell, and B. Elman
“Well-barrier hole burning in quantum well lasers,” IEEE Phot. Tech.
Lett., V.3, No. 9, pp. 784-786
2. L. Davis, Y.L. Lam, Y.C. Chen, J. Singh, and P.K. Bhattacharya
“Carrier capture and relaxation in narrow quantum wells,” IEEE J.
Quantum Electron., V.30, No. 11, pp. 2560-2564
3. I.M.Safonov, O.V. Shulika, I.A. Sukhoivanov “Comprehensive
modification of AMQW-SCH for the efficient electrons capture,”
Proc. of LFNM’2005, Yalta, Crimea, Ukraine, pp. 16-22
4. E. Anemogiannis, E. N. Glytsis, and T. K. Gaylord “Quasi-bound
states determination using a perturbed wavenumbers method in a
large quantum box,” IEEE J. of Quantum Electron., V. 33, No. 5, pp.
742-752.
5. B. Deveaud et al. “Ultrafast relaxation of photoexcited carriers in
quantum wells and superlattices,” Semicond. Sci. Technol., Vol. 9
(1994), pp. 722-726

6184-58, Poster Session
Surface-state charge fluctuations on the carrier
dynamics in InGaN/GaN blue light-emitting diodes with
multiquantum barriers
T. Nee, P. Lin, C. Shen, J. Wang, R. Lin, Chang Gung Univ. (Taiwan)
InGaN/GaN multiple quantum wells (MQWs) are being successfully
used as the active region of GaN-based blue and green light emitting
diodes (LEDs) and laser diodes (LDs). In spite of this striking
advanced technology, the emission process is affected by several
peculiarities of this materials system and is still under debate. In this
article, we investigate the anomalous temperature characteristics of
InGaN/GaN MQW blue LEDs, with multiquantum barriers (MQBs) and
GaN barriers, in depth via an examination of the luminescence
intensity and carrier transport temperature evolution. The experimen-
tal evidences for electrical properties of two diodes exhibited the
ideality factor extremely departure from unity, and the anomalies
were characterized by pseudo-temperature To and carrier tunneling
behavior. With respect to conventional GaN barrier devices, devices
with MQBs inherently exhibit a small pseudo-temperature To with a
small characteristic energy and charge population of the multilayer
interface, over a variety of temperature and voltage ranges. Due to
the less interface state distribution and the more effective density of
state (DOS), the excitons formed in the MQB sample augment the
spectral radiations at the temperature higher than 180 K. Further-
more, the carrier tunneling processes via the extent of the charge
population consequently cause anomaly more To and further
characteristic energy, result in the abnormal deterioration of the EL
intensities with small DOS for these two LEDs below 180 K. These
results also demonstrate that an introduction of well-designed
barriers within a heterojunction configuration can be used to perform
device improvements by governing the coupling of dynamical
transports to spontaneous emissions. All observed correlations
suggest that the carrier transport process is essentially responsible
for the improvement of the luminescence characteristic. Accordingly,
the MQW with the well-designed MQB structures not only exhibited
the thermal-insensitive luminescence, but also inhibited the energetic
carrier overflow.

6184-59, Poster Session
Generation of linearly chirped signal utilizing the
instability region of an optically injected semiconductor
laser
F. Lin, J. Chen, National Tsing Hua Univ. (Taiwan)
We numerically study a novel scheme of generating linearly chirped
signal utilizing the nonlinear dynamics of an optically injected
semiconductor laser. With proper adjustment, the optically injected
semiconductor laser can be operated in an instable region where the
output of the laser exhibits periodic oscillation. The oscillation
frequency of the injected laser can be controlled by simply varying
the strength of the injection light. By sweeping the injection strength
in time, desired chirped signal with very high linearity can readily be
obtained. Without modulating the frequency of the laser through
either direct modulation or external modulation, expensive high-
speed modulation devices are no longer necessary in this system. To
suppress the amplitude modulation, a cascaded scheme is further
considered that the chirp light generated from the second laser is
further injected into a third laser. By tuning the third laser to an
injection-locked state, the third laser reproduces the chirp signal
injected but with an amplitude modulation greatly suppressed. In this
paper, chirp bandwidths, chirp rates, and linearities of the chirp
signals generated are studied. A chirp rate of 47.65~GHz/$\mu$s is
obtained, while the bandwidth of the chirp signal exceeds 11~GHz.
The relation between amplitude suppression and chirp rate is also
presented. Moreover, the dependence of peak-to-peak intensity
modulation suppression on the injection strength is investigated as
well.

6184-62, Poster Session
Theoretical analysis of gain-coupled double-phase-shift-
controlled distributed feedback laser diode functioning
as tunable optical filter
K. Y. Lim, A. L. Lock Yen, Y. Yik Seng, C. Su Fong, L. Lian Hong,
Multimedia Univ. (Malaysia)
In this paper, we have proposed and analyzed an active wavelength
tunable grating-embedded optical filter using a novel gain-coupled
double-phase-shift-controlled distributed feedback (GC DPSC DFB)
laser diode. We have used the transfer matrix method (TMM) to solve
the coupled wave equations of the laser diode in order to study its
characteristic performance as a tunable optical filter. An advantage
of gain-coupled structures is that they do not suffer from severe
longitudinal spatial hole burning (SHB) that occurs in index-coupled
quarter-wavelength-shifted DFB filters with high-coupling. This SHB
affects the refractive index along the diode and could cause
multimoded behaviour for high input signal power.  A parameter
known as flatness (F) is used to quantify the uniformity of the field
distribution, and F should be less than 0.05 to minimize the effects of
SHB. We have investigated and optimized various filter parameters
such as wavelength tuning range, side mode suppression ratio
(SMSR), channel gain deviation, as well as the flatness obtained
throughout the entire tuning range. Our results showed that the GC
DPSC DFB filter is able to achieve a wide wavelength tuning range of
more than 31 Å, with a SMSR of better than 24.9dB while maintain-
ing a nearly constant bandwidth and a flatness of less than 0.05.

6184-63, Poster Session
Transverse mode selection and dynamic behavior of
vertical-cavity surface-emitting lasers subject to optical
injection
A. A. Valle, B. Casal, Univ. de Cantabria (Spain)
Injection locking of vertical-cavity surface-emitting lasers (VCSELs)
has been attracting interest  not only from the viewpoint of physical
phenomena but also for practical applications such as high-speed
optical processing. VCSELs tend to lase in multiple transverse
modes when increasing the injected current due to Spatial Hole
Burning effects. In this work we perform a numerical study of the
behavior of a multitransverse mode VCSEL subject to external
optical injection. We consider a model for a cylindrical weakly-index
guided VCSEL that incorporates the spatial dependence of carrier
and optical field profiles. Our interest is twofold: on one hand we
study the selection of a given transverse mode induced  by the
injection, and on the other hand we explore different nonlinear
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dynamics that can be induced by that external signal.
Low values of the current generate a VCSEL emission in two
transverse modes, the fundamental, LP01, and the higher order
mode, LP11.  Light is injected with a polarization that is parallel to
the LP01 polarization and with a frequency near the frequency of that
mode. Selection of the fundamental mode is achieved with low
power injection (between -10 and -20 dB) over a 10 GHz detuning
range. The results we obtain when the polarization of both transverse
modes are parallel are very similar to results obtained when both
polarizations are orthogonal. Transverse mode selection process can
be explained in terms of the decrease of the threshold gain of the
fundamental mode induced by the external optical injection.
Interesting nonlinear dynamics have been found out of the stable
locking regime. We have found a  regime in which both transverse
modes evolve in a chaotic way for a small positive detuning (2.4
GHz) and small injection power (from -29.7 dB to -22.3 dB). The way
in which that chaotic behaviour is approached will be analysed in
terms of the corresponding bifurcation diagrams.
Higher values of the current produce a VCSEL emission in four
transverse modes (LP01, LP11, LP02 and LP21). We consider two
cases depending on the polarization of higher order modes. In the
first (second) case all the higher order transverse modes have the
same linear (orthogonal) polarization than the fundamental mode.
Light is injected with a polarization that is parallel to the fundamental
mode polarization. Selection of the fundamental transverse mode is
obtained in the case of higher order transverse modes with orthogo-
nal polarization to the LP01 mode. Injection power needed to get
LP01 modal selection is much larger than in the two mode case due
to increased modal competence. If the injected light is coupled to all
transverse modes, no selection of the LP01 mode is achieved  for
those large injection powers because threshold gains of higher order
modes are also significatively affected by the injection in such a way
that their complete suppression is made more difficult. Dynamic
behaviour is different to the one found with two transverse modes.
We have performed similar sweepings of injection power and
detuning parameters without finding chaotic behaviour.

6184-64, Poster Session
DFB laser dynamics and noise characterization by high-
resolution and high-dynamic range measurements of its
CW optical spectrum
A. Villafranca, J. A. Lazaro, J. Lasobras, I. Garces, Univ. de Zaragoza
(Spain)
We present results on the characterization of the main parameters of
DFB lasers for its use in direct modulation: chirp parameter,
linewidth, relaxation frequency and RIN, obtained from measure-
ments of the emitted optical spectrum in carrier wave operation
mode using a high resolution (10 MHz) and high dynamic range (80
dB) optical spectrum analyzer.
Many of the main static and dynamic parameters of DFB lasers can
be obtained from the analysis of the optical spectrum of the output
light when emitting in CW operation mode, thought such analysis
requires high resolution and dynamic range and high signal to noise
ratio. Recent development of High resolution OSA allows a deeper
characterization of the DFB main properties for its applications in
optical communication systems by analysing the DFB laser’s CW
emitted spectrum.
Commonly it is assumed that intensity noise cannot be measured in
the optical domain, due to the resolution requirements for an optical
spectrum analyzer and the lack of dynamic range or limiting Free
Spectral Range when using interferometric techniques. Measure-
ments in the electrical domain require complex set ups and very
precise control of the detection system and calibration of the thermal
and shot noise.
The improvement in the resolution that OSAs have experienced
lately, allows good quality measurements of the optical spectrum,
where all these effects are measurable, making possible to perform a
very complete characterization of DFB lasers with no additional
equipment and in only one set of measurements.
We show both phase and intensity noise contribution to the emitted
spectrum of CW operated DFB lasers as well as the presence of
remaining spontaneous emission around the lasing mode. Param-
eters that describe the laser dynamics, such as chirp parameter and
relaxation frequency are calculated from the noise behaviour
measured by high resolution optical spectroscopy in continuous

operation varying only the bias level. Phase noise behaviour gives us
the chirp parameter, while from intensity noise RIN values and
relaxation frequency are obtained.
Results obtained from the characterization of commercial grade
available DFB lasers with this method, present typical parameter
values, but are also checked with well-know, but more resource
demanding, methods involving modulation and optical to electrical
conversion.

6184-65, Poster Session
Comparisons between quantum well laser and VCSELs
based on the InGaAs-InAlGaAs and InGaAs/InGaAsP
R. Houaria, Univ. des Sciences et de la Technologie d’Oran (Algeria)
There has been a great deal of interest in semiconductor optoelec-
tronic devices, mainly for large- capacity optical communication
system. Quantum well laser draw considerable attention because of
their superior characteristics such as low threshold current, narrow
gain spectrum and less temperature dependence, as compared with
those of conventional semiconductor lasers [1]. A vertical cavity
surface emitting laser (VCSEL) is a specialized laser diode that
promises to revolutionize fiber optic communications by improving
efficiency and increasing data speed. The successful design of long-
wavelength VCSELs requires particular consideration of thermal
aspects, such as heat generation as well as heat conduction.
The measurement of gain spectra is an important material character-
ization tool for the development of semiconductor lasers, semicon-
ductor optical amplifiers, and other waveguide devices [2,3].
We purpose in this article the study the gain in a quantum well laser
based on the InGaAs-InAlGaAs and InGaAs/InGaAsP [4, 5] semicon-
ductors for various values of carrier’s densities. Our study is based
on the parabolic model with the intrabande relaxation taking into
account [6,7] and we compare between QW and VCSEL’s
carateristiques.
We see that for a small well width for a small well width, the gain is
small in the region of low injection and became important if the
injected carrier density increase. And that the spectrum is not fixed
at the wavelengths determined by the quantized levels, but are
shifting toward shorter wavelength. Second, the gain spectra around
the peaks broaden due to the intraband relaxation.

6184-66, Poster Session
High-efficiency high-power diode laser beam shaping
and focusing with constant optical-path length
equalization
S. Bonora, P. Villoresi, Univ. degli Studi di Padova (Italy) and Istituto
Nazionale per la Fisica della Materia (Italy)
In this work we have investigated a novel optical design for beam
shaping and the focalization of high-power diode laser bar. The goals
of our study are the increase the optical throughput of the beam
shaping device with respect to standard solutions and either to
enhance the irradiance on a target or to inject the laser beam into a
smaller fibre than with respect to beam shaping system based on
plane surfaces.
The high power diode laser bars pose serious difficulties in their
optical handling due to their strong difference between the two
transverse axis, which induces a strong astigmatic and asymmetric
output radiation. More in detail, the beam quality is very different in
the two axes called slow axis and fast axis. In particular the slow axis
is composed by the several multimodal sources superimposed. The
beam quality in this axis is very low (its etendue is very high 2 mm
rad). On the other hand the fast axis has a very high beam quality,
near diffraction limited, although with very high divergence (30° -
50°). The common solution for the application of the laser radiation is
a fast axis aspheric micro lens in front of the emitters, in order to
achieve its collimation. Typical values of the fast axis collimated
beam are 0.7mm and less than 6mrad. However, the so obtained
collimated beam is poorly focusable with a standard lens, and a few
methods were proposed to overcome the problem. The more
relevant solutions include: the stepped mirror technique, the plane
parallel mirrors pair, micro prisms array and confocal micro lens
array. Each of this technique are based on the equalization of the
beam parameter product by the subdivision of the beam in the slow
axis and its reshaping. For all these techniques the efficiency spans
from 50% to 70%. The best focalization results allows the coupling
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in a fiber of 400um diameter, with NA=0.22.
The aim of this work is the design and the realization of a new
device, that consider as target the following aspects:
1) the maximum optical efficiency in the beam shaping process,
2) the optimal equalization of the beam parameter product for the
two axes,
3) the use of few optical elements and
4) a very compact size.
These goals are addressed by a scheme that split the collimated
beam from the laser diode into different portions while the length of
the optical paths of each sub element is kept constant, and by the
subsequent use of short focal length aspheric lenses for the
focalization of the transformed beam.
Each sub-beam is deflected by a couple of plane parallel mirrors,
whose normal is directed to equalize the BPP without any mutual
shadowing. An optimal solution can be easily envisaged for laser
sourced of the common size of 0.7 X 10 mm size.
The condition on equal optical path length has the noticeable
property of placing the virtual position of the individual portions into
which the original beam is split at the same distance with respect to
target. Thanks to this, their subsequent focusing is unaffected by the
axial displacemnt of the common solution by the stepped mirrors. In
fact, to correct this effect, this latter technique requires the use of a
prism pair, involving complexity, size enlargement and higher costs.
In this work both an extensive ray tracing and optical analysis is
presented as well as the experimental characterization of an
experimental model.
Moreover we also report on the technique for the realization of the
tilted-face plane mirrors of which is composed our beam shaping
device.
The scheme of beam shaping here reported can be extended to
higher power beam by means of the technique of the beam
combination by polarization coupling or that of the optical beam
compression. Examples of these developments are discussed in the
paper, and experimental results presented.
The most direct applications of the class of optical devices here
reported are the high power diode laser direct application in material
processing or manufacturing, the coupling into multimode optical
fiber of the diode laser radiation as well as the fiber laser end
pumping.

6184-67, Poster Session
Actively mode-locked semiconductor lasers using fibre
Bragg grating external cavities: importance of
apodization on performances
C. Guignard, Dublin City Univ. (Ireland); P. Besnard, M. Thual, J.
Simon, École Nationale Supérieure des Sciences Appliquées et de
Technologie (France)
Short optical pulse sources based on semiconductor lasers are
important for applications such as time-division multiplexed optical
communication systems, optical sampling and soliton generation.
Picosecond pulse generation can be accomplished through various
methods, such as external modulation of a continuous-wave light
signal, gain switching, and mode-locking. Actively mode-locked
semiconductor lasers with external cavity gratings are interesting
picosecond-pulse sources because generated pulses have low
timing jitter and large locking range at a fixed control wavelength.
Fibre grating semiconductor lasers have been experimentally
demonstrated in the mode-locking regime at 2.5 GHz and 10 GHz
[1].
Numerical investigations have shown [2] that actively mode-locked
semiconductor lasers employing a linearly-chirped fibre grating as an
external cavity can exhibit multiple ranges of drive frequency for
stable pulse generation, and can give a large locking bandwidth. The
locking bandwidth defines the range of drive Radio Frequencies (RF),
over which the laser will generate pulses with low timing jitter.
Morton et al. [3] have demonstrated an actively mode-locked laser
with a chirped fibre-grating external cavity. At repetition rates of
around 2.5 GHz, the operating frequency range for short pulse
generation was better than 700 Hz.
In this communication, we propose a simple and compact source
based on mode-locked semiconductor lasers using linearly chirped
Fibre Bragg Gratings (FBG) external cavities to generate transform-

limited pulses. The effects of Bragg grating’s parameters on the
mode-locked source performances in term of locking bandwidth,
time-bandwidth product and extinction ratio have been investigated.
The system consists of a FP laser diode, with an antireflection
coating on the output facet and a modulation bandwith of 6 GHz.
The output beam, characterized by a 4.4 µm diameter, was coupled
into a standard single-mode fibre, with a FBG centered at around
1540 nm.  The gratings are about 15 mm long, and are located at
less than 25 mm from the fibre edge. The Free Spectral Range (FSR)
of the external cavity is then around 2.5-3 GHz. Such a configuration
allows to achieve external cavity FSR as high as 10 GHz.  In order to
improve the coupling efficiency, we used a new lensed fibre, which
consists of only a quarter pitch of 125 µm Graded Index (GI) core
diameter fibre in a 125 µm external diameter fibre, welded to a Single
Mode Fibre (SMF). Then a hyperbolic shape is formed at the end
face of the GI section by adding a droplet of silica. The external
diameter of 125 µm is maintained all along the micro-lensed fibre,
which is suitable for integration process. Thus we obtain a mode
field radius range, defined at 1/e(c)˜ of maximum intensity, which
extends from around 0.7 µm up to 2.5 µm with a simple process and
offers long working distance up to 145 µm and low reflection at the
end face of fibre [4]. We have measured coupling loss as low as 0.7
dB when this kind of micro-lensed fibre is used in front of our laser
diode with a working distance as long as 120 µm. The back-
reflection from the fibre coupling face is as low as -50 dB.
A systematic comparison of the FBG’s performances shows that the
most stable operation is achieved when Gaussian apodisation is
used. In fact, 30 ps transform-limited pulses, characterised by an
extinction ratio of at least 25 dB, are generated over a range of 520
MHz while a stable operation is only available over a range of 20
MHz with uniform grating. These sources are suitable for 10 Gbit/s
system applications.
References
1 R. Paoletti et al, IEEE Photon.Technol. Lett., vol.12 (2000), pages
245-247.
2 L. Zhai et al, IEEE J. Quantum Electron.,  vol.31 (1995), pages1998-
2005.
3 P.A. Morton et al, Photon. Technol. Lett., vol.5 (1993), pages 28-
31.
4 M. Thual at al, Electron. Lett., vol.39 (2003), pages 1504-1506.

6184-68, Poster Session
Stabilized semiconductor laser master oscillator for a
power pulsed laser
P. Jedlicka, O. Cip, J. Lazar, Institute of Scientific Instruments
(Czech Republic)
We present a stabilized semiconductor laser system designed to
operate as a fiber-optic front-end of a pulsed power laser PALS
(Prague Asterix Laser System). The replacement of the PALS master
oscillator is a part of a broader effort to rebuild PLAS into a laser
generating shorter pulses with higher pulse power by the technique
of optical parametric chirped pulse amplification.
Within this project the mode-locked pulsed master oscillator has to
be replaced by a continuously working laser, fiber coupled with
optical amplifiers followed by an optical switch producing precisely
time controlled pulses. The new master oscillator has to be fre-
quency stabilized with precision good enough to fit the laser
frequency to the maximum of amplification of the iodide active
medium.
With an operating wavelength of 1315.15 nm the stabilized laser is
based on a telecommunication single-frequency DFB diode. The
frequency stabilization is derived from the same transitions in
dissociated iodine as those employed in the following power
amplifiers. The lines are detected by means of linear absorption in a
heated cell filled with thermally dissociated iodine. The technique of
laser frequency stabilization folows the demands of a fully automated
self-contained system operated by a remote control. The detection
scheme is based on a derivative spectroscopy with a current
frequency modulation and thermal wavelength control. The detection
chain together with stabilization servo loop is fully digital represented
by two signal-processing single-chip controllers.
The main goal of the control system is to stabilize the optical
frequency of the LD on the strongest spectral line frequency. The
linewidth of the strongest absorption line is relatively narrow and the
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calculated first-harmonic discrimination signal gives only a narrow
“locking range” for the laser frequency stabilization. We tried to
overcome the danger of stepping out of this range by outer distur-
bances that may be present in the harsh environment of high-power
installations in the PALS room. We designed the basis of short-term
laser frequency stabilization on the temperature controller while its
frequency noise properties proved to be acceptable in a free-running
regime when the laser temperature and current are stabilized
precisely. The “locking range” of the temperature control is may be
considered infinite. The detection of absorption lines we used only
for a long-term drift compensations in an outer, slow servo-loop. It
was estimated that any disturbances may cause only fast fluctua-
tions of the laser optical frequency which will not under temperature
and current control slip completely away from the “locking range” of
a slow, heavily filtered detection of the absorption line. The detection
chain of the first-harmonic derivative of the absorption line detection
generates an input value for the temperature control inner loop. With
a response time of approx. 15 s it “sets the operating temperature”
for the laser inner temperature-frequency control.
This method proved to be quite safe and stable. The possible failure
of absorption line finding is quite small and the preliminary value falls
reliably into the “locking range” of the absorption line detection.
The laser frequency stability was estimated from the recording of the
amplitude noise of the first derivative of the absorption line. This
corresponds to approx. 80 MHz of the optical frequency. The
precision estimation based on the absorption line center frequency
and width as the absolute reference is as we suppose sufficient for
our purposes. Achievement of laser frequency stability “as good as
possible” was not the primary goal here. The laser is continuously
working and its usefull output power is needed for only a short
moment when a laser pulse is generated by a shutter. In this case
the stability evaluation by counting of beat frequency over certain
integration time has no meaning. The optical frequency modulation
contributes significantly to the uncertainty of the stable laser
frequency. In that case we had to compromise between broader
modulation bringing better signal-to-noise ratio and its drawbacks.
The presented stability here is well sufficient while in the cascade
amplifiers of the PALS system the Doppler-broadening of the
absorption lines far exceeds what we have observed.
The presented stabilized laser system was tested in an assembly
with subsequent fiber-optic preamplifiers in the PALS laboratory. It
has been proven that the LD frequency was chosen correctly and the
resistance of the whole setup to the EMI is sufficient. The system of
automatic tuning and locking to the desired absorption line and the
laser frequency stability proved to be working and adequate, fulfilling
the demands of the power laser system.

6184-69, Poster Session
High-power semiconductor lasers optimized for optical
pumping of Rb
Z. Buchta, J. Rychnovsky, J. Lazar, Institute of Scientific Instruments
(Czech Republic)
We present laser systems based on high power semiconductor laser
and a semiconductor laser bar. The lasers were optimized for
maximum efficiency of the optical pumping process of Rb atoms.
The system represents the first and crucial part of the HpG (hyperpo-
larized gasses) production process. It was designed for laboratory
purposes and intended to operate in medical and industrial applica-
tions to come. We concentrated on the lased diode emission
linewidth reduction to improve the efficiency of the optical pumping
process. The emission linewidth was reduced more than 10 times.
Hyperpolarized noble gasses (HpG) have found a steadily increasing
range of applications in nuclear magnetic resonance (NMR) and
magnetic resonance imaging (MRI). They can be regarded as a new
class of magnetic resonance contrast medium or as a way of greatly
enhancing the temporal resolution of the measurement of processes
relevant to areas as materials science and biomedicine [1]. An
introduction of a highly contrasting ingredient would significantly
extend the potential of MRI. Gaseous Xenon is normally not present
in the body, so the experiments do not suffer from unwanted
background signals. More, the hyperpolarized Xenon acts as a
source of very strong NMR signal which can even lead to introduc-
tion of specialized simple MRI apparatuses with significantly less
powerful magnets. These applications show that HpG may become a
useful tool for non-invasive investigation of human lung ventilation,
giving access to static imaging during breathhold, dynamics of

inspiration/expiration, and functional imaging.
The phenomenon of angular momentum transfer by the exchange of
spin between optically pumped Rb atoms and nuclear spins of 3He
was first reported by [2] and theoretically described in [3]. With the
higher efficiency of the polarization process that the spin-exchange
technique namely of 129Xe can offer, this technique became the
mainstream in HpG production and experiments [4].
The optimum matching of the laser emission to the absorption line of
the Rb vapor is important for achievement of the best efficiency of
the pumping process. The laser optical frequency has to be
stabilized by an electronic servo-loop to the center of the Rb
absorption line. The linewidth of the laser can be modified to fit the
linewidth of the Rb absorption line.
We assembled an arrangement with a cell made of Borosilicate glass
with flat windows. It was enclosed in a teflon box to allow
thermostatization by a hot-air flow. The box with target cell was
placed in Helmholtz coils system designed to generate a homog-
enous 10 mT magnetic field with homogeneity 2.18*10-4. The cell is
attached to a vacuum manifold by non-magnetic vacuum compo-
nents. A small amount of Rb was moved into the cell under vacuum
conditions and a mixture of gasses could be fed into the cell through
separate valves. Evacuation and filling of the cell is ensured by a
vacuum manifold with a turbomolecular Drag Pumping Station. The
whole evacuation system allowed evacuation down to a pressure of
8*10-5 Pa.
The main part of the experimental setup is high power laser diode S-
λ-3000C-200-H. The maximum output CW power is approximately 3
W and the central wavelength is about 797 nm. The output beam is
collimated with aspheric, high NA lens and the elliptic profile of the
beam is adapted to the circular profile with anamorphic prism pair.
We applied a wavelength-selective feedback with a grating in Littrow
configuration and with a slight power loss we were able to reduce
the emission linewidth more than 10 times and were able to tune the
extended-cavity semiconductor laser over the region covering the
absorption line by combination of PZT-driven optical feedback and
laser diode injection current.
We arranged a similar configuration of extended-cavity laser with a
semiconductor laser bar in a linear configuration which needed a
more complex beam-forming optics. With an output optical power of
20 W we achieved similar line narrowing and we moved closer to an
arrangement for a continuous HpG production.
Finally a comparison of the laser systems from the point of view of
pumping efficiency is given together with a comparison with a
system based on a tunable narrow-linewidth Ti:Sa CW laser.
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6184-70, Poster Session
Self Q-switching and mode locking in broad-area lasers
subject to transverse-mode selective feedback
C. Doering, D. Xiao, S. Wolff, Univ. Kaiserslautern (Germany); A. Y.
Rodionov, V. E. Sherstobitov, Research Institute for Laser Physics
(Russia); H. Fouckhardt, Univ. Kaiserslautern (Germany)
Self-pulsation effects in broad area diode lasers (BAL) subject to
optical feedback from external cavities are investigated for more than
30 years, especially irregular fluctuations of the laser intensity on
micro- to nanosecond time scales occurring near laser threshold.
In this contribution we report on numerical and experimental results
of the output dynamics of AR-coated BALs high above laser
threshold. The BALs are subject to feedback from a free-space
external cavity Fourier-optical 4f-setup with a reflective spatial
frequency filter in the Fourier-plane for transverse mode selection.
The BAL has a 100 mm wide emitter stripe. The spatial filter is
aligned onto the optical axis for fundamental transverse-mode
selection. It is shown theoretically and experimentally that under
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certain pump current conditions the BAL is operating in a repetitive
self-pulsation mode. Pulse duration is approx. 1 ns at repetition rates
of 200 to 500 MHz depending on experimental conditions. The
influence of longitudinal-mode conditions on the output intensity
dynamics of the BALs is investigated theoretically. At longitudinally
single-mode operation the output intensity oscillation dynamics
depend strongly on the relative phase of the oscillating transverse
eigenmode of the BAL itself and that of the radiation returning to the
active part of the resonator after passing the external 4f -setup. A
fluctuation of the radiation intensity in the crystal results in a
deviation of the eigenmode frequency from its steady-state value.
This changes the interference of the mode oscillating within the BAL
and of the wave coming from the external cavity. In turn this can lead
to further growth of the initial intensity fluctuations. Under certain
conditions this interaction can become unstable and lead to self-
modulation of radiation in the BAL. With increase of the number of
oscillating longitudinal modes the mechanism of instability described
above should be significantly weaker due to averaging of phase and
intensity fluctuations of different modes. In the limiting case of the
longitudinally multi-mode oscillation the instability can be partially or
entirely damped depending on conditions.
Further, experimental and numerical results of active mode-locking
of BAL in a 4f-setup are presented. In the experiment pulse durations
of 125 ps are obtained, whereas numerical results show that pulses
as short as 25 ps can be generated.

6184-71, Poster Session
Polarization switching in Nd:YAG lasers by means of
modulating the pump polarization
G. Verschaffelt, G. Van der Sande, J. Danckaert, Vrije Univ. Brussel
(Belgium); T. Erneux, Univ. Libre de Bruxelles (Belgium); B. Ségard,
P. A. Glorieux, Univ. des Sciences et Technologies de Lille (France)
We study the time evolution of the polarization of the light emitted by
a Nd:YAG laser as the direction of the linearly polarized pump beam
is changed. The accurate description of the emitted polarization
state is a problem encountered in many laser systems and often
depend on the peculiarities of the laser structure. However, we
expect that the behavior of our Nd:YAG laser will highlight key
polarization properties of many Class B lasers which include
semiconductor lasers. As we shall demonstrate experimentally,
numerically, and analytically, the slow evolution of the inversion of
population relative to the laser fields is responsible for unusual
polarization switching properties.
The polarization of such a Nd:YAG laser has been shown to depend
on the angle of the linearly polarized pump and the stress-induced
birefringence that determines the direction of the cavity polarization
modes [1]. In this study we use a Nd:YAG laser emitting in a  single
longitudinal and transverse mode. In our experiments we pump this
laser with a linearly polarized beam of which the polarization angle is
modulated using an electro-optic modulator. When we suddenly
change the polarization angle of the pump beam by 90° - while
keeping the pump amplitude constant - we observe that the output
polarization does not follow immediately. Instead, the polarization
angle only changes after a delay of several tens of microseconds.
This delay depends on the amplitude at which the laser is pumped,
and turns out to strongly increase as the pump amplitude ap-
proaches the threshold pump strength. During this turn-on period,
the output polarization angle does not change from its initial value
but the output intensity shows large fluctuations with a frequency
close to the laser’s relaxation oscillation frequency. After the delay,
the output polarization angle evolves to its new steady state value on
a time scale much faster than the relaxation oscillation period,
whereas the polarization resolved and the total intensity shows large
fluctuations similar to what can be observed during turn-on.
We compare the experimental observations with the numerical
solution of rate equations proposed in [1]. These equations have
been shown to accurately describe the response of the laser under
constant pumping conditions. The various parameters in this model
are extracted from several independent measurements. We find that
these rate equations correctly describe our experiments as we now
modulate the pump polarization. The simulations indicate that the
delay of the output polarization is due to the slow time scale of the
inversion of population. As the pump polarization is changed, the
initial steady state does not immediately loses its stability because
the carrier reservoirs only relax towards their new steady state values
on a slow microsecond time-scale. We also find a reasonable

correspondence between the measured and the simulated depen-
dence of the delay on the pump strength.
Besides simulations of the rate equations, an asymptotic analysis
based on the different time scales of our laser system allows us to
describe the time evolution of the laser step by step. The analysis
indicates that the polarization-switching phenomenon does not
depend on the details of the model but rather on the slow recovery
of the inversion of population, a property observed for all Class B
lasers.
[1] G. Bouwmans, B. Segard and P. Glorieux, “Polarisation dynamics
of monomode Nd3+: YAG lasers with Cr4+ saturable absorber:
influence of the pump polarisation”, Optics Communications 196 (1-
6), pp. 257-268, 2001.

6184-72, Poster Session
Phonon-assisted anisotropy of lasing: prediction for
(0001) CdS
U. V. Zubrytski, PRG Fanon and B.I. Stepanov Institute of Physics
(Belarus)
Phonon subjected luminescence has been approved both to image
spatial distribution and to study thermodynamics of carriers in
semiconductors [1]. The extension of the phonon effect to lasing has
been put forward to characterize anisotropies of the output power of
radiation in semiconductor emitters designed on the anisotropic
(hkl0) CdS plates [2]. Nevertheless, the proposition that radiation
energy flux of (0001)-based light-emitting devices can not possess
anisotropy due to both optical and acoustical isotropy in the basal
plane is common so far.
Here, contrary to the common point of view, one predicts anisotropy
of the energy flux of radiation delivered by (0001)-based semicon-
ductor light-emitters due to acoustic phonon generation effect,
founds this exhibition through the operating output face of the
devices, and on this basis reveals an additional method to study
thermodynamics of the carriers as well.
To establish physical basis for the foretold lasing anisotropies a
model of an acoustically active medium of semiconductor laser has
been worked out. Taking into account a rate of the acoustic phonon
generation is shown to provide directly the sought anisotropy of the
output energy flux of radiation emanating from the medium.
Profound exposing of an integral lasing output power to an excited
phonon fluxes has been revealed in semiconductor strip-light-
emitters. The effect has been described as resulting from phonon
affected τ^E_e recombination lifetime τ_e of carriers.
To prove validity of the acoustic phonon assisted anisotropy of
lasing the model has been explored with reference to a pulsed
electron-beam-pumped semiconductor laser in the framework of
stationary conditions and harmonic approximation. An origin of the
acoustic phonon generation is suggested to be an inverse piezo-
electric effect produced by an electric field of space charge stored
uniformly in the laser active medium. This has been taken into
account through the strain of a set of the rate equations for carriers
and photons by adding the wave equation for elastic displacements.
The equations for mechanical and electrical state cover the second
order effects. Heating of the laser active medium during pulse of
pumping has not been taken into account. To complete the problem
set-up the balance equation for electron-beam energy losses due to
its interaction with a semiconductor has been taken into account as
well.
Quantitative analysis has been done for a (0001) CdS strip laser by
use experimental operating parameters of the emitters [3] pumped
by pulses of 10 ns duration τ_j in longitudinal geometry with the
difference that both a slit aperture on the basal plane of the crystal
studying and detector have been fixed. Such arrangement is usual
for a 6mm-light-emitting devices and provides simply an exhibition of
the sought lasing anisotropy. So, at the detecting of the energy flux
of the radiation in dependence of a cavity form-factor F and a
pumping current density J the model predicts the next changing in
the integral output power of lasing delivered by the envisaged strip
laser through the basal plane of CdS: ∆P = 4.65Å~τ_ωÅ~J^2Å~F,
where τ_ω is the photon lifetime relative to the output, and the crystal
elastic, piezo-electric, and dielectric constants used correspond to
the tabulated data c^E_44 = 1.536Å~10^10 N/m^2, e_15 = - 0.183
C/m^2, ε^S_11 = 8.66. Immediately followed findings show τ^E_e <
τ_j just at J \> 1.9Å~10^6 A/m^2 or τ^E_e < τ_e, 3.6 ns [4], at J \>
3.2Å~10^6 A/m^2, and consequently support both the validity and
feasibility boundaries of the model proposed.
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[1] J. P. Wolfe. Physics Today, 35 (1982) 46.
[2] U. V. Zubrytski. Proc.-Electrochem. Soc., 98-2 (1998) 240.
[3] M. M. Zverev, A. V. Kutkovoi, V. K. Yakushin. Quantum Electron.,
26 (1996) 287
[4] H. P. Li, C. H. Kam, Y. L. Lam, W. Ji. Optics Commun., 190 (2001)
351.

6184-73, Poster Session
Single-frequency high-power continuous-wave
oscillation at 1003 nm of an optically pumped
semiconductor laser
M. Jacquemet, M. Domenech, G. Lucas-Leclin, P. M. Georges, Univ.
Paris-Sud II (France); I. Sagnes, J. Dion, M. Strassner, Lab. de
Photonique et de Nanostructures (France); A. Garnache, Univ.
Montpellier II (France)
Optically pumped Vertical-External-Cavity Surface Emitting Lasers
(VECSEL’s) combine the approaches of diode-pumped solid-state
lasers and engineered semiconductor lasers generating both, circular
diffraction limited output beams and high average powers [1-3].
However the poor thermal conductivity of III-V materials might
prevent efficient heat removal from the active region, which results in
an excessive heating of the semiconductor structure incompatible
with high power emission. Several solutions have been described in
the literature [2-6]. In this work a new process based on low thermal
AuIn2 bonding onto SiC is described. Output powers up to 500 mW
in a single transverse and longitudinal mode have been obtained at
1003 nm. Furthermore, intracavity second harmonic generation is
reported at the blue-green wavelength of 501.5 nm, which corre-
sponds to an hyperfine transition of the molecular iodine (127I2) of
great interest in metrological applications as well as in high resolu-
tion spectroscopy [7].
The VECSEL gain structure was grown by MOCVD. It consisted of a
high-reflecting multilayer mirror of 28 pairs of GaAs/AlAs, on top of
which was grown a 3.5 ? thick cavity with 5 InGaAs/GaAs quantum
wells (QWs). A 30 nm AlAs confinement layer and a 8 nm caping
layer were added. The structure was grown in reverse order. To
improve the evacuation of the dissipated heat, the whole semicon-
ductor structure was bonded onto a 270 µm thick SiC susbtrate
(thermal conductivity of 490 W/mK) on the Bragg mirror side by solid
liquid inter diffusion (SLID) bonding with AuIn2. This technique allows
further processing steps at elevated temperatures and does not
induce any strain-related degradation of the optical properties of the
structure.Finally both mechanical polishing and wet selective etching
was utilized to remove the GaAs substrate on the top side, and a
Si3N4 anti-reflection coating was deposited to reduce any etalon
effect.
The pump source was a CW fiber coupled laser diode delivering up
to 8 W at 808 nm, focused on approximately a 100 µm radius spot
with an incidence angle of 20°. The external cavity was simply
formed by the semiconductor chip and a concave dielectric mirror
with a reflectivity of 98.8 % at 1010 nm and a curvature radius of 100
mm. The overall cavity length was around 95 mm. In this compact
two-mirror cavity and without any intracavity element, the laser
oscillation occurs around 1009 nm at the maximum pump power
with a bandwidth of nearly 2 nm. The achieved threshold incident
pump density was about 2.5kW/cm2 with an output power of 1.5 W
and a slope efficiency of 22 % without any evidence of a thermal roll-
over. In order to obtain a single-mode laser operation at 1003 nm, a
solid uncoated etalon of 50 µm thickness, with a high Free Spectral
Range (FSR) (?? ~ 13 nm \@ 1003 nm), was inserted in the cavity to
select a single spectral line at this emission wavelength under the
QW’s gain bandwidth. The emission wavelength was tunable from ~
1001 nm to ~ 1010 nm by rotating the etalon. At 1003 nm the output
power was more than 500 mW in a single-frequency spectrum for
the available pump power. The beam quality factor M2 was found to
be < 1.3, and the polarization remains linear over the whole power
range.
For second harmonic generation, we used a four-mirror Z-cavity with
a total length of around 630 mm. All the external cavity mirrors are
high-reflection coated at the laser line. A type I temperature-tuned
non-critical quasi-phase-matching KNbO3 crystal was placed inside
an oven at a temperature of 75.6 °C. The non-linear crystal was b-
cut, 9.5 mm-long and anti-reflection coated for both fundamental
and second harmonic wavelengths. The waist radius in the KNbO3
crystal was around 90 µm. The laser cavity has two different exits
with similar powers at 501.5 nm because of the transmission of the

mirrors in the visible range. A Lyot filter and a 100-µm thick Fabry-
Perot etalon were also inserted not only to select the desire emission
wavelength, but also to obtain stable single frequency operation at
both wavelengths 1003 and 501.5 nm. A total maximum CW output
power of 60 mW at 501.5 nm in two beams was obtained for a 6.5 W
pump power. The single-frequency operation of the laser was
checked with a scanning Fabry Perot interferometer.
In conclusion, we used an original technique based on the AuIn2
solid liquid inter diffusion bonding for the report of a semiconductor
active structure on a SiC substrate exhibiting a high thermal
conductivity. The improvement of the thermal evacuation from the
active region then allows obtaining a maximum output power of
1.5W in the near-infraared with a simple and compact plano-concave
cavity, limited by the available incident pump power. With the
insertion of only a solid Fabry-Perot etalon it has been possible to
pick the emission wavelength at 1003 nm and to force a single
frequency operation with up to 500 mW of output power. Finally,
motivated by the interest of blue-green single-frequency emission
around 501.5 nm for metrological applications, second harmonic
generation had been performed with a KNbO3 nonlinear crystal. A
maximum visible power of 60 mW has been generated in a four
mirrors Z-cavity. These results can be compared to those obtained
with bulk ytterbium-doped crystals in a more complicated architec-
ture [8].
[1] M. Kuznetsov, F. Hakimi, R. Sprague and A. Mooradian, IEEE
Photon. Technol. Lett. 9, 1063 (1997).
[2] M. Kuznetsov, F. Hakimi, R. Sprague and A. Mooradian, IEEE J.
Selec. Topics in Quantum Electro. 5, 561 (1999).
[3] W. J. Alford, T. D. Raymond and A. A. Allerman, J. Opt. Soc. Am.
B. 19, 663 (2002).
[4] S. Lutgen, T. Albrecht, P. Brick, W. Reill, J. Luft and W. Späth,
App Phys Lett 82, pp3620-3622 (2003)
[5] R. H. Abram, K. S. Gardner, E. Riis and A. I. Ferguson, Opt. Exp.
12, 5434 (2004).
[6] J. E. Hastie, J. M. Hopkins, S. Calvez, C. W. Jeon, D. Burns, R. H.
Abram, E. Riis, A. I. Ferguson and M. D. Dawson,  IEEE Photon.
Technol. Lett. 13, 894 (2003).
[7] F. Du Burck, C. Daussy, A. Amy-Klein, A. Goncharov, O. Lopez,
and C. Chardonnet, IEEE J.Trans. Intrum. and Meas., 54, 754-758
(2005)
[8] M. Jacquemet, F. Druon, F. Balembois, P. Georges, and B.
Ferrand, Optics Express 13, 2345-2350, (2005).

6184-74, Poster Session
Stabilization of semiconductor lasers by fiber Bragg
gratings for absolute laser interferometry
B. Mikel, O. Cip, J. Lazar, Institute of Scientific Instruments (Czech
Republic); R. Helan, Brno Univ. of Technology (Czech Republic)
We present measurement of the linewidth and the mode structure of
commercially available laser diodes with and without several types of
fiber gratings as an external optical feedback or a passive wave-
length selective element. The principle is similar to the Extended
Cavity Lasers (ECL), it is a way to stabilize the wavelength of laser
diodes.
We built the absolute laser interferometer that employs Vertical
Cavity Surface Emitting Laser diode (VCSEL) with wavelength 760nm
as a primary laser source. In the absolute laser interferometer there is
the moving measuring mirror replaced by tuning of the wavelength of
the laser source. Than the linewidth, the stability and the tuning
range of the laser source are critical parameters for the measurement
range and for the resolution of the interferometer. The operating
wavelength 760nm was chosen because it is the shortest wavelength
of a commercially available single-mode VCSELs, and this wave-
length is partially visible. At present, VCSELs are very attractive
because their single frequency emission. High stability and
tuneability are the most important factors of the most applications.
Nevertheless, most VCSELs, singlemode at threshold, quickly
degenerate to multitransverse mode operation at higher drive
currents. In our case, the main aim was an improvement of stability
and tuneability of the VCSEL diode by the fiber Bragg grating for
greater range of drive currents.
At the first time we used a commercially available uniform fiber
Bragg gratings with center wavelength •=760 * 0.5nm, full width in
half maximum FWHM = 0.2 * 0.2nm and with reflection greater than
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90%. Although these parameters are the best from commercially
available fiber gratings with central wavelength 760nm, results of
their using were not sufficient for to high precision applications like
the absolute laser interferometry because of sidelobes associated
with uniform gratings.
Then we performed a simulation of several types of fiber Bragg
gratings. We simulated chirped and apodized fiber Bragg gratings
(fiber gratings with modulation of the amplitude and with modulation
of the spacing) the same as uniform fiber gratings. Results of our
simulations are presented. Apodization of fiber Bragg gratings (FBG)
has many advantages in comparison to other types of FBGs. Main
improvement is suppressing of the side lobes in the grating spectral
properties. The difference of side lobes suppression for uniform and
Gaussian apodized grating is more then 110dB. On the basis of
these results we designed a special fiber Bragg grating with
apodization especially for using to stabilize semiconductor lasers for
high precision laser applications with central wavelength 760nm.
We present application of methods for calculation of parameters of
this apodized FBG. We used combination of methods based on
layered dielectric media (LDM) and transfer matrix. On the contrary
to the other calculation techniques the LDM method is based on
sequence of thin films of dielectric media assembled in the direction
of wave propagation. The combination of the LDM method and the
transfer matrix method can be used to the calculation of arbitrary
fiber gratings.
For this apodized FBG designed this way we calculated the phase
mask to manufacture by interference patterns. The phase mask and
the fixation bottom of the fiber were made by e-beam lithography to
achieve highly precise stability during manufacturing. We present the
set-up of this system for writing FBG by pulsed UV laser with
wavelength 266nm. The fiber together with the phase mask was
placed on the temperature stabilized table. The whole system was
placed on the motorized moving table. High precision temperature
controller with resolution down to 1mK was used to temperature
stabilize this system during the fabrication process. The moving table
with resolution 0.125µm was realized by high precision table with
step motor controlled from the PC by serial interface. The positioning
of the table during the process of fabrication was programmed in the
PC and it is completely automatic.
We designed a special box for the laser diode and fiber grating for
measurement of the grating performance. We used two temperature
controllers to control temperature stability of both parts separately.
The linewidth improvement, the optical output power and the tuning
range of the lasing wavelength was studied separately for each type
of fiber grating and semiconductor laser. The mode structure and
linewidth of the laser were monitored using the high-resolution
Fabry-Perot scanning interferometer, which can be used to control
tuning range of the absolute laser interferometer as well. The lasing
wavelength and spectral profile of the output laser beam was
analyzed by a monochromator.

6184-75, Poster Session
Investigation of tunability in microring semiconductor
structures
A. Kapsalis, Univ. of Athens (Greece) and Fraunhofer-Institut für
Nachrichtentechnik Heinrich-Hertz-Institut (Germany); D.
Alexandropoulos, H. A. Simos, S. S. Mikroulis, A. Argyris, D. Syvridis,
Univ. of Athens (Greece); M. Hamacher, U. Troppenz, H. Heidrich,
Fraunhofer-Institut für Nachrichtentechnik Heinrich-Hertz-Institut
(Germany)
Active InGaAsP/InP ring components are versatile components that
can be used as laser sources, active filters, etc. We present
experimental work on the measurement and characterization of all-
active micro-ring based devices and we explore the possibility for
use in a variety of applications. The spectral characteristics of all-
active, multi-quantum well InGaAsP (λ=1.55 µm)/InP microring
structure consisting of a ring-racetrack waveguide coupled to two
straight sections with MMI couplers have been studied. We
demonstrate sufficiently high side mode suppression ratio and single
frequency operation. Apart from that, a remarkable tuning capability
has been observed by properly adjusting the different injection
currents of the device. Detailed mappings of the tunable operation
have been performed showing broad operating areas with good side
mode suppression ratio, and wide ranges of wavelength tuning.

6184-76, Poster Session
Numerical investigations of dynamical and static
characteristics of vertical-cavity surface-emitting lasers
incorporating two-dimensional photonic crystal
P. S. Ivanov, J. M. Rorison, M. J. Cryan, M. Dragas, Univ. of Bristol
(United Kingdom)
Conventional vertical-cavity surface emitting lasers (VCSEL) are
dominant optical sources for local optical telecommunication
networks and they consist of an active quantum-well layer situated
between two distributed Bragg reflectors (DBR). There are two
commonly used methods for transverse current confinement. They
involve an application of a proton implant or an oxide. Such lasers
are known as proton-implanted and oxide-confined VCSELs. In
VCSELs of first type, the proton-implant creates a guiding channel
for injected carriers due to the high resistance of the proton implant
region. Only the part of the quantum well active layer of the laser has
current injection and this part provides gain for optical waves
creating transverse gain-guided waveguide. In oxide-confined
VCSELs, the oxide also creates a gain-guided waveguide, but these
VCSELs have an additional optical confinement provided by the
oxide because the oxide has smaller refractive index in comparison
with surrounding semiconductor.
The main application area of these lasers suggests the need for
mode control because of following reasons: limit the number of
possible modes (increase coherence), increase the transmission
speed and improve noise characteristics. In that case it is necessary
to decrease the mode number or even create single-mode condi-
tions in these lasers. Both VCSEL electrical confinements presented
precisely provide transverse optical waveguides embedded into the
VCSEL cavities. Such waveguides like any optical waveguides can
be single-mode for small sizes of the core. This can be done by
reducing the size of proton or oxide confinement but it leads to
increased heating of the active zone and a dramatic decrease of the
output power. Moreover, optical properties of this transverse
waveguide depend on the quantity of the injected current and
background temperature. The key point in these VCSELs is that
control of both the mode and current distinguishing is provided by
the oxide or proton implant.
In this work we numerically investigate the application of a two-
dimensional photonic crystal waveguide in order to control the
transverse optical modes of the VCSEL. This waveguide is created
by removing one air hole from array of air-holes. This structure can
provide single-mode guidance at extremely large core radiuses of
this PC waveguide - 10 or even 20 microns. But single-mode
VCSELs have 4-5 micron oxide aperture diameter. That is why we
want to apply this waveguide in order to create single-mode
conditions for large beam apertures, and, thus, increase the power of
the radiation. In that case, electrical current control is provided by
proton implantation or oxide and optical wave control is by the PC
waveguide.
In previous works, we have investigated experimentally and
theoretically VCSELs with incorporated single-mode PC waveguide.
We have experimentally obtained two-mode radiation of these
VCSELs having 14 micron oxide aperture diameter. In this paper
results of investigations of effects limiting the single-mode operation
of PC - VCSELs shall be considered theoretically.
Previously, we had been describing the modes in these passive
waveguides using scalar Helmholtz equation solved for a transverse
refractive index distribution. This optical model has been including
passive guidance provided by the PC and the oxide in oxide-
confined VCSELs, and a simple model describing a change of the
refractive index due to heating, carrier injection and gain.
We have merged this optical model with the spatial and temporal
model of VCSEL. The model includes the transverse carrier diffusion
equation, rate equations for photon density in each optical mode, the
scalar Helmholtz equation and the equation of thermal diffusion. This
VCSEL dynamical model describes the radial distribution of the
carrier density and can treat an infinite number of modes, but we
limit our consideration to two first modes in frame of this work.
This model allows to take into account the two-dimensional
distribution of electrical field of modes taking place in a photonic
crystal waveguide. The key future of the optical model here is the
transverse refractive index distributing describing influence of carrier
injection, temperature, gain and air-holes. Thus, whole PC-VCSEL
model can describe quasi-two-dimensional dynamical and one-
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dimensional spatial behaviour of optical modes in the lasers.
In the work, the spatial, dynamical and power versus current
characteristics of the lasers are investigated. Three cases are
considered: 1. a VCSEL without PC taking into account the change
of the refractive index due to carriers and temperature; 2. a passive
PC-VCSEL without influence of carriers and temperature; 3. same
PC-VCSEL taking into account the change of the refractive index
due to carriers and temperature. It was proven numerically the
experimental conclusion, that the single-mode photonic crystal
waveguide incorporated with the active VCSEL cavity does not
establish an efficient single mode. Taking into account that the
temperature has the strongest influence on refractive index rise,
unsuccessful application of the PC for establishing single-mode
conditions is explained by domination of thermally induced refractive
index changes over effective refractive index of the photonic crystal.
Power versus current characteristics of investigated structures have
shown that the passive VCSEL with PC waveguide demonstrates
true single-mode behaviour at all electrical currents. Other two
VCSELs demonstrate multimode behaviour, second order mode
generates for currents above 5 mA. These characteristics also show
that the single-mode PC waveguide gains the priority for main mode
LP01 compared to original VCSEL without the PC.
Investigations of modulation characteristics of the PC-VCSELs,
influence of photonic band-gap PC incorporated with the VCSEL and
optimization of PCs shall be presented in the presentation.

6184-77, Poster Session
Laser feedback noise measurement with close-loop
servo control for the optical information storage system
H. Shih, D. Hsu, National Chung Hsing Univ. (Taiwan)
The optical laser feedback noise is a serious problem for developing
the optical system of a pickup head for the information storage
applications, such as the red light digital versatile disk (DVD) and the
next generation blue light systems.
The conventional measuring system of laser feedback noise for an
optical pickup was implemented specifically only for laser diodes by
using a static optical system. It is not by a concrete optical head
operating under the disk. With no close-loop servo control, it is
impossible to measure the genuine laser noise distribution of a
pickup while operating in an optical drive. Furthermore, it is
infeasible to obtain the information of laser noise corresponding to
the focusing error and rotation speed. Therefore, it is hard to realize
the relation between the read-write signal quality and the laser noise
of optical heads.
This study was integrated with precision mechanical design, optical
system design, servo control design, and opto-electronic signal
measurement. With modifying the optical system of a commercial
pickup for our main system, the servo controller using a digital signal
processor was designed to drive the actuator for the focusing of the
objective lens. It provided a dynamic model in real time for measur-
ing the laser feedback noise distribution of a pickup corresponding
to the focusing error, rotation speed, and temperature variation
under operation.
The experimental results show that the laser feedback noise is
responsible to the focusing point within the linear range of an optical
pickup head. The noise level is sensitive to the temperature variation
and its central frequency is dependent on the disk rotation speed.
Besides, this study also verified that the laser feedback noise is
reducible by inserting a quarter-wave-plate in the optical system. It is
useful for achieving the noise immunity.

6184-81, Poster Session
Accurate modeling of VCSEL distributed Bragg reflectors
by Floquet-Bloch theory
F. De Leonardis, F. Magno, A. Rizzato, V. M. Passaro, Politecnico di
Bari (Italy)
Nowadays, vertical cavity surface emitting lasers (VCSELs) provide a
very exciting area of research [1-3]. The unique geometry of VCSELs
results in several significant advantages over their edge-emitting
counterparts, including low threshold current, single-longitudinal-
mode operation, circular output-beam profile. These advantages
make VCSELs promising as compact light source for future
applications in optical communications and interconnects. In
addition, the emission of VCSELs normal to the wafer surface makes

them attractive for systems level research. Moreover, vertical-
oriented devices facilitate parallelism or pixilated architectures. A
variety of technologies, such as micro-optics and silicon electronics,
can be wafer bonded to VCSEL arrays to form interesting hybrid
systems such as optical buses and transceiver array. VCSEL
technology can also be relatively inexpensive due to its high level of
integration, wafer level testing, excellent beam divergence character-
istics and simple packaging. Achieving lasing, photo-detection and
filtration from one GaAs substrate in a practical and inexpensive way
is a design challenge.
In general a VCSEL consists of an active region sandwiched between
two distributed Bragg reflectors (DBRs) that use layers of alternating
material such that the optical path length is a quarter of the desired
wavelength. Both DBR stacks are usually highly doped, the upper p
type and the lower n type, so that the whole structure forms a p – i –
n diode. The central (i) region consists of multi quantum wells
(MQWs) and two spacer layers forming a separate confinement
hetero-structure for efficient carrier trapping and optical confine-
ment. To achieve optimum performance several demanding criteria
need to be satisfied, which pushes growth technologies [4-5] and
characterization method to their limits [6]. Moreover, optimization of
such a structure requires a precise tuning of its main parts.
As it is evident the optimization of the DBR structure is of fundamen-
tal importance to increase the performance of optical systems based
on the VCSEL technology [7]. High quality DBRs for VCSEL
applications are characterized by high reflectivity and low series
resistance of the stack. The large index of refraction difference
between the alternating layers is responsible for high optical
reflectivity, while the large band gap difference at the hetero-
structure interfaces results in a reduced carrier flow leading to large
series resistance of the stack. High series resistance gives rise to the
thermal heating and deterioration of the laser performance. However,
graded interfaces can be used to reduce the DBR series resistance
by two orders of magnitude compared to abrupt interfaces. Other
approaches to reduce series resistance of the DBR include heavy
doping, parabolic grading and modulation doping to create a flat
valence band at the interface. Because it is difficult to have a perfect
control over growth thickness and alloy composition of the DBR
layers, the effect of variations in these parameters on the reflectivity
spectrum and other laser characteristics has to be accurately taken
into account.
To this aim, sophisticated modelling techniques are needed, where
only negligible or no approximations are included in the calculations.
Therefore, we have used the Floquet-Bloch theory (FBT) formalism to
simulate the DBR performance of VCSEL structures. It is a very
powerful method, largely used in literature for the modelling of
grating-assisted directional couplers [8-9] and other periodic fiber,
guided-wave and photonic bandgap structures [10-12]. Then, in this
paper we explain the general VCSEL theory and propose a number
of simulations to individuate the optimal configuration of DBR mirrors
with the aim to maximise the output power laser and reduce the
threshold current density. The VCSEL optimization is carried out by
considering the best trade off among various parameters, including
period number, materials, and doping concentration and profile. It is
clearly shown the superiority of the FBT approach in the prediction of
the best DBR performance and VCSEL properties by comparing
results (reflectivity, spectrum, peak wavelength, gain) with other well-
known methods, such as the transfer matrix method (TMM) and
coupled-mode theory (CMT).
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6184-82, Poster Session
Polarization switching in vertical-cavity surface-emitting
lasers: the effects of stress, temperature, and spin flips
G. Van der Sande, M. L. Peeters, G. Verschaffelt, I. P. Veretennicoff,
J. Danckaert, Vrije Univ. Brussel (Belgium); S. Balle, Institut
Mediterrani d’Estudis Avançats (Spain)
One of the most intriguing properties of vertical-cavity surface-
emitting lasers (VCSELs) lies in their polarization behavior. The main
difference with the one of edge-emitting lasers is the lack of a
dominating polarization selection mechanism in the quasicylindrically
symmetric VCSEL structure. Usually VCSELs do emit linearly
polarized light with preferences for certain crystallographic direc-
tions. At the origin of this lies an inherent birefringence in the cavity
caused by stresses and strain unintentionally induced during
manufacturing and/or to the electro-optic effect arising from the
drive voltage. Furthermore, it has been observed that often this linear
polarization can switch between two orthogonal states while
preserving operation in the fundamental transverse mode of the
laser.
This polarization switching (PS) has been attributed to different
physical effects. The first effect is of thermal nature and attributes PS
to a spectral shift of the gain maximum with respect to the cavity
resonances for the two frequency-split polarization modes [1].
Extending this idea, PS can also be explained due to thermal lensing,
or by incorporating the temperature and frequency dependence of
both losses and gain. A distinctively different physical effect is the
combination of spin-flip relaxation processes in the semiconductor
quantum well and the inherent birefringence of the cavity. The well-
known spin-flip model (SFM) takes this effect into account [2]. These
two effects, temperature and spin-flip processes, have been
combined by some of us [3] by introducing an approximate fre-
quency-dependent susceptibility for quantum well (QW) media. This
approach permits one to include the thermal shift of the cavity
resonances over the gain spectrum of the system, and has allowed
reproduction of several experimental observations of PS and its
characteristics. In all these modeling attempts, strain effects are
introduced phenomenologically through the dichroism and birefrin-
gence parameters. These parameters play, however, a key role in the
preference for a particular polarization orientation.
We will describe experiments that show that a mechanical stress,
applied externally to the VCSEL package, dramatically alters its
polarization behavior. The additional stress will be applied along
either the main crystallographic axes by mounting the packaged
device into a custom made mechanical holder [4].  These PI-
measurements on an oxide-confined VCSEL show that the switching
current changes when the stress is applied. It is clear from these
experiments that stress plays a crucial role on the polarization
properties of VCSELs.
The second goal of this work is to extend the SFM incorporating a
realistic analytical frequency-dependent susceptibility of uniaxially
stressed active quantum-well structures. This analytical expression
results from a calculation of the low temperature susceptibility,
assuming that band mixing effects are taking into account up to first
order [5], while taking only the electron and (mixed) heavy hole band
into account. We have performed a linear stability analysis of the
linearly polarized solutions of this extended SFM. Thermal effects are
modeled by a dependence of the detuning on temperature. Keeping
in mind that the detuning represents temperature, we construct
bifurcation diagrams in the detuning-current plane from a linear
stability analysis of the linearly polarized solutions. In a first step, we
study how the stress dependent susceptibility tensor influences the
possible switching scenarios predicted by the SFM. In a second
step, we also consider the elasto-optically induced birefringence in
the passive sections of the VCSEL structure.
In both cases, the polarization stability is considerably influenced by
the stress-induced gain splitting. In the case that the elasto-optic

effect is taken into account in the entire VCSEL structure, we show
that for high amounts of stress, the bifurcation scenario reduces to a
type-I scheme (from high frequency mode to low frequency mode),
with a switching current that increases with increasing stress. Type II
switching can be observed only for stresses such that the frequency
splitting of the linearly-polarized solutions at threshold is small. This
result is in agreement with the experimental results. In this way, we
have unified the three main ingredients for polarization switching in
VCSELs: thermal effects, spin-flip relaxation processes and uniaxial
stress.
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6184-83, Poster Session
Zero-lag synchronization in bidirectionally coupled
semiconductor lasers
R. Vicente, Univ. de les Illes Balears (Spain); J. Buldu, Univ.
Politècnica de Catalunya (Spain); M. Peil, Technische Univ.
Darmstadt (Germany); C. R. Mirasso, Univ. de les Illes Balears
(Spain); M. C. Torrent, J. García-Ojalvo, Univ. Politècnica de
Catalunya (Spain); I. Fischer, Vrije Univ. Brussel (Belgium)
Under appropriate circumstances, semiconductor lasers can exhibit
fast and irregular emission dynamics, with typical time scales in the
subnanosecond range. This makes them attractive sources for novel
applications as, e.g., optical chaos-based communication or chaotic
optical radar (CLIDAR). Communication applications usually consider
unidirectional coupling between an emitter and a receiver. However,
also bidirectional schemes have demonstrated potential for
applications like clock-recovery. Moreover, they are of great
fundamental interest. Meanwhile it is well accepted that when two
such lasers are coupled bidirectionally by either optical [1] or electro-
optical [2] injection over distances on the order of centimeters,
coupling times cannot be neglected. These finite coupling times can
lead to characteristic instabilities in the emission dynamics and a
particular synchronization behavior, even though the free running
emitter and receiver lasers exhibit stable emission. In the case of all-
optical coupling and for coupling times sufficiently longer than the
relaxation oscillation period, chaotic emission has been found over
wide parameter ranges covering weak to strong coupling and wide
pumping conditions. For these coupling-induced emission dynamics
generalized synchronization has been observed. Even under
perfectly symmetric conditions (identical lasers and operating
conditions) a leader-laggard dynamics has been observed: typically,
one laser dynamically lags behind the respective other laser. This
leader-laggard role switches from one laser to the other in time. Only
under asymmetric operating conditions, mainly under a detuning
between their respective free running emission wavelengths, one of
the lasers always leads with respect to the other. The situation in
which both lasers develop identical dynamics without time lag is not
possible, since this dynamical solution turns out to be unstable [1,3].
Efforts have been made to study whether synchronization states with
zero-lag can arise and under which conditions they might be stable.
Here we present a simple network architecture that allows synchro-
nization at zero-time lag in bidirectionally coupled semiconductor
lasers without requiring a careful tuning of the system parameters.
Even more, our scheme allows zero-lag synchronization for arbitrary
separation between the lasers, demonstrating that there is not
necessarily a size-limit for systems allowing collective synchroniza-
tion. In contrast to the two-laser case exhibiting generalized
synchronization, we observe for this system identical synchroniza-
tion. The scheme is based on using a third laser as a dynamical relay
between the two lasers to be synchronized at zero lag. The distances
between each of the outer lasers and the central one have to be
equal (but do not need to be very carefully matched). Also in this
configuration, due to the mutual coupling of the lasers, collective
chaotic emission dynamics arises. In this collective dynamics, the
central laser relays the chaotic state from one of the outer lasers to
the other, either leading or lagging the dynamics. The corresponding
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lead or lag time is balanced between the two branches, leading to
robust zero-lag synchronization between the outer lasers. Remark-
ably, the correlation between each of the outer lasers and the central
one, respectively, can be significantly lower than the correlation of
the two outer ones. This underlines the different types of the
synchronization. A systematic analysis of this behavior, both,
experimental and numerical, has been performed, and dependencies
on pumping conditions and detuning have been studied and will be
described in this communication.
[1] T.Heil, I.Fischer, W.Els er, J.Mulet, C.R.Mirasso, Chaos synchroni-
zation and spontaneous symmetry breaking in symmetrically delay
coupled semiconductor lasers, Phys. Rev. Lett. 86, 795 (2001).
[2] Ral Vicente, Shuo Tang, Josep Mulet, Claudio R. Mirasso and Jia-
Ming Liu, Dynamics of Semiconductor Lasers with Bidirectional
Optoelectronic Coupling: Stability, Route to Chaos and Entrainment,
Phys. Rev. E 70, 046416 (2004)
[3] Josep Mulet, Claudio R.Mirasso, Tilmann Heil, Ingo Fischer,
Synchronization scenario of two distant mutually coupled semicon-
ductor lasers, J. Opt. B: Quantum Semiclass. Opt. 6, 97 (2004).

6184-84, Poster Session
Noise influence in integrated nonlinear optical loop mirror
compression performance
C. de Dios Fernández, H. Lamela, Univ. Carlos III de Madrid (Spain)
Abstract: Generation of high quality ultrashort pulses for optical
communications in the 1,55 µm window is an important field of
study. A key issue to achieve high quality reliable short pulses is the
need to compress and improve the shape of the pulse train. Previous
studies were made concerning short pulse laser sources and non
linear shaping systems1 based on Nonlinear Optical Loop Mirrors
(NOLM). This type of nonlinear devices offer the possibility of
obtaining shorter pulses and also help improving its shape, rejecting
pedestals and asymmetries2-5.
NOLM have also been probed to decrease noise level in the
transmitted signal6. Optical pulsed sources based on semiconductor
diode lasers are subject to time instability noise and intensity noise.
These phenomena, as pulses become shorter, lead to errors and
degrade system performance since they directly affect signal to
noise ratio (SNR). Due to the nonlinear transmission characteristic of
the NOLM, the device acts as an ideal filter6,7. When the NOLM is
properly adjusted, the spontaneous emission noise will be reflected
while the sufficiently intense signal component will be transmitted.
Then, noise outside the signal spectrum is rejected.
The present work turns the attention into the integration of NOLM
devices and the study of the influence of noise in characteristics
such as compression factor, output pulse shape, time-bandwidth
product, peak-power, output chirp and output signal to noise ratio.
Several NOLM schemes have been proposed by different authors2-
5. The use of a semiconductor optical amplifier (SOA) inside the
loop5 is the one considered in this work. It offers more possibilities
regarding the integration of the device since SOA are also semicon-
ductor based devices and offer high and easily controllable gain.
This scheme is under investigation in the MONOPLA project8. A
model based on the Nonlinear Schrödinger Equation9 is considered
to study the integration and performance of this type on NOLM. A
term incorporating noise is included to evaluate its influence on
compressor performance.
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6184-85, Poster Session
Birefringence-induced spectrum beating in
semiconductor amplifiers and superluminescent diodes
G. S. Zhou, Concordia Univ. (Canada)
The phenomenon of birefringence-induced spectrum beating was
presented. It is produced by two slightly different Fabre-Perot
residual spectrum ripples in the same cavity due to the birefringence
between TE and TM modes in semiconductor waveguide. It exists
widely in semiconductor amplifiers, superluminescent diodes and
other F-P semiconductor components in sub-threshold operation. A
concise formula was obtained relating ripple period and beating
period. It has potential to be used in measurement of birefringence in
such components based on this principle with simplicity.

6184-86, Poster Session
Investigation of the dynamic behaviour of laterally
coupled diode lasers by studying the noise spectrum and
the small signal response
R. Santos, H. Lamela, P. Acedo, Univ. Carlos III de Madrid (Spain)
The technological advances in semiconductor lasers are mostly
based on the achievement of devices that can be modulated beyond
their intrinsic relaxation oscillation frequency [1][2]. To overcome this
limitation, laterally coupled diode lasers have been proposed as a
solution [2][3]. These devices present good indications for their
incorporation in next generation optical communication systems; It
has been theoretically and experimentally observed that these
devices present a resonance frequency beyond the relaxation
oscillation frequency [4][5].
The appearance of this new resonance frequency has been studied,
and it is known that, on the one hand, there is a close relation with
the emission spectrum of the device, since the frequency separation
between the fields emitted by each one of the laser ridges is the
same as the second resonance [4]. On the other hand this frequency
also depends on the separation between laser waveguides and on
the relative bias applied to the device [6][7]. From previous studies it
was found that the mechanism which allows the second resonance
to appear is found to be of a different nature. In these devices two
different operation regions were identified, these depending on the
phase relation between the fields emitted by each of the laser ridges.
If no phase relation between the fields is observed, the second
resonance frequency appears due to the beating between the
longitudinal modes. In the case where a constant phase relation is
observed, the second resonance frequency is a proper frequency of
the system and its value is the frequency separation between the
lateral modes [6] [7].
A study of the noise spectrum for the identification of the laser
dynamics has been made in high speed diode lasers [8]. It is known
that an oscillating frequency is characterised by a peak in the noise
spectrum, and, apart from the relaxation oscillation frequency, the
noise characteristics of the new proper frequencies depend on the
coherence and dynamics of the interaction between the emitted
fields of the laser array [9]. Consequently these new frequencies,
observed in the noise spectrum, will affect the frequency response of
the device.
The objective of this work is to study laterally coupled diode laser
dynamics by analysing both the noise spectrum and the frequency
response of these devices. This paper aims to identify the proper
frequencies, their characteristic noise amplitudes, which are required
to study their influence on the modulation frequency response of
these devices.
1. K. Y. Lau, “Narrow-band modulation of semiconductor lasers at
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6184-87, Poster Session
On spectral line broadening in quantum-well
heterostructure lasers
A. A. Afonenko, Belarusian State Univ. (Belarus); V. K. Kononenko,
B.I. Stepanov Institute of Physics (Belarus); A. F. Joullie, Univ.
Montpellier II (France)
Adequate description of spectral characteristics of quantum-well
heterostructure lasers demands the taking into account emission line
broadening effects. Analysis of the emission processes within the
framework of the density matrix formalism with the empirical
interband polarization decay time as well as the description of many-
body interactions by the first order perturbation theory with the
energy independent carrier relaxation time result in the Lorentzian
shape of a homogeneously broadened emission line. The examina-
tion of the spectrum of perfect quantum-well lasers is revealed that
the emission line has exponential tails. Theoretical approach with
taking into account the non-Markovian processes can be served as
substantiation of such a character of the emission line. However, the
known methods of the emission line calculations are complex and
performed only numerically that makes difficulties for considering the
influence of excitation conditions and parameters of semiconductor
materials on the spectral line.
In the present paper, the theoretical analysis of the emission line
broadening in quantum-well lasers is carried out taking into account
the Coulomb interaction of current carriers in the approximation of
two-dimensional electron-hole gas. The principal idea of the used
method consists in the determination by means of the perturbation
theory for many-body systems the functional dependence of tails of
the emission line and in the subsequent extrapolation of the central
part of the line according to the normalization requirement. Based on
the obtained in the parabolic band approximation analytical shape
function for the homogeneously broadened spectral line, the
influence of various factors on the optical spectrum is analyzed. An
explanation of the experimental data, including the spectral line
asymmetry and the linewidth change at variations of temperature
and power excitation, is given.
The proposed approach includes the following steps. To consider
the spontaneous optical transitions transforming a state with n
electron-hole pairs to a state with (n-1) electron-hole pairs, we
choose the one-particle wave functions as the Bloch functions

distinguishing in the wave vectors and respective operators of
secondary quantization. An operator of the electromagnetic
interaction describes optical transitions with the conservation of the
wave vector and spin. In the operator of the Coulomb interaction, we
include the interaction between electrons in the conduction band,
between holes in the valence band, and between electrons and holes
and neglect the exchange interaction between electrons and holes
and interaction resulting in processes of interband transfer. Then, the
operator adding corrections of the first order perturbation theory to
an initial many-body state is formally introduced and the first order
corrections at the Coulomb interaction to the optical transitions were
found. Obtained matrix elements include terms which describe the
process of recombination of an electron and a hole with the
transferring of an excess momentum to another electron or hole and
takes into account a modification of the probability of recombination
in electron-hole pairs with zero quasi-momentum.
The next step of the method is connected with statistical averaging
the probability of optical transitions over the phase space of the
wave vectors of carriers involved in the interactions. To derive the
contributions to the spectral broadening from certain optical
transition probability components, it is necessary to fix the wave
vector corresponding to a specific pole of the probability of the
optical transition at a definite photon energy and to integrate the
probability, including the state occupancy functions, over the other
wave vectors.
Finally, we can obtain the shape of the spectral line at the transitions
through the determined electron and hole states. It makes sense at
the both edges (tails) of the whole spectrum, except the region near
the center of the line, where the broadening function can be
estimated by means of the restriction and normalization to the non-
perturbed probability of direct optical transitions (with no the
Coulomb interaction taken into account).
Different components of the broadened spectral line can be
separated in accordance with the type (electron or hole) and spin
(equal or opposite) of a particle accepting the excess momentum
and with the kind of Coulomb interactions (intra- or interband). To
evaluate the spectral line we use the parabolic band model in the
effective mass approximation for a two-dimensional electron-hole
gas. Numerical calculations show that the dominating contribution to
the broadening at the long-wavelength spectrum side is given by the
recombination in electron-hole pairs with transfer of the excess
momentum to another electron (through the electron-hole Coulomb
interaction), and in the short-wavelength part of the spectrum with
transfer of the excess momentum both to another electron and hole.
It is possible to make the following conclusions concerning principal
features of the spectral line. (i) The emission line has asymmetric
exponentially decaying tails. The long-wavelength side (at the deep
tails) decays more slowly than the short-wavelength one. The
asymmetric exponential character of the line tails is associated with
the statistics of the current carriers distribution over the energy levels
and with the fulfillment of the energy and momentum conservation at
interactions. Analogous exponential factors have to appear in
spectral lines of emission in one-dimensional systems (quantum
wires) too.
(ii) The emission line becomes wider at increasing the power
excitation.
It is expressed by the fact that the integrated intensity of the
emission grows exponentially as the quasi-Fermi level difference and
the emission intensity at the tails grows in one and half greater
degree.
The line widening is explained by an anticipating growth of the rate
of processes involving three particles at the transfer of the excess
momentum in the Coulomb interactions.
(iii) The asymmetry of the emission line is more essential at low
temperatures, where equality of the range of many-body energy level
splitting and thermal energy is realized at a smaller relative excitation
level. In this case, the shape of the spectral line is greatly influenced
by the statistical factors.
The listed above features of the emission line are in accordance with
experimental results. Though the quantitative comparison with the
experiment requires more detailed considering the peculiarities of the
energy-band structure, it is attractive to examine data of spectral line
widths and logarithmic decrements at the tails. Some difference
between theory and experiment can be also attributed to fluctuations
in the quantum well widths and component compositions.
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As follows from the presented results, the Coulomb mechanism is
the dominance in the broadening of emission at high enough levels
of the quantum well excitation. In this case, the probability of optical
transitions is nearly equal in a wide energy range and in the central
part of the spectrum the optical transitions can be considered in the
model of recombination with no the quasi-momentum conservation.

6184-88, Poster Session
Linewidth of monolithic semiconductor ring lasers
G. Giuliani, Univ. degli Studi di Pavia (Italy); A. Scirè, Univ. de les Illes
Balears (Spain); M. Sorel, Univ. of Glasgow (United Kingdom); S.
Donati, Univ. degli Studi di Pavia (Italy)
Semiconductor ring lasers (SRLs) are attractive devices because
they can be fabricated without the need for cleaved facet mirrors,
offering the possibility to be monolithically integrated with other
optoelectronic devices. SRLs can support two counter propagating
lasing modes, that give rise to a rich phenomenology of operating
regimes and dynamics. In particular, SRLs have been demonstrated
to operate uni-directionally [1] with the possibility to select the active
mode by means of electronic control, and also bi-directionally either
CW or in an interesting alternate oscillation regime [2]. Recently, a
device combining two coupled micro-ring laser cavities with an area
of 20 x 40 micron squared was demonstrated as ultrafast all-optical
switch and optical memory [3].
It is of interest to investigate the linewidth of single-transversal mode
SRLs operating in the unidirectional regime, as this parameter can be
of great importance for the application to optical transmission
systems, and it can affect the mechanism of directional switching
induced by an external optical signal.
In this theoretical work, the linewidth of a SRL is calculated using
Henry’s linewidth formula [4], suitably modified for the case of a ring
cavity. Two cavity geometries based on a single-transversal mode
ridge waveguide are considered: i) a circular cavity; and ii) a square
cavity with total internal reflection mirrors. For both cases, a passive
waveguide is coupled to the active cavity to extract output light. The
linewidth is calculated as a function of several device parameters,
such as the cavity diameter (or diagonal, for the square), power
coupling coefficient of the output coupler, and losses of the output
coupler and of the total internal reflection mirrors. As the linewidth
also depends on the spontaneous emission factor (i.e. the population
inversion of the semiconductor active medium), this parameter is
derived after computation of the threshold current for the different
considered cases, also taking into account configurations where
most of the waveguide cavity length is non-active and non-absorbing
(i.e. by using passivation processes).
For the circular geometry, total waveguide losses are calculated as a
function of the device diameter, because for smaller diameters
curvature loss shall be compensated for by using stronger light
confinement achieved through deeper ridge etching, however at the
expense of an increase of scattering losses due to waveguide
roughness. As a consequence, for the circular cavity narrower
linewidths are obtained for large diameters, while devices with
diameters of a few tens of microns exhibit relatively large linewidths
(several tens or a few hundreds of MHz). Theoretical results are in
agreement with the (limited) experimental data available to date for
the linewidth of practical SRL devices [5].
Conversely, for the square geometry that uses a shallow-etched
waveguide with low scattering loss, relatively narrow linewidths are
predicted also for the case of small dimensions, and it is shown that
there is a strong dependence of the linewidth on the loss associated
with the total internal reflection mirrors.
In conclusion, a theoretical analysis is carried out to determine the
linewidth of semiconductor ring lasers, giving useful directions for
optimum device design and fabrication technology.
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6184-89, Poster Session
Green’s function approach to modelling quantum well
semiconductor lasers
M. S. Wartak, P. C. Weetman, Wilfrid Laurier Univ. (Canada)
The accurate modelling of semiconductor lasers based on quantum
wells (QW) creates several challenges. The most popular description
of those systems is based on the drift-diffusion approach. There is a
number of drawbacks with drift-diffusion and related models. One of
them is the designation of “two-dimensional” and “three-dimen-
sional” carriers that have low energy to be within the quantum well
and those at energies too high which are above the well. In addition,
it is logically inconsistent that in order to calculate the spectral
properties one assumes that the carriers are in equilibrium while the
dynamical part assumes the carriers are not in equilibrium. Also, a
major problem is that physical effects are incorporated in a simplistic
and phenomenological manner via many constants and parameters.
In order to eliminate some of those problems, we have recently
proposed an approach based on density matrix [1]. We have derived
the quantum Boltzmann equation (QBE) for the use in modelling
quantum well laser. The model is an extension of the Wigner function
model of the resonant tunnelling diode [2{5] which has also been
used to describe electron-hole transport in quantum well systems [4,
6]. It is not possible with those models to completely describe a laser
because there is no coupling to the electromagnetic ¯eld. Our key
extension was the addition of electromagnetic interaction. Our model
will be useful in modelling novel devices such as the tunnelling
injection laser [7, 8] where the carrier injection is hypothesized to
occur via phonon-assisted tunnelling. In the present paper, we
extend our previous approach by incorporating Coulombic and
con¯ned- mode LO phonon interactions starting from a general non-
equilibrium Green’s function formalism. Our novel approach is based
on the standard non-equilibrium single particle Green’s functions: the
advanced Ga, retarded Gr, time-ordered Gt, anti time-ordered Gt
and G<, G\>. For more complicated interactions such as general
phonon and Coulombic scattering, it is most convenient to start with
non-equilibrium Green’s functions and evolution described by
Dyson’s equations [9, 10]. We then apply a Markovian approxima-
tion, the Kadanoff-Baym ansatz and the Wigner- Weyl transformation
to arrive at the Wigner function formulation and the QBE’s. Our new
approach is intended to make up for the shortcomings of conven-
tional models by treating all physical interactions in a more rigorous,
consistent manner. Bene¯ts of this model include the ability to
analyze spectral and dynamical characteristics simultaneously and
less reliance on phenomenological parameters and thus it has
enhanced predictive power. The QBE is also a very convenient
method to model the (open system) boundary conditions because
they simply reduce to Fermi functions [2{4]. In our model we include
heterostructure and general classical potentials, and coupling with a
classical electromagnetic ¯eld [1]. We analyzed in detail a Fabry-
Perot structure with a single quantum well. We present several
numerical results. Some of the preliminary results of the research
presented in the present paper have appeared in [11] and [12]. We
would like to acknowledge the support from the Natural Science and
Engineering Research Council of Canada (NSERC) and Sharcnet,
Ontario, Canada.
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6185-01, Session 1
Integration technologies for board-level optical
interconnects
A. L. Glebov, M. G. Lee, K. Yokouchi, Fujitsu Labs. of America (USA)
Due to approaching limitations in speed, bandwidth density, and
scalability of high-speed printed circuit boards (PCB), optical
interconnects (OI) draw more and more attention as a viable
alternative to electric signal routing. Among possible solutions for
board-level OI, planar polymer waveguides emerge as a more
competitive approach in terms of cost, passive element integration,
component alignment tolerances, and manufacturability. In this talk
various technologies enabling board-level OI will be presented. A
strong emphasis will be given to elementary technologies for
fabrication of OI prototype modules such as integrated low loss
polymer waveguides, waveguide microoptic elements, 3D optical
wiring schemes, in- and out-of-plane light coupling, and optical
connectors. The prototype optical backplane operation at 10+ Gbps
will also be presented.

6185-02, Session 1
Photonic integrated polymer components and Circuits by
UV-induced refractive index modification
P. Henzi, D. G. Rabus, Y. Ichihashi, M. Bruendel, J. Mohr,
Forschungszentrum Karlsruhe (Germany)
No abstract available

6185-03, Session 1
Laser-ablated coupling structures for stacked optical
interconnections on PCBs
N. Hendrickx, G. Van Steenberge, P. Geerinck, P. Van Daele, Univ.
Gent (Belgium)
As the integrated circuits (ICs) complexity and speed continue to
increase, interconnects become the main bottleneck for further
improvements on the performance of systems. At higher data-rates,
electrical interconnects suffer from problems such as cross-talk,
signal distortion and EMI. Systems that replace wire with optics will
ultimately transport data faster, use less power and transfer data
more accurately at high speed. The integration of optical intercon-
nects on a printed circuit board (PCB) is driven by the increasing
bandwidth requirements in servers, supercomputers and switch
routers. In spite of repeated predictions that the optical interconnect
is soon going to replace the electrical interconnect on the board
level, this turned out not to be the case yet. Integrating optical
interconnections on the board level, covering distances from a few
centimeters for on-board interconnects to even 1 m for board-to-
board interconnects that run over a back panel, is very challenging
since the optical interconnection and mounting technology has to be
integrated in existing PCB manufacturing technology.
The realization of optical interconnections on board level can be
done in a variety of ways. Compatibility with the existing PCB
manufacturing and soldering processes is needed in order to create
a cost-effective solution. One of the possible approaches is the
integration of an optical layer, which contains waveguides and other
passive optical structures, on top of a PCB. The optical material has
to be compatible with standard PCB manufacturing, which means
that it has to withstand the increased pressure and temperature that
occur during lamination and soldering processes. The material used
for the optical layer, Truemode backplaneTM polymer, is an acrylate
based polymer that is commercially available (Exxelis ltd.). The
material has excellent optical and thermal properties and shows a
good adhesion on FR4.A large variety of technologies, such as
photolithography, embossing and direct laser writing, can be used
for the patterning of the optical layer. Each technique has its specific
advantages and limitations that make it suitable for certain applica-
tions. We present laser ablation as a versatile technology that is
suited for the definition of multimode waveguides and 45° micro-
mirrors in an optical layer applied on an FR4 substrate. Laser
ablation is a mask-less technique that can be used for rapid
prototyping, as opposed to mask-based systems where a mask first

has to be designed and fabricated. The ablation set-up available at
UG contains three different laser sources: a KrF excimer (248nm), a
frequency tripled Nd YAG (355nm) and a CO2 (9.6µm) laser. The
availability of different laser sources allows for the structuring of a
large range of materials such as polymers, ceramics and glass. The
excimer laser beam can be tilted, which eases the definition of
angled facets. A two layer optical structure is presented that
contains multimode waveguides, which guide the light in the plane of
the optical layer, and 45° micro-mirrors, which deflect the light beam
out of the plane of the waveguides. The demonstrator couples light
vertically in and out of the optical layers and forms a basic building
block for a two layer optical interconnect. The use of multilayer
structures allows us to fully use the functionalities of 2D opto-
electronic elements such as VCSEL and photodiode arrays. The
definition of a two layer optical interconnection is very challenging
since the alignment between optical components in top and bottom
layer is crucial and will determine the performance of the complete
system. The influence of misalignment will be presented by the use
of a simulation tool. The multimode waveguides are ablated into the
core layer with the KrF excimer laser. Alignment marks are ablated
into the FR4 substrate in order to be able to align the waveguides in
the top and bottom layer with respect to each other. 45° micro-
mirrors are ablated with the tilted excimer laser beam; the sample
can thus stay on the translation stage horizontally. Two possible
configurations can be used: micro-mirrors based on total internal
reflection (TIR) and metallized micro-mirrors. Both structures are
studied: surface roughness measurement and coupling loss will be
presented.

6185-04, Session 1
Prototyping micro-optical components with integrated
out-of-plane coupling structures using deep lithography
with protons
J. Van Erps, L. Bogaert, B. Volckaerts, H. Thienpont, Vrije Univ.
Brussel (Belgium)
In this paper, we present the design, simulation, fabrication and
experimental characterization of a waveguide-based micro-optical
component realizing a 1-to-N branching of an optical signal through
integrated 45° micro-mirrors. This component can be used to split
the output of an optical fiber equally into multimode waveguides
integrated in a printed circuit board or more generally, it realizes out-
of-plane coupling of optical signals allowing for surface-normal
optical interconnections, such as coupling light to and from surface
mounted optoelectronic components.
The component consists of a polymer multimode waveguide with a
square cross-section of 500µm x 500µm. Its targeted functionality is
to split the incoming optical signal in three beams with equal power.
To achieve this, we incorporate coupling structures in the
waveguide, more specifically 45° micro-mirrors, coupling a specific
amount of light (20% in our case) out of the waveguide by total
internal reflection. This amount can be varied by changing the
dimensions of the micro-mirror. Therefore, we simulate the behaviour
of the multimode branching waveguide using non-sequential ray-
tracing software to optimize the geometrical dimensions of the out-
of-plane coupling structures and the resulting coupling efficiency.
Due to the relatively large cross-section of the waveguide, the first
parameter to calculate is the propagation distance needed to
achieve a uniform filling of the waveguide cross-section after the
input facet of the waveguide as well as after every out-of-plane
coupling structure. Then we know at which distance from the input
facet we can place the first micro-mirror and what the distance
between this and the subsequent micro-mirrors should be. From our
simulations, we can conclude that the waveguide’s cross-section is
uniformly filled after 4mm for a multimode input fiber with a numeri-
cal aperture of 0.22 and a core diameter of 50µm and re-filled
uniformly 6mm behind a micro-mirror. The resulting geometrical
dimensions of the micro-mirrors in order for each of them to couple
out 20% of the optical power, are 123µm, 155µm and 212µm, placed
at respectively, 4mm, 10mm and 16mm from the input facet. Since
the energy distribution of the light coupled out by each micro-mirror
is relatively large and asymmetrical, we need optics to focus this light
into an optical fiber or a PCB-integrated waveguide. An
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anamorphous lens system is preferred over a spherical micro-lens
because the former allows a different focusing in both directions,
since it consists of two cylindrical lenses with orthogonally placed
optical axes. However, even with the anamorphous lens system, the
simulated coupling efficiency into a multimode fiber does not exceed
40%, compared to 8% using a spherical micro-lens. Another, far
more effective solution for this problem is a downscaling of the
cross-sectional dimensions of the waveguide so that it matches the
typical dimensions of multimode fibers or waveguides (e.g. 50µm),
eliminating the need of focusing optics.
For the prototyping of the designed component, we use Deep
Lithography with Protons (DLP). It is a powerful rapid prototyping
technology for the fabrication of various types of micro-mechanical
and micro-optical components. The compatibility of DLP with
standard replication techniques such as injection moulding and hot
embossing has been shown before, making our prototypes suitable
for low-cost mass production. We irradiate free-standing Poly-
(MethylMethAcrylate) or PMMA with a thickness of 500µm using
proton beams of 140µm and 20µm to respectively pattern the outer
contour of the waveguide and the patterning of the out-of-plane
coupling micro-mirrors. For this patterning, we translate the PMMA
sample perpendicularly to the proton beam, according to the design.
After optimizing the irradiation and the development process, we
characterize the RMS surface roughness Rq and the surface flatness
Rt of the fabricated optical surfaces using a non-contact optical
surface profiler and a stylus contact profiler. We measure a local
RMS surface roughness Rq = 27.5nm over an area of 60µm x 48µm
and a flatness Rt = 3.14µm over a length of 500µm for the optical
surfaces created with the 20µm proton beam. The measured local
RMS surface roughness for the 140µm-beam irradiated parts of the
component averages 30nm over an area 60µm x 48µm and the
flatness is around 3µm over a length of 500µm. The latter is due to
the scattering of the protons when interacting with the polymer.
Furthermore, we optimized the irradiation process to ensure a good
alignment of the 20µm and 140µm proton beam when switching
collimation apertures during irradiation.
After optimization of the irradiation and the development process, we
fabricated two prototypes of the branching component, incorporat-
ing respectively one and three out-of-plane coupling mirrors. In both
cases, the measured geometrical dimensions of the coupling
structures, respectively 126µm, 150µm and 215µm, are in correspon-
dence to the designed values, which shows that we have success-
fully compensated the beam misalignment when switching apertures.
Due to the finite size and the circular shape of the proton beam, we
observe some rounding at the bottom of the out-of-plane coupling
mirco-mirrors. Feedback into the simulation software reveals that
this rounding leads to a negligible amount of scattering visible as a
broadening of the far field intensity profile, which is also visible
during experimental characterization.
In a final step we measure the coupling efficiency of the branching
component. As a source, we use a Thorlabs multimode fiber with the
same specifications (N.A. 0.22, core diameter 50µm) as used for the
simulations, pigtailed to a laser diode with wavelength 635nm. To
ensure perfect alignment of the input fiber with respect to the
branching waveguide’s input facet, the fiber is mounted on a
Newport UltrAlign XYZ-tip-tilt translation stage. We measure the
power coupled out by each micro-mirror separately by using a
Newport 818-SL power detector. The experimentally measured
coupling efficiencies of the out-of-plane coupling structures are
respectively 22.7%, 21.8% and 21.8%, which is in agreement with
the targeted 20% during the design. Also, the far field intensity
pattern of the light coupled out is recorded. The shape of this far
field pattern corresponds to the simulation results, including the
scattering effect due to the rounding of the bottom of the micro-
mirrors.
Since we did not use any micro-lenses up to now, the light distribu-
tion coupled out of the waveguide is too large to be efficiently
coupled into e.g. a multimode fiber. In the future, we will therefore
have to use micro-lenses in our system. Another approach is the
downscaling of the component. We have performed simulations to
investigate the feasibility of downscaling the branching component
with integrated out-of-plane coupling structures to a cross-section of
50µm by 50µm. This downscaled component has the advantage that
there is no need for long propagation distances inside the waveguide
to ensure a uniform filling of its cross-section, allowing for much
smaller form factors and more importantly, it eliminates the need for
extra focusing optics, since the dimensions now closely match the

size of the multimode optical fiber and/or PCB-integrated
waveguides.

6185-05, Session 2
Organic devices for micro-optical applications
M. Punke, S. Mozer, M. Stroisch, M. Gerken, G. Bastian, U. Lemmer,
Univ. Karlsruhe (Germany); D. G. Rabus, P. Henzi,
Forschungszentrum Karlsruhe (Germany)
No abstract available

6185-06, Session 2
Optical connections on flexible substrates
E. Bosman, P. Geerinck, W. Christiaens, G. Van Steenberge, J. M.
Vanfleteren, P. Van Daele, Univ. Gent (Belgium)
Optical connections on flexible substrates
I. COMBINING OPTICAL AND FLEXIBLE TECHNOLOGIES.
Optical data transmission is nowadays very common over long
distances, but the ever increasing speed, density and integration of
electronic components on boards forces the market to integrate
optical interconnections for short distance systems as well,
integrated on the boards.
The search for cheaper and smaller solutions in electronics for
consumer-products has also increased the need for flexible
substrates and circuits, which are lighter, more reliable and assem-
bly-efficient.
Both increasing trends and needs result in applications which
combines the advantages of optical interconnections and flexible
substrate technologies. These will be realized by the integration of
optical layers and components on a flexible substrate.
This paper focuses on the research on applying commercially
available optical layers on a Polyimide foil or on a spin-coated
Polyimide film, followed by the definition of waveguides, micro-
mirrors, micro-lenses by photolithography or laserablation and
aligning structures in these layers, resulting in a proof-of-principal
demonstrator. Special care will be taken to ensure the compatibility
of this process with the standard PCB production processes.
II. INTEGRATION OF OPTICAL LAYERS ON A FLEXIBLE SUB-
STRATE
Optical layers (undercladding-, core- and uppercladdinglayer) have
been successfully deposited on rigid substrates in the past by the
TFCG Microsystems-group and optical elements were integrated.
These layers require materials with low light propagation losses for
the common wavelengths for data communication (850 nm),
telecommunication (1.3 or 1.55  µm) or optical sensing, depending
on the application. To achieve uniformity in thickness, spincoating is
used to deposit these UV-sensitive materials. Successfully applied
optical layers so far were produced with Ormocer’s, Truemode
Backplane Polymer and SU-8.
The material for the flexible substrate itself is Polyimide (PI) which is
the dominant material in the flexible circuits industry because of its
good electrical, chemical, temperature and mechanical behavior. The
flexible substrate needs chemical or physical surface treatment
before applying the optical layers because of the inertness of
Polyimide (PI). Several techniques like sandblasting and plasma
etching have proven their efficiency on improving the adhesion
between both the PI and the optical materials.
Working with flexible substrates demands adjustments of the
process flow and special care keeping the substrate from curling up
which disables proper alignment in next process steps.
Most important and crucial objective is the research of the dynamic
and flexible behavior of the different optical materials, concerning the
maximum bending radius and continuous bending lifetime. First tests
on the SU-8, Truemode and Ormocer’s materials show nice flexible
behavior with maximum bending radius of 0.5 cm and less and good
adhesion with the PI substrate after surface treatment.
III. FABRICATION OF OPTICAL WAVEGUIDES AND MICRO-
STRUCTURES
A. Fabrication of optical waveguides
Light that will be coupled into the core layer will be guided in that
layer due to total internal reflection, caused by the different refractive
indexes of the core- and the cladding layers. Isolating tracks in the
core-layer and consequently surrounding the track completely with
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cladding material, results in the creation of optical waveguides. This
isolation can be done by patterning the core-layer with a standard
photolithographic process with selective exposure of the waveguides
to UV-light and in an alternative way by laserablation, removing the
core-material at both sides of the waveguide.
In the past these waveguides in optical layers have been success-
fully applied on rigid substrates, resulting in optical propagation
losses smaller than 3 dB per cm for a 50 x 50  µm waveguide.
B. Fabrication of 45 degrees out of plane turning mirror
The data-carrying light can be vertically coupled in- and out of the
waveguides with 45 degrees out of plane deflecting micro-mirrors,
terminating the waveguides and connecting them with laser diodes,
receivers, optical fibers, open air or optical elements. These mirrors
can be realized by laserablation with a Kr-F Excimerlaser (248 nm
wavelength) resulting in high performance micro-mirrors with less
then 1dB coupling loss and less than 100 nm rms surface rough-
ness. Metallization of the mirror surface afterwards results in better
reflectivity of the micro-mirror.
C. Fabrication of alignment structures for a proof-of-principle
demonstrator
This research not only focuses on the optical assembly of mechani-
cal circuits but the combination of optical and electronic assembly
on the same module. This means that the positioning of the VCSEL’s
and receivers on one hand and optical fiber-arrays, optical elements
and deflecting micro-mirrors on the other hand is crucial. Every
element needs its own alignment structure, which however can all be
realized with the laser ablation technique. Alignment structures
consist of mechanical stand-off’s adjusting the lateral position and
height of an element (e.g. VCSEL, receiver), aligning holes combining
lateral positioning and mechanical connection, and optical micro-
lenses focusing the lightbeam into the core of another waveguide or
optical fiber increasing the alignment tolerances. In concern of the
standardization of this research for its applications, connections with
a standard MT-ferrule will be established, using aligning holes and a
lens-array. (see Figure 4)
A proof-of-principle demonstrator will be fabricated, including all the
elements which have been discussed in this paper (flexible substrate,
optical layers, waveguides, turning mirrors, mechanical stand-off’s,
lensplates, MT-ferrule-connection, VCSEL’s, receivers, electrical
modulator). Figure 4 shows the cross-section and principle of the
demonstrator.
D. Measurement and Characterization of propagation- and coupling
losses
Besides the static and dynamic mechanical characterization of the
optical layers and the aligning structures, there is a need for optical
measurements to characterize the optical path. The degradation of
the light intensity which is coupled in- and out shows us the
propagation- and coupling losses of the measured optical path.

6185-07, Session 2
Development of a technology for fabricating low-cost
parallel optical interconnects
G. V. Steenberge, N. Hendrickx, P. Geerinck, E. Bosman, S. Van Put,
P. Van Daele, Univ. Gent (Belgium)
We present a fabrication technology for integrating polymer
waveguides and 45° micromirror couplers into standard electrical
printed circuit boards (PCBs). The most critical point that is being
addressed is the low-cost manufacturing and the compatibility with
current PCB production. The latter refers to the processes as well as
material compatibility. Two polymers are investigated for the
realization of the optical layers, acrylate polymers (TruemodeTM
Backplane Polymer, Exxelis Limited, Scotland) and inorganic-organic
hybrid polymers (Ormocer(r), Fraunhofer-Gesellschaft, Germany).
Both polymers have been chosen in view of their compatibility with
standard FR4-based electrical board manufacturing, temperature
stability, planarisation properties and low optical loss. Planar
multimode waveguides using TruemodeTM materials patterned by
UV-exposure show an attenuation loss as low as 0.05dB/cm.
However, non-contact mask aligning might not be the low cost
technology industry is looking for. Therefore an alternative technol-
ogy, laser ablation, is proposed. The use of laser ablation is already
being used in PCB manufacturing for drilling microvia’s in high
density boards and trimming embedded resistors. This means that
the technology is fully compatible with standard electrical PCB
manufacturing. Laser ablation can be described as a micromachining

technology that is based on the controlled removal of material with
intense laser pulses. In general, the energy of the laser beam is
absorbed in a thin layer or small volume and the ablation process
takes place through rapid fragmentation. Depending on the
wavelength and the material, this can have the characteristics of
ablative photo-decomposition, or rapid heating and vaporization. Our
unique ablation set-up contains three different laser sources: a KrF
excimer-, a frequency tripled Nd:YAG- and a CO2-laser, being able
to structure a whole set of materials in different applications. KrF
excimer laser ablation (wavelength 248 nm) is particularly well suited
for structuring of polymers because of their excellent UV-absorption
properties and highly non-thermal ablation behaviour. Scanning
electron microscope (SEM) pictures of excimer laser-ablated
waveguides show very smooth sidewalls. Optical loss of both photo-
defined and laser-ablated multimode waveguides using
TruemodeTM materials are measured using the cut-back principle, at
a wavelength of 850nm. Fiber-to-fiber coupling loss below 1dB is
achieved using PCB integrated waveguides with polished end-
facets. Laser ablated waveguides show an attenuation loss below
0.5dB/cm, a lot higher than the loss of a photo-defined waveguide,
but sufficiently low for a lot of applications where large propagation
distances are not needed. Samples containing multimode
waveguides using Ormocer(r) materials are ready for loss measure-
ments, results will described in the paper.
While many of the objectives of optical data connections on PCBs
have been addressed at length by many groups, the cost effective
manufacturing of coupling structures for guiding light into optical
waveguides has still not been solved in a way that would enable
optical PCBs reach a state where broad implementation can be
expected. The redirection of light takes a central role in the optical
interconnect solution. Many solutions can be found in the scientific
and patent literature for guiding the light out of the plane. These
include embedded fibers bent to redirect light perpendicular to the
surface. Other solutions favour the “periscope” where chips carry the
active devices and guide light directly into and out of the embedded
optical waveguide, and many others. Our investigation concentrates
on the solution where a 45° mirror is used for redirecting the light,
and the particular manufacturing method that allows easy integration
into the PCB manufacturing process. The out-of-plane coupling
micromirrors are fabricated using excimer laser ablation. A coupling
structure based on total internal reflection (TIR) is enhanced by
developing a process for embedding metal coated 45° mirrors in the
optical layers. The mirrors are selectively metallized using a lift-off
process. Filling up the angled via without the presence of air bubbles
and providing a flat surface above the mirror is only possible by
enhancing the cladding deposition process with ultrasound agitation.
Surface roughness of both the mirrors and the upper cladding
surface above the mirrors is investigated using a non-contact optical
profiler. Preliminary loss measurements show a mirror loss below
1dB, both for mirrors based on TIR and for coated mirrors.
A 12x12cm2 demonstrator board containing parallel optical
interconnections is being built, including arrays of laser ablated
50x50µm2 waveguides on a pitch of 125µm and 45° out-coupling
structures to deflect the light beam vertically towards an MPO/MTP
connector. Making use of such an MPO plug, the connectorisation is
mechanically stable and of a non-permanent nature, which means
that the connector can be disconnected and re-connected again and
again. The alignment between the waveguide and the fiber ribbon is
achieved by two laser-ablated holes in an intermediate polycarbon-
ate (PC) plate, which align the guiding pins of the MT ferrule. Index
alignment is used for aligning the optical PCB and the PC plate. The
additional loss introduced by the assembly process will be evaluated
for the different channels of the MT ferrule.

6185-08, Session 2
Replication of optical rib waveguide structures using
nickel shims
M. Bruendel, P. Henzi, D. G. Rabus, Forschungszentrum Karlsruhe
(Germany)
Polymers have been accepted to be the material of choice for planar
waveguide components in recent years, mainly due to their increas-
ing performance, rapid processibility, capability for precise tailoring
of their optical properties, and their comparatively low cost. To profit
from these potentials, the improvement of fabrication technologies is
needed as well as the enhancement of materials.
Polymeric optical waveguides have been fabricated by various
techniques. It was shown that the Deep UV-induced modification of
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the refractive index of polymers is a promising technique for the
realization of passive planar lightwave circuits. To achieve a smaller
chip size, the use of strong guiding waveguides is advantageous.
The combination of Deep UV-induced refractive index modification
with ridge waveguide structures made by replication is a promising
approach, which is demonstrated using several waveguide based
devices.
Hot embossing of micro components has become a routinely used
replication technology for thermoplastic polymers. Low flow rates
and slow moulding speeds ensure that even the smallest details in
the nanometer range are replicated perfectly. Hot embossing is
particularly suited for structuring plane plates and foils, as only a
small amount of plastic has to be moulded. In contrast to injection
moulding, the polymer flows a very short way from the foil into the
microstructure during hot embossing. As a result, very little stress is
induced into the polymer and the moulded parts are well suited as
optical components, such as waveguides and lenses. Optical
waveguides made of hot embossed ridge structures of
methylmethacrylate polymers require an additional Deep UV-
exposure in order to partly change the refractive index of the polymer
at the ridge surface.
The process can be summarized as follows: First, the template for
the metal tool can be fabricated by spin-coating a photoresist on a
silicon substrate coated with a metal starting layer, and patterning it
using standard UV-lithography. The moulding tool can then be
electroplated with nickel. For the replication of the structures into the
polymer, the tool is then fixed in the hot embossing machine. After
inserting a thermoplastic polymer film, the moulding tool is evacu-
ated, heated above the softening temperature of the polymer, and
pressed into the film. The microstructures are filled with plastic
material and are replicated in detail. The setup is then cooled down
and the tool is withdrawn from the plastic. To induce waveguiding
structures, the replicated ridge structures are modified by flood
exposing to Deep UV radiation, which increases the refractive index
of a thin surface layer of the polymer material.
The structure height is chosen according to simulation results using
BEAMPROP. For a wavelength of 1550 nm, a structure height of at
least 15 µm is necessary to avoid coupling between the monomode
ridge waveguides and the grooves between them, which are also
photochemically modified during the process. Ridge structures with
a structure width of about 6 µm were successfully replicated.
The fabrication of the nickel tools plays a vital role in this process.
Using the process as described it is possible to manufacture tools of
nearly the size of the substrate using standard MEMS technology.
Typical diameters of silicon substrates used in research and
development are four to eight inch, and it is possible to replicate
tools of this size with commercially available embossing machines. In
contrast to injection moulding, hot embossing allows a very simple
setup of the machine. Nickel shims having thicknesses of only a few
hundred micrometers can be utilised for replication without major
effort. The electroplating process for such shims takes much less
time than for more compact tools, as time increases linear with the
thickness of the electroplated nickel. Therefore, tools can be
manufactured from an existing photomask design within several
days. The realization time for a completely new design can be
reduced even further by the use of direct lithography (e.g. e-beam
writing). In this case, structures can be written, electroplated, and
replicated within less than a week.
The technology of using nickel shims to replicate ridge waveguide
structures is not only suitable for research and development, but also
for mass production of optical components. Copies of shims can be
produced from a master with no significant loss of quality. This
process is widely used in injection moulding of optical storage
devices. The combination of the described polymer ridge waveguide
structure process with the use of four to eight inch shims enables the
fabrication of a higher number of devices per area, which results in
lower costs per piece and is therefore suitable for cost sensitive
applications like fibre-to-the-home (FTTH) networks.

6185-09, Session 2
Microoptics soldering on multifunctional system
platforms
R. Eberhardt, H. Banse, E. Beckert, Fraunhofer-Institut für
Angewandte Optik und Feinmechanik (Germany)
Modern optoelectronical systems that primarily use adhesive
bonding as a joining technology are thus limited in their applications

due to a lack of humidity resistance, laser and ultraviolet light
stability, thermal cycle and life time reliability and finally heat
dissipation capabilities. Laser beam soldering of microoptical
components is one of the most promising alternative  since it
provides stable metallic solder joints with local and time restricted
energy input to reflow the solder. The joints are multifunctional, they
offer superior mechanical strength and stability, a good thermal
conductivity and they can be used for electrical interconnections in
the same time. The investigations presented in the contribution show
that this potential, when used with fluxless processes, can be utilized
for the assembly of a broad kind of hybrid optical systems on a wide
variety of multifunctional system platforms, wether it be low-CTE
glass-ceramics, composites like DCB or ceramic thin-and thickfilm
substrates known from electronics manufacturing.
By applying a specially developed sputtering process complete
solder layer systems, consisting of an adhesion layer, a diffusion
barrier and the solder layer, can be applied in a single vacuum
process, thus creating extremely adhering and reproducible
homogeneous solder layers. Mechanical structuring of the solder
layers takes place by means of lithography or vapour shade masks,
resulting in different accuracies for the wetting surface geometries.
To meet the requirements in terms of precision, marginal creep
affinity, stability against temperature and humidity and fluxless
processing, the eutectic Au80Sn20 (wt%) solder is used in the
described applications and with the developed sputtering technology
it is for the first time possible to achieve thin sputtered solder alloy
layers with the exact eutectic composition, avoiding additional reflow
processes to adjust the eutectic composition. Based on a laser
beam as the reflow tool the contribution shows application examples
where stable joints were realized between similar and different
materials of glass and glass-ceramics, using the joining technology
in a first step to create two parts assemblies. The current develop-
ments nevertheless focus on the enhancement of the joining
complexity, moving from single part joining to whole assemblies.
There not only joining precision in terms of angular and linear
tolerances play an important role, but also the proper handling of the
parts and the material and quality of the system platform and its
wetting surfaces. Already introduced are glass and glass-ceramic
platforms, for instance for interferometer assemblies, where near-
zero thermal expansion is required and where longterm stability in
the range of seconds and submicrons are proved. But for more
multifunctional systems, e.g. laser or sensor assemblies, platforms
made of Direct Copper Bond (DCB), Alumina (Al2O3), Low Tempera-
ture Cofired Ceramics (LTCC) or Aluminum Nitride (AlN) become
important platform materials, since they provide different capabilities
for thermal management, hybrid electronics integration and
mechanical structuring for the embedding of mounting structures for
microoptics. The challenges are now often less precise wetting
surfaces on the platform (roughness, waviness), more difficult
processing due to a sometimes high difference between the heat
capacity and conductivity of the surrounding joining areas, a limited
availability of sputtering processes and thus the necessity to apply
the solder by bumps or preforms  and their appropriate handling
during automated processes. Already investigated
and presented in the contribution is the soldering of prisms on top of
DCB-substrates for a laserbeam shaping application, with a focus on
the process specific that result from the highly heat conducting
platform material. But the technology outlook of the contribution will
show that even more multifunctional platforms, especially electronic
PCB, will be one of the next milestones for the integration of
sophisticated microoptical systems that go, in terms of complexity,
much more beyond the standard laserdiode - fiber coupling
assembly known from telecommunications. There optics, electronics
and even MEMS will meet on a common platform to form a multi-
functional microoptical assembly and laserbeam soldering will be an
interesting technology for joining these assemblies.

6185-10, Session 3
Microreactors: a look inside
M. A. Liauw, RWTH Aachen (Germany)
In the Chemical Process Industries, microreactors (or more precisely
“microstructured reactors”) have been studied for about a decade
and a half. Their coming of age is illustrated by an increasing use in
process development, and by first successful applications in
chemical production. The particular properties of microreactors (very
fast response; continuous operation) require innovative process

Conference 6185: Micro-Optics, VCSELs, and Photonic Interconnects:
Fabrication, Packaging, and Integration



An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe 123

analytical technology (PAT): temperature, pressure, flow, but also
chemical composition of the reactive flows must be monitored in
very small geometries in real-time in a non-intrusive, reliable manner
(see e.g. NAMUR roadmap on process sensors 2005-2015 [1]).
These requirements may be excellently met by optical methods.
In this overview, the state of the art in microreaction technology is
briefly outlined. It is then illustrated how this thriving field may benefit
from sophisticated yet sturdy optical process monitoring, such as
fiber-optical spectroscopy. R&D carried out so far in this area is
reviewed, and, more importantly, the perspective of matching
chemistry and optics is discussed. Addressed at both academia and
industry representatives, the need for a multi-level approach will be
outlined: fundamental research, application-driven development,
short time-to-market, but also introduction of the proper techniques
and concepts into university teaching and continuing education are
crucial building blocks for success.
Everybody in the audience should take from this talk both a strong
excitement about the chances of connecting optics and
microreactors, and, ideally, a keen sense of how to contribute to this
Hot Topic himself/herself.
[1] NAMUR Geschäftsstelle (Ed.), Abschlussbericht Technologie-
Roadmap: Prozess-Sensoren 2005-2015 (Final report Technology
Roadmap: Process Sensors 2005-2015), Leverkusen/Germany,
2005.

6185-11, Session 3
Fabrication and replication of micro-optical components
for educational purposes within the Network of
Excellence in Micro-Optics (NEMO)
A. J. Waddie, M. R. Taghizadeh, Heriot-Watt Univ. (United Kingdom);
J. Mohr, Forschungszentrum Karlsruhe (Germany); E. W. Stijns, H.
Thienpont, Vrije Univ. Brussel (Belgium)
1. Introduction
The Network of Excellence in Micro-Optics (NEMO) is a collaborative
network funded by the European Commission (EC) as part of
Framework 6 (FP6). It consists of over 300 researchers based in
thirty research labs across 12 European countries and has as its
objective the creation of a viable and unified European micro-optics
industry. One of the key objectives of FP6 is the dissemination of
scientific knowledge to the general public and it is with this in mind
that the creation of a micro-optical demonstration kit for secondary
level schools, the EduKit, was proposed [1]. In this paper we shall
outline the individual micro-optical elements which make up the
EduKit and explain some of the technical processes which will be
used in the design, mastering and mass replication of the EduKit.
2. Design and Simulation of the Micro-Optical Elements.
The individual micro-optical elements that make up the EduKit can
be divided into two broad categories, refractive elements and
diffractive optical elements.
The refractive elements consist of a number of arrays of spherical
and cylindrical microlenses with different diameters (and conse-
quently, f-numbers) which can be used to explore simple compound
imaging. From a design perspective, the microlens arrays are simple
- requiring the creation of a number of isolated discs of photopoly-
mer which can then be turned into spherical (or cylindrical) surfaces
by means of a thermal reflow process. Provided a sufficient gap is
left between the individual microlens discs, the sag (and thus the
focal length of the microlens) can be controlled during the mastering
process.
The diffractive optical elements (DOEs) require more design effort
and the use of several pieces of custom design software to produce
elements with a clear output pattern of sufficient size for easy
observation with the naked eye.  The complete set of far-field DOEs
consists of elements of increasing complexity, ranging from a simple
50% duty-cycle grating to a multiple phase-level 2D pattern
formation element. There exist a wide-range of design algorithms for
diffractive optical elements and for the elements used in the EduKit,
two main design techniques were used.
The first, which is primarily used for DOEs using a small (<128)
number of diffraction orders, is a closed-form simulated annealing/
direct-binary search algorithm [2]. This algorithm relies on the
existence of a closed-form solution to the Fraunhoffer diffraction
integral, limiting the available phase element shapes that can be
exploited. The effect of changing the phase of one phase element
can be calculated in N time rather than in NM (where N is the number

of phase elements in the DOE and M is the total number of diffrac-
tion orders in the output signal window). This algorithm produces
high efficiency, low uniformity error DOEs but is generally only
suitable for small numbers of diffraction orders. The elements within
the EduKit designed using this algorithm were the 4x4 and 8x8
fanout elements.
For the pattern formation DOEs with larger numbers of diffraction
orders, an algorithm from the Gerchberg-Saxton/Iterative Fourier
Transform Algorithm family was used. This venerable family of
algorithms uses the Fast Fourier Transform (FFT) to calculate the
output from the diffraction integral and then applies a series of phase
and amplitude constraints [3] to produce a high-efficiency DOE. In
general, the uniformity error of an IFTA produced DOE will be higher
than the uniformity error of a closed-form produced DOE, however
the calculation time of the IFTA (for large DOE sizes) will be signifi-
cantly shorter. The elements designed using these algorithms were
the NEMO and EU logos, the circular flattop and the grid.
In addition to the pattern formation elements, three multilevel
diffractive lens structures (of focal lengths 10mm, 50mm and
250mm) were included with the EduKit. The idea behind the inclusion
of these lenses is to permit the creation of simple telescope systems
as well as demonstrating the two different methods (refractive and
diffractive) of creating a high efficiency lens.
Finally, simulations of all the diffractive elements in the EduKit were
performed using the angular spectrum of plane waves [4]. These
simulations were then used to create short animations demonstrating
the evolution of the intensity field with distance. The intention here is
that these animations will be included with the EduKit companion
CD-ROM which allows a more in depth theoretical study of micro-
optics to be made in conjunction with the EduKit itself.
3. Mastering and Mass Replication of the EduKit.
Mastering of the EduKit is being performed using standard
microlithographic technologies [2]. For the diffractive elements, first a
binary amplitude mask of the individual levels of the EduKit designs
is created using electron-beam lithography. The binary amplitude
mask is then used to selectively expose a photopolymer-coated
substrate which can then be etched using a reactive ion etcher.
Repeated applications of this process using the different mask levels
allows the creation of the multilevel phase structures.  The refractive
structures are created using a thermal reflow technique - isolated
discs of photopolymer are deposited and then the substrate is
placed in a thermally controlled environment. Once the melting point
of the photopolymer is reached, surface tension effects will cause
the photopolymer disc to form into a spherical surface. The substrate
can then be etched using RIE to transfer the spherical surfaces into
the fused silica. By changing the etch parameters, a degree of
control can be exerted over the sag, and consequently the focal
length, of the microlens. After assembly of the individual components
of the EduKit, a metal shim is created from the master EduKit. This
metal shim may then be used in the mass replication of the EduKit
using an injection moulding technology.
4. References.
[1] M.R.Taghizadeh, E.Stijns, H.Thienpont, “The NEMO Educational
Kit”, Paper ETOP034, Conference on Education and Training in
Optics and Photonics (ETOP), Marseille, France, October 2005.
[2] M.R. Taghizadeh, P. Blair, B. Layet, I.M. Barton, A.J. Waddie and
N. Ross, “Design and fabrication of diffractive optical elements”,
Microelectronic Engineering, 34, 219-242 (1997)
[3] F.Wyrowski, “Iterative Quantization of Digital Amplitude Holo-
grams.’’ Applied Optics, 28, 3864-3870 (1989).
[4] J.W.Goodman, “Introduction to Fourier Optics”, 2nd Edition,
McGraw-Hill, New York, (1996)

6185-13, Session 3
Comparative performance analysis of 100% fill-factor
microlens arrays: fabricated by various methods
A. Akatay, Koç Univ. (Turkey); H. Suyal, A. J. Waddie, M. R.
Taghizadeh, Heriot-Watt Univ. (United Kingdom); H. Ürey, Koç Univ.
(Turkey)
Abstract: Microlens arrays (MLAs) have a variety of applications in
optical communications1, 2, optical interconnection 3 as beam
steerers and beam couplers, in imaging applications as beam
expanders4 and in beam shaping applications5 as homogenizers.
Many microlens array fabrication methods are developed to meet
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these wide ranges of applications. These fabrication methods are
mainly concerned to achieve spherical lens profile and the fill factor
of the lens array is generally the second important performance
criteria. However, low fill-factor MLAs suffer from stray light effects,
which cause unwanted diffraction effects and reduce the signal to
noise ratio (SNR). In this paper three MLA fabrication methods to
achieve 100% fill-factor microlens arrays are investigated: (i) reflow
method with modifications, (ii) isotropic etching method for master-
ing and replication on polymer, and (iii) hybrid method that combines
refractive reflow microlens with a multilevel diffractive microlens. For
these methods surface profiles and performance of the MLAs will be
studied comparatively. The performance of high fill-factor MLAs in a
2D beam steering system for imaging applications will be reported.
Microlens Fabrication Methods:
I.) The Reflow Method
The reflow method is a simple, well known method for the fabrication
of spherical microlens arrays. It is based on melting of the photore-
sist islands on a glass substrate. The reflow method takes advantage
of the surface tension of molten photoresist to form the perfect
spherical lenses. However it is not possible to achieve high fill-
factors by the standard reflow method. The shape of photoresist
islands and the distance -should be kept between the islands of
photoresists to avoid merging of lenses in reflowing process, limits
the fill-factor achievable by the standard reflow method.
Three modifications to the standard reflow method are studied to
achieve high fill factors. The first modification is to fabricate square
or hexagon shaped photoresist islands instead of circular ones. In
that way the photoresist islands can be packed closer and the fill-
factor of the MLA can be improved. The second modification is to
the photolithography. With the modified p, a thin layer of photoresist
is left after the development of the photoresist. This thin layer of
photoresist is instrumental in getting the reflowing lenses even closer
in the reflowing process. The third modification is the grid structure
upon which the lenses are reflowed. This grid structure on the edges
of the lenses is essential to achieve the perfect 100% fill-factor. The
properly aligned grid avoids merging of the lenses, at the edges
before they fill the corners.
In the paper, improvements in focusing and diffraction performance
over the standard reflowing method will be discussed.
II.) The Isotropic Etching Method
Casting of microlens arrays from moulds is a promising method of
fabrication of MLAs, since it is fast and repeatable. UV curable
polymer replication is a well studied subject and exact replicates of
microlens arrays can be simply cast once the mould is fabricated. 6
There are plenty of methods to achieve fabrication of mould
structures 7, 8. The common way of fabrication of mould masters on
silicon, quartz or glass substrates is through an isotropic etching by
an ICP source 7 or HF-based chemical etchant 8. The fabrication of
100% fill-factor microlens array mould structures by a two-step ICP
etching is previously reported, however it is not a straightforward
method and the profile of the lens deviates severely from the perfect
sphere profile at the edges of the lenses. So, in the paper HF-based
chemical etching is investigated.
Isotropic chemical etching is a convenient method to fabricate
perfect spherical mould structures. 100% fill-factor moulds can be
fabricated by this method with the proper etch timing. Fabrication of
the mould structure is studied on a silicon substrate through an HNA
(hydrofluoric, nitric, acetic) etching.
HNA etching of silicon proved to be a fast an easy way of fabrication
of MLA masters. In the paper methods to achieve fabrication of
MLAs of various f# will be discussed.
III.) The Hybrid Method
Diffractive lens fabrication is a neat fabrication method to achieve
100% fill-factors. Fabrication of multilevel diffractive lenses are
achieved through repeated photolithography and etching steps. The
fabrication process of diffractive elements is consistent and it is
relatively easier to achieve the exact focal length. The diffractive
lenses are not good for some applications because of the following
disadvantages: achromatic aberrations, fabrication feature size
limited f# and typically lower diffraction efficiencies. However, the
simulation results demonstrate that high-f#, 100% fill-factor
diffractive MLAs performs good even in imaging systems.
The diffractive lens arrays are prone to suffer from low diffraction
efficiencies in broadband applications, even if they might perform
good in a monochromatic imaging system. As a solution to that
problem, a hybrid structure which is a combination of diffractive and

refractive lenses is suggested. The hybrid structure is combined of a
refractive reflow lens in the middle and a diffractive microlens frame
at the corners.
In the paper, focusing and imaging performance of the diffractive
and hybrid MLAs will be compared to the performance of their
refractive counterpart.
Comparative Analysis
In the paper, improvements to the standard fabrication methods and
the three suggested fabrication methods will be discussed compara-
tively in terms of their focusing, beam steering and diffraction
performances in imaging systems. The diffraction performance of
hexagonal and rectangular packed MLAs will be investigated
comparatively.
References
1.) Duparré, Jacques et. al., Applied Optics IP, vol. 43, Issue 25,
pp.4854-4861 (2004)
2.) S Gloeckner, R Goering, T Possner, Optical Engineering 36, 1339
(1997)
3.) Esener, Sadik et. al., Optics Communications, Volume 202, Issue
4-6, pp. 319-329. (2002)
4.) Urey, Hakan, Applied Optics IP, vol. 40, Issue 32, pp.5840-5851
(2001)
5.) Johannes Schwider, et. al., Proceedings of SPIE 5456, 99 (2004)
6.) AC Walker et. al., LEOS 2002, Vol. 1, pp.55-56,  (2002)
7.) Ole Hansen et. al., J. Micromech. Microeng. 15 pp.873-882,
(2005)
8.)  Moon SD, Kang S and Bu JU, Opt. Eng. 41 pp.2267-70 (2002)

6185-14, Session 3
Genetic algorithm for the design of high-frequency
diffraction gratings for high-power laser applications
M. J. Thomson, A. J. Waddie, M. R. Taghizadeh, Heriot-Watt Univ.
(United Kingdom)
We present a genetic algorithm with small population sizes for the
design of diffraction gratings in the rigorous domain.  A general
breeding and mutation scheme is defined and the algorithm is used
for designing gratings with diverse optical properties by careful
definition of the merit function for selecting the parents of the
subsequent generations.  The effect of fabrication limitations on
these designs is also considered.
Rigorous domain diffraction gratings offer high potential for applica-
tion within high power laser beam lines.  The polarisation and
wavelength dependent nature of high frequency gratings means that
they can be designed to perform the functions of many of the optical
components within these high power laser beam lines.  These
components include, but are not limited to, beam deflectors,
polarisers, polarising beam splitters, harmonic separation and pulse
compression.  The advantages diffraction gratings offer in these
areas is that they can be fabricated on thin substrates of materials
with high laser damage thresholds, for example fused silica.  This
results in damage resistant elements that do not distort the beam
through thermal and non-linear effects to the extent that bulk optics
do [1].
The analysis of the gratings within the algorithm is performed using
an eigenmode expansion method [2-4] due to speed considerations.
The implementation of this method allows us to define each
diffraction grating as a series of layers made up of different materials.
If we dictate that there can be a maximum of two materials per layer,
which alternate at discrete transition points, we can conveniently
represent the grating in terms of layer thicknesses and transition
points within each layer.  This definition is fundamental to the
operation of the algorithm.
The initial parents are defined by specifying the order of the materials
within the structure and randomly selecting layer thicknesses and
transition points.  Offspring are determined by a combination of
interchanging the attributes of the parents and mutating the parent
attributes.  Selection of the parents for the next generation is by
“survival of the fittest”, where a merit function is defined that acts as
a fitness parameter for each grating design.
We have chosen to use 3 parents in each generation to generate 15
offspring.  Of these 15 offspring, 3 are direct copies of the original
parents, 6 are formed by interchanging parent attributes, and the
final 6 are formed by mutating the parents.  The interchange process

Conference 6185: Micro-Optics, VCSELs, and Photonic Interconnects:
Fabrication, Packaging, and Integration



An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe 125

involves combining the thickness attributes of one parent with the
transition point attributes of another.  Three mutations are produced
by mutating the thickness attributes of each parent and the other
three by randomly mutating the transition point attributes of each
parent.  The fabrication constraints can be applied in the offspring
generation process by testing each of the offspring to ensure the
attributes do not breach the limitations of the fabrication process.
Any element that does is altered so that it exists at the very limit of
the fabrication process.
In order to demonstrate the flexibility of this algorithm, we apply it to
the design of beam deflectors, polarisers, polarising beam splitters,
harmonic separation gratings and pulse compression gratings.  We
discuss the formation of the merit function for each example.  We
also discuss the effect of fabrication constraints on the performance
of the designed elements and compare these performances to the
performances of other, commonly used, methods.
[1] M. T. M. Lightbody, B. Layet and M. R. Taghizadeh, “Application
of resonance domain diffractive optics beam deflectors to high-
power laser systems”, J. Mod. Opt, 43, 229-244 (1996)
[2] C. B. Burckhardt, “Diffraction of a plane wave at a sinusoidally
stratified dielectric grating”, J. Opt. Soc. Am, 56, 1502-1509 (1966)
[3] F. G. Kaspar, “Diffraction by thick, periodically stratified gratings
with complex dielectric constant”, J. Opt. Soc. Am, 63, 37-45 (1973)
[4] K. Knop, “Rigorous diffraction theory for transmission phase
gratings with deep rectangular grooves”, J. Opt. Soc. Am, 68, 1206-
1210 (1978)

6185-15, Session 3
Micro-optical systems for sensor applications
L. Ross, R. Göring, D. Samiec, IOTech GmbH (Germany)
No abstract available

6185-12, Poster Session
Design and fabrication of integrated polymer microlenses
for VCSELs
V. Bardinal, E. Daran, C. Vergnenegre, T. Camps, L. Gavin-Djidina,
Lab. d’Analyse et d’Architecture des Systèmes (France); Y. Segui,
Univ. Paul Sabatier (France); P. Belaubre, Lab. d’Analyse et
d’Architecture des Systèmes (France); M. Guirardel, Rhodia Europe
(France)
Design and fabrication of integrated polymer microlenses for
VCSELs : VCSELs (Vertical Cavity Surface-Emitting Lasers) consti-
tute now strategic light sources for optical communications as well
as for instrumentation or sensing applications. Despite a limited far-
field beam divergence, these sources often need to be associated
with micro-optical components to enhance their performances or to
increase coupling efficiency to optical fibers.
Hybridation of a refractive microlenses array onto a VCSELs array is
possible but it requires an extremely high accuracy on the vertical
positionning. Moreover, this can not be achieved collectively onto a
whole wafer. It is then preferable to define microlenses directly
integrated on the sample at the end of VCSELs fabrication.
We report here on the design and the fabrication of such refractive
microlenses using a polymer deposition microsystem. The principle
of this original technique consists in monomer droplets deposition
using a robotized silicon-cantilever-based microsystem. The
deposition method is based on direct contact between the cantile-
vers and the sample through capillary forces [1]. The advantages of
this technique rely on the control of droplets dimensions (spots of
few microns diameter) and on the positioning accuracy (50nm
resolution). The volume of the droplets is controlled by the contact
force and the contact time, whereas the radius of curvature of the
lens can be adjusted by plasma treatment of the surface sample
before deposition. After deposition, droplets are in-situ polymerised
owing to the use of a heating sample holder.
Microlenses have been first modeled using an optical design
program to optimize their geometrical parameters. The microlenses
are composed of a thick SU-8 photoresist film, which is used to
achieve a suited pedestal, transparent at 850nm, surmounted by a
polymer droplet. The low viscosity of this material before
polymerisation allows for efficient and reproducible loading and
deposition processes.
Results of lens optimization as well as the influence of the fabrication

parameters fluctuations on the final divergence will be detailed. First
results on droplets deposition will be also presented, demonstrating
the technique feasibility. Finally, the possibility of the modification of
the surface energy to obtain the most suited contact angle before
deposition will be discussed.
[1] “Cantilever-based microsystem for contact and non-contact
deposition of picoliter” biological samples” P. Belaubre, M.Guirardel
, V.Leberre , J.B.Pourciel , C.Bergaud
Sensors & Actuators A: Physical, Issues 1-3, Vol.110, pp.130-135,
Feb 2004

6185-38, Poster Session
Integrated optical mode field adapters for multimode 40-
Gbit/s optical Ethernet systems
U. H. Fischer, T. Windel, Hochschule Harz (Germany); S.
Hemrungrote, King Mongkut’s Univ. of Technology (Thailand)
The demand for high-speed digital communication such as data,
video, and the broadband Internet increases, the required throughput
of the modules in communications systems will also increase.
Ethernet is well established up to 10Gbit/s in local area networks.
Now the next extension up to 40 Gbit/s is in the definition phase and
several development steps must be performed. As in well known
SDH-long-haul optical transmission systems, fast transmitter and
receiver modules are basic elements of these systems, respectively.
These devices are connected with optical and electrical interfaces for
the transmission of data. In the optical transmission line the coupling
of the optical output of the laser diodes into the optical fiber and
reverse at the end of the transmission line to the photodiode with
high efficiency and low cost is until now a challenge for optical
communications industry to provide high coupling efficiency in stable
modules at affordable prices.In this paper we present the fabrication
of optical mode field adaptors, which act as micro lenses, for 40Gbit/
s Ethernet fiber optical communications devices with newly
developed type of a 50µm core graded index multimode fiber (GI-
MMF), capable up to 40Gbit/s data over 1km. The mode field
adaptors were used to focus the optical output field (1550nm
wavelength) of the GI-MMF onto a photodiode with 10µm active
region. The work was performed in cooperation with the Heinrich-
Hertz-Institute in Berlin, who performed the system tests in their well
known 40Gbit/s ring test bed. To characterise the output field
distribution, we developed a new method for spot size measurement
for multimode optical components, which is applicable in mass
production. Based from the classical far field-method where the
measurements are made circular, the mounting of the used rotary
stages and the long measurement time are great disadvantages. The
new method is working planar, which overcomes these problems
and opens the possibility to characterize optical mode fields of
arrayed fibers, passive waveguides or laser bars very fast. The
method will be described in comparison to common far field and
near field techniques.
The mode field adaptors are fabricated by drawing/melting in a
fusing process. A reliable method was found to manufacture
reproducible spot-size adaptors with radii from 5µm to 90 µm. A
study of more than 50 devices with identical drawing parameters
was performed. The average fiber end radius of 10.1µm was
accomplished with a very small standard deviation of sigma=0.16µm.
The maximum detected values for the fiber lenses were 9.8µm and
10.27µm. Additionally BPM (OPTIWAVE) simulation are performed to
predict the spot sizes at different fiber end diameters. To compare
the results with ray tracing simulations which are more applicable
with multimode fibers, a cooperation with the University of Siegen/
Germany was performed.

6185-39, Poster Session
Development of 3D out-of-plane SU-8 microlenses using
modified micromolding in capillaries (MIMIC) technology
A. Llobera, Ctr. Nacional de Microelectrónica (Spain); R. Wilke,
Technische Univ. Braunschweig (Germany); D. W. Johnson,
Microchem Corp. (USA); S. Büttgenbach, Technische Univ.
Braunschweig (Germany)
A new technique that allows the definition of 3D out-of-plane
polymer microlenses is presented. To date, the fabrication of these
types of microlenses require processes using several masks [1], with
complex technological steps [2] or with grayscale masks [3].
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Recently, we have developed a combination of standard UV lithogra-
phy and a modification of the Micro Molding In Capillaries (MIMIC)
technology [4], which generates high quality spherical/ellipsoidal
microlenses working parallel to the substrate surface with only three
photolithographic steps.
A new experimental resist product XP SU-8 3025 (N-02), MicroChem
Corp, USA has two key properties which facilitates the fabrication of
the microlenses. First, it has an interfacial surface energy similar to that
of PDMS (polydimethylsiloxane). Hence, if a channel formed by placing
cured PDMS over the XP SU-8 (N-02) is filled with non-cured PDMS, a
perfect meniscus can be obtained, which is retained when the PDMS
is cured. This meniscus can be afterwards used as mold for defining
high quality 3D microlenses. Second, the XP SU-8 3025 (N-02) has a
lower refractive index than the standard SU-8 resist while still keeping
its photostructurable properties. Then, since the microlenses are
fabricated with standard SU-8, XP SU-8 (N-02) is also used as a
cladding material. Finally, a comb-shaped self-alignment structure is
defined with XP SU-8 (N-02) to provide a fast and effective system for
fiber optics positioning.
Once the desired PDMS meniscus is obtained over the structured XP
SU-8 (N-02) using a pre-manufactured PDMS channel, the 3D lenses
are defined by dispensing a drop of standard SU-8 resist at the open
edge of the microchannel. By applying vacuum, the entrapped air is
released, enabling its filling with SU-8. Then, using standard UV-
lithography, and using the appropriate mask, the 3D microlens can be
easily defined. Moreover, since this step is accurately controlled, high
quality edges can be obtained, assuring low insertion losses and
overcoming one of the major problems of the MIMIC technology,
which is the poor quality of the edges obtained.
Experimental results of the ellipsoidal polymer microlenses are in
excellent agreement with the theory. Light remains confined within the
structure until it reaches the microlenses. Then, the expected two
focals and the circle of least confusion (CLC) are obtained and found
to be at the distances predicted. These results allow confirming the
validity of the technology presented, which solves crucial problems:
the definition of high quality out-of-plane polymer microlenses in a few
technological steps, the alignment of the light and coupling to the
structure and finally, the drawbacks of the MIMIC technology.
[1]  C.David. Fabrication of Stair-Case profiles with High Aspect Ratios
for Blazed Diffractive Optical Elements. Microelectron.Eng. 53, 677-
680. 2000.
[2]  T.Bourouina, T.Masuzawa, H.Fujita. The MEMSNAS Process:
Microloading Effect for Micromachining 3-D Structures of Nearly All
Shapes. J.Microelectromech.S. 13[2], 190-199. 2004.
[3]  W.Yu, X.C.Yuan. UV Induced Controllable Volume Growth in Hybrid
Sol-Gel Glass for Fabrication of a Refractive Mircolens by use of
Grayscale Mask. Opt.Express 11[18], 2253-2258. 20043.
[4]  Y.Xia, G.M.Whitesides. Soft Lithography. Angew.Chem.Int.Ed 37,
550-575. 1998.

6185-40, Poster Session
Design, fabrication, and characterization of a low-cost
lens-based fiber connector for passive optical networks
C. Ruwisch, Y. Meuret, B. Volckaerts, J. Van Erps, H. Thienpont, Vrije
Univ. Brussel (Belgium); J. A. Watté, Tyco Electronics Corp. (Belgium)
Abstract
We perform a tolerance study of an angular and an inline fiber
connector through optical simulations. Next, we assemble these
connectors and measure experimentally the coupling efficiency. To
reconcile the experimental results with the simulation model, we
measure the exact surface profiles of the microlenses and implement
these real profiles in the simulation models.
1 Introduction
Today, fiber coupling remains a bottleneck for improving the perfor-
mance of data and telecommunication networks [1].Although optical
fibers offer several advantages, their use in these networks is still
restricted due to the required fiber positioning accuracy. Indeed,
optical fibers are very sensitive to spatial misalignments and devia-
tions. Spherical microlenses can be integrated on top of the micro-hole
array for collimating and refocusing the light beams at the emitting and
receiving fiber array. We therefore study the design of two types of
fiber coupling components that allow an easy integration in existing
connector housings [2]. The first component we will study here is an
inline fiber connector. The light from one fiber ending is collimated by
the first microlens and refocused by the second microlens to the other

fiber ending. The second type of  fiber connector is an angular fiber
connector where a microprism is used to bend the light over an angle
of 180° [3].  In both connectors single-mode fibers are used.
2 Experimental study of fiber connectors
The most important requirement for fiber connectors is to yield a high
coupling efficiency. A study of these connectors through optical
simulations learns which performance could be attained in the ideal
situation.  The coupling loss should be less than 0.15 dB for an inline
fiber connector and less than 0.6 dB for an angular fiber connector.
To verify our simulations results, we fabricated these components by
deep lithography with protons [4] and measured the coupling
efficiency and tolerances in a dedicated experimental setup. We
coupled light with a center wavelength of 1550 nm and a spectral
width of 40 nm into the entrance fiber and measured the coupling
efficiency at the exit fiber. However, the coupling efficiencies were
rather low. For the angular connector, we found a coupling efficiency
around 33% (4.8 dB). In order to have a better agreement between
measurements and simulations, we characterized the surface profiles
of these lenses and implemented these profiles in our simulations. The
surface profile was measured with a Dektak stylus profiler. We also
made a practical tolerance study of certain parameters. The tolerance
ranges for certain longitudinal and rotational parameters were
measured experimentally by using a Hexapod six-axis parallel
kinematics positioning robot, having an accuracy of 100nm.
3 Study of fiber connectors through simulations
3.1 Study of the ideal fiber connector
The simulation model is implemented in ASAP  where we use the
Gaussian beam propagation algorithm. This means that the incoming
light is represented as a multitude of Gaussian beams, which
propagate through the optical system. The superposition of these
propagated beams gives the resulting field at the exit fiber. When
certain beams are distorted too much, the paraxial approximation for
the individual beams is not valid anymore and the simulation results
are unreliable.
A sensitivity analysis was done for both fiber connectors to indicate
the main parameters yielding a high coupling efficiency. The interlens
distance, the lens diameter, the radius of curvature and the lateral lens
misalignment are the most important parameters for the inline
connector.
3.2 Implementation of lens profiles in the simulation setup
There are two methods to implement our measurements of the lens
surface profiles in the simulation model. The first approach relies on
fitting a polynomial surface through the sampling points. Due to a
measured difference in radius of curvature between both orthogonal
directions, it is preferable to fit these lens surfaces to a general
second order polynom.
However, the most appropriate approach is to use a two-dimensional
matrix of surface heights. ASAP creates then an explicit surface
interpolated from the sampled data. Therefore this method gives more
reliable results but if the surface is locally not smooth enough or if
there are too many imperfections, ASAP will generate paraxial-
departure violations because the individual beams making up the
optical field are no longer Gaussian.
3.3 Simulation results
3.3.1 Simulation results with fitted surface
We started with the surface fitted-approach because there is less
chance to deviations from the paraxial approximation. The measure-
ment of the surface profiles also revealed that there was for some
lenses a difference in radius of curvature along two orthogonal
directions.
3.3.2 Simulation results with sampled surface
The use of this method requires that the surface is locally smooth
enough. Therefore we performed an averaging on the sampling points
to reduce the noise. This noise comes from the measurement with the
Dektak stylus profiler. We found a coupling efficiency around 50% (3
dB) for the angular connector. It was necessary to average over a
large number of points but even then, for some lenses the simulations
still remain unreliable. The disagreement between simulations and
experiments could be due to scatter or to the lens profiles themselves.
With the use of a more specific noise reduction algorithm, we will try
to obtain a better correlation between experimental measurements
and simulations.
4 Conclusion
We studied two types of fiber connectors through simulations and
experiments. We made a tolerancing analysis through simulations for
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the ideal connectors and found that the interlens distance, the lens
diameter, the lateral lens misalignment and the radius of curvature are
the main parameters for the inline connector.
Afterwards, we checked the tolerance ranges of some parameters
experimentally and measured the coupling efficiencies. In order to have
a better agreement between the efficiency measurements and the
simulations, the lens surface profiles were measured with a Dektak
stylus profiler. We incorporated these profiles in our simulation models
following two different approaches.
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6185-41, Poster Session
Achromatic microlenses
P. Ruffieux, T. Scharf, Univ. de Neuchâtel (Switzerland); R. Voelkel, K.
J. Weible, SUSS MicroOptics SA (Switzerland)
The refractive index of any transparent material is function of the
wavelength. Lenses made from one single material shows different
position of focus at each wavelength, hence chromatic aberrations.
The difference in position of these focal points is known as the
longitudinal primary chromatic aberration. To correct this drawback,
achromatic lenses are usually manufactured using two thin lenses of
different material having different Abbe’s number glued or not together
to form a doublet or even triplets. This method based on a refractive
approach use the different dispersion curves of the materials to obtain,
at two well separated wavelengths, usually located in the blue and in
the red region, a same focal length with small variations for the other
wavelengths in between. By their small dimensions micro-lenses can
have low Fresnel number and then exhibit strong diffractive effects on
the position and the shape of their focal point as it has been exten-
sively studied in literature. We show here that for such lenses exhibiting
a refractive and a diffractive regime, a range for the radius of curvature
(ROC) can be found where micro-lenses show an achromatic behavior.
Using Gaussian beam propagation we studied the behavior of
microlenses surrounded by an opaque aperture. The diffractive effects
on the peak irradiance position (Zp) have been taken in account using
the Gaussian beam propagation method, preferred to rigorous analysis
method that would be too time consuming. By comparing the results of
rigorous methods and Gaussian beam propagation for distinct samples
this approach has been validated for lenses bigger than 30 microns.
We firstly focus our study on the position of the peak irradiance
position for different micro-lenses diameters as function of the ROC.
We show that a larger ROC of micro-lenses to increase the focal length
drives to an upper limit. This limit is fixed by the position of the peak
irradiance of the light diffracted by an aperture equal to the lens
diameter. Then a more detailed analysis is done for different wave-
lengths. While in the diffractive regime Zp is proportional to the
wavelength, in the refractive regime Zp is linked to the dispersion
curves of the material. This difference leads to antagonist effect on Zp
when changing the wavelength of illumination versus ROC. This implies
that a choice for the ROC can be found for that the micro-lens have the
same Zp at two wavelengths. This property could be used to design
achromatic lenses in one single material like quartz.

6185-42, Poster Session
Light propagation in a GRIN microlens with gain or loss
and comparison with lossless case
C. C. Gomez-Reino, M. T. Flores-Arias, A. Castelo, Univ. de Santiago
de Compostela (Spain); Y. Meuret, C. Ruwisch, H. Thienpont, Vrije
Univ. Brussel (Belgium); N. Lindelein, Friedrich-Alexander-Univ.
Erlangen-Nürnberg (Germany)
Effects of gain or loss on light propagation in active materials are
phenomenologically taken into account by using a complex
refractive index. The aim of this work is to describe analytically light
propagation through an active GRIN microlens for uniform illumina-
tion, regarded as a first-order complex optical system, based on the
correspondence between the canonical integral transform and the
ray-transfer matrix formalism in order to evaluate focal and working
distances as well as irradiance distribution on the image. The integral
transform has been applied for a self-contained mathematical
description of the field evolution in first-order optical systems. Its
kernel is expressed through the elements of ray-transfer matrix
relating positions and slopes of rays at the input and output planes
of the system. The connection between the integral transform and
the ray-transfer matrix leads to useful relations between geometrical
ray optics and wave optics. So, the great interest of the first-order
optical systems is their potentiality to analyse light propagation by
using either matrix algebra or operator algebra, whichever is more
convenient. The Fresnel and Fourier transforms are particular cases
of the canonical transform which adequately describe the diffraction
of the light in such a system. They correspond to the canonical
integral transform parameterized by particular values of the ray-
transfer matrix elements. This matrix is a linear transformation which
expresses the ray trajectory in a first-order system and which
permits to evaluate paraxial properties of such a system. The
elements of the ray-transfer matrix for the active GRIN microlens are
the complex axial and field ray solutions of both paraxial complex ray
equation. With the aid of theses two complex rays, any complex ray
trajectory, in the active microlens, can be expressed as a linear
combination of both rays. Likewise, the wave optics formalism is
used to beam characterization at the output plane of the microlens
by analysing the transformation law of the input illumination in terms
of the elements of ray matrix. This law indicates that the active GRIN
microlens works like a lossless microlens with a Gaussian mask at
the output plane induced by the complex refractive index. Results
obtained by both formalisms are discussed and applied to a given
active selfoc microlens. Comparison between light propagation
effects in passive and active GRIN microlenses is outlined.

6185-43, Poster Session
Rectangular microlens aray having high sag for multichip
LED packaging
C. Lim, W. Jeung, S. Choi, Y. Oh, SAMSUNG Electro-Mechanics
Co., Ltd. (South Korea)
A new rectangular shape microlens array having high sag for solid-
state lighting is designed, fabricated and measured. Proposed
microlens, which has high sag, over 375 um and large diameter, over
3 mm can enormously enhance output optical extraction efficiency.
This wafer level microlens array is fabricated on light-emitting-diode
(LED) packaging. It has many advantages in optical properties, low
cost, high aligning accuracy, and mass production.
During the past few decades, LED has been highlighted as the next
generation solid-state lighting. However there are many problems for
alternating the conventional source of light. Among them, the most
important things which have been tried to overcome using various
techniques are optical efficiency and cost. In conventional LED
packaging, generally refractive lens which is made by plastic
injection molding method has been used for improving the output
optical extraction efficiency and controlling the beam profile.
However conventional methods have some problems; aligning for
packaging, cost for assembly, and expansion in multi chip packag-
ing. Therefore it has been progressed that many studies to make
wafer level process which is composed of integrated microlens and
LED packaging.
There are many efforts to realize microlens arrays using MEMS
technology. However, most of the previous microlens has been
limited height of the lens (sag), generally in several tens um. Some
application such as LED lamp packaging using large chip requires
lens of relatively larger sag, in MEMS point of view, up to several
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hundreds um. Among previous lens fabrication principles, technique
using gray scale lithography has limitation in sag because of gray
level limitation. E-beam lithography, focused ion beam direct writing,
and mechanical lathe are not suitable for high sag microlens arrays.
Therefore in this paper, thermal reflow technique is chosen due to its
easy process, lower-cost and high sag possibility.
Applying to silicon packaging, rectangular shape microlens has more
advantages than conventional circular shape microlens like high
optical efficiency. The shape of cavity which is fabricated using KOH
wet etching is rectangular. Applying the circular microlens to the
rectangular cavity of silicon packaging, the inscribed circle or
circumcircle shape may be the most suitable suggestion. In case of
the inscribed circle, it has to have lower fill factor than rectangular
lens. High fill factor in packaging can improve the extraction
efficiency of LED through reducing the optical loss. In case of
circumcircle shape, it also has disadvantages. First of all, the size of
circumcircle is too large. Due to its size, the fill factor of LED
packaging is diminished and fewer chips can be located in the same
dimensions. Second it must have lower optical efficiency. Generally
light extracted from the LED chip experiences the several times
reflection in the LED packaging before extrication from LED
packaging. During the reflection, the area between the lens and
cavity contributes the reduction of the optical efficiency.
Applying to solid-state lighting application the higher sag is, the
higher optical efficiency can be obtained. As shown in results of
simulation using LightTool, the optical extraction efficiency is
improved drastically as the microlens sag is elevated higher. For
example, when lens isn’t applied to the packaging the extraction
efficiency is only 75.6%. However the efficiency is up to 96% when
sag of microlens is reaching to 375 um. High sag microlens is
essential factor to ameliorate the overall efficiency of LED packaging.
Besides the optical efficiency, the beam profile which is indicated by
emission angle is improved by raising the sag. In the solid-state
application, the uniformity of beam profile is also important factor.
To fabricate the high sag microlens, reflow method is adopted using
HM3000 photoresist of TOK.  Multiple spin coating whose condition
is optimized is progressed to obtain thicker photoresist patterned
configuration. Reflow microlens is electroplated to make Ni shim.
Then microlens can be easily fabricated through replication method
which can be facilely mass produced through some merits like low
fabrication cost and precision assembling tolerance.
Through these processes rectangular microlens array for LED
packaging is realized. Wafer level microlens can be fabricated
directly on LED packaging. Depending on the 2D and 3D results of
the realized microlens array shape using Tencor P-15 surface
profiler, the overall size of microlens is 3 mm X 3 mm and sag is 375
um. Optical extraction efficiency which is measured by Light
Measurement System of J&C Tech is enormously improved
compared with LED PKG without lens.
In this study, new type of microlens array is proposed. This lens,
which has high sag, high fill factor is suitable for next generation
solid state lighting. The microlens arrays are suitable, amongst other
applications, for solid-state lighting, and optical communication.

6185-44, Poster Session
Cylindrical microlenses fabricated by deep lithography
with protons
V. Gomez, B. Volckaerts, H. Ottevaere, H. Thienpont, Vrije Univ.
Brussel (Belgium)
Today cylindrical microlenses are used in several application areas
such as laser projection, bar code scanning, and optical information
processing and computing. Due to their different lens profile in two
directions, they focus light into a line, thus they can be used for
stretching images, focusing light into slits, or causing light to
converge on a line-scanning detector. Cylindrical lenses are also use
to create holographic displays where the lenses direct the appropri-
ate view to each eye.
Due to the increasing importance of cylindrical microlenses and
arrays of these lenses we decided to start with the fabrication of
cylindrical microlenses. It was a challenge for our technology, called
Deep Lithography with Protons (DLP), and also a proof of the
versatility of our technique to demonstrate the fabrication of
cylindrical microlenses. Some adjustments had to be made in our
setup to fulfil the requirements of the fabrication of cylindrical
microlenses.

Deep Lithography with Protons is an in-house technology which we
developed for the fabrication of micro optical components and
alignment structures [1]. This process allows for example the
fabrication of 2D arrays of micro holes, microlenses, optically flat
micro-mirrors, and micro-prisms. The idea behind this process is to
take advantage of the molecular change that is produced in the
irradiated areas. Therefore, in a first step we make a proton
irradiation of a PMMA sample with the desired design. Afterwards
either a selective solvent can be applied to develop the irradiated
regions or an organic monomer vapour is used to expand the volume
of the bombarded zones through a diffusion process. If needed, both
processes can be applied to different regions on a same sample.
In a first part of this paper, we will explain the adaptations we had to
make to our standard fabrication process for swelling spherical
microlenses to obtain cylindrical microlenses. In the irradiation step,
instead of making point irradiations through an irradiation mask as
for spherical microlenses, a line irradiation is needed. Moreover, the
deposited dose should be constant along the length line to obtain a
uniform radius of curvature over its entire length. This is achieved by
performing a fast line scanning at a constant speed while assuming a
constant proton current. Varying the deposited dose from one lens to
the other by means of changing the speed at which the proton beam
is moving through the sample and the current of the beam, we can
obtain cylindrical lenses with different heights or radii of curvature.
The width of the lenses can be also chosen by changing the
irradiation mask.
Afterwards the cylindrical lenses are fabricated by applying an
etching process after the irradiation step or by performing a selective
swelling of the irradiated regions in an organic monomer vapour. We
will focus on the last one, where after the irradiation process the
sample is placed inside a reactor in order to in-diffuse the monomer
in the irradiated areas. After the irradiation and the swelling process
are finished, we proceed to stabilize the lenses arrays. The mono-
mers will bond to the irradiation-induced free radicals and as a
consequence will be fixed in the sample. This stabilization process is
performed by means of UV exposure.
Additionally we will show in this paper that DLP can also be used to
fabricate arrays of cylindrical microlenses.
During this conference we will show the first results from our
experiments and we will discuss the advantages and disadvantages
of our fabrication technique with respect to other technologies for
the fabrication of cylindrical lenses.
In a next step we will measure and characterize the fabricated
cylindrical lenses to determine all the geometrical and optical
properties. To complete this quantitative characterization we will use
an optical non-contact profilometer, a stylus contact profilometer
and a Mach-Zehnder interferometer. Out of these measurement data
we will extract the radius of curvature, the width and pitch of our
developed sample and the optical quality as well.
In the future work we will explore different irradiation set-ups to
reduce the irradiation time and improve the optical lens quality.
Furthermore, our second goal is to investigate the swelling process
of the lenses by means of a real time in-situ monitoring.
REFERENCES
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6185-45, Poster Session
Fast free-space photonic switch based on a ferroelectric
liquid crystal
Y. Semenova, G. Farrell, Q. Wang, Dublin Institute of Technology
(Ireland)
Recently there has been an increasing interest and considerable
progress in the area of optical networking. In particular, photonic
switching has received much attention, as it is generally considered
as the building block for the next generation Internet in order to cope
with the rapid Internet traffic growth. The next-generation photonic
networks, where many point-to-point dense wavelength division
multiplexing (DWDM) transmission systems are connected and
optical signals are processed without opto-electrical/electro-optical
conversions at the nodes, require optical cross-connect (OXC) and
optical add/drop multiplexing (OADM) systems. Key devices for
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these systems are large-scale space division photonic switches. Such
devices allow to route signals in optical fibre networks without
conversion to an electronic form, which is a key issue for overcoming
the capacity bottleneck of electronic-switched networks.
A perfect photonic switch in an optical network would be fast, scalable
and capable of handling traffic volume, with low crosstalk and losses.
There are several criteria, which will determine the decision for one or
the other switching fabrics: switching speed, scalability, reliability,
losses, cost. Several optical switching technologies have the potential
to meet all of these requirements, including: Micro-Electro-Mechanical
Systems (MEMS), Thermo-Optics (e.g., bubble) and Liquid Crystal
(LC). Current Liquid Crystal technology offers the advantages of a low
power consumption, high reliability (no moving parts) and low cost,
however, its low switching speed (of order of milliseconds) and poor
scalability limit the application of liquid crystal switches to low-port-
count and “slow” applications, such as protection/restoration
switching [1,2].
One way to achieve faster switching speeds and low power consump-
tion is to use ferroelectric liquid crystal (FLC) devices. Previously, 394-
ms switching speed 2x2 ferroelectric liquid crystal based modules
were realized [3-5]. In this paper, we first survey the recent proposals
on the photonic switching; second, we demonstrate a fast 2x2 free-
space photonic switch based on ferroelectric liquid crystal (FLC).
Experimental dependency of the switching times versus control
voltage applied to the FLC cell shows that switching times less than 5
microseconds can be achieved by applying a control voltage greater
than 50 V.
This demonstrated “bypass-exchange” switch consists of beam
displacing calcite crystals and FLC cell that acts as a polarisation
control device based on new FLC material. When electric voltage is
applied to the FLC cell the light beam is passing through FLC layer
without changing polarization direction - this corresponds to a
“bypass” state. Application of reversed electric voltage to the FLC
layer results in change of molecular orientation and the cell rotates the
polarization of light by 90 deg to perform “exchange” state.
An examination of the insertion loss and crosstalk properties of the
switch reveals an average loss and crosstalk of < 0.65 dB and 33 dB,
respectively. Such low-loss and low-crosstalk properties indicate that
the switch is suitable for a larger-scale matrix switch design. We
discuss incorporation of the demonstrated switch into a multistage
network configuration and the properties of optical components
required for achieving up to 1000 channel switches.
To reduce hardware size, we propose a multistage network structure
with switch modules, cross-connected with each other. We investigate
incorporation of our basic FLC switch into a 4x4 switch module by
cascading four switching stages and three routing stages. This is a
strictly non-blocking architecture where the switching stages are
formed by FLC polarisation control devices and the routing stages
consist of two calcite crystals and a half-wave plate.
The number of crosspoints in each path is equal, so insertion loss in
such a module is path-independent, which will reduce or eliminate the
need for dynamic gain adjustment at the switch output or elsewhere in
the system. We present a theoretical analysis of the insertion loss and
optical crosstalk for the proposed multistage network configuration.
One important problem to be addressed is the necessity of
polarisation control at the input. One approach to solving this problem
is the use of polarisation compensators to permit automatic control of
the polarization state of input optical signals. Another approach
involves development of a new control algorithm: this proposed switch
can be controlled so that the input s- and p-polarised beams launched
into the switch body through the same path are routed individually and
are connected to the s- and p-beams emitting through the same path.
When all input beams are routed as above, this switch becomes
polarisation-insensitive. The choice depends on the optimal designed
results and respective fabrication cost for these two options.
In addition, we study the influence of temperature on the system
performance. Experimental results show an average optical loss
fluctuation of ± 3% and optical crosstalk fluctuation of about ± 2%
over the range from 22 0C room temperature to 45 0C.
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6185-46, Poster Session
Development of micro-electro-optical devices: new
methods and new results
N. P. Eisenberg, M. Manevich, Jerusalem College of Technology
(Israel); A. Arsh, M. Klebanov, V. Lyubin, Ben-Gurion Univ. of the
Negev (Israel)
Micro-lens arrays and other micro-optical devices are widely used in
modern electro-optics. Simple and cheap methods for fabrication of
micro-lens arrays for the I.R. based on the use of chalcogenide
photoresists were developed previously [1-4]. In the present paper a
review is presented of recent achievements in the development of
improved micro-lens arrays and also micro-mirror, micro-prism
arrays and Fresnel lenses with a wide variation of parameters. These
results are obtained with new three-component As-S-Se chalco-
genide photoresists and new efficient amine-based selective
developers, which together allowed the realizing of soft contrast
characteristics when used a Xe-source of light. In one method, the
dependence of the etching rate of the chalcogenide film on illumina-
tion intensity was used. Another method is based on the property of
rapid light-intensity-dependent photo-diffusion of silver into
chalcogenide film, accompanied by a strong change in the rate of
etching of the silver-doped film in various basic inorganic and
organic solutions.  The types of micro-optical devices produced,
measured using a white light micro-interferometer and a confocal
multi-wavelength micro-measure system, are demonstrated.
Parameters and characteristics of several micro-optical devices are
compared and discussed.
[1] N.P. Eisenberg, M. Manevich, M. Klebanov, V. Lyubin, S.
Shtutina. J. Non Cryst. Sol. v.198 200,  p.766, 1996.
[2] V. Lyubin, M. Klebanov, I. Bar, S. Rosenwaks, N.P. Eisenberg,
M.Manevich. J. Vacuum  Science and Technology B, v.15, p.823,
1997.
[3] N.P.  Eisenberg, M. Manevich, S. Noach, M. Klebanov, V. Lyubin ,
“New types of micro-lens arrays for IR based on inorganic chalco-
genide photoresists”. The European Materials conference spring
meeting (E-MRS) June 1999, Strasbourg France CD-ROM Proceed-
ings.
[4] N.P. Eisenberg, M. Manevich, A. Arsh, M. Klebanov, V. Lyubin, J.
Optoelectronics and Advanced Materials, v.4, p.405, 2002.

6185-47, Poster Session
Nonlinear frequency tuning of long-wavelength VCSELs:
phenomenological description
A. P. Lytkine, W. Jäger, J. Tulip, Univ. of Alberta (Canada)
Recent advances in long-wavelength VCSEL technology have
allowed the fabrication of single-mode laser diodes continuously
tunable over more than 4-nm spectral intervals around almost any
wavelength in the region between 1.3 and 2 um [1]. Many applica-
tions of the VCSELs in absorption spectroscopy, such as multi-
species gas analysis, gas concentration measurements at high
pressures, and precise temperature measurements, are based on
their capabilities of being tuned over broad spectral intervals without
mode hops. The dependence of  VCSEL frequency on injection
current, however,  is not linear for relatively broad spectral intervals
[2,3]. The deviation from linearity should be small or predictable to be
taken into account for accurate spectroscopic measurements [2]. In
this paper, we will present a method for the characterization and
analytical description of non-linear tuning behavior of VCSELs.
The method is based on the approximation of a VCSEL tuning curve
with a second-order polynomial using two preliminary measured
dimensionless parameters, a and b. Parameter a is associated with a
linear frequency tuning, while parameter b  describes the deviation of
frequency tuning from linearity. To define these parameters for a
particular VCSEL, we propose to tune the VCSEL to the centre of a
known gas absorption line and to measure the injection current
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tuning rate at this point using, for example, a Fabry-Perot etalon.
Parameter a  combines the central frequency of the absorption line,
the values of the temperature and injection current at which the laser
is tuned to the absorption peak and the measured tuning rate. The
laser substrate temperature and injection current should be changed
then in such a way that to tune the laser to the same absorption line
at a different laser substrate temperature. Assuming that the laser
tuning curve is described by a second order polynomial, we calculate
parameter b from the new settings of injection current and tempera-
ture. We found that parameters a and b define the frequency tuning
curves of the lasers in their whole tuning ranges. The details of
applying the method to the VERTILAS VCSELs operating near 1512
(laser VL-1512) and 1577 nm (laser VL-1577) are as follows.
The lasers  packed in windowless TO-46 cans were placed into a
thermo-electrically cooled laser mount (THORLABS, model TCLD-
M9). Bench-top module TED-350 and laser diode driver LDC200-
VCSEL (both THORLABS) allowed us to control the laser substrate
temperature and DC injection current of each laser with precision of
0.01 0C and 1 uA respectively. A function generator (SRS, model
DS345) provided a saw-tooth modulation current superimposed on
DC injection current via the laser diode driver. The output of both
lasers was collimated with  the same AR coated aspheric lens
(reflectivity < 0.2% near 1.5 um) with focal length and numerical
aperture of  4.5 mm and 0.6 respectively. The collimated laser beam
directed through a 1.8-m absorption cell with Brewster windows was
focused onto a 1-mm InGaAs photodetector (THORLABS, model
PDA 400). A 5.8-m open path in the lab air could be arranged for the
laser beam when the absorption cell is removed. A Fabry-Perot
etalon with free spectral range of 0.056 cm^-1 could be introduced
into the optical scheme to measure laser tuning rates. The signal
from the photodetector was monitored with a fast oscilloscope
(TEKTRONIX, 300 MHz, model TDS-3032B) and digitized with a 12-
bit analog-to-digital (AD) converter (National Instruments, model PCI-
MIO-16E, 1.2 Ms/s) plugged into a personal computer. The signal
processing and analysis were performed using LabVIEW 7.0
software (National Instruments).
We applied to the lasers a 100-Hz saw-tooth modulation signal with
the amplitude of 0.2 mA superimposed on a DC bias which was set
to tune laser VL-1577 to CO absorption line P(4) in the 3-rd overtone
band (peak absorption at 6334.43 cm^-1) and to tune laser VL-1512
to the strong H2O absorption line centered at 6612.02 cm^-1
(frequencies were taken from the HITRAN database [4]). A 1.8-m
absorption cell and a 5.8-m path in open air were used to detect the
absorption lines with lasers VL-1577 and VL-1512 respectively.
Using Fabry-Perot etalon we have measured temperature and
injection current tuning rates of the lasers tuned to the absorption
lines and calculated parameters a. Then the lasers were tuned by the
DC bias to the same absorption lines at heat sink temperatures of 40
deg. C, and parameters b were calculated. Using these parameters
we calculated the output frequencies of the lasers at substrate
temperatures of 0, 25 and 50 deg. C and injection currents varied
from threshold values up to ~7 mA for each laser. The frequencies of
absorption lines of carbon dioxide, carbon monoxide, water vapor,
and ammonia detected by the lasers and known from spectral
databases were fitted to the tuning curves. The relative accuracy of
non-linear fit was found to be of about 10^-5 for spectral intervals up
to 15 cm^-1 that corresponded to a middle-term frequency stability
of the lasers.
The model for frequency tuning curves was applied for accurate line
shape measurements using direct absorption method. An absorption
line of H2O line with peak absorption at 6612.02 cm^-1 was
recorded with laser VL-1512 at two different  levels of DC bias and at
different laser heat sink temperatures. The apparent difference in the
line shapes was demonstrated and explained by the dependence of
the VCSEL tuning rate on the DC bias. A relative error in gas
concentration measurements exceeding 20 % would result from the
line shape measurements if the non-linear frequency tuning was not
taken into account. A coefficient expressed in terms of  parameters a
and b was introduced to normalize the lines to the same frequency
scale and, thus, to compensate the line shape for non-linear tuning.
The phenomenological model developed to describe non-linear
frequency tuning of long-wavelength VCSELs can be applied to any
laser diode tunable over broad pectral intervals without mode hops.
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6185-48, Poster Session
Temperature dependence of laser backwriting process
on glass
A. Castelo, D. Nieto, M. T. Flores-Arias, C. Bao, M. V. Perez, C. C.
Gomez-Reino, Univ. de Santiago de Compostela (Spain); C. I. Lopez-
Gascon, G. de la Fuente, Univ. de Zaragoza (Spain)
We present the fabrication of waveguides by laser ablation of metal
targets on pyrex glasses. Different kind of methods based on laser
irradiation has been developed recently. For example, direct laser
writing has been used to obtain metal coatings onto polyimide
substrates via reduction of organometallic salts in solution. This
method uses an Ar+ laser with a cw output at 488 nm to selectively
initiate the deposition process through a photothermal reaction.
Alternatively, a process of precision laser metallization, known as
laser-induced forward transfer (LIFT) is based on the ablation of
metal thin films supported on thick glass substrates. In this case, the
laser beam of a Nd laser is focused onto the metal film through the
glass substrate (1 mm thick SiO2), and a layer is deposited via
ablation of the metal film.
A large number of studies have concentrated on the application
different methods to the fabrication of waveguides in glasses. Favre
et al. have obtained waveguides in Bi2O3-based glass via direct UV-
laser writing at 244 nm, where the laser radiation is absorbed directly
at the surface of the glass. These authors showed that a waveguide
core was attained in the region of the glass adjacent to the UV-laser
exposed area, and attributed it to the development of mechanical
and structural stresses associated to absorption of the radiation at
the substrate’s surface. A very recent paper has reviewed the results
and potential of laser writing of waveguides in photosensitive
glasses, paying particular attention to UV-laser writing and self-
writing methods in view of the structure and evolution dynamics of
the waveguides thus obtained, as well as the absorption, geometry,
and experimental laser parameters involved in this novel procedure.
Although many of the articles in the literature mentioned herein
describe the advantages of the laser versus more conventional
techniques, most of the work published thus far in direct laser writing
of waveguides is based on the use of special glass compositions.
These are usually not available commercially at large scale, and are
expensive. Commercially available borosilicate glasses seem to offer
an opportunity to develop planar waveguides which may be
industrially more attractive. On the other hand, these glasses have
good thermal properties and are apparently suitable for this
application. We explore the viability of Laser-Induced Forward
Transfer on borosilicate glass substrates, using flat metal instead of
supported metal thin films, and we study the response of the glass
subjected to a variation of its temperature. The composition of the
glasses used is approximately 80% of SiO2 and 13% of B2O3, with
small percentages of other oxides. We have used commercially
available stainless steel, aluminum, copper, brass and gold targets
as metal blanks. This targets were placed in direct contact with the
glass substrate. A flash lamp-pumped, Q-switched Nd:YAG laser
(Spectra Physics model GCR-130), emmitting at the second and
third harmonic with a repetition rate of 50 Hz was used to perform
the metal ablation experiments described here. Under these
conditions, this laser emits at 532 nm (with a pulse width of 7 ns) and
355 nm (pulse width of 6 ns). Energy per pulse has a value of 70 mJ
and 30 mJ, respectively.  These wavelengths were chosen because
metal target reflectivity is considerably reduced compared to the
fundamental emission wavelength of 1064 nm, although it has been
demonstrated that reflectivity is also a function of laser fluence. The
laser beam is reflected by a flat mirror at 45º, and then tightly
focused onto the glass sample by a cylindrical lens suitable for each
wavelength. The focal lengths used were 11.2 and 10 cm, for 532 nm
and 355 nm, respectively. The glass and the metal plate were
translated in the direction perpendicular to the laser beam using a
precision translation stage (Spindler & Hoyer X.act control) working
at different preset speeds. A horizontal position of the sample and
the plate was found suitable to improve the effect of the ablation
plume in the sample with respect to the alternative vertical arrange-
ment. The glasses are introduced in a oven before being irradiated,
working with different preset temperatures and with different
exposure times. Comparison of the characteristics of the glasses for
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the different situations are presented. Longitudinal and transversal
profiles, shown the modified glass surfaces, were analysed using a a
Dektak3 Profilometer with a vertical resolution of 10 Å. We present
SEM images of the samples. Results were analysed for the different
temperatures, speeds and metal targets. We study the characteris-
tics of the obtained structures depending on the optical and thermal
properties of the metal targets.

6185-49, Poster Session
Direct laser-writing of complex photopolymer structures
using diffractive optical elements
H. Suyal, A. J. Waddie, M. R. Taghizadeh, A. McCarthy, A. C. Walker,
Heriot-Watt Univ. (United Kingdom)
Introduction:
Direct laser writing is a good alternative to photolithography for rapid
prototyping as it is a maskless process.  The main disadvantage of
using direct laser writing is that it is a relatively slow process and
very complex structures are difficult to fabricate using a single laser
beam.  Here we describe the use of custom made diffractive optical
elements (DOEs) in a direct laser writing system to produce complex
structures in photopolymer.  A custom multifunctional acrylate
photo-polymer [1] with good thermal and mechanical properties was
used to fabricate the structures.
Direct Laser Writing:
The polymer behaves like a negative photo-resist in that the areas
which are exposed to UV become cured and the remainder of
uncured polymer is washed away in the development process.  The
direct laser writing system is based on a He-Cd (325 nm) UV laser
and a vertically mounted slotted base plate which is used to align the
steering and focussing optics that guide and focus the laser beam
onto computer controlled XY translation stages.  The polymer is
spun on to the substrate and the substrate is then scanned past the
stationary laser beam to write the polymer structures.  A flat-top
intensity profile, which is obtained from the 1.1 mm diameter TEM00
Gaussian beam using a DOE, is used to fabricate polymer structures
with well defined vertical side walls.  The appropriate DOE can easily
be incorporated in the direct writing hardware in order to obtain the
required intensity profile.
Design and fabrication of Diffractive optical elements:
Diffractive optical elements (DOEs) are phase-only surface relief
structures capable of producing arbitrary far-field intensity patterns.
There exist many design algorithms [2], e.g. Iterative Fourier
Transform, Gerchberg-Saxton, genetic algorithms, direct binary
search and simulated annealing. For the purposes of this research,
we have concentrated on the so-called closed-form techniques, i.e.
direct binary search and simulated annealing. These methods were
chosen due to the lower reconstruction errors observed for DOEs
designed using these algorithms. However, for large (\>128 orders)
patterns the speed advantages of the FFT-based algorithms may
prove the deciding factor. For grey-scale intensity patterns, a multi-
level phase structure is used, avoiding any twin-imaging problems
and giving a higher efficiency element. Once the DOE design was
completed, the phase profiles were fabricated using standard multi-
level photolithography/reactive ion etching techniques. All the DOEs
used in this study were designed and fabricated in-house with the
exception of the binary amplitude e-beam written mask sets which
were fabricated at the Central Microstructure facility, Rutherford
Appleton Laboratory.
Results:
Eight multimode polymer waveguides (~ 40 µm wide and on a ~80
µm pitch) with sharply defined sidewalls were written simultaneously
on a polymer clad FR4 substrate, using a 1 x 8 fan out DOE.  Use of
the fan out DOE decreases the direct writing time by factor of eight.
Various other structures such as concentric circles, simple grid, and
university logo were successfully fabricated in polymer using DOEs
to generate appropriate intensity profile.  The polymer structures
were also fabricated using the cosine squared intensity profile.  Initial
measurement of the structures from the Dectak surface profiler
indicated the close resemblance to the intensity profile of the laser
beam.  This type of intensity profile can be used for the fabrication of
micro-lenses using direct laser writing.  An intensity ramp will be
used to characterise the polymerisation process and these results
will be presented.
References:
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6185-50, Poster Session
2D lithium niobate microstructures: fabrication,
characterization, and applications
M. Paturzo, P. Ferraro II, P. De Natale, Istituto Nazionale di Ottica
Applicata (Italy); A. Finizio, Istituto di Cibernetica (Italy); M. Gioffre, G.
Coppola, M. Iodice, Istituto per la Microelettronica e Microsistemi
(Italy); S. Mailis, Univ. of Southampton (United Kingdom)
Ferroelectric lithium niobate is a key optical material because of its
wide range of applications in nonlinear optics, electro-optics and
holography. Moreover, the possibility to engineer its ferroelectric
domains at micrometric scales into different shapes paves the way
to new applications in all-optical integrated and photonics devices.
This work concerns the fabrication, optical characterization and the
applications of a 2D hexagonal lattice of inverted ferroelectric
domains with micrometric linear dimensions manufactured in lithium
niobate sample. The fabrication process consists of three steps: the
sample is covered with a thin layer of photoresist, then it is patterned
through a photo-lithographic mask and finally the ferroelectric
domains are inverted by means of selective application of an external
electric field at room temperature (electric field poling). We report on
the possible applications of this exagonally poled structure as a
variable binary phase array. In fact both sides of the poled sample
are covered with a thin cunductive layer (ITO), that acts as transpar-
ent electrode. Due to the electrooptic effect, it is possible to change
the difference between the two phase levels applying different
voltages. Such a sample can be used as a variable binary array
illuminator.  Moreover, covering the poled samples with patterned
electrodes is possible to obtain a variable multilevel phase grating
useful for a wide range of application, i.e. wavefront distorsion, etc...
Then, a different microstructured sample is fabricated by a combina-
tion of ferroelectric domain inversion and chemical etching. In fact, if
the previously poled sample is subjected to a long etching in hot HF
acid, the opposite ferroelectric domain faces undergo differential
etching and, therefore, we obtain a 2D structure in which each
exagonal domain is become a truncated pyramid.  We report on the
possible optical application of this pyramidally structured sample as
an array of microlenses.  The optical behaviour of these structures is
investigated through an optical design program and to this aim
S.E.M. images of the sample are performed to have a better
knowledge of the geometrical parameters. Finally both fabricated
structures are characterized through a digital interferometric
analysis. The samples are inserted in the arm of a Mach-Zenhder
interferometer and the digital holograms acquired are used to
numerically reconstruct both the amplitude and the phase of the
wavefield transmitted by the samples.

6185-51, Poster Session
Roughness measurements on coupling structures for
optical interconnections integrated on a printed circuit
board
N. Hendrickx, Univ. Gent (Belgium); J. Van Erps, Vrije Univ. Brussel
(Belgium); H. Suyal, Heriot-Watt Univ. (United Kingdom); G. Van
Steenberge, Univ. Gent (Belgium); A. McCarthy, M. R. Taghizadeh,
Heriot-Watt Univ. (United Kingdom); H. Thienpont, Vrije Univ. Brussel
(Belgium); P. Van Daele, Univ. Gent (Belgium)
It is predicted that the increase in microprocessor clock rate will
create bandwidth limitations for copper interconnects on printed
circuit boards (PCBs) due to signal attenuation, EMI/EMC problems,
and crosstalk. Optical interconnections may overcome some of the
bandwidth limitation of electrical interconnects on conventional
PCBs. The integration of optical interconnections on a board-level,
covering distances from a few cm to a couple of m, can be done in a
variety of ways. One of the possible approaches is the integration of
an optical layer on a PCB. The optical layer, that contains optical
waveguides and possibly also other passive optical structures, may
be an alternative for the transmission of high data-rate, high-density
signals.
In this paper, laser ablation (UGent), laser direct writing (HWU), and
deep lithography with protons (DLP) are presented for the fabrication
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of coupling structures for optical interconnections integrated on a
PCB. The optical layer, a highly cross-linked acrylate based polymer,
is applied on an FR4 substrate. Both laser ablation and laser direct
writing are used for the definition of multimode optical waveguides,
which guide the light in the plane of the optical layer. In order to
couple light vertically in/out of the plane of the optical waveguides,
coupling structures have to be integrated in the optical layer. Out-of-
plane turning mirrors, that deflect the light beam over 90°, are used
for this purpose.
Laser ablation is a flexible technology that can be used for the
structuring of a large variety of materials. The technique is compat-
ible with standard PCB manufacturing, and is already used for the
laser drilling of micro-vias in high density boards. It is a non-mask
based technology that can be used for rapid prototyping, as
opposed to mask-based approaches where a mask first has to be
designed and produced before the optical layer can be patterned.
The ablation set-up available at UGent contains three different laser
sources: a KrF excimer (248nm), a frequency tripled Nd-YAG
(355nm) and a CO2 (9.6µm) laser. Because of the availability of the
different laser sources, a large variety of materials can be structured
such as polymers, ceramics and glass. The excimer laser can be
tilted, which eases the definition of angled facets considerably. The
sample is during the processing placed on a computer-controlled
translation stage, which has an accuracy of 1µm. The three laser
sources are available on the same set-up; as a consequence, the
sample can stay on the same stage even when different sources are
used for the patterning of the material. This approach allows us to
achieve high alignment accuracies. The KrF excimer laser (248nm) is
used for the definition of the micro-mirrors in the optical layer. Two
possible mirror configurations are presented: one that is based on
total internal reflection (TIR) and one that makes use of a metallized
45° facet. The fabrication of the TIR mirror requires only one
processing step: the ablation of a 45° negative facet. In this way, a
polymer-air interface is created that allows light that is propagating
through the waveguides to be deflected over 90° through the TIR
that occurs at this interface. The definition of the metallized 45° facet
requires three processing steps: ablation of the 45° positive facet,
metallization of the facet, filling of the ablated area with cladding
material. The metallized 45° facet has an average RMS surface
roughness of 53nm over an area of 50µmÅ~174µm.
The laser direct writing system (HWU) is based on a HeCd UV laser
(325nm) and a slotted base-plate which is used to align the polariz-
ing, routing and focusing optics that guide and focus three beams (at
normal and ±45° angles) onto a computer-controlled XY translation
stage. A flat-top intensity profile for the direct writing of the polymer
is achieved by placing a ~60 µm square aperture on the axis of the
~1.0 mm diameter TEM00 Gaussian beam and imaging it onto the
polymer using two 80 mm focal length lenses. The oil-immersion of
the substrate during the writing provides an additional benefit of
increased sensitivity of the polymer to the UV-beam by minimizing
the inhibition effect which oxygen has on the polymerization process.
Metallized 45° facets are used for out-of-plane coupling. The
substrate, coated with the liquid photo-polymer, is immersed in oil so
that it is possible to get the laser beam at 45° inside the polymer for
the definition of 45° angled features using the non-normal beams.
The 45° facets are then selectively metallized using evaporation
through a shadow mask. The optical multimode waveguides are
laser written in a next step.
DLP is a unique technology for the fast prototyping of micro-
mechanical and micro-optical elements. The DLP fabrication process
consists of a few basic steps. First a collimated 8.3MeV proton beam
is used to irradiate an optical grade PMMA sample according to a
predefined pattern by translating the PMMA sample, changing the
physical and chemical properties of the material in the irradiated
zones. In a next step, a selective etching solvent is applied for the
development of the irradiated regions. This allows for the fabrication
of (2D arrays of) micro-holes, optically flat micro-mirrors and micro-
prisms, as well as alignment features and mechanical support
structures. On the other hand, an organic monomer vapor can be
used to expand the volume of the bombarded zones through an in-
diffusion process. This enables the fabrication of spherical (or
cylindrical) micro-lenses with well-defined heights. The coupling
component is in this case a pluggable PMMA component with an
integrated 45° micro-mirror. The insert is placed in a cavity in the
optical layer to couple light vertically in/out of a waveguide defined in
the optical layer. The resulting optical surfaces have a low and
repeatable RMS surface roughness of 30nm on average over an area

of 50µm x 50µm and a flatness of 3µm over a length of 500µm. The
latter is due to the scattering effect of the protons when interacting
with the PMMA molecules.
Surface roughness measurements are performed with a non-contact
optical profiler on micro-mirrors defined with all three technologies.
The surface roughness is a very important optical property since it is
responsible for scattering loss that decreases the coupling efficiency
of the structure. A comparative study will be made of all fabricated
components.

6185-52, Poster Session
High-efficiency diffraction grating coupler
J. Franc, Univ. Jean Monnet Saint-Etienne (France); A. Last,
Forschungszentrum Karlsruhe (Germany); N. Destouches, D. Blanc,
Univ. Jean Monnet Saint-Etienne (France); N. Hendrickx, G. Van
Steenberge, Univ. Gent (Belgium); O. M. Parriaux, Univ. Jean Monnet
Saint-Etienne (France)
Diffraction gratings are bound to play an increasingly important role
in miniaturised systems as they bring reduced weight and size for
various applications in the field of data communications. Although
they have been thoroughly investigated as a means of coupling light
between free-space and single mode optical waveguides in the past
[1], their potential for optical interconnect applications involving
multimode waveguides has not been widely considered yet. Indeed,
it is assumed that grating coupling to multimode waveguides has a
necessarily poor efficiency. This research work will show that a
shallow diffraction grating can be used to couple light very efficiently
in a highly multimode waveguide. This approach is an alternative to
currently developed elements in the form of 45° prism couplers
created one by one by ablation laser beam under oblique incidence
[2]. Grating couplers have the advantage of tending themselves to
wafer or board scale batch planar manufacturing processes.
The original device presented in this paper is designed for in- and
out- coupling of a free space optical wave under quasi-normal
incidence into a planar waveguide with minimum losses. It uses two
resonant diffraction gratings at the substrate-waveguide interface for
coupling and decoupling light. Each of the diffracting structure is
made of a shallow metal grating, covered with a high refractive index
layer that can theoretically diffract up to 100% of the incident wave
into one diffraction order [3].
The presentation will explain the rationale of the multimode
waveguide grating concept and describe the phenomenological
design process leading to resonant structure parameters ensuring
maximum coupling efficiency of an approximately collimated and
monochromatic beam.
The fabrication process will also be described : The diffraction
gratings are made by interferometric exposure in a photosensitive
material. Two kinds of materials will be considered : a positive
photoresist, Shipley SPR 505A and a hybrid organo-silicate
elaborated by a sol-gel process. The latter has a negative resist
behaviour and its properties can be adjusted to get good adhesion
to several kinds of substrates including metals and plastics. In a
second step, the gratings are covered with a reflective silver layer
and a thin high index film. The device is finally covered with a thick
sol-gel layer used as a multimode waveguide.
Early experimental results on the input and output coupling under
close to normal incidence will be reported. The angular dependence
and especially the polarisation issue will be discussed.
This work is part of the effort devoted to the development of Micro-
Optics for PCB and MCM-level interconnects within the European
Network of Excellence on Micro-Optics (NEMO).
References:
[1] O. Parriaux, V.A. Sychugov, A.V. Tishchenko, “coupling gratings
as waveguide functional elements”, Pure Applied Optic 5, 453, 1996
[2] G. Van Steenberge et al “MT-compatible laser ablated intercon-
nections for optical printed circuit boards”, Journal of Lightwave
Technology 22, 2083, 2004
[3] A.V. Tishchenko, V.A. Sychugov, “High grating efficiency by
energy accumulation in the leaky mode”, Opt. & Quant. Electron. 32,
1027, 2000
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6185-53, Poster Session
2.5 dimension structures in deep-proton lithography
R. Kasztelanic, Univ. Warszawski (Poland)
INTRODUCTION
There are a few technologies for mass and cheap fabrication of
elements in the size of several to several hundred micrometres.
When we need elements of high structural depth the most widely
used technology is the LIGA process1. The standard LIGA-process
starts from a metal mask for lithography, which can be made of gold.
In this step some substrates with positive resist, for example PMMA,
are irradiated by synchrotron radiation. After the development
process we obtain an original element.
The next step is electroforming. In this step from the original element
we obtain the negative version of it made in nickel or copper, for
example. Next, we remove the PMMA by etching. And finally we use
this element for the molding process. The replication can be easily
done in plastic and ceramic material for high number of replicas.
In the LIGA process the most important step for the fabrication of
microelements is the fabrication of the model of the original object.
In order to do that an intermediate mask is necessary, whose
production is rather complicated. The process of mask fabrication
consists of a few steps, needs many products and it is time-
consuming.
This is why there are a few methods of bypassing these problems
and building the intermediate mask or the original object. One of
these possibilities is the use of the excimer laser ablation2 or ion
track lithography3 .
Ion tracks have been known since 1958 and commercially applied
since 1967. Ion track technology offers a wide range of material
modifications in the micro- and nano- regimes, and is applicable
even on otherwise irradiation-insensitive dielectrics such as quartz.
The technology is based on the unique phenomenon that swift heavy
ions induce very narrow latent tracks consisting of a highly disor-
dered core zone of about 10 nm diameters. It is possible to selec-
tively etch these core zones resulting in channels with aspect ratios
(depth to width) up to 100,000. In many common polymers pore
diameters of 20 nm and wider, and aspect ratios up to 1,000 are
feasible.
DEEP PROTON LITHOGRAPHY
The special case of ion track lithography is deep proton lithography4.
It is based on the fact that some polymers, such as PMMA and SU-8
are sensitive to proton radiation.
In the case of PMMA, the irradiation of the sample with a proton
beam causes main chain scission and, as a consequence, the
change in the reaction of the polymer to the influence of various
chemical substances. In the developing process, with the use of
such a developer as GG, for instance, it is possible to obtain
microstructures of high aspect ratio by operating selectively on the
irradiated part of the polymer.
The quality of the fabricated elements their size and smoothness
largely depend the doses of energy deposited by the proton beam
and the parameters of the developing process. The way of chemical,
development can be optimized, however, it takes place in the whole
sample.  That is why, the only parameter that can be steered in order
to obtain the desired shape is the dose of energy deposited by the
proton beam. Hence, the preciseness of the dose measurement
plays a special role in lithography. It is specially important consider-
ing the unstable number of the protons accelerated, which changes
in time.
The irradiation of the sample can be done in a few ways5. One of the
way is a mask with a hole is placed above the moving target. The
advantages of this approach are the higher smoothness of the
obtained surfaces and the lack of limitations concerning the size of
the samples. The disadvantage is the longer time of irradiation.
In this proton lithography setup the measurement of the dose takes
place behind the polymer sample.  First of all, the proton beam of
several MeV passes through a mask with a hole. Then it radiates the
polymer. The thickness of the sample and the energy of the protons
are chosen in such a way that only a part of the proton energy is
deposited inside the target. The slowed-down protons leave the
other side of target and light on a metal plate.  The proton beam
induces electric current of several nA on the plate. This current is
proportional to the doses of energy deposited by the proton beam in
the polymer target.

Due to such a way of measurement, the proton beam functions as a
knife and which cuts a hole through the target. That is why the
shapes that can be fabricated in this way are two-dimensional.  Taki
sposób pomiaru dawki powoduje, z˙e wia˛zka protonów
wykorzystywana jest jak nóz˙. The top and the bottom surfaces are
parallel and the structure is cut perpendicularly to those surfaces.
Dolna i górna powierzchnia sa˛ do siebie równolegl/e a struktura
wycinana jest prostopadle do tych powierzchni.
2.5 DIMENSION STRUCTURES
For some purposes, the structures of varied depth are needed. The
depth of the penetration of the proton beam into the sample
depends on its energy and is characterized by the cutting level. The
problem in this case is the measurement of the dose of the protons
whose energy is too low to leave the target and reach the plate
measuring the current.
The way to overcome this problem is placing the measurement of the
dose before the polymer sample. This article presents the results of
simulations, as well as experimental results for such a setup built for
the tandem accelerator in Erlangen, Germany.
In the preliminary stage, one has to measure the shape of the proton
beam from the accelerator for various energies.   In order to do that
one has to use setups based on scintillates or setups scanning the
dose and measuring the current in particular points. Knowing the
shape of the beam, a set of two masks is placed before the target.
The first has a hole slightly larger than the second one, which is a
typical mask used in proton lithography. The role of the first mask is
to limit the size of the proton beam from the accelerator. The second
mask finally forms the proton beam lighting on the target. The beam
passes through the hole in the first mask to the second mask. Part of
it passes further through the hole and part is absorbed by the
second mask. Knowing the size of the holes in both masks one can
calculate the area on which the protons will be absorbed on the
second mask. Additionally, knowing the shape of the proton beam
one can estimate the proportion of the dose passing through the
second hole to the one absorbed by the surface of the second mask.
From the simulations, it turns out that the preciseness on the
measurements strongly depends on the quality of the initial shape of
the proton beam, as well as the justifying of both masks. For the
setup built of the following elements6: a real-time card (AdWin 16), a
current amplifier (Keithley 428), and a moving tables (PI F-603.00, PI
M-505.4DG), the measurement error the dose does not exceed 3%,
as compared with the classical setup with the measurement behind
the target.
The experiment estimating the quality of the work of the new setup
was carried out in two ways. In the first one a proton beam of 7.4
MeV was used to radiate a PMMA sample which was 500  µm thick.
A beam of such energy passes through the target. In a series of
experiments the same shapes were obtained with the measurements
of the dose before and behind the target. Next, the elements were
chemically developed and their quality was compared.
In the second experiment the work of the setup was optimized for
two different levels of energy of protons. The higher energy of 7.4
MeV was used to cut the required shape from a flat PMMA plate
which was 500  µm thick. The second, lower energy of 5.4 MeV was
used to cut rows approximately 350  µm deep.
CONCLUSIONS
In both cases the obtained results show that measuring the current
before the target was accurate enough to obtain structures of 2.5D
type.
REFERENCES
1. K. Brenner, M. Kufner, S. Kufner, J. Moisel, A. Müller, S. Sinzinger,
M. Testorf, J. Göttert, J. Mohr, “Application of three-dimensional
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6185-16, Session 4
Challenges for the introduction of printed circuit boards
with optical layers into product development roadmaps
C. Berger, B. J. Offrein, M. L. Schmatz, IBM Research (Switzerland)
No abstract available

6185-20, Session 5
Integration of generic and application-specific optical
printed circuit boards and VLSI photonic integrated
circuits
E. Lee, Inha Univ. (South Korea)
No abstract available

6185-21, Session 5
Optical interconnects on printed circuit boards using
embedded optical fibers
M. Schneider, T. Kühner, Forschungszentrum Karlsruhe (Germany)
The use of standard telecommunication components for optical
communication over very short ranges (<2 m) on and between printed
circuit boards (PCB) is restricted due to their comparatively large
dimensions and high price. For this reason efforts are made to reduce
the size of the electrooptic and optoelectronic converters and to
integrate optical waveguides into the board like common PCB tracks.
In this paper we present a novel board level optical interconnect,
based on standard multimode glass fibers, which are embedded into a
multilayer PCB. The fibers are accessed through cavities inside the
PCB by novel optoelectronic coupling elements. These elements
combine laser- or photodiodes with coupling structures to achieve as
a new feature a solely passive alignment. The objective is the
automatic mounting of the components with common pick-and-place
systems.
With increasing data rates and decreasing dimensions used in digital
electronics the control of the electromagnetic compatibility (EMC)
becomes more and more challenging. Especially in cases where high
accuracy analog electronics for sensor applications and signal
conditioning meets high speed digital electronics for data acquisition
and processing on a single PCB electromagnetic interference
degrades the performance of the analog part.
Therefore an electrical separation of the analog and the digital part is
favored. The analog part should contain only the analog electronics,
the analog-to-digital converter, and driver electronics to send data
through an optical interconnect to the digital electronics for further
processing. In addition to the reduction of EMC related problems, an
optical interconnect provides a separation of the electrical potential,
which will be important not only for medical applications.
In the past there have been several approaches on this topic. The
main focus was on the integration of optical waveguides into the PCB,
whereas the coupling problems were only treated in principle. One
approach to integrate optical waveguides in PCBs is the integration of
structured polymer foils. But here exist difficulties concerning the
thermal and mechanical stability of available materials against the
conditions of the standard PCB manufacturing process. Furthermore
the placement of coupling elements to couple light in and out of the
optical waveguide has to be made with active alignment under video
inspection due to the small dimensions and imprecise position of the
optical waveguides. This makes the approach complicated and
expensive as new pick-and-place machines are required.
On the other hand the commercially available transmitter and receiver
components for high speed optical interconnects are mainly for
telecommunication applications. These components have either fiber
pigtails or fiber connectors and a comparatively large footprint.
Therefore these components are not suitable for use in PCB embed-
ded short range optical links.
We are developing an optical PCB with transmission lengths of up to
two meters together with compatible coupling elements. To make a
new concept for optical PCBs interesting for commercialization it has
to be simple and must fit into standard production lines, so that PCB
manufacturers as well as PCB service providers won’t have to change
their proven and tested processes significantly.

In our approach we embed standard multimode glass fibers into the
layer stack of a multi layer PCB. Glass fibers have the great advantage
of being thermally and mechanically stable, having a very large
attenuation length, and being mechanically very precise and at the
same time inexpensive. They are embedded between top and bottom
layers of the PCB layer stack, which consists of standard PCB
material, e.g. FR4. These layers can be multi layered, too. To provide
a guidance of the fibers and to ensure the proper distance between
the top and bottom layers, copper pads alongside the fibers are used.
The embedded fibers end in cavities in the PCB in the form of stubs
with optical quality facets.:
Coupling elements are used to couple light in and out of the fiber. Our
approach originates from the demand that the mounting of the
optoelectronic transmitters and receivers has to fit into standard SMT
pick-and-place processes as far as possible. Therefore we are
developing novel optoelectronic coupling elements, which enable a
solely passive alignment through an advanced microstructure without
active position optimization to achieve lowest coupling losses.
At the transmitter end of the optical interconnect a VCSEL is used, at
the receiver end a pin-photodiode. For a start we aim at data rates of
up to 2.5 Gb/s. The data rate is not limited by the concept in principle
but by currently available electrical low cost components for the back
end electronics.
The optoelectronic chip is bonded on a substrate made of standard
PCB material with electrical tracks and leads. The optoelectronic chip
is covered by an optically clear alignment structure. To achieve a
correct adjustment of the coupling element, it has a large V-groove by
which it is placed on the free standing fiber stub. The mechanical
support is improved by the leads for the electrical contacts. The
correct position of the fiber in the V-groove is ensured by a security
clip, which is clipped into appropriate mounting structures. Further
application of glue helps to improve the long term durability of the
connection and to reduce reflections on the interfaces.
First prototype devices are currently under fabrication using micro-
technological processes like LIGA for the optically clear V-groove part,
which is made from PMMA, and standard PCB technology for the
substrate. To achieve low coupling losses, the emitting area of the
VCSEL or the sensitive area of the photodiode has to be placed with
very tight tolerances in the range of a few micrometers relative to the
V-groove. Currently we are investigating the best way for bonding the
chip and the alignment structure on the substrate, so that the
tolerances are met.:
In the paper we will present the assembly of the optical PCB and of
the coupling element. We will further present first completely
functional prototype coupling elements in an optical PCB and their
characterizations.
We would like to thank the Institute of Microstructure Technology of
the Forschungszentrum Karlsruhe for fabricating the LIGA parts,
especially Mr. Uwe Hollenbach.

6185-22, Session 5
Low-cost packaging of a reflective electroabsorption
modulator/detector with optimized spurious free dynamic
range
S. Karlsson, Kungliga Tekniska Högskolan (Sweden); C. Liu, Univ.
College London (United Kingdom); Y. Yu, O. Kjebon, R. Schatz,
Kungliga Tekniska Högskolan (Sweden); C. Chuang, Univ. College
London (United Kingdom); U. Westergren, Kungliga Tekniska
Högskolan (Sweden); A. Krysa, J. S. Roberts, The Univ. of Sheffield
(United Kingdom); A. J. Seeds, Univ. College London (United
Kingdom)
A packaged high speed reflective electroabsorption transceivers for
radio-over-fiber applications is demonstrated. The transceiver, an
AFPMD (Asymmetric vertically addressed Fabry-Perot Modulator/
Detector), is successfully packaged into a standard module, originally
intended for 10 Gbit/s Ethernet detectors. The packaging process and
the electrical, optical and thermal performance of the packaged
component are presented. A bandwidth of 6 GHz, a total reflective
optical coupling loss of 7.1 dB and a responsitivity of 0.14 mA/mW are
accomplished. By optimizing the operation optical wavelength and
bias voltage, fifth-order nonlinearity dominates the intermodulation
distortion and a spurious free dynamic range
(SFDR) of 101dB•Hz4/5 at 5.554GHz can be achieved experimentally.
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6185-23, Session 5
Hermetic fiber pigtailed laser module utilizing passive
device alignment on an LTCC substrate
K. Keranen, J. Ollila, J. Mäkinen, K. Kautio, P. Korhonen, V. Heikkinen,
VTT Elektroniikka (Finland); O. Väätäinen, J. Heilala, VTT Tuotteet ja
Tuotanto (Finland); P. Karioja, VTT Elektroniikka (Finland)
A hermetic fiber pigtailed laser module utilizing passive device
alignment on a low temperature co-fired ceramic (LTCC) substrate is
demonstrated. The 3-dimensional shape of the laminated and fired
ceramic substrate provides the necessary alignment structures
including holes, grooves, cavities and fiducials for the laser to fiber
coupling. The achieved passive alignment accuracy allows high
coupling efficiency realizations of multi-mode fiber pigtailed laser
modules. The ceramic substrate is intrinsically hermetic and it opens up
a possibility to produce cost-effective hermetic packaging by local
sealing of sensitive devices.  In our concept the hermetic sealing of the
passively aligned devices is produced by utilizing a metallic frame,
which is solder attached to an LTCC substrate. The metallic frame has
a hole for fiber feed-through and a hermetic glass-metal sealing
between fiber and frame is processed using glass preform.
The achievable coupling efficiency of laser-to-fiber system and effect of
coupling tolerances was evaluated by ASAP (Breault Research
Organization) optical design and simulation software. The simulation of
the passive laser-to-fiber butt coupling utilizing LTCC test substrates
was started by performing an optical coupling efficiency analysis
between 210 µm x 1µm emitting area laser and 200/220 µm step-index
fiber, NA=0.22. The laser beam full width divergence was 10 x 56
degrees, when the 1/e2 intensity values were applied. The emitted
power center wavelength was 830 nm. The nominal coupling efficiency
between the laser and the fiber was 65%, when a nominal distance of
30 µm between laser and fiber was used.
The tolerance analysis of the coupling system was performed in two
steps. First, in the sensitivity analysis, each tolerance variable using a 2
*  value was simulated separately and the most critical tolerance
variables are identified, which enables system optimization. According
to the simulation, the fiber NA variation is the most significant tolerance
variable. Second, optical system Monte-Carlo tolerancing was
performed. Monte-Carlo tolerance simulation is simple and fast method
for system performance analysis. We want to get information about
performance distribution of large manufacturing lot of modules and
Monte-Carlo method is very well capable of producing that information.
In Monte-Carlo tolerancing, all tolerance variables are simulated
simultaneously and statistical information about the system perfor-
mance is obtained. The variables are represented as distributions in the
simulations. Only two variable distributions in this case had non-
Gaussian distribution, namely source tilt y and fiber tilt y. The distribu-
tions of these variables were achieved by VisVSA simulation.
Prototype assembly started by aligning and attaching the laser chip to
the LTCC substrate. The laser chip dimensions were 115 µm (H) x 500
µm (W) x 1000 µm (L). The laser diode was aligned and attached by
electrically conducting epoxy (EpoTek H20E) to the substrate using
Fineplacer flip-chip bonder. Epoxy was hardened at 150°C during
fifteen minutes. The upper contact was wire-bonded by a wedge-
bonder using 25 µm diameter gold wire.
The frame material was Kovar and it was tooled by 5-axis machine
tooling. Before soldering the frame was electro-galvanized with nickel.
The frame was soldered to a metallization layer on LTCC using
Sn62Pb36Ag2 solder and integrated thermal resistor in the substrate.
The frame was aligned to the substrate and the solder paste was
dispensed around the frame. Solder was melted using the integrated
thermal resistor.
The step-index NA=0.22 multimode fiber (Fiberguide AFS 200/220Z)
was aligned manually to the LTCC groove under a microscope. The
separation between the laser and the fiber was adjusted to be about 30
µm.  The fiber was stripped and cleaned before attachment. The glass
preform, metal tube and heat-shrinkable plastic were placed around the
fiber. The fiber was pressed to the groove using small weight at the
center of the fiber and bonded using Loctite 3525 UV-epoxy. The epoxy
was hardened using Novacure UV-source. Hermetic fiber feed-through
was processed into the frame using glass preform (DIEMAT
DM2700PF). DM2700PF is a low temperature glass preform designed
specifically for hermetic optical fiber sealing. The glass has following
key properties: CTE 7.5 (ppm/°C), Tg 215 (°C), FSP 280 (°C), density
4.5 (g/cm3) and sealing temperature 320-350 (°C).
The glass preform was heated by a hot gas to the melting temperature
of the preform, which in turn collapses around the fibre and wets down

the inside diameter of the ferrule. After the fiber sealing the metallic
strain relief tube and heat-shrinkable plastic creating the mechanical
shieds, were assembled over the junction area with UV-epoxy.
Finally, a Kovar lid was attached on the top of the frame. Module was
dried at 80 °C temperature 24 hours before the sealing. After drying
the module was sealed in inert gas by laser welding.
The simulated coupling efficiency was verified by the prototype
realization and characterization. The measured maximum coupling
efficiency of the prototypes was 64%, which verifies the optical
simulation result and demonstrates the achieved passive alignment
accuracy in the optical coupling.
The first manufactured prototypes were tested according to MIL-
STD-883D method 1014.9 specification. Leak rate for the prototype
modules using a buffer stripped fiber pigtail without a rubber guard
tube was 3 x 10-9 [atm x cm3/s].  Measurement showed that the
used manufacturing procedure is capable to produce truly hermetic
laser modules. Effect of temperature variation was preliminary tested
using a temperature cycle from -40 °C to +75 °C. The duration of one
cycle was about 2 hours and 100 cycles were typically repeated. The
module maximum optical power variation in the individual cycle was
about 1.2 dB, which corresponds to laser diode temperature
sensitivity. The effect of thermal humidity was preliminary tested,
also. A temperature of + 85 °C and relative humidity of 85% was
used in the 1000 hour aging test. During the aging test the optical
power of the prototype decreased 10% from the initial value.
As a conclusion, we have developed a hermetic fiber pigtailed laser
module utilizing passive alignment LTCC substrate. According to the
preliminary tests the module is tolerant to environmental stresses.

6185-24, Session 5
Parallel optical interconnect between surface-mounted
devices on FR-4 printed wiring board using embedded
waveguides and passive optical alignments
M. Karppinen, T. Alajoki, A. Tanskanen, K. J. Kataja, VTT
Elektroniikka (Finland); M. Immonen, Aspocomp Oy (Finland) and
Helsinki Univ. of Technology (Finland); J. K. Kivilahti, Helsinki Univ. of
Technology (Finland); P. Karioja, VTT Electonikka (Finland)
We have designed and implemented a multi-channel optical
interconnect integrated on printed wiring board (PWB). The demon-
strated 10 Gbps/channel interconnect was based on board-
embedded polymer waveguides, integrated 4-channel electronics,
and surface-mounted components with passive optical alignments.
Integration of optical interconnects into printed wiring boards is seen
as a promising solution to overcome the performance limitations
encountered with high frequency electrical interconnections.
Optical transmission with high bandwidth, low loss and cross-talk,
insensitivity to EMC/EMI and low heat dissipation could offer several
advantages in off-chip I/O connections of fine-pitch packages and
chip-to-chip interconnects on board. The hybrid optical-electrical
PWB concept with integrated optical waveguides is probably the
most promising solution at board level, since it is potentially
compatible with conventional electronics manufacturing technolo-
gies. To lower the barrier of introducing optical interconnects on the
board level, it is highly desirable to develop a technology that does
not require changes to the current technologies but only some
additional process steps using the existing equipment.
We have studied the technologies to design and fabricate chip-to-
chip optical interconnects on PWBs using board-embedded polymer
waveguides and surface mounted component packages. To achieve
compatibility with conventional electronics manufacturing processes,
all components should be suitable for surface-mounting or bare-die
mounting procedures and all materials should withstand the reflow
soldering temperatures.
To demonstrate the capability and feasibility of the developed
technologies, we implemented a multi-channel optical data link,
which was completely integrated on a standard FR-4 PWB. The
4x10-Gbps optical link consists of surface-mounted 4-channel
transmitter (Tx) and receiver (Rx) components and of four multimode
optical waveguides processed on the surface of the PWB. The length
of the optical interconnect (i.e. waveguides) is approximately 85 mm.
The electrical 10 Gbps data inputs and outputs are connected to the
demonstrator board via coaxial card edge connectors. The lengths of
the electrical transmission lines between the connectors and the Tx
and Rx components were made short to minimise the high-
frequency dielectric losses due to FR-4 material.
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The transmitter was based on a 4-channel VCSEL driver IC and a
VCSEL emitter array, whereas the receiver was based on a 4-
channel receiver IC and a PIN-photodiode (PD) array. All of them
were commercially available bare die devices. Both transimpedance
amplifiers and limiting amplifiers were integrated within the receiver
chip to provide direct CML-level data output. The Tx and Rx
components were built on multilayer ceramic (LTCC - low-tempera-
ture co-fired ceramics) substrates, which were then surface mounted
onto the O/E-PWB using ball grid arrays (BGA). The VCSEL and PD
dies were flip-chip mounted and the driver and receiver ICs were
wire-bonded onto the top side of the LTCC substrates. In addition,
only a few capacitors were needed to construct the electronics. Also,
some micro-optical components were attached between the PWB
and the Tx and Rx components to enable efficient optical coupling
between the VCSELs/PDs and the optical waveguides. The devel-
oped interconnect technology can be directly used as an I/O of
CBGA-packaged ICs or multi-chip-modules.
The optical waveguide layers were fabricated on top of the solder
mask of a four-layer FR-4 board using three-step spin coating and
lithographic patterning process. Two different kind of commercially
available photo-definable polymer material systems were selected:
Truemode Core/Clad acrylates (by Exxelis), and SU-8-25 core and its
index matched cladding epoxy (by MicroChem and Micro Resist
Technology). The resulted waveguide attenuations with these
material systems were 0.15 dB/cm and 0.55 dB/cm, respectively.
SU-8 waveguides were used in the fully-assembled data link
demonstrators. Of the four waveguides on the demonstrator, two
had width of 50 µm and the other two had width of 75 µm. The
thickness of the waveguide core layer was around 50 µm. The
waveguide array had the same 250-µm pitch as the VCSEL and PD
arrays.
The optical coupling structure between the VCSEL array and the
waveguide array was based on two microlens arrays and a micro-
mirror. Commercially available, high refractive index (1.82) glass-
based microlens arrays with 0.3-mm substrate thickness were used.
The micro-mirrors were fabricated of 100-µm thick glass substrates
and coated with aluminium for high reflectivity. To begin the board-
assembly, the micro-mirror was mounted with die bonder on the
PWB close to the photo-patterned waveguide end facets. Then other
microlens substrate was mounted on the PWB above the micro-
mirror, where as the other one was mounted into a cavity on the
bottom side of the Tx LTCC substrate, which included optical via
holes to the top-mounted VCSEL array. With this design, an
expanded and almost collimated beam was obtained between the
two microlens arrays, i.e. between the Tx component and the board;
thus, relieving sensitivity to misalignments in the BGA board
assembly. The optical components were placed using alignment
marks or structures fabricated in the LTCC process or in the photo-
patterning of the optical waveguide layers, and fixed using UV-
curable adhesives. Identical optical design and components were
used at the receiver end of the link to couple the light from the
waveguides to the PD array on the top of the Rx components.
Before manufacturing, the optical designs were selected and
optimised by the use of sensitivity and Monte-Carlo tolerance
analyses, which were based on ray-trace simulations of the complete
optical path from the VCSEL to the PD. The estimated mounting
tolerances of the components were used as input parameters in the
tolerance analyses. The design selected for implementation was the
one showing the lowest sensitivity to misalignments and also rather
low total loss.
The optical alignment tolerances of the critical parts in the demon-
strator were characterised. The alignment accuracy requirements of
the BGA-mounted components, in transversal misalignment with 1
dB loss margin, were around ±40...60 µm depending on the direction
and waveguide width. As expected, the alignment of the microlenses
in respect to the VCSEL/PD devices or waveguide cores must be
more accurate, on the order of ±10 µm, which is anyway achievable
with the implemented alignment marks and structures.
The measured total insertion loss of the link was around 19 dB,
which includes both the losses of the coupling optics and the 5 dB
loss due to the attenuation of the SU-8 waveguide. The measured
total loss is a couple of dB too large to achieve low bit-error-rate at
10 Gbps with the selected electronic devices. Most of the coupling
loss occurred between the micro-mirror and the waveguide. This
loss could be significantly reduced by a minor layout change of the
under-cladding layer. Thus, it is probably possible to achieve a total
loss that enables feasible transmission at 10 Gbps/channel.

6185-27, Session 6
Packaging a free-space intra-chip optical interconnect
module: Monte Carlo tolerance study and assembly
results
M. Vervaeke, Vrije Univ. (Belgium); M. Lahti, M. Karppinen, VTT
Elektroniikka (Finland); C. Debaes, B. Volckaerts Vrije Univ. (Bel-
gium); P. Karioja VTT Elektroniikka (Finland); H. Thienpont Vrije Univ.
(Belgium)
Packaging of micro-optical components with electro-optical devices
requires a considerable effort on different aspects to optimize
production ease, assembly speed, quality, reliability, and time-to-
market. Defining an adequate set of tolerances is directly related to
all the aspects of Design For Manufacturability (DFM). Too tight
tolerances will lead to costly production methods, difficult assembly
and high fall-out of finalized devices, adversely affecting the total
cost and time-to-market. Quality and reliability are on the other hand
harmed by too loosely toleranced systems. A key challenge to get an
insight into these issues are adequately opto-mechanical intergration
and specific tolerance tools.
Pure mechanical system simulators have been researched heavily.
To this aim, various simulator algorithms have been proposed such
as path-charting techniques, genetic algorithms and a number of
statistical methods. By far the most popular method is the Monte
Carlo method. It was originally proposed by Stanislaw Ulam, and is
now deployed  as an efficient tool for solving a wide range of non-
linear problems including tolerance calculations in mechanical
designs. Notwithstanding the abundance of solutions to the
tolerancing problem, and the existence of commercially available
simulators for mechanical systems, none of these can incorporate
merit functions from optical simulators, such as the Modulation
Transfer Function (MTF), link efficiency or aberration values. Without
this link to optical merit functions an efficient analysis of photonic
packaging tolerances is impossible.
The optics community from its side has been investing in tolerance
research too. Some optical simulation tools already provide an
interface for tolerancing. In general, none of these efforts have dealt
with the specific tolerance problems coming with a realistic packag-
ing scheme for free-space intra-chip optical interconnects.
The challenge taken up in this report is the definition of a set of
tolerances of a specific micro-Optical Interconnection Module (OIM)
using a combination of optical simulation and mechanical geometry
based calculations using the Monte Carlo method. The OIM will be
used in an intra-chip free-space optical interconnects demonstrator.
We have implemented a simulation environment for the OIM using
the scientific computing language MatLab and ZEMAX as an optical
systems simulator. Both software packages are linked using the
interprocess communication system called Dynamic Data Exchange
(DDE). The geometry of the OIM is described in a polygon model
within MatLab. We apply random perturbations according to specific
Probability Density Functions (PDF) for every parameter describing
the OIM geometry. The polygon simulator is then capable of
removing collisions between objects and subsequently sends the
geometry to ZEMAX for optical validation. The data returned from
ZEMAX, containing the power levels at different detectors, is used in
MatLab to assess the geometry’s performances.
The OIM is being designed for a large interleaved vertical Cavity
Surface Emitting Laser / Resonant Cavity Photo-Detector (VCSEL/
RCPD) array with a device pitch of 55 µm and a VCSEL divergence
of 17.5° FWHM and basically consists of a micro-lens array
collimating the light from the VCSELs in the OIM, a prism deflecting
the light over 180° and a micro-lens array at the detector side
focussing the light. Our in-house prototyping technology, Deep
Lithography with Protons (DLP) and the layout of the chip limit the
design choices regarding lens diameters and optical path length. The
channel pitch is set to 220 µm, enabling lens diameters of 125 µm
and on-chip interconnect distances from 385 µm up to 4400 µm with
a flat optical path length of 8 mm for all channels. We determined the
two remaining parameters of the OIM, working distance of the optics
with respect to the chip surface and the focal length of the lenses, to
be 270 µm and 297 µm respectively, yielding a transmission loss of
at best -1.3 dB.
To analyze the allowed perturbations of the OIM, we set 4 specifica-
tion parameters: cross-talk on adjacent detectors should not exceed
-20 dB and the performance of the channel should not degrade with
more than -3.02 dB, or -1.26 dB or -0.75 dB with respect to the
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nominal transmission loss of
-1.3 dB. A sensitivity analysis reveals that the OIM is particularly
vulnerable to rotations about the vertical axis (±0.098° maximum
excursion for the -3.02 dB specification) and the lateral translation
along the optical channel (±2.6 µm causes an additional -3.02 dB
transmission loss). Tilt errors of the VCSEL/RCPD array with respect
to the OIM must be kept under 0.5°.
We used the results from the sensitivity analysis to investigate the
effect of the technology accuracy upon the technology process yield
by running Monte Carlo simulations on 11 parameters of the OIM
geometry. We set in this case the Gaussian PDF standard deviation
to 1/n times the sensitivity limit of the corresponding parameter.
Increasing n yields an increase in technology accuracy. At n=4, the
OIM design shows a low cross-talk violation and a process yield of
90% for the -3.02 performance specification. A first estimate using
realistic values for the PDFs reveals that the process yield lies
around 35% for the -3.02 dB setting.
The polygon-driven Monte Carlo simulation enables us to model the
OIM in a realistic way, including the spacer geometry mating with the
VCSEL/RCPD chip, the alignment spheres used to ensure proper
lateral alignment and to define the working distance of the micro-
optics above the chip, and the optical baseplate with micro-lens
arrays and micro-prism. The assembly scheme of spacer, micro-
spheres and optical baseplate proves to be very accurate and well
within the specification limits. But simulations reveal that the tilt
errors of the chip are lowering the total process yield considerably.
We estimated that the adhesive bonding of the chip results in a
worst-case tilt of 0.250°, which seems well within the sensitivity
limits, but the tilt effects induced by the micro-sphere alignment add
up in the tolerance-stack and drop the total process yield down to
25%.
We estimate that the accuracy of the DLP technology allows for
high-quality and highly accurate micro-opto-mechanical components
for OIM assemblies. The bonding accuracy of the OIM with respect
to the OIM has to improve however to ensure a reasonable amount
of assembled systems to perform within the specification limits.

6185-28, Session 6
Monolithically integrated transceiver chips for
bidirectional optical interconnection
M. Stach, M. Chandran, F. Rinaldi, R. Michalzik, Univ. Ulm (Germany)
We report on a monolithically integrated transceiver chip that
consists of a vertical-cavity surface-emitting laser (VCSEL) and a
metal-semiconductor-metal photodiode (MSM PD). One chip is butt-
coupled at each end of a single multimode fiber serving as the
medium for bidirectional optical data transmission in the Gbit/s
range. Depending on the fiber type, a module based on this chip is of
interest for high-speed optical interconnections with up to several
10m transmission distance, which enables applications even in
industrial and home networks. The monolithic integration of a VCSEL
and an MSM PD as well as a design avoiding the use of external
optics are expected to simultaneously save space, weight and
module cost. In this work, bidirectional data transmission over a
polymer-clad silica (PCS) fiber is demonstrated. As this fiber
withstands higher temperatures than a plastic optical fiber and
additionally has a much lower attenuation, such a system represents
a suitable solution for future automotive applications.          A
monolithically integrated transceiver chip must contain all layers
necessary for signal generation and reception. In our case, the layers
for the receiving MSM PD are epitaxially grown on top of the VCSEL
layers. By using suitable citric acid solutions, the detector layers
surrounding the resist-protected photodiode area are selectively
removed. The process is terminated at an AlAs etch-stop layer which
has to be removed subsequently. A dry-etch process is applied to
define the VCSEL mesa, during which the photodiode has to be
protected. Subsequently, an antireflection (AR) coating is applied
and photolithographic steps are performed to put bondpads on the
surface, thus allowing wire bonding for RF characterization. The PD
diameter is varied from 210 to 300 micrometer, matching the 200
micrometer core diameter of the PCS fiber that shall be centered in
front of the transceiver chip. The VCSEL is embedded in the outer
region of the circular-shaped PD area, where the PD-to-VCSEL
offset depends on the PD diameter, e.g. there is a distance of 75
micrometer between the device centers for a 250 micrometer
diameter PD.          For the determination of the small-signal
frequency responses, the processed MSM PDs were biased within a

voltage interval from 0 to 10V. As the finger width-to-spacing ratio
was constant at 1-to-2 micrometer, PDs of various diameters can
easily be compared. The smallest MSM PD is supposed to have the
smallest capacitance and is thus capable to demonstrate the highest
3-dB frequency at a fixed voltage. Small-signal operation shows that
PDs with a diameter of 210 micrometer saturate at a 3-dB cut-off
frequency of 1.4GHz. At the operating wavelength of 850nm, the
responsivity reaches values as high as 0.4A/W due to the enhance-
ments by light reflection at the upper Bragg mirror pairs and by an
AR coating which also passivates the surface and thus leads to a
reduced dark current. The quantum efficiency equals 59% which is
close to the theoretical maximum of 67% taking a finger width-to-
spacing ratio of 1-to-2 micrometer into account. The other part of the
transceiver chip, namely the oxide-confined VCSEL, operates at
850nm with a lasing threshold of 1.7mA and a differential quantum
efficiency of 37%. The optical output power rolls over at 7.1mW for
18.2mA current. The 3-dB bandwidth exceeds 5GHz, as determined
by using a multimode fiber pigtailed InGaAs pin-photoreceiver with
above 8GHz bandwidth. Thus, the available bandwidth of the
transceiver chips is limited by the MSM PDs.          Of high interest
are coupling efficiencies between PCS fiber and transceiver chip. To
get an impression of the effect of a distance variation between MSM
PD and fiber, the PCS fiber is centered above the PD and the
photocurrent is measured as a function of the distance, where the
optical input power at the other end is constant. Distances smaller
than 50 micrometer yield almost no power loss and are thus
equivalent to butt-coupling. The 3-dB decay occurs at an axial
displacement of 1.1mm for a PD with 250 micrometer. The afore-
mentioned radial offset between VCSEL and PD results in two
different lateral alignment tolerances. For a 250 micrometer diameter
PD, in the current design the tolerances exceed +/-66 micrometer for
a 3-dB decay of coupled power, if there is a constant 50 micrometer
distance between PD and fiber and the lateral displacement is
performed in the direction normal to the PD-VCSEL axis. For
displacement parallel to the axis, one finds 172 and 24 micrometer
tolerances.          Back-to-back (BTB) data transmission of a non-
return-to-zero pseudo-random bit sequence between two
monolithically integrated Tx/Rx-chips is demonstrated. As the 3-dB
cut-off frequency of the VCSEL exceeds 5GHz, PDs with a small
diameter (210 micrometer) enable a quasi error-free data transmis-
sion even at 3Gbit/s, where the eye opening is still good. The
required optical power is -11.9dBm at a bit error rate 1E-11. The
corresponding sensitivities for 1 and 2Gbit/s amount to -12.8 and -
12.6dBm, respectively. There is a slight decrease of the eye opening
when butt-coupling is performed on both sides of a 1m long PCS
fiber. Bidirectional data transmission experiments in half-duplex
mode indicate a fiber bit rate-distance product of at least 5Gbit/s
times m with an excellent eye opening, thus allowing 1Gbit/s
transport over sufficiently large distances for in-car communications.
At the conference, smaller scale transceiver chips for bidirectional
data transport over higher bandwidth graded-index multimode fiber
will also be discussed.

6185-29, Session 6
Point-to-point VCSEL-based free-space optical data link
for board-to-board communications
V. Foucal, F. Quentel, M. M. Pez, C. Claudepierre, G. Barbary, C.
Hartmann, D-Lightsys (France); P. J. Twardowski, Ecole Nationale
Supérieure de Physique de Strasbourg (France); P. P. Meyrueis,
Univ. Louis Pasteur (France)
Introduction
Free space optical links are mostly used for medium distance data
links, with numerous applications in the field of building to building
local area network (LAN) interconnects. Free space optics then
requires large optics to properly route the optical beam on distances
that can be as high as a few kilometers. In the future, free space
optical interconnects will also be used within processing units or
calculators for high speed massively parallel data distribution on
processing boards, optical switching and chip to chip interconnects.
In those later cases, free space optical data links will be based on
micro-optical elements and matrixes of optoelectronic components.
Propagation distance will be below a few centimeters.
D-Lightsys considers free space optical links for intermediate
communication distances ranging from a few centimeters to one or
two meters. Targeted applications cover board-to-board intercon-
nects, point-to-point serial links within severe environments such as
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nuclear power plants and data broadcasting within on-board avionic
or automotive multimedia networks.
In this paper, we present the initial simulations and the first experi-
mental characterizations of a VCSEL-based point-to-point free space
interconnect on distances ranging from 5cm to 50cm at bit rates up
to 2.5Gbps. This preliminary study, that was successfully validated
on a test bench, was aimed at assessing the positioning tolerances
of the various elements that constitutes the optical link, prior to start
the design of integrated free space transmitter and receiver modules.
In the article, we firstly describe the system specifications relative to
the potential application and to the free space module packaging
constraints. Based on a budget link analysis, we then present the
various choices made to select the type of laser source and the
receiver technology. After this, we describe the simulation method
we used (based on ray-tracing optics and Gaussian beam analysis) ;
we then explain the simulated tolerance analysis obtained for various
link configurations. Finally, we describe the test bench we set up and
conclude with the promising experimental characterizations made
thanks to this test bench.
Design
We propose a 2.5Gbps free space optical interconnect scheme for
communication distances ranging from 5 to 50 cm. Our objective is
to design a highly position tolerant point-to-point data link between
one transmitter and one receiver, both including their appropriate
optics.
We did not manufacture integrated transmitter/receiver module
during the reported study, but still, important specifications relative
to integration and packaging were taken into consideration to design
the optical system. Thus, for compatibility with communication
boards and rack architectures, the transmit part of the link, including
the laser and the transmitter lenses should be no larger than a
10x10x10 mm cube. The same constraint is imposed on the receiver
part. This led us to the selection of a few commercially available
lenses.
To select the active component technology to be used within the
link, we made a trade off between optoelectronic components
performances, available laser technology at the considered wave-
length, eye safety hazard and global power consumption. Although
photodiode technology is more sensitive at 1310nm or 1550nm
wavelength and although eye safety regulation is less stringent at
these 2 wavelengths, we based our system on 850nm VCSEL
technology. Indeed, the power consumption and the available optical
power per angular unit is much better with VCSEL laser technology.
Also the 850nm VCSEL has a very stable temperature behavior, it is
extremely cost competitive and permits the use of a low cost highly
integrated packaging. In this study, we therefore considered several
transmit configurations based on 850nm VCSELs (single VCSEL and
3x3 VCSEL matrix).
Simulation and experiment
Our simulations are based on Ray-tracing optics and on Gaussian
beam analysis under ZeemaxTM. The goal of the simulation is to
determine the optimum distances between, the VCSEL and the lens
L1 in the transmitter, and, between the lens L2 and the photodetec-
tor in the receiver, so that the system offers the largest positioning
tolerance between the receiver and the transmitter. Several configu-
rations were simulated :
• Configuration 1 : one VCSEL and one photodiode
• Configuration 2 : one 3x3 VCSEL matrix and one photodiode
• Configuration 3 : one 3x3 VCSEL matrix and one 3x3 photodiode
matrix
The various possible lenses selected were also simulated. The
configuration 1 is very demanding regarding the positioning of the
lenses but, in the mean time, it provides a very interesting tolerance
in the positioning of one module to another (more than 1cm lateral
positioning tolerance between the Tx and Rx modules for a 25cm
propagation distance). The configuration N°2 seems to be interesting
only for the largest communication distance considered (500mm).
The last configuration (configuration N°3) is obviously the one
offering the better positioning tolerances, but it also the most
complicated to realize practically.
The practical validation of the various simulations were done on a
test bench including the following elements : a laser chip holder
capable of 3-axis translations, a transmitter lens holder capable of 3-
axis rotations, an identical receiver lens holder (3 axis of rotation) and
a photodiode chip holder capable of a 3-axis translation. The laser

holder and transmitter lens holder constitutes the transmitter part
(Tx) of the bench. The photodiode holder and receiver lens holder
constitutes the receiver part of the bench (Rx). The bench further
permits the displacement of the whole Tx part relatively to the whole
Rx part along two translation axis and one rotation axis.
This test bench allowed us to validate our simulations very accu-
rately for each configuration considered. We also demonstrated a 2.5
Gbps dynamic communication thanks to the adjunction of an
external VCSEL driver and a photodiode amplifier.
Conclusion
We conclude by a summary of the various results we obtained. We
then introduce our future work on the subject. In particular, we
emphasize the very interesting perspectives given by the emergence
of long wavelength VCSEL. We finally give some details on the future
integration work we will undertake to commercially propose free
space modules for multimedia wireless optical interconnect
architectures.

6185-30, Session 7
An analytical simulation model for VCSELs to support
signal integrity analysis of optical interconnects
G. Clarici, E. Griese, Univ. Siegen (Germany)
With the growing demand for bandwidth the incentive is rising to
replace electrical interconnects by optical ones. Since all-optical
systems are still in the distant future the first application of optical
interconnects will be in hybrid electro-optical systems. For a
successful integration of optical interconnects into an electrical
environment the issue of design tools needs to be addressed. For
electronic system design a number of tools exist and any design
tools for optical interconnects would need to be seamlessly
integrated into the existing tool environments.
One of the major issues in electronic high-speed design is signal
integrity. This means design techniques ensuring that the signal at a
receiver is within the limits of the used protocol with respect to level
and timing. The integrity of a signal can be verified using a full SPICE
simulation. This, however, has the disadvantage that it requires the
full schematics of the used output and input buffer as well as the
manufacturing processes used to fabricate them. For third party
components this information is in general not available since it is
sensitive information that would disclose design and manufacturing
know-how. As an alternative, IBIS (I/O Buffer Information Specifica-
tion) has been introduced. It is used to model and to simulate the
behaviour of electrical interconnects. IBIS models are based on
tabulated data of the components of generic I/O buffers. Due to their
abstract nature they do not disclose any sensitive information. An
important alternative when dealing with components for which the
manufacturer has published no IBIS data, the parameters can be
derived by external measurement. In addition, the calculation using
IBIS is typically faster than using SPICE.
A similar problem will arise when optical rather than electrical
interconnects are used. In this case signal integrity will also play an
important role in system design. It will require adequate models for
the components of an optical interconnect consisting of laser,
coupling-element, waveguide, coupling-element, and photodiode. In
addition to the passive optical components, the electronic laser
driver and the electronic receiver circuit of the photo-diode need to
be modelled.
In this paper we will concentrate on the laser element of an optical
interconnect. As a first step towards an IBIS like model for a laser
diode we present an analytical laser model for Vertical Cavity Surface
Emitting Lasers (VCSEL).
A number of models for lasers have been developed in recent years.
Usually they require the numerical solution of a system of differential
equations with both temporal and spatial dependency. Using these
models for system design has a number of drawbacks: they require
detailed structural information about the laser, they can be
computationally extensive, and it is very difficult to develop them
based only on measured data.
Several approaches, developed in recent years are based on the
assumption of a fixed modal pattern which allows reducing a spatio-
temporal rate-equation based model to a purely temporal one.
Although this simplifies the calculation, the reduced model still
requires detailed structural data and is difficult to be fitted to
measurement results. An analytical model, on the other hand, would
require only abstract parameters and could be fitted to measurement
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results. To the best of our knowledge no analytical solution even for
simplest of systems of rate-equations, the one to model single-mode
lasers, is known. There is, however, a special case of the single-
mode rate-equations, which is known as the Lotka-Volterra differen-
tial equations. This system of differential equations is used, among
other things, in biology to model predator-prey relations. This system
has a well known solution. Based on this solution a transformation
can be formulated which links the (non-linear) phase-space of the
Lotka-Volterra differential equations with the phase-space of the
harmonic oscillation. Our model is based on the assumption that the
same transformation maps the phase-space of the laser rate-
equations and the damped harmonic oscillation. Since working in the
phase-space results in a loss of temporal dependency, the temporal
behaviour is modelled by linearising in the steady-state point. The
resulting model has non-linear amplitude behaviour and a linear
time-dependency. This produces results in good agreement with the
numerical solution of the rate-equations. It has, however, the
limitation that it works only above the laser threshold.
This methodology has been derived for single-mode lasers, but it
can be extended to approximate the solutions of systems of rate-
equations for VCSELs which have been transformed from spatio-
temporal to purely temporal. This model reproduces all the important
characteristics of the numerical solution in good agreement. Due to
the analytical nature, the model can work with tabulated data as well
as data gained through measurement. It can therefore form the base
of an IBIS like specification for VCSELs to model and to analyse
optical interconnects.

6185-31, Session 7
Semiautomatic characterization and simulation of VCSEL
devices for high-speed VSR communications
S. Pellevrault, A. Destrez, Z. Toffano, École Supérieure d’Electricité
(France); M. M. Pez, F. Quentel, D-Lightsys (France)
Very short range (VSR) high bit rate optical fiber communications are
an emerging market dedicated to local area network, digital displays
or board to board interconnect within real time calculator. A very fast
way to exchange data with high noise immunity and low-cost is
needed. Optical multimode classical graded index fibers are used
here because they assume high noise immunity and are easier to
handle than monomode fibers. Lately, 850nm VCSEL have been
used in VSR communications because they give several advantages
such as low cost, direct on-wafer tests, and possibility of making
VCSEL arrays very easily compared to classical optical emitter
devices such as DFB laser diodes.
Although some work has been carried out in temperature modeling
of VCSEL emitters, few works has been devoted to characterizations
over a very broad range of temperatures. Nowadays, VCSEL VSR
communications tend to be used in various severe environments
such as space, avionics and military equipments. Therefore, a simple
way of measurement for modeling VCSEL emitters over a broad
range of temperature is required.
In this paper, we propose a complete characterization of the emitter
part of 2.5 Gb/s  opto-electrical transceiver modules operating from -
40 °C to + 120 °C using 850 nm VCSEL’s. Our characterization
method is based on simple and semi-automatic measurements of a
given set of chosen parameters of the devices.
The aim is to obtain all the parameters required to fully complement
a model for the VCSEL’s model and its driver. The model chosen for
the VCSEL is based on monomode rate equations including RIN
(Relative Intensity Noise) with an emphasis on temperature. The
VCSEL’s driver is modeled by a simple first order filter with only one
parameter, its characteristic time. A simple thermal model of the
VCSEL is used to obtain the cavity temperature as a function of
ambient temperature, injected current, mean optical power and
forward voltage. Most of each step of the characterization is done
automatically by developed algorithms. Therefore, the characteriza-
tion is quite reproducible, easy and fast (around one day of work).
The first step uses experimental measurements of optical mean
power versus ambient temperature and injected current on bare die
VCSEL. This is required to extract the threshold current versus cavity
temperature, which is a critical parameter to properly assess the
behavior of the VCSEL on large temperature ranges. This step is
done with the help of a computer algorithm that can proceed
automatically all the experimental measurements and give the set of
parameters fitting the best threshold current curve. According to our
model, the threshold current is the sum of three terms (cavity gain,

leakage current, transparency number of carrier), each being
temperature dependent. Another algorithm has been developed to
decompose the threshold current curve into its three basic compo-
nents. This algorithm uses physical criteria to help it sorting out the
components. Especially, the increase of threshold current at low
temperature is correlated to the diminution of the cavity gain.
Threshold current curve at those temperatures is used to obtain the
cavity gain curve. Finally, the curves of each component versus
cavity temperature are used to obtain all their temperature depen-
dent parameters. The characterization ends with the use of the
measured optical eye diagram to obtain the last parameters of our
VCSEL model like the RIN noise or the gain compression factor of
the cavity.
The experimental set-up includes instruments commonly used by
anyone who has to deal with high speed, broad temperature VSR
links. Temperature control of the devices is obtained with the help of
a climatic chamber. A pseudo-random signal generator that can be
operated up to 12.5 Gb/s has been used. Optical eye diagram is
obtained with the help of a fast digitizing oscilloscope with a 15 GHz
bandwidth 750 nm to 860 nm optical input and a 2 x 50 GHz
bandwidth electrical inputs. One needs also a precise optical power
meter and suited tools to manipulate bare die VCSEL.
Simulation based on those measurements has been successfully
carried out, and actual results of measurements (especially the
optical power eye diagram of several emitters) have been compared.
Those comparisons show that simulations respect the mean optical
power and extinction ratio with a precision around ten percent over
the complete temperature range. The frequency and amplitude of the
overshoot and undershoot are reproduced but higher precision could
be achieved by using a multimode model of the VCSEL. Jitter at
crossing is less than the measured value since the only source of
jitter in the model is the RIN of the VCSEL. Adding other noise
sources, in the VCSEL driver for instance, should solve this problem.
This good agreement enables the prediction of the performances
and the behavior of VCSEL based devices. An automatic adjustment
of VSR modules parameters during their production is then possible,
according to the applications requirements.
We are currently working to adapt device BER (Bit Error Rate)
evaluation based on eye diagram measurements and to compare it
with direct BER measurements. This will be done by the modeling
and the characterization of the receiver part of a transceiver which
includes a PIN photodiode and a TIA/APC electronic stage.
Enhanced bit rate modules characterization (up to 10 Gb/s) are also
under development.
The authors wish to thank D-Lightsys for providing the VSR VCSEL
modules. They also wish to thank Asghar Gholami for fruitful
discussions. This work has used the PRISME laboratory facilities of
Supelec, sponsored by the Conseil Regional Ile-de-France, the
Conseil General de l’Essonne and Optics Valley.

6185-32, Session 7
Experimental characteristics and analysis of transverse
modes in 1.3-µm strained InGaAs quantum-well VCSELs
E. Pougeoise, P. Gilet, P. Grosse, S. Poncet, A. Chelnokov, J.
Gérard, Commissariat à l’Energie Atomique (France); G. Bourgeois,
R. Stevens, R. R. Hamelin, IntexyS Photonics (France); M. Hammar,
J. Berggren, P. Sundgren, Kungliga Tekniska Högskolan (Sweden)
1.3 µm VCSEL are desired optical sources for high data rates
transmission in local area network. Several active materials have
been studied to reach 1.3 µm lasing emission. GaInNAs quantum
wells VCSEL [1] and more recently InAs/InGaAs quantum dots
VCSEL [2] were proved to be suitable for 1.3 µm emission and 10
Gigabits Ethernet standard. However strained InGaAs quantum wells
are also competing active material for these applications. In this
article, we report our results on strained InGaAs quantum well
VCSELs for optical interconnection applications. 1.3 µm room
temperature continuous-wave (CW) lasing operation is demonstrated
for a top emitting oxide-confined device. :The VCSEL structure was
grown by MOCVD. The Al0.88Ga0.12As /GaAs mirrors are doped.
The upper p-side Bragg mirror consists of 25 C-doped
Al0.88Ga0.12As /GaAs pairs and the n-side DBR consists of 36 Si-
doped Al0.88Ga0.12As /GaAs pairs. To reduce series resistance,
linearly graded composition interfaces are grown between each
layer. The cavity layer is one half-wavelength thick and contains two
strained InGaAs quantum wells. Just above the cavity, in the first pair
of the p-side DBR, one •/4 Al0.88Ga0.12As layer contains a 40 nm
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thick Al0.98Ga0.02As layer for the subsequent selective wet
oxidation. The selective wet oxidation provides both electrical and
optical confinement near the active region. The current aperture
diameter varies from 2 to 12 µm. The VCSELs consist in circular
mesas defined with reactive ion etching. Their diameter varies from
30 to 40 µm. A Ti/Pt/Au p-type contact ring was deposited on top of
the upper mirror and standard Ni/Ge/Au n-type contact was full
sheet deposited on the back side of the substrate. The contacts
were thermally annealed. 400 nm thick layer of silicon nitride was
deposited to passivate the structure.  :In the measurement set up,
the sample is placed on a thermoelectric element to control the
temperature of the devices. The VCSEL are driven either by a CW or
a pulsed current source. The light is either collected by an optical
power detector via an integrating sphere or directed through a
monochromator to a liquid nitrogen cooled InGaAs linear array
detector. An InGaAs video camera is used to observe the spatial
distribution of the optical modes. :A CW fundamental lasing
operation at 1300.2 nm is achieved from a 4 µm aperture VCSEL at
1.6 times threshold current and at 20°C. The threshold current is 5.6
mA and a differential external efficiency is 10.2%. The operating
voltage at the laser threshold is of 3.8V and the differential series
resistance reaches 169 ohms. The larger current aperture diameter
devices exhibit multimode lasing operation around 1295 nm. At
20°C, an 8 µm current aperture diameter VCSEL delivers up to 1 mW
with a threshold current of 5.2 mA and a differential external
efficiency of 14.4%. The maximum output power of 1.8 mW is
delivered by a 12 µm current aperture diameter VCSEL. In CW
operation, the threshold current decreases with the temperature
increasing from 10 to 50°C. For an 8 µm aperture diameter VCSEL,
the threshold current drops from 5.8 to 4 mA. At the same time, the
external differential efficiency decreases from 15% to 11.3 %. :The
variation of lasing spectrum and spatial distribution of the optical
modes with driving current has been measured at 20°C and in CW
operation, for a 4 µm current aperture diameter VCSEL emitting
above 1285 nm. The gain maximum of the strained InGaAs quantum
wells is around 1.2 µm wavelength, whereas the cavity resonance
lies at higher wavelength to ensure 1.3 µm lasing emission. There-
fore, at room temperature, there is a negative detuning between gain
and cavity. Although with temperature increase the gain peak and
cavity resonance shift together towards higher wavelengths, this shift
is faster for the gain peak. Consequently, the gain-cavity alignment
improves at higher temperatures, the temperature increase being
caused either by self heating or by the increase of the environment
temperature. :At low currents just above the threshold, we observe
high order modes being preponderant with the emission wavelengths
around 1270 nm. This is explained by the fact that at low tempera-
ture the wavelengths of these higher order modes are closer to the
gain maximum than that of the fundamental mode (having in mind
that the driving current is low enough for not to cause the self-
heating). Spatially, the dominant optical mode is located at the edge
of the current aperture, where the injection of carriers in the active
region is the strongest, owing to the current crowding. :Both
controlled sample temperature increase or self-heating due to the
driving current, induce a shift of the gain peak towards higher
wavelengths. At 20°C and 1.5 times threshold current, a peak
appears on the spectrum above 1285 nm, concurrently with a light
spot at the centre of the device. Lasing threshold for the fundamental
cavity mode is achieved. At higher driving current, all lasing modes
are red-shifted by self heating, and the intensity of the fundamental
mode increases concurrently with a decrease of the intensity of
higher-order lasing modes. Finally, a typical output power rollover
occurs for higher current. :For larger aperture diameter devices (from
6 to 12 µm), the same behaviour is observed just above the threshold
but a second set of higher order modes is observed at higher current
injection. For example, for a 12 µm current aperture diameter VCSEL,
the second set of high order modes occurs at 3.5 times the laser
threshold current and the emission remains spatially multimode with
several corresponding peaks on the spectrum. :We will also present
a further analysis of the thermal behaviour in a wider temperature
range under 100 ns pulsed operation, which minimised the self
heating. A comparison between the observed modal behaviour and a
mode solver computation for different aperture diameters will be
discussed. :The side mode suppression ratio between low current
injection and high current injection emission wavelength remains
weak: about 6 dB. Nevertheless, we found in studied lasers that
different transverse modes are well separated in space. It appears
realistic that an integrated mode filter would be able to suppress the
unwilled high order modes and to keep only the emission at 1.3 µm.

An example of such filter based on a deposition of a patterned
silicon layer on the top DBR is described in [3]. Thus strained InGaAs
quantum well VCSELs are attractive devices for achieving single
mode operation at 1.3 µm and beyond. :References : [1] A.W.
Jackson, R.L. Naone, M.J. Dalberth, J.M. Smith, K.J. Malone, D.W.
Kisker, J.F. Klem, K.D. Choquette, D.K. Serkland and K.M. Geib, OC-
48 capable InGaAsN vertical cavity lasers, Elec. Lett. 37 (2001), 355-
6. : [2] J. Lott, N. Ledentsov, A. Kovsh, V. Ustinov, D. Bimberg,
Multiple Stacks of InAs/InGaAs Quantum Dots for GaAs-based 1.3
µm Vertical Surface Cavity Laser, LEOS, Tuscon, AZ, USA, October
26-30, 2003. : [3] M. Chacinski, R. Schatz, O. Kjebon, M. Hammar, R.
Marcks von Würtemberg, S. Mogg, P. Sundgren, and J. Berggren,
Single-mode 1.27 µm InGaAs vertical cavity surface-emitting lasers
with temperature-tolerant modulation characteristics, App. Phys.
Lett. 86 (2005).

6185-33, Session 7
Toward more efficient fabrication of high-density 2D
VCSEL arrays for spatial redundancy and/or multilevel
signal communication
H. R. Roscher, P. Gerlach, F. N. Khan, A. Weigl, R. Michalzik, Univ.
Ulm (Germany)
Already with the advent of vertical-cavity surface-emitting lasers
(VCSELs) emitting light vertically from the substrate surface more
than two decades ago, it was apparent that array technologies would
become a major domain for these devices as they are naturally lined
up in rows and columns on a wafer during fabrication [1]. Today, the
diverse application areas driving development of independently
addressable VCSEL arrays include parallel digital or analog optical
communication, laser printing, and even biophotonics.
Oxide-confined VCSELs as solitary devices have reached a high
degree of maturity with an efficient and reliable operation. Yet, it
remains to be extremely challenging up to this point to fabricate
large 2-D arrays of high-speed VCSELs on very small center-to-
center spacings, and all in a cost-efficient way.  Fast fabrication turn-
around time is invaluable in the often iterative development cycle
needed to quickly adapt a product to changing customer needs.
Extremely small VCSEL pitches that are not much larger than the
active device diameters can be highly desirable in many array
applications. Solid state imagers in high-definition laser printing,
where one VCSEL is assigned to each pixel, obviously need high
packing densities [2]. In the field of space-parallel high-speed data
transmission several schemes using extremely close-spaced
VCSELs have been suggested. Lifetime limitations associated with
spontaneous VCSEL failures can be overcome by providing several
alternative laser sources for each fiber channel [3]. In order to
eliminate the need for optics combining multiple laser beams into
one fiber, we previously fit three individually addressable VCSELs per
2-D array channel directly flip-bonded to the mesa entirely inside
circles as small as 28 µm in diameter [4]. Hence, three equivalent
VCSELs are butt-coupled to one and the same 50 µm core diameter
graded-index fiber providing a backup for the case of premature
VCSEL failure. This can increase lifetimes of parallel-optic transmit-
ters while preserving compactness and low module costs. There is
an inevitable built-in radial VCSEL-to-fiber offset of 8 to 12 µm
associated with it. Wide open and symmetric 10 Gbit/s eye patterns
and quasi error-free (10^{-12} BER) data transmission over 500 m of
50 µm core diameter fiber were nevertheless obtained.
In this paper we employ these high-density high-speed VCSELs in
such 2-D arrays to make better use of available bandwidth and
increase fiber channel capacities by multi-level digital signal
transmission. In this scheme, two of the three lasers in one channel
are operated synchronously while the optical powers add up inside
the fiber. The individual operating currents and modulation param-
eters were chosen such that the superposition of both signals
resulted in four distinct signal power levels. This corresponds to a
four-symbol alphabet as compared to the two symbols available with
binary transmission by simple on-off keying. There are two bits
needed to describe 4=2^2 symbols. The bit rate for a given band-
width is hence doubled (and it is twice the “symbol rate”) with this
scheme. Open eye patterns at several Gsymbols/s have been
obtained. With three alternative laser sources available for each fiber
channel it is also possible to combine both of the above schemes.
Two VCSELs per channel can double the number of available digital
symbols while the third is held in reserve to fill in should a spontane-
ous device failure occur. Overall, we will present ways how ultra-
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dense flip-chip VCSEL integration can increase the total amount of
data throughput an array can deliver, on one hand by keeping all
channels fully functional for longer, but then also by increasing the
complexity of the sent data in each channel.
The high demands placed on such high-density high-speed 2-D
VCSEL arrays are reflected in a complex and involved fabrication
that current generations require. Efforts for planarization of the
comparatively severe topographies and for contact formation easily
exceed those needed to create the actual lasers. Also, the high
alignment precision required for some critical features in the current
design of close-spaced VCSELs requires qualified personnel and is
not necessarily suited to a production-type environment. Work is
underway for a much simpler and fully self-aligned flip-chip VCSEL
structure streamlining fabrication and making feature definition more
precise. In contrast to previous designs with separate n- and p-
mesas the new VCSELs are to have only one mesa with potentially
reduced losses and parasitics. There is to be a self-aligned p-contact
as well as a self-aligned solder joint on top of it. Direct-mesa
bonding will ensure low internal heating and low thermal crosstalk as
a necessity for high packing densities of simultaneously operating
lasers. For this reason the devices should be completely separated.
Direct-mesa bonding is facilitated by the use of soft indium solder,
reliable bond pads as foundation to the solder joints, and precise
bump size control. In an earlier design, the elimination of thermal
bottlenecks cut the thermal resistance by half, leading to much less
internal heating and thus less red-shifting of the output spectra and
potentially longer lifetimes [5]. We anticipate that with the novel
design no extra planarization will be needed any more for high-yield
low-parasitics flip-bonding to carrier substrates. In summary, it will
improve manufacturing precision and lead to optimized characteris-
tics of high-density VCSELs while making their fabrication much
more economical.
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6185-34, Session 7
1.55-µm optically pumped tunable VCSEL based on a
nanopolymer dispersive liquid crystal phase modulator
C. Levallois, Institut National des Sciences Appliquées de Rennes
(France); V. Verbrugge, L. Dupont, J. L. de Bougrenet de la Tocnaye,
B. Caillaud, École Nationale Supérieure des Télécommunications
(France); A. Le Corre, O. Dehaese, H. Folliot, S. Loualiche, Institut
National des Sciences Appliquées de Rennes (France)
We present the first 1.55 µm wavelength tunable VCSEL using nano-
Polymer Dispersed Liquid Crystal (PDLC) as an index modulator. The
device, optically pumped, showed a laser emission at room
temperature. A 9 nm tuning range is achieved with a voltage of 150V.
The side-mode suppression ratio is in excess of 20 dB for the whole
spectral range. Vertical cavity surface emitting lasers (VCSELs)
operating at 1.3 and 1.55 µm are very attractive laser sources for
low-cost telecommunication systems, especially in emerging metro
fiber-optic networks. Their circular, spectral, and spatial single-mode
beam provides very efficient fiber coupling. They also offer other
advantages like wafer testing before packaging or fabrication in array
configuration. In order to increase communication capacities of the
embedded fiber, advanced VCSELs with a wavelength tunable
emission have been developed to operate in WDM optical network.

MEMS VCSEL[1][2] and FFPSEL[3] vertical cavity tunable lasers
exhibit performances meeting the optical communication demand.
Nevertheless, the FFPSEL needs complex mechanical alignments
and exhibits very large wavelength tuning time (few ms) whereas, the
more competitive MEMS may be still limited by cost, fragility and few
hundreds of µs for the tuning time.
In this paper, we present an alternative low cost, simple and robust
optically pumped vertical cavity wavelength tunable laser using
nano-PDLC located inside the cavity. This material is an electro-optic
index modulator providing a fast tuning speed. The active region,
grown by MBE (Molecular Beam Epitaxy), has an optical length of
1.5λ and contains three active zones of seven InGaAs/InGaAsP
quantum wells (QWs) each one. Lattice-matched alloy
(In0.8Ga0.2As0.435P0.565) is used as a barrier and each active zone
is separated by InP layers. In order to obtain an efficient optical
pump absorption, each group of seven QWs is sandwiched between
quaternary barriers of controlled thicknesses. This periodic gain
design allows to obtain an homogenous optical absorption of the
pump power and then an homogenous carrier distribution[4]. The
phase layer is made up of a suspension of nematic liquid  crystal
(LC) droplets in a host polymer. This layer has an optical length of 6λ,
and allows to obtain an isotropic refractive index variation to tune the
laser emission wavelength. The optical lengths of the active region
and the phase layer chosen is a trade-off between a sufficient net
gain needed to reach a laser emission and a large tuning range. This
cavity is sandwiched between a bottom epitaxial Bragg mirror and a
top dielectric Bragg mirror. The semiconductor materials used for the
bottom Bragg mirror grown by MBE are InP and
In0.63Ga0.37As0.8P0.2 as low and high refractive index, respec-
tively. The refractive index difference of ∆n = 0.27 [5] between these
two materials implies the growth of 40 periods to achieve a
reflectivity of  99%. The dielectric materials used for the top mirror
are silicon dioxide (SiO2) and titanium dioxide (TiO2). Thanks to the
high index difference of ∆n = 0.8, the mirror reaches a reflectivity of
99.5% at 1.55 µm with only 8.5 periods and a reflectivity of 6% at
the pump wavelength of 1.064 µm. The structure described
previously is sandwiched between two electrodes to apply the
electric field needed to obtain the refractive index variation of the
phase layer. The electrode located behind the InP substrate is a gold
layer, the second one is a thin transparent ITO (Indium Tin Oxide)
layer deposited on the dielectric Bragg mirror. The nano-PDLC
phase modulator is formed by using photopolymerization-induced
phase separation[6]. We used a combination of nematic LC and UV
curable prepolymer. The mixture, whose mixing ratio was 30:100 in
weight, is introduced between the dielectric Bragg mirror and the
active region to be irradiated through the Bragg mirror with strong
UV light (350 mW/cm2) at room temperature (RT). The droplets are
smaller than 100 nm, which is much smaller than the wavelength of
the light used in optical-fiber communication systems. Consequently,
the light is only slightly scattered by the droplets and the phase layer
behaves as a pure refractive index modulator. Optical losses have
estimated to be near α = 15 cm-1 when LC droplets are randomly
oriented without the application of the electric field. At 1.55 µm the
refractive index is n = 1.545. The applied bias voltage orients the
droplets with respect to the induced electric field and creates a
refractive index decrease. The refractive index variation is maximum
when all of the droplets are oriented within the field. When saturation
occurs, n = 1.53 then the maximum index variation is ∆n = -1.5.10-2.
The switching speed is related to the droplet size, and it improves as
the droplet size is reduced. Switching speeds are under measure-
ments and a time of tens µs are expected. The photopumping
experiment consists in focusing a laser beam with a microscope
objective on the top mirror of the VCSEL with a spot diameter of 10
µm. The laser emission is collected back by the same objective and
transmitted through a beam splitter. The signal is injected in a large
core diameter optical fiber connected to a spectrum analyzer. The
photopumping of the active region is realized by a pulsed Q-
switched YAG laser at 1.064 µm wavelength. The constant pulse
width is 1 ns with a repetition rate of 6.6 kHz. A laser emission has
been observed at RT at a wavelength of 1565 nm with an average
threshold power of 4 µW. A tuning range of 9 nm is achieved by
applying a voltage of 150 V. The whole range is covered without
mode hopping and a side-mode suppression ratio in excess of 20 dB
has been observed. Larger tuning ranges could be obtained with
larger birefringence LCs[7] and/or higher concentration of LC
droplets[8]. The expected switching time is smaller than for MEMS
and FFPSEL. The only limiting factor is the voltage. However, this
voltage can be reduced by introducing ITO electrodes inside the
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cavity, close to the nano-PDLC layer. This paper shows the first laser
emission for a wavelength tuneable 1.55 µm laser in which the
wavelength tuning is obtained via an electric field induced index
modulation of a nano-PDLC layer. First characterizations shows a 9
nm tuning range with 150V bias polarisation. Considering an
electrically pumped optimised version, this device should be easier
to manufacture cost effectively than existing solutions. It neither
needs precise piezoelectric mechanical alignments, as in FFPSEL,
nor complex processing, as in MEMS.
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6185-35, Session 7
760-nm high-performance VCSEL growth and
characterization
F. Rinaldi, J. M. Ostermann, A. Kroner, M. C. Riedl, R. Michalzik,
Univ. Ulm (Germany)
There is a strong interest in 760 nm vertical-cavity surface-emitting
lasers (VCSELs) for use in optical spectroscopy. In-situ oxygen
sensing is a very important application, e.g. for monitoring and
control of exhaust gases from combustion processes. For this
purpose, absorption lines close to 763 nm are usually analyzed and
reliable light sources in particular with well defined spectral proper-
ties are needed. VCSELs or DFB lasers are promising candidates for
this task [1]. The choice of the material system for these devices is
not obvious. Different approaches were tested for lasers with
wavelengths slightly shorter than 800 nm; in particular lattice-
matched AlGaAs/AlGaAs and compressively strained AlInGaAs/
AlGaAs quantum wells (QWs) have been used [2]. The AlInGaAs/
AlGaAs QW system is often proposed as a solution to decrease the
threshold current and to increase the device lifetime. On the other
hand, extremely low threshold currents have been achieved with 780
nm VCSELs employing the AlGaAs/AlGaAs approach [3].
In this work, we have grown VCSEL samples on GaAs (100)
substrates with a Riber 32P MBE (molecular beam epitaxy) system.
Silicon and carbon are used for n- and p-type doping, respectively,
the latter is injected as gaseous CBr_4. The distributed Bragg
reflectors (DBRs) are graded in composition and doping concentra-
tion in order to minimize the optical absorption and to decrease the
electrical resistance.  Moreover, delta doping is included in both the
n- and p-sides. The active region is composed of three 8 nm thick
Al_{0.13}Ga_{0.87}As QWs separated by 10 nm thick
Al_{0.40}Ga_{0.60}As barriers. The mirrors incorporate 40.5 n- and
26 p-type layer pairs. The highest refractive index in the DBRs is
given by Al_{0.30}Ga_{0.70}As layers and Al_{0.93}Ga_{0.07}As is
the lowest index material except for the first 32 n-type pairs
containing AlAs. An extra quarter-wavelength GaAs layer was grown
on top of the structure, providing antiphase reflection and extra
absorption.
The non-destructive characterization of the grown material includes
reflectivity measurements and HRXRD (high resolution x-ray
diffraction) performed on 004 and 002 (the so-called quasi-forbidden)
reflections. In this way, a thorough control of the cavity and the
Bragg reflectors is possible. For QW characterization, photolumines-
cence measurements are performed. Here, almost all n-pairs are
removed by wet etching in a destructive process.
Processing starts with the mesa etching, followed by oxidation of the
current aperture. Three different device typologies are produced.
Standard VCSELs are obtained by complete removal of the extra
quarter-wavelength GaAs layer and are used as reference devices.
The second kind is fabricated by etching a circular surface relief into

the cap-layer. On the third kind a combination of surface relief and a
surface grating [4] is defined by electron beam lithography. The latter
design is intended to enhance the single-mode performance and to
simultaneously improve the polarization stability [5]. The devices
show single-mode operation up to average power levels of 0.9, 1.9,
and as much as 2.6 mW for the three typologies, respectively, at 760
nm wavelength. The threshold currents are as low as 0.5 mA on
average for the reference devices and are only increased by 0.1 mA
for the devices with a surface modification. Complete polarization
control is only achieved with the surface grating VCSELs. All single-
mode lasers have an oxide aperture diameter between 3 and 4
micrometers. Standard devices with larger apertures of 9 microme-
ters exhibit a threshold current of 1.5 mA and a maximum output
power of 5.6 mW at 16 mA current in multimode operation. To our
knowledge, these are the best performance data of 760 nm VCSELs
reported so far.
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6185-36, Session 8
VCSELs optical modeling using the plane wave
admittance method
T. Czyszanowski, Vrije Univ. (Belgium) and Technical Univ. Lodz
(Poland); M. Technical Univ. Lodz (Poland); H. Thienpont Vrije Univ.
(Belgium); K. Panajotov Vrije Univ. (Belgium) and Institute of Solid
State Physics (Bulgaria)
We hereby present a validation of newly developed full vectorial
Plane Wave Admittance Method (PWAM) for optical modelling of
Vertical-Cavity Surface-Emitting Lasers (VCSELs). The method has
been developed in [1] and applied to the case of Photonic Crystal
Slab proving its high accuracy and significant reduction of calcula-
tion time compared to the full 3-dimensional (3D) plane wave
method. The PWAM combines two approaches successfully used in
photonic simulations: the Plane Wave Method (PWM) [2] and the
Methods of Lines (MoL) [3]. Similarly to MoL the 3D  structure is
divided into layers uniform along the z - axis: the solution in each of
the layers is therefore given as a sum of forward and backward
travelling waves. Original MoL solves for the lateral distribution of the
field by caring out Finite Difference Discretization. It is demonstrated
in [1] that an expansion of the field in the basis of orthonormal
functions can be significantly more efficient. The set of exponential
functions provides very convenient tool to expand both the field and
the distribution of the refractive index. Thanks to special properties
of Fourier transform the refractive index is expanded within the
infinite basis, which allows for precise representation not only of
smooth lateral variations of the refractive index (as in the case of
thermal lensing in proton-implanted VCSELs) but also of abrupt ones
(as in the case of oxide confined VCSELs). Once the solution for
single layer is determined, one can find an analytic relation combin-
ing the components of the fields from the opposite edges of the
layer. This allows for finding an expression, which relates compo-
nents of fields within the whole structure. Finally, applying the
General Transmission Line concept we can define an eigenvalue
problem, which determines the optical modes. The vanishing of the
field on the boarders of the simulated domain is assured by using
Perfectly Matched Layer Absorbing Boundary Condition (PML ABC)
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with m - power profile [5], which avoids spurious reflections.
In the present work we show the reliability of the PWAM  for the
determination of the wavelengths of the optical mode at the lasing
threshold, their filed distributions and their threshold gains for VCSEL
with different structures. We discuss GaAs/AlGaAs Quantum Well
VCSELs with oxide apertures ranging from 0.2 to 8  µm, VCSELs
with shallow surface relief, VCSELs with shallow diffractive gratings
and VCSELs with both shallow surface reliefs and diffractive
gratings. We compare our results with the ones presented in the
literature and show a very good agreement. Furthermore, we carry
out an exhaustive mapping in the space of the basic computational
parameters, such as the width and the length of the computational
window, the distance between the active region and the PML layer
and the number of the plane waves. This mapping is done for the
different VCSEL structures and aperture sizes. At the Photonics
Europe conference we will not only present the results of these
extensive computations but will also show that they allow us to
provide a guidelines for the best choice of computational parameters
in order to achieve precise computation with the smallest possible
number of basis functions.
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6185-37, Session 9
Investigation of polarization properties of VCSELs
subject to optical feedback from an extremely short
external cavity
M. M. Arizaleta, Vrije Univ. Brussel (Belgium) and Univ. Publica de
Navarra (Spain); H. J. Unold, ETH Zürich (Switzerland); J. M.
Ostermann, R. Michalzik, Univ. Ulm (Germany); H. Thienpont, Vrije
Univ. Brussel (Belgium); M. López-Amo, Univ. Pública de Navarra
(Spain); K. P. Panajotov, Vrije Univ. Brussel (Belgium)
Vertical-cavity surface-emitting lasers (VCSELs) possess several
advantages over edge emitting lasers (EEL), like circular beam
shape, low threshold currents and the possibility to be made in two
dimensional arrays. However, the quasi cylindrical symmetry of their
cavities and the lasing direction, perpendicular to the surface of the
quantum wells, make VCSELs suffer from a non stable polarization.
The polarization of the light emitted by a VCSEL is not defined a
priori and small anisotropy introduced by unintentional stress during
manufacturing makes them have two preferred polarization direc-
tions. Several mechanisms, based on introducing polarization
dependent modal gain-loss, have been proposed in order to
eliminate the current and temperature induced PS like etching of
rectangular mesas [1], anisotropic apertures or surface gratings [2,3],
growth on misoriented substrates [4], etc.
Polarization properties of VCSELs are also affected by optical
feedback. Indeed, isotropic and polarized feedback from short or
long external cavities has been used to control VCSEL’s polarization
in a certain range of injected current and external cavity length [5].
The increasing interest in using VCSELs as active micro optic
devices in various applications where they might be affected by
optical feedback from external cavities of the order of micrometers in
length, has driven the investigation of a less studied effect: optical
feedback from an extremely short external cavity (ESEC).
Here we experimentally and numerically investigate the polarization
properties of VCSELs subject to optical feedback from an ESEC (few
microns). Our experiments show that when biasing the device near
its solitary polarization switching current, two polarization switches
between the two fundamental linearly polarized modes are observed
for sub-wavelength change of the EC length. Each PS is found to
occur through a region of hysteresis of different width. Moreover, a

mapping of bistability that shows the variation of the current at which
polarization switching takes place when increasing and decreasing
the injected current is experimentally obtained. It shows a modula-
tion of the polarization switching currents and the hysteresis width
when changing the external cavity length, with a period of half the
wavelength of operation of the VCSEL.
In order to explain the experimental results we present a two mode
rate equation model for VCSELs subject to optical feedback from an
extremely short external cavity that takes into account infinite round
trips inside the external cavity, and an approximation to it [6]. By
making use of this model we perform an extensive mapping of
bistability of the VCSEL versus the injected current and the ESEC
length. A periodic modulation of the polarization switching currents
and the hysteresis width versus the ESEC length is found analyti-
cally, in very good agreement with the experiments. The model
explains the polarization switching when changing the ESEC length
as a consequence of the phase shift of the modulation of the losses
for the two linearly polarized modes of the VCSEL due to the
practically inevitable frequency splitting between the cited modes.
Furthermore, our model predicts that increasing the external mirror
reflectivity we can make this modulation of the polarization switching
currents deeper and strongly asymmetric. In such a way we prove
that it is possible to prevent PS for any injection current, and to
achieve not only polarization control but also polarization stabiliza-
tion of VCSELs by selecting the ESEC length. In order to see how
generic this approach is we perform a parametric investigation. We
show that small frequency splitting between the linearly polarized
modes (< 1GHz), and large values of differential gain will make more
difficult to achieve polarization stabilization. However, a reduction of
the top mirror reflection coefficient will increase the modulation
depth of the PS currents versus the EC length, enabling the
achievement of polarization stabilization, in almost every VCSEL. In
addition, we have also numerically studied the case of polarized
feedback, showing a periodically channelled map of bistability, as
well as a significantly narrowing of the bistable regions. Therefore,
polarized optical feedback from an ESEC could be used to chose by
slightly changing the EC length (~30nm), either the high or the low
frequency mode to be emitting for any injected current. This last
effect can be used to enhance the signal to noise ratio in applica-
tions such as CD readers, conventional optical communication
systems and in general in any application that requires low cost,
stable and controllable polarization optical sources, as for example
optical interconnections.
[1] K. D. Choquette and R. E. Leibenguth, “Control of Vertical Cavity
Laser Polarization with Anisotropic Transverse Cavity Geometries”,
IEEE Phot. Techn. Lett., 6, pp. 40-42,
(1994).
[2] C. L. Chua, R. L. Thotnton, D. W. Treat, and R. M. Donaldson,
“Anisotropic apertures for polarization-stable laterally oxidized
vertical-cavity lasers”, Appl. Phys. Lett., 73, pp. 1631-1633, (1998).
[3] P. Debernardi, J. M. Ostermann, M. Feneberg, C. Jalics, and R.
Michalzik, “Reliable Polarization Control of VCSELs Through
Monolithically Integrated Surface Gratings: A Comparative Theoreti-
cal and Experimental Study”, IEEE Journal of selected topics in
Quantum Electronics, vol. 11, No. 1, pp. 107-116, (2005).
[4] H. Uenohara, K. Tateno, T. Kagawa, Y. Ohiso, H. Tsuda, T.
Kurokawa and C. Amano, “Investigation of Dynamic Polarization
Stability of 850nm GaAs-Based Vertical-Vavity Surface-Emitting
Lasers Grown on (311)B and (100) Substrates”, IEEE Phot. Techn.
Lett., 11, pp. 400-402, (1999).
[5] M. Sciamanna, K. Panajotov, H. Thienpont, I. Veretennicoff, P.
Megret and M. Blondel, “Optical feedback induces polarization mode
hopping in vertical-cavity surfaceemitting lasers”, Optics Letters, vol.
28, No. 17, pp. 1543- 1545, (2003).
[6] M. Arizaleta, H. J. Unold, J. M. Ostermann, R. Michalzik, H.
Thienpont and K. Panajotov, “Investigation of polarization properties
of VCSELs subject to optical feedback from an extremely short
external cavity, part I: Theoretical Analysis”, IEEE Journal of
Quantum Electronics, submitted.
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6186-01, Session 1
Active focusing device based on MOEMS technology
U. Mescheder, Fachhochschule Furtwangen (Germany)
Most of the published solutions for parabolic deformable mirrors are
using electro-statically actuated poly-Si or SiN membranes partially
covered by metals. The fabrication processes are complex and need
several fabrication steps. Further on, the involved sacrificial layer
process causes some restriction in useful optical surface as well as
distance to back-electrode. Typical diameters are around 1.5 mm
and less [1].
This paper presents a concept based on Silicon on Insulator (SOI)
technology which allows very large diameters (up to 10 mm has been
realized) [2].
The membrane represents a deformable electrode. The counter
electrode is provided by the package to which the chip is mounted.
Membrane thicknesses between 3 and 6 µm and distances between
deform-able and fixed electrode (air-gap) in the range from some 10
µm up to 200 µm were investigated. Three different designs are
compared: a full membrane, a membrane with weakened rim and a
suspended membrane. These designs represent different types of
boundary conditions for the support at the rim.
To fulfill typical industrial requirements an useful optical diameter of
5 mm has been chosen as typical target for system optimization. The
driving voltage should not exceed 200 Volts. Special care has been
addressed to reduce the wave front distortion of the imaging system.
The target shape error has been set as λ/10 (λ= 633 nm). The
deflection amplitude was chosen for a focus length from 100 mm up
to in-finity.
For simulation FEM (ANSYS) using coupled field models have been
used. The presented solution refer to membranes with a thickness of
5 µm, diameter of 6 mm. In the case of the full membrane only with a
proper choice of the counter electrode a parabolic deflection can be
achieved. The usefull optical diame-ter is defined by the ring shaped
counter electrode. The main idea of a ring shaped electrode is to
con-centrate the forces at the rim which will provide the suitable
moments for a parabolic deflection.
The improvement is clearly demonstrated by FEM simulations. For a
ring shaped counter electrode  the deviation is well below λ/10 within
an area defined by the inner electrode radius. However, due to the
reduced area of the electrode, the effective electrostatic forces
decrease. Therefore higher voltages are necessary to achieve the
same deflection as for a full electrode. To overcome this problem,
the influence of the different types of suspensions have been
investigated. To improve the deflection towards a para-bolic shape
at reasonable small voltages, the bending moments along the
membrane rim have to be de-creased. However, the best case
situation, that the membrane is beard only on a ring shaped support,
can not be realized. Instead, the support at the rim was weakened by
a reduced thickness of the mem-brane only along the rim or by a
membrane which is fixed by thin beams at the rim [3]. The figure of
merit for the different suspensions and electrodes are presented and
discussed. Especially the solution with a reduced thickness at the
rim provides several advantages such has high reliability, low
sensitivity to par-ticles and highly symmetrical membrane deforma-
tion. Additionally, the front side (reflective side) of the membrane is
not disturbed.
We have developed a process based on SOI-technology which
enables the fabrication of stress free membranes. The device layer of
the SOI-wafer defines the thickness of the membrane-mirror.
Therefore, even for a very large membrane size a very simple
fabrication process can be used. As device wafer highly p-doped Si
with a thickness of 5µm was chosen. In the case of the full mem-
brane, only one lithog-raphy step is needed. For the thinned rim or
the solution with suspended membrane, two lithography steps are
needed. The membrane is etched by DRIE (Bosch process) using the
intermediate oxide as etch stop. A stress optimized Al layer has been
used as reflective coating. The critical chip dicing has been realized
by laser cutting (Nd:YAG laser). Special care is needed to insurer
sufficient electrical insu-lation.
The deflection has been measured using a triangulation sensor.
Within the measurement accuracy, a parabolic deflection is found.
The voltage dependence of the deflection amplitude which defines
the fo-cus length on the driving voltage has been investigated.
Driving voltages of about 100 V can provide a deflection which
results in a focus length of 100mm (deflection around 10 µm). Due to

coupling effects the voltage dependence differs from a simple
square function which is another benefit of the presented solution.
The dynamic performance is shown. First implementation examples
of the MEMS device are presented.
References
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No. 16, (August 15, 2001), p. 1280-1282
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6186-02, Session 1
New generation of fully integrated optical microscopes
on-chip: application to confocal microscope
S. Bargiel, L. Nieradko, M. Jozwik, C. Gorecki, Univ. de Franche-
Comté (France); J. Dziuban, Politechnika Wroclawska (Poland)
In optical microscopy the nanoscale sample is observed and
analysed via large microscopes (or macro-tools) too bulky and heavy
for individual use in specialised key missions. There is a need for
miniature, low cost, highly portable analytical instruments (or micro-
tools), able to read the data with high areal density. The goal here is
to bridge the gap from macro to micro, opening the possibility to
perform microscopy tasks in a hand-held miniature device with the
improved potential for effective-space requirement and the deterio-
ration of signal strength.
Our purpose is the realisation of a new concept of fully integrated
scanning confocal microscope on-chip (COMOC). The operation of
COMOC device combine the 3-D steering of the VCSEL laser beam
by MOEMS scanner and signal detection based on internal feedback
effect of VCSEL cavity. The use of optical feedback effect simplifies
COMOC design because the light source and detector are on the
VCSEL itself.
The 3-D scanner consists of three vertically stacked silicon chips: an
electrode wafer and two scanner chips, carrying two microlenses
working as doublet objective lenses of the microscope. This doublet
objective focuses incoming laser light onto a spot on the scanned
sample. The lateral resolution from 1 to 2 um will be obtained. The 3-
D scanner is a combination of simple electrostatic parallel plate z
actuator and x-y translation table based on two lateral comb-drive
actuators. Raster scanning of the focused illumination spot is
implemented by actuating of x-y table. The scanner will be fabricated
by using surface and bulk silicon micromachining. The glass or
polymer microlenses will be used.
The COMOC is a valuable tool for obtaining 3-D reconstructions of a
variety of biological specimens e.g. DNA molecule recognition. The
device can by mounted on the top of a microfluidic network working
as a highly sensitive optical detector for lab-on-a-chip systems.

6186-03, Session 1
A 2D MEMS stage for optical applications
C. Ataman, Koç Univ. (Turkey); Y. Petremand, W. Noell, Univ. de
Neuchâtel (Switzerland); H. Ürey, Koç Univ. (Turkey); N. F. de Rooij,
Univ. de Neuchâtel (Switzerland)
A 2D MEMS platform for a microlens scanner application is reported.
The platform is fabricated on an SOI wafer with 50µm thick device
layer. Entire device is defined with a single etching step on the same
layer. Through four S-shaped beams, the device is capable of
producing nonlinear 2D motion from linear 1D translation of two pairs
of comb actuator sets. The device has a clear aperture of 2mm by
2mm, which is hallowed from the backside for micro-optics
assembly. In this paper, we will present a numerical device model
and validate it via dynamic and static experimental characterization
results. Integration of the micro-optical components with the stage
and the performance of the assembled device will also be discussed.
Additionally, a new driving scheme to minimize the settling time of
the device in DC operation will be explored. A 2D MEMS platform
with a novel actuation principle which was designed for a fiber
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coupling application was previously reported [1]. This paper presents
a new platform with the same actuation principle but with a clear
aperture of 2mm x 2mm, which is developed for a microlens array
(MLA) based beam steering system. The actuation principle of the
device is described in detail in [1]. Entire structure is machined on
the 50µm thick device layer. A through hole is etched from the
backside of the chip to accommodate a micro-optical component
and to allow light transmission through the MEMS die. The actuator
consists of 2 pairs of electrostatic comb drives. The frame is linked
to the actuators by 4 compliant S-beams. These flexible beams are
designed to convert two unidirectional (X) actuations into two
dimensional (XY) displacements and to amplify the movement in the
direction orthogonal to the actuators by a factor of two. When the
two actuators are moving together at equal amounts in the same
direction (when comb_RR - comb_LR or comb_LL - comb_RL pairs
are excited together), the platform translates in the X direction. When
the two actuators are moving at equal amounts in opposite direc-
tions when (comb_RR - comb_LL or comb_LR - comb_RL pairs are
excited together), the platform translates in the Y direction by either
compressing or extending the S-beams. Addressing of the off-axis
points is realized by exciting the individual comb sets in the pairs
with different signals amplitudes. A numerical model of the scanning
platform was developed using the ArchitectTM commercial software.
Architect is a system-level simulation tool that enables parametric
simulation of static and dynamic behavior of MEMS devices in a very
fast and reliable manner. Static and dynamic simulations for x and y
translation of the device versus the excitation amplitude are
performed. The comparison of numerical and experimental data
show excellent correlation. Maximum displacement of the frame was
limited to 7µm for x-translation, and 10µm for y-translation both at
90V. For further validation of the Architect model, FEA simulations of
the structure have been done with ANSYSTM and CoventorTM
Analyzer. Modal, transient and steady state behavior of the device
are simulated with the FEA models and results are compared with
the Architect simulations. These results will be presented in the full
paper. MEMS devices generally have very high quality factors;
therefore settling time is an important issue for DC operated MEMS
systems. The MLA scanning system also employs a 2D MEMS stage
that should perform accurate discrete movements between
predetermined positions. For fast operation, the stage should
perform this position switching as fast and overshoot-free as
possible. V. Milanovic et.al. from Adriatic Research Institute
proposed a new driving method (Inverse Square-Root (ISR) Driving)
to minimize the settling time of DC operated MEMS devices [2],[3].
The method depends on proper pre-filtering the driving signal to
remove the frequency components that excites drive resonance.
Pre-filtering of the excitation signal yields a significant improvement
in the device’s step response. Numerical simulations showed that for
a device with natural frequency 1.2KHz and 20ms settling time, ISR
driving scheme can improve the settling time to 1.2 ms. More details
on the procedure and the implementation of this scheme and a
hardware implementation of the required electronics will also be
presented. This work is part of a project carried out as a collabora-
tion of Institute of Microtechnology at Univ. Neuchatel, Koc Univer-
sity, and Hariot-Watt University, within the framework of the Network
on Excellence in Micro-Optics (NEMO).
References:
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6186-04, Session 1
A large deflection translatory actuator for optical path
length modulation
H. Schenk, C. Drabe, T. Klose, A. Wolter, H. K. Lakner, Fraunhofer-
Institut für Photonische Mikrosysteme (Germany)
Micro machined translatory actuators are used for optical path length
modulation e. g. in confocal microscopy or in Fourier-Transform-
Spectrometers. Due to their small moment of inertia high scan
frequencies are achieved. Additionally, comparably high resonant
frequencies make the mirrors and thus the whole system significantly

more insensitive to shock and vibration than conventional translatory
actuators fabricated by precision engineering techniques.
In the past, a 6 kHz, 1.1 x 1.5 mm(c)˜ translational micro mirror with
up to 100 µm oscillation amplitude operated in vacuum was used to
build as fast optical path length modulation device in a Fourier-
Transform (FT) Spectrometer. To improve system performance like
resolution and sensitivity larger deflection and larger mirror size is
required.
A design study based on analytical and numerical calculations,
taking into account mechanical limits like stress and shock resistivity
as well as fabrication issues resulted in design points for a novel
translational micro mirror with a circular shape of 3 mm diameter,
frequencies of 500 Hz and 1000 Hz. Considerations and results of
this study including stress limits for single crystalline silicon and a FE
analysis of the various oscillation modes of the resonant structure
will be presented.
Based on an SOI process with 30 µm thick and highly doped single
crystalline silicon several devices were fabricated. For the character-
ization of the devices a Michelson interferometer set-up was used
which allows us to determine the voltage-deflection curves as a
function of the air pressure. Deflections of more than +/- 60 µm for
the 500 Hz device and +/- 85 µm for the 1000 Hz have been
achieved at a pressure of 10 Pa. The target is at 250 µm and 180 µm.
stroke.
In the outlook packaging requirements and approaches will be
presented.

6186-05, Session 1
MEMS microdisplays: overview and markets 2005-2009
J. Bouchaud, Wicht Technologie Consulting (Germany)
MEMS based microdisplays have been given a lot of attention
recently since the DLP based products have started to generate
substantial revenues for Texas Instrument. Other companies are
trying to enter this promising market with similar or alternative
concepts. How will he MEMS-based microdisplay market develop
until the end of the decade? May other mass markets emerge such
as displays for cell phones? Is anyone in the position to challenge
TI? The presentation will address these questions and give an
overview on MEMS-based displays technologies, developers,
applications and markets.
Microdisplays are high resolution displays (VGA or better) with
dimension s in the millimeter to a few centimeters in size. They are
the heart of many existing and up-coming consumer items such as
front projectors, rear projection TVs, head mounted systems as well
as displays for portable electronics devices such as cell phones and
PDA, digital camcorders and cameras.
In the microdisplay market, MEMS technologies compete with
conventional manufacturing technologies. The conventional
microdisplay technologies are LCD, LCOS and OLED.
There are four MEMS techniques for micro-displays
- Micro Mirror Arrays (MMA)including the DLP Digital Light Process-
ing from Texas Instrument
- The scanned beam displays based on a single single scanning
mirror
- The Grating Light Valve (GLV) developed by Silicon Light Machines
- The Interferometric Modulator, or iMoD developed by Qualcomm
Market in 2004
In 2004, micro-displays based on MMAs and scanned beam displays
where on the market. The total market for MEMS based displays was
around US$ 870M.
Texas Instrument has been largely dominating the market in 2004
with micro-mirror arrays for front projectors and rear projection TV.
By the end of 2004, DLP held almost 40 % of the world market for
projectors and more than 75 different DLP based TV models where
commercialized.
Scanned beam displays have been on the market since 2002 at
Microvision Inc in the NOMAD head mounted displays. The main
markets in 2004 were the defense for helmet mounted displays and
the maintenance.
Trends
Miniaturization of projection systems is going further, taking
advantage of Microsystems technology. Few examples that illustrate
this trend are the pocket DLP front projector from Mitsubishi, the

Conference 6186: MEMS, MOEMS, and Micromachining II



146 An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe

upcoming smaller head-mounted displays from Microvision and the
front projectors for cell phones under development at Fraunhofer
IPMS using a scanning mirror.
The constant price erosion of microdisplay chips especially for rear
projection TV is a second major trend. The mid term objective set by
the TV makers is a US$ 100 microdisplay chip enabling a US$ 1000
RPTV.
Market in 2009
In 2009, WTC expects the market for MEMS microdisplays to reach
US$ 2,7 billion. Front projectors and rear projection TV will still
account for the bulk of the market. However, new products and
applications are expected:
- Head up displays for automotive based on scanning mirrors.
- Professional displays based on the GLV technique licensed to Sony
- Displays portable electronic devices such as PDA, cell phones etc
using the iMoD technique developed by Qualcomm

6186-06, Session 2
Compact triangulation sensor realized by bending wafer
with metal hinge
M. Sasaki, M. Fujishima, S. Endou, K. Hane, Tohoku Univ. (Japan)
Micro-optics frequently requires small and three-dimensional
structures.
This is because the optics requires the space for the path of the light
following the laws (e.g., reflection or diffraction) of optical propaga-
tion. Not only the position but also the angular accuracy is neces-
sary. In order to realize three-dimensional structures, we proposed
the wafer-bending technique. On a planar wafer, devices are
fabricated using the photolithography. The relative lateral position is
decided. Since the bending process is carried out last, it is possible
to prepare the element at the pre-aligned position. The wafer is
segmented into some parts being connected each other with the
hinge. The wafer is placed on the jig being bended following the
shape of the jig. The jig is prepared using the normal machining (e.g.,
milling, drilling). Surfaces on the three-dimensional jig are in contact
with segments of the wafer. The arbitrary bending angle can be
obtained with the shape accuracy of the jig. In the anisotropic wet
etching (e.g., KOH), the angle of the etched surface is decided by the
crystal orientation. In spite of the stable process, the obtainable
angle is restricted, and the angular accuracy suffers from the
accuracy of the wafer orientation (usually +/-1 degrees). Therefore,
the wafer-bending technique has the advantage of that the arbitrary
angle can be prepared and that the relatively accurate angle can be
realized. Since the segments are connected each other, the
alignment parameter is only the bending angle realizing the simple
process. In our previous study, the polymer material (photoresist) is
used as the hinge material. The metal is preferred as the packaging
material. The polymer will swell under the humidity. The long-term
alignment stability will be lacking. In this study, the electroplated
copper is used as the hinge material. The fabrication process is
compatible with that of position sensitive detector (PSD). The
triangulation sensor is constructed from the wafer with three
segments. The wafer is bended two times. The bending angles are
90 and 20 degrees. The use of the ductile metal hinge makes the
bending process stable not being suffered from cracks or breaks.
PSD, mirror, alignment pit for the ball lens, mounting position for
laser diode (LD) are prepared on one wafer. With the bended wafer,
the emission from LD is collimated with the ball lens without clipping.
Another bended part realizes the triangular optical path. Arrayed 1x3
sensors are fabricated inside the space of 16x14x9 mm. One PSD
area is 1x2 mm. This large size is for detecting the almost all power
of the sensing beam even at the defocused condition. From PSD
signals, the averaged center of the beam spot can be deduced. The
white paper is used as the target. The normalized signal, the
difference divided by the sum of signals from two electrodes, shows
a monotonous curve against the sensor-target distance. The curve
shows the saturation at the long distance. The measurement range
from 18 to 40 mm is confirmed. The sensor optics can be designed
up to the infinite long distance by controlling the bending angle. The
sum of two PSD signals (total optical power) shows the decreasing
tendency. When the target is far from the sensor, the solid angle of
the imaging lens decreases. This effect can be compensated from
the simple geometric relation. The noise equivalent to the distance
depends on the sensor-target distance. Since the movement of the
spot on PSD becomes small when the target is far from the sensor,

the current noise is enlarged to the large distance error. On the other
hand, when the target approaches to the sensor, the noise con-
verges to a small distance error. When the sensor-target distance is
18 mm, the equivalent noise distance is <50 um. For the application
of detecting obstacles, this sensor performance will be allowable,
since the far obstacle does not cause the serious problem.

6186-07, Session 2
Butt-coupled microcantilever in sensing applications
K. Zinoviev, J. A. Plaza, V. J. Cadarso, L. M. Lechuga, C. Dominguez,
Ctr. Nacional de Microelectrónica (Spain)
Butt coupled optical waveguides are well known in integrated optics
by high sensitivity of energy transfer to their misalignment with
respect to each other. This might be detrimental if efficient and firm
coupling from one light guide to another is needed, for example from
fiber to a waveguide on chip. However this phenomena is efficiently
used for sensing applications, for example, in integrated optical
accelerometers, where small misalignment between two objects
provided with the waveguides can be detected. In this work we
studied the abilities of this sensing method to detection of ultrasmall
displacements of microcantilevers frequently used in biological
research, and in Atomic Force Microscopy. Ultra thin
microcantilevers fabricated by standard silicon technology possess
low spring constants and allow high sensitivity to small forces
exerted on their surface. Changes in deflection or in resonant
frequency of the cantilever may be detected using optical lever
principle, piezo resistive readout, diffraction, interference, and etc.
The optical lever is the most popular method with typical sensitivity,
expressed as fractional change in the output power per unit
cantilever displacement, of 10-3  nm or, in terms of spectral noise
density, in the range of 100-1000 fm/Hz1/2. The more versatile and
sophisticated experiments can be performed if the arrays of
cantilevers are used. The major problem with usage of the cantilever
arrays provided with optical lever readout is the alignment of
reflected beams with position sensitive photodetector. It might be
difficult or impossible if the cantilevers are not absolutely identical.
In the proposed design the cantilever itself acts as a waveguide
operated in visible range. Light is confined and propagates through
the cantilever, when exiting the cantilever couples into another
waveguide through a short gap of a few micrometers. Coupling
efficiency is monitored with a conventional photodetector. The
issues associated with material choice, fabrication technology, and
design of the experimental samples have been addressed in this
work. Chips with arrays of 20 cantilevers were fabricated. The
cantilevers are 200,0 µm long, 40,0 µm wide, and 0,5 µm thick and
posses a spring constant of about 0.05 N/m. The simulations
demonstrated ability to detect cantilever deflections with sensitivity
of 18 fm/Hz1/2. The subnanometer resolution in detection of the
deflection in dynamic mode was demonstrated experimentally in air.
The technique can be considered as an alternative to the known
methods used for read-out of nano mechanical response of
microcantilevers to external force exerted on them. Sub-nanometer
displacement of cantilever free end can be registered by this
method. Real-time parallel monitoring of several channels can be
realized relatively easy because no preliminary alignment or
adjustment, except for light coupling, is required.

6186-08, Session 2
Development of tuneable monolithic infrared microfilters
operating in 3 to 5-mm range
J. Antoszewski, A. J. Keating, K. J. Winchester, T. H. Nguyen, D. K.
Silva, C. A. Musca, J. M. Dell, L. Faraone, The Univ. of Western
Australia (Australia)
Currently, the highest performing photon detectors operating in the
IR spectral range are fabricated using the semiconductor mercury
cadmium telluride (HgCdTe). In order to increase the signal to noise
ratio these detectors typically operate at low temperatures (77K), and
are sensitive in a quite broad spectral band, typically extending
several microns below the cut-off wavelength. Their output signal
represents the total power of the incident IR radiation within the
spectral range of the detector. Consequently, the quantitative
information contained in the spectrum of the received IR radiation is
not available. Modern IR systems require more than this envelope
detection. New emerging applications require the detection of
narrow spectral lines in the IR spectrum thus allowing the identifica-
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tion of various gases and chemicals present in the scene. The 2 -
15mm range of the electromagnetic spectrum is where most gases
and chemicals of interest have strong rotational and vibrational
absorptions, which can be used for identification and quantitative
analysis of chemical composition. To totally satisfy the requirements
in these applications the narrow band IR detector needs to be
tuneable over large portions of the IR spectrum. With this ability, a
detector (sensing in the 2 to 5mm range for example) will need to be
tuned so that it can detect relatively narrow regions of the detection
window.
The emerging applications require rugged, compact and low cost
spectroscopy systems. These create two major challenges as
currently available systems and detectors are bulky and expensive
due to required complex optics and detector cooling. Combination of
IR detectors and MEMS technologies may offer the solution in a
development of micro-spectrometers based on tuneable filter
fabricated on top of IR detector. This article presents a progress in
development of IR tuneable filters using MEMS technology.
In our approach, the filters fabricated using surface MEMS technol-
ogy consist of two distributed Bragg mirrors formed of Ge -SiO -Ge
layers, separated by an air gap, thus forming a Fabry-Perot cavity.
One of the mirrors is deposited on a silicon substrate while the other
is suspended on a flexible silicon-nitride membrane. All device-
processing steps to fabricate the filter have been performed at
temperatures lower than 1250C compatible with HgCdTe based
infrared detectors.
Electrical tuning of the filters is achieved by applying a voltage bias
between the bottom electrode, located under the bottom mirror, and
the top one surrounding the top mirror.
The thin silicon-nitride membrane structure fabricated using plasma
enhanced CVD, encapsulating the top multilayer mirror stack, was
found to be extremely sensitive to intrinsic stress in all these layers. If
unbalanced, structures easily deform, twist and crack. Therefore,
apart of the design of Bragg mirrors, the stress management in the
entire structure has been the crucial element of the device develop-
ment. The compatibility with HgCdTe based infrared detectors and
low temperature processing requirement complicates the process
significantly as all processing steps, including silicon nitride growth,
have to be performed at temperatures sustainable by HgCdTe
devices estimated to be less than 1250C. In order to deal with all
these matters, systematic studies of stress in all materials used in
the fabrication process have been performed and optimum fabrica-
tion conditions have been defined. In particular, relatively high
pressure of silane/ammonia/nitrogen gas mixture was needed to
obtain slightly tensile stress in silicon-nitride layers. On the other
hand, high compressive stress in silicon monoxide layer enabled
balancing the high tensile stress of germanium layers in the mirror
stack.
The fabricated filters have been tested both mechanically and
optically. The membrane deflections have been measured using
optical profilometer and estimated to be of the order of 800nm with
voltage bias lower than 20V while still preserving good mirror
parallelism. The respective transmission peak shifted from approxi-
mately 5.0µm to 4.1µm. Its FWHM was measured to be of the order
of 200nm, twice as large as the figure estimated from theoretical
modeling. This significant widening is caused by still slightly
unbalanced stress resulting in bowing of the mirror structure and
also surface roughness of the mirrors. Above certain voltage bias, in
agreement with theoretical modeling, membrane structure have been
found to enter into unstable region followed by irreversible snap
down to the bottom mirror surface The first effect due to charge
redistribution as mirror parallelism deteriorates with increasing
deflection, and the second caused by approaching point of disconti-
nuity in the relation between membrane driving force (electrostatic)
and distance between electrodes. It became evident that for larger
tuning range, larger membrane deflection, a charge rather than
simple voltage control needs to be employed.

6186-09, Session 2
Application of a micromachined translatory actuator to
an optical FTIR spectrometer
A. Kenda, Carinthian Tech Research AG (Austria); C. Drabe, H.
Schenk, Fraunhofer-Institut für Photonische Mikrosysteme (Ger-
many); A. Frank, W. Scherf, Carinthian Tech Research AG (Austria)
Accurate and reliable mirror drives are key components of Fourier
Transform Infrared (FTIR) Spectrometers. Common drives are

complex and cause a considerable part oft the entire system costs.
We present a FTIR spectrometer where a MOEMS device replaces
the macroscopic mirror drive enabling a miniaturized, robust, and
low cost system. The MOEMS devices are manufactured in a CMOS
compatible process on a Silicon on insulator (SOI) substrate. The
device consists of a metallized actuator plate with an area of
1.65mm^2 acting as mirror, bearing springs and electrodes for the
electrostatic drive. Due to the driving principle based on in-plane
electrode combs, 200µm translatory displacement can be achieved
with comparatively low voltages (<40V) at an ambient pressure below
500Pa. The actuator operates at a resonant frequency of 6kHz.
Consequently this yields a maximum spectral resolution of 25cm^-1
and an acquisition time of 166µs per spectrum. Based on a
Michelson setup the infrared optical bench of the presented FTIR
system is designed to account for the mirror aperture and the
desired spectral bandwidth of 2µm to 5µm. The integrated signal
processing electronics has to cope with a bandwidth of 12MHz as a
result of the mirror movement. A digital signal processor (DSP)
manages system control and data processing. Furthermore high-
level analysis algorithms can be applied without the need of an
external PC. The high acquisition rate and integration level of the
system makes it appropriate for applications like process control and
surveillance of fast reactions. First results of transmission- and
reflectance measurements are shown.

6186-10, Session 2
Voltage noise in MgB2 thin film: a candidate material for
future space based thermal sensors
B. Lakew, NASA Goddard Space Flight Ctr. (USA); S. Aslam, Muniz
Engineering, Inc. (USA); H. H. Jones, NASA Goddard Space Flight
Ctr. (USA); B. Moeckly, Superconductor Technologies Inc. (USA); J.
C. Brasunas, D. E. Franz, NASA Goddard Space Flight Ctr. (USA)
A thin film of MgB2 was grown on a SiN-Si substrate, with a
superconducting transition temperature Tc , near 39K. At the mid-
point of the transition and at 10 Hz, a noise spectral density Sv =
0.34nV/Hz1/2 was measured. The temperature noise, Kn , of the
MgB2 film at different frequencies is compared to that of high
temperature superconducting (HTS) thin films (YBaCuO and
GdBaCuO with  Tc near 90 K) used currently in HTS transition-edge
bolometers. Kn values predict that high performance far-IR bolom-
eters can be developed using MgB2 as a thermistor. 2-D arrays are
in the fabrication stage via micromachining. Significant applications
are expected for space-based far IR imaging.

6186-11, Session 3
Array of atomic force microscopy with optical heterodyne
detection method
L. Chantada, Univ. de Santiago de Compostela (Spain); M. Kim, O.
Manzardo, R. Dändliker, H. P. Herzig, L. Aeschimann, U. Staufer,
Univ. de Neuchâtel (Switzerland); P. Vettiger, F. Lustenberg, Ctr.
Suisse d’Electronique et de Microtechnique SA (Switzerland)
After the atomic force microscope (AFM) was invented to inspect the
micro- and nano-world, several types of measurement techniques
have been proposed; they can be classed into electro-mechanical
and optical techniques. Optical techniques include optical beam
deflection [1] (most generally used), Fabry-Perot [2], and laser
interferometry. When considering interferometry, two different types
of detection techniques can be used: homodyne [3] and heterodyne
[4] detection. Heterodyne technique is a powerful method to achieve
high resolution fringe interpolation. Contrary to homodyne detection,
the resolution is not limited by the eventual fluctuation of the laser. In
addition, it allows shot noise limited detection even for low optical
power in the measuring arm of the interferometer.
Interferometry in combination with heterodyne detection has been
demonstrated for several applications, in particular, distance
measurement [5]. Similarly, this technique can be implemented in an
uncomplicated manner for measuring the deflection of an AFM
cantilever. We report on an array of AFM based on a simple optical
set-up using heterodyne detection. The deflection of AFM cantilevers
is given by the path differences between the reference and the
measuring wave in the interferometer. A matrix of micro-lenses is
placed just above the cantilevers, in such a way that the deflected
light from each cantilever is collected by one micro-lens. The
interference between the light from each micro-lenses and the
reference light is subsequently detected by the time-of-flight (TOF)
camera described in reference [6].

Conference 6186: MEMS, MOEMS, and Micromachining II



148 An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe

The set-up is basically composed of a Mach-Zender interferometer
followed by a Michelson interferometer. The Mach-Zender interferom-
eter is used to generate a beat frequency,  . For that, two acusto-
optics modulators working at similar frequencies f1 and f2 are placed
in the arms of the interferometer. The output of this interferometer is
split into two. One beam is the synchronous signal, which is detected
by a photodiode, and the other one is passing through the Michelson
interferometer. The array of AFM cantilevers and the matrix of micro-
lenses is placed in one arm of the Michelson interferometer. To
enhance the compactness and the robustness of the set-up, the
micro-lenses are glued on the top of the cantilevers array, in such a
way that the light is focused on the cantilever tips. At the output of the
Michelson interferometer is got an interference signal I(t) proportional
to  , where +* is the phase difference corresponding to the path
difference between the reference and the measuring wave. The light
from each micro-lens has a certain phase difference +* which carries
the information about the position of one AFM cantilever. The TOF
camera is used to detect the output of the Michelson interferometer,
and by comparing this signal with the synchronous one, it is possible
to measure the phase difference of the light from each cantilevers.
We validated our instrument by measuring the surface profile of a
binary grating having a step height of 19.66 nm. A lateral range of 10
µm was scanned with a speed of 2 µm/s and an integration time of 10
ms, which leads to a lateral resolution of 20 nm. The height of test
sample was measured at 19.5 nm with a vertical resolution of 0.4 nm,
which is in good agreement with the real height of the sample. The
vertical resolution has been determined in scanning and static modes.
In the scanning mode, the vertical fluctuation of a flat portion of the
test sample has been measured and the standard deviation over this
portion has been calculated. In the static mode, the cantilevers were
fixed and the vertical fluctuations were measured as a function of
time. The vertical resolution was measured for several integration
times  * . Scanning and static modes exhibit a similar noise behavior,
which indicates that the observed vertical fluctuation in the scanning
mode is not due to the roughness of the sample. Below  *  = 1 ms, no
acceptable signal is seen and above  *  = 30 ms the lateral resolution
will suffer, unless the scanning speed is decreased.
The array of AFM proposed using heterodyne detection achieves sub-
nanometer resolution. The optical components are ordinary and the
set-up is simple and easy to align comparing with other AFM based
on heterodyne detection.
REFERENCES
1. G. Meyer, and N. M. Amer, Appl. Phys. Lett. 53, 1045 (1988)
2. B. W. Hoogenboom, P. L. T. M. Frederix, J. L. Yang, S. Martin, Y.
Pellmont, M. Steinacher, S. Zäch, E. Langenbach, H.-J. Heimbeck, A.
Engel, and H. J. Hug, Appl. Phys. Lett. 86, 074101-1 (2005)
3. D. Rugar, H. J. Mamin, and P. Guethner, Appl. Phys. Lett. 55, 2588
(1989)
4. H. Kikuta, K. Nasu, N. Kato, and K. Iwata, Rev. Sci. Instrum. 66,
87(1995).
5. R. Dändliker, Y. Salvadé, and E. Zimmermann, J. Opt. 29, 105
(1998)
6. R. Lange, P. Seitz, IEEE Journal of Quantum Electronics, 37, 390
(2001)
7. M. Kim, O. Manzardo, R. Dändliker, H. P. Herzig, L. Aeschimann, U.
Staufer, P. Vettiger and J. Lee, International Conference on Optical
MEMS. pp. 173-174,. Aug. 2005
ACKNOWLEDGMENT
This wok is the result of a fruitful collaboration within the network of
excellence NEMO. We would like to thank to Felix Lustenberg from
the SMO for providing the micro-lenses within the frame of a NEMO
project. The research work of Laura Chantada has been supported by
the Spanish Ministry of Educación y Ciencia thought the FPU grant.

6186-12, Session 3
A Fourier transform spectrometer using resonant vertical
comb actuators
C. Ataman, H. Ürey, S. Isikman, Koç Univ. (Turkey); A. Wolter,
Fraunhofer-Institut für Photonische Mikrosysteme (Germany)
Design, fabrication and characterization of an out-of-plane vertical
comb-drive actuator based Fourier transform spectrometer are
discussed. The device is capable of producing ±52 µm vertical
deflection under 100 Pa and 28V square wave excitation, which yields
a theoretical spectral resolution of 1nm in the visible band and better
than 9nm at telecom wavelengths. A lamellar grating interferometer

(LGI) is a special type of Fourier transform spectrometer based on a
diffraction grating operating in the 0th order. If multiple periods of a
resonating vertical comb actuator are illuminated by a light beam, the
light diffracts into different orders equally spaced by an angle
determined by the period of the fingers. The intensity at the center of
the 0th diffraction order depends solely on the spectral content of the
illuminating light. Recording this intensity during one cycle of the
comb movement and Fourier transforming it after a phase correction
gives the spectrum of the illuminating light. For high resolution
spectrometry, the travel range of the movable fingers should be as
high as possible. An LGI has many advantages over a standard FTS,
such as the need for a single detector instead of detector array, lack
of a beam-splitter, and speed. Moreover, simpler operation principle
and fewer optical components enable very compact spectrometers
with reasonable performance. Out-of-plane resonant mode operation
of the comb actuators allows for large deflections (high spectral
resolution) while providing a large light collection mirror area com-
pared to other Lamellar Grating Interferometers reported in the
literature [1-2]. Fabrication and operation principles of the device are
simple. This minimizes the size, complexity, cost and design effort of a
fully functional system (an operational spectrometer using this device
requires integration with a simple photodetector and readout circuit).
Only moving part is the resonating MEMS structure. With slight
modifications in the device dimensions, spectrometers for very wide
range of wavelengths can be realized. Figure 2 gives an illustration
and a picture of the fabricated spectrometer. The active region is the
vertical comb actuators, which are utilized as tunable-phase diffrac-
tion gratings. The comb fingers have a high fill-factor (70µm finger
width and 5µm gap) and are covered with a thin aluminum layer to
enhance reflectivity; thus a high light efficiency is obtained. Movable
comb fingers are attached to a 250µm wide H-shaped backbone to
increase the stability. This backbone is bonded to the fixed frame via
four folded flexure beams, which provide low stiffness within a
compact structure. Low stiffness springs are essential to lower the
resonance frequency and increase deflection. These decrease the
required speed of the readout electronics and enhance spectral
resolution. The flexures are placed at a 45° angle to obtain a better
mode separation between the fundamental and higher modes. The
folded flexure arms get thinner towards the middle of the beam, which
helps uniform stress distribution within the flexure. The frequency
response of the spectrometer shows a hysteretic behavior. Amplitude
of the oscillations makes sudden jumps at two different frequencies.
The interval between these two jump frequencies f1 and f2 is the
unstable region of the response curve. Oscillations in this region can
only be observed if the external frequency is quasi-statically swept
down to this region from above. The oscillation frequency of the
device is half the excitation frequency, which is called a subharmonic
resonance. This type of frequency characteristics indicates that the
system is a parametric oscillator. Similar system dynamics are also
observed in torsional comb-actuated microscanner devices. Dynamics
of such a system were investigated in detail in our earlier works [3]. In
the resonance mode, the device is capable of producing ±52µm
vertical deflection, which would lead to a theoretical spectral resolu-
tion of 1nm in the visible range and better than 9nm in the telecom
wavelengths. The spectral resolution simulations using the given
amount of vertical deflection are performed with Matlab. The spec-
trometer is fabricated on silicon-on-insulator (SOI) wafer with a CMOS
compatible process. The 30µm thick structural layer is highly doped to
maintain conductivity. For the definition of wire-bond electrodes, an
oxide and a metal layer is deposited on the structural layer and the
patterned. On the backside of the wafer a hard mask consisting of an
oxide and a nitride layer is patterned for a further backside etching
step. Then, a 100nm thick Aluminum layer is deposited on the
movable and fixed fingers to enhance reflectivity. Following to that,
the substrate under the mechanical elements and the buried oxide are
away in a TMAH and an HF solution, respectively. Finally, the
mechanical elements are released by a deep silicon etch (ASETM
process).
[1] O. Manzardo, R. Michaely, F. Schadelin, H. P. Herzig. “Micro-sized
Spectrometer Based on a Lamellar Grating Interferometer,” Proc. of
the IEEE/LEOS conference on Optical MEMS, pp. 175-176, Hawaii,
USA, 2003.
[2] F. Zimmer, H. Grueger, A. Heberer, A. Wolter, H. Schenk, “Devel-
opment of an NIR microspectrometer based on a MOEMS scanning
grating,” SPIE Proc. of MEMS, MOEMS and Micromachining, vol.
5455, pp. 9-18, 2004.
[3] C. Ataman, H. Urey, “Nonlinear frequency response of comb-driven
microscanners,” Proc. of SPIE on MOEMS Display and Imaging
Systems II, Vol. 5348, pp. 166-174, Jan 2004.
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6186-13, Session 3
Appearance of a Moore’s law in MEMS?
H. van Heeren, EnablingMNT (Netherlands)
1. Introduction
This presentation will address some of the latest market and
technology developments for products using MST/MEMS products
like portable consumer products, data storage devices etc. Impacts
of these developments on the supply chain for MST/MEMS will be
discussed A MST/MEMS mantra is; “there is no Moore’s law in
MEMS”. This presentation will show, that elements of a MST/MEMS
roadmaps are appearing. Although the MST/MEMS industry is highly
diverse, sometimes trends can be distinguished affecting the
industry as a whole. To identify and understand these trends is of the
utmost importance for the service and equipment suppliers in the
MNT supply chain. They have to invest in the right new technologies
to be able to keep their position.
2. Market trends
The most important market trends are the merging of functionalities
in products like cameras, music players, computing and mobile
phones, and portable consumer electronics in general and the
merging of MST/MEMS technologies with high volume electronics.
Some examples of MST/MEMS products being introduced into
portable electronics products are silicon based microphones and
liquid lenses for autofocus and zoom options.
Another important trend is the increasing need of memory capacity,
embedded as well as stand alone.
2.1. New and improved functionalities
Several of these new and improved functionalities will be enabled by
the use of MEMS products like microphones, lenses and
miniaturised data storage and energy devices.  Examples are :
Liquid lenses
The general trends in electronic imaging for mobile phones:
increasing pixel counts, decreasing sensor dimensions and increas-
ing use of cameras in low end applications, all lead to a demand for
high quality, low priced lenses, especially with auto-focus and zoom
functions. Straight forward downscaling of motorized auto focus
leads to very expensive systems and fixed lenses will give blurred
images. An elegant way of constructing a small auto focus lens is
using a fluid lens that alters its focal length by changing its shape.
E-fuses
With increasing use of real estate for memories, overall chip yield
becomes more dependent on memory yields. To overcome this
problem, redundant memory and e-fuses are build in. After testing
the memories are repaired by switching off faulty segments using the
e-fuses. Even more interesting the use of them as a switch between
chip functions. This opens the way to the creation of true multifunc-
tional chips, thereby bringing down the number of components in
mobile equipment.
Those fuses can be made using MEMS technology.
3. Industrialisation strategies
A MST/MEMS mantra is; “there is no Moore’s law in MEMS”.
However, some elements of s MST/MEMS roadmaps are appearing.
For example in accelerometers (volume of accelerometers halves
every three years), waferbonders (bonding temperature over the
years) and in DRIE (etching speed).
Making industrial choices based on these trends can help bringing
down supply chain related cost.
4. MST/MEMS and high volume electronic technologies
One of the most suitable approaches would be to utilise adapted
technologies used in high volume electronics and by employing
existing semiconductor supply chain elements in the MEMS industry.
Direct use of such elements is not always possible as MEMS
products need to interact with external stimuli other than electronic
signals and, as a result, are highly sensitive to the (production)
environment. These reasons have driven the MEMS manufacturers to
use relatively flexible packaging technologies such as ceramic and
metal can packages. On the other hand, MEMS companies deliver-
ing to the high volume markets, including the automotive sector,
were forced to abandon these less cost-effective technologies in
favour of adapted (i.e. with an optical window or a product specific
cap) plastic packages. This step was seen as a major breakthrough
in the cost/quality debate that the MEMS manufacturers were
struggling with for many years.

5. Conclusion
Following these trends will enable the MEMS industry to transform
from a low volume industry aiming at market niches, into an
important part of the high volume electronics industry. Underpinning
this will be an active and innovative community of service suppliers,
supplying equipment, software and services to optimise the use of
knowledge and capacity.
About us:
enablingMNT represents a group of independent experts, with
industrial experience, who can be contracted to help organizations
with the commercialization of their Micro and Nanotechnology
developments and ideas. Members of the team participate in
European Networks of Excellence like MINOS, PATENT etc, are core
team members to NEXUS Marketstudy 2004-2009 and the MANCEF
roadmap for Micro and Nanotechnology.

6186-14, Session 4
Microspectroscopy with terahertz bioMEMS
T. Akalin, A. Treizebré, B. Bocquet, Univ. des Sciences et Technolo-
gies de Lille (France)
Biological applications require more and more compact, sensitive
and reliable microsystems. We will present solutions in order to
realize a microspectroscopy up to Terahertz frequencies of various
biological entities (living cell, neurons, proteins...). We investigate
these entities in liquid phase. In a recent work, we have demon-
strated a solution to excite efficiently a single wire transmission line
[1]. The propagation mode is similar to a surface plasmon and known
as a Goubau-mode [2]. The wire we used is extremely thin compared
to other recent solutions at terahertz frequencies. There are three
orders of magnitude in the size of the wire used by K. Wang and
D.M. Mittleman. Typically the wire’s width is 1µm compared to the
900µm diameter metal wire in [3]. Moreover our solution is in a planar
configuration which is more suitable for microfluidic applications. We
benefit from the high confinement of the electromagnetic field
around this very thin gold wire to optimize the sensitivity of these
Terahertz BioMEMS. Microfluidic channels are placed below the strip
in a perpendicular direction.  We will first present some properties of
the Goubau-Line and the measurements results obtained with
structures fabricated on glass and quartz substrates. In a last part
results on resonant structures will also be presented.
References:
[1] Anthony Treizebré, Tahsin Akalin et Bertrand Bocquet, Planar
Excitation of Goubau Transmission Lines for THz BioMEMS,
accepted for publication for IEEE Microwave and Wireless Compo-
nents Letters
[2] G. Goubau, Open wire lines, IRE Trans. On Microwav. Theor. And
Tech., vol. MTT-4, pp.197-200, Oct. 1956
[3] Kanglin Wang, Daniel M. Mittleman, Metal Wires for Terahertz
wave guiding, Nature, Vol 432, pp.376-379, Nov.2004.

6186-15, Session 4
Integrating photonic and microfluidic structures on a
device fabricated using proton beam writing
A. A. Bettiol, K. Ansari, S. Peige, J. A. van Kan, T. Wohland, F. Watt,
National Univ. of Singapore (Singapore)
Lab-on-a-chip devices for biological analysis that rely on optical
techniques for high sensitivity detection are sometimes known as
biophotonic chips. Biophotonic chips typically require optical
elements in order to provide both a source of excitation, for example
a laser to excite florescence, and to efficiently collect the emerging
light for analysis. Both excitation and detection can usually be
achieved in a laboratory setup using an optical microscope with a
high numerical aperture objective. For applications that require low
cost solutions, disposable polymeric or glass lab-on-a-chip devices
are necessary. Disposable biophotonic lab-on-a-chip devices may
include any number of microfluidic channels along with integrated
waveguides or microlenses depending on the application. The
function of the integrated optics is to direct light to a specific region
of the chip, or for efficient light collection. These microoptical
elements can also be used to simplify the alignment of the
biophotonic chip with external laser sources and detectors. Several
methods are currently being employed for the fabrication of
biophotonic chips. Waveguides can be integrated onto a chip using
ion exchange or laser direct writing. Laser direct writing has the
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additional advantage that it also can be used to fabricate buried
microfluidic channels in the glass or polymer sample. Typically these
fabrication techniques can be combined with other conventional
lithographic processes in order to fabricate different parts of the
chip. In this paper we present an alternative method for the fabrica-
tion of an integrated biophotonic chip known as Proton Beam Writing
(PBW). PBW is a new emerging lithographic technique that uses a
focused beam of mega electron volt (MeV) protons to scan across a
sample allowing for predetermined patterns to be directly fabricated
in various materials. Being a direct write technique, PBW is well
suited to rapid prototyping tasks because no mask is required for
fabrication. We utilize the PBW technique to fabricate both the
microfluidic channels and the integrated waveguides of the
biophotonic chip. PBW has been used previously to fabricate buried
channel waveguides in a range of materials including polymers and
glass. The technique relies on the fact that the energetic ions
impinging on the sample lose most of their energy when they slow
down in the form of collisions with target electrons, and by introduc-
ing atomic displacements. The cross-section for both these
processes increases with decreasing velocity of the incident ion
resulting in most of the energy being deposited near the end of
range, also known as the Bragg peak. This end of range energy
deposition can result in either a compaction or swelling of material
thus forming a region with altered refractive index which can be used
for light guiding. In order to fabricate microchannels using PBW, a
sample is first irradiated with a predetermined fluence of protons and
then subsequently developed in a solvent which removes the
irradiated region for positive type resist materials, or the unirradiated
region for negative type resist materials. The finished microfluidic
device is usually sealed using a thermal bonding technique. To
demonstrate the use of PBW for biophotonic chip fabrication, PMMA
polymer and Foturan glass are used as biochip materials. The
fabricated biophotonic chips are characterized optically to determine
the propagation loss and refractive index of the integrated
waveguides. Results that demonstrate how the waveguides can be
used to selectively excite fluorescence in the microfluidic channels
are also presented. A detailed comparison between PMMA and
Foturan glass for biophotonic chip applications is discussed.

6186-36, Session 4
MEMS-based sensor and method for optical detection of
the peptides bio-reaction time
A. Jeetender, I. G. Stiharu, M. Packirisamy, Concordia Univ.
(Canada); V. Nerguizian, Univ. du Québec (Canada)
Medical applications often require the detection of specific peptides
that are indicators of patients’ specific medical condition. The
identification of such peptides is to some extent cumbersome and
requires specialized equipment, specialized personnel and the
results of the tests may come as false negative or false positive.
The paper presents the experimental results that directed towards
the development of a device and measurement system that is
precisely detecting the reaction time between a peptide and the
corresponding reaction match.
A series of reaction signatures are identified and presented in the
paper. Besides, SEM analysis of the peptides after the reaction
confirms the existence of a signature as the ones recorded by the
authors.
The proposed device could be miniaturized and a potential solution
of the optical-based measurement system is presented and
discussed. Serious challenges such as packaging or peptide
manipulation are also discussed. The configuration of the sensing
element is essential in producing the desired sensitivity of the device.
A sensitivity analysis is carried out to prove that concentrations of
fraction of ppm are detectable through this method.

6186-32, Poster Session
The influences of thickness on piezoresistive properties
of poly-Si nanofilms
X. Liu, R. Chuai, M. Song, H. Pan, X. Xu, Harbin Institute of Technol-
ogy (China)
1. MEMS Center, Harbin Institute of Technology, Harbin 150001
China, +86-451-86413442, +86-451-86413441, lxw\@hit.edu.cn, or
me_sut\@163.com
2. Electronic Information and Engineering school, Shenyang
University of Technology, Shenyang 110023 China

Abstract
Polycrystalline silicon (poly-Si) film is an important material for the
fabrication of pressure-sensing elements in microelectromechanical
systems (MEMS). In addition to the good electrical insulation
between the piezoresistors and the substrate, poly-Si piezoresistive
devices, under specific conditions, present a low non-linearity, a very
linear thermal drift and a high stability. But the researches are so few
on the piezoresistive properties of poly-Si nano-films with the
thickness less than 100nm in recent years. This is probably attrib-
uted to that the grain size of the nano-films formed by general
microelectronic technics, such as chemical vapour deposition (CVD),
vacuum vapour deposition, and sputtering processes, is usually very
small. Existing piezoresistive theories of poly-Si indicate that the
smaller the grain size of poly-Si is, the smaller the gauge factor is.
Consequently, an ambiguous viewpoint is formed that the gauge
factor is quite small of the ultrathin poly-Si nano-film.
Using thermionic emission theory, the current flowing through the
barriers of grain boundary is deduced from existing piezoresistive
models of poly-Si, and the piezoresistive effect of barrier region is
interpreted by means of the emission current varying with the strain.
The gauge factor of potential barrier region calculated by the theory
is much smaller than grain neutral region’s. When boron-doped level
is about 1020cm-3 and grain size is about 120nm, the sensitivity of
poly-Si for stress is mainly due to grain neutral region, and the
longitudinal gauge factor is calculated by the existing theories,
approximate to 8 in the case of random-textured poly-Si film.
Followed by the theories, the gauge factor should be smaller of the
nano-film with smaller grain size. However, this conclusion does not
meet our experimental results. For the poly-Si nano-film with the
thickness around 80nm and the grain size around 50nm, the
measured longitudinal gauge factor approximates to 30, or even
larger. Apparently, the existing models of poly-Si do not predict the
piezoresistive properties of poly-Si nano-films. Thus, based on
investigation into p-type poly-Si, a modified piezoresistive model is
presented for poly-Si with different film thickness and grain size. The
model rationally explains the relationship between the film thickness
and gauge factor of poly-Si nano-film.
For the poly-Si nano-film with small grain size, electrical characteris-
tics are determined mainly by grain boundary, and the piezoresistive
characteristics of the potential barrier region are very important.
When boron-doped level is above 1019cm-3, comparing with
thermionic emission current, tunneling current cannot be ignored.
This point can be illustrated by the experimental results of ohmic
contact between silicon and metal. Owing to tunneling current
varying with strain of poly-Si, a new piezoresistive effect emerges,
which is defined as tunnel piezoresistive (TP) effect. Using tunnel
effect of quantum mechanics and trapping mode of poly-Si, we
explain the principle of TP effect. Accordingly, a new piezoresistive
model of poly-Si is presented. The model indicates that under high
doping level, the piezoresistive characteristics of potential barrier
region basically come from TP effect, and its gauge factor is larger
than grain neutral region’s.
The new model well predicts the piezoresistive characteristics not
only in the case of poly-Si nano-film with small grain size, but also in
the case of poly-Si film with large grain size. Finally, based on the
new model and our experiments, these conclusions are obtained as
follows:
1. Under the condition of low doping level and thick film, the gauge
factor of poly-Si increases with grain size growing; this is same as
the result of former theories.
2. Under the condition of high doping level, above 1019cm-3, the
gauge factor increases, when the grain size decreases. Since the
grain size diminishes with the nano-film thinning, the increasing trend
of the gauge factor is formed; simultaneously, crystallization is
degenerated, the thickness of grain boundary increases, and TP
effect is weakened, so the decreasing trend of the gauge factor is
also formed. The counteraction of the two trends leads to that the
gauge factor of poly-Si nano-film decreases slowly with the film
thinning until the film thickness is about 30nm.
3. Because tunnel probability is almost independent with tempera-
ture, TP effect has good temperature stability. In other words, poly-Si
nano-film would attain better temperature characteristics with right
doping level and grain size.
In a word, poly-Si nano-film is a promising material for the fabrication
of pressure-sensing elements in MEMS.
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6186-33, Poster Session
The PDMS micro-/nanovalve driven by PZT piezoelectric
actuator on the silicon wafer
T. Li, W. Wei, X. Liu, X. Wang, Z. Bao, Harbin Institute of Technology
(China)
The PDMS micro-/nanovalve driven by PZT piezoelectric actuator on
the silicon wafer
L. Tian, W. Wang, X.W Liu, X.L. Wang, Zh.Y Bao
MEMS Center, Harbin Institute of Technology, 92 Xidazhi St. NanGang
District, Harbin, China150001
Tianli\@hit.edu.cn
With the application of micro/nano-electro-mechanical systems
(MEMS/NEMS) technology, micro-fluidics devices have been an
emerging new technology for biochemical, molecular biological and
micro-biological processes, diagnostics and biomedical research. In
the whole microfluidics devices, the valve is a sort of key control
component which could control the liquid flow flux precisely in the
microliter or nanoliter scale. Therefore, the micro/nanofluidics devices
could be of the extensive application in the micro drug-delivery
systems and microchemical analysis systems. The research on the
micro/nanovalve has become the pop for the micro/nanofluidic
devices domain.
This paper presents a novel structure PDMS micro/nanovalve driven
by PZT piezoelectric actuator on the silicon wafer. This valve consists
of double layer structure by bonding a chemically etched bottom
substrate to a drilled Polydimethylsiloxane (PDMS) top substrate to
form the chamber. The bottom substrate material is silicon on which
the PZT powder using the Screen Printing technique are printed to
form the PZT piezoelectric thick film, the concrete processing is
introduced in the Ref. 1. The upper layer uses the PDMS material was
injected directly on the polymethylmethacrylate (PMMA) replica
molding using the replication techniques. The fluid inlet and the outlet
in the PDMS side are formed directly at the time the PDMS
prepolymer were injected, not to be assembled in addition.
This valve has the advantages as follows: structure is very simple for it
has no movable diaphragm; the fabrication processing is easier than
the silicon or the silicon-glass valve; the valve life is longer; the PDMS
material is transparent that the liquids flow could be observed. In
addition, it has the simpler structure and easier to be fabricated and
integrated onto a chip.
The preliminary measurement on the valve has been done and the
result has been discussed in this paper. Also the reform idea is
brought forward.
1. W. Wang, X.W Liu, B. Mo, J. Wang. The research on the PZT
piezoelectric thick film using the screen printing technique compatible
with MEMS[J]. Micronanoelectrinic Technology. 2003,7/8: 432-434
2. T. Tsurumi, S. Ozawa, S. Wada and M. Yamane Piezoelectric
Properties of PZT Thick Film on Si Prepared by an Interfacial Polymer-
ization Method. 2001 IEEE 10-55
3. Stemme E,Stemme G.A valveless diffuser/nozzle-based fluid
pump.Sensors&Actuators.1993:168-182

6186-34, Poster Session
Study of capillary electrophoresis chip with conductivity
detection
W. Wei, T. Li, X. Liu, X. Lei, Harbin Institute of Technology (China)
Study of capillary electrophoresis chip with Conductivity detection
WANG Wei, TIAN Li, LIU Xiao-wei, XUAN Lei
MEMS center, Harbin Institute of Technology. Harbin 150001 China
wangweihit\@hit.edu.cn, Tianli\@hit.edu.cn
Since 1990s, microchip-based capillary electrophoresis (CE) has been
highlighted dramatically in the field of  µ-TAS (micro-total-analysis-
system). The detection methods are also the pop research domain.
Most CE chips make use of optical detection methods,which brings
some difficulties in miniaturization and integration of capillary
electrophoresis chips. So, recently, capillary electrophoresis chips
with integrated electrochemical detection cell, especially with
conductivity detection cell, are attracted more and more researchers.
In this paper, a novel integrated capillary electrophoresis chip system
with conductivity detection is described. This miniatured system is of
the double layer structure: the upper layer is polydimethylsiloxane
(PDMS) with the capillary microchannel, and the substrate is Pyrex

glass on which the conductivity detection electrodes pattern are
sputtered with the standard IC processing. Then a thin layer PDMS is
coated selectively on the glass substrate. The function of this thin
PDMS layer are to make the metal on the glass insulate with the
electrophoresis buffer in the microchannel. Through the chemical
method, the PDMS are bonded with the PDMS on the glass
substrate to make the microchannel close. And adopted the same
materials, the surface characteristics of the microchannel could be
kept the same. The system employs metal microwires (40 µm spun
gold) as the working electrodes for conductance detection. The
electrodes are elicited between two PDMS layer and connected to
pads on the glass substrate.
Using this miniatured system, the inorganic cation Cu2+ as the
detection sample, was injected in the capillary microchannel twice
and realized the conductivity dectection. All these work are made a
stable ground for the further application of CE chips.
Reference:
1. W. Joseph, Z. Jiri, S. L. Nathan, Microchip Capillary Electrophore-
sis with Electrochemical Detection of Thiol-Containing Degradation
Products of V-Type Nerve Agents [J] Anal. Chem. 2004, 76, 4721-
4726.
2. L. Yan, A. V. Jonathan, and S. H. Charles Simple and Sensitive
Electrode Design for Microchip Electrophoresis/Electrochemistry [J]
Anal. Chem. 2004, 76, 1513-1517.
3. Microchip Electrophoretic Separation of Cu2+, Co2+ and Ni2+
with Chemiluminescent Detection [J] Acta. Chimica. Sinica. 2003,
Vol. 61(6): 885-888.

6186-35, Poster Session
Tunable Bragg grating based on MOEMS technology
R. Kasztelanic, A. Zychewicz, W. M. Saj, R. R. Buczynski, Univ.
Warszawski (Poland)
INTRODUCTION
Tunable wavelenght selective and band pass filters are widely used
nowadays in transmission technology and light processing, with
setups based on Acustoopic modulators, Fabry Perot filters, Mach
Zehnder and Sagnac interferometrs and fiber Bragg gratings (FBGs)
with electro-optical, mechanical or thermal tuning mechanism.
Multilayer structures like FBGs are used in the design of e.g. broad-
band terminations of transmission lines [1], narrow-band transmis-
sion filters for wavelength-division multiplexing (WDM) [2] and in
other fiber optics systems for signal processing [3].
One of the biggest advantages of dielectric mirrors is that they are
characterized with very small losses, as compared with normal
metallic mirrors.  Apart from that, with the use of Bragg mirrors one
can control bandwidth of the reflected light beam, as well as the
angles for which the reflection is obtained. This opens up a possibil-
ity of building setups sensitive to such parameters as the lighting
angle and the wavelength.  Additionally, Bragg mirrors can be used
for a wide spectrum of the electromagnetic waves from UV to FIR.
In this paper we propose a new concept of MOEMS-based free-
space tunable Bragg grating as a wavelength selective and band
pass filter. The use of MEMS allows obtaining fast and reliable tuning
with respect to other methods.
BRAGG GRATING
A dielectric mirror consists of and odd number dielectric layers of
high and low refractive index, placed alternately. Typically, optical
thicknesses of each layer should be a quarter-wavelength long, that
is n(1)*l(1)=n(2)*l(2)=lambda/4  , where n(i), l(i) are the refraction index
and the width of the (i) material respectively, and lambda is the
wavelength of the light used.
In order to describe the light propagation in such a periodical
structure, Fresnel equations are used. The basis for consideration is
a single period of the structure consisting of two dielectric materials
with a different refractive index. The most important parameters
describing such a setup transmission (tw) and reflection(rw).
tw=[exp(2if) exp(ig) t(12) t(21)]/[1-r(21)^2 exp(2ig)]
rw=[r(12) exp(2if) + t(12) t(21) r(21) exp(2if)]/[1-r(21) exp(2ig)]
where: t(ij), r(ij) are transmission and reflection coefficients for the
border between material (i) and material (j), and f, g are parameters
depending on the thickness of each of the layers:
f=[2 Pi (D-d)]/[lambda*n(1)]
g=[2 Pi d]/[lambda*n(2)]
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where: d and D are the thickness of the layer of the first material and
the total thickness of the single period, respectively.
Generalizing the above equations for a larger number of single
periods the Bragg mirror is composed of, we obtain:
t(0)=tw^2/[1-rw^2], t(i+1)=t(i)^2/[1-r(i)^2]
r(0)=rw+[tw^2 * rw]/[1-rw^2], r(i+1)=r(i)+[t(i)^2 * r(i)]/[1-r(i)^2]
In a typical FBG, the grating period D is about 535 nm for a Bragg
wavelength at lambda=1550 nm. The number of periods to achieve
reflections in excess of 99% depends on the refractive index
modulation. In the setup proposed in the article the difference
between the refraction coefficients is big and equals c.a. 0.5, thanks
to what the whole setup is quite small.
TUNABLE BRAGG GRATING
From the above equations it stems that the easiest way to change
the characteristic wavelength lambda is the change of the d, D
parameters. Changes of this type can be obtained for materials
characterized by a large thermal expansion [4], or for materials such
as elastomers [5], which are sensitive to outer mechanical forces.
In the proposed setup, to change lambda two identical elements are
used, both in the shape of a saw with narrow and long teeth. One of
the elements is fixed, while the second one can move in such a way
that its teeth go between the teeth of the first element.  The
movement of the element causes the change of the d parameter with
the unchanged single period D. The changes cause re-tuning of the
whole setup and the shift of the transmitted band.
The element moves thanks to its location in a mechanical actuator
[6], which should allow for the fastest possible movement in one
direction and the movement distance in the range of 100  µm. Such
requirements can be fulfilled by an electrostatic setup of a comb
drive type fabricated in one of technologies used for the production
of MEMS elements.
CONCLUSIONS
On the basis of computer simulations it has been estimated that in
the case of a band pass filter, the proposed system gives an 80 nm
tuning range of for a bandwidth of 200 nm. This can be obtained for
a shift of 50  µm of the comb drive actuator. For a wavelength
selective filter a configuration of quarter-wave phase shifted Bragg
grating is applied. It allows for obtaining a tuning range of several
nanometers with a bandwidth of 0.5 nm. The results obtained show
that the present setup can be used in WDM type add-drop systems.
REFERENCES
[1] R. Collin, “Theory and Design of Wide-Band Multisection Quarter-
Wave Transformers,” Proc. IRE, Vol. 43, (1955)
[2] G. Agrawal, S. Radic, “Phase-Shifted Fiber Bragg Gratings and
their Application for Wavelength Demultiplexing”,  IEEE Photon.
Technol. Lett., No. 6, (1994)
[3] C. Madsen, J. Zhao, Optical Filter Design and Analysis: A Signal
Processing Approach, Wiley, New York, (1999)
[4] K. Grattan, B. Meggitt, Optical Fiber Sensor Technology:
Advanced Applications -Bragg Gratings and Distributed Sensors,
Kluwer Academic Publishers: Dordrecht, Netherlands, (2000)
[5] J. C. Lotters et al., “Polydimethylisiloxane as an elastic material
applied in a capacitive accelerometer”, J. Micromech. Microeng, No.
6, (1996)
[6] J. Grade, H. Jerman, “MEMS Electrostatic Actuators for Optical
Switching Applications”, JOSA, N. 21, (2001)

6186-37, Poster Session
Microresonator band-pass filter design using genetic
optimization
H. E. Ibrahim, Arab Academy for Science & Technology (Egypt)
A proposed structure for band-pass filter using comb-drive and op-
amp differentiator in a closed loop system is presented. The model
parameters of the micro-resonator band-pass filter have big effect on
the filter performance, range, bandwidth, accuracy and even the
interfacing circuitry. This paper presents new design approach for
choosing proper values of the system parameters to give the desired
bandwidth, center frequency and maximum flatness for second order
band-pass filter, by using genetic optimization. Adequate desired
performance is obtained by optimizing the magnitudes of these
parameters.

6186-16, Session 5
Compact and stress-released piston tip-tilt mirror
W. Noell, T. Overstolz, Univ. de Neuchâtel (Switzerland); R. P.
Stanley, Ctr. Suisse d’Electronique et de Microtechnique SA
(Switzerland); N. F. de Rooij, Univ. de Neuchâtel (Switzerland)
We have developed a compact piston tip-tilt mirror in which the
design of the suspension elements allows stress release in both the
mirror and the suspension beams that is normally encountered in
SOI substrate. The device and its characteristics are presented for
the first time.
Many applications in optics require very flat displaceable mirrors.
SOI devices are superior to polysilicon devices in terms of flatness
and surface deformation especially when operating devices in
resonance [1]. However, SOI devices are subject to bow due to the
residual stress in the SOI substrate induced by the buried oxide [2].
In the case of gimbal based systems, the device may suffer from
stress [3] which yields to buckling of the torsion beams and in-plane
rotation of the mirror [4].
We have designed and fabricated a compact tunable piston tip-tilt
mirror device where the residual stress of the SOI substrate is locally
released in the mirror and suspension zone. This is achieved by
using a novel suspension concept with three symmetrically arranged
C-shaped suspension beams. Unlike the torsion bars in gimbaled
devices forming a straight axis where stress can propagate, the
suspension with three C-shaped beams arranged in 120° segments
avoids stress propagation and buckling of the beams. The result is
an optically flat and stress-released mirror of 1.5 mm edge length
with highly increased (in-plane) stability, although the parts outside
the mirror zone are subject to bow due to residual stress in the SOI
wafer. The C-shape of the beams allows them to be folded around
the mirror and the static comb electrodes resulting in a very compact
device. The particular shape of the beams is based on a sine
function characterized by continuous differentiability all along the
beam which yields in a very smooth stress distribution during
actuation.
The device is based on bulk micromachining of SOI substrate with
thicknesses of 50/2/350 µm. We used a self aligned delay mask
process [5] to thin down the suspension beams and the moveable
combs to a height of 12 µm . The different height levels of the static
and the moveable comb electrodes and their initial offset position
allow a vertical actuation of the mirror. By applying a potential the
offset position tends to be equalized by lifting up the moveable
combs and thus the mirror until a symmetrical configuration is
achieved.
The piston tip-tilt mirror is characterized by an accurate vertical
displacement of up to 18 µm \@ 80V with good repeatability, and  a
tip-tilt of up to 2 mrad \@ 50V. Pure vertical displacement is achieved
by applying the same potential to all three static comb electrodes,
whereas a tip-tilt results by applying different potentials to the
electrodes. The interference rings measured with a white light
interferometer clearly indicate that the chip surface outside the mirror
is curved, whereas the parallel interference lines on the mirror itself
reference to an adjustable tilt between mirror and the instrument’s
optics. Hence the stress from the substrate was not propagated to
the mirror.
The fact that the suspension beams as well as the electrostatic comb
actuators are outside the central part and not underneath allows this
device to be used in optical transmission, i.e. either the mirror can be
used from both sides, or the mirror can be replaced by an optical
element like a lens. By stacking several of these devices, complex
tunable Fabry-Perot etalons can be realized.
[1] H. Urey, “Torsional MEMS scanner design for high-resolution
display systems”, Proceedings of SPIE, Seattle, Washington, Vol.
4773, July 2002, pp. 27 - 37.
[2] A. Tiberj, B. Fraisse, C. Blanc, S. Contreras, J. Camassel,
“Process-induced strain in silicon-on-insulator materials”,  Journal of
Physics: Condensed Matter, Vol. 14, 2002, pp. 13411 - 13416.
[3] K. Isamoto, K. Kato, A. Morosawa, C. Chong, H. Fujita, H.
Toshiyoshi, “A 5-V Operated MEMS Variable Optical Attenuator by
SOI Bulk Micromachining”, IEEE Journal of Selected Topics in
Quantum Electronics, Vol. 10, No. 3, May/June 2004, pp. 570 - 578.
[4] O. Tsuboi, Y. Mizuno, N. Koma, H. Soneda, H. Okuda, S. Ueda, I.
Sawaki, F. Yamagishi, “A Rotational Comb-driven Micromirror with a
Large Deflection Angle and  Low Drive Voltage”, Proceedings of the
IEEE MEMS Conference, Las Vegas, Nevada, 2002, pp. 532 - 535.
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[5] S. Kwon, V. Milanovic, L. P. Lee, “Large-Displacement Vertical
Microlens Scanner With Low Driving Voltage”, IEEE Photonics
Letters, Vol. 14, No. 11, November 2002, pp. 1572 - 1574.

6186-17, Session 5
Tunable InP/air MOEMS filter with record breaking
selectivity
M. Garrigues, J. Danglot, J. Leclercq, École Centrale de Lyon
(France)
INTRODUCTION
Narrow linewidth tunable filters are a key building block for Wave-
length Division Multiplexing telecommunication systems. Several
Micro-Opto-Electro-Mechanical System (MOEMS) processes have
been reported for the fabrication of tunable Fabry-Perot filters [1-7].
These MOEMS filters are composed of a deformable air-gap Fabry-
Pérot cavity between two Bragg reflectors that can been actuated
electrostatically or electrothermally for tuning the filter. Beside
conventional Bragg reflector technologies based on a “solid”
quarter-wave stack of semiconductor layers or dielectric [1-4], our
group and several others have promoted III-V semiconductor
MOEMS devices consisting in a multi-air-gap/InP suspended
membrane structure [5,6]. Until now, this technology has demon-
strated a broad tuning range as a benefit of the high index contrast
between InP and air [6] and a spectral selectivity about 0.5 nm has
been achieved [5]. However, the ultimate selectivity and insertion
loss performances of such small optical area structures are limited
by the fact that the reflectors bounding the resonant cavity are
essentially plane resulting in an unstable (i.e. lossy) resonator. Stable
MOEMS resonators that exhibit much better selectivity can been
produced by an appropriate spherical curvature of the cavity mirrors
[4], but imply a very sophisticated process.
In this paper, we propose a novel design of the optical structure of a
multi-air gap/InP tunable filter that reduces significantly the lateral
losses of the cavity without curving the membranes. This result is
achieved by displacing the resonant cavity into the high index
material, i.e. InP, instead of air in conventional designs. With this
optical structure, the field resonance is confined in the high index
material, so that the lateral losses are reduced since the light wave
bouncing between the two Bragg mirrors is guided by total internal
reflection at the lateral InP/air boundaries of the cavity. The resonant
frequency of this InP cavity structure can be tuned electro-mechani-
cally by the deformation of one or both quarter-wave air-gaps
bordering the cavity using electrostatic actuation.
We will present extensive simulation and experimental results that
demonstrate the effectiveness of the high index cavity concept for
improving the selectivity of small dimension tunable MOEMS filters.
DEVICE FABRICATION
Tunable filters based on this high index cavity concept have been
fabricated from an InP-InGaAs epitaxial stack by selective under-
etching of the InGaAs sacrificial layers. The targeted spectral
selectivity was 0.1 nm at a central wavelength of 1550 nm. This
specification is achieved with a 3 •/2 InP cavity and Bragg mirrors
composed of three InP/Air quarter-wave pairs. We used a specific
doping scheme which realises two “head to tail” p-i-n junctions
across two actuation gaps so that the resonance frequency of the
filter can be electrostatically actuated upward or downward
depending on the sign of the applied actuation voltage. The InP/
InGaAs epitaxial heterostructure was grown by metal organic vapor
phase epitaxy (MOVPE). After fabrication of the ohmic contacts for
actuation, the epitaxial stack is vertically patterned by reactive ion
etching in the shape of a cylinder anchored symmetrically by four
radial rectangular arms. The diameter of the cylinder is only 10 µm in
order to reduce as much as possible the number of resonant modes
of the InP cavity. The suspension arms are 5 µm wide and 50 µm
long. An antireflective (AR) coating is deposited onto the rear side of
the sample. Finally, the suspended InP layers are released by
selective wet under-etching of the InGaAs layers followed by CO2
Critical Point Drying. Details of the process have been given in [5].
EXPERIMENTAL RESULTS.
The spectral transmittance characteristics of the tunable filter has
been investigated using a ELED broadband source and a spectrum
analyzer. The input and output fibers are coupled to the filter using
two identical collimators.
The experimental peak wavelength at about 1500 nm without
actuation is sensibly smaller than the nominal design value (1550

nm), due to the uncertainty in the thickness control during epitaxy.
The -3dB line-width of the experimental response is about 0.12 nm
compared to the 0.10 nm theoretical target. A bidirectional tuning
range of more than 40 nm (+/- 20 nm) was experimentally achieved
with an actuation voltage in the range (-6 volts, + 6 volts). In this
range, the line width remains smaller than 0.15 nm. The insertion
losses are sensibly constant within 2 to 3.5 dB over the same tuning
range.
We will propose and discuss possible improvements of the tuning
range up to 100 nm. Some independent experimental evaluations of
the actuation response time will be also given.
We deeply acknowledge Olivier Parillaud at Alcatel Thalès III-V lab
for growing the high quality epitaxial structures.
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6186-18, Session 5
Low-power high-extinction electrothermal MEMS iris
VOA
H. Veladi, R. R. Syms, H. Zou, Imperial College London (United
Kingdom)
Recently we demonstrated a new type of MEMS variable optical
attenuator (VOA) based on an iris mechanism for applications
requiring  low polarization and wavelength sensitivity  [1]. The device
operated by synchronous motion of a set of blades that translated
simultaneously to vary a polygonal aperture. The  prototype used
four electrothermal actuators to control a square pupil, and con-
sumed considerable power (1 W) due to its  inefficient  thermal
design. Furthermore,  the  loose, sliding-blade arrangement limited
the achievable  extinction ratio (to around 17 dB). Here  we  present
a  modified design that  overcomes  these drawbacks.  Firstly,  we
have replaced  buckling  mode  (or “chevron”)  [2]  electrothermal
drives  with  single  sided- actuators [3], which require only two hot
arms and one  cold arm instead of four hot arms. The design offers
considerable thermal  efficiency gains, and allows direct  connection
of each actuator to its particular shutter blade, reducing  the chip
area,  opening the way to truly polygonal pupils,  and eliminating
unwanted vibrational modes that can  cause  the blades   to   collide
under  dynamic  excitation.   Further improvements in thermal
efficiency are obtained by selective removal  of  the  substrate  from
beneath  the  hot   arms. Secondly,  we  have  modified the  blade
shape  to  improve optical  extinction. Previously, the blades were
fabricated in   a  normally  closed  state,  with  a  relatively  large
separation set by the fabrication process, deep reactive ion etching
(DRIE)  of bonded silicon-on-insulator  (BSOI).  We have  now
adopted a normally open configuration with  shaped blade  edges,
that allows the gap between the blades  to  be reduced when they
are actuated, following methods previously used  to obtain sub-
micron gaps in electrostatic comb drives [4].  This approach can
provide considerable improvement  in extinction  in the high-
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attenuation range, by simple  layout changes. In  this  paper,  we
first present  a  design  optimisation procedure for the new layout.
Thermo-mechanical aspects  are simulated using the commercial
finite element package  ANSYS and  the results are compared to the
original iris. We  show that  the  thermal behaviour of a single sided
actuator  is determined  mainly by the parameters of the  cold  beam.
By careful  selection  of parameters such  as  beam  width  and
length,  unwanted  cooling can be minimised,  confining  the high
temperature areas and maximising the thermal strain and the
resulting deflection. The further improvements  offered by  substrate
etching are demonstrated. Optical  performance is  simulated by
near-field diffraction theory  and  overlap integrals,  and  it  is  shown
that the  extinction  may  be improved  by  at  least  10  dB  using
the  modified  blade arrangement,  without  changing  the  fabrication
process. Optimised  designs are demonstrated in different  variations
by  DRIE  of BSOI, to investigate the effects of geometrical param-
eters  in  device  operation.  Excellent  agreement  is obtained with
the theoretical predictions. References
1.   Syms R.R.A., Zou H., Stagg J., Veladi H. “Sliding-blade   MEMS
iris  and variable optical attenuator” J. Micromech.   Microeng. 14,
1700-1710 (2004)
2.    Sinclair  M.J.  “A  high force low area  MEMS  thermal   actuator”
Proc.  7th Intersociety Conf.  on  Thermal  and   Thermomechanical
Phenomena, ITHERM 2000, Las Vegas, May 23-   26, pp. 127-132
(2000)
3.   Syms R.R.A., Zou H., Yao J., Uttamchandani D., Stagg J.
“Scalable electrothermal MEMS actuator for optical fiber   alignment”
J. Micromech. Microeng. 14, 1633-1639 (2004)
4.   Hirano T., Furuhata T., Gabriel K.J., Fujita H.   “Design, fabrica-
tion, and operation of submicron gap comb-   drive microactuators”
IEEE/ASME J. Microelectromech. Syst.   1, 52-59 (1992)

6186-19, Session 5
Tunable mechanical resonator with aluminium nitride
piezoelectric actuation
J. Olivares, J. Malo, S. González, I. Izpura, M. Clement, A. Sanz-
Hervás, E. Iborra, Univ. Politécnica de Madrid (Spain); J. L. Sánchez-
Rojas, P. Sanz, Univ. de Castilla-La Mancha (Spain)
Micromechanical bridges and cantilevers are used as gravimetric
chemical transducers, as they undergo changes in their resonance
frequency when loaded with an additional mass. To increase the
mass resolution of these mechanical resonators high resonance
frequencies are required. This can be achieved by reducing the size
of the whole suspended structure and by reducing its overall mass,
which in turn reduces its sensitive area and the mechanical reliability.
Another way to raise the resonance frequency, without reducing the
area of the device or the thickness of the layers, consists in using
stressed layers in the whole oscillating structure. The excitation of
the resonators is usually performed by electrostatic, magnetic or
thermal means, which require the application of large voltages or
currents. Piezoelectric excitation is an interesting alternative that only
requires low voltage electric signals. The good performance of
piezoelectric AlN films has already been demonstrated in surface and
acoustic wave devices (SAW, BAW). AlN films are currently being
investigated for piezoelectrically-actuated MEMS applications, as
they benefit from a compatibility with conventional MEMS technolo-
gies better than other piezoelectric layers (ZnO, PZT). Furthermore, in
piezoelectrically-actuated resonators, the AlN film can act simulta-
neously as mechanical actuator and sensor, leading to a convenient
one-port microsystem.
In this work we show the frequency response of bridge
microresonators actuated by a piezoelectric AlN thin film. The
fabrication technology was presented in Eurosensors 2004 [1, 2]. The
static characteristics and their simulations were presented in SPIE
Microtechnologies for the New Millennium 2005 [3]. This paper will
show the dynamic characterization and simulation of the structures.
The microresonators consist of a Mo/AlN/Mo sandwich on a silicon
nitride structural layer. The three layers that make up the bridge
(Si3N4 structural layer, AlN active layer, and Mo electrodes) were
deposited by rf sputtering. The deposition parameters of the sputter
system were carefully adjusted to obtain AlN films with the required
crystal quality to optimize the piezoelectric response; the residual
stress of all the layers was also controlled in order to adjust the
resonance frequency of the bridge. Devices with different dimen-
sions have been fabricated. The bridge displacements were

measured by laser reflectometry using electrical excitation with
variable frequency. The resonance frequency and quality factor were
177 kHz and 35 for a 500 µm-long bridge The resonance frequency
depends on the geometry of the bridge and on the residual stress of
the structural (Si3N4) and the piezoelectric (AlN) layers. We observed
a strong variation of the resonance frequency with the stress of the
layers. The piezoelectric actuation allows us to modify the resonance
frequency by the application of a DC bias superimposed to the
driving AC voltage that induces an extra stress in the AlN layer. The
tuning factor of the bridges was around 88 Hz/V. The tunability of the
AlN microbridges will allow us to design PLL-based detection
methods based on a DC voltage feedback loop that reacts by
keeping constant the phase. The experimental data have been
compared with numerical simulations using Coventor software. By
comparing measured and calculated resonance frequencies, and
their variation with DC bias, critical information about stress
distribution and sensitivity of the sensor is obtained.
References
[1] J. Olivares, E. Iborra, M. Clement, L. Vergara, J. Sangrador and A.
Sanz-Hervás, Proc. of the 18th Eurosensors Conference 2004,
CDROM - Digest of Technical papers, P2.79 pp. 1-4.
[2] J. Olivares, E. Iborra, M. Clement, L. Vergara, J. Sangrador and A.
Sanz-Hervás, Sensors and Actuators A 123-124 (2005) pp. 590-595.
[3] J. Olivares, M. Clement, E. Iborra, L. Vergara, J.L. Sánchez-Rojas,
J. Vázquez, P. Sanz, Proc. SPIE Microtechnologies for the New
Millennium 2005 (in press).

6186-20, Session 5
Novel polymer actuator for variable-optical attenuator
S. K. Mondal, P. Huges, Tyndall National Institute (Ireland); A. M.
Lyons, Lucent Technologies/Bell Labs. (Ireland); G. M. Jordan, The
Univ. of Dublin, Trinity College (Ireland) and Lucent Technologies/Bell
Labs. (Ireland)
Future optical networks require greater flexibility and reliability for
managing ever increasing network capacity. This necessitates the
development of low cost, highly integrated devices and techniques
to align, steer, control and sample optical pathways dynamically
within optical circuit packages. For light control, variable optical
attenuators are key components in optical network for channel
equalisation, amplifier gain flattening and sensitive device protection.
Technologies used to manufacture these devices include planar
waveguide (Mach-Zender devices), all-fibre technology (evanescent
field) [1] and MEMs (shutters) [2].
For MEMs technologies, polymer actuators are promising because of
their low cost and wide range of fabrication techniques. Actuation
principles include piezoelectric, electroactive [3] and electrothermal
[4].  In this paper, we demonstrate a novel electrothermal polymer
actuator device for free space variable optical attenuation. A low
temperature (<30°C)/ low voltage actuator device has been fabri-
cated using Sylgard 184 elastomer material which has a high yield
point and large co-efficient of thermal expansion (CTE = 300ppm).
By careful design, the large CTE value and high yield points (elastic
limit) have been exploited to control the motion of optical devices
mounted on top of the elastomer material.
Applications for this device include device alignment, beam steering
and optical attenuation, the latter of which is demonstrated in this
paper by placing a polymer block mounted with a micromirror at the
junction of two single-mode fibres.  Gold heater electrodes (250*) are
used as a heating element with thermal grease placed between
electrodes and polymer block for effective heat transfer. Experiments
show current variations between 4mA and 50mA are sufficient to
interrupt the light path between the fibres with attenuation \>25dB.
This experimental result is comparable with the theoretical results in
Ref.2.  The low voltage, ~12volt, optical attenuator with simple
structure is ideal for WDM system. The voltage can be further
reduced by increasing the thickness of the elastomer material as its’
expansion varies linearly with thickness. Ongoing studies include the
thermal behaviour and thermal response time of the material.
Acknowledgements:
The project was funded by the Centre for Telecommunications
Value-Chain Research (CTVR); see www.ctvr.ie.
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6186-21, Session 6
Optical probing of nanoelectromechanical systems
(NEMS) (Invited Paper)
K. L. Ekinci, Boston Univ. (USA)
Nanoelectromechanical systems (NEMS) are drawing interest from
both technical and scientific communities. These are electrome-
chanical systems - much like Microelectromechanical Systems
(MEMS) - mostly operated in their resonant modes with submicron
dimensions.  In this size regime, NEMS come with extremely high
fundamental resonance frequencies, diminished active masses and
tolerable force constants; the quality (Q) factors of resonance are
significantly higher than those of electrical resonant circuits.  These
attributes collectively make NEMS suitable for a multitude of
technological applications such as ultra-fast sensors, actuators, and
signal processing components.  Experimentally, NEMS are expected
to open up investigations of new phonon mediated mechanical
processes and of the quantum behavior of mesoscopic mechanical
systems.
Recently, optical probing techniques have found extended use in the
NEMS domain.  Michelson interferometry and Fabry-Perot interfer-
ometry, for instance, have been employed for ultrasensitive NEMS
displacement detection.  Photothermal techniques based upon
modulated laser sources have allowed actuation of NEMS with
ultrahigh spatial resolution.  Here, we present our recent accomplish-
ments in optical probing of NEMS.  In particular, we discuss the
theoretical and experimental limits to optical displacement detection,
photo acoustic probing of the mechanical properties of NEMS, and
parametric excitation of NEMS using optical techniques.

6186-22, Session 6
Digital holography microscopy (DHM) for metrology and
characterization of MEMS and MOEMS
Y. Emery, F. Marquet, E. Cuche, N. Aspert, P. Marquet, Lyncée Tec
SA (Switzerland); J. Kuehn, M. Botkine, C. D. Depeursinge, École
Polytechnique Fédérale de Lausanne (Switzerland)
MEMS and MOEMS developments require both their static and
dynamical characterization with and interferometer resolution. This
can be achieved for static measurement with a rather large range of
instruments and by white light interferometer operating in strobo-
scopic mode when considering periodic movements.
Light interaction with a sample modifies both intensity and phase of
the illuminating wave. Any available supports for image recording are
sensitive only to intensity. Denis Gabor  invented in 1948 a way to
encode the phase as an intensity variation: the “hologram”. Digital
Holographic Microscopy (DHM) implements digitally this powerful
hologram. With the present power of computers and the develop-
ments of digital cameras, holograms can be numerically interpreted
within a tenth of second to provide simultaneously: (1) the phase
information, which reveals object surface with vertical resolution at
the nanometer scale along the optical axis, and (2) intensity images,
as obtained by conventional optical microscope. Both images are
defined with a diffraction limited resolution in the transverse (0xy)
plane and are “reconstructed” from the hologram in real time (more
than 10 frames per second).
The strength of DHM as implemented in the frame of this paper lies
in particular on the use of the so-called off-axis configuration , which
enables to capture the whole information by a single image acquisi-
tion within a few microseconds.
This important feature makes out of DHM a unique tool for MEMS
and MOEMS characterization:
• Such extremely short acquisition time makes DHM systems
insensitive to vibrations. These instruments can operate without

vibration insulation means, making them a cost effective solution for
an implementation on production lines.
• Acquisition rates are about fifteen frames per second using
standard camera and can be as high as 100’000 frames per second
using fast cameras. In such case, reconstruction of intensity and
phase images are performed in a second step.
• Stroboscopic mode can be performed very easily, only triggering
properly the camera. There is no need to use pulsed light source.
The presentation illustrates both static and dynamics application
metrology and characterization of MEMS and MOEMS by DHM.
The development of the technology has been supported by Swiss
government through CTI grants TopNano 21 #6101.3 and NanoMicro
#6606.2 and #7152.1. Systems are commercialized by Lyncée Tec
SA (www.lynceetec.com).
6. Keywords (max 5)
Digital Holography Microscopy, Interferometer resolution, MEMS,
MOEMS, metrology.
1  Denis Gabor, “A new microscopic principle”, Nature, 1948.
2  Etienne Cuche, Pierre Marquet, and Christian Depeursinge
“Simultaneous amplitude-contrast and quantitative phase-contrast
microscopy by numerical reconstruction of Fresnel off-axis holo-
grams”, APPLIED OPTICS, Vol. 38, No. 34 ,December 1st 1999, p.
6994 - 7001.

6186-23, Session 6
The distorted helix: thin film extraction from scanning
white light interferometry
D. I. Mansfield, Taylor Hobson Ltd. (United Kingdom)
Scanning white light interferometry (SWLI) is now an established
technique for the measurement of surface topography. It has the
capability of combining sub-nanometre interferometric resolution
with a range limited only by the z-traverse, typically at least 100 µm.
A very useful extension to its capability is the ability to measure thin
films on a local scale. For films with thicknesses in excess of ~2 µm
(depending on refractive index), the SWLI interaction with the film
leads simply the formation of two localised fringe bunches, each
corresponding to a surface interface. It is evidently relatively trivial to
locate the positions of these two envelope maxima and therefore
determine the film thickness, assuming the refractive index is known.
For thin films (with thicknesses ~20nm to ~2 µm, again depending on
the index), the SWLI interaction leads to the formation of a single
interference maxima. In this context, it is appropriate to describe the
thin film structure in terms of optical admittances; it is this regime
that is addressed through the introduction of a new function, the
‘helical conjugate field’ (HCF) function.
It may be shown that through performing SWLI measurements on a
thin film coated substrate (single or multi-layer) together with a
‘reference’ substrate, such as the glass BK7, it is possible to
construct the HCF function. This is a complex function that exists
over the Fourier bandwidth of the SWLI instrument (typically ~480nm
to ~720nm). It consists of the product of the conjugate of the
electrical field reflectance from the surface (integrated over the
numerical aperture of the objective lens) and an exponential with a
phase that is proportional to wave-number (inverse wavelength). The
exponential term arises from the height difference between the
measured coated and ‘reference’ substrate. In a Cartesian space
{x,y,z} where x and y correspond to the real and imaginary compo-
nents of the electrical field reflectance and z corresponds to the
wave-number, the HCF function therefore corresponds to a helix
(generated by the exponential term) modified in terms of both
amplitude and phase by the conjugate of the electrical field reflec-
tance.  This distorted helix then enables the thin film structure (single
or multi-layered) to be extracted through a modified thin film
optimisation approach.
Results of both single and multi-layer thin film extraction on a local
scale from SWLI measurements are presented. Both dispersive
refractive index and layer thicknesses may be obtained.  It is useful
to summarise the limits of this approach. Firstly as the thickness of a
thin film decreases, the distortion of the helix reduces and so the
‘signature’ of the thin film structure becomes progressively feature-
less over the HCF bandwidth; the limit (for a thin film index ~2.2 on a
BK7 substrate) is ~20nm.  At the ‘thick thin film’ end, the single
interference maximum gradually divides into two interference
maxima. The multiple cavity reflections (that for thin films give rise to
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the standing wave electrical field pattern within the film structure)
become progressively integrated out; for a single layer, the HCF
function becomes progressively dominated by the sinusoidal term
corresponding to the electrical fields reflected off the front and rear
film surfaces. Depending on the index, this limit corresponds to a film
thickness ~ 2 µm.
Clearly for the measurement of large area thin films, an ellipsometer
or spectrophotometer would be the instrument of choice. The key
virtue of this HCF/SWLI-based technique at thin film extraction is
that it is on a local scale; it is therefore appropriate to the measure-
ment of MEMs or semiconductor industry structured wafer thin films.
It compliments the topography-measuring capability of SWLI and
can obviate the problem of phase-change-on-reflection (PCOR)
arising from thin film structures in particular.

6186-24, Session 6
Optical MEMS reliability in Space environment
S. Rigaud, G. Quadri, O. Gilard, J. Nicot, Ctr. National d’Études
Spatiales (France)
Optical microswitches are ideally suited to aerospace applications
such as on-board signal switching on optical-microwaves payloads
of Geostationary Earth Orbit (GEO) telecommunications satellites.
One of the targeted applications is the RF or microwave reference
frequency signal distribution to various receiver subsystems. Indeed,
in addition to their small size and low mass, the optical
microswitches provide also an excellent electromagnetic insulation
of the transmitted signal.
Anyway, these micro-switches have to survive in the harsh space
environment where they will be exposed to several environmental
stresses: thermal cycling, mechanical shocks and vibrations, in-
vacuo operation and space radiations. Usually, these devices that
are used for terrestrial optical communications are qualified
regarding thermomechanical requirements through the Telcordia GR
1221 standard. However, the qualification issues regarding radiations
and in-vacuo functioning, which are a specificity of the space
environment, are not covered.
To date, only few papers have treated the reliability issues on the
radiation effects on the optical microswitches arrays. Moreover, to
our knowledge, the impact of in-vacuo operation on optical MEMS
performance and reliability has been never studied.
The goal of this study is to carry out a complete evaluation of the
behaviour of commercial optical microswitches in space environ-
ment. To this purpose, a complement test battery of the existing
Telcordia standard has been designed in order to cover the
requirements detailed for a GEO space mission.
This paper reports the results of many radiative (protons, neutrons
and  gamma rays irradiations) and non radiative (in-vacuo function-
ing) tests on a optical microswitch 1x2 from Sercalo
Microtechnology. Such device is formed from single-crystal silicon,
whose mirror is guided by an electrostatic motor.
Little effect has been observed on such device that may be consid-
ered as a possible candidate for space applications, at least for
those concerning the mission constraints detailed in this study.

6186-25, Session 7
Submicrometer patterning of gold conductors employing
the fountain-pen principle
C. P. Dockendorf, T. Choi, D. Poulikakos, ETH Zürich (Switzerland)
Nanofluids have received attention over the last years due to their
interesting properties and application potential in a variety of fields.
Interesting potential applications are in microelectronics, in particular
related to the development of technologies for electronic manufac-
turing with nanoinks. Inkjet related techniques seem particularly well
suited for a number of emerging applications that require low
production costs for small batch numbers on substrates other than
silicon, e.g. biomedical sensors or RFtags. Developments in
microelectronics are driven by the trend towards ever smaller
components and higher electronic densities. Many of the existing
techniques allow for flexible production on a large variety of
materials, but are limited when it comes to pattern size reduction. A
number of publications showed the potential of nanoparticle
solutions in microelectronic fabrication [1,2,3,4]. An interesting
approach towards manufacturing of continuous electrical conductors
with nanoinks, is to supply the energy necessary to evaporate the

solvent and sinter the nanoparticles into a conducting line by laser
beam. An advantage of this method is that one can deliver the
energy in a highly localized and controlled manner. In the present
work we achieved considerable size reductions of gold nanoparticle
suspension (NPS) pattern compared to previous work, by laser-
curing the nanoparticle suspension through an oil immersion lens. In
this manner we managed to manufacture conducting gold lines on
glass substrates that are sized less than 1  µm.
The setup used to deposit nanoparticle films was described in an
earlier publication by Choi et al.[5]. Thin films of a toluene solution
containing nanoparticles sized in average between 2-4 nm are
deposited using pipettes pulled out of borosilicate capillary tubes.
The size of the deposited nanoink film depends to a large extent on
the size of the pipette opening. The dimensions of the pipette
opening can be controlled in a reproducible way by using a micropi-
pette puller. A flat pipette opening is essential for an even distribution
of nanoink on the substrate. We used a pipette opening of 20 µm.
The pipette is approached to the glass substrate by a piezo stack.
The probe-substrate gap is maintained constant at the distance
where the meniscus formed and the solution first wets the substrate,
this ensures that the deposited film height is constant.
An oil immersion lens is approached from the bottom of the
substrate such that a continuous Ar-Ion laser (488-514nm) beam can
be focused through the glass substrate onto the nanoink pattern.
The focused laser beam has a width slightly below 1µm, the nanoink
film has a width of 20µm. Only a fraction of the deposited line is
cured by the laser beam, parts of the line that are not cured are
subsequently washed away with toluene. The resulting gold lines
have a width slightly smaller than 1µm and a height of a few hundred
nanometers. This is a substantial improvement compared to previous
publications that reported conductors more than 5 µm. Resistivities
are of the order of 10-6 Ωm.
In this project it was shown, that the great potential of nanoparticle
solutions in microfabrictaion with non-conventional manufacturing
techniques can be extended to the submicron range. We fabricated
continuous gold pattern in the submicron range by using oil
immersion objectives to focus a laser beam such that nanoparticle
suspension pattern can be cured into a conducting line. With further
improvements in optical equipment smaller patterns can be
expected.
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6187-01, Session 1
High-density recording storage system by collinear
holography
H. Horimai, X. Tan, Y. Aoki, OPTWARE Corp. (Japan)
Holographic information storage system (HISS) is a promising
candidate of the next-generation of storage equipment.  However,
conventional technologies (called 2-axis holography) still have
essential issues for commercialization of products.  Collinear
Holography, proposed and demonstrated by OPTWARE Corporation,
can produce a small, practical HISS more easily than conventional 2-
axis holography.  In this technology the information and reference
beams are displayed co-axially by the same SLM.  With this unique
configuration the optical pickup can be designed as small as DVD’s,
and can be placed on one side of the recording media.  HISS’s
special media structure uses a pre-formatted reflective layer for the
focus/tracking servo and for reading address information.  It also
uses a dichroic mirror interlayer for detecting holographic recording
information without interfering with the preformatted information.  A
2-dimensional digital page data format is used and the shift-
multiplexing method is employed to increase recording density.
Collinear Technologies are the most promising method for ultra-high
density and fast transfer rates HISS.  Experimental and theoretical
studies suggest that the holographic material is very effective in
increasing the recording density of the system.  As servo technology
is being introduced to control the objective lens to be maintained
precisely to the disc in the recording and the reconstructing process,
a vibration isolator is not necessary anymore.  Collinear Technology
can make HISS compatible with existing disc storage systems, like
CD and DVD, and enable us to expand its applications into other
optical information storage systems.

6187-02, Session 1
Volume holographic recording in multicomponent
photopolymers with hyperbranched polymers as organic
nanoparticles
Y. Tomita, K. Furushima, Y. Endoh, Univ. of Electro-Communications
(Japan); M. Hidaka, K. Ohmori, K. Chikama, Nissan Chemical
Industries, Ltd. (Japan)
We report on the diffraction properties of organic nanoparticle-
dispersed photopolymers in which hyperbranched polymers (HBPs)
act as transporting organic nanoparticles that increase the refractive-
index contrast of a hologram. These HBPs were prepared by the
self-condensing vinyl polymerization of inimers under ultraviolet-light
illumination, followed by hydrogen termination (i.e., the reduction
treatment) on the dithiocarbamate end group around the periphery of
HBPs with tributyltin hydride by radical transfer. This reduction
treatment made them unreactive in cross-linking chemistry during
photopolymerization. Such synthesized HBPs are easy to disperse
into monomers without any aggregation, so that samples with good
optical quality are available. It is also possible to control their size
and index of refraction by chemical treatment. We investigate the
role of HBPs in the recording dynamics for two different types of
photopolymers with radical polymerization and cationic ring-opening
polymerization. We also evaluate the effects of HBP dispersion on
light scattering, recording sensitivities and polymerization shrinkage.

6187-03, Session 1
Microholographic data storage: multilayers at the optical
resolution limit
S. Orlic, Technische Univ. Berlin (Germany); E. Dietz, Technicshe
Univ. Berlin (Germany); S. Frohmann, J. Gortner, B. Heimke, R.
Henze, C. Müller, Technische Univ. Berlin (Germany)
Microholographic data storage relies on bit-oriented recording of
microlocalized reflection gratings. These “microgratings” are
holographically induced in a photopolymer material by overlapping
two counterpropagating, sharply focused laser beams. Such the
reflectivity of the disk is varied for light fulfilling the Bragg condition
of the gratings. The microgratings can be packed very densely and
arranged in tracks and layers similar to those on a DVD. Dynamic
recording on the rotating disk results in stripe-shaped microgratings
with track-length given by a modulation coding technique such like
EFM+. Several microholographic layers can be recorded at different
depth positions within a photopolymer of few hundred microns
thickness.

In this paper we report on microholographic storage at the optical
resolution limit: Microgratings as small as the wavelength of light, are
recorded in tracks and layers to demonstrate an areal storage
density of 5 bits per square micron in a single layer. Track spacing
and bit-to-bit separation are about 740 nm, and the resolution along
the track is 100 nm. An increase in the storage density is achieved by
multilayer recording. The interlayer spacing through the depth of the
photopolymer is less than 10 micron. Results achieved in Aprilis D
Type media are presented.

6187-04, Session 1
Analysis of the temporal effects on grating evolution in
photopolymer
J. V. Kelly, M. R. Gleeson, C. E. Close, F. T. O’Neill, J. T. Sheridan,
National Univ. of Ireland/Dublin (Ireland); S. Gallego, C. Neipp, Univ.
de Alicante (Spain)
The nonlocal polymerization driven diffusion model is used to
describe holographic grating formation in acrylamide-based
photopolymer.  The free radical chain polymerization process results
in polymer being generated nonlocal both in space and time to the
point of chain initiation.  A Gaussian spatial material response
function and an exponential temporal material response function are
used to account for these effects.
In this paper we firstly examine the nature of the temporal evolution
of grating formation for short recording periods.  It is shown that in
this case, temporal effects become most notable and the inclusion of
the nonlocal temporal response function is shown to be necessary to
accurately describe the process.  In particular, brief post exposure
self-amplification of the refractive index modulation is noted.  This is
attributed to continued chain growth for a brief period after expo-
sure.  Following this a slight decay in the grating amplitude also
occurs.  This we believe is due to the continued diffusion of
monomer after exposure.  Since the sinusoidal recording pattern
generates a monomer concentration gradient during the recording
process monomer diffusion occurs both during and after exposure.
The evolution of the refractive index modulation is determined by the
respective refractive index values of the recording material compo-
nents.  From independent measurements it is noted that the
refractive index value of the monomer is slightly less than that of the
background material.  Therefore as monomer diffuses back into the
dark regions, a reduction in overall refractive index modulation
occurs.
Volume changes occurring within the material also affect the nature
of grating evolution.  To model these effects we employ a free
volume concept.  Due to the fact that the covalent single carbon
bond in the polymer is up to 50% shorter than the van der Waals
bond in the liquid monomer state, free volume is created when
monomer is converted to polymer.  For each bond conversion we
assume a hole is generated which then collapses at some character-
istic rate constant.
Incorporating each of these effects into our model, the model is then
solved using a Finite-Difference Time-Domain method (FDTD).  The
Lorentz-Lorenz relation is used to determine the overall evolution
refractive index modulation and the corresponding diffraction
efficiency of the resulting grating is calculated using Rigorous
Coupled Wave Analysis (RCWA).  Fits are then carried out to
experimental data of gratings recorded over periods of 1-2 seconds.
Good quality fits are achieved and material parameters extracted.
Monomer diffusion rates are determined to be of the order of D ~ 10-
11 cm2/s and the time constant of the nonlocal material temporal
response function being of the order of tn ~ 10-2s.  Material
shrinkage occurring over these recording periods is also determined.

6187-05, Session 1
Photopolymerizable hybrid sol-gel glasses as
holographic recording media
C. Croutxé-Barghorn, M. Feuillade, C. Carre, D. Lougnot, École
Nationale Supérieure de Chimie de Mulhouse (France)
Hybrid sol-gel materials have been widely developed for photonic
applications in recent years. Many attempts have been successfully
carried out in understanding the sol-gel process and developing new
materials for particular applications. Organically substituted
alkoxysilanes of the type (R’O)3Si-X-R, where the spacer X is a
(CH2)p (p=2,3) chain and R a functional group are investigated in the
Département de Photochimie Générale. This material combines the



158 An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe

advantages of polymers (ease of use, light weight, versatility) and the
physical properties of glass (refractive index, optical properties, heat
and mechanical resistance). In addition, since both phases are
chemically grafted, the volume shrinkage is minimized and the phase
separation is kept below the level of Rayleigh scattering. For these
reasons, organic-inorganic materials are potential candidates for
holographic data storage and for fabrication of optical diffractive
elements.
Alkoxysilanes, in which R is a reactive function are extremely
interesting for the synthesis of inorganic-organic glasses by the
photopolymerization of the organic groups. In this approach, an
organic network is formed in the matrix of the primarily formed
inorganic network. Among the large variety of ORganic MOdified
SIlicates precursors, methacryloxypropyltrime-thoxysilane was
chosen for this study. Considering the optical applications the key of
success is the understanding of photoinduced and densification
processes of the material both related to free-radical polymerization
of C=C bonds and condensation of silanol functions. The choice of
the photoinitiator is also of primordial importance. In particular, its
bleaching during the irradiation has to be complete to insure the
transparency of the final material. Various well known photoinitiator
systems consisting of a xantenic dye (Rose Bengal or Eosin) and an
amine co-sensitizer (N-phenylglycine, Ethyl-4-
dimethylaminobenzoate, N,N-dimethylaniline, Methyldiethanolamine)
were tested. The most efficient photoinitiating system as well as the
most appropriate experimental conditions were determined for the
polymerization of hybrid sol-gel layers.
Sinusoidal gratings were recorded in transmission by interference of
two coherent plane waves at 514 nm. The non uniform illumination
induces a spatially controlled photopolymerization of the organic
part, leading to a microstructuring of the sensitive layer and a
photopatterning of optical properties. Laminated hybrid sol-gel
layers were used in order to obtain only a modulation of the
refractive index through all the thickness of the sample. Indeed, the
spatially controlled illumination is at the origin of gradients of
chemical composition. Consequently diffusion processes took place
from dark areas to the others leading to a periodically spaced set of
regions with various densities, giving rise to a refractive index
modulation. The diffraction efficiencies were going from 30 % to 95
% (ratio of the diffracted intensity to the diffracted plus transmitted
intensities) for a thickness ranging respectively from 40 µm to 100
µm and a spatial frequency of 1000 lines/mm. It corresponded to a
refractive index modulation (difference between the index of the
most polymerized regions and the one of the less polymerized
regions) estimated between 4 and 5 x 10-3 according to Kogelnik’s
theory.
After the grating formation and for a storage in dark at room
temperature, the strains resulting from the structural modifications
relaxed, yielding to a slow efficiency decrease and sometimes to the
appearance of cracks in the layer. Thus, the recording process has
required some optimization. Incorporation of a plasticizer that
polymerized with the hybrid precursor enabled the generation of
more stable samples after irradiation.
The hybrid sol-gel was also used as holographic recording material.
It was first illustrated by recording the hologram of a standard
resolution target. A resolution of 17 µm was achieved. Then,
multiplexing investigation was carried out. Eight holographic gratings
were multiplexed in the layer, giving diffraction efficiencies ranging
from 4 to 6 %. This result demonstrates the possibility of an efficient
photopatterning of the HSG medium in refractive index, in view of
information storage applications.
In order to evaluate the possibility of generating Notch filters,
reflection gratings with fringe spacing of 0.17 or 0.39 µm were
recorded in the material. The usual behavior of these elements could
not be observed. In normal incidence light beams were highly
diffused, whatever the wavelength in the visible range. On the
contrary, in oblique incidence, light beams were transmitted through
the device without being diffused. This unusual behavior is not yet
explained and requires further investigation.

6187-06, Session 1
Quasi in situ microscopic study of hologram build-up in
LiNbO3 crystal
G. Mandula, I. Banyasz, Magyar Tudományos Akadémia
Szilárdtestfizikai és Optikai (Hungary)
Phase-contrast and interference microscopy were adapted for quasi

in-situ microscopic observation of the temporal evolution of phase
holograms in photorefractive crystals.
Phase-contrast and interference microscopy are common methods
for studying microscopic phase objects, including holographic phase
gratings [1,2]. These methods were used for quantitative analysis of
phase gratings in ion-implanted glasses and silver-halides recently
[3,4].
First a hologram was recorded in the sample, and diffraction
efficiency was monitored during hologram build-up using inactinic
laser light. Thus kinetics of hologram build-up could be determined.
The initial hologram was erased using white light. Then a series of
write-erase cycles were performed with increasing exposure times
up to an exposure corresponding to saturation of the grating.
Holograms were observed by phase-contrast and/or interference
microscope after each exposure. The time elapsed between the
exposure and the microscopic observation was negligible compared
to the relaxation time of the hologram. Possible erasure during
microscopic observation was checked by measuring diffraction
efficiency of the gratings after having taken the microphotos. The
obtained temporal evolution of grating profile gives a deeper insight
into the physical mechanism of hologram formation in
photorefractive materials than simple diffraction efficiency measure-
ments.
Congruently grown samples of LiNbO3: Fe, with Fe concentrations in
melting of 10-3 and 2x10-4 were studied by the above method.
Sample thickness was set to 200 ?m to allow correct microscopic
observation. Plane-wave holograms were recorded in the samples
using an Ar-ion laser at ? = 488 nm. Grating constants were between
3 and 9 ?m. Holograms were recorded at several values of interfer-
ence fringe modulation.
The results show the dependence of temporal evolution of grating
profiles on recording conditions. Differences between the measured
diffraction efficiencies and those calculated using the Kogelnik-
formula are due to nonlinear recording.
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6187-07, Session 2
Polarization properties of long-period gratings prepared
by high-intensity femtosecond 352-nm laser pulses
D. N. Nikogosyan, National Univ. of Ireland/Cork (Ireland)
Summary: We inscribed long-period gratings in a hydrogenated
SMF-28 fibre by high-intensity femtosecond 352 nm pulses via
three-photon absorption. Due to energy deposition in the fibre
cladding, such gratings are similar to those fabricated by CO2 laser
induced heating, mechanical pressure or electric arc. We found that
these gratings exhibit significant polarization properties.
Introduction: The traditional way to fabricate long-period fibre
gratings (LPFGs) is to create a periodic index modulation in the fibre
core by using UV laser light at wavelengths coinciding with the
maximum of the absorption band of defects in germanosilicate glass
near 5 eV. Other non-photochemical methods of LPFG inscription
are based on inducing refractive index changes in the cladding by
heating (by CO2 laser irradiation [1] or by electric arc [2]) or by
mechanical pressure [3]. Due to their axial asymmetry, non-
photochemical LPFGs possess significant polarization properties
[4,5].
Recently, we irradiatied telecom fibre with 352 nm femtosecond
pulses at an intensity of about 1000 GW/cm2, and inscribed LPFGs
via a three-photon absorption (3PA) process [6,7]. Such LPFGs are
characterized by a high grating strength  (up to 30 dB) due to the
strong energy deposition in the fibre cladding, which makes them
similar to LPFGs prepared by non-photochemical methods. Indeed,
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with a high total excitation energy used (11.8 eV), we can photo-
chemically inscribe LPFGs in both the cladding and the core. But as
geometrically the fibre consists mainly of the cladding and as the UV
radiation entering the fibre first propagates through the cladding,
most of the absorbed energy (98.1 % at 352 nm) will be deposited
there. It follows that LPFGs recorded this way are very asymmetric
relative to the fibre axis and, like non-photochemical LPFGs, should
possess noticeable polarization properties. In this study, we report
on properties like the polarization dependent loss (PDL) and the
differential group delay (DGD) of 352 nm induced LPFGs.
Experiment: The scheme of the experimental set-up is the same as
that used in [7]. For point-by-point LPFG inscription, we used the
third-harmonic radiation of a commercial femtosecond Nd:glass
laser. The pulse duration of the 352 nm pulses was 250 fs (FWHM),
the beam diameter was 0.27 cm (FWHM), the repetition rate is 27 Hz
and the pulse energy is up to 150  µJ. The femtosecond UV pulses
were focused by a lens, through a slit onto the fibre (with the acrylate
coating removed), which was placed behind the slit at a distance of
about 100  µm. The peak light intensity incident on the fibre was
about 1000 GW/cm2. We used the standard telecom fibre SMF-28.
The fibre’s sensitization was performed in a hydrogen atmosphere at
160 bar at 80°C for 90 hours. Annealing of the recorded LPFGs was
performed using an oven Carbolite MTF 12/25/250.
The polarization properties of the LPFGs were measured by means
of a tunable laser source EXFO FLS 2600B and a polarimeter Profile
PAT 9000. The light was launched into the fibre, containing the
grating, through a polarizer in order to fix the state of polarization.
The measurements were performed with a 100 pm wavelength
spacing. The data on polarization dependent loss and the differential
group delay were deduced from the Jones matrices by eigenmodes
analysis method [8].
Results and Discussion: Due to the narrow bandwidth of our tunable
laser source used for the polarization loss measurements, we
needed LPFGs with a maximum of transmission loss in the C + L
bands. To achieve this, we used a grating period of 390  µm and a
grating length of 3 cm. The gratings used for measurements needed
to be stabilized, so we annealed them at 160°C over 5 hours,
allowing the remaining hydrogen to out-diffuse. Such annealing
process also leads to a strong blue shift of the transmission loss
peak.
Using the polarization-scanning technique we obtained the spectra
associated with the minimum and maximum of the transmitted
power. The input state of polarization was modified using an
automated polarization controller and the maximum and minimum
amplitudes were recorded for every wavelength. The wavelength
spacing between the minimum amplitudes of the two spectra is
equal to 0.7 nm. From this value and using the simple formulae [4],
we can estimate that the modal birefringence generated in the fibre
cladding by the 352 nm inscription is equal to 1.8 x 10-6, which
correlates well with the figure obtained in the case of the CO2 laser
induced LPFG (1.7 x 10-6 [4]).
The PDL graph reveals the peak-trough-peak shape, well known
from literature [4,9,10]. It is interesting to mention that in our case the
two peaks of the PDL graph (Fig 2b) are not equal. Such an
asymmetric structure of the PDL graph is similar to that of a LPFG
recorded by a CO2 laser (with the energy deposition strongly
asymmetric in relation to the fibre core [4]) and is different from those
of the PDL graphs obtained for long-period gratings inscribed by 248
nm light (symmetric energy deposition [9,10]). The PDL value in our
case reaches more than 3 dB within the rejection band of the grating.
This value is higher than those reported previously for LPFGs of
comparable period and length prepared either photochemically by
248 nm irradiation (0.8 dB, 450  µm, 2.5 cm [9]; 1.5 dB, 500  µm, 2
cm [10]) or by CO2 laser heating (1.2 dB, 650  µm, 2.6 cm [4]). We
can also correlate the observed value of the PDL maximum to the
LPFG transmission loss peak value and again our experimental ratio
of around 20 % is much higher than those obtained in the above-
mentioned works, 12 % [4], 14 % [9] and 8 % [10]. Our high PDL
values (both absolute and relative) result from a strong azimuthally
asymmetric refractive index change, which is due to a single side
exposure and energy deposition in the fibre cladding.
The obtained DGD value for our LPFGs is about 0.3-0.4 ps. This
value is more than one order of magnitude smaller than in the case
of chirped and uniform gratings written by a conventional photo-
chemical approach [11].
Conclusion: We have shown that the long-period gratings induced
by high-intensity 352 nm femtosecond pulses are characterized by a

high value of polarization-dependent loss (3 dB) and in addition by a
small value of the differential group delay (0.3-0.4 ps) [12].
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6187-08, Session 2
Spectral characterisation of erbium-doped heavy-metal
fluoride microspherical lasers
B. J. Shortt, J. Ward, S. G. Nic Chormaic, Cork Institute of Technol-
ogy (Ireland)
The possibility of using micron sized, spherical particles as resona-
tors, has been studied since the early days of lasers. The first report
of laser action in a solid-state sphere was presented by Baer,1 using
Nd:YAG spheres with a diameter of 5 mm and a lasing threshold of
100 mW.  Thereafter efforts were focussed on reducing pump laser
power and lasing was subsequently achieved in neodymium fluoride
glass spheres with a threshold of 5 mW.2  Recently, lasing thresh-
olds at microwatt levels have been reported,3 while, simultaneously,
the size of the spheres has decreased dramatically.
If a microsphere is doped with a sufficient concentration of rare earth
ions it creates an active cavity, which acts as both the gain medium
and the resonator for lasing action.  Work on these cavities has
evolved from liquid droplets4 to solid state microcavities.  The idea
of using spherical particles for laser emission was first investigated
by Garret et al.5 using CaF2 spheres doped with samarium ions.
Other work on dye doped ethanol6 and water droplets7 has been
reported.  The main disadvantage of using droplets as microlasers is
that the lasing action takes place over the complete surface of the
droplet leading to the loss of one of the main advantages of lasers,
their directionality. The short lifetime of the droplet is also a limitation
for most applications.  Subsequently research has progressed to
using doped glass spheres,8 microdisks fabricated by etching,9 and
microrings of semiconducting polymers.10
Microdisks are composed of an optically-thin semiconductor layer
with a diameter of a few microns.  They have a small gain volume
and ultra-low threshold.  In contrast, microspheres can be made
using a number of different glasses, e.g. fluoride,8 silica11 and
phosphate,12 and these can be readily doped with varying concen-
trations of rare earth ions such as Er, Nd, Tm and Ho.  These lasers
boast low thresholds due to their small size, resulting in a significant
reduction in the pump power required for excitation.  The ease of
fabrication of such devices is an additional advantage and can be
preformed in any standard laboratory.
Mode propagation in circular microlasers is based on multiple total
internal reflections (TIR) of light within the resonant cavity structure.
The resulting electromagnetic field distributions have been termed
whispering gallery modes (WGMs) or morphology dependent
resonances (MDRs). WGMs in micro resonators have attracted a lot
of attention in recent years due to the intrinsic high Q-factors and the
very low mode volumes of typically a few hundred µm3 that can be
achieved.13  Q-factors as high as 1011 have been reported.14  This
coupling of low mode volume with high Q-factor can lead to
sufficiently high light intensities within the sphere such that non linear
effects come into play.15 The development of such microresonators
is of interest for both fundamental (e.g. cavity quantum electrody-
namics4,16) and applied studies (e.g. the development of optical
networks14).  Applications have also been identified in chemical and
biological sensing.17,18
We shall present our work on the characterisation of erbium-doped,
heavy-metal fluoride glass microspherical lasers. The microspheres
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are fabricated from a novel glass, ZBNA, optimised as host material
for erbium and to maximise laser emission in the near infra-red
region at 1.56 µm.  Our experimental investigations concern
microspheres that have typical diameters in the 40-100 µm range.
We investigate these devices as a function of pump laser power and
wavelength.  Pump light at 980 nm is coupled into the microsphere
through evanescent wave tunnelling and propagates within the
sphere in whispering gallery modes.  Both half-taper and full taper
fibre is used as the coupling element and we will discuss the
importance of ensuring the single mode adiabatic criteria is met
when using tapered fibers as coupling elements.  Strong green
fluorescence emissions at 520 nm and 540 nm have been observed
indicating the presence of excited state absorption within the
microsphere. We will present lifetime measurements of the 2H11/2
and 4S3/2 excited states of erbium; those responsible for the green
emissions in this new glass. The competition between excited state
absorption and infra-red lasing will be discussed and a rate equation
model presented to highlight some interesting features of these
processes.
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6187-09, Session 2
Development of a metrology to characterize an EUV optic
at 13.5 nm
M. Vongehr, P. Predehl, G. Hasinger, Max-Planck-Institut für
extraterrestrische Physik (Germany)
Lightsources, focussing elements and detectors working at a
wavelenght from 10nm to 20nm, so called EUV, are of  increasing
interest for the semiconductor industry, especially for lithography.
A metrology has been developed to characterize a nested Wolter I
grazing incidence optic which acts as the focussing element. It
consists of a monochromatic EUV source and a MCP detector.  The
EUV source is designed to emit radiation at a wavelength of 13.5 nm
into a solid angle of up to 2 pi sr which is realised by a silicon-
zirconium target used in transmission.
Detector and EUV source have been calibrated. In particular, the
angular dependencies of the source radiation and the detector
efficiency have been investigated, respectively.
The calibrated metrology could be used for measuring the imaging
properties of nested EUV Wolter optics revealing the pointspread
function (psf), the focal length, and the effective collecting area.
In this paper we will report on the experimental setup, the calibration,
and the results of the measurements.

6187-10, Session 2
Group delay control of picosecond optical pulses in
superstructured fiber Bragg gratings
D. Janner, D. Gatti, G. Galzerano, G. Della Valle, P. Laporta, S.
Longhi, Politecnico di Milano (Italy)
In the last few years, a great amount of work has been devoted to
obtain a good control in coherent manipulation of optical pulses
using engineered photonic structures capable of controlling the
propagation properties of light. In particular, many studies have
demonstrated that pulse delay or advancements may be achieved by
suitable engineered dispersive structures which may be useful e.g. in
all-optical packet-switching network applications[1]. Promising new
approaches to achieve optical buffering, a key functional device in
such applications, are based on large dispersive effects in coherent
light-matter interactions or in engineered slow-wave photonic
structures[2]. Among devices employing these effects, fiber-based
structures offer the advantage of a full compatibility with current
fiber-optic communication systems, though group velocity reduc-
tion[3] and operation bandwidth are modest as compared to other
engineered photonic structures (e. g. micro-ring resonators). In this
work, we present a comprehensive theoretical analysis and an
experimental demonstration of optical buffering of picosecond
pulses at 1550 nm wavelength in superstrucured fiber gratings.
Based on a coupled-mode equation analysis, we develop a general
approach to study slow wave effects in supestructured periodic
Bragg gratings, and provide design parameters for two different
types of superstructured ones[]. The designed structure have been
then fabricated by a UV based continuous writing technique and
optical buffering has been demonstrated using picosecond optical
pulses. The first structure designed and fabricated is a Moirè grating
where the index modulation profile is a product of two sinusoidal
profiles having two different periods. The short period, which is the
central Bragg wavelength, is about 1532.9 nm and the long period,
which is the Moirè period, is 25 mm. The grating length is 20 cm
comprising 8 period of the sinusoid and is apodized with a raised
cosine profile at both ends over 25% of the total length in order to
minimize the presence of secondary ripples. Such a structure
theoretically allows for pulse delays up to about two times the pulse
duration. The second type of structure is a phase-shifted Bragg
gratings comprising 100 pi-phase-jumps for a total length of 40 cm.
For this type of superstructure, the theoretical prediction indicates
pulse delays up to about three times the pulse duration
Both gratings have been fabricated on an hydrogen loaded single-
mode fiber with high numerical aperture, using a continuous writing
technique in which the UV beam from an intracavity frequency
doubled Ar-ion laser, delivering about 80 mW at 244 nm wavelength,
is focused by a cylindrical lens onto the fiber core through a phase
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mask and is strobed using an acusto-optic modulator to maintain the
coeherence of the writing process. The spatial resolution of the
phase-jumps provided by the writing system is about 1 mm, which is
limited by the size of the UV writing beam. As expected by the
theory, the transmittivity profile of both gratings presents allowed-
transmission regions distributed symmetrically at around the
principal region centered at the Bragg wavelength.
Measurement of optical buffering effects have been performed in the
Moirè fiber grating using a pulse train with variable repetition
frequency and pulse duration, generated by external modulation of a
single mode continuous-wave tunable laser diode. The bias point of
the modulator and the RF modulation power level is chosen to
generate a train of symmetric pulses without pedestals. The delayed
pulses were acquired and compared to non-delayed pulses on a fast
sampling oscilloscope with a low jitter noise and an impulsive
response of about 15 ps. For an input pulse modulated at a
frequency of 300 MHz with corresponding pulse duration of 1.2 ns, a
delay of about 1 ns is achieved at the central Bragg wavelength of
1532.89 nm, corresponding to a velocity reduction factor of about
two. At a frequency of 600 MHz, i.e. a pulse duration of 760 ps, a
delay of about 800 ps is achieved corresponding to a higher
reduction in group velocity though the output pulse is more distorted
and broadened.
Measurement of optical buffering effects for the phase-jump grating
are made using probing optical pulses of about 250 ps duration with
tunable wavelength. A pulse train is generated by external modula-
tion of a single-frequency tunable laser diode using a lithium-niobate
based Mach-Zender modulator driven by an RF amplifier providing a
distorted sinusoidal signal with a rich harmonic content around a
central frequency of 150 MHz. Pulse delays have been measured for
three different wavelength. The central wavelength (at 1544.1 nm)
showed the most intense effect with a pulse delay about 690 ps
which is slightly shorter than the theoretical value (740 ps) and
furthermore the delayed pulse turns out to be a little attenuated and
broadened (4.5 dB attenuation at peak and about 1.6 times
broadening at FWHM). Thus in this case the slowing down factor
reached the value of 2.8. For pulses tuned at the lateral transmission
bands (about 1543.85 nm and about 1544.35 nm)  a shorter delay,
very close to the theoretically expected value of about 320 ps is
observed with much less attenuation and distortion. In this case the
slowing-down factor is about 1.35 times. Larger slowing-down effect
and consequently longer pulse delays could be increased by a factor
of about 10 using optical fiber with a higher photosensitivity which
allow for a higher index change without reducing the available
bandwidth.
We will also present recent results on pulse delay tuning in Er-doped
fiber Bragg gratings pumped below threshold for lasing oscillation,
showing that a pump-controlled transition from subliminal to
superluminal pulse propagation can be achieved in simple grating
structures.
References
[1] Longhi, S. and Marano, M. and Belmonte, M. and  Laporta, P.
IEEE J. Select. Topics Quant. Elec. 9, 2 (2003)
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6187-11, Session 2
Integrating a lossless polarizing function in multilayer
laser mirrors by means of a resonant grating
O. M. Parriaux, A. V. Tishchenko, F. Pigeon, Univ. Jean Monnet
Saint-Etienne (France)
Integrating a lossless polarizing function in multilayer laser mirrors by
means of a resonant grating
O. Parriaux, A.V. Tishchenko, F. Pigeon
TSI Laboratory UMR CNRS 5516, Jean Monnet University,
F-42000 Saint-Etienne, France
parriaux\@univ-st-etienne.fr
Abstract
The association of a resonant grating with a multilayer mirror based
on a phenomenological coupled wave understanding enables an
intelligible approach to the problem of laser emission control, in
particular polarization control. A number of theoretically lossless

solutions with recent experimental demonstration will be described.
Resonant gratings as monolithic polarizing elements
In the long search for taming the emission of surface emitting planar
lasers (microchip, disk, organic lasers and VCSELs) polarization
control is one of the important issues. This problem must be talked
anew since the use of Brewster elements is geometrically impos-
sible. Wavelength scale gratings have naturally been considered as a
technologically compatible means of inducing a polarization
reflection differential in one of the laser mirrors. A large variety of
grating schemes have been proposed ranging from a shallow but
intrinsically lossy supwavelength grating defined in the last layer of
the laser mirror[1] to traumatic photonic crystal fences plunging deep
into the multilayer mirror[2].
One type of grating scheme has however been essentially over-
looked which associates both the merits of low perturbation of the
former and of high effectiveness of the latter: it is a resonant grating
using synchronous coupling of one of the polarisations to a
waveguide mode of the mirror multilayer under normal incidence
within the gain bandwidth of the active medium. Several types of
multilayer modes can be used depending on the laser configuration
and operation: true guided modes[3], modes of metal based
multilayers[4], leaky modes[5]. Besides, the mode coupling of a
polarization component can be engineered to give rise to a decrease
of the reflection coefficient by destructive interference[6], or to an
increase by constructive interference[7].
Almost all possible combinations have been designed, implemented
technologically, and very recently demonstrated experimentally[8].
The proposed paper will outline the perspectives which these
achievements open, describe the rationale of resonant polarization
filtering which lies behind the diversity of applications, discuss its
merits and limitations, and show some interesting schemes such as
the generation of the radially polarized mode of a high power laser,
the monolithic polarization of microchip lasers, longitudinal mode
filtering and polarization of a disk laser.
Examples of polarized lasers
In the first example (radial polarization), the rear cavity mirror is the
combination of a standard alternate quarter wave multilayer mirror of
high reflection with a circular line grating etched into the last high
index layer. The circular grating couples the locally TE polarization to
one of the leaky modes of the multilayer which leaks into the mirror
substrate whereas the locally TM polarization is totally reflected by
the mirror as if there was no grating, and will consequently lase. The
locally TM polarization of a circular grating actually has a radial
distribution of the electric field, therefore the radially polarized mode
of the laser will be generated.
The second example is the monolithic resonant grating output
coupler of  a Nd:YAG microchip laser. A rectilinear grating is made in
the last high index layer of the multilayer mirror which is of thickness
larger than that of a quarter wave layer. The grating couples the
emitted TE polarization into the TE waveguide mode whose field is
essentially concentrated in said layer which acts as a slab
waveguide. The grating strength is such that the high index grating
slab is in the operation regime of anomalous reflection. The low
index buffer layer between said layer and the rest of the multilayer is
given a width so that the interference product of both the anomalous
and multilayer reflections is destructive whereas the TM polarization
experiences the multilayer reflection as if there was no grating
(typically 80 - 90% depending on the laser regime). The microchip
laser will therefore emit the TM polarization.
The third example is the rear cavity of a disk laser whose optical
function is to polarize light emission and also to narrow down its line
width. The operation principle is essentially the same as in the
second example except that the thickness of the low index buffer
layer between the grating slab and the multiplayer is now construc-
tive. A difference is also that the additional requirement of longitudi-
nal mode filtering leads to a very narrow line polarization filter of less
than 1 nm width.
Further details and other examples given at the conference will show
the assets of the resonant grating approach of polarization filtering
and vividly demonstrate the intelligibility and invention power
conferred by the phenomenological approach that we use.
References
1. J.M. Ostermann et al., “Surface grating VCSELs with dynamically
stable light output polarization”, IEEE Photon. Technol. Lett., Vol. 17,
2005, to be published
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6187-12, Session 3
Comparing identically designed grayscale (50 phase
level) and binary (5 phase levels) splitters: actual versus
modeled performance
T. E. Lizotte, O. P. Ohar, R. L. Rosenberg, Hitachi Via Mechanics
USA, Inc. (USA)
Performance of diffractive optics is determined by high-quality
design and a suitable fabrication process that can actually realize the
design.  Engineers who are tasked with developing or implementing
a diffractive optic solution into a product need to take into consider-
ation the risks of using grayscale versus binary fabrication pro-
cesses.  In many cases, grayscale design doesn’t always provide the
best solution or cost benefit during product development.  This
fabrication dilemma arises when the engineer has to select a source
for design and/or fabrication.  Engineers come face to face with
reality in view of the fact that diffractive optic suppliers tend to
provide their services on a “best effort basis”.  This can be very
disheartening to an engineer who is trying to implement diffractive
optics.  This paper will compare and contrast the design and
performance of a 1 to 24 beam, two dimensional; beam splitter
fabricated using a 50 phase level grayscale and a 5 phase level
binary fabrication methods.  Optical modeling data will be presented
showing both designs and the performance expected prior to
fabrication.  An overview of the optical testing methods used will be
discussed including the specific test equipment and metrology
techniques used to verify actual optical performance and fabricated
dimensional stability of each optical element.  Presentation of the
two versions of the splitter will include data on fabrication dimen-
sional errors, split beam-to-beam uniformity, split beam-to-beam
spatial size uniformity and splitter efficiency as compared to the
original intended design performance and models.  In conclusion a
summary of helpful guidelines will be outlined for engineers seeking
to develop prototype diffractive optics.

6187-13, Session 3
Polarization diffractive elements displayed with liquid
crystal spatial light modulators
I. S. Moreno, Univ. Miguel Hernández de Elche (Spain); C. C. Iemmi,
Univ. de Buenos Aires (Argentina); A. A. Vargas, Univ. de la Frontera
(Chile); J. Campos, M. J. Yzuel, Univ. Autònoma de Barcelona
(Spain)
In this work we present the analysis of polarization diffractive
elements, and its experimental realization with a twisted nematic
liquid-crystal spatial light modulator. We analyze different spatially
variant polarization diffractive elements by an extension of the scalar
Fourier optics theory to a vectorial theory using the Jones matrix
formalism. Both the intensity and the local state of polarization
distributions in the far field Fraunhoffer approximation are analyzed.
Then we demonstrate their experimental realization using a twisted
nematic liquid crystal display. These devices have been extensively
studied for the generation of diffractive elements. For these
applications, the display is operating with proper polarization
configurations that lead to either amplitude-only or phase-only
modulations. However, these devices operate changing the state of
polarization of the incoming light as a function of the applied voltage.
Therefore, they are devices suitable for the generation of polarization

diffractive elements. We discuss the required polarization configura-
tion of the display and experimentally demonstrate the polarization /
diffraction properties of different binary polarization diffractive
elements. As examples we demonstrate the generation of polariza-
tion vortices (points where the state of polarization is not well
defined) in the far field diffraction pattern generated by a simple
square aperture divided in four sectors. Finally we extend the study
to polarization / diffractive elements with rotational symmetry and we
consider a polarization pupil filter for an optical system. We describe
both the transversal plane and the axial polarization behavior. We
show how the response of the optical system can be easily changed
from apodizing to superresolving behavior, through the orientation of
an analyzer placed behind the pupil. Experimental realization of
these polarization filters is demonstrated by placing the liquid crystal
spatial light modulator at the exit pupil of the optical system.
We acknowledge financial support from the Spanish Ministerio de
Ciencia y Tecnología (grants BFM2003-06273-C02-01/FISI and
BFM2003-06273-C02-02/FISI), Generalitat de Catalunya (grants
ACI2003-51 and ACI2003-42) and Fondo Nacional de Desarrollo
Científico y Tecnológico from Chile (FONDECYT) (grant 1040946).
REFERENCES
F. Gori, “Measuring Stokes parameters by means of a polarization
grating”; Opt. Letters 24 (9), 584-586(1999).
Ignacio Moreno, María J. Yzuel, Juan Campos and Asticio Vargas,
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6187-14, Session 3
Two applications of liquid crystal displays in diffractive
optics under polychromatic illumination
A. Márquez, Univ. de Alicante (Spain); C. C. Iemmi, Univ. de Buenos
Aires (Argentina); J. Campos, J. C. Escalera, M. J. Yzuel, Univ.
Autònoma de Barcelona (Spain)
Advances in the technology of spatial light modulators (SLM), and
particularly in liquid-crystal SLMs (LCSLM), make possible the
implementation of programmable diffractive optical elements (DOE)
whose characteristics can be changed dynamically. For these
purposes, twisted-nematic LCSLMs are especially attractive.
LCSLMs have been used in several applications such as image
processing, diffractive optics, adaptive optics, and in holographic
data storage. The modulation regimes usually required for these
applications are the amplitude-only regime or the phase-only regime.
These regimes can be obtained with LCSLMs following the model
and the optimization procedure proposed in Ref. [1]. In general, the
amplitude and phase-shift modulation provided by a LCSLM depend
strongly on the wavelength used for illumination. This is the main
reason why usually LCSLMs are only applied with monochromatic
illumination. However, there are a number of potential applications
where it would be very interesting to combine the programmability
provided by LCSLMs and the use of non-monochromatic illumina-
tion.
In this work we focus on two such applications. On one hand, we
use an axial apodizing filter to compensate the longitudinal second-
ary axial color (LSAC) effects of a commercial refractive optical
system on the polychromatic point-spread function (PSF). The
configuration of the LCSLM has been optimized to obtain a good
amplitude-mostly regime in polychromatic light. On the other hand,
we show a programmable diffractive lens which is able to provide
equal focal length for several wavelengths simultaneously. To
achieve this achromatization it is necessary that the LCD operates in
the phase-only regime simultaneously for the different wavelengths.
Some additional results for these two applications can be found in
Ref. [2,3]. Both experimental and numerical results will be provided
in this work showing the feasibility of the two applications.
We acknowledge financial support from the Spanish Ministerio de
Ciencia y Tecnología (grant BFM2003-06273-C02-01/FISI) and from
Generalitat de Catalunya (grant ACI2003-42). C. Iemmi gratefully
acknowledges the support of the Universidad de Buenos Aires and
CONICET (Argentina). A. Márquez e-mail address is
amarquez\@dfists.ua.es.
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2. A.Márquez, C. Iemmi, J. Campos, J. C. Escalera and M. J. Yzuel,
“Programmable apodizer to compensate chromatic aberration
effects using a liquid crystal spatial light modulator”, Opt. Express
13, 716-730 (2005).
3. A.Márquez, C. Iemmi, J. Campos and M. J. Yzuel, “Achromatic
diffractive lens onto a liquid crystal display”, Opt. Letters (submitted
for publication).

6187-15, Session 3
Elimination of phase errors in planar-integrated
diffractive optical Fourier transformation setups
M. Gruber, FernUniv. in Hagen (Germany)
A design approach originally proposed for holographic scanners [1]
is applied to develop single-element diffractive optical Fourier
transformation lenses that are optimally adapted for use in planar-
integrated optical setups.  The design method is based on the phase
delay function that the lens actually implements and the ideal phase
functions  of all spatial frequencies;  from the condition that both the
first and the second derivatives of the above functions are equal in
the center of aperture stop a set of differential equations is derived
that can be numerically integrated to yield the phase delay profile
and hence the shape of the Fourier lens.
The advantage of this differential design approach is that the
deviations of the actual wavefronts from the  respective ideal
wavefronts outside the center of the aperture stop which can be
considered as aberrations are largely idependent of the question
whether the optical system is operated on-axis or off-axis or whether
the system architecture is axially symmetric or not.  This is unlike
conventional optical system design where, for example, off-axis
operation drastically increases the design complexity that is required
to keep aberrations under control because due to the large field
angles the Seidel aberration theory may not be sufficient.
The differential design approach is therefore well-suited for planar-
integrated optical microsystems [2].  In this integration approach an
optical system is folded up and integrated into a transparent planar
wafer in such a way that functional optical components are located
laterally displaced at the wafer surfaces and that optical signals
travel along zigzag paths inside the wafer.  In this way the optical
system can be designed and fabricated much like an electronic
integrated circuit using lithography-based methods.
Due to the compatibility with electronic information processing
hardware planar integration  is a highly suitable technological
platform for optical/optoelectronic signal and information processing
applications.  Since many common algorithms in these fields involve
complex (spatial) filtering operations high-quality planar-optical
implementations of Fourier transformation modules are of great
practical interest.
In this paper the differential design procedure will be demonstrated
for different potential applications and geometrical system con-
straints to underline its flexibility and performance potential.  The
demonstrations include practical examples on fused silica wafers
where the Fourier transformation lenses are realized as multilevel
surface-relief diffractive optical elements.
[1]: H. Herzig,”Design of refractive and diffractive micro-optics”, in H.
Herzig (ed.) Micro-Optics, Taylor & Francis, London, 1997, pp.1-31.
[2]: M. Gruber, J.Jahns, “Planar-integrated free-space optics: From
components to systems”, in J. Jahns, K.-H. Brenner (eds.),
Microoptics, from technology to applications, Springer, New York,
2004, pp. 225-252.

6187-16, Session 3
Simulation of light propagation through a DOE using the
FDTD method
D. L. Golovashkin, Image Processing Systems Institute (Russia)
Simulation of light propagation in the rigorous electromagnetic
theory makes it possible not only to refine the results derived for
optical elements using the conventional scalar and geometric
approaches but also to extend computational methods used in
optical research to areas previously believed to be the realm of
electrodynamics. Use of micro- and nanotechnologies for fabrication
of diffractive optical elements [1] results in smaller feature sizes,
reducing them to subwavelength scale, where conventional
computation and simulation techniques become inadequate.
Among the variety of integral and differential methods for diffraction

pattern computation suited in the above case, a special place
belongs to the finite-difference time-domain scheme (FDTD method)
for solving Maxwell’s equations  [2, 3]. It is gaining popularity due to
universality and simple implementation.
In the proposed work, the well-known FDTD method is considerably
updated. A new approach taken to the formulation of radiation
conditions allows a considerable enhancement of the modeling
accuracy to be achieved, compared with the widely used TF/SF
technique. Use of the mesh domain decomposition leads to an
essential decrease in computational efforts when modeling the
propagation of monochromatic light through optical elements.
The aforesaid improvements make it possible to eliminate the FDTD
method’s major drawback, which is high computational complexity,
opening up the way for studying a wide range of optical elements in
the rigorous electromagnetic theory.
The simulation results for the performance of a variety of diffractive
microlenses are presented and the efficiencies of the conventional
and proposed versions of the FDTD methods are compared.
1. Methods for Computer Design of Diffractive Optical Elements,
Edited by Victor A. Soifer/ Generation of diffractive microrelief by
laser-aided structuring of diamond films, p. 310-323, - V.S. Pavelyev,
D.L. Golovashkin // -John Wiley & Sons, Inc., New York, USA, 2002.
2. Methods for Computer Design of Diffractive Optical Elements,
Edited by Victor A. Soifer/ Modeling the electromagnetic radiation
propagation using a method of finite differences, p. 247-258, - D.L.
Golovashkin // -John Wiley & Sons, Inc., New York, USA, 2002.
3. D.L. Golovashkin, N.L. Kazanskiy, V.N. Safina Use of the finite-
difference method for solving the problem of H-wave diffraction by
two-dimensional dielectric gratings// Optical memory and neural
networks, Vol.13, N1, 2004, p. 55-62

6187-17, Session 3
Low loss polarizing beam splitter using the long range
plasmon mode along a continuous metal film
Y. Jourlin, E. Gamet, S. Tonchev, A. V. Tishchenko, O. M. Parriaux,
Univ. Jean Monnet Saint-Etienne (France); A. Last,
Forschungszentrum Karlsruhe (Germany)
A sinusoidally weakly undulated continuous thin gold film embedded
between a polymer substrate and a thin cover of the same polymer,
the metal film thickness, the period and the wavelength being such
that a normally incident wave excites the long range plasmon mode
of the metal film, is shown to exhibit strong resonant transmission for
the local TM polarization and strong reflection of the TE polarization.
Such structure represents a very simple, average performance
polarization beam splitter for white light processing.
Polarization beam splitting by resonant light tunnelling through an
undulated thin metal film
Thin metallic films with subwavelength holes are known for transmit-
ting some spectral components of the incident light with high
efficiency [1], continuous thin metal films with periodical surface
undulation are also known to exhibit transmission peaks [2].
Coupling between the surface plasmon modes at either side of the
metal film is responsible for light tunnelling through. Most concern
has so far been on maximizing the power transmission. The present
contribution is more device oriented. It maximizes the polarization
beam splitting function of a thin metal film with 1D sinusoidal
undulation embedded within the surface of a polymer plate, and
reports on the material and process conditions for strong adhesion
between metal and polymer.
Conditions for large transmission through a thin metal film can
always be found in the presence of deep sinusoidal grooves. These
are however difficult to fabricate, and especially to replicate and
metal coat. The aim pursued here is to transmit one polarization and
to reflect the other one with the objective of the highest contrast
between TE and TM polarizations by means of a shallow undulation
easy to replicate and to metal coat. This aim can be reached
differently indeed, for instance by coupling one polarization of the
incident beam to a waveguide mode of a grating slab waveguide, the
coupled polarization undergoing theoretically 100% reflection [3], or
by using a subwavelength wire grid [4]. The former is very narrow
band, angularly and spectrally, whereas the latter is very wide band.
The present device, which is resonant like the first one, is midway
between the two previous solutions in that it has a bandwidth
corresponding to a LED.
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The requirement of fabricability (small grating depth/period ratio) are
such that the device design can fortunately be made with a high
degree of intelligibility by means of a modal vision. A symmetrically
embedded thin metal film propagates two TM plasmon supermodes
[5]: the second order mode with an even transverse magnetic field
Hx, therefore an odd longitudinal electric field Ez, and the fundamen-
tal mode of odd transverse magnetic field Hx, therefore even
longitudinal electric field. Obtaining low loss transmission of the TM
polarization through the metal film imposes the incident wave to be
coupled to, and its field accumulated in, the second order mode, the
so-called long range plasmon mode, since the latter has a zero of
the electron driving field Ez in the metal film, therefore low absorp-
tion loss. The grating period L will therefore be set to l/nelr (nelr is the
effective index of the long range plasmon given by a known
dispersion equation) so as to couple an essentially normally incident
free space wave to the long range plasmon in the wavelength range l
where the device must operate as a polarization beam splitter. The
short range plasmon of odd transverse magnetic field Hx has a larger
effective index nesr which quickly increases as the film thickness
decreases; it will not be coupled and will not participate in the
tunnelling across the metal film.
Early experimental results and fabrication technology
The TE polarization “sees” the undulated thin metal film as a mirror.
This mirror is however only partially reflecting since there is a
requirement of maximum transmission on the TM polarization. There
is an optimum which for “good” optical metals, and in the near IR
range, leads to about 90% TM transmission and 90% TE reflection
with about 5% TE transmission. The TM pass band is about 30 nm
which matches with the bandwidth of LEDs. Early experimental
results obtained with sinusoidally undulated photoresist substrate
and cover and an embedded gold film of 30 nm thickness in the 800-
900 nm wavelength range give the expected TE rejection but only
60% TM transmission.
Performancewise this is not a good polarization beam splitter.
However, the wide wavelength and angular spectra of this resonant
effect, and its potentially very low cost fabrication over a large area
make it interesting as a functional structure in the wide field of white
light processing such as in polarization recycling. Furthermore, the
fact that the period L does not have to be extremely small (actually
nelr in L= l/nelr is hardly larger than the refractive index of the
substrate polymer) implies that available state of the art
microstructuring technologies can be used to give any sort of linear
polarization distribution in the plane of the element.
The fabrication technology is not fully developed yet. Much can be
gained in TM transmission by improving the metal film deposition
technology, and in life time by improving the metal-polymer
adhesion. This is the task which is being undertaken within the
Network of Excellence NEMO and which the authors intend to report
on at the conference.
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6187-35, Poster Session
Optical holographic encrypted data storage using
lenticular lens array phase-coded multiplexing
C. Chang, G. L. Chen, P. J. Deng, W. K. Young, Chung Cheng
Institute of Technology (Taiwan)
We propose a novel optical holographic encrypted data storage
scheme based on phase encoding multiplexed scheme. In the
proposed data storage scheme, patterns of encrypted images are
stored holographically in a photorefractive LiNbO3:Fe crystal by
using lenticular lens sheet phase-encoded multiplexing. Experimental
results show that rotating a lenticular lens sheet placed as a phase

modulator in the path of the reference beam provides a simple yet
effective method of increasing the holographic storage capabilities of
the crystal. Combining this rotational multiplexing with two-axis tilting
multiplexing offers not only further data storage capabilities but also
data encryption possibilities.

6187-36, Poster Session
E-field control of the optical properties of liquid micro-
optical elements
F. T. O’Neill, L. Liu, A. J. Carr, J. T. Sheridan, National Univ. of Ireland/
Dublin (Ireland)
We are seeing the increasing importance of micro-optical elements in
both consumer and industrial products.  This importance is set to
increase as we see the further developments ongoing in the photonic
sector.  Developments such as the tuneable liquid lens [Philips]1 and
the silicon laser[Intel]2 will drive further development of these
technologies.
Integration of optical elements and current electronic circuits may lead
to a new generation of high-tech consumer photonic devices.  The
development of such products is strongly dependent of the develop-
ment of fabrication techniques that are not only compatible with the
electronics industry but that also build on the strengths of that
industry.
Many different micro-optical element fabrication methods have been
examined3, particularly over the past two decades.  These include
reactive ion etching4, photoresist reflow5 and embossing tech-
niques6,7 to name just a few.  One fabrication technique that attempts
to build on advances made in the ICT sector is the ink-jet method8.
This method involves the application of droplets of UV curable resin
with a modified inkjet head to a substrate.  The droplets are then
“cured” using a UV lamp.  This method can be used to produce
spherical lenses whose profile is dependent on the volume of the resin
used and the material properties of the materials used (e.g. surface
tension).
There are a number of difficulties with this technique however, the
positional accuracy of the method tends to be poor and the lens
profiles are also seen to shrink as the UV resin is cured.  These effects
can lead to focusing errors in the final lens elements.  The positional
errors can be reduced by pre-treating the substrate surface with a
patterned hydrophobic layer.  The shrinkage during curing is a more
intractable problem as it is a property of the material, however, the
ability to pre-shape the liquid droplet to take into account the
shrinkage may allow us to take this shrinkage into account.
In this paper we shall discuss a method that enables such perturba-
tion of the liquid droplet using applied electrostatic force9,10.  This
method provides a novel method for the control of the pre-cured lens
profile and hence the final lens optical properties11.  This method also
enables the fabrication of aspheric lenses using the inkjet technique.
The degree of aspericity being controlled in real time by varying the
applied electric field.
The analysis of this fabrication method requires the development of an
accurate lens profile measurement system.  A range of techniques can
be used to examine the resulting lens elements including mechanical
techniques such as Dektak and Talysurf profilometry and optical
techniques such as laser profilometry and interferometric techniques.
We note that in order to fully characterise this fabrication technique it
is necessary to measure the surface profile of the lens both post cuing
and also when it is in the liquid state.  The method chosen to examine
the liquid lens is interferometry.  In this study the surface profile of the
liquid lens is examined using both Twymann-Green and Mach-Zender
interferometers.
The development of these interferometric measurement systems and
the analysis software will be discussed in detail in this paper.  The
application of this system in examining the E-field induced perturba-
tion of the UV curable resin lenses will also be discussed and
attempts to control the optical properties of the lens by pre-shaping
the lens using the E-Field technique will be reported.
REFERENCES
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6187-37, Poster Session
Multiplexing holograms in an acrylamide photopolymer
E. Fernandez Varo, M. Ortuño Sanchez, S. Gallego Rico, A. Marquez
Ruiz, I. Pascual Villalobos, Univ. de Alicante (Spain)
We live in an age of information science and technology in which the
use of computers for information processing and storage has
become essential. After CD-ROM’s and DVD’s, a new field of
research has been opened up - three-dimensional holographic discs
[1]. Investigations are centred on the characterisation of new
holographic recording materials [2] and the development of new
multiplexing schedules that enable the maximum number of bits/µm2
to be stored [2,3], making use of different methods, such as angular
[4], peristrophic [5] or wavelength multiplexing [6] to store multiple
holograms in the same location.
Acrylamide photopolymers are considered interesting materials for
recording holographic memories. They have high diffraction
efficiency (ratio between diffracted and incident beams), high
energetic sensitivity and optical quality, and developing processes
are not necessary. In this work, the photopolymer is composed of
acrylamide (AA) as the polymerizable monomer, triethanolamine
(TEA) as radical generator, N,N’methylene-bis-acrylamide (BMA) as
crosslinker, yellowish eosin (YE) as sensitizer and a binder of
polyvinyl alcohol (PVA) [7]. The layers of material obtained are
approximately 1 mm thick.
A continuous Nd:YAG laser tuned at 532 nm is used to record the
holograms. The sum of the total intensity of the two recording beams
is 5 mW/cm2 and the intensity ratio 1:1. An  He-Ne laser at 633 nm is
used to reconstruct the hologram and the response of the material is
observed in real time. The diffraction gratings obtained with this
composition and set-up have approximately 1125 lines/mm and a
diffraction efficiency of  90%, with an exposure energy of just 50mJ/
cm2 [7].
A peristrophic multiplexing method is used to store various diffrac-
tion gratings in the same spot in the material. Using holographic
recording schedules, the exposure energy each hologram should
receive in order to achieve a uniform diffraction efficiency is
optimised. The purpose of these recording schedules is to enable full
advantage to be taken of the whole dynamic range of the material
and to share it  between the individual holograms. To do this, the
cumulative grating strength is represented as a function of the
exposure energy for each of the holograms recorded. From this, it is
possible to obtain the optimum exposure times, after various
iterations. When the holograms are recorded with these optimum
times, the diffraction efficiency is much more uniform.
The Scheduled Exposure Method (SEM) and the Incremental
Exposure Method (IEM) are the two multiplexing schedules used to
determine the recording times [2]. Having determined these times,
the results obtained with both methods are compared to ascertain
which method enables the greatest number of holograms to be
recorded with the highest, most uniform diffraction efficiencies.
In our preliminary results, when 18 holograms are recorded, mean
uniform diffraction efficiencies of around 8% and dynamic ranges

greater than M# =5 are obtained. Based on these results, the
objective is to take advantage of the whole of this dynamic range so
that more than 50 holograms may be recorded in the same spot in
the material, and to optimise the recording times in order to achieve
uniformity.
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6187-38, Poster Session
Applications of fast algorithms for the numerical
calculation of optical signal transforms
J. J. Healy, J. T. Sheridan, National Univ. of Ireland/Dublin (Ireland)
Any paraxial optical system which can be implemented using only
thin lenses and propagation through free or through sections of
graded index (GRIN) media, belongs to the class of systems known
as Quadratic Phase Systems (QPS).
Given some input optical wave field, the output of any (QPS) can be
described using the linear canonical transform (LCT), a unitary,
additive, three-parameter class of linear integral transform first
discovered in the 1970s [1, 2].  A number of important and familiar
transforms can be generalized to the LCT.  These include the Fourier
Transform (FT), the Fractional Fourier Transform (FRT) and the
Fresnel Transform (FST), as well as scaling and chirp multiplication.
In [3], a Fast Linear Canonical Transform (FLCT) - an O(N logN)
algorithm for the numerical calculation of the Discrete LCT (DLCT) -
was proposed.  The FLCT includes, as a special case, the FFT.  This,
and other potential FLCT algorithms, allows us to make fast
calculations on any arbitrary QPS [4, 5, 6].
The LCT has applications in areas such as encryption [7, 8],
metrology [9, 10, 11] and phase unwrapping.  Encryption techniques
using random phase masks in Fractional Fourier domains as keys
have been well explored in the literature.  However, one can use an
arbitrary LCT in place of each FRT, replacing the single key (the
order of the FRT) with three (a, b and g of the LCT).  This has been
shown to make the encryption more robust.  It has been shown that
both surface tilting and translational motion can be independently
estimated by use of the speckle photographic technique by
capturing consecutive images in two different fractional Fourier
domains [12].  The LCT also has applications in phase unwrapping.
In this paper, we examine new, flexible numerical implementations of
the FLCT.  We then apply the results to analyze optical systems for
various optical signal processing applications.
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6187-39, Poster Session
3D analysis of holographic memories based on
photopolymers using finite differences method
S. Gallego, M. Ortuno, C. Neipp, A. Márquez, A. Beléndez, E.
Fernández, Univ. de Alicante (Spain); J. V. Kelly, J. T. Sheridan,
National Univ. of Ireland/Dublin (Ireland)
Holography is an interesting approach for optical data storage
technologies. In recent years, research to achieve optimized
holographic memories has received much attention [1-3]. One of the
basic requirements for holographic memories to be competitive is
that the thickness of the recording material layer must be 500 µm or
more [1]. A greater number of holograms may be recorded with
thicker layers, since in this case the angular Bragg selectivity is
higher an the width of the angular response curve is very small [3].
Many materials have been employed as holographic memories (e.g.,
inorganic crystals, bacteriorhodopsin, photopolymers) [4-6].
Recently, new companies (Aprilis, Inphase, etc) have used photo-
polymer disk to optimize the first commercial holographic memories.
Aprilis HMD company employed a photopolymer with a storage
density greater than 100 bits/µm2 and dynamic range (M/#) around
22 [7] and Inphase Group presented a photopolymer with stringent
criteria for dynamic range, photosensitivity, non-destructive readout
and thermal stability [8]. Specifically, in our research team we use
polyvinyl alcohol/acrylamide (PVA/AA) compound and we obtain
values of dynamic range around 5. The layers of these materials,
about 1 mm thick, permit recording many diffraction gratings in the
same volume of photopolymer using different multiplexing tech-
niques, with great practical importance in the field of holographic
memories type WORM (write once read many). Therefore, the
characterization of the behavior of photopolymers is an important
fact in order to control the holographic memories based on photo-
polymers. In recent years many 2-dimensional models have been
proposed for the analysis of photopolymers [9-11]. These models
suppose that the photopolymer layer  is homogeneous in depth and
good agreement between theoretical simulations and experimental
results has been obtained for layers thinner than 200 µm. The
attenuation of the light inside the material by Beer’s law results in an
attenuation of the index profile inside the material and in some cases
the effective optical thickness of the material is lower than the
physical thickness [12]. Some approximations have been done in
order to understand the profile recorded in thick photopolymers [13].
In this work we use a Finite-Difference method to solve the 3
dimensional problem. This method has been applied successfully for
thin layares[14-15]. Now diffusion in depth direction and the
attenuations of the light inside the material by Beer’s law are also
considered, the influence of the diffusivity of material in the attenua-
tion of refractive index profile in depth is analyzed. In the last place
the results obtained are checked with experimental results obtained
using PVA/AA layers (with 1 mm of thickness).
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6187-40, Poster Session
Optical intersatellite data transmission with phase
conjugate mirror for formation flying
T. Shiratori, A. Okamoto, Hokkaido Univ. (Japan); Y. Takayama,
Japan Aerospace Exploration Agency (Japan); T. Ito, Hokkaido Univ.
(Japan)
Optical intersatellite communications in long distance realize a
downsizing and a low-power system as well as a speeding up and
dealing with high-capacity of data.  Formation Flying (FF), that is a
flying technique in which a number of satellites flies with holding their
distance, is focused in optical intersatellite communications.  The FF
is applied for a distant planetary observation, data relay and so on.
When the FF is applied to data relay, relatively close-distance
intersatellite communications (10-100km) is necessary.
We propose a new optical intersatellite communication system using
a photorefractive phase-conjugate mirror, that realizes downsizing of
the optical system and suppression of the noise from background
solar light.  Now there are two kinds of bottlenecks in optical satellite
communications.  One is difficulty in downsizing.  It is necessary to
acquire and track the satellite with a high accuracy for continuous
data transmission.  In the previous acquiring and tracking systems,
however, it was difficult to miniaturize the device, which yields a
complicated system.  The other is a low SNR caused by background
noise.  Although the noise caused by sunlight could be reduced to
some degree by use of wavelength filter, a more efficient noise
reduction technique is required for high speed data transmission.
To resolve the two problems above, we use a phase conjugation
mirror (DPCM) in the system.  A phase conjugate mirror is one of the
applications of photorefractive effect.  When a pair of laser beam is
incident into a photorefractive crystal (PRC), they are diffracted as
phase conjugate beams of the counterparts respectively.  A phase
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conjugate beam has the property of propagation in a direction
opposite to an incident beam and compensating the phase of the
incident beam as it is.  Our system increases the SNR, and thus
improves the data transmission rate because the background light
can be efficiently suppressed by spatial filtering with the phase
compensation.  In addition, our system has another advantage that
the low-power data transmission is realized because no electrical
control system is required to acquire and track the satellite with a
high accuracy.
Here we describe the one-way data transmission process in which
the signal beam from the satellite for transmission (transmitter) is
acquired by the satellite for the reception (receiver) in the FF.  The
control beam from the receiver is irradiated into space and is
incident on the PRC in the transmitter.  Simultaneously, the signal
beam from the transmitter is incident on the PRC.  The DPCM is
formed in the PRC by two beams.  The receiver acquires the
diffracted signal beam by placing the photo-detector on the point
which the diffracted signal beam is reaching the receiver.  This point
is found out by calculating the distance where the satellite orbits
while the light wave shuttle between satellites.  Once the signal
beam is acquired, the communications line is kept between satellites
because the satellites orbit with keeping the distance between the
satellites.  In this way, we can resolve the problem of the acquiring
and tracking system with a high accuracy.
In addition, to resolve the problem of the background light, the
background light is reduced by a diffuser, a pinhole and the phase
compensation of phase conjugation.  We assume that space is a
vacuum and the control beam and the background light are a plane
wave.  The diffuser is placed in the receiver on the way to the control
beam propagating to the space.  The control beam which is added a
phase-delay distortion by the diffuser and the signal beam in the
PRC form the DPCM.  Then the signal beam propagates as the
phase conjugate beam of the control beam with the background
light.  When two beams transmit the diffuser in the receiver, the
signal beam is converted to a plane wave and the background light
is diffused.  By focusing the signal beam and the background light by
the lens and by placing a pinhole at the lens focal point, the signal
beam passes through the pinhole while some of the background light
is blocked by the pinhole.  In this way, we resolve the problem of the
background light.
In this system, the beam divergence angle of the diffuser affects the
reduction amount of the background light.  If the beam divergence
angle is too large, the entire control beam is not incident on the PRC.
Then the signal beam is diffracted as a imperfect phase conjugate
beam and is not converted to a plane wave after transmitting the
diffuser.  Consequently, the signal beam having various angular
components is reduced by the pinhole.  In contrast, if the beam
divergence angle is too small, the propagation angular range of the
background light is small after transmitting the diffuser.  This leads to
decrease the reduction amount of the background light.  We
examine the optimal value of the beam divergence angle.
In addition, the SNR depends on the beam diameter of the back-
ground light after transmitting the diffuser.  When the beam diameter
is zoomed out, the propagation angular widens in the component of
the background light which is not incident at right angle to the lens.
Thus, by designing the optical system to zoom out the beam
diameter of the background light, we can reduce the background
light more effectively.  We analyze the SNR of the signal beam and
the background light about the beam divergence angle of the diffuser
and the expansion ratio of the beam diameter.

6187-41, Poster Session
Reduction of speckle in digital holograms of three-
dimensional objects using independent component
analysis
J. W. Maycock, C. P. Mc Elhinney, J. B. McDonald, T. J. Naughton,
National Univ. of Ireland/Maynooth (Ireland); B. Javidi, Univ. of
Connecticut (USA)
We have applied Independent Component Analysis (ICA) to the
removal of speckle from reconstructions of digital holograms. This
extends our previous work, where background speckle was removed
from reconstructions of digital holograms. We capture two digital
holograms of an object, using phase-shift digital interferometry, and
the reconstructions of these holograms become our observed
mixtures. ICA is then applied in order to separate out a speckle
signal and an object signal. This is considered to be a Blind Source

Separation approach. ICA computes a linear transformation of a
multi-dimensional distribution that minimizes the statistical depen-
dence between the components. It can be seen as an extension of
Principal Component Analysis where the transformed bases do not
need to be orthonormal. Although a linear technique, we show how
ICA can be applied to the reduction of speckle in digital holograms.
Results are provided using experimental data obtained from optically
captured digital holograms.

6187-42, Poster Session
Study of non-solitonic blue-green radiation generated in
mm-long photonic crystal fibres
A. A. Amorim, Instituto Politécnico do Porto (Portugal); H. M. Crespo,
L. M. Bernardo, Univ. do Porto (Portugal)
Supercontinuum generation in photonic crystal fibres has attracted
much attention, since its first observation, because of its applications
and the complex dynamics that arises during ultrafast pulse
propagation in the anomalous dispersion regime of these fibres.
It is now accepted that the generation and evolution of
supercontinuum radiation near the zero dispersion wavelength is
governed by the fission of high order solitons, which are unstable
due to several nonlinear effects. In this decay process, blueshifted
non-solitonic radiation is emitted at a certain wavelength, determined
by phase matching, and coexists with a broadband infrared
component due to the red-shifted fundamental solitons.
In this communication, we focus our attention on the non-solitonic
blue-green radiation emitted by short (~7-mm-long) highly nonlinear
photonic crystal fibres, in the anomalous dispersion regime.
Using our home-built Ti:Sapphire oscillator, which generates 2-nJ,
sub-10-fs pulses with spectra centred at 800 nm, with a repetition
rate of 85 MHz, we studied the characteristics of the light emitted by
three different fibres as a function of several parameters of the pump
pulses. Experimental results showing the dependency of spectral
characteristics of the output pulse on the zero dispersion wavelength
of the fibers and the temporal and spectral parameters of the input
pulse are presented and discussed.

6187-43, Poster Session
Phase effects in Fabry-Perot filters with multilayer
mirrors
J. Cos Corcoles, M. d. M. Sánchez-López, Univ. Miguel Hernández
de Elche (Spain); J. A. Davis, San Diego State Univ. (USA); I. S.
Moreno, Univ. Miguel Hernández de Elche (Spain)
Fabry-Perot filters are widely used in wavelength selection applica-
tions. Typically, the frequency separation between resonances,
which is a basic characteristic of the filter’s quality, depends only on
the mirror spacing and the wave velocity in the cavity. This situation
changes when the mirrors are distributed Bragg reflectors. It is well
known that the transmission resonances of a Fabry-Perot interferom-
eter with multilayer mirrors are shifted with respect to the frequency
positions in the classical Fabry-Perot interferometer. These fre-
quency shifts are a consequence of the phase introduced by the
multilayer mirrors and need to be considered in the design of such
devices. These phase effects are usually studied using the matrix
transfer method in terms of complex reflection coefficients for the
mirrors. However, this formalism is not straightforward.
In this work we propose an intuitive graphical method to describe
phase effects and frequency shifts in a Fabry-Perot interferometer
with multilayer mirrors. Our approach is based on a phasor analysis
derived from a Fourier transform (FT) technique which is usually
applied to the design of inhomogeneous optical coatings. In this FT
approach, the transmission properties of non-absorbing multilayer
structures are related to the FT of the logarithmic derivative of the
refractive index profile. This FT function, called the Q-function,
describes the coating’s reflectance/transmittance properties. The
reflectance is large when Q is large; otherwise the incident beam is
transmitted. Using this theory, we have analyzed the Q-function of a
Fabry-Perot interferometer with multilayer mirrors (QFP). This
function QFP can be written in terms of the mirrors Q-function and a
phasor η which depends on the frequency and the Fabry-Perot
interferometer characteristics (mirror spacing, unit cell length and
number of layers of the mirrors). We can easily obtain the Fabry-
Perot interferometer resonances from the condition when η is zero.
The predictions of this theory are compared with exact transfer
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matrix method results and with experimental results using coaxial
cables. Coaxial cable structures with periodicity in the impedance
reproduce in the radiofrequency range multilayer optical structures.
Fabry-Perot interferometer transmittance features, such as the mode
spacing and the behaviour with the number of mirror layers, are
analyzed.  We show that this phasor approach is also a simple
method to perform Fabry-Perot interferometer designs considering
the phase effects of the multilayer mirrors. We can easily find what
the mirror spacing should be in order to have a resonance in a
specific frequency position.

6187-44, Poster Session
Iterative and noniterative nonuniform quantisation
techniques in digital holography
A. E. Shortt, T. J. Naughton, National Univ. of Ireland/Maynooth
(Ireland); B. Javidi, Univ. of Connecticut (USA)
Compression is essential for efficient storage and transmission of
three-dimensional (3D) digital holograms. The inherent speckle
content in holographic data causes lossless compression tech-
niques, such as Huffman and Burrows-Wheeler, to perform poorly.
Therefore, the combination of lossy quantisation followed by lossless
compression is essential for effective compression of digital
holograms. Our complex-valued digital holograms of three-
dimensional real-world objects were captured using phase-shift
interferometry. Quantisation reduces the number of different real and
imaginary
values required to describe each hologram. Traditional data
compression techniques can then be applied to the hologram to
actually reduce its size. Since our data has a nonuniform distribution,
the uniform quantisation technique does not perform optimally. We
require nonuniform quantisation, since in a histogram representation
our data is denser around the origin (low amplitudes), thus requiring
more cluster centres, and sparser away from the origin (high
amplitudes). By nonuniformly positioning the cluster centres to
match the fact that there is a higher probability that the pixel will
have a low amplitude value, the cluster centres can be used more
efficiently. Nonuniform quantisation results in
cluster centres that are adapted to the exact statistics of the input
data. We analyse a number of iterative (k-means clustering, Kohonen
competitive neural network, SOM, and annealed Hopfield
neural network), and noniterative (companding, histogram, and
optimal) nonuniform quantisation techniques. We discuss the
strengths and weaknesses of each technique and highlight important
factors that must be considered when choosing between iterative
and noniterative nonuniform quantisation. We measure the degrada-
tion due to lossy quantisation in the reconstruction domain, using the
normalised rms (NRMS) metric.

6187-45, Poster Session
Spatial soliton dynamics in optically induced photonic
lattices
I. A. Tsopelas, Y. Kominis, K. Hizanidis, S. Droulias, N. Moshonas, L.
Halastanis, National Technical Univ. of Athens (Greece)
In this work we investigate the dynamics of a spatial soliton pulse
under the presence of a Linear Periodic Wave (LPW), which
dynamically induces a photonic lattice. We consider that propagation
phenomena are governed by the well-known non-linear Schrodinger
equation (NLSE), while Kerr-type non-linearity is in effect. The
perturbation term of NLS equation, which modifies the soliton-beam
propagation due to the presence of linear waves, is constructed
considering that all linear waves fulfill the linearized NLS equation.
Then, interaction phenomena are analyzed by forming a non-linear
coupled differential equation system of the evolution of the soliton-
beam parameters, which are the pulse amplitude, the transverse
velocity, the mean position and the phase. The dynamical system
governing the evolution of soliton parameters is derived by utilizing a
quasi-particle approached based on the perturbed inverse scattering
method. The system shows a nonlinear oscillatory evolution of the
soliton parameters depending strongly on the LPW launching
conditions. Direct numerical simulations of the NLS equation are
shown to be in a good agreement with the derived dynamical
system, for a wide range of the parameters.
The results show that efficient photon management, in terms of
soliton control and beam steering, can occur for appropriate choices

of the characteristics of the periodic lattice (LPW), which are the
amplitude, the period, the pulse duration, the relative position with
respect to the soliton beam in the transverse dimension and the
initial transverse velocity.

6187-46, Poster Session
Variational approach of spatial soliton formation in slab
nematic liquid crystal cells
L. S. Halastanis, G. Papazisimos, M. Manousakis, K. Hizanidis, S.
Droulias, N. Moshonas, I. A. Tsopelas, National Technical Univ. of
Athens (Greece)
We investigate the possibility of signal waveguiding, through the
formation of spatial solitons in slab cells containing a nematic liquid
crystal, biased externally by a quasi-static electric field. The model
equations assume a non-local response on the coupling between the
optical beam and the elastic properties of the molecules. A semi-
analytical approach is achieved via the variational method. Compari-
son with numerical results from the full model equations is shown
and the selection of suitable initial profiles, as far as stability is
concerned, is investigated.

6187-47, Poster Session
Modification of chain length and determination of
diffusion rates in acrylamide-based photopolymer
material
C. E. Close, M. R. Gleeson, J. V. Kelly, F. T. O’Neill, D. Mooney, J. T.
Sheridan, National Univ. of Ireland/Dublin (Ireland)
InPhase Technologies recently carried out the first public demonstra-
tion of a holographic drive system.  The system utilised a photopoly-
mer material as the recording medium.   Due to being inexpensive
and self-processing, photopolymers are good holographic recording
materials.  Photopolymers show promise for write once read many
(W.O.R.M) storage systems.  Other materials being investigated for
use in these types of recording sytems include iron doped Litium
Niobate, which although has high optical sensitivity unfortunately
undergoes gradual deletion during readout of the data.  In order to
achieve successful commercial exploitation of these photopolymer
materials, they must be inexpensive, self-processing, exhibit low loss
and have high diffraction efficiencies.
The photopolymer recording material used in this study is an
Acrylamide-based material.  At present the spatial frequency
response range of our photopolymer material is reliable between the
range of ~500 lines/mm up to ~2500 lines/mm.  The length of the
polymer chains and the rates of diffusion within the material are of
critical importance as both have an impact on the materials response
parameter and thereby impact on the spatial frequency response of
the material.
An explicit understanding of the material must be achieved before
making modifications to the compound.  This paper first of all
outlines our early work investigating rates of diffusion in our
photopolymer material.  Experiments are carried out to determine the
upper and lower limits of diffusion in the material.  The material is
photopolymerized and using the decay of diffraction efficiency over
time, a value for ap, the rate of decay of the spatial distribution of the
polymerized material, is found and hence the diffusion constant of
the polymerized material, established.
Work is then carried out to ascertain the rate of diffusion of water
within the material.  This acts as a boundary value, above which the
monomer diffusion rate, it is assumed, cannot lie.  The assumption is
based on the fact that the water molecule is significantly smaller than
the monomer molecule.  The presence of the polar bond in the water
molecule leads to questions regarding the validity of the assumption.
Thus, further experimental work is carried out using hydrocarbons,
for example Propanol, of a similar size and structure to the
acrylamide monomer.  This gives a closer estimate to the actual
diffusion value of the monomer.
The size of the polymer chains has a direct effect on the rate of
diffusion of the polymer and shortening the chain length leads to an
increase in the diffusion rate.  Shorter chains decreases the non-
local material response parameter and results in an increase in the
spatial frequency response of the material. It is expected that by
controlling the polymer chain length (molecular weight) one might
control the material spatial frequency response.  Experimental work
involving the inclusion of chain transfer agents in the material
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composition, are carried out.  The material used as chain transfer
agent is Sodium Formate.  The aim is to reduce chain length of the
polyacrylamide and thereby modify the spatial frequency response of
the material.  The success of this method is determined using
holographic techniques.  The rate of diffusion of the material, both
with and without the chain transfer agents, is compared to determine
the impact.   Successfully and quantitatively shortening the chain
lengths would result in the possibility of creating ever smaller
structures in the photopolymer material.

6187-48, Poster Session
Photochemical effects during fabrication of holographic
gratings in acrylamide-based photopolymer materials
M. R. Gleeson, J. V. Kelly, F. T. O’Neill, J. T. Sheridan, National Univ.
of Ireland/Dublin (Ireland)
In recent years there has been an increasing interest in holography
and its applications.  Holographic optical elements (H.O.E’s) have a
wide variety of possible applications, which are currently being
explored.  One of the major possibilities for H.O.E’s is data storage.
As holography records both the amplitude and phase information of
the object and records into the depth of the material a large amount
of information can be stored within small volumes.  Optimising the
recording materials is therefore of critical importance in the improve-
ment of both the techniques of recording and the actual capacity
and clarity of the information stored.  One type of holographic
recording medium, which is promising, is photopolymers [1].  They
are easy to prepare, they are self-processing, inexpensive and can
be made sensitive to different wavelengths due to the type of
photosensitive dye used.
The holographic material used in our research is an acrylamide-
based photopolymer.  We use two types of photosensitive dye to
record holographic gratings. Metylene Blue is used for recording with
a He-Ne laser (633nm) and Erythrosin is used to record with our
solid-state crystal laser of wavelength 532nm.  To improve the
characteristics of our material we developed a fully automated bulk
recording and testing system, which is controlled using a LabView [2]
program.  Using this system we can monitor the recording process in
real time to enable key parameters to be determined using
Kogelnik’s Coupled Wave [3] analysis.
By obtaining these parameters the material composition can be
changed so as to improve the performance of the material such as
its spatial frequency response or its environmental stability [4,5,6].
This also allows a better understanding of the photochemical
processes that occur during the formation of the holographic grating.
Our current work, which is presented in this paper deals with two of
the processes that occur during grating formation.  The first of these
is the photochemistry involved in the absorption of the light by the
photosensitive dye [7,8].  We monitor the power of the transmitted
beams, which are used for recording the gratings and from that can
determine useful parameters, which increase our understanding of
the process.  The second process we concentrate on is the inhibition
effect present during grating growth.  It has been noted in the
literature [9] that there is a slight delay at the start of grating growth.
The reason for this delay is due to an inhibition process, which is
present to some extent in all photopolymer recordings.  The work
done explains why it occurs and how to remove the effect [10].  It
also serves to give further insight into other photochemical pro-
cesses occurring during grating growth.
A theoretical model was developed to predict the behaviour of the
temporal evolution of the grating [11,12,13].  This model has been
improved to account for the absorption effects of the material due to
the photosensitive dye and the inhibition period, which results in a
reduction in the rate of polymerisation.

6187-49, Poster Session
Efficient diffractive collimator for edge-emitting laser
diodes
Z. Jaroszewicz, Instytut Optyki Stosowanej (Poland); A. Kowalik, K.
Gora, G. Adamkiewicz, Instytut Technologii Materialów
Elektronicznych (Poland); G. Mikula, A. Kolodziejczyk, Politechnika
Warszawska (Poland)
Compared with conventional optical systems, diffractive optical
elements are more suitable to transform laser diode beams because
they can perform more complex transfer functions and better fulfill

requirements of miniaturization. However, high numerical aperture
needed to collimate the fast axis of edge-emitting laser diodes
demands extremely high spatial frequency elements when single
DOE is used. That involves complicated design methods based on
rigorous diffraction theory and fabricating technology with sub-
wavelength resolution and nanometer accuracy. To overcome these
difficulties we propose a transmission DOE consisting of elliptical
and cylindrical zone plates fabricated onto opposite sides of a
substrate. The main advantage of such a solution lies in fact that
each of the zone plates has smaller frequency and can be made
even as 8-phase-level element with theoretically 95% diffraction
efficiency using available microlithographic technology. In result,
monolithic collimating system that allows to compensate astigma-
tism and to convert an elliptical laser diode light beam to circular one
can be achieved with NA higher than 0.5 and efficiency over 80%.

6187-50, Poster Session
Optical micromanipulation using DOEs matched with
optical vorticies
S. N. Khonina, R. V. Skidanov, V. V. Kotlyar, V. A. Soifer, Image
Processing Systems Institute (Russia)
Several laser beams with different properties can be generated
simultaneously using multi-order (or multi-channel) optical elements
or spatial light modulator matched to different orthogonal bases.
These elements may find use in optical analysis using the Bessel,
Gauss-Laguerre, and Gauss-Hermite modes: measuring the orbital
angular momentum of laser light fields; detecting the wavefront
deflection; mode division multiplexing in fiberoptic communications;
simultaneous manipulation of microparticles in a variety of ways [1-
3].
We conducted a number of experiments on micromanipulation with a
laser beam composed of multi-orders with the different optical
vorticies.
Computer-designed optical elements offer a most efficient way of
implementing the following micro-optical and -mechanical manipula-
tions. For example - rotating conducting and dielectric objects with a
laser beam carrying an orbital angular momentum.
1. Kotlyar V.V., Soifer V.A., Khonina S. N., “Optical Microparticle
Manipulation: Advances and New Possibilities Created by Diffractive
Optics”, Physics of Particles and Nuclei, 35(6), 733-766 (2004)
2. Khonina S.N., Kotlyar V.V., Skidanov R.V., Soifer V.A., Jefimovs K.,
Simonen J., Turunen J., “Rotation of microparticles with Bessel
beams generated by diffractive elements”, Journal of Modern optics,
51(14), 2167-2184 (2004)
3. Khonina S. N., Skidanov R.V., Almazov A.A., Kotlyar V.V., Soifer
V.A., Volkov A.V.,
“DOE for optical micromanipulation”, Proceedings of SPIE: Lasers
and Measurements, v. 5447, pp. 304-311 (2004).

6187-51, Poster Session
Width of the apodization area in the case of diffractive
optical elements with variable efficiency
Z. Jaroszewicz, Instytut Optyki Stosowanej (Poland); T. Osuch,
Instytut Lacnosci (Poland); A. Kolodziejczyk, Politechnika
Warszawska (Poland)
In the case of diffractive optical elements the implementation of
apodizing function by a local change of their diffraction efficiency
was proposed recently. There were described various methods for
achieving this goal: the duty ratio’s change of the binary amplitude
grating, the phase step’s splitting of the binary phase grating and the
gradual transformation of the step-like kinoform into its conjugate
across the apodization region.
However, in the majority of cases the apodization function was
varying along the length of the elements’ periods, what means that
the contribution of every period to the given point within the
apodization range was identical. Quite different situation can be
encountered in the case, when the apodization function runs
perpendicularly to the periods’ length. E.g., it takes place in the case
of apodized phase masks designed for the exposure of apodized
fiber Bragg gratings. Since contribution of every period will be
different in such a case, it could be expected that the width of the
apodization range should be significantly greater than the periods’
width.
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In the present contribution there are made numerical evaluations of
the width of the apodization area vs. the period of the grating, which
allow determining the admissible minimal width of the apodization
range.

6187-52, Poster Session
Application of the light sword optical element in a case of
presbyopia
A. Kolodziejczyk, Politechnika Warszawska (Poland); Z. Jaroszewicz,
Instytut Optyki Stosowanej (Poland) and Instytut Lacnosci (Poland);
M. Makowski, G. Mikula, I. Pawlak, K. Petelczyc, M. Sypek,
Politechnika Warszawska (Poland)
The contribution  presents abilities of the Light Sword Optical
Element (LSOE) for imaging with extended depth of focus. The LSOE
belongs to the class of optical elements focusing incident light into a
segment of the optical axis. The elements of this kind can be
potentially used as correctors of  some defects of  human eye
accommodation, especially in a case of  presbyopia. The paper
describes imaging properties of the LSOE. In particular, the point
spread functions and the modulation transfer functions of the LSOE
are analysed in detail.
It has been assumed that a lens of a human eye cannot accommo-
date and it has the optical power 50D what is equivalent of the focal
length 20 mm. It means that an uncorrected  eye can only form
unspoiled images of objects lying at infinity. The LSOE was designed
as an element that form a line focal segment corresponding to the
range  50D - 54D of optical power what is equivalent to the range
18.5 cm - 20 cm of focal lengths.
Imaging properties of the LSOE were compared with those of three
following elements:
1) spherical lens 50D, representing an uncorrected human eye with
presbyopia
2) bifocal lens corresponding to two optical powers 50D and 54D
3) trifocal lens corresponding to optical powers 50D, 52D and 54D.
We have investigated point spread functions, modulation transfer
functions and output images for five different distances between an
input object and an optical element: 5m, 1m, 50cm, 33cm and 25cm.
In the above cases the unspoiled images are formed by optical
elements with optical powers: 50.2D, 51D, 52D, 53D and 54D
respectively.
The obtained numerical results are promising. In all analysed cases
the LSOE formed recognizable images. Therefore one can expect
that optical elements focusing light in a line segment can be
successfully implemented in ophthalmology, particularly for the
presbyopia correction.

6187-53, Poster Session
Resonant grating pulse compression element with 99%
flat top efficiency for high1average-power femtosecond
laser machining
M. Flury, Univ. Jean Monnet Saint-Etienne (France); N. M. Lyndin,
General Physics Institute (Russia); R. Fechner, A. Schindler, Leibniz-
Institut für Oberflächenmodifizierung e.V. (Germany); S. H. Tonchev,
Institute of Solid State Physics (Bulgaria); M. Spajer, Univ. de
Franche-Comté (France); Y. Ouerdane, N. Destouches, D. Pietroy, S.
Reynaud, O. M. Parriaux, Univ. Jean Monnet Saint-Etienne (France)
Abstract :
Top hat diffraction efficiency in an all-dielectric SiO2/HfO2 grating
femtosecond pulse compression grating is demonstrated for the first
time with a close to 100% flat top over more than 20 nm around 800
nm wavelength. New perspectives are open for high average power
femtosecond laser machining.
Introduction :
It is known that conventional metallized gratings are not suitable in
femtosecond pulse compression stages to be used in a regime of
high average power. Heat dissipation leads to a rapid deterioration of
the metal coated resin corrugation. As early as in the mid nineties all-
dielectric reflection gratings demonstrated their capability of
achieving larger and close to 100% efficiency[1] and of sustaining
larger flux[2]. Since then, this technology has led to industrial
products of impressive size and efficiency[3]. Most achievements
and products have so far targeted high energy femtosecond pulses
of less than 100 fs duration and low repetition rate at 1054 nm

wavelength.
There is now a need for more industrial applications where the
demands are different: the nominal wavelength is that of a
Ti:sapphire laser around 800 nm, the pulse duration is significantly
above 100 fs, and the repetition rate is much larger, in the multi-KHz
range. This implies that the damage mechanisms are not so much
the electronic discharges in the dielectric layers, but the average
power, therefore thermal effects. An important consequence is that
the grating can be made in the high index last layer which consider-
ably widens the domain of parameters where 100% diffraction
efficiency can be obtained, and requests much shallower grating
depths than in silica: less than 100 nm in HfO2 or in Ta2O5 instead
of more than 500 nm in silica for the same grating period. This also
implies that the bandwidth of the compression gratings needn’t be
as wide as in ultrashort pulse applications (20 nm bandwidth seems
to be sufficient). The main demand on gratings for high average
power applications is on the diffraction efficiency. The efficiency of
all-dielectric gratings can easily reach 100% theoretically and it is
possible to get close to the theoretical maximum indeed[4].
However, the diffraction efficiency spectrum has usually the form of
a wide peak with the efficiency falling to lower values off maximum
The present contribution reports on a very different diffraction
efficiency spectrum exhibiting theoretically a 100% plateau over a
wide spectral range, and on the successful technological and
experimental demonstration of this new electromagnetic effect.
Structure design, fabrication and characterization :
The compression grating is composed of a multilayer mirror with a
pair of low and high layers on top, the grating being made in the last
high index layer. It is usually thought[5] that 100% diffraction
efficiency is an effect of constructive interference between the -1st
order directly diffracted by the grating and the -1st order diffracted
down and reflected by the multilayer mirror. The correct phenomeno-
logical cause of high diffraction efficiency is the refractive excitation
of a leaky mode of the mirror based pair of layers[6] which enables
the cancellation of the 0th reflected order which implies that the
power has nowhere else to go but to be 100% diffracted in the -1st
reflected order. With this vision in mind it is not only possible and
easy to adjust the film thicknesses so that the analytical dispersion
equation of a leaky mode is satisfied[7], it is also possible to taylor
the dispersion of the multilayer so that the dispersion equation is
satisfied over a requested wavelength range.
The theoretical diffraction efficiency spectrum is centered at 800 nm
wavelength with a flat top of 25 nm width at 100% efficiency. Such
efficiency profile is very attractive for high average power industrial
femtosecond lasers.
The multilayer is made of alternate SiO2 and HfO2 layers on a quartz
substrate. The grating was first made in a resist film exposed to an
HeCd laser interferogramme, then etched down by RIBE. The grating
groove profile measured by AFM reveals close to rectangular
grooves of 100 nm depth and about 0.7 line/space ratio which is
close to what the optimisation of the structure led to. The experimen-
tal measurement of the -1st order diffraction efficiency validates the
design objective: a flat top diffraction efficiency larger than 97% over
a bandwidth of 20 nm is obtained. The efficiency curve is slightly
shifted to shorter wavelengths which is attributed to some drift in the
refractive index of the layers at the multilayer deposition stage.
Conclusion :
This première shows that maximum diffraction efficiency can be kept
over a sufficiently wide wavelength range to ensure superior system
efficiency in high average power femtosecond machining lasers of
pulse duration larger than 100 fs.
The contribution will bring a number of new results with the same
material system and also some results obtained with the Ta2O5/SiO2
material system.
References :
[1] M.D. Perry et al., High-efficiency multilayer dielectric diffraction
gratings, Opt. Lett., Vol. 20, 1995, pp. 940-942.
[2] J.A. Britten et al., High-efficiency, dielectric multilayer gratings
optimized for manufacturability and laser damage threshold, SPIE
Vol. 2714, 1996, pp. 511-520.
[3] B. Touzet et al., Multilayer dielectric gratings enable more-
powerful high-energy lasers, Photonics Spectra, Sept. 2003, pp. 68-
75.
[4] K. Hehl et al., High-efficiency dielectric reflection gratings: design,
fabrication, and analysis, Appl. Opt., Vol. 38, 1999, pp. 6257-6271.
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[5] Lifeng Li, All-dielectric reflection gratings: a study of physical
mechanism for achieving high efficiency, Appl. Opt., Vol. 42, 2003,
pp. 6255-.
[6] A.V. Tishchenko, V.A. Sychugov,High grating efficiency by energy
accumulation in a leaky mode, Opt. & Quant. Electron., Vol. 32,
2000, pp. 1027-31.
[7] M. Flury et al., Leaky mode resonance condition ensures 100%
diffraction efficiency of mirror based resonant gratings, Proc.
Diffractive Optics DO 2005, Warsaw, 3-7 Sept. 2005.

6187-54, Poster Session
Three-dimensional monochromatic light field synthesis
with a deflectable mirror array device
E. Ulusoy, L. Onural, H. M. Ozaktas, Bilkent Univ. (Turkey); V. I.
Uzunov, A. P. Gotchev, Tampereen Teknillinen Yliopisto (Finland)
Traditionally, optics has long been interested in the synthesis of two-
dimensional light fields, in problems such as photographic imaging.
However, some of todays applications require the synthesis of light
distributions within a three-dimensional volume, and possibly
temporal behavior of light is also of concern. \cite{pies02p0222} As
an example, three-dimensional television requires the control of light
over a spatial volume, in which viewers will be present asking for
high quality three-dimensional views of scenes they watch. A class
of approaches towards this problem work with coherent monochro-
matic light, and try to synthesize some desired monochromatic light
distribution. In fact, traditional holography tries to achieve this goal
through recording and reconstruction of complex wavefronts emitted
by 3D scenes. Today, this class of approaches may altogether be
unified as three-dimensional complex light field synthesis based
approaches.
Monochromatic light fields can be synthesized with different
techniques and devices depending on the application. In real-time
applications, such as 3DTV, optical devices that can dynamically be
configured to synthesize different fields are needed. These devices
are called spatial light modulators (SLM).
Light fields are synthesized by actually controlling the degrees of
freedom present in light. A high quality synthesis can be achieved via
manipulation of a large number of these degrees of freedom.
Therefore, in such applications, SLMs of large dimensionality should
be employed. Such a candidate SLM is a deflectable mirror array
device.
The deflectable mirror array device (DMAD) is a reflection-mode
spatial light modulator. It consists of a two-dimensional array of
identical square shaped micro-mirrors. In response to some control
signals, these mirrors can be deflected along their diagonal axis,
where the deflection of each mirror can be controlled separately. The
device becomes an all digital SLM if possible deflection angles
constitute a finite set. An abundantly used commercially available
digital DMAD is the digital micromirror device (DMD) by Texas
Instruments \cite{gove94pww01}. DMADs usually consist of a large
number of mirrors, typically in the order of a million mirrors per chip.
This implies that the device is able to provide control over a large
number of degrees of freedom present in light. They have proved to
be very attractive and satisfactory for digital video display systems
\cite{horn99p0158}. Occasionally, they were employed in holo-
graphic applications. For instance, \cite{nesb99p0012} uses a DMD
to generate holographic stereograms, whereas \cite{krei01p0926}
utilizes one in holographic interferometry.
In this work, we first analyze the scalar monochromatic light field
produced by an arbitrarily configured DMAD upon illumination by an
arbitrarily directed monochromatic plane wave. In our analysis, to
model diffraction, we use the first Rayleigh-Sommerfeld diffraction
theory, which is equivalent to plane-wave decomposition, and does
not make any kind of paraxial, Fresnel or Fraunhofer approximations.
We only assume that mirrors are perfect rectangular reflectors, inter-
spacings are perfect absorbers, and the total field can be obtained
as a superposition of individual fields produced by mirrors. Within
these confines, the analysis is exact. We place no restriction on the
tilt angles, assuming that continuous tuning is also possible. Hence,
analysis contains the case in which it is only possible to tune among
a finite discrete set of angles as a special case. We demonstrate our
results with numerical simulations.
Secondly, we set the light field synthesis problem with a digital
DMAD (with an arbitrary number of finite discrete tilt angles) as an
optimization problem, in which within a volumetric spatial region of

interest, a given monochromatic light field distribution is tried to be
synthesized to the best extent. In other words, the task is to find the
best configuration for the tilt angles of mirrors, such that a pre-
defined distance metric between the propagated field and desired
field becomes minimum. At first, the problem seems to be nonlinear
with large dimensionality. We show that indeed the nonlinearity can
be decoupled, and the mentioned optimization problem can be cast
in the format of a linear constrained optimization problem. With
suitable norms and inner products, we finally achieve a linear
constraint least squares optimization problem for which a myriad of
algorithms exist.
In a real-time environment, all necessary computations regarding this
light field synthesis activity will most likely be carried on a digital
computer. Therefore, appropriate discretization and quantization
schemes should be decided. Particularly for the case of a DMAD, for
which the high dimensionality of the optimization problem is an
obstacle against satisfactory computational performance, the
digitized representations for fields produced by mirrors of DMAD as
well as specified field should be minimally redundant while the
necessary information content is preserved. Taking the above
remarks into account, we develop our sampling and quantization
strategy, after which we are left with a linear constrained optimization
problem where numerical solution techniques can readily be applied.
Finally, we adapt numerous existing numerical solution techniques to
our optimization problem. In particular, we try to identify the fastest
approaches that might be compatible with real-time operation. We
illustrate our results with computer simulations of synthesis ex-
amples.
(This work is supported by EC within FP6 under Grant 511568 with
acronym 3DTV.)

6187-55, Poster Session
Partial coherent light propagation on the base of a lateral
harmonic field decomposition
T. Paul, H. Schimmel, LightTrans GmbH (Germany); F. Wyrowski,
Friedrich-Schiller-Univ. Jena (Germany)
The need for simulation techniques of partial coherent light is
increasing very rapidly in the last years. Due to strong improvements
in the LED development these light sources become more and more
attractive to be assembled in a variety of optical systems and
therefore also the simulation techniques have to be refined. In this
paper we are delineating a method for propagating partial coherent
light on the base of harmonic fields. At this the authors describe a
decomposition of the electromagnetic field into lateral arranged
harmonic modes. Thus we are principally able to simulate the light
propagation of any quasi-monochromatic partial coherent field
through an arbitrary optical system. We verify our model by
comparing it with a well-known example given in “Optics” by Hecht
& Zajac (page 429ff.). Furthermore we illustrate the application of our
model to some practical instances like the propagation of a LED
generated field through a beam splitter or a diffractive light diffuser.

6187-56, Poster Session
Adaptive temporal and spatial shaping of coherent soft x-
rays
C. Winterfeldt, R. Kemmer, A. Paulus, T. Pfeifer, R. Spitzenpfeil, D.
Walter, G. Gerber, C. Spielmann, Univ. Würzburg (Germany)
Using adaptive temporal pulse shaping of the driving 800 nm laser
pulses, we demonstrate for the first time the complete control over
the XUV spectrum of high-order harmonics, generated in a gas-filled
hollow fiber. We achieve both the enhancement and the suppression
of single or several selected harmonic orders. These arbitrarily
shaped soft-x-ray spectra will allow for important modifications of
the resulting harmonic pulses in the temporal domain. Experiments
are in progress to determine the time structure of the shaped
harmonics using a cross-correlation technique. This constitutes first
steps towards direct attosecond pulse shaping in the soft-x-ray
domain. Moreover, we show that harmonic generation in a hollow-
core fiber can be enhanced by coupling into a single fiber mode
using a feedback-controlled adaptive two-dimensional spatial light
modulator. Temporal and spatial tailoring of harmonics opens the
way towards optimal control in the soft-x-ray domain.
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6187-57, Poster Session
Holographic compensation of amplitude non uniformities
of photopolymer chirped gratings
E. A. Dovolnov, S. N. Sharangovich, Tomsk State Univ. (Russia)
In the work we suppose a mathematical model of 3-dimensional
grating spatial profile formation in photopolymer material with optical
absorption at polymerization-diffusion processes of holographic
recording of transmitted chirped grating. The model is based on
kinetics equations of photopolymerisation and diffusion for the zero
and the first spatial harmonics of refraction index grating. We have
obtained analytical solution of the kinetics equations describing the
process of grating profiles transformation during the recording
process.
As it is shown with the help of numerical simulation, chirping leads to
non-uniformity of amplitude grating profile along grating vector due
to difference of diffusion rate for different grating periods. That
decrease the diffraction efficiency of the chirped grating. Moreover
the gratings have non uniform spatial amplitude profiles across
grating vector due to optical absorption.
The main point of the numerical calculation presented in the paper
was examination the possibilities to compensate the non uniformity
of the chirped gratings profiles with the help of amplitude profiles of
recording beams.
Influences of recording mechanisms, optical absorption, contrast
and spatial profiles of recording beams on two-dimensional grating
profiles along a grating vector and along a thickness of material have
been investigated by numerical simulation as well.

6187-58, Poster Session
Nonlinear waves in ferroelectics
E. V. Kazantseva, Univ. de Bourgogne (France); A. I. Maimistov,
Moscow Engineering Physics Institute (Russia); J. Caputo, Institut
National des Sciences Appliquées (France)
The propagation of a steady-state burst of electromagnetic field
accompanied by a solitary wave of nonequilibrium polarization
propagating on a constant background of equilibrium polarization in
ferroelectric medium is considered.
Solitons in the ferroelectric phase were found to be unstable relative
to low-frequency multiplicative modulation. Another type of solutions
- kinks (domain walls) are found to exist without an external
electromagnetic field. The increasing of an electromagnetic field
strength leads to linear growth of the kink’s amplitude.
The switching phenomena is investigated for a thin ferroelectric film.

6187-59, Poster Session
Capabilities of a new spatiotemporal CMOS imager for
nanosecond low power pulse detection
F. Morel, C. Zint, W. Uhring, Univ. Louis Pasteur (France) and Ctr.
National de la Recherche Scientifique (France); J. Le Normand, Univ.
Louis Pasteur (France) and Ctr.  National de la Recherche
Scientifique (France); Y. Hu, Univ. Louis Pasteur (France) and Ctr.
National de la Recherche Scientifique (France)
Monolithic pixel sensors made in a CMOS technology, are used
nowadays as a very important alternative to CCDs sensors for many
applications in the visible light imaging. This is due to the capability
of the CMOS sensors to implement an active pixel structure (APS)
and furthermore the readout electronics, the digital control systems,
an image enhancement system or an intelligent signal processing in
a single chip. Another marginal feature of the APS is the possibility to
control different integration time per pixel in different regions of the
array.
We put this property to good use in order to design an imager which
gives the same information than a streak camera. A streak camera
produces the one-dimensional spatial (x) intensity (I) (a streak) of a
light pulse as a function of the time (t). It results a two dimensions
image I=f(x,t). The FAst MOS Imager (FAMOSI) project consists in
reproducing completely this streak camera functionality with a single
CMOS chip. The advantages of on-chip functionalities lead to a
power reduction, a lower cost and miniaturization. In this paper, we
show the capabilities of the second version of the imager (called
FAMOSI 2). The simulated and experimental functionality of the chip
are exposed.

The Chip FAMOSI 2 implements an electronic shutter and an analog
accumulation capability inside the pixel. With this pixel FAMOSI 2
can work in single shot mode when the light pulse power is suffi-
cient. But the sensors can work in repetitive mode, i.e. it can
measures a recurrent light pulse and accumulates the successive
photo charges in an internal node, for low light pulse detection. This
repetitive mode utilizes the analog accumulation in order to improve
the sensitivity and the signal to noise ratio of the system.
The prototype has been fabricated in the AMS 0.35 µm CMOS
process. The sensor is composed of 64 columns per 64 rows of 20 x
20 µm(c)˜ pixels. The pixel is a six transistors structure and it include
a Nwell/Psub photodiode, the obtained fill factor is 47%.
Characterizations under static and uniform illumination in single shot
mode have been done in order to evaluate the performances of the
detector. The main noises levels have been evaluated and the
experiments show that a conversion gain of 4.8 µV/e- is obtained
with a dynamic range of 1.2V. Moreover, the charge transfer
characterization in single shot mode has been realized. It permits to
know which potential must be apply to the charge spill transistor to
obtain the whole dynamic of the output with a maximal transfer gain,
what is primordial to optimize the analog accumulation.
Finally, the dynamic operation of the sensors is exposed. The
simulation shows a time resolution of 400 ps and a repetition rate of
300 kHz. A 10 ns light pulse has been measured in single shot and in
accumulation mode. In order to explore the limit of the sensors, the
system has been configured in a special mode of operation in which
electrical pulses can be measured. Very fast electrical pulses as
short as 1 nanosecond emphasise some physical limits which allows
us to determine the future structure of this sensor.

6187-60, Poster Session
The optical switching formed with the organic solution
filled between a grating and a polymer plate
Y. Zhang, T. Sun, P. Yuan, Harbin Institute of Technology (China)
Introduction
With rapid development of laser technology, laser has been used in
many fields, including daily life and military equipment. In some
special cases laser is possible to damage the human eyes and
detectors. The optical switching with the performance of optical
limiting has attracted more attention. Traditional optical limiting was
based on principle of linear optics, such as absorption, reflection,
scattering, interference and diffraction. The method of linear optics,
however, cannot avoid the damage of narrow pulses of the beam for
the eyes. The optical limiting device based on nonlinear optics has
been developed well.
 An ideal switching device for optical limiting should be characteristic
of high linear transmittance at low incident beam intensity and low
transmittance at high intensity. In the paper we designed an optical
switching device by the nonlinear optical effects, such as reverse
saturable absorption and optical Kerr effect, and diffractive grating
effect. And the switching properties of the device were verified in the
experiment.
Fundamental principle of optical switching
In this paper, the fundamental principle of the optical switching by
using nonlinear grating is theoretically designed.
The grating is used to divide the wave front, or to make wave
diffraction after modulation of the phase of incident wave. Simplest
grating is one-dimension with multi-slits structure. The diffractive
light is considered in to the superposition of two components, single
slit diffraction and multi-beam interference. At the moment we can
cancel the zero-order diffraction if the selection of grating param-
eters is appropriate. By theoretical simulation the triangular grating
with special depth was thought to be used for elimination of zero-
order transmittance for special wavelength.
Experimental configuration
The optical switching consists of a special prefabricated surface-
relief diffraction grating, nonlinear solution and a plate. It is in
sandwiched configuration. The grating and plate were made of same
polymer material. The refractive index of liquid was matched to that
of the grating material. Nonlinear liquid consists of C60 in toluene,
and heavy metallic phthalocynine, PbPc (CP)4.
A doubled-frequency Nd:YAG laser at 532nm with pulse duration of
5ns was used as optical source at the repetition rate of 10Hz. The
incident beam was first passed a diaphragm to control the diameter
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of beam, and then passed a tunable attenuator. The beam was
divided into two beams, one beam hit the complex grating though a
focusing lens with focusing length of 26 centimeters, another for
reference. The transmittance beams were detected by photon
detectors. The data acquisition was collected by a computer.
Observation and discussion
When a weak light is incident the grating effect disappears, about
80% of incident light energy passes the device in the experiment. The
grating diffractive effect appears at the moment of incidence of the
beam with high intensity because of effects of reversed saturable
absorption from nonlinear solution, induced Kerr effect, thermal
scattering from bubble.
With the increase of incident energy of the beam the output energy
also increased in the experiment, but the enhancement slowly went
up, however, when the incident energy of the beam enhanced to a
constant value, the different diffraction fringes from the grating
became obvious at the screen of the output end. The output fell
suddenly at the moment. The switching effect was evident. We
observed the optical switching characteristic of the complex grating
as a function of input fluence.
The threshold effect of the switching was also observed in the
experiment. By measuring the output energy for different input
energy, we got the transmittance curve of the device.
At the beginning the incident energy was small, the refractive index of
the solution was same with that of the grating. Once the intensity
went up to a higher level the optical Kerr effect from nonlinear
solution occurred, and then index changed. The amount of the
change depended on the intensity was very small. Meanwhile the
reverse saturable absorption would absorb some part of energy. The
bubbles were produced from heating in the liquid. The index of
bubbles was the one of air, the index change would go up to its
maximum at the moment. The grating effect emerged. Most of
incident intensity was distributed to higher diffractive orders of the
grating. The zero-order intensity of the beam was very little in the
centre.
Conclusion
We specially designed the complex optical switching with sand-
wiched-like configuration and observed the switching effect in the
device in the experiment.
Keywords  grating  transmittance  optical switching
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6187-18, Session 4
Deterministic diffusers for LED illumination systems
H. Schimmel, T. Paul, LightTrans GmbH (Germany); F. Wyrowski,
Friedrich-Schiller-Univ. Jena (Germany)
During the last years LED’s became an increasing importance in
illumination. Today LED’s are available with a lot of different colours
with high optical power and for low prices. Illumination optical
systems are often based on lens like surfaces and optical compo-
nents. These components allow a very flexible achromatic deflection
of light to achieve arbitrary output intensities but suffer from high
sensitivities for variation of the light source radiation characteristics or
element alignment and surface tolerances. In the field of diffractive
optics deterministic diffusers are used for decades for diffuse
illumination applications. Diffusers allow a flexible control of light and
are relative insensitive for alignment, light source variations and
surface tolerances. The disadvantage of diffractive diffusers is the
strong angular dispersion.
The authors will explain how diffuser concepts known from diffractive
optics can be modified to design deterministic diffuser system for
LED’s. It will be explained how the partial coherent radiation
characteristics of LED’s must be considered during the diffuser
optimization. Diffuser concepts will be discussed that lead to nearly
achromatic diffuser systems that can be used for white light LED’s.

6187-19, Session 4
Wave-optical analysis of ball lens fiber coupling systems
using VirtualLab
H. Schimmel, T. Paul, LightTrans GmbH (Germany); F. Wyrowski,
Friedrich-Schiller-Univ. Jena (Germany)
Ball lenses can be used to couple light of diode lasers into single
mode fibers. To achieve a sufficient high coupling efficiency a good
combination of lenses must be. To determine the combination with
highest coupling efficiency a wave-optical simulation of light
propagation is necessary. The authors will explain how a selected
ball lens system can be simulated with the commercial wave-optical
simulation software VirtualLab. In the most practical wave-optical
analysis physical models of light propagation containing approxima-
tions must be applied. This is necessary because of limited compu-
tational speed and RAM memory of today’s computers. The
questions arises which physical model describes the light propaga-
tion in the given optical system with sufficient accuracy. To solve this
problem the authors use different models of propagation in different
parts of the optical system. By replacing step by step propagation
models with lower accuracy by models with higher accuracy it is
possible to determine a modelling of the system that delivers the
coupling efficiency with sufficient high accuracy. The authors will
demonstrate in the talk the results of paraxial, non-paraxial, scalar
and vectorial simulations.

6187-20, Session 4
Theoretical model for the analysis of diffractive optical
elements composed of a progressive variation of
subwavelength features
C. Ribot, Thales Research & Technology (France); P. Lalanne, Univ.
Paris-Sud II (France); M. L. Lee, B. Loiseaux, J. Huignard, Thales
Research & Technology (France)
In the field of hybrid optics, diffraction only modifies the incident
wavefront and corrects particular aberrations such as chromatism.
Diffractive structures used for such optical elements are composed
of Fresnel zones with  widths much larger than the wavelength. In the
case of binary diffractive optics, composed of subwavelength holes,
pillars or associations of several subwavelength geometries carefully
etched into a dielectric material [1], the electromagnetic calculation
has to take into account both each subwavelength pattern and the
entire structure. In this case, an accurate calculation requires huge
processing resources. Thus one needs a method that requires less
processing resources to go beyond this limit.
Following our earlier work [2], we have developed a model to
calculate the transmission or reflection efficiencies of such compo-
nents. The  model is applicable to any diffractive element - provided
that the optical phase delay of the diffractive element is slowly
varying at the wavelength scale.
This new model is suitable for predicting wavelength and angular
behaviours of performances of the diffractive structures. Indeed, as
such structures have a linear effect on the incident wavefront, we
can introduce Jones-type matrix relations between the incident
amplitude and the reflected or transmitted amplitudes in a specific
order. After calculations, it is then possible to obtain the diffraction
efficiencies in every diffraction order.
Firstly, we have studied the wavelength-dependence of the model at
normal incidence. Under paraxial domain approximation provided
slowly varying phase difference, the theory gives an analytical
expression of the diffraction efficiency. The model predictions have
been validated with analytical expressions in several cases, including
échelette-type diffractive element.
Secondly, at off-axis incidence, the angular influence on the
diffraction efficiency given by the model has been validated with
computational electromagnetic-theory results obtained using the
RCWA. This comparison is presented for several structures such as
blazed binary gratings and staircase profile.
Thanks to this model, we have studied a new design of large size
diffractive optical elements. This component belongs to the new
family of diffractive optical elements so-called Area-Coded Effective
medium Structures (ACES) [3]. Each periodic pattern of this
component could be described as a right prism with a triangular
base, the triangular face being on the top. This structure offers new
and flexible ways to generate phase profiles.
In this paper, we focus on the design of such structures with slowly
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varying phase difference. More specifically, we present wavelength
and angular behaviours of new designs taking into account unpolar-
ized light operation.
Performances of such ACES are compared with blazed binary
diffractive structures ones. For unpolarized incident light, we show
that under the slowly varying phase approximation the performance
of ACES-type diffractive elements is identical to that of one-
dimensional blazed binary diffractive elements composed of
subwavelength slits and ridges.
The authors acknowledge financial supports from the French
Délégation Générale de l’Armement under contract #0334011 and
from the Network of Excellence NEMO.
1. Philippe Lalanne et al., “Design and fabrication of blazed binary
diffractive elements with sampling periods smaller than the structural
cutoff”, J. Opt. Soc. Am. A 16, 1143-1156 (1999).
2. Mane-Si Laure Lee et al., “Blazed-binary diffractive elements with
periods much larger than the wavelength”, J. Opt. Soc. Am. A  17,
1250-1255 (2000 ).
3. Bernd H. Kleemann et al., “Area-coded effective medium
structures, a new type of grating design”, Opt. Lett. 30, 1617-1619
(2005).

6187-21, Session 4
Supercontinuum generation based lightwave
management applied to multiplexing format conversion
H. Sotobayashi, National Institute of Information and Communica-
tions Technology (Japan)
Photonic multiplexing format conversions are proposed using
supercontinuum generation based lightwave management. The bi-
lateral conversion and reconversion of multiplexing format of OTDM-
to-WDM-to-OTDM and OCDM-to-WDM-to-OCDM are experimen-
tally demonstrated at 40 Gbit/s.
Up to now, the primary generation of photonic networks has thrust
into the bandwidth expansion issue. But, now the next generation of
photonic networking is emerging, in which the main issue is dynamic
bandwidth provisioning on demand. In this scenario, the photonic
networks will perform routing and switching in the optical layer. The
aim is to provide photonic switching services at rates much higher
than electronic circuits can.
In this paper, multiplexing format conversions of both OTDM-to-
WDM-to-OTDM and OCDM-to-WDM-to-OCDM are experimentally
demonstrated at 40 Gbit/s (4 x 10 Gbit/s). The demonstrations are
based upon ultrafast lightwave management both in the time and
frequency domain, namely, ultrafast optical time-gating in the time
domain and supercontinuum generation followed by spectral slicing
in the frequency domain.
A potential of ultra-high-speed operation, as well as the large
scalability, distinguishes the demonstrated lightwave management
schemes from the conventional methods in the electronic domain.

6187-22, Session 4
Generation of Femtosecond pulse sequences in the
ultraviolet by spectral phase modulation
P. Nuernberger, G. Vogt, R. Selle, S. Fechner, T. Brixner, G. Gerber,
Univ. Würzburg (Germany)
We employ a 128-pixel liquid-crystal spatial light modulator to
generate variable pulse sequences from a titanium-sapphire
femtosecond laser amplifier system centered at 800 nm. By applying
phase modulations based on triangular-shaped spectral phase
patterns, pulse sequences can be generated whose overall spectrum
is still conserved but whose subpulses differ in their spectral
composition.
We further use nonlinear crystals to analyze the shape of these
pulses after frequency conversion. Our experiments show that it is
possible to transfer these pulse sequences into the ultraviolet
without losing the ability to spectrally distinguish between the
femtosecond subpulses.
This is affirmed by measurements using cross-correlation and
XFROG (cross-correlation frequency resolved optical gating)
techniques with an unmodulated laser pulse.
Simulations of the experiments are performed for comparison. We
also discuss promising applications in spectroscopy or information
encoding.

6187-23, Session 5
Grayscale fabrication errors and their impact on beam
shaper performance
T. E. Lizotte, Hitachi Via Mechanics USA, Inc. (USA)
Employing a grayscale technology for the realization of complex
diffractive optical structures does not guarantee superior perfor-
mance.  Even slight variations in etch depth, structure gradient or
surface geometry can be disastrous to the performance of the
element once fabricated. Grayscale structures, such as blazed
structures are specifically complicated because the fabrication
process must take into account and maintain consistency of
materials, photo resist, lithography, and etch process from batch to
batch. Engineers who look to implement grayscale diffractive
technology need to be conscious of these latent errors and how they
emerge during the fabrication process.  This paper will present a
case study on a beam shaper design which was fabricated in three
different batches (2000, 2004 and 2005) over a 5 year period.  Each
batch utilized a grayscale mask (manufactured in 2000) and its
established process recipe to fabricate the optical elements from
each of these batches. Specific data will be presented covering
optical design and modeling data and its comparison to data of
actual testing of the elements.   An overview will be presented
covering the optical testing and metrology techniques used to verify
the optical performance and dimensional stability of grayscale
structures forming the optical element.  In conclusion, a synopsis of
potential solutions for verification of process stability and repeatabil-
ity prior to committing to final fabrication will be offered to engineers
seeking to use grayscale technology.

6187-24, Session 5
Simulation of pulse propagation in focal regions
H. Schimmel, LightTrans GmbH (Germany); F. Wyrowski, Friedrich-
Schiller-Univ. Jena (Germany); T. Paul, LightTrans GmbH (Germany)
Laser system generating ultra short laser pulses are widely used in
science and industry. The development of optical systems for these
laser systems requires a good understanding of the pulse propaga-
tion in free space and in optical components. For practical applica-
tions not only an analytical description of pulse propagation for
special situations is of interest but also the numerical simulation of
propagation through arbitrary optical systems. The authors will
discuss the vectorial simulation of a non-paraxial lens system. The
simulation will include the effects of aberrations, material dispersion,
Fresnel losses and polarisation of the laser beam.
It is already known for a long time that numerical simulation of ultra
short pulses can be done by describing pulses by harmonic fields
with discrete wavelengths. The authors will explain how modern
wave-optical simulation concepts for harmonic fields can be adapted
to perform efficient pulse simulations. The simulation models used
for free spaces and propagation simulation through lens surfaces will
be discussed. Pulse shape in the focal region depending on the
distance from the optical axis and also the polarisation will be
shown.

6187-25, Session 5
A novel finite element method for the modeling of
multiple reflections in photonic integrated circuits
J. A. Ging, R. F. O’Dowd, National Univ. of Ireland/Dublin (Ireland)
The inexhaustible demand for higher bandwidths and data rates has
warranted the emergence of optical transmission technologies such
as Wavelength Division Multiplexing (WDM) and Dense-WDM
(DWDM) in recent years. The complex networks these techniques are
based upon rely heavily on their routing and add/drop capabilities. It
is vital that meticulous design of the devices be performed prior to
their deployment in the system. Another necessity is that stringent
optical channel monitoring is executed for both network mainte-
nance and the supervision of system performance. In the operation
of future DWDM systems where network management oversees the
optimization of bandwidth usage, a priority will be on high precision
wavelength measurements. Optical components required to
accomplish these measurements include Fabry-Perot interferometers
in conjunction with both splitters and tuneable band-pass filters.
These devices and their associated reflections and losses have been
notoriously taxing to precisely model in the past. The complex
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transverse waveguide geometries of the devices warrant the
application of intricate Numerical Methods when modelling these
types of Photonic Lightwave Circuits (PLC). Techniques such as the
Finite Element Method (FEM) and Finite Difference (FD) Method are
utilised in analysing the core waveguide structures of these PLC’s. In
this paper a novel FEM is proposed, developed and discussed in
regards to its advantages in precision over other procedures.
To date all models incorporating a finite element scheme for the
modal analysis of a waveguide have been in conjunction with either a
Beam Propagation Method (BPM) or an explicit Runge-Kutta
procedure towards solving the channel propagation equations.
Although the accuracy of these methods is exceptional, they cater
purely for simulations of the propagation in one direction. In first-
generation PLC components this may be acceptable, but in the
devices required in future networks, multiple reflections at interfaces
and in interferometer type devices will require a more rigorous
analysis of the entire system. A twinning of the FEM with an iterative
Bidirectional Eigenmode Propagation (BEP) Method is proposed and
developed here for the investigation of these multi-reflective
systems. In deploying FEM models, a certain ambiguity lies in their
practical utilisation enforcing a trade-off between simulation time and
demands on computer memory. The underlying theory of the finite
element method for optical waveguide simulations comprises of a
multitude of approaches to solving the scalar Helmholtz equation.
Past FEM techniques were based on a combination of matrix
sparsity manipulations and iterative techniques but today, even
modest computers can be utilised in more direct but denser
methods for eigenvalue solutions. This paper aspires to demonstrate
an efficient modal analysis technique founded on an appropriate
mesh with due consideration for both computational complexity and
available Random Access Memory requirements. The optimised FEM
code is then deployed in an iterative BEP program to fully account
for the propagation losses and reflections in a Fabry-Perot interfer-
ometer.
The BEP beam propagation method offers a numerically stable
model capable of simulating evanescent modes and modes travelling
bidirectionally. Coupling the BEP with the FEM can be an expensive
approach but this paper presents a process whereby simulation
times are of the same order as other methods but with a decided
improvement in precision of the propagation constants. As in all
convoluted “FEM/FD + other” schemes, the direction of propagation
is pre-discretised into a finite number of steps pending analysis of
the waveguide core cross-section(s) at that distance along the
propagation axis. The optimised Vectorial FEM code then computes
the propagation constants and the distribution of the modal power
via the Helmholtz equation and an appropriate set of boundary
conditions. These boundary conditions also play a significant role in
the precision of the calculation so it is vital that they too be
optimised. The results are then fed back into the parent BEP code
and the routine continues to the next step in the propagation
direction.
This theory portrays a modest approach to the modelling of
integrated waveguide circuits and it can be implemented with a
standard PC without extensive memory requirements or swift
processors. The technique described guarantees a quality triangula-
tion of the complex geometry with user specified tolerances that is a
suitable candidate to yield an accurate finite element solution. By
exploiting the sparsity of the derived matrices and complying with
the quadratic Eigen Decomposition, it is possible to compute the
finite element eigenvalues or propagation constants in a feasible
timeframe. This information may then be used in the superior model
for the entire PLC catering for both lossy modes and reflected or
contra-directional propagating modes.

6187-26, Session 5
Fast self-induced waveguides in photorefractive
semiconductor InP:Fe for reconfigurable optical
switching
D. Wolfersberger, N. Khelfaoui, G. Kugel, N. Fressengeas, Supélec
(France); M. Chauvet, Univ. de Franche-Comté (France)
Photorefractive materials as propagation media of low power laser
beam have recently been the object of intense theoretical and
experimental research regarding the screening of an externally
applied electric field and its influence on the self-focusing properties
of the incident beam. Most of the studies have been made during the
past decade, in isolators such as sillenite (BTO) and perovskite (SBN)

and atin steady state (neglecting the time parameter) [1] or quasi-
steady state (considering only some parameters depending on time)
[1,2] in the visible wavelength’s range both in continuous and pulse
regime [3,4]. In such materials the formation of this kind of solitons
takes quite a long time dueowing to the carriers moving and trapping
in the photorefractive medium. Till nowadays, in the semi-isolator
InP, only the case of steady state self-trapping of optical beams has
been studied [5,6].
In this study, we are interested intake a look at the fast spatial soliton
formation taking place in InP:Fe semiconductor which can be very
suitable for applications such as optical switching, for low irradiance
of CW laser at 1.06 µm and 1.55 µm wavelengths. This can be very
suitable for applications such as optical switching,
Our work consists on one hand in a theoretical investigation in the
framework of a one dimensional model considering Kukhtarev
equations with two carriers (electrons and holes) and on the other
hand in an experimental set-up showing new phenomena of
theevidencing millisecond temporal self-focusing in InP:Fe.
We propose here a new calculation of the propagation of one
continuous single laser beam in the photorefractive semiconductor
InP:Fe crystal taking into account the temporal regime at infrared
wavelengths. The model is based on the rate and charge transport
equations under the adiabatic approximation Kukhtarev equations
considering approximations such as the adiabatic approximation
where the densities of electrons and holes reaches instantaneously
the equilibrium value. Furthermore, and we suppose the electrons to
be excited thermally and the holes optically [7]. We calculate the
space charge field versus time and space by two different methods :
one using the solver “Ordinary Differential Equation” based on finite
difference method in Matlab, one using a new computation method
named ESCAPADE ( ergonomic Solver using Cellular Automata for
Partial Differential Equations) based on Cellular Automata program-
ming and automated formal computation to compute the aAutomat’s
update rule. The theoretical numerical simulations show the
possibility for a single laser beam to be self-focused in the millisec-
ond rangea short time (below ms) which is very promising for
applications in optical communication component (optical logic
gates, optical routing....).
In the wayorder to experimentally study experimentally the
photorefractive self-focusing in Indium Phosphide, a specially
designed set-up has been built up. An infrared laser beam with
power around 10 mW is strongly attenuated and focused on the
entrance face of  a  < 110 \> < ¯110 \> < 001 \> cut InP : Fe crystal,
the light propagation being along < 110 \>. The entrance polarization
is set to be parallel to < ¯110 \> axes.
The InP : Fe semiconductor belongs to the semiconductor family
characterized by tiny electro-optic coefficients, if compared to
insulators. This is compensated by a resonance phenomenon [5],
which enhances the applied electric field, yielding usable refraction
index variations. However, the resonance phenomenononly occurs at
a precise resonance optical intensity, which itself strongly depends
on temperature. Therefore, our crystal temperature is stabilized using
a Peltier cooler.
We study the temporal photorefractive self-focusing varying different
parameters such as the entrance beam waist (25 mm, 50 mm, 65
mm) using a zoom built up with two spherical lenses, the intensity
from the input beam (from 1W/cm2 to  150W/cm2) and the external
applied electric fields (-10 kV/cm,+10 kV/cm).
A CCD camera using an 2f – 2f imaging system is used to observe
the beam behavior at the output face of the crystal. Different
samples characterized by different iron densities have been tested.
The possibility for a single laser beam to be self-focused in a
response time shorter than the millisecond for intensities around 100
W/cm2 has been shown.
To summarize, both theoretically and experimentally, the fast self-
trapping of an infrared laser beam has been demonstrated with a
response time around the millisecond. A future work will consists in
building up a demonstrator of fast optical routing by interactions of
photorefractive spatial solitons.
[1] M. Wesner, C. Herden, D. Kip, E. Krätzig, and P. Moretti.
Photorefractive steady state solitons up to telecommunication
wavelengths in planar SBN waveguides. Opt.Comm., 188, 69-76,
2001.
[2] M. Morin, G. Duree, G. Salamo, and M. Segev. Waveguides
formed by quasi-steady-state photorefractive spatial solitons. Opt.
Lett., 20, 2066, 1995.
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[3] N. Fressengeas, D. Wolfersberger, J. Maufoy, and G.Kugel.
Experimental study of the self-focusing process temporal behavior in
photorefractive Bi12TiO20. App.Phys., 85, 2062, 1999.
[4] D. Wolfersberger, F.Lhomm, N. Fressengeas, and G.Kugel.
Simulation of the temporal behavior of one single laser pulse in a
photorefractive medium. Opt. Commun., 222-383, 2003.
[5] M. Chauvet, S. A. Hawkins, G. J. Salamo, M. Segev, D. F. Bliss,
G. Bryant, Opt. Lett., 21, 1333 (1996).
[6] M. Chauvet, S. A. Hawkins, G. J. Salamo, D. F. Bliss, G. Bryant,
Appl. Phys. Lett., 70, 2499 (1997).
[7] G. Picoli, P. gravey, C. Ozcul, V. Vieux, Appl. Phys., Theory of
two-wave mixing gain enhancement in photorefractive inP :Fe : a
new mechanism to resonance,  66, 3798 (1989).

6187-28, Session 5
On-fiber diffractive microrelief design for efficient control
of the waveguiding beam
V. S. Pavelyev, Samara Institute of Image Processing Systems
(Russia)
Introduction of diffractive optical elements (DOEs) opened the
possibility to control field distribution in the cross-section of laser
beam. In fact, by use of DOE one can focus the laser beam into
predicted areas [1] as well as form the beam with pre-given behavior
propagation through waveguide medium [2,3].
The diffractive micro- relief can be realized either on the separated
substrate [3] or directly on the waveguide surface [4].
Some applications need the focusing of the waveguided beam into
predicted area [4]. But generally, one can use diffractive micro-relief
on the output of waveguide in case of excitement of selected
waveguide mode only.
Another applications need selected waveguide mode excitement for
fiber sensor sensitivity improvement [5].
In the present talk it is suggested to use on-fiber diffractive micro-
relief for selected mode excitement with high-efficiency.
The strategy of the search of waveguide mode with intensity
distribution closed to the illuminating beam intensity distribution is
suggested to be used. Corresponding numerical procedure for
microrelief design is described and investigated.
Computer simulation results as well as first results of  optical
experiments are presented and discussed.
1. Duparre’ M., Golub M.A., Luedge B., Pavelyev V.S., Soifer V.A.,
Uspleniev G.V., Volotovskii S.G. Investigation of computer-generated
diffractive beam shapers for flattening of single-modal CO2-laser
beams// Applied Optics, 1995- V. 34, N 14, P. 2489-2497.
2. Methods for Computer Design of Diffractive Optical Elements,
Edited by Victor A. Soifer/Chapter 6, Selection of laser light modes,
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6187-29, Session 5
Light bottle generated by Bragg volume grating
B. Spektor, Technion - Israel Institute of Technology (Israel)
Structured light beams have useful attributes to different scientific,
industrial and technological applications. Of particular interest are
light distributions containing well-defined dark regions. Such
distributions are usually called - dark beams, black beams, doughnut
mode and light bottles and has widely  known applications in optical
metrology and atom optics. The conventional way to generate these
distributions is by various diffractive optical elements and also by
special laser cavity design. In this paper we present a simple

method, which is based on the Bragg selectivity of volume gratings.
Initial experimental results shows promising potentials of such
approach. The Bragg gratings was developed in the volume of  50-
70 microns thick photopolymer layer on a glass substrate. Experi-
mental results wiil be displayed and discussed.

6187-28, Session 6
An overview of the holographic display related tasks
within the European 3DTV Project
L. Onural, H. M. Ozaktas, Bilkent Univ. (Turkey); A. P. Gotchev,
Tampereen Teknillinen Yliopisto (Finland); J. Watson, Univ. of
Aberdeen (United Kingdom); T. M. Kreis, Bremer Institut für
Angewandte Strahltechnik (Germany); E. V. Stoykova, Central Lab. of
Optical Storage and Processing of Information (Bulgaria)
The objective of this paper is to give an overview of the current
problems that the consortium is undertaking associated only with the
holographic display and the related signal processing issues. The
two fundamental problems in holographic TV are the following: a)
Given a 3D object, with its structure and texture, compute the 3D
complex light field which would be emaneting from  such an object,
b) Given a 3D complex light field, and a physical device which is
capable of generating such 3D fields with a given degrees of
freedom, find the (electronic) signals which can drive the device.
Naturally, the ultimate problem is the concatenation of the two
problems above: given the 3D object and the field-generating source
device with its input/output characteristics and limitations, how do
we drive the device to obtain the desirable effect.  Side problems will
follow: under the constraints imposed on the physical device, what
will be the quality of the viewed best 3D reconstruction of the object.
Candidate devices are various transmittive and reflective spatial light
modulators (SLM), including deflectable mirror array devices (DMAD).
Commercially avaliable versions are of utmost interest
\cite{maen96p0015, krei01p0926}. A vast collection of related
problems in the above-mentioned signal processing area include not
only the algorithms for the solution of the problems presented above,
but also fundamental issues associated with discrete representations
of propagating waves. For example, consideration of sampling of
such signals yields rather unexpected theoretical results for the
sampling rate requirement for complete recoverability of the
underlying continuous signals \cite{gori81p0293,onur00p5929}.
Association of fractional Fourier transform and Fresnel diffraction
paves the way for importing related signal processing results directly
to the solutions of the abovementioned fundamental problems
\cite{ozak01pbook}. Yet another strong link between signal process-
ing and optical wave propagation is the direct import of some
modern signal processing techniques like, wavelets, atomic
decompositions, fresnelets, beamlets, etc. Furthermore, it is certain
that useful solutions will inevitably require the application of basic
results of information theory to the problems above, including the
presence of noise and quantization. Naturally, in addition to the basic
theoretical issues, associated fast algorithms for feasible operation
are of interest.  Furthermore, engineering approximations are
needed, and therefore, both such approximations, and their
assessment are among the open problems. However, there are
currently existing fast algorithms which can solve some rather
simpler basic problems somewhat related to the stated problems
\cite{esme04p0225}. Extensions for the color case remain  challeng-
ing.

6187-30, Session 6
Performance analysis of different multi-user optical
passive networks for quantum cryptography applications
F. Garzia, P. Curtacci, R. Cusani, E. Baccarelli, Univ. degli Studi di
Roma/La Sapienza (Italy)
Quantum cryptography allows to exchange reserved information
between two subjects using a channel whose property is governed
by quantum mechanics. In particular the cryptographic key is
exchanged using a quantum channel while the ciphered information
is exchanged using an ordinary channel.
It is well known that the weakness of a robust cryptographic system
is represented by the key exchange since who is capable of
intercepting it is also capable of decrypting the communications of
the used channel. This is the named the key distribution (KD)
problem.
In quantum cryptography a quantum channel is used to transmit and
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distribute the key. Since the behaviour of the channel is based on the
Heinsenberg Indetermination Principle, any eavesdropping attempt
represents a measure attempt that unavoidably influences the
transmitted bit pulses and that can be therefore revealed by the
users.
Since different quantum protocols (B92, SSP, EPR) have been
proposed and different optical networks are available, it is very
useful to compare the performances of the different networks from
the quantum cryptography point of view by means of significant
parameters.
The main significant parameters are the sifted key rate (Rsift) and the
quantum bit error rate (QBER).
The Rsift represents the velocity of key exchange while the QBER
represents the number of errors per second revealed by the users
due to an eavesdropping attempt. If this last parameter overcomes a
certain threshold the related key is discarded since its transmission
is considered unsafe.
The purpose of this paper is to compare, by means of Rsift and
QBER parameters, the performances of 4 different multi- user optical
passive networks (Passive Star, Optical Ring, Wavelength Router,
Wavelength Addressed Bus) working with 1310 nm and 1550 nm
carriers, when the 3 different quantum protocols (B92, SSP, EPR) are
used.
In this way it is possible to individuate the most suitable topology for
quantum key distribution (QKD) as a function of the distance and of
the number of users.

6187-31, Session 6
Three-dimensional scene reconstruction of partially
occluded objects using digital holograms
J. W. Maycock, C. P. Mc Elhinney, T. J. Naughton, J. B. McDonald,
National Univ. of Ireland/Maynooth (Ireland); B. Javidi, Univ. of
Connecticut (USA)
We have built a task specific holographic system, which has the
ability to reconstruct partially occluded objects captured using
Digital Holography. We reconstructed the scene from different
perspectives. These reconstructions can then be combined, allowing
one to look around occlusions that are obscuring one’s view of the
scene. In our experiments, we employ optically captured digital
holograms of real-world objects. We show that by iteratively
selecting different views, the original scene can be reconstructed
efficiently. This technique would be useful in situations where
transmission of the whole digital hologram, or exhaustive reconstruc-
tion of every perspective, was not feasible.

6187-32, Session 6
Speckle-based metrology systems and linear canonical
transforms photography in mixed domains
D. P. Kelly, J. E. Ward, R. F. Patten, B. M. Hennelly, Y. Liu, J. T.
Sheridan, National Univ. of Ireland/Dublin (Ireland)
It has been shown that complex paraxial optical systems, consisting
of various lens and distances of free space propagation, can be
described using the Linear Canonical Transform (LCT)1.  Indeed it
can be shown that many well know optical transforms such as the
Optical Fourier Transform (OFT)2, Optical Fractional Fourier
Transform (OFRT)3-5, the effect of a lens or Chirp Modulation
Transform (CMT) are all subsets of the more general LCT.  Using the
ABCD Collins matrix formula it is possible to represent these integral
transforms in a simpler form1, which facilitates system analysis and
design.
Speckle Photography (SP) in combination with an optical LCT can be
used to measure surface motion of an optically rough body.  It has
previously been shown6,7 that Optical FRT’s (OFRT) can be used in
speckle based metrology systems to vary the range and sensitivity of
a metrology system and also to determine both, the magnitude and
direction, of tilting (rotation) and translation motion simultaneously,
provided that the motion is captured in two separate OFRT domains.
This has been extended to the more general LCT systems8.  A
spherical wavefront can be conveniently described using the Collin’s
matrix notation.  By changing the wavefront of the illuminating light
we show that we effectively change the domain of the LCT system
without changing the bulk elements in the optical system.  Experi-
mental results are provided that show the complete motion (in-plane
translation and small surface tilting) of a rigid body can be deter-

mined using one optical LCT system and illuminating fields of varying
curvature.
Recently9 a novel reflection based optical implementation of two,
simultaneous, scale invariant, OFRT5 systems was used to develop a
compact SP system.  Using this system it was possible to indepen-
dently determine both surface tilting and in-plane translation motion
of a rigid body, from two sequential mixed domain speckle fields
captured using a single camera.  This system and captured speckle
fields are discussed in more detail.  In particular we capture speckle
fields on a camera after passage through OFRT systems of different
orders.  We observe how this speckle field varies as the fractional
order is changed.  Finally we examine the performance of this
compact SP system using optical LCT systems and under different
illuminating conditions.

6187-33, Session 6
Numerical analysis of systematic errors in an optical
encryption system
D. S. Monaghan, U. Gopinathan, D. P. Kelly, National Univ. of
Ireland/Dublin (Ireland); T. J. Naughton, National Univ. of Ireland/
Maynooth (Ireland); J. T. Sheridan, National Univ. of Ireland/Dublin
(Ireland)
Recent technological advances, such as high quality spatial light
modulators (SLMs), high resolution digital cameras and powerful
desktop computers, coupled with the overwhelming advantage of
high through put and computational speed of optical processing
systems, due to their inherent parallel nature, have stimulated
increased interest in the field of information security by means of
optical encryption.  Optical Encryption [1,2] offers the possibility of
high-speed parallel encryption of image data.  Such Encryption can
involve the capture of full field information, amplitude and phase.
Since holograms are intrinsically three dimensional (3D), a hologram
is an attractive way to represent 3D information.  Therefore Digital
holographic techniques [3-7] are employed.  When in digital form,
these holograms can be easily stored, transmitted, processed and
analysed.  Digital compression techniques have been used to enable
efficient storage and transmission of encrypted holographic data
over digital communication channels [8-9].
In the decryption process, it is usual for the complex-valued
encrypted image to be physically displayed on one or more SLMs
and then propagated through the decryption system.  To date, there
have been numerous systems of this type proposed in the literature
however there has been relatively little experimental evaluation of the
practical performance of SLMs in Encryption/Decryption systems.
Lohmann [10] has shown that the Space-Bandwidth product (SBP) of
the signal propagating through an optical system should not exceed
the SBP of the optical system. Wigner Transform has been used to
track the SBP of an optical signal propagatiing through an optical
system [11].  There are many factors that affect the SBP of the
optical system.  These include (1) the finite aperture of the elements
like lenses, SLM , CCD and other elements, (2) the pixel size and fill
factor of discrete devices like SLM and CCD (3) quantisation effects
of discrete devices like SLM and CCD.  These errors can be
classified as systematic noise in the optical system as opposed to
random noise due to internal noise of SLM, detector noise, laser light
fluctuations etc.
In this paper we present a numerical study of the limitations in SBP
of an optical system due to systematic noise.  We consider a typical
Encryption/Decryption system with two SLMs, one to display the
image to be encrypted and the other to display the random phase
mask.  We present the results from simulations of the system to
quantify the systematic noise and discuss ways to reduce these
noise in the context of image encryption/decryption.
REFERENCES
[1] U. Gopinathan, J. Joseph, K. Singh, Opt. Lett., 25, 887-889 (2000)
[2] B. Hennelly, J.T. Sheridan, Opt. Lett., 28, 269-271 (2003)
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6187-34, Session 6
Compression of phase-shifting digital holography
interference patterns
E. Darakis, J. J. Soraghan, Univ. of Strathclyde (United Kingdom)
Holography is a technique where light wavefronts emanating from
objects are recorded. Then three-dimensional (3-D) views of these
objects can be obtained by reconstructing the corresponding
wavefronts. CCD can be used to record the (digital) holograms and
the reconstruction can be performed by computers with a procedure
generally known as digital holography. In this way, recording times
are reduced substantially while further digital processing is made
possible, thus facilitating numerous practical applications.
Phase-shifting interferometry digital holography has been intro-
duced.  This method uses the phase-shifting interferometry algorithm
to directly calculate the wavefront emanating from the object at the
plane of the CCD. Then, by appropriately propagating this wavefront
to a desired distance the reconstructed object’s image is obtained.
This technique has several advantages among them that an in-line
recording setup can be used, reducing the spatial frequency of the
hologram and hence reducing the requirement of high resolution
CCD sensors. Furthermore both the zero-order term and the
conjugate image present in other digital holography techniques are
suppressed resulting in substantially increased quality.
However, apart from the numerous advantages of the phase-shifting
digital holography, the method has drawbacks as well. One
disadvantage of the phase-shifting algorithm is the calculation
overhead during the recording. In addition, one of the major
disadvantages of this method is that the complex wavefront is
recorded thus doubling the amount of data to be stored or transmit-
ted depending on the application. The recently introduced color
phase-shifting digital holography, where one such wavefront is
recorded for each of the three main colors (red, green, and blue),
further increases the data storage demands. As a result effective
holographic data compression becomes a critical issue.
Several techniques have been discussed in the literature aiming to
reduce the amount of phase-shifting holographic data to be stored.
The highly spatial uncorrelated speckle look of the wavefront and its
complex nature substantially reduces the performance of the usual
compression techniques, such as the transform based JPEG
standard, commonly used for other image compression applications.
Some non-transform based techniques for the compression of the
wavefront have also been discussed in the literature. The methods
proposed make use of quantization aiming to reduce the data
volume. Although quantization is favorable in cases where error
robustness or low computation load are of most importance, this
approach suffers from both reduced effectiveness as well as
flexibility. This is due to the fact that the resulting quality falls rapidly
as the bit-depth decreases and because only specific steps
corresponding to one or more bit reduction per sample can be made.
Interference patterns compression has been discussed but in the
case of phase-shifting holography quantization was used for
compression in this case as well, reducing both the compression
effectiveness of this method as well as the resulting quality. Given
that the interference patterns captured by the CCD cameras are
continuous tone images, we propose their compression using
standard image compression techniques such as baseline JPEG and
JPEG-2000. The compressed interference patterns are used as an
input to the phase-shifting algorithm in order to calculate the
wavefront at the plane of the CCD. This wavefront is then propa-
gated to the plane of the object and measurements on the quality of
the reconstructed object are carried out.
The study of the resulting reconstruction quality for different
compression rates of the interference patterns reveals that with the
proposed method the use of JPEG and JPEG-2000 is not only
possible, but also very effective compared to previously proposed
methods. Finally, given that both JPEG and JPEG-2000 can be used
to obtain an extensive range of compression rates, the proposed
method has the advantage of increased flexibility compared to the
preceding quantization based methods.
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6188-01, Session 1
Scalable optoelectronic methodologies for
characterization of surface shape and deformation in
electronic packaging
C. Furlong, Worcester Polytechnic Institute (USA); P. J. de Groot,
Zygo Corp. (USA)
With the trends of further miniaturization, increase in IC and device
densities, incorporation of materials with different properties, and
tighter fabrication tolerances, there are a larger number of variables
and uncertainties that must be taken into account in the develop-
ment processes of emerging technologies, e.g., microelectronics, or
especially, MEMS.  As a consequence, development of new
components must rely on extensive testing for functionality,
performance, and reliability at the different levels of the electronic
packaging.  Testing includes measurements of electrical, optical,
and/or thermomechanical responses to the driving signals and/or
environmental and loading conditions.  Furthermore, in order to
understand the mechanics of components and materials used in
their fabrication, advanced noninvasive testing methodologies,
capable of measuring the shape and changes in states of deforma-
tions of components and materials subjected to actual fabrication
and operating conditions must be applied.
In this paper, scalable optoelectronic metrology methodologies, e.g.,
digital holographic and white-light interferometry, are described with
particular emphasis on their accuracy, precision, and resolution
characteristics as they are applied to measurements at the different
levels of electronic packaging.  We show that, even though metrol-
ogy at each dimensional scale has particular limitations and
challenges, there are common metrology procedures that must be
applied, which are related to: (a) data acquisition, (b) data process-
ing, (c) synthesis of data, and (d) use of data for CAD and Computa-
tional modeling.
In our developments, we apply uncertainty and sensitivity analyses
to the design of the experimental setups as well as to the selection of
appropriate experimental procedures and parameters.  These
analyses, performed within specific dimensional, operational, and
data processing constraints, define the accuracy, precision, and
resolution characteristics for a given measurement.
Representative applications that illustrate testing procedures used
for characterizing electronic packages at different levels are
presented.

6188-02, Session 1
Submicron optical tomography by multiple-wavelength
digital holographic microscopy
F. Montfort, T. Colomb, F. Charrière, J. Kuehn, École Polytechnique
Fédérale de Lausanne (Switzerland); E. Cuche, Lyncée Tec SA
(Switzerland); C. D. Depeursinge, École Polytechnique Fédérale de
Lausanne (Switzerland)
Digital holographic microscopy (DHM) has been proved efficient for
its ability to provide nanometric resolution along the optical axis. The
surface and volume of homogeneous objects like single biological
cells can be reconstructed in 3-D and with nanometric resolution
along the optical axis. Moreover, using this technique, 3-D imaging
of microscopic objects can be achieved much faster than with
scanning or standard interferometric methods.
In calssical DHM, the reconstructed image is obtained by numerical
processing of a hologram recorded at a single wavelength (single
wave vector). Information coming from the upper and lower sections
of the object blurs the image and makes this method not suitable for
the
obtention of sectioned images. To obtain true tomographic images,
the method proposed here uses variable wavelengths illumination
waves. The reciprocal space is then scanned by changing the
diameter of the Ewald sphere. The 3-D image can be computed by
the 3-D Fourier transform of the reciprocal space. This technique,
developed along the guidelines fixed by the diffraction tomography
theorem, may appear as rather complex and cumbersome in its
practical application. Digital holography yields a particularly simple
way to express “indirectly” the diffraction tomography theorem,

remaining in the direct space. The method requires the recording at
different wavelengths equally separated in the k-domain, in off-axis
geometry, of the interference between a reference wave and an
object wave reflected by a microscopic sample and magnified by a
microscope objective. A CCD camera records separately the
resulting holograms. We reconstruct separately each hologram to
obtain their resulting wave fronts. Those wave fronts are then
summed and their phase adjusted to be equal in the plane of
interest. The result of this operation is a constructive addition of the
phases in the selected plane and destructive in the others. By
digitally varying the plane of interest, the object can be scanned in
depth. The number of wavelengths used and the wavelength range
define the thickness of the slices. For the presented simulations and
experiments, twenty wavelengths are used in the 480-700nm range.
The result is a sectioning of the object in slices of 725nm thick which
is the shortest tomographic thickness ever reported. The simulated
and used samples are irregularly height stairs of 375, 525, 975, 1200
and 1275nm and 250 microns large. The excellent matching between
simulations and experimental results show clearly the resolution of
the method. The presented method allows therefore sectioning of
microscopic objects in slices clearly under the micron thick.

6188-03, Session 1
Digital in-line holography for dynamic micrometrology
V. R. Singh, Nanyang Technological Univ. (Singapore); G. Hedge,
Ngee Ann Polytechnic (Singapore); A. K. Asundi, Nanyang Techno-
logical Univ. (Singapore)
In this paper in-line digital holography has been explored for dynamic
micro metrological applications. In in-line digital holography, full CCD
sensor area is utilized for real image reconstruction of the objects
with less speckle noise. Numerical evaluation of the amplitude and
phase information during reconstruction process finds promising
applications in optical micro-metrology. Vibration analysis of the
smaller objects has been performed by combining the time average
principle with in-line digital holographic methods. In particular a
double exposure method has been explored. This method is
simultaneously used to suppress the overlapping of zero-order and
twin image wave with real image wave. Furthermore, the double
exposure method is extended for whole 3-D dynamic analysis of
transparent objects. The theoretical analysis of the method is given
and experimentally verified.

6188-04, Session 1
Measurements of corner cubes microstructures by high-
magnification digital holographic microscopy
J. G. Kühn, École Polytechnique Fédérale de Lausanne (Switzerland);
E. Cuche, Y. Emery, Lyncée Tec SA (Switzerland); T. Colomb, F.
Charrière, F. Montfort, A. M. Marian, École Polytechnique Fédérale
de Lausanne (Switzerland); M. Botkine, N. Aspert, Lyncée Tec SA
(Switzerland); C. D. Depeursinge, École Polytechnique Fédérale de
Lausanne (Switzerland)
Tel +41 21 693 0220, Fax +41 21 693 0229, E-mail:
yves.emery\@lynceetec.com
1. “Oral Presentation”
ABSTRACT TEXT
We report on a method called Digital Holographic Microscopy (DHM)
applied to transparent microstructures measurements. This
technique enables digital reconstruction of holograms acquired by a
CCD camera with a computer. In a similar way like in classical
holography, the diffraction of a wavefront by the hologram is
computed and numerically propagated along a reconstruction
distance to any observation plane of choice. The numerical knowl-
edge of the complex wavefront allows computation of the amplitude
and noticeably the phase, which leads to nanometer-scale quantita-
tive measurements along the optical axis (lateral resolution is
diffraction-limited). This gives access to the optical path length,
refractive index or shape of the specimen under investigation, either
in transmission or in reflection configuration.
Moreover, the use of CCD cameras enables high-speed real-time
measurements, and wavefront deformations (aberrations, or even
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specimen shape) are easily corrected or compensated at the
numerical level.
DHM already found various applications in the field of microstruc-
tures metrology, like MEMS/MOEMS real time monitoring or micro-
lens arrays characterization. Here we present quantitative measure-
ments of transparent micro-corner cubes arrays, used for kinegrams
in the security printing industry. These kinds of periodic structures
are usually imaged by Scanning Electron Microscopy (SEM), but
results may be difficult to exploit, in particular in term of quantitative
information retrieval.
Our experiment was performed using a DHM in transmission
configuration with a 100x magnification 1.3 NA oil immersion
microscope objective, with a diode laser source at 664 nm. We used
a calculation model with two immersion liquids for the experiment,
the first one to resolve the phase jumps by using a refractive index
liquid near to the sample index, and the second one in combination
to retrieve the sample topology from the optical path length
information. Such a model makes absolute topographic measure-
ments of high aspect ratio transparent samples achievable by digital
holography microscopy. Thanks to our phase measurement
precision within 1°, we found possible to measure accurately the
slopes at each faces of the micro-corner cubes under investigation,
and this with a good theoretical agreement.
2. KEY WORDS Microscopy, digital holography, metrology,
microstructures, kinegram
BRIEF BIOGRAPHY (of principal author)
Jonas Kühn is presently doing his PhD work within the Micro-vision
and Micro-diagnosis Group of Dr. Christian Depeursinge at the
Institute of Imaging and Applied Optics (IOA) of the Swiss Federal
Institute of Technology (EPFL) in Lausanne, Switzerland. His
research field is digital holography microscopy (DHM), with a scope
on extending the technology application range, axial resolution and
image quality.

6188-05, Session 1
Automatic procedure for aberrations compensation in
digital holographic microscopy
T. Colomb, École Polytechnique Fédérale de Lausanne (Switzerland);
J. Kuehn, Ecole Polytechnique Fédérale de Lausanne (Switzerland);
E. Cuche, Lyncée Tec SA (Switzerland); F. Charrière, F. Montfort, A.
M. Marian, École Polytechnique Fédérale de Lausanne (Switzerland);
N. Aspert, Lyncée Tec SA (Switzerland); C. D. Depeursinge, École
Polytechnique Fédérale de Lausanne (Switzerland)
Digital holographic microscopy (DHM) is a powerful imaging
technique allowing, from a single amplitude image acquisition
(hologram), the reconstruction of the entire complex wave front
(amplitude and phase), reflected by or transmitted through an object.
Because holography is an interferometric technique, the recon-
structed phase leads to a sub-wavelength axial accuracy (below
lambda/100). Nevertheless, this accuracy is difficult to obtain from a
single hologram in DHM. Indeed, the reconstruction process
consisting to process the hologram with a digital reference wave
(similar to classical holographic reconstruction) seems to need a-
priori knowledge about the physical values of the setup, such as
wave vectors, focal lengths or distances. Furthermore, the introduc-
tion of a microscope objective (MO) used to improve the lateral
resolution introduces a wave front curvature in the object wave front
that should be compensated. Finally, the optics of the set-up (MO,
lenses, beam splitter...) can introduce different aberrations that
decrease the quality and the accuracy of the phase images.
Different solutions have been proposed to avoid physical parameters
adjustment or/and aberrations compensation. But principally, they
consist to use at least two hologram acquisitions (reference
hologram [1], phase-shifting).
We proposed here a simple and automatic procedure allowing the
adjustment of the physical values and the compensation of the
phase aberrations by considering a single hologram. The method is
based on the extraction of reconstructed phase values, along line
profiles, located in or around the sample, in area that are assumed to
be flat, and which serves as reference surfaces. The Phase Recon-
struction Parameters (PRP) (simulating the physical values and
compensating the aberrations) are then automatically adjusted by
applying curve-fitting procedures on the extracted phase profiles.
We show that this approach allows for compensating the tilt
aberration due to the off-axis geometry, the quadratic phase
curvature introduced by the MO, as well as wavefront deformations

induced by any of the microscope components, even those caused
by higher order aberrations. An example with a hologram of a
reference surface (mirror) recorded with high order aberrations
(introduced by a thick tilted plate placed in the set-up) shows that
our procedure reduces the phase standard deviation from 45
degrees to 5 degrees.
References:
[1] Ferraro, S. De Nicola, A. Finizio, G. Coppola, S. Grilli, C. Magro,
and G. Pierattini, “Compensation of the inherent wave front curvature
in digital holographic coherent microscopy for quantitative phase-
contrast imaging,” Appl. Opt. 42, 1938-1946 (2003).

6188-06, Session 1
Miniaturized low-cost digital holographic interferometer
A. Michalkiewicz, M. Kujawinska, Politechnika Warszawska (Poland);
P. Marc, L. R. Jaroszewicz, Wojskowa Akademia Techniczna
(Poland)
Digital holography and digital holographic interferometry are very
useful, robust, full-field visualization and measurement techniques
applied for small objects especially in the field of bioengineering and
microelements system testing. Nowadays CCD and CMOS detectors
and microlasers allow building miniaturized and compact digital
holographic head. Various approaches to design and built DH/DHI
systems including different optical and mechanical solutions have
been made. The main recent requirements for holocamera design
include compactness, insensitivity to vibrations and environmental
changes and with good quality of data. Other requirement is the
ability to build a low cost and robust system for sensing applications.
In our paper we propose design of miniaturized holo-camera head
with fibre optics light delivery system and remote data read-out.
System is able to measure with CW and spectroscopic work mode.
The opto-mechanical architecture which allows out-of-plane and
shape measurements of diffuse and reflective surfaces is presented.
The possible data capture schemes and software for enhanced
quality numerical reconstruction of phase and amplitude object are
discussed and the optimized methodology is determined. Also real-
time optoelectronic hologram reconstruction is demonstrated on the
base of remote data delivery to liquid crystal on silicon spatial light
modulator. The performance of the system is tested on the resolution
amplitude test and master sphere, while engineering objects in the
experiments are static and dynamic microelements.

6188-07, Session 2
Fabrication technique of nanograting using AFM
H. Xie, M. Zhang, Z. Liu, Tsinghua Univ. (China); A. K. Asundi,
Nanyang Technological Univ. (Singapore)
The atomic force microscope (AFM), developed in 1986, after nearly
20 years development, it is being used to solve processing and
materials problems in a wide range of technologies affecting the
electronics, telecommunications, biological, chemical, automotive,
aerospace, and energy industries. AFM lithography is a new
technique for processing the surface of materials and structure in
micro/nanometer scale, in which a pattern is drawn on a solid
surface with a AFM tip. Scratching, oxidation, or reduction is used to
modify the surface.
On the basis of mechanically scratching technique using the Atomic
Force Microscope, this paper proposed a new method for manufac-
turing high frequency grating. The grating was fabricated on a
compact disc(polycarbonate) with a silicon AFM tip under the
contact mode. The fabrication technique and the optimization of
parameters for the technique are discussed in detail. From the
experiment, the minimum spacing if the grating can reach 30nm. The
manufactured grating is used to generate the digital nano-moiré, the
successful results verify that the grating has good potential to be
applied to the nano-deformation measurement.

6188-08, Session 2
Continuous writing technique of long gratings for
metrological applications
E. Gamet, Y. Jourlin, S. Pelissier, S. Reynaud, C. Veillas, J. Pommier,
O. M. Parriaux, Univ. Jean Monnet Saint-Etienne (France)
The method presented here is an optical technique allowing the high
productivity printing of long submicron period gratings by means of a
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small area phase mask illuminated by intensity modulated laser
beam. Main applications concern the fabrication of long grating
scales for high resolution optical encoders. Unlike all laser beam
pattern generators that write grating line by line, the present writing
scheme prints several thousands lines at a time in a continuous
mode without stitching errors. Unlike in a widely used techniques for
Fibre Bragg Grating writing, the projected interferogramme is not a
propagating set of fringes generated by a phase modulator in one of
the branches of a Mach-Zehnder, the interferogramme is here static
and intensity modulated. This allows much more compactness and
stability, and does not require a strictly constant displacement
velocity of the printed substrate.
The principle of the developed technique can be described as
follows : a photoresist spin-coated substrate is placed on a
translation bench, and is light-exposed through a phase mask
maintained at short and constant distance. This distance is chosen in
such a way that the resist layer is exposed by the interferogramme
resulting from the overlap of the -/+ 1 orders (case of normal
incidence on the phase mask) or the 0/-1 orders (case of oblique
incidence). The exposure source is a He-Cd laser which is modu-
lated in intensity. This modulation permits a continuous displacement
and thus a “on the fly” writing technique. To avoid any problem of
displacement constancy, the modulator is droved by the signal
delivered by a position sensor. This optical sensor is actually an
optical encoder reading a reference scale attached to the translation
stage and which consists of a long diffraction grating considered as
perfect. This continuous writing of the grating permits to avoid
stitching errors and enables to write gratings at a speed larger than
several mm/s. Besides, the constancy of the period around the
nominal period is given by the reference scale read by the displace-
ment sensors using for the intensity beam modulation. Even though
software corrections can  be applied from the displacement sensors
signals, the reference scale must be well controlled and calibrated. In
our case, the scale is a steal made 1µm period grating and is 500
mm long. Its accuracy in the nanometer range must be controlled in
a national metrology institute providing scientific and technical
services.
The grating fabricated by this technique will be used as a scale for
high resolution displacement sensors, such as optical encoders. This
concerns for example the development of nanometer resolution
optical encoders for nanotechnology equipment, where the gratings
are used as a measurement scales read by an opto-electronic head.
High resolution is obtained by using very small periods (0.5µm to
4µm), and the displacement range is given by the length of the
grating. It is foreseeable that gratings of sub-micron period over
more than 500 mm will be needed in the domains of microelectronics
equipment where nanometric resolution is needed. The accuracy of
the measurement is only due to the constancy and the stability of the
period all along the grating.
The obtained results are 500 nm period long gratings with a groove
depth of 250 nm and more than 100 mm long. The profile is
sinusoidal.
Improvements have to be done on this technique to offer a large
range of period (from 200 nm to several micrometers) and longer
gratings. The principle and the performances of this “on the fly”
writing of periodical structures will be presented at the conference.

6188-09, Session 2
Pulsed-force mode AFM characterization of
photopatterned polymer films for holographic data
storage application
O. Soppera, S. Jradi, C. P. Carre, École Nationale Supérieure de
Chimie de Mulhouse (France)
Organic materials are taking a growing place in the development of
new materials for data technologies thanks to the potential of
molecular engineering, the flexibility of available chemical composi-
tions, the low costs..., but also because of their unique optical and
mechanical properties. In this context, photopolymers present
specific advantages particularly interesting for high density optical
data storage, based on the possibility of structuring their linear and
non-linear optical properties with a great facility by direct optical
patterning.
In order to understand and control the physico-chemical aspects of
the photopatterning, means of investigation at micro and nanoscopic
scales are required. Not only the 3D imaging of the irradiated volume
is needed, new structural information on the material is necessary to

go further in the investigation of the involved phenomena. AFM used
in Pulsed Force Mode fulfils these requirements: the PFM mode is a
not-resonant mode designed to allow approach curves to be
acquired along the scanning path. It thereby provides a recording of
the sample topography and extends the possibilities of the prevalent
contact and intermittent-contact AFM modes to a direct and simple
local characterization of adhesion and stiffness properties.
After description of the principle of  Pulsed Force Mode AFM, the
aim is to illustrate its usefulness in the investigation of the
photostructuration of polymer matrixes. In a first part, homoge-
neously irradiated films were characterized in order to demonstrate
the sensibility of the PFM analysis. In particular, we correlate the
PFM signal to the conversion ratio that was measured by FTIR
spectroscopy. In a second step, we illustrate the potential of PFM for
the investigation of photopatterned films. Holographic gratings were
recorded in an acrylate-based formulation and characterized by
PFM. We have successfully assigned the different areas of the film
that correspond to different incident intensity. Using the information
recorded on homogeneous films, it is possible to give an estimation
of the conversion of the monomer at a sub-micronic scale. Such
study is of primary importance in order to understand the mecha-
nism leading to microstructuration and thus to optimize this process
in terms of resolution.

6188-10, Session 2
An integrated approach for photonic crystals inspection
and characterization
B. Tiribilli, P. Ferraro II, S. Grilli, G. Molesini, M. M. V. Vannoni, M.
Vassalli, Consiglio Nazionale delle Ricerche (Italy)
Photonic crystals are attractive optical materials for controlling and
manipulating light. They are of great interest for both fundamental
and applied research, and are expected to find commercial applica-
tions soon. Basically their structure consists in periodic changes of
the dielectric constant, on a length scale comparable to optical
wavelengths, which can be induced along one, two or three
directions in space. In this work different kinds of optical methods
together with scanning probe microscopy have been used for
characterization and testing of 1D and 2D nanofabricated LiN
photonic crystals.
The sample fabrication method is based on the selective etching of
periodic structures. Ferroelectric domains of opposite spontaneous
polarization present different etching rates when dipped in specific
acid mixtures (e.g. HF HNO3 mixture) and polarity selective etching
(PSE) is frequently used to reveal the domain patterns. The LN
crystal is optically polished and coated with resist.
Short period resist gratings, not obtainable by conventional mask-
lithography, are achieved by using interference lithography. 1D or 2D
periodic pattern are obtained by suitable superposition of exposures
with periods ranging form several microns to a fraction of micron.
Features are obtained as small as 200 nanometers.
Accurate structures characterization is performed in order to assess
the optical and geometrical properties of the samples. Since, the
functionality of a specific photonic crystals device strictly depends
on particular structure features (such as depth, topography, width,
periodicity, geometry, etc.) it is of interest to assemble a variety of
metrological techniques: Digital Holography, white light interferom-
etry, atomic force microscopy.
Digital holography (DH) based methods are used to reconstruct the
object wavefield both in amplitude and phase thus providing the
possibility for optical inspection of LN microstructures
The 2D amplitude distribution provides information about the
homogeneity and uniformity of the fabricated structures in periodicity
and geometry. The 2D phase shift distribution provides information
about the topographic characteristics of the structures in terms of
optical path difference. DH for characterization of microstructures
provides many advantages and complementary characteristics
compared to other optical techniques. For example, conventional
microscope imaging suffers from small depths of focus so that
mechanical motion along the optical axis is required to check the
image focus. In contrast, DH allows 3D simultaneous calculation of
the complex wave front, in amplitude and phase, by numerically
solving diffraction equations.
Scanning white-light interferometry (SWLI) uses the amplitude-
division of an incoherent light beam to characterize optical surfaces.
Commercial systems provide fast measurements with a sub
nanometer vertical sensitivity and a sub-micron lateral resolution.
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Measurements can be affected by optical and physical properties of
samples, like reflectivity and departure from planarity, so it is
necessary to analyze results accurately to be significant.
Scanning probe microscopy will support optical metrological
methods in order to obtain an accurate and complete characteriza-
tion of structures fabricated in LN. Topography, feature size, depth,
periodicity can be measured with nano-metric resolution by means
of atomic force microscopy (AFM). The probe, an elastic micrometric
sized cantilever with a sharp tip, is scanned over the sample surface
and the bending of the cantilever, due to atomic scale interaction
forces, is optically measured. A homemade AFM is used to investi-
gate the LN structures with high stability, repeatability and nano-
meter resolution.
A combination of optical methods and scanning probe microscopy is
the suitable choice for the complete characterization of
nanostructures such as photonic crystals. In fact the optical methods
will be mainly used to get information about the wide-field uniformity
and periodicity of the structures while the AFM is particularly well
suited for high-resolution inspection of the topographic features.

6188-11, Session 3
A comparison of surface metrology techniques
J. Armstrong, M. Conroy, Taylor Hobson Ltd. (United Kingdom); Mike
Conroy and Joe Armstrong; Taylor Hobson, P.O. Box 36, 2 New Star
Road, Leicester, LE4 9JQ, England
Abstract. The study of surface metrology is becoming commonplace
in industrial and research environments.  The need for accurate
metrology measurement is also becoming more and more important
as structures and surface features become smaller and smaller. This
expansion of interest in nanotechnology is giving rise to issues about
the most suitable technologies to use when looking at micron and
submicron measurements. The change in high-resolution metrology
requirements has lead to more and more technologies now available
for studying surface metrology. All of the available technologies has
its own set of typical applications but often selecting the correct
metrology tool for the desired measurement can be quite difficult,
depending on the material, environment, property and measurement
required.
Stylus profilometry, white light interferometry and confocal micros-
copy are common techniques used to measure surface metrology
and the strengths and weaknesses of each of the techniques are
discussed with examples.

6188-12, Session 3
Interferometric and confocal techniques for testing of
silicon wafers
D. Litwin, J. Galas, S. Sitarek, Instytut Optyki Stosowanej (Poland);
B. Surma, A. Miros, Instytut Technologii Materialów Elektronicznych
(Poland)
The paper provides new insights into Silicon wafer measurements in
context of technological problems of developing an unusual
measurement technique, which harnesses helium atom beam as a
probe.  Helium atom microscopy in contrast to other  well-known
imaging methods such as scanning tunneling microscopy (STM) and
atomic force microscopy (AFM) appears to be an entirely new
technique -  offering great potentiality particularly in reference to
surface science in biological and industrial environment. European
scientists take a lead in this area. The key task is to improve
performance of the first microscope utilising the  umbrella of the
European Commission, which in part is funding the project “INA”.
The beam of Helium atom is neutral, which is an important advan-
tage of the technique. The other advantage is its low energy (less
than 100 meV for a de Broglie wavelength of 1 Å). This results in
avoiding special preparation of a sample like evaporating electric
contact layer, which broadens field of applications toward isolators.
Helium-beam is shaped by supersonic expansion from a high
pressure tank  through a nozzle and focused onto the sample by a
deflecting element. This element appear to be a crucial one and
constitutes the heart of the system. There are two solutions. The
Fresnel zone plate and the mirror.  First experiments involving a
Fresnel zone were reported in 1991. However it suffered from
chromatic aberration and small numeric aperture, which reduced the
total intensity in the focused peak.
Unlike the zone plate a mirror demonstrates  advantages. There is no
chromatic aberration and the signal intensity is much increased as a

result of greater apertures.
Former investigations show that  silicon crystal is a promising
material for the mirror.  The selection of a Si(111) wafer was enforced
in part by the fact that thin and relatively large plates (50  µm
thickness, 50 mm in diameter) are offered on the market commer-
cially. Holst and Allison. reported the first mirror performing two
dimensional coherent atom focusing. A Si(111)-H(1x1) surface was
deformed electrostatically to give a suitable profile.
The electric field modification changes the curvature of the mirror
and its  focal length. The accuracy of the shape of the mirror is the
most critical since it determines the resolution of the helium
microscope and it depends on initial quality of the wafer.
This paper is focused on measurements of flatness and thickness of
the wafer with high accuracy using confocal and interferometric
techniques, so that the technological process of the wafers could be
modified to obtain more uniform and homogeneous material.
The interferometric system is based on Fizeau interferometer
specially designed for industrial use. It can be located near produc-
tion line enabling quick checking of quality of the wafers. It is
equipped with specialized holders, so that both flatness and
thickness of the wafer can be evaluated. The mount of the wafer is a
challenge itself  since the wafer is only  50  µm thick. It cannot be put
on a flat surface because there will be dust particles in between the
elements. The particles would modify the original shape of the plate.
It also cannot be clamped because such approach would introduce
additional strain and again surface shape modification. The require-
ments for the holder can be summarized in a following way: the
wafer should be oriented in a way, so that gravity has little influence
on its shape (gravity sag); stabilized forces, should be very small in
order to avoid stress and enforced shape deformation; the design
should allow fast and convenient replacing of the wafer since a
number of wafers are to be measured.
The paper will present holders - each of them based on different
approach. One of them involves vertical position of the wafer in the
mount, which contains of two plates: the immovable and detachable
both fastened vertically to the base bracket. There are three holes in
both plates. Precise sapphire balls are placed in the holes. They are
stabilized by specially designed flat springs. The wafer is then put
between three pairs of balls. Each pair locates in a different plane
according to an initial shape of the wafer. Therfore the original
flatness is not affected by the holder.
The second measuring technique (after the Fizeau interferometer) is
a confocal system.. The system is situated off the production line
and is used for the most precise measurements.  Time of the
measurements is much longer but instead the system offers high
resolution and accuracy and simultaneous measurement of flatness
(both sides) and thickness of the wafer.
The system consists of two commercially available chromatic
confocal heads. The principle idea of the chromatic confocal setup is
to utilize chromatic aberration of an optical system. The light source,
which is a halogen lamp is focused on a measured surface by means
of specially designed multi-lens objective. The objective increases
the longitudinal chromatic aberration in order to secure a desired
measurement range. The reflected light is then directed by a
semitransparent mirror to a pinhole and then it is analyzed by a
spectrometer. A peak in the received spectrum refers to a certain
distance between the head and the surface in question.  The sensor
offers high precision in the nanometer scale.
In order to record both sides flatness and thickness simultaneously.
two confocal heads have been used and placed coaxially, face to
face. The wafer has been placed vertically between them.  . Since
each of the heads measures distance between its reference plane
and the wafer it is possible to measure directly flatness distortion on
both sides and calculate the thickness. The software for controlling
the system including translation stages, confocal controllers, data
acquisition parts has been designed and implemented in the Institute
of Applied Optics. Standard and special plates of high flatness and
thickness variation have been used for better visualization of the
measurement results. The system has been calibrated using a
reference glass plate of known refractive index.. The measuring
range of the sensors has been selected so that, axial movement (“z”)
of the sensors could be unnecessary (two translation stages moving
in “x” and “y: directions are enough to scan the wafer).
The final part of the paper provides comparative studies of the
results of the measurements obtained from interferometric and
confocal systems,  illustrated by high resolution counter maps of
surfaces of the wafers. Detailed analysis of the usefulness, precision
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and limitations of the techniques concludes is included.
The project is funded by European Commission and Polish Ministry
of Scientific Research and Information Technology under 6 FP EU -
grant  No. 509014 entitled: INA-Imaging with Neutral Atoms (NEST-
2003-1-ADVENTURE).

6188-13, Session 3
An optical differential probe for measurement of MEMS
topography
Z. Li, K. Herrmann, F. Pohlenz, Physikalisch-Technische
Bundesanstalt (Germany)
With the rapid advance in Micro-electromechanical Systems (MEMS)
technique, MEMS actuators and sensors tend to be more and more
practical and applicable, hence they have gained more and more
interest, and are now  widely used in various fields, including
automotive airbag sensor, medical pressure sensor, inkjet printer
head, overhead projection display, and so on. Meanwhile, with the
development and commercial applications of MEMS actuators,
especially those of capacitive types, quality control to them is
becoming more and more desirable, particularly because their
functionality depends on numerous factors which deliver in many
cases a quite unexpected behaviour.
Considering that MEMS actuators and sensors, which are developed
based on electrostatic configuration such as comb drive transduc-
ers, usually demonstrate a similar characteristic that unexpected or
unperfect topography of MEMS devices frequently reveals the
misfunctionality of these devices, which could be caused by various
error sources as pre-stress, side/background sticking, uneven
etching, etc, a non-contact probe system in order to image the
topography of MEMS prototypes would be very helpful for non-
destructive diagnosis of the design and the fabrication of MEMS
devices.
Obviously optical measurement methods should be an ideal choice.
In fact, in the past few years, several types of optical interferometric
methods for measuring topography of MEMS transducers have been
developed. Unfortunately each of them has its own disadvantages
when applied in different cases.
This paper describes the development of a differential interferometer
with new configuration in order to measure the topography of a
MEMS transducer with various structures. Firstly, in order to carefully
position the optical probe onto the surface of the MEMS transducer,
and taking into account the fact that the working distance of a
microscope objective with high numeric aperture decreases quickly,
a confocal position sensor was introduced into the configuration of
the differential interferometer with the aim to determine the relative
position between the object and the reference beamsplitter.
Furthermore, with a z-axis tracing system, the confocal signal can
also be used to dynamically adjust the position of the microscope
objective, which should greatly increase the measurement range of
the differential interferometer. Secondly, a common path configura-
tion was employed with the differential interferometer, which can
tremendously suppress the measurement noises within the optical
system. Finally, thanks to the differential configuration, in which the
reference beam is bound to the sample to be measured, the
measurement uncertainty of the optical differential probe was further
improved.
An experimental prototype has been built to measure the topography
of our newly developed  MEMS actuators for testing mechanical
properties of microscale materials, and the preliminary experimental
results demonstrate clearly the advantages of the proposed
differential probe.

6188-14, Session 3
One shot line-profiling white-light interferometer with
spatial phase shift for measuring rough surfaces
M. Hering, Robert Bosch GmbH (Germany) and Ruprecht-Karls-Univ.
Heidelberg (Germany); S. Herrmann, Robert Bosch GmbH (Ger-
many); K. Körner, Univ. Stuttgart (Germany); B. Jähne, Ruprecht-
Karls-Univ. Heidelberg (Germany)
In many industrial applications there is a strong demand for fast and
non-contact metrology systems. This is caused by increasing quality
demands in production processes that often require measuring and
evaluating the critical surfaces of every single part, i.e. inline
inspection. A typical example of such a critical surface is a laser weld

that has to resist strong temperature gradients or high pressure.
Even very small defects like holes with a size of a few microns can
lead to a malfunction of the part under such conditions. Other
examples are sensor elements. Due to their high complexity they are
very sensible to deformations that might arise during the production.
In order to detect these small defects or deformations even on rough
surfaces a high lateral resolution as well as a height resolution better
than one micron is necessary. Well established sensors for such
tasks are white light interferometers and confocal microscopes. Both
techniques are commercially available and allow three-dimensional
sensing of rough surfaces.
One drawback of such methods is that due to their limited field of
view extended or round objects, e.g. rotary welds, can only be
measured in multiple steps. Stitching of several measurement results
is required for higher angular range or resolution.
A fast line profiler would be a more attractive solution to such a
measurement task and would be able to fulfill the requirements for
high precision inline inspection by offering continuous scanning.
Therefore a way to extent these techniques has to be found. A. K.
Ruprecht et al. [1] improved the confocal microscopy to a chromatic
confocal sensor that enables the one shot measurement of a cross
section. In the field of white light interferometry there are many
efforts to develop a line profiling sensor. Most of these efforts are
based on spectral interferometry.
It was already shown by different workers [2,3], that it is possible to
create a fast point sensor based on white light interferometry with a
tilted reference wave front. By the use of such a tilted reference the
phase shift, that is commonly introduced by the mechanical
movement of the reference mirror, is replaced by a so called spatial
phase shift (SPS) in the direction of the tilt. Thus the interference
fringes can be resolved with a detector array in a single shot. Since
the white light fringes appear only when the optical path difference
(OPD) is approximately zero, their position on the detector array is
directly related to the relative height of the measured object.
Based on these results we present a new approach: A one shot line
profiling white light interferometer. Our setup consists of a modified
Mach-Zehnder interferometer to perfectly match the two interfering
beams for a high fringe contrast. With this setup the effects of
aberrations are reduced. For broad bandwidth high power emission
of radiation a superluminescent diode (SLD, with maximum output
power of 15 mW and a center frequency of 830 nm) is used. The
bandwidth of the Gaussian shaped spectrum is 17.5 nm (FWHM)
resulting in a coherence length of approximately 40 µm.
Equipped with anamorphotic optics, the output beam of the SLD is
focused as a line onto the object. Due to the high radiance and the
small emitter size of the fiber coupled to the SLD, the light-source
line width is well below 10 µm. A second anamorphotic system is
used to collimate the light reflected by the sample under test, with an
orientation perpendicular to the illuminated stripe. The same optic
images the information contained in this part of the sample onto a
two dimensional CMOS detector array with 752 x 584 pixels at the
interferometer exit. The columns of the detector array are aligned in
such a manner that they are parallel to the stripe. Since the tilt of the
reference wave front is along the rows of the detector, typical white
light fringes will appear in each row at positions corresponding to
zero OPD. The center of these fringes and hence the height values of
the corresponding cross section of the object under test can be
located with an adapted data-processing. With the currently used
detector array we receive a height profile with 584 supporting points
in a single shot.
Different approaches of a one shot white light line profiler by other
workers [4,5], have been restricted to smooth surfaces only. In our
work we are focusing on the measurement of optical rough surfaces.
Thus we have to take into account the impact of speckles that
strongly influences the quality of the measurement.
While for a common white light interferometer the size of the
speckles is isotropic in the plane of the detector array, in our setup
the statistical properties of speckles strongly depend on the
anamorphotic optics as well as on the line width of the illuminated
stripe. Thus the transversal size of the speckles in the plane of
detection differs for both directions. Only if the speckle size in the
direction of the tilt is of the order of the coherence length, the
interference fringes can be located without significant error.
In our current setup the length of the measured cross section is 5.4
mm. This is determined by the magnification of the anamorphotic
optics along the stripe (approximately 0.5) and the sensor size of the
detector array (MV D752-80 from PhotonFocus). The standard
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deviation of the height values was found to be below 0.2 µm.
The modulation transfer function (MTF) of the imaging path of the
interferometer was measured to determine the lateral resolution
along the stripe, which was found to be 20 µm. Furthermore, the
MTF of the detector array directly links the fringe contrast or fringe
visibility to the tilt. With increasing tilt the spatial frequency of the
fringes in the plane of the detector is increasing. It was found that for
a fringe period of 3.5 pixel the contrast is sufficient. This result yields
a measuring range larger than 80 µm. Increasing the number of
pixels per period, i.e. lowering the tilt of the reference wave front,
does not improve accuracy significantly. The lateral resolution
perpendicular to the stripe, i.e. in direction of the lateral scan, is
determined by the line width. Hence this resolution is, as stated
earlier, well below 10 µm.
Encouraged by these results we will push the suggested concept
towards higher accuracy and measuring range. The measuring range
can be increased by the use of high resolution detectors or by
downconverting the fringe pattern as published by P. Koch et al. [6]
recently. Other light sources with shorter coherence length will
increase accuracy and an improved data-processing might locate
the fringes more precisely. This could be done by taking into account
the strong intensity variations of the probe beam by an additional
calibration procedure.
The proposed sensing system combines the accuracy of an
interferometric setup with the benefits of a line-profiler. Its main
strengths are measurements of round parts and extended surfaces.
Since it is a one shot technique it is also possible to probe moving
samples. Considering its capability of measuring even rough
surfaces the sensor seems to be well suited for inline inspection.
[1] A. K. Ruprecht, K. Körner, T. F. Wiesendanger, H. J. Tiziani, and
W. Osten, “Chromatic confocal detection for high speed micro-
topography measurements,” Proc. SPIE 5302, 53-60 (2004)
[2] R. H. Marshall, Y. N. Ning, X. Jiang, A. W. Palmer, B. T. Meggitt,
and K. T. V. Grattan, “A Novel Electronically Scanned white-Light
Interferometer Using a Mach-Zehnder Approach,” Journal of
Lightwave Technology 14, 397-402 (1996)
[3] C. Bosbach, F. Depriereux, T. Pfeifer, and B. Michelt, “Fiber-optic
interferometer for absolute distance measurements with high
measuring frequency,” Proc. SPIE 4900, 408-415 (2002)
[4] M. Hart, D. G. Vass, and M. L. Begbie, “Fast surface profiling by
spectral analysis of white-light interferograms with Fourier transform
spectroscopy,” Appl. Opt. 37, 1764-1769 (1998)
[5] I. Zeylikovich, A. Gilerson, and R. R. Alfano, “Nonmechanical
grating-generated scanning coherence microscopy,” Opt. Lett. 23,
1797-1799 (1998)
[6] P. Koch, G. Hüttmann, and H. Schleiermacher, “Linear optical
coherence tomography system with a downconverted fringe
pattern,” Opt. Lett. 29, 1644-1646 (2004)

6188-15, Session 3
Automated variable wavelength interferometry in
reflected light mode
D. Litwin, J. Galas, Instytut Optyki Stosowanej (Poland)
The paper concentrates on the variable wavelength technique (VAWI)
for reflected light.. The family of   techniques (developed by Profesor
Pluta) for (transmitted and reflected light) is especially recommended
for studying objects, which produce optical path difference greater
than several wavelengths. In such cases classical approach
consisting in measuring deflection of interference fringes is no longer
useful because it is uncertain which fringe deflected by the object
correspond to which its extension in the background fringe field.
Edge effects brakes continuity and it is not possible to trace the
fringe contour.
Instead of measuring displacement of the fringes the VAWI is based
on selection of such particular wavelength for which interference
fringes displaced by the object under study become consecutively
coincident and anti-coincident with the reference to (undisplaced)
fringes. When the light wavelength is continuously varied, the ratio of
optical path difference for • 1and •n along the fibre diameter is given
by a relatively simple formula and leads to an equation determining
the initial interference order of the fringes.
The most simple case occurs when the fibre does not suffer from the
spectral dispersion of birefringence. Then calculations are the
simplest and the model is called: “object-adapted variable-wave-
length interferometry (AVAWI)”. If the  spectral dispersion is

significant the model is called  “the quasi-object-adaptive variable
wavelength interferometry” (QAVAWI). Having calculated the initial
order  for a corresponding wavelength λ1 it is possible to evaluate
optical path difference for this wavelength and similarly for other
wavelengths λn. Consequently the instrument enables to calculate
refractive indices for coincidence wavelengths, which is equivalent to
the dispersion curve. In case of birefringent materials during the
same measurement session it is possible to measure both directional
refractive indices and the birefringence.
In the time when Professor Pluta was working on these techniques
almost all procedures had to be done manually. Thanks to the rapid
development of digital imaging and processing techniques classical
optics based methods have gained new dimension evolving into
semi or fully automated devices on the commercial level. The VAWI
methods originally used for refractive index and object thickness
measurements, offer much better accuracy and repeatability when
computerized than their previous manual versions. The VAWI
automated system for transmitted light was first built in the Institute
of Applied Optics in mid nineties.
The key novelty of this paper is the presentation of the first fully
automated system for reflected light. On the industrial measurement
scene this is the first instrument, which successfully reached that
advanced degree of automation.
The optical system was based on the classical Pluta’s birefracting
microinterferometer Biolar PI, which has been already well known
among scientist and demonstrated in many previous publications.
The main concept is based on the influence of Wollaston prism in the
transmitted light.  This interferometer is composed of crossed
polarizer “P” and analyzer “A” with two Wollaston prisms that
produce series of interference fringes parallel to the refracting edge
and located at the plane of symmetry of the prism. This is  because
the Wollaston prism produces a phase shift between both ordinary-
extraordinary (O-E) and extraordinary-ordinary (E-O) beams. The
fringes reach their maximum contrast when the axis of the Wollaston
prism  is located at 45o with respect to the polarizer axis. A
birefringent object is placed between the polarizer and the Wollaston
prism, which results in an additional phase shift between O-E and E-
O beams. This is equivalent to the deflection of interference fringes
on the images of the object.
The new system (designed for the reflected light) is similar to some
extent to the instrument described above. The epi-illuminator of the
micrinterferometer equipped with a Wollaston prism has no any slit
diaphragm since it is unnecessary in this configuration. The light
penetrates the Wollaston prism twice: first when it emerges from the
epi-illuminator and is incident on the object of the study, second
when it reflects from the object surface. The microscope objective
acts as a condenser for the incoming light while the Wollaston prism
behaves like a compensator of a specially variable optical path
difference between the ordinary and extraordinary beams. These
beams form extraordinary and ordinary wavefronts from the
wavefront shaped by the object. This enables to apply large
numerical aperture of the illuminator (the system is self-compensat-
ing). Double light penetration of the Wollaston prism results in twice
thinner fringe pattern than in transmitted light microinterferometer.
The conclusion of the paper includes discussion on accuracy and
calibration problems and finally preliminary measurement results in
micro- and nano- environments.
The project is funded by Polish Ministry of Scientific Research and
Information Technology grant  No. 4 T07D 005 27.

6188-16, Session 3
Optical control of monocrystalline films
O. V. Angelsky, A. P. Maksimyak, P. P. Maksimyak, Yuriy Fedkovych
Chernivtsi National Univ. (Ukraine)
The considerable progress in polymers’ technology provides the
producing of large-format monocrystalline films. Usage of such films
is promising in production of polarization/ interference filters, which
are widely used in computer systems and color printing. Such films
can also be used as the computer data carriers, etc. As so, the
quality control of monocrystalline films is the urgent problem. In this
paper we review the techniques for optical control of monocrystalline
films on the example of the polyester film (PEF). From the optical
point of view, the film imperfections are the roughness of surfaces,
interior phase inhomogeneities, and air insertions. In design and
production polarization/ interference filters, one considers the bulk
index of refraction and the film’s birefringence to be the most
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important parameters. As a result of some technological failure in
producing of the PEF, the film becomes a quasi-crystal that leads to
deviations of the index of refraction against the one characterizing a
monocrystalline film. Thus, it’s obvious that the control of the index
of refraction is an important problem too. Here we propose several
optical techniques for estimation of the main characteristics of PEF,
such as: (a) the film’s index of refraction; (b) surface roughness; (c)
the degree of the films’ optical thickness inhomogeneity; (d) the
phase variance of radiation passing through the film; and (e) total
scattering cross-section.
PEFs are monocrystals with microscopic periodic grating. It is known
that the films’ crystalline structure is close to biaxial crystal one. The
absorption of the film is low over all the visible range. The surfaces of
the film are orthogonal to the acute bisectrix made by two optical
axes of the film’s monocrystalline structure1-3. Two magnitudes of
the index of refraction characterize such a structure: (a) one for a
linearly polarized optical beam with the electrical vector lying in the
plane of crystallographic axes of the crystal being parallel to the film
surface - n1; (b) another for a linearly polarized optical beam of the
same propagation direction, but with the electrical vector orthogonal
to the plane of crystallographic axes - n2. The third magnitude of the
refraction index occurs in the case of non-zero angle of incidence of
the beam. Polyester film is the phase-inhomogeneous object, while
both surfaces and interior imperfections contribute to the resulting
phase inhomogeneities of  the film. The statistical parameter
characterizing phase inhomogeneity of the film as a whole is
considered to be the phase variance of the film’s boundary field. Due
to independence of the statistics of the surfaces and interior
inhomogeneities, the total phase variance turns to be the sum of
phase variances provided by the surfaces and interior structure.
Integral fluctuations of the index of refraction may be estimated
through determining a correlation function of the film’s phase
inhomogeneities. We propose to do this by measuring the transverse
coherence function of the field passing the film. If the inhomogene-
ities of thin films are regarded as the dispersed light-scattering
particles, it is possible to use the quantitative parameter, borrowed
from optics of light-scattering media, which (although indirectly)
characterizes the films quality: the total cross-section of scattering6.
This parameter equals the ratio of the total area of all light-scattering
particles’ projection, S, to the cross-section of the probing beam, S0.
The total cross-section of scattering can be estimated from the
measured transverse coherence function of a field at the plane of the
film’s image with low-pass filtering of the scattered radiation.

6188-18, Session 4
Application of photoelastic tomography to measurement
of refractive indices in optical anisotropic microelements
P. Kniazewski, T. Kozacki, M. Kujawinska, Politechnika Warszawska
(Poland)
In many components birefringence play crucial role in their proper
performance. Basic example of such devices is polarization
maintaining fiber, which owes the anisotropy to stresses introduction
during technological process. Inspection of the anisotropy allows for
evaluation of correctness of technological process.
On the other hand many photonic applications require minimum
birefringence of elements. Good example is symmetric single mode
fiber which should be isotropic i.e. light propagation should be
independent on polarization state of light.
In this paper we present results of three-dimensional measurement
of refractive indices (ordinary and extraordinary) in fiber preform and
in fiber with liquid crystal core. In case of fiber perform, measure-
ment of birefringence is crucial for performance of fiber drawn from
inspected perform. Second object, fiber with liquid crystal core, is
used as electric controlled polarization element in all-fiber systems.
Liquid crystal-core fibers emerged few years ago and are applied
mostly for amplitude, phase and polarization modulation.  Measure-
ment of birefringence in this object allows for elaboration of
pecularities of such fiber in view of potential applications in polari-
metric fibre-optic sensors.
Photoelasticity is known as a convenient method for determination of
birefringence in optical elements. However ordinary photoelasticity
gives only data averaged along the direction of light propagation.
Photoelastic technique allows for reconstruction of birefringence
inside object is photoelastic tomography [1].  In general case it is
difficult inverse problem, however for some class of object, we can

simplify procedure to reconstruction of scalar field. Under assump-
tion, that main anisotropy axe is known and constant the compli-
cated problem of tensor field tomography is reduced to the problem
of scalar field tomography of birefringence. For successful applica-
tion of photoelastic tomography to micro-scale, considering the
influence of diffraction phenomena at the edges of a micro-object is
to be solved. In this paper the problem is elaborated and conclusions
are presented.
First stage of measurement is determination of threedimensional
distribution of birefringence in object. At first characteristic retarda-
tion of object is computed for various object angular equidistant
positions in the range α =0°...180°.
Object is analyzed in circular polariscope; the specimen is placed in
an immersion tank and a beam of polarized light is passing trough
the specimen. Using methods of phase shifting technique in
integrated photoelasticity characteristic integrated retardation ∆ of
object is computed. Measurement of birefringency relies on
acquisition of 6 images of light emergent from circular polariscope
for various positions of second quarter wave plate and analyzer.
On the base of these intensity distributions, we can compute
distribution of retardation ∆.
This procedure is performed for many angular positions of object,
achieved results are processed by tomographic algorithms. For each
angular position of object, retardation value is written in so called
sinogram matrix. On base of sinogram, 3D distribution of retardation
in object(x,y,z) is computed by means of inversed Radon transform.
Retardation distribution (x,y,z) is scaled then to birefringence. In
order to get absolute values of ne and no, additional measurement of
sample is performed with tomographic interferometry method [2].
Measurement is done with polarization axe parallel to axe of no, in
this way we get threedimensional distribution of no. Adding value of
birefringence to no we get absolute values of both refractive index
components ne and no.
In this paper we also present results of numerical simulations of
measurement process, done with finite difference time domain
method. The results of experimental and numerical analysis allow to
optimize the experimental setup and minimize the measurement
errors.
[1] Integrated photoelasticity for nondestructive residual stress
measurement in glass, H. Aben*, L. Ainola, J. Anton, Optics and
Lasers in Engineering 33 (2000) 49-64
[2] Pawel Kniazewski, Rafal G. Krajewski, Malgorzata Kujawinska,
Marco Van Uffelen, Francis Berghmans, Hugo Thienpont Application
of microinterferometric tomography as an evaluation tool for phase
micro-objects, Proc. SPIE Vol. 5776, p. 596-604, 2005

6188-19, Session 4
Discussion of the finite element method in optical
diffraction tomography
J. Lobera, J. M. Coupland, Loughborough Univ. (United Kingdom)
The compound microscope is one of the most widely used tools in
MEMS visualization and characterization. In the last decade or so
attention has returned to the attributes of wide field microscopy
using coherent illumination and holographic recording techniques1-
4. The reason for this is partly because advances in digital imaging
means that small holograms can be recorded using standard CCD
devices and partly because the computation necessary to provide
focused images can be accomplished almost instantly using a
desktop PC.
The main advantages of the coherent microscopy are that it gives a
depth of field of several hundred microns without scanning like in
confocal microscopy and electron microscopy, that there is
information in a coherent image that can be used to compensate for
the effects of lens aberration and distortion introduced by poor
quality windows. In addition, it is possible to calculate three-
dimensional maps of refractive index from images with different
illuminating wavefronts.
Work relevant to this task was initiated soon after the conception of
holography. In 1969, Wolf demonstrated that the three-dimensional
refractive index of a sample could be recovered from a set of
holograms made with different illumination waves provided that the
illuminating field is substantially greater than the scattered field. This
assumption is usually referred to as the Born (or weak scattering)
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approximation5. In the last few years this work has been re-
examined with a view to its application in microscopy and some
promising results have been published6. However, it is clear that the
Born approximation is an over simplification as even small changes
in refractive index mean that multiple scattering is dominant within
MEMS type structures. Furthermore the method does not account
properly for the coupling of non-propagating evanescent fields that
occur within real structures - an effect that in certain circumstances
can result in image resolution that goes beyond the diffraction
limit7,8.
For the case of strong scattering, it is generally required that the
Helmholtz Equation must be solved. Recently, the tomographic
imaging, developed for acoustic and microwave engineering, have
been applied to coherent microscopy. This technique is known as
optical diffraction tomography9 (ODT).
In this work we use the Finite Element Method (FEM), with an
appropriate Absorbing Boundary Condition (ABC), and a non-linear
optimization technique as proposed by Rekanos et al.10 for
microwave imaging.
As a forward model of the three-dimensional scattering process we
compute a finite difference solution to the Helmholtz Equation from a
known refractive index distribution. To solve the inverse problem we
find the refractive index distribution that minimize a cost function of
the difference between the computed and the measured fields. A
standard least-square method algorithm has been used in the
present work.
Some preliminary experiments have been done with an existing
inverted microscope converted for coherent imaging. The image of
the object is focused on a 1024x1208 pixel CCD camera. Several
holograms with different illumination directions are recorded. A
diverging reference beam is used to record the optical field in the
lens aperture using a lensless Fourier Transform hologram set-up. In
this paper we consider the imaging of one-micron glass fibre fixed to
a cover glass. The two-dimensional symmetry of this problem allow
us to simplify and reduce the computational effort of the inverse
problem to one section of the fibre. In the paper we will show the
errors in reconstruction from the assumption of weak-scattering and
discuss the solution to the inverse problem using FEM.
References:
1 Schnars U, Juptner WPO “Digital Recording And Numerical
Reconstruction Of Holograms” Measurement Science & Technology
13 (9): R85-R101 Sep 2002.
2 Cuche E, Marquet P, Depeursinge C “Aperture Apodization Using
Cubic Spline Interpolation: Application In Digital Holographic
Microscopy” Optics Communications 182 (1-3): 59-69 AUG 1 2000.
3 Ferraro P, De Nicola S, Finizio A, Coppola G, Grilli S, Magro C,
Pierattini G “Compensation Of The Inherent Wave Front Curvature In
Digital Holographic Coherent Microscopy For Quantitative Phase-
Contrast Imaging” Applied Optics 42 (11): 1938-1946 Apr 10 2003.
4 Dubois F, Joannes L, Legros JC “Improved Three-Dimensional
Imaging With A Digital Holography Microscope With A Source Of
Partial Spatial Coherence” Applied Optics 38 (34): 7085-7094 Dec 1
1999.
5 Wolf E. “Three-dimensional structure determination of semi-
transparent objects from holographic data” Optics Communications
1(4): 153-156. 1969.
6 Lauer V. “New approach to optical diffraction tomography yielding
a vector equation of diffraction tomography and a novel tomographic
microscope” Journal of Microscopy 205 (2): 165-176. 2002.
7 Chaumet P.C., Belkebir K., Sentenac A. “Superresolution of the
three-dimensional optical imaging by use of evanescent waves”
Optics Letters 29(23): 2740-2742. 2004.
8 Ben-Aryeh Y. “Nonclassical high resolution optical effects
produced by evanescent waves” J. Opt. B.: Quantum Semiclass.
Opt. 5: S553-S556, 2003.
9 Belkebir K, Sentenac A “High-resolution optical diffraction
microscopy” J. Opt. Soc. Am. A 20(7):1223-1229. 2003.
10 Rekanos IT, Yioultsis TV, Tsiboukis TD “Inverse Scattering Using
the Finite-Element Method and a Nonlinear Optimization Technique”
IEEE Transactions on Microwave Theory and Techniques, vol. 47:
336-344,  1999.

6188-20, Session 4
Design, modeling, and prototyping of
microinterferometric tomography system for optical fiber
inspection
R. Krajewski, Politechnika Warszawska (Poland) and Vrije Univ.
Brussel (Belgium); B. Volckaerts, Y. Meuret, Vrije Univ. Brussel
(Belgium); M. Kujawinska, Politechnika Warszawska (Poland); H.
Thienpont, Vrije Univ. Brussel (Belgium)
We present the numerical modeling and design of a low-cost, size-
reduced interferometric system for the inspection of fiber splices in
telecommunication applications. The proposed device consists of an
integrated Mach-Zehnder microinterferometer enabling to place the
fiber under test in one of its branches. It is our goal to measure non-
homogeneities in the refractive index profile of 0.0001 with a spatial
resolution of one micrometer. To reach these specifications, we use
a simplified tomographic procedure for the analysis of the measured
fringe patterns. The measurement principle bases on interferometric
scans of the fiber splice. Contrary to the classical testing methods
based on attenuation tests, our inspection system analyzes the fiber
splice with a laser beam passing perpendicularly to the fiber axis.
Interferometric scans taken for numerous, well defined angular
positions and a further tomographic reconstruction result in the
determination of a 3D map of the refractive index distribution.
The optical design of the interferometer bases on Zernike polynomial
analysis and is modeled by optical system modeling software which
is supported by in-house analysis software. We use this modeling
method to estimate the technological requirements demanded for a
proper inspection of the fiber splices under test.
Our modeling results are supported and verified with a macroscopic
free-space Mach-Zehnder interferometer which takes advantages of
diffractive gratings to split up and recombine the laser beams. We
performed in this setup the first proof-of-principle measurements of
fiber splices while investigating various interferometer configurations
and various analysis methods (TPS, SCPS, FTM and different
tomographic procedures). We used the outcome of the modeling and
these initial experiments to design the final miniaturized waveguide-
based interferometric tomography system. Because of its compact-
ness and robustness, our proposed interferometer will be also
suitable for easy optical fiber inspection in outside plant divisions of
optical telecommunication networks.
We selected Deep Lithography with Protons (DLP) to prototype our
designed microinterferometric component in a monolithic assembly
made from Poly(methyl metacrylate). As the DLP technology is
compatible with replication techniques like hot embossing and
injection molding, we are confident that the finally optimized
components can be mass fabricated at low cost.
During the conference we will present the status of our research with
respect to simulations and experimental results. We will emphasize
on the requirements of the fabrication technology related to the
analysis quality and to the possibility of integrating the designed
interferometer with micro source & detectors. We will also present
the potentialities of DLP technology as a useful prototyping
technology for miniaturized optical interferometric systems.

6188-21, Session 4
Experimental proof-of-principle 3D measurements of
micro-objects by digital holographic tomography
A. Jozwicka, M. Kujawinska, Politechnika Warszawska (Poland)
Development of photonics amplitude-phase microelements
technology and need of analysis of complicated chemical and
physical processes at lab-on-chip require creation of new instru-
ments to determine their basic physical parameters in 3D. In order to
control performance of these elements it is necessary to receive
information about amplitude and phase distribution of the field at
each point (x,y,z) of the microelement under investigation. Different
methods are already developed to investigate two different types of
elements: amplitude or phase [1,2]. However these methods do not
permit to determine 3D phase distribution of amplitude-phase object.
Initial analysis of possibilities of interferometric tomography and
digital holography have demonstrated that the combination of these
two methods could be an effective tool for analysis of transmissive
amplitude-phase microelements and also would permit to avoid
some disadvantages of these methods when investigating amplitude
or phase elements only. Digital holographic tomograph (DHT)
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proposed by our group in [3] permits to investigate amplitude, phase
and amplitude-phase objects. The capability of registration of several
angular views of the object during one registration is the basic
advantage of DHT. This is performed by a multiple pass arrange-
ments. It decreases significantly the number of registered images
used for determination of 3D amplitude and phase distribution in
measurement volume, and may in future shorten significantly the
measurement time.
Previously the extended numerical analysis of DHT process had
been presented [4] and has been determined the experimental
conditions under which the successful measurement may be
performed. For simplicity of numerical analysis the sequential passes
through the object were modeled by the linear configuration in which
three plates with different location of the artifact were considered.
The computer simulations of measurement process, in which the
beam passes three times through the object, have shown that it is
possible to reconstruct amplitude and phase distribution for certain
group of objects. In this paper we present the measurement system
based on digital holographic tomography. In the setup the light from
the He-Ne laser is introduced into optical fiber and is split into two
beams using FO coupler. Two collimators form plane reference and
object beams. The object beam is directed sequentially by three
mirrors, so that it passes through the object three times. The digital
hologram is registered using CCD camera, as the result of the
interference between the object and reference beams. The objects
are located in an immersion quvette in such way that they fulfill only
a part of field of view.
The system is designed to measure all types of transmissive
microobjects. In the paper the measurements of phase (multimode
fiber) and amplitude-phase (waveguide plate with semitransparent
layers) microobjects are presented. The experimental verification of
computer simulations for the case of phase and amplitude-phase
objects is performed. The class of microelements possible to
measure using DHT is specified. Error analysis of the system and
additional limitations of the method due to the noise, diffraction
effects and nonperfect experimental conditions are discussed.
References:
[1] Kreis T., Adams M., Juptner W.: “Digital in-line holography in
particle measurement”, Proc. SPIE 3823, pp. 38-43, 1999.
[2] Gorski W., Kujawinska M.: “Three-dimensional reconstruction of
refractive index inhomogeneities in optical phase elements”, Optics
and Lasers in Engineering 38, pp. 373-385, 2002.
[3] Jozwicka A., Stasiewicz K.: „Integrated interferometric tomograph
for 3D refractive index distribution determination”, COE conference
proceedings, 2004, p. 607-608 (in Polish).
[4] Jozwicka A., Kujawinska M. “Digital holographic tomograph for
amplitude-phase microelements testing”, Congress on Optics and
Optoelectronics, Warsaw,  28.08-2.09.2005

6188-22, Session 5
Metrological scanning probe microscope
N. Dorozhovets, T. Hausotte, E. Manske, G. Jäger, N. Hofmann,
Technische Univ. Ilmenau (Germany)
Today’s technological progress calls for metrologically accurate
object measurement, positioning and scanning with nanometre
precision and over large measuring ranges. In order to meet that
requirement a nanopositioning and nanomeasuring machine (NPM
machine) was developed at the Institute of Process Measurement
and Sensor Technology of the Technische Universität Ilmenau. This
device is capable of highly exact long-range positioning and
measurement of objects with a resolution of less than 0.1 nm. Due to
the structure of the machine many different probe systems can be
installed, including scanning probe microscopes (SPMs). A few
SPMs have outstanding metrological characteristics and many
commercial microscopes only perform as image acquisition tools.
Commercial SPMs use piezoelectric actuators (PZT) in order to move
either the sample or the probe. The position measurement some-
times results from the applied voltage to the PZT or from the strain
gauge or capacitive displacement sensor data. This means that they
suffer from hysteresis, creep, nonlinear characteristics and Abbe
offsets. For an accurate measurement the position of the cantilever
must be measured in addition to the torsion and bending. The best
solution is a combined detection system with a single laser beam.
This system has been realized with a special interferometer system,
in which the measuring beam is focused on the cantilever backside

using a lens. The reflected beam is split with a part being detected
by a quadrant diode and the other part being fed back into the
interferometer for position measurement. The quadrant diode is used
to detect the cantilever torsion and bending. The scanning motion
with a range of 25 mm x 25 mm x 5 mm is provided by the NPM
machine. The machine moves the stage with the sample in the z-axis
to follow the surface structure. For high scan dynamics an additional
PZT is used for the motion of the cantilever in the z-axis. This paper
describes the afore-mentioned metrological scanning probe
microscope for high-precision, long-range measurements and gives
an overview of the initial experiences gathered.

6188-23, Session 5
VCSEL-based feedback detection for new generation of
fully integrated optical microscopes
C. Gorecki, H. Dominique, B. Romain, Univ. de Franche-Comté
(France)
In optical microscopy the nanoscale sample is observed and
analysed via large microscopes (or macro-tools) too bulky and heavy
for individual use in specialised key missions. There is a need for
miniature, low cost, highly portable analytical instruments (or micro-
tools) based lab-on-a-chip system, able to read the data with high
areal density. The goal here is precisely to bridge the gap from
macro to micro, opening the possibility to perform microscopy tasks
in a hand-held miniature device with the improved potenial for
effective-space requirement and the deterioration of signal strength.
Our purpose is the realisation of a new concept of fully integrated
optical microscopes on-chip (OMOCs). A massively parallel
architecture is obtained through arrays of smart pixels including
vertical cavity surface emitted lasers (VCSELs) flip-chip bonded on
arrays of sensing probes with microactuation capabilities, flying
directly above the specimen. The use of optical feedback of laser
cavity as an active detection system, simplify OMOC design because
the light source and detector are on the VCSEL itself: the working
principles of both proposed multi-probe microscopes is based on
the feedback-based detection:
-the S-OMOC (scanning near field optical microscope on-chip) for 2-
D mapping of specimens with high lateral resolution up 100 nm.
-the C-OMOC (scanning confocal microscope on-chip) with lateral
resolution from 0.5 to 2 µm.
The principle of detection based on VCSEL feedback id described
here for both the configurations of on-chip microscope, adapted for
the integration and batch fabrication. The results are discussed here.

6188-24, Session 5
High-stability heterdyne interferometry and its
application in measuring complex refractive indices of
magnetic fluid films under external magnetic fields
S. Yang, J. J. Hsieh, H. Horng, National Taiwan Normal Univ.
(Taiwan); C. Hong, Dayeh Univ. (Taiwan); H. Yang, National Taiwan
Univ. (Taiwan)
For conventional heterodyne interferometries, the phase fluctuation
of the detected (optical) signal usually results from the perturbation in
the temperature, the traveling length, or the humidity of the optical
arms of an interferometry. This phase fluctuation seriously breaks the
synchronization between the detected signal and the reference
(electric) signal, and reduces the stability or the resolution of an
interferometry. In this work, instead of using an electric mixer to
generate a reference signal, an optical signal which experiences the
same traveling path except through a detected sample is adapted as
a reference signal. Thus, the synchronization between the detected
and the reference signals is greatly enhanced, and a high-stability
heterodyne interferometry at visible lights is achieved. With this high-
stability heterodyne interferometry, complex transmittance and
reflectance of a sample can be measured. Furthermore, the complex
dielectric constant and magnetic permeability, as well as complex
refractive index of a sample can be determined. Here, we investigate
the refractive indices of magnetic fluid films under external magnetic
fields using the interferometry. It was found that the variation in the
refractive index with the varying magnetic field is due to the change
in the dielectric constant of magnetic fluid films under external
magnetic fields.
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6188-26, Session 5
Interferometric measurement of thermal expansion
coefficient and refractive index in ferroelectric crystals
F. Pignatiello, M. De Rosa, P. Ferraro II, S. Grilli, Consiglio Nazionale
delle Ricerche (Italy); A. Arie, Tel-Aviv Univ. (Israel); S. M. De Nicola,
P. De Natale, Consiglio Nazionale delle Ricerche (Italy)
A large number of material are nowadays investigated in order to use
them for novel optical devices. A key issue in their realization is the
accurate knowledge of the material parameters, such as the 2nd
order susceptibility coefficient, the refractive indices as function of
temperature, the thermal expansion coefficient and the thermo-optic
coefficients, as they are often operated at relatively high tempera-
ture. For many materials there are still poorly accurate data or a total
lack of information about them.
We propose an interferometric approach for simultaneous measure-
ment of the thermal expansion coefficient and of the refractive index
in ferroelectric crystal, as LiNbO3 or KTiOPO4, which are currently
used for nonlinear frequency conversion by quasi-phase-matched
interaction. However, this method can be extended  to a wide variety
of materials when an accurate knowledge of the temperature
dependence of the expansion coefficient and   of the refractive index
is needed.
The crystal is placed in a oven whose temperature can be changed
between room tamperature up to 200°C and actively stabilized within
0.1°C. A grating with about 1000 lines/mm is written on a surface of
a 0.5-mm-thick crystal sample and used as part of a reflective
grating interferometer (RGI). The expanded beam from an He-Ne
laser, emitting at 632.8 nm, impinges onto the RGI set-up and it is
divided into two half wavefronts by the mirror and the grating, where
the first wavefront is reflected onto the grating by the mirror. The
resulting interference pattern is recorded by a CCD camera. The
interferogram changes during crystal temperature variation accord-
ing to the sample in-plane displacements induced by the heating. A
Fourier transform based numerical procedure is applied to each
fringe pattern to retrieve the thermal expansion coefficient. At the
same time, the optical path length variation ortogonal to the grating
lines is monitored by means of Mach-Zehnder interferometer. The
variation of the path length, as a function of the temperature, is due
both to the variation of the length of the sample, thermal expansion,
and to the variation of the refraction index. The knowledge of the
thermal expansion coefficient obtained from the RGI measurements
allows to extract the mere contribution due to change of refraction
index as a function of the temperature.

6188-27, Session 6
High-resolution stress measurements for microsystem
and semiconductor applications
D. W. Vogel, J. Keller, B. Michel, Fraunhofer-Institut für
Zuverlässigkeit und Mikrointegration (Germany)
The rapid growing market for microsystems as well as the introduc-
tion of new materials to semiconductor devices demand additional
measures to provide thermo-mechanical reliability of those systems
over their exploitation time. Residual stresses are one of the crucial
issues, because they are inherent to many of the micromachining
processes. They superpose with functional or environmental loading
during exploitation and can lead to early failure of the whole system.
Consequently, their knowledge and control is a strong need
designing new microsystems and their packaging. Most available
today measurement methods for residual stresses suffer from the
fact that they average over larger object areas and cannot be applied
very locally, i.e. within areas of a micron or of even substantially
smaller size. The developed by the authors approach is focused on
this goal, at the same time considering the method suitable for a
variety of materials.
The presented stress measurement method bases on the specific
testing feasibilities provided by focused ion beam (FIB) equipment.
Ion milling is utilized to release very locally residual stresses on
components of interest. Generated this way surface deformations
around the milled area are measured by digital image correlation
(DIC) algorithms. As a result originally existing residual stresses are
computed from measured stress release deformations.
E.g., referring to the classical hole drilling technique, through holes
can be milled into thin submicron membranes as manufactured for
MEMS devices. Residual stresses introduced by micromachining

have been determined from displacement fields around these holes.
Measurements of residual stresses in thin film structures on bulk
substrates can be accomplished by ion milling of trenches into the
thin surface layer. Either finite element simulations for the related
mechanical problem or semi-analytical solutions are used to extract
stress values from deformation fields. In order to validate the new
technique, independent stress measurements by alternative methods
have been carried out and compared to.
The authors present capabilities of the stress measurement method,
discuss possible limitations, provide different application examples
and give an outlook onto further application

6188-28, Session 6
Measurement of thermal expansion of MEMS and
electronic components
H. R. Schubach, Dantec Dynamics GmbH (Germany)
MEMS as well as electronic components are used in the automotive,
communication, aerospace and other industries. Miniaturization,
higher package density and accelerated development processes
have a great impact on the reliability of components. Rapid changes
of ambient temperature or internal production of heat may occur
during operation. This may create high thermal stresses due to the
mismatch of the thermal expansion coefficients of the different
materials in electronic components.
The electronic components used in cars are exposed to high stress
due to vibrations and extreme temperature changes. If a car is
started the temperature of the electronic cards might pass a value of
minus 0°C to a value beyond 140°C in a few minutes. Today, a big
amount of the car recalls by the manufacturers are due to electronic
malfunctions.
The thermal expansion is very important for the durability of
electronic components. Joining of different materials exposed to
variations of temperature generates the strain mismatch which can
be locally strong. These strains might cause cracks which initiate
malfunctions.
Strain mismatch occurs by the following process:
• During the production process (soldering conditions, heat
production during curing, ...)
• During the operation due to local production of heat (Resistant
loses microprocessors, diode laser, ...)
• Changes of ambient temperature
On the other side simulations (FEM, ...) are used in the electronic
industry, but the material parameters (coefficient of thermal
expansion, young’s modulus, ...) have to been known. A validation of
results is necessary. In some cases simulations are not possible,
than the measurement precise deformation is necessary.
The 3D electronic speckle interferometry is a very powerful tool to
investigate the thermal expansion of MEMS and electronic compo-
nents. Due to the full field measuring technique combined with a high
resolution the determination of critical areas and hot spots in
electronic components is very easy. The capability of this measuring
technique will be shown on examples like the NDT testing of flip
chips, thermal deformation of BGA and yaw sensors.

6188-29, Session 6
Interferometric measurement of thickness of silicon
nitride layer in bi-morph silicon MEMS
P. Ferraro II, S. M. De Nicola, A. Finizio, G. Pierattini, G. Coppola, M.
Iodice, V. Striano, M. Gagliardi, Consiglio Nazionale delle Ricerche
(Italy)
In this paper is reported a method for measuring the thickness of a
silicone nitride layers employed for fabricating silicon MEMS bi-
morph structures.
The method allows the precise evaluation of layer thickness by
adopting Digital Holographic Microscope. The measurement is
based on the fact that the silicon nitride layer is transparent to the
visible light. The optical phase difference (OPD) between the light
beam travelling through the layer and portion of the beam in air is
measured interferometrically.
The approach is very simple and can be exploited for inspection of
in- situ monitoring during the fabrication process. Experimental
values have been compared with ellisometric measurements
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6188-30, Session 6
AlN driven actuators: technology and characterisation
L. Nieradko, M. Józwik, K. Krupa, C. Gorecki, Univ. de Franche-
Comté (France); J. Kacperski, A. R. Styk, M. Kujawinska, L. A.
Salbut, Politechnika Warszawska (Poland)
We discuss on studies of microbeam actuators designed for MEMS/
MOEMS applications. The presented work is realised in the EC FP6
Network of Excellence on Micro-Optics “NEMO”. Our aim is
construction, optimisation of fabrication process and extended
analysis of mechanical performances of actuator operating at
resonance with translation obtained by voltage changing.
The investigated microbeams has been realized by set of etching
and deposition processes onto 3", 380 um-thick, (100) orientated Si
wafer. The with of beams was fixed for all at 50 um, and the length of
straight beams varying from 100 to 1000 um. The top of wafer is
covered by thermal SiO2, what supports an electric insulation. At the
beginning, 15 um-thick membrane has been formed by KOH etching.
The fabrication is followed by deposition of Cr/Au layer on the front
side of the membrane. Then, the outline shape of bottom electrode
has been formed by wet etching through photoresist mask. Actua-
tion of beams is performed by PECVD deposited, 2 um-thick AlN
piezoelectric layer. Next, the top electrode has been realized by
deposition of NiCr metal layer. Formation of top electrode is
responsible for definition of beams geometry. At the end of fabrica-
tion process, the saw dicing enables to separate singular chips with
set of microbeams.
At the beginning of experimental tests, the initial shape of micro-
beam is determined by conventional two-beam interferometry.
Information about initial displacement of the beams may be used to
estimate internal stress due to fabrication process. Then the object is
excited to vibration by an external load (voltage signal is most
convenient) and resonance frequencies are determined using time-
average technique. Depending on beam dimensions the first
resonance frequency vary from several kHz to hundreds of kHz. For
vibration modes profiling stroboscopic interferometry is used. For
each of these case studies we discuss the dedicated measurement
methods as well as obtained results and perspectives. The differ-
ences in resonance frequency values can be explained by geometri-
cal imperfections and possibly other fabrication process reliability
issues that will be described in the full paper.

6188-31, Session 6
Nanometrology for MEMS: combination of optical
interference, atomic force microscopy, and
nanoindenter-based actuator
M. Jobin, P. A. Passeraub, R. Foschia, Ecole d’Ingénieurs (Switzer-
land)
As MEMS downsize to NEMS, the development of suitable instru-
mentation for both their static and dynamic characterisations
becomes an increasingly important issue. Concerning the size, most
NEMS combine “macro” (tens of micrometers) structures easily
observable with light microscopy with submicron structures, mostly
cantilevers, which require Atomic Force Microscopes (AFM) of
electron microscope (EM). Concerning the force, the ability to apply
calibrated nanoNewton range force to such cantilever with the
simultaneous measurement of its deformation at the nanometer
range is obviously of interest to the characterisation and to the
development of MEMS/NEMS.
We have developed a compact white-light interference optical
profiler (IOP) which can easily be integrated to either an AFM or
nano-indenter or a scanning indentor. With such combination, the
above-mentioned issues can be addressed: 1) milimeters  to nm field
of view (FOV) observation of structures, with nm vertical resolution
over the whole range of FOV, 2) actuation of NEMS structure with
nanoindenter and simultaneous measurement with IOP.
Our home-made IOP and its integration to AFM are described in
described elsewhere.  Both Translation Height (THM) and Phase Shift
(PSM) Modes, useful for highly corrugated and very flat surfaces
respectively, are available. For the THM mode, a fast centroid-based
algorithm has been used which gives nanometer resolution.
Concerning the nano-indenter, we tested and used various geometry
including the one where the IOP is located below the indenting tip
and along its axis.
As an illustration of the application of our instrumentation, we have
used a MEMS accelerometer with capacitive readout.  We first used

the combined IOP/AFM to investigate the parallelism of the silicon
accelerometer with the encapsulation base on which it is mounted,
then the parallelism loss of the seismic mass electrode with the
counter-electrode of the capacitive sensor due to static acceleration.
Then we measured the surface topography of the KOH-etched
cantilevers supporting the mass-proof of the accelerometer with IOP,
and zoomed with AFM over a few defects in order to characterize the
defect with a high lateral resolution. Surface texture and roughness
was then measured at large and small field of view, but always with a
nanometer resolution vertically.
Finally, we used the nanoindentor as a highly precise force actuator
on the mass proof. F-d curves were recorded to calculate the spring
constant k of the device. Simultaneously to the force application, the
shape of the bended cantilever was measured with the IOP. Torsion
motion for off-axis loads were investigated as well and characterized
quantitatively.

6188-32, Session 6
High-resolution AFM Moire interferometry technique for
assessment of strain in chips with Cu/low-k BEoL stack
A. V. Vairagar, P. Huebler, AMD Saxony Manufacturing GmbH
(Germany); A. K. Asundi, Nanyang Technological Univ. (Singapore);
E. Zschech, AMD Saxony Manufacturing GmbH (Germany)
As the semiconductor industry continues to decrease capacitance of
backend-of-line (BEoL) structures, to reduce the signal delay time of
on-chip interconnects, materials with lower dielectric constant are
being introduced in the BEoL interconnect stack. However, these
low-k materials have significantly worse thermo-mechanical
properties as compared to conventional TEOS-based silicon oxide.
Apart from several integration issues with low-k materials, chip-
package interaction (CPI) in case of low-k insulating material
between on-chip interconnects is a major reliability concern. Due to
significantly lower elastic modulus of low-k materials, package-
deformation induced stress produces higher strain levels in BEoL
stacks containing low-k insulating material. Higher strain levels
coupled with weaker adhesion of low-k films leads to propensity of
crack growth and delaminations, eventually causing catastrophic
failures after packaging.
Characterization of package-deformation induced stress is one of
the important steps in assessment of CPI in chips with Cu/low-k
BEoL stack. Moiré interferometry is an effective technique for in-
plane displacement measurement. Laser based Moiré interferometry
technique was recently employed for characterization of package
deformation [1]. Improvement in displacement resolution was
achieved using the phase shifting technique. However, the upper
limit of usable grating with conventional Moiré is limited. The AFM
Moiré technique was recently reported [2], and it was demonstrated
that the upper limit of useable grating can be up to the atomic
resolution. AFM Moiré was successfully employed to measure in-
plane deformation at cross sections of packages using conventional
gratings. Further improvement in resolution of AFM Moiré by the use
of advanced gratings with a pitch of < 50nm is explored. This fine
pitch grating enables deformation measurements at on-chip
interconnect stack level in addition to the conventional package-level
measurements. The deformation measurements at interconnect
stack level make a closer and more accurate assessment of CPI
susceptibility of Cu/low-k chips feasible.
References:
[1] G. Wang, C. Merrill, J-H Zhao, S. K. Groothuis, P. S. Ho, IEEE
Trans. on Devices and Materials Reliability, Vol. 3,  p.119 (2003)
[2] H. Xie, A. Asundi, C. G. Boay, L. Yunguang, J. Yu, Z. Zhaowei, B.
K.A. Ngoi, Microelectronics Reliability 42, p.1219 (2002)

6188-33, Session 7
Novel nanotechnology implements based on MEMS
K. Kakushima, H. Fujita, The Univ. of Tokyo (Japan)
Nanotechnology has been researched extensively as it can produce
new functional materials or devices. To facilitate research in these
areas, implements for handling nano-size materials should be also
developed.
In this presentation, we will show an approach using Micro-Electro-
Mechanical Systems (MEMS).
Three implements for nanotechnology will be presented.
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Opposing sharp needles for handling metal atoms with precise sub-
nanometer control under TEM observation, gap variable tweezers for
capturing DNAs suspending in aqueous solution and multiple
cantilever array for batch fabrication of nanowires on a substrate.
Combination of observation with implements for nanotechnology will
be discussed

6188-34, Session 7
Local protein/gene density measurements using SMI
microscopy
U. J. Birk, D. Baddeley, C. G. Cremer, Ruprecht-Karls-Univ.
Heidelberg (Germany)
Spatially Modulated Illumination (SMI) Microscopy (Schneider et al.;
Microsc. Anal. 1999) is a powerful tool to precisely determine object
parameters below the resolution limit of conventional (e.g. confocal)
light microscopes. This microscopic method is, in principle, a
combination of structured, interferometric illumination by means of a
standing wave field with the detection system of a wide field
fluorescence microscope, and is an improvement to Standing Wave
Microscopy (Bailey et al.; Nature 1993). It was found that even
without directly increasing the optical resolution, precise information
about the objects’ axial extensions (Spöri et al.; J Appl Phys 2004) at
their (relative) positions (Albrecht et al.; Appl Opt 2002) can be
determined by nanometer controlled scanning either of the object or
of the phase of the interference pattern. In this report we applied SMI
microscopy to determine changes of the local refractive index at
discrete cites within the cell nucleus. These changes can be related
to local accumulations of nucleic acids and proteins, having a higher
refractive index than the surrounding media. To extract the data
based on the local refractive index, we have used fluorescence
markers targeted to specific cites within the cell nucleus. Different
fluorescence labeling techniques are applicable, such as gene
sequence targeting by fluorescence in situ hybridization (FISH),
antibody labeling of proteins, or the use of membrane specific dyes.
By selecting appropriate targets (we used e.g. polymerase II
enzymes) the whole nucleus can be scanned. However, the grid of
discrete points for which the refractive index and thus the protein
concentration can be extracted is limited by the diffraction barrier.
Two data points have to be separated by at least the full-width-at-
half-maximum of the microscope detection point spread function.
In these measurements on polymerase II, we found a variation of the
local refractive index of about 4% throughout the nucleus. This
variability is not correlated to the accumulation and the extension of
the polymerase II complexes, which have been determined in a
previous experiment (Martin et al.; Mol Biol Cell 2004). The variations
could be related to other transcriptional active proteins, but could
also be due to different compactions of the DNA fiber.
Altogether, we present a method to precisely obtain a map of the
local refractive index inside of cell nuclei, which provides another
contrasting mechanism for visualizing sub cellular structures. Being
based on fluorescence microscopy, this technique can yield true 3D
information on the local refractive index without the specimen itself
affecting the measurement accuracy. Also the values and fluctua-
tions of the local refractive index obtained by SMI microscopy can
then enter reconstruction algorithms such as those used in 3D
deconvolution, providing a way to quantitatively predict changes of
the microscope PSF.
References:
Albrecht, B., A. V. Failla, et al. (2002). “Spatially modulated illumina-
tion microscopy allows axial distance resolution in the nanometer
range.” Appl Opt 41(1): 80-7.
Bailey, B., D. L. Farkas, et al. (1993). “Enhancement of axial
resolution in fluorescence microscopy by standing-wave ecxitation.”
Nature 366: 44-48.
Martin, S., A. V. Failla, et al. (2004). “Measuring the size of biological
nanostructures with spatially modulated illumination microscopy.”
Mol Biol Cell 15(5): 2449-55.
Schneider, B., I. Upmann, et al. (1999). “A Dual-Laser, Spatially
Modulated Illumination Fluorescence Microscope.” Microsc. Anal.
57(1): 5-7
Spöri, U., A. V. Failla, et al. (2004). “Superresolution size determina-
tion in fluorescence microscopy: A comparison between spatially
modulated illumination and confocal laser scanning microscopy.” J
Appl Phys 95(12): 8436-43.

6188-35, Session 7
Use of x-ray diffraction for the optical microsystems
technology
G. G. Berti, Univ. di Pisa (Italy)
In general X-ray diffraction is considered to be a destructive
technique because the best per-formance of such an investigation
method is fulfilled when it is possible to adapt the speci-men to the
instrument. Such an adaptation is accomplished by transporting the
specimen into the laboratory and putting the specimen into the
instrument even after, when possible, crash-ing it! In spite the x-ray
beam is an intrinsic non destructive probe, it is the specimen treat-
ment that makes x-ray diffraction hardly ever to be recognised as a
non destructive testing method. However there are a number of
different sectors using materials for which the as-signment of
polycrystalline features is evident (i.e., ceramics, alloys, layered
structures, etc.). when it is not required to crash or manipulate the
specimen there is room to considered a non destructive probe.
Moreover, when it is possible to use the x-ray diffractometer directly
on the specimen at the place of he industrial implant (or the
biomedical plant in service) the requirements of the non destructive
testing methods become strictly accomplished.
When the interaction of light with the material provides the basis for
device operation and when the features of the used materials are the
basis for the evaluation of the device per-formances, the non
destructive quality and the scale of investigation (tens of nanometers)
can offer the appropriate micro/nano metrological attribute for a
thorough characterisation of the material and the possible prediction
of the device performance.
The x-ray penetration is in general limited to under the first 100
microns of the material surface depending on the wavelength and
can be used even to investigate very superficial atomic layers (x-ray
reflectometry). The elementary composition of material can be
revealed by the x-ray fluorescence that is characteristic for each
element which is present in the com-pound or alloy. X-ray diffraction
is mostly useful when the structural composition is required (i.e the
lattice parameters, the presence of defects or deformations, the size
and distribution of crystallites qualifying the material for the use.
The knowledge of the x-ray diffraction phenomenon allows for
exploiting the fundamental parameters of physics and technology,
the simulation and the implementation of optimisation algorithms into
modern probing systems (x-ray diffractometers for non destructive
purposes).
Over the aforementioned potentialities, there are several warning
limitations that shell be considered in order to introduce the
appropriate metrological attributes.
X-ray diffraction measurements fall under the case of observations
which are examined against patterns obtained from standard
specimens (i.e. SRM or CRM). Regardless of the choice of the
standard model, the result assessment requires often the optimised
evaluation of the difference between the observed data and the
expected (or calculated) values from the adopted model; the criteria
adopted to evaluate these differences (i.e. the optimisation system
and the related minimisation criteria) can affects such an assess-
ment. In addition, the experi-ence acquired in a given laboratory (on
a given instrument) may yield excellent results, which however will be
difficult to transfer or replicate elsewhere, thus resulting in a good
deal of arbitrariness that can be introduced at the various steps
during the process of pattern interpretation. All these elementary
items may in part explain the unsatisfactory reproducibil-ity of results
obtained when comparing results from distinct laboratories. Many
Round Robin projects might not have strictly considered and
controlled the number of the variables in-volved in a x-ray diffraction
measurements. Moreover, during the inter-laboratory compari-son
activity, assessing the variables and checking consistency of results
is generally accom-plished through a statistical approach where the
results of many repeated and reproduced measurements are
analysed. The question is whether the presence of uncontrolled
systematic effects leads to biased interpretation of the statistical
results. If such bias were present, statis-tical reproducibility may be
checked on a set of data which are intrinsically incomparable.
Calibration and Traceability are among the most urgent attributes to
be included. Calibration of x-ray diffractometers is in general used
when it is necessary to compare data collected at different time or
data coming from different instruments. A calibration specimen (i.e
SRM or CRM) in general suffices to the purpose. Calibration however
differs from the alignment verification and a more thorough investiga-
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tion is required which uses characteristic curves and deviation
curves.
The introduction of traceable steps in the monitoring of the calibra-
tion offers the opportunity to compare results coming from different
laboratories and instruments, thus mitigating the effects related to
changes in the environment.
One other advantage is given by approaching the problem of the
results significance with the error propagation function, where
distribution of the line diffraction is considered in relation to
mechanical goniometer and other diffraction devices. The deviations
from the nominal values of instrumental parameters (provided by the
manufacturer) are compared with the effective values of the same
parameters obtained on the running measure. The use of such
effective values allows for attributing physical significance to the
deviations of diffraction lines. Such deviations, far from being
interpreted as aberrations, are instead immanent con-tributions to
the diffraction and explained in compliance with the physics and
technology of x-ray diffraction. The resulting position of the x-ray
diffraction line shall differs from the diffraction line expected by using
the Bragg equation which relates the wavelength to the lattice
parameters and the diffraction line position.

6188-36, Session 7
Influence of the physico-chemical and photonic
parameters on mechanical and optical properties of end-
of-fiber polymer tips
S. Jradi, O. Soppera, C. P. Carre, École Nationale Supérieure de
Chimie de Mulhouse (France); R. J. Bachelot, Univ. de Technologie
de Troyes (France)
A flexible method of manufacturing polymer microlenses at the
extremity of both single mode and multimode optical fibres has been
developed recently. The procedure consists in depositing a drop of
liquid photopolymerizable formulation on the cleaved fibre and using
the light emerging from fibre to induce polymerization leading to the
formation of the polymer tip. This process is highly interesting for
applications in optical fibre connecting and SNOM imaging since it is
fast, highly flexible (curvature radius can range from 0,2 to 100 µm)
and it does require expensive equipment.
Though the fabrication process leads to structures with well-control
geometry, the mechanism of the polymer tip formation was not fully
elucidated . In this work, we particularly focus on the photoinduced
physico-chemical processes that occur during the lens formation.
The effect of different parameters (time of exposure, light power,
dose, oxygen,...) on the final properties of polymer tip (mechanical
resistance, diameter) was studied. Other parameters such as
temperature, viscosity, chemical composition and photochemical
reactivity of the formulation, were also tested. The building up of the
polymer tip was characterized by optical microscopy. FTIR spectros-
copy and AFM running in Pulsed Force Mode were used to analyze
respectively the monomer conversion and the stiffness of the
photopolymerizable films that were irradiated under equivalent
conditions.
This study allowed to define the synthesis parameters leading to an
improvement of the mechanical and optical properties of the polymer
tip. From a fundamental point of view, the experimental set-up
constitutes an interesting configuration to investigate the
structuration of photopolymers at a micro and nanoscale.
ref: R. Bachelot, A. Fares, R. Fikri, D. Barchiesi, G. Lerondel, P.
Royer, Optics Letters, 29(17), 1971-1973 (2004); M. Hocine, N.
Fressengeas, G. Kugel, R. Bachelot, P. Royer, C. Carré, D.J.
Lougnot, OSA Trends in Optics and Photonics Photoreactive Effects,
Materials and Devices 87, 275 (2003)

6188-37, Session 7
In-process 3D assessment of micromoulding features
B. R. Whiteside, R. Spares, P. D. Coates, Univ. of Bradford (United
Kingdom)
Recent advances in micro and nano-technology are realising devices
with a huge range of applications in the telecommunications,
biomedical and automotive sectors.  However, current manufacturing
techniques such as silicon micromachining and lithography are
expensive and have limited output.  Micromoulding has emerged as
a route for micro-device fabrication which offers all the benefits of
conventional injection moulding such as high outputs and low

marginal costs for these high value-added components.  Microscale
feature moulding on larger components has also recently attracted
great interest, particularly for opto-electronic and lab-on-a-chip
applications.
The IRC at the University of Bradford has been active in the
micromoulding research field since 2001.  Current areas of research
include high shear polymer rheology, process data measurement
and product property evaluation using a range of techniques
including atomic force microscopy, white light interferometry and
nanoindenting.  These systems allow detailed product property
measurement but are unsuitable for assessment of every moulding
produced during a manufacturing process due to limitations imposed
by the time required for a measurement to be performed.  For 100%
quality assessment, a system must be integrated into the process
and perform the measurement within the cycle time of the machine.
Many commercial moulding processes employ machine vision
systems for in-process quality assessment.  These systems typically
employ a number of cameras linked to pattern recognition software
to allow evaluation of critical dimensions and feature sizes.  How-
ever, true micromoulded products having typical feature dimensions
in the sub-1mm range require evaluation using microscope lenses
which pose problems due to their inherent small working distances
and shallow depths-of field.  Difficulties can be experienced when
attempting to image the entire component and multi-camera
systems can become unworkable.  However, the small depth of field
can be used advantageously by using extended depth of field
focussing techniques to generate a fully focussed image plus a 3-
dimensional contour using a single camera system.
In order to evaluate this hypothesis, a system was developed on a
test bed comprising of an Olympus BX-41 optical microscope with a
Prior H-101 motorised XYZ stage.  A  Lumenera LU125 CMOS
monochromatic camera was mounted on the microscope and linked
to a PC via USB2.0.  A software application was created which
increments the stage vertically and records the image from the
camera at each step.  Following image acquisition, the software
processes the stored images in sequence and calculates the frame
number at which each pixel location reaches the point of best focus.
A number of convolution kernels, based on 3 x 3 Sobel filters in the
horizontal, vertical and diagonal directions were used to determine
maximum contrast between each pixel and it’s neighbours for each
frame in the stack and the frame at which the value became
maximum was taken to be the frame at which the pixel was in focus.
The pixel greyscale value at the point of best focus and the corre-
sponding frame number are saved to disk for post processing.  The
height value of each pixel can subsequently be calculated from the
product of the frame number and increment step size.  The stored
dataset can be recombined to form extended depth of field images
of the product plus height information, typically displayed as either
cross section analysis or a contour plot.
The system was installed onto a Battenfeld Microsystem 50
micromoulding machine for further evaluation in a commercial
processing environment for products of mass less than 0.5mg.  Trials
have shown it is effective for detailed product property measure-
ment,  and when used in tandem with a process monitoring system,
provides a useful tool  for diagnosis of process failure when an
unsatisfactory part is produced.

6188-51, Poster Session
Comparison of various optical characterization
techniques for the surface analysis of optical-grade
germanium infrared materials
H. Ottevaere, Vrije Univ. Brussel (Belgium); A. Szpak, Politechnika
Warszawska (Poland); I. Romandic, J. Van Nylen, H. Vercammen, D.
Vyncke, Umicore Laser Optics (Belgium); M. Kujawinska,
Politechnika Warszawska (Poland); H. Thienpont, Vrije Univ. Brussel
(Belgium)
For the development, optimization, production and quality control of
high-quality infrared optics, reliable, standardized techniques to
characterize the optical properties are of high importance. Especially
in low-loss or high-power laser applications, absorption and surface
roughness can put severe limitations on the performance of the
optical component. Therefore, in a lot of applications optical
resolution demands for infrared (IR) imaging systems are steadily
increasing [1] which means the performance of optical elements
must also improve. Unarguably, Germanium (Ge) remains the
material of choice for high performance thermal imaging in the 8-12
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µm spectral range. The IR-grade Ge single crystals, from which the
optical elements are made, are usually produced by the Czochralski
crystal-pulling process. This process has become the dominant
technique for the production of Ge blanks [2]. But, because Ge single
crystals intended for IR optical applications are grown along the
[111] crystal direction, these crystals are not dislocation-free. We
present in this paper an in-depth investigation of one of the main
optical loss mechanisms, surface roughness. Surface roughness is
generally known as a measure of the topographic relief of the surface
and as a consequence an extremely determinative parameter for the
quality of optical elements. Moreover knowledge of this roughness
will give us useful information on the effect of surface finishing
(grinding, polishing and coating). Even more important, it will give us
an indication of how to improve these processes. In this paper we
will deal with different methods to measure this surface characteris-
tic, namely optical non-contact surface profilometry, stylus
profilometry and atomic force microscopy. Finally we will compare
the measurement results and we will select the most appropriate
measurement technique to determine the surface roughness of a
polished Ge sample. All measurements were done at identical the
same location on the sample and the results are obtained within the
same measurement area.
The optical non-contact surface profiler system or white light
interferometer, which we will apply in this work, makes use of two
approaches to measure a wide range of surface heights. The phase-
shifting interferometry (PSI) mode allows measuring fairly smooth
and continuous surfaces (0.1 nm < heights < 160 nm) while the
vertical scanning interferometry (VSI) mode can measure rough
surfaces and heights ranging between 160 nm and 2 mm [3]. We will
restrict ourselves to phase-shifting interferometry (PSI) only, because
this approach allows measuring nearly smooth surfaces. The applied
50x microscope objective offers a total effective magnification of
102.4, if we take the field of view (FOV) multiplier to be 2. This is the
maximum magnification that we can obtain with the profiler installed
in our lab. The vertical resolution is approximately 3 nm root-mean-
square (RMS) for a single measurement. The lateral resolution is a
function of the total magnification, of the cursor position accuracy
and of the detector array size. The larger the magnification (102.4x)
the better the lateral resolution, but the smaller the measured area.
To solve this limitation, a stitching function makes it possible to
characterize a larger field of view without switching to a lower
magnifying objective. This preserves the high lateral resolution
required to image small features within a large area.
From the measurement results obtained with the optical non-contact
profilometer on a 4cm diameter polished Germanium sample we can
conclude that the surface roughness after a stitching measurement
(area of 500x500 µm(c)˜) is one order of magnitude larger compared
to a point measurement (area of 42x46 µm(c)˜). This is because the
number of scratches is higher in larger areas and the latter also show
considerable more waviness.
A second approach which we studied makes use of a stylus
profilometer, using a diamond tip dragged on a surface with very
light pressure to get information about the surface topography. The
movement of the tip actuates a linear variable differential transducer
(LVDT) that converts movement into an electrical signal. A LVDT is a
very sensitive transducer but the tip of the profilometer is conical and
has a finite rounded shape, which interacts with the sample being
scanned. The vertical sensitivity is in the nanometer range but steep
edge profiles are distorted because of the shape of the tip. Small
radius tips are therefore better but more likely to be damaged by
mishandling. For the characterization of Ge we used in this work a
2.5 µm radius tip. From a line scan over a length of 46 µm we can
determine the surface roughness values: an average surface
roughness Ra of 0.8 nm, a root-mean-square roughness Rq of 1 nm
and a peak-to-valley roughness Rt of 5.6 nm. Also an area can be
determined by stylus profilometry, however it consists of scanning
parallel lines. Because the line separation for our instrument is 3 µm
large the resolution along the direction perpendicular to the scanning
direction limits the lateral resolution considerably. Therefore we only
describe here the results of a line scan.
A third method which we investigated to determine the surface
roughness is atomic force microscopy. The latter consists of
scanning a sharp tip on the end of a flexible cantilever across a
sample surface while maintaining a small, constant force. The tips
typically have an end radius of 2nm to 20nm, depending on the tip
type. The scanning motion is conducted by a piezoelectric scanner
which scans the tip in a raster pattern with respect to the sample.

The tip-sample interaction is monitored by reflecting a laser beam off
the back of the cantilever into a split photodiode detector. By
detecting the difference in the photodetector output voltages,
changes in the cantilever deflection or oscillation amplitude are
determined. The two most commonly used modes of operation are
contact mode AFM and tapping mode AFM, which are conducted in
air or liquid environments. Contact mode AFM consists of raster-
scanning the sample while monitoring the change in cantilever
deflection with the split photodiode detector. A feedback deflection
by vertically moving the scanner is needed to maintain a constant
photodetector difference signal. The distance the scanner moves
vertically at each x,y data point is stored by the computer to form the
topographic image of the sample surface. This feedback loop
maintains a constant force during imaging. Tapping mode AFM
consists of oscillating the cantilever at its resonance frequency
(typically ~300kHz) and lightly “tapping” the tip on the surface during
scanning. The laser deflection method is used to detect the root-
mean-square (RMS) amplitude of the cantilever oscillation. A
feedback loop maintains a constant oscillation amplitude by moving
the scanner vertically at every x,y data point. Recording this
movement forms the topographical image. The advantage of tapping
mode over contact mode is that it eliminates the lateral, shear forces
present in contact mode. This enables tapping mode to image soft,
fragile, and adhesive surfaces without damaging them, which can be
a drawback of contact mode AFM. The measurement on the
polished Ge sample however was done with contact mode. After
removing curvature and tilt we found in an area of 42x46 µm(c)˜ the
following surface roughnesses: Ra 0.882 nm, Rq 1.15 nm and Rt
20.8 nm.
We can conclude that we determined the surface roughness of
polished Germanium with different commercial instruments. All
measurements were performed within the same area (42x46 µm(c)˜).
The average and RMS roughness results obtained with stylus
profilometry are larger compared to the other techniques because of
the limited lateral resolution. For the peak-to-valley values we find
comparable results for the three investigated methods. From these
data and our in-depth investigation we can conclude that the optical
non-contact profilometer is most suited to analyze the surface
roughness in areas larger than 50x50 µm(c)˜, while the AFM is the
instrument par excellence to analyze smaller areas. The stylus
profilometer on the other hand is most appropriate to scan lines over
lengths up to 10 mm and this in a very short measurement time.
Therefore we can conclude that the order of magnitude of the
surface roughness of Ge can be determined by stylus profilometry
while an accurate measurement to compare different grinding and
polishing parameters has to be performed by optical non-contact
profilometry. At the conference, the different measurement tech-
niques will be discussed in more detail while focusing on the
repeatability of the different instrumentation tools and the experi-
mental obtained measurement results.
[1]  U. Willamowski, D. Ristau, E. Welsch, “Measuring the absolute
absorptance of optical laser components”, Applied Optics, pp. 8362-
8370, 37(36), 1998.
[2] I. De Ruijter, “Germanium enters a new era”, Photonics Spectra,
pp. 55-59, No. 7, 1987.
[3]  A. Olszak, M. Zecchino, “Lateral-Scanning Interferometry takes
the long view”, Photonics Spectra, No. 7, 2002.

6188-52, Poster Session
Thermal characterization of power transistors by close
infrared thermography method
S. Dhokkar, Ecole Nationale Supérieure de Mécanique et d’Aérot
(France); B. Serio, Ecole Nationale Supérieure de Physique de
Strasbourg (France); J. Hunsinger, Univ. de Technologie de Belfort-
Montbéliard (France); P. Lagonotte, Ecole Nationale Supérieure de
Mécanique et d’Aérot (France)
The reduction in size of integrated power circuits has generated an
increase in a number of new electronic applications such as three-
phase converters used in hybrid automobile. However, this miniatur-
ization has increased the operating temperature and also the
problem of power devices reliability. Indeed, the thermal energy
dissipated in integrated power circuits is directly linked to their
electrical consumption which is due principally to the transistor
commutation currents. This evolution requires the use of a cooling
device in order to allow a reliable operation with high performances
increasing both cost and volume of the device.
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Thus, in order to optimise the structure of the electronic circuit and
the cooling device, it is important to integrate thermal control in the
conception phase of an electronic power device. This requires a
good knowledge of thermal losses in the device related to its intrinsic
properties and geometrical implantation. In order to obtain this
information it is necessary to measure the temperature of the power
component in the operating mode. The measurement method must
be non- destructive.
Classical Infrared thermography methods used to determine both the
thermal dissipation and temperature are limited to objects size
compatible with the Rayleigh criterion. Consequently, in order to
increase the spatial resolution it is necessary to reduce the working
wavelength of the thermography method. In this previous work [1],
authors have developed a close infrared thermography method
based on the use of an intensified CCD camera to measure the
thermal radiation emitted by electro-thermal-micro actuators.
In this study, we present the thermal characterization of a power
MOSFET (Metal-Oxide-Silicon-Field-Effect-Transistor) using near
infrared thermography method based on the measurement of
thermal radiation emitted by the power transistor in the spectral
domain from 800 nm to 1000 nm. The thermal measurement is
obtained in steady and dynamic mode and the absolute temperature
distribution is measured at the micron scale. In dynamic mode the
transistor is heated (by Joule effect) at a frequency compatible with
the camera acquisition speed. Results obtained in steady and
dynamic mode highlight the excellent spatial resolution (optical
resolution) of the experimental device and its great sensitivity for
detection of weak thermal emission variations.
REFERENCE
1. B. Serio, J. J. Hunsinger1, F. Conseil, P. Derderian, D. Collard, L.
Buchaillot, M. F. Ravat, “Close infrared thermography using an
intensified CCD camera: application in non-destructive high
resolution evaluation of electrothermally actuated MEMS”, of ICM-
International Conference Center Munich, 13-17 June 2005, Proceed-
ings of SPIE Vol. #5856

6188-53, Poster Session
Fast wavelength-scanning interferometry technique with
derivative detection of quadrature signals
O. Cip, B. Mikel, J. Lazar, Institute of Scientific Instruments (Czech
Republic)
We present a laser interferometer where a narrow-linewidth tunable
VCSEL laser (Vertical-Cavity Surface-Emitting Laser) working at 760
nm is used. For the detection of an absolute distance, we have used
a fast wavelength-scanning interferometry technique. In the first part
of the work we introduce the absolute laser interferometer as a
demonstrator for research of a digital detection of quadrature signals
(X-cos and Y-sin). This interferometer uses polarized beams and
magnitude division of interference fringes. The wavelength of VCSEL
laser is swept with the mode-hop free tuning range more than 1.2
nm, by means of the amplitude modulation of the injection current.
At the same time, the operating temperature of the VCSEL is
stabilized with a fast digital temperature controller. We control the
wavelength value and whole tuning process of the laser with the
frequency lock to selected modes of an external Fabry-Perot etalon.
Except the frequency lock, the Fabry-Perot mode spectrum identifies
wavelength-tuning interval of VCSEL during each sweep. A digital
signal processor (DSP) is heart of the control and detection system.
It samples intensity signal from Fabry-Perot etalon and X-Y quadra-
ture signals from the detection unit of the interferometer. After 1 nm
sweep of the VCSEL wavelength, we obtain a number of passed
interference fringes and the number of passed Fabry-Perot reso-
nance modes, at the same time. On basis of these measured
quantities we are able to calculate the instantaneous value of the
optical path length difference between the measuring and reference
arm of the demonstrational interferometer.
The other part of the work is oriented to research and experimental
testing of the digital detection of quadrature signals (X-cos and Y-
sin) calculated only on basis of one intensity (interference) signal -
that is produced by a SIMPLE photo-detector. In this case, the
conventional - VERY COMPLICATED - polarizing detection unit is
replaced by such a single photo-detector. This situation is usual in
fiber optic interferometers where a mutual angle of the linear
polarization of two interference beams is not strictly perpendicular,
so that the quadrature detection unit is not possible to use. Thus
there is no chance to calculate the linear phase between interference

beams. On the other hand, our proposed method shows possibility
how to determine these quadrature signals. It comes from derivative
spectroscopy technique, knew in the field of the frequency stabiliza-
tion of lasers. The optical frequency of the laser beam is modulated
by a harmonic signal and the synchronous detection (lock-in) in the
first, second, or third harmonics in the output of the signal chain
produces the first, second, or third derivation, respectively. In case
of the laser interferometer, if VCSEL laser is modulated with the
sinusoidal signal then the photodetector placed in the interference
field produces distorted non-harmonic voltage signal. This distortion
is caused by non-linearity that is represented by the course of one
period of the interference fringe. Then harmonic components in the
first, second, or third derivation can be detected simultaneously by
mentioned technique.
We experimentally tested the proposed method on VCSEL laser
interferometer (demonstrator). In this case, we used one of quadra-
ture signals produced by conventional interferometer detection unit
(like a single photo-detector) to study of proposed method. We
programmed the DSP processor for synchronous detection in the
first harmonics. At the same time, we sampled this quadrature signal
and both signals we stored to PC computer. If we placed both
signals into the Cartesian plane, we obtained usual course of passed
interference fringes (measured during one sweep of VCSEL laser):
the intensity signal and the first derivation are IN QUADRATURE. On
basis of traditional inversion function (arctan) we were able to
determine instantaneous phase between interference beams in each
part of recorded signals. During this time, we work on detailed
comparison between calculated and measured values of these
quadrature signals and results will be presented during the confer-
ence.

6188-54, Poster Session
Characterization of dents and grooves on polymer films
using scanning white-light interferometry
I. Kassamakov, Univ. of Helsinki (Finland); K. Ojala, Nokia Research
Ctr. (Finland); A. Salmi, E. Hæggström, J. P. Aaltonen, Univ. of
Helsinki (Finland); A. Huber, Nokia Research Ctr. (Finland); H.
Saarikko, M. Österberg, M. J. Oinonen, Univ. of Helsinki (Finland)
Deformation in two different kinds of thin layered polymer films was
investigated under static indentation and dynamic loading (plowing)
on the surface. Affecting the surface was a spherical tip moving at
different velocities. The surface response was measured with a
scanning white-light interferometer (SWLI). The relation between
groove parameters (width and depth) and the deformation tool
velocity as well as between the tip diameter and the applied force
were obtained from the SWLI scans. To cover a large groove area a
series of 3D groove profiles were stitched together. The profile was
compared to friction data recorded by the scratching device. The
results indicate that white-light interferometry can be used to
determine mechanical properties such as ‘scratchability’ (abrasing
resistance) of polymer surfaces without contacting the sample.

6188-55, Poster Session
Methods of particle contamination characterization for
optical application
I. Tovena-Pecault, S. Garcia, S. Palmier, P. Manac’h, CEA Cesta
(France); C. Labrugeres, Institut de Chimie de la Matière Condensée
de Bordeaux (France)
For high tech industries such as semiconductor or optical ones,
controls must be done not only on airborne particle contaminants in
cleanroom and associated controlled environments but also on
surface particle contamination.
Optical components and more recently
microoptoelectronmechanical systems ( MOEMS) are growing
technologies interested in particle contamination control with atomic
scale resolution over large areas. The aim is to increase production
reliability on miniaturized systems.
The real difficulty is usually finding a correlation between such
airborne and surface particulate contaminations. This paper presents
a methodology in order to answer to this specific question. For, this
question is tightly linked to the cleanroom activity, to the operating
personnel, to the cleanroom disposition and cleanroom materials or
equipments for example.
Theoretically, we can calculate the surface particle contamination
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based on deposition velocities and deposition rates of airborne
particle contamination defined in ISO 14644-1 for very simple case.
The reality is much more complex and all the methodology presented
here is based on experimental complementary measurements.
A variety of techniques is available for obtaining useful information
about the aerosol itself: size and concentration in particles/m3. The
best way to detect the micrometric and submicrometric aerosols is
by light-scattering properties using an optical particle counter. This
method is normalized in ISO 14644-1.
For the evaluation of surface particle contamination, different
techniques are available for direct or indirect observation of the
surface of interest. As a direct analysis of contamination is often not
possible on the surface of interest either due to object related or
measurement related reasons, samples first need to be prepared
before inspection. The particles to be recorded are detached from
the testing surface ( sampling) and are placed on/in a replacement
substrate. The particles are then measured using a technique
adapted to the replacement substrate. In our case, the surfaces of
interest are glass plate, very smooth surfaces. The different methods
tested here are light microscope, scattered light scanner and
electronic microscopies with X-ray spectroscopy, optical particle
counter with special systems for particle extraction.
Light microscopes have a wide range of application and a scale
resolution which is in agreement with the optical particle counter. For
recordable particle sizes are 0.5µm and larger. When particles do not
contrast sufficiently, dark field illumination could be used. An efficient
image analysis is then necessary to obtain the particle surface
concentration of each range size. This characterization is compared
to the oblique light measurement systems and to the optical particle
counters with different systems of extraction.
Complementary chemical informations are obtained thanks to
electronic microscopies, X Ray photoelectron spectroscopies and
Raman spectroscopy.

6188-56, Poster Session
A novel optical detection system for chromatography
applications
W. Meulebroeck, H. Ottevaere, K. Scheir, D. Clicq, G. Desmet, H.
Thienpont, Vrije Univ. Brussel (Belgium)
SUBJECT: EPE107
1. INTRODUCTION
In this work we describe the design of a confocal microscope based
optical system which can be used for two types of miniaturized fluid-
chromatographic experiments: first of all for the study of shear-
driven fluid separations in micro-channels and secondly for the study
of peak-broadening phenomena in pressure-driven fluids in the same
type of micro-channels. For the first type of measurements fluoresc-
ing dyes (coumarines) are used while for the second type photo-
active molecules (uncaged dyes) like for example fluorescein
molecules are needed. We designed the detection system in such a
way that by making some small changes to the system we can swap
from one application to the other. After calculating the specifications
of the optical components, we simulated the system with the
sequential ray-tracing-software Solstis and built the system. Finally
we did some preliminary experiments which demonstrated the
working principle of our set-up.
Optical detection techniques are finding their way in many different
application domains, like for example in the world of fluid mechanics
and chromatography. One defines chromatography as a chemical
analysis technique used for the separation, identification and
quantification of the different components of an unknown mixture.
Chromatographic separations can be realised in different ways. In
this work we will only discuss fluid-chromatography in micro-
channels. The unknown mixture is solved in a liquid (moving phase)
which is injected into a micro-channel. The chemical components of
the unknown mixture will spread over the stationary and the mobile
phases and due to molecular diffusions there will be an exchange of
molecules between both phases. The travelling speed of the
molecules through the channel depends on their affinity to the
stationary phase. In this way a separation of components with
different affinities is achieved. Most of our chromatographic
experiments are based on the use of shear-forces as an alternative
for the customary used pressure- and voltage-gradient flow driving
methods [1] [2]. The micro-channels have a typical width of 700µm
and a depth that varies between 200 and 500nm. The micro-

channels where a pressure-driven flow is applied have a depth of
approximately 10µm.
2. METHODOLOGY - DATA - RESULTS
The optical detection system for chromatographic separation is
based on the detection of a fluorescence signal emitted by the
different substances of the fluid. After creating a light spot on the
micro-channel, the substances passing this spot will fluoresce.
Because of the high absorption in the ultra-violet part of the
spectrum of the used coumarines, we use the 351 nm line of an
argon laser for the excitation of the fluorescence. Depending on the
application the light is captured on a PMT-detector or on a CCD-
camera.
For the shear-driven experiments, there exist two different configura-
tions which both use another shape of the illumination spot and
another detector type. In a first type of experiments the micro-
channel is illuminated with a circular spot. The desired diameter of
this spot varies between 500µm and 2mm. So depending on the
spotsize, we could catalogue the system more as a wide-field or
more as an epi-fluorescence microscope. This configuration is used
to monitor separation experiments on a CCD-camera. In the other
case a rectangular shaped illumination spot is created onto the
micro-channel and the fluorescence light is captured on a PMT-
detector. The spot should have a width between 50 and 75µm and a
length of approximately 500µm. With this set-up we can create real
chromatograms during a separation experiment. For the pressure-
driven experiments used for the study of peak-broadening, we use
the same rectangular illumination spot to activate the uncaged
molecules. After this we illuminate the channel around the activated
zone with blue light filtered out of a white light source. By doing this
the activated molecules fluoresce and thanks to this the peak-
broadening can be measured via the monitoring of the width of the
activated strip with a CCD-camera.
The most important component of the set-up is a microscope
objective which focuses the collimated beam coming from the laser
source. The micro-channel is placed in the focal plane of this lens
system. At the detector side the fluorescence light is focussed with
an additional lens onto the PMT or onto the CCD-camera. For the
separation between the illumination and the detection arm a well-
chosen dichroic mirror is needed. In front of the detector an extra
filter is placed to filter the excitation light out of the fluorescence
light. With this set-up we can reach very small, almost circular spot-
sizes. The optical simulation of the system showed a spot diameter
of approximately 540µm.
To obtain a larger spot-size we add an extra divergent lens in the
illumination arm in front of the dichroic mirror. Choosing a spherical
lens will maintain the circular shape of the spot; applying a cylindrical
lens will lead to a line-shaped illumination spot. We found the
specifications of the needed lenses by performing an optical
simulation of both systems. Next we tested the performance of the
lenses by measuring the spot-size at the position of the micro-
channel with a beamprofilometer; this for the different configurations.
In case of a spherical lens, we learned that by moving the spherical
lens a few millimetres along the optical axis of the system, we can
approach spot-sizes between 540µm and 2.5mm. When using a
cylindrical lens the measured spot-size was 540x70µm. This all
corresponds with the predefined requirements. In the next step we
built both systems in the lab and tested their performances. We
observed spot-sizes which showed only small differences with the
simulated values (650µm instead of 540µm; 600x40µm instead of
540x70µm). The differences between the measured and the
simulated values might be due to the glass plate on which the bio-
sensor lays and which causes extra scattering. Though the obtained
sizes are acceptable and finally we demonstrated the working
principle of both systems used for shear-driven separation experi-
ments.
A final change of the system was made to demonstrate the monitor-
ing of peak-broadening of constituents of pressure-driven flows. To
activate the photo-active molecules we use the same line-shaped
illumination spot as in the shear-driven set-up. The wavelength of the
beam is 334nm. An automatic shutter adjusts the illumination time.
For the visualization of the activated stripe, we illuminate the
surrounding region. Therefore we place an extra illumination arm in
the set-up which contains a white light source and a bandpass filter
around 488 nm. With this set-up we succeeded in monitoring the
peak-broadening on a CCD-camera.
3. CONCLUSIONS
In this work we demonstrated a novel optical system which can be
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used as a detection system for miniaturized fluid-chromatographic
experiments.
REFERENCES
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Macro-molecular Separations (2004). Analytical Chemistry 341A-438
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6188-57, Poster Session
Generation of higher-order optical vortices
Y. V. Izdebskaya, V. G. Shvedov, Vernadskiy Tavricheskiy National
Univ. (Ukraine)
It is proved to be quite natural now to see a variety of new optical
applications based on unique properties of the vortex-bearing
singular beams. The microparticle traps and spanners and also
needs of nonlinear optics take up one of the first places among
them. The greater is the vortex topological charge, the greater is the
angular momentum of the beam to twist the particles and to perform
different self-action operations. To that end it is necessary to focus
the singular beam into a small area. However, higher-order optical
vortices can be structurally unstable ones to such transformation.
Soskin et al pointed out that even transmission of a Gaussian beam
with the double-charged optical vortex through a relatively wide
circular aperture results in breaking out the vortex into two single-
charged ones. Helseth extended such conclusion onto all higher-
order optical vortices in a focal region. Is this characteristic inherent
in all types of singular beams or only in Gaussian beams bearing the
higher-order optical vortices? Are there any exceptions from this
rule?
It is well-known the unique property of spiral phase plates (SPP) to
turn a topologically neutral laser beam into one bearing a phase
singularity, i.e. the optical vortex in which the light intensity is
vanished at the center whereas the phase is uncertain. While the
basic trait of the holographic technique  is to scatter the initial beam
about several diffractive orders, the SPP is able to produce the
vortex bearing beam with the desirable value of the topological
charge in the zero diffractive order. On the other hand, the SPP has
to be manufactured with a high mechanical accuracy for any
deviation of the mask thickness from a value divisible by the
wavelength evokes the vortex with a fractional topological charge. As
the singular beam bearing such vortex propagates far from the mask
it breaks out into the superposition of elementary beams with integer
values of the vortex topological charge. As the result, the singular
beam experiences a strong structural distortion. At the same time,
when the SPP topology varies discretely, rather than continuously
(so called the phase staircase mask), the resulting singular beam
scattered by the mask can be also suitable for different practical
applications.
We have already pointed out the possibility to generate the vortex-
bearing beams with a high energy efficiency  by passing the
fundamental Gaussian beam through the edge formed by the rim of
the dielectric wedge so that one half of the beam propagates
through the wedge while the other one spreads through free space.
The major feature of this technique is that “the vortex itself chooses”
the position inside the beam cross-section to be born. The vortex
position at the wedge is restricted by the only condition: the contour
over the mask surface inside the beam must give 2pi phase excess.
Thus the slight deformations of the phase mask do not deform the
vortex structure but displace the vortex as a whole. This circum-
stance enables us to simplify essentially a tuning of the experimental
set-up. At the same time, the technique does not permit to produce
optical vortices with the topological charge greater than unit.
In this report we show that the stack of the dielectric wedges is able
to generate the singular beams bearing higher-order optical vortices.
The phase structure of the vortex is slightly deformed due to the
vortex distortion at the wedge. In the general case, the singular beam
diffracted by the SW mask carries over vortex chains locating along
the rims of the wedges. Each vortex in the chain is single-charged
one. However, the vortex located at the crossing of chains has the
topological charge equal to the number of the wedges.
Also, in this report we investigate the focusing of the higher-order
optical vortices nested in singular beams generated by the optical

wedge.
Thus, we have experimentally revealed that the wedge-generated
singular beam with the double topological charge subjected to
focusing does not lose its structural stability. Moreover, the vorticity
of the beam rises near the focus. The wedge-generated beams can
be presented as a superposition of some pars of partial off-axis non-
singular beams. A number of such beam pairs is equal to a vortex
topological charge.

6188-58, Poster Session
AFM benchmark for the profile characterisation of
subwavelength diffractive elements within the EC
Network of Excellence on Micro-Optics NEMO
N. Destouches, Univ. Jean Monnet Saint-Etienne (France); H. P.
Herzig, Univ. de Neuchâtel (Switzerland); Y. Jourlin, Univ. Jean
Monnet Saint-Etienne (France); W. Nakagawa, Univ. de Neuchâtel
(Switzerland); H. Ottevaere, Vrije Univ. Brussel (Belgium); O. M.
Parriaux, Univ. Jean Monnet Saint-Etienne (France); J. Pietarinen,
Joensuu Yliopisto (Finland); S. Reynaud, Univ. Jean Monnet Saint-
Etienne (France); J. Tervo, J. Turunen, Joensuu Yliopisto (Finland); J.
Van Erps, Vrije Univ. Brussel (Belgium); M. Kujawinska, Politechnika
Warszawska (Poland)
Subwavelength diffraction gratings are relevant optical components
for sensor devices [1], optical interconnect applications[2] or for laser
cavities [3] if they reach high diffraction efficiencies. In association
with a slab waveguide they can give rise to resonant effects
characterized by a narrow spectral and angular width and an
amplitude which can possibly reach 100% [4]. Such effects are very
sensitive to the opto-geometrical parameters of the diffractive
elements, which need to be accurately controlled. The refractive
index of the bulk or layered material can be measured apart from the
microstructure. Then, the grating profile characterization is a key
stage to guarantee the optical functionalities. For submicron period
gratings optical measurement methods are precision limited except
the ones using some scatterometry or ellipsometry techniques and
solving the inverse problem [5]. The latter can recover the grating
profile with a subnanometer resolution but they generally need some
information about the shape of the profile. The scanning electron
microscopy can also be used for short pitch gratings measurement
but it requires metalizing the cross-section of the gratings and it is
thus destructive. The third technique commonly used for the
characterization of subwavelength gratings is the atomic force
microscopy (AFM). The latter was the subject of an interlaboratory
benchmark within the EC Network of Excellence on Micro-Optics
NEMO, and more in particular within the Center for Measurement
and Instrumentation (WP 2), which results will be discussed in this
paper.
The round robin “measurement of subwavelength diffractive
elements” tackles the metrology problems related to the measure-
ment of diffraction gratings by AFM. It aims at quantifying the
absolute precision and the uncertainty of the measurement consider-
ing some features of such structures like the depth, the period, the
fill factor, the roughness and the shape of the profile. This round
robin involved four partners within NEMO : CNRS-TSI, VUB, IMT,
JOE. Each partner has measured three different samples: one 2D
small depth grating, one 1D small depth grating and one 1D high
aspect ratio grating. In order to get rid of the samples inhomogene-
ity, the measurements were performed exactly at the same location
on each sample. This was achieved by using a multiscale resist
pattern transferred on the gratings which precisely defined a 7x7
µm(c)˜ area. The paper will sum up the experimental values obtained
by all partners, draw general conclusions and make suggestions to
improve the accuracy of measurements.
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6188-59, Poster Session
Optical correlation techniques for characterizing rough
surfaces
O. V. Angelsky, P. P. Maksimyak, Yuriy Fedkovych Chernivtsi
National Univ. (Ukraine)
Considerable progress in rough surface characterization has been
achieved in the past decades. Numerous techniques for surface
roughness diagnostics have been developed, as well as devices
implementing such techniques. Noncontacted, nondestructive,
diagnostic techniques undoubtedly possess and well-known
advantages. All optical techniques may be divided into three large
classes:
- profile-interference and heterodyning techniques;
- techniques based on measurement of the angular distribution of
scattered radiation;
- optical correlation techniques.
We consider here optical correlation techniques, which based on the
well-known model for a random phase screen (RPS)1. Using this
model, one can obtain simple interrelations between the statistical
moments of the object structure and similar parameters for the
scattered field. The RPS model is applicable not only in connection
with rough surface diagnostics, but also in the characterization of
inhomogeneous phase objects such as turbulence in liquid and gas,
optical crystals with dislocations, etc. Thus, optical correlation
techniques may be used for diagnostics of a wide class of inhomo-
geneous phase objects, which may only be described by their
statistical properties. At the same time, the measuring devices
implementing optical correlation techniques can be designed as
laboratory or portable systems for on-line surface roughness control
and for control of arbitrarily shaped surfaces2. Spatial averaging of
the measured data over the illuminated area under study just in the
optical channel provides sensitivity threshold for these techniques of
approximately 2 Å, and a measurement time of  about 2 seconds.
However, optical correlation techniques based on the RPS model
possess some limitations. So, the upper limit of the probed heights
of the surface under investigation depends on the wavelength of the
probing radiation, and the statistics of surface heights must obey
Gaussian statistics. At the same time, any real surface has a finite
number of irregularities whose statistics differs from Gaussian
statistics. Besides, during the last decade, some articles were
published confirming that the structure of the surface roughness is
fractal or possess a fractal-like structure3. One of the many features
of fractality is a growth of the correlation length of inhomogenieties
with the increase of the surface area under investigation4,5. This fact
can be explained as a consequence of the surface structure self-
similarity, when the part of the surface of greater scale is of identical
statistical structure as the parts of surface with smaller scales. In this
case, the statistical approach based on the RPS model becomes
insufficient. Fractals or self-similar objects must be considered within
the framework of the theory of stochastic and chaotic oscillations.
Such objects are characterized by unconventional parameters such
as fractal, correlation, mass, volume and other dimensions4. One of
the possibilities to determine the dimensional parameters is to
characterize them based on the slope of the power spectrum of the
scattered radiation represented in a logarithm scale3. But the
techniques for measuring of the dimensional parameters developed
up to now also possess some limitations. Thus, the development of
new approaches for the diagnostics of fractal surfaces is urgent. The
purpose of this report is to study the effectiveness and potential by
the usage of optical correlation techniques for diagnostics of surface
roughness with non-Gaussian statistics, fractal surfaces, and
surfaces with irregularities greater than the wavelength of the
probing beam.
We performed both a computer simulation and an experimental
study for estimating the applicability of the optical correlation
techniques to the problem of diagnostics of surface roughness with
non-Gaussian statistics. We consider the objects of two types:
random and fractal.
The previous simulation results are necessary for developing a
multifunctional system for the diagnostics of rough surfaces of
various structure. Such diagnostic system could be based on
measuring the field intensity distribution, a coaxial superposition of a
reference wave (for obtaining the map of a surface profile and phase
variance of the boundary object field), or be based on measuring the
transverse coherence function of a field (for obtaining the correlation

function, power spectrum, and rms of the surface height distribution,
as well as estimation of the correlation exponent of the field).
The results of computer simulation and experimental study of optical
diffraction by random and fractal surfaces are presented in this
report. The statistical and stochastic dimensional parameters of the
scattered optical radiation with respect to the registration zone as
well as of the height parameters and the applied power nonlinearities
have been analysed. It has been established that one can deduce
the type of surface under study, i.e. if it is a fractal or a random one,
by estimating the amplitude dispersion and the phase variance of the
scattered radiation field. It has been established that the kurtosis
coefficient and the correlation exponent of the field are highly
sensitive to changes of the surface irregularities. Thus, the kurtosis
coefficient can be used as the diagnostic parameter within the height
span from 0.1 to 20 µm, while the correlation exponent can be used
as the diagnostic parameter within the height span from 0.8 to 20
µm. The proposed measuring device has the following advantages
compared to an earlier interferometer for control of slightly rough
surfaces presented by the authors. These are a high sensitivity, high
operation speed, protection against vibrations, and an ability to
probe surfaces whose maximal height span exceeds the wavelength
of the probing radiation. At the same time, this device possesses
much diverse functional characteristics. Namely, it facilitates
measuring of the statistical moments and the dimensional param-
eters of random and fractal surfaces with various degrees of applied
nonlinearities.
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6188-60, Poster Session
Study of rough surfaces parameters by polychromatic
light
M. Dashtdar, M. T. Tavassoli, Institute for Advanced Studies in Basic
Sciences (Iran)
When a plane rough surface, like the surface of a ground sheet glass,
is illuminated by an expanded parallel beam of polychromatic light at
small incident angles, light scatters almost uniformly in different
directions. But, by increasing the incident angle, the light scattered in
specular direction becomes more dominant and the effect is more
pronounced at grazing  incidence. It is observed that the spectral
profile of the light scattered in specular direction, compared with the
profile of the light reflected from a smooth surface of the same
material, is modified. The modification depends on the surface
roughness and incident angle. For each roughness the modification
is appreciable in an incident angle interval and reduces to zero as the
incident angle approaches to 90 . It is shown that the increase of the
normalized intensity of the light scattered in the specular direction by
the increase of incident angle and the corresponding spectral
modification are due to the interference of the lights diffracted from
particular platelets. These platelets are distributed at different levels.
With respect to a nominal average level, but are parallel to the latter
level.
By specifying the spectral profiles of the lights scattered in specular
directions for different incident angles and evaluating the modifica-
tion ratios for different wavelengths the densities of the platelets in
different levels are evaluated.  Experiments with surfaces of different
roughness show that the platelets’ density can be expressed by a
Gaussian function whose parameters depend on the roughness of
the surface. In the detail report, the theoretical and experimental
aspects of the problem are presented and application potentials are
discussed.
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6188-61, Poster Session
Optical system for weld-piece distortion measurement
during pulsed laser welding
A. Gorkic, M. Jezer‰ek, J. I. MoÏina, J. Diaci, Univ. v Ljubljana
(Slovenia)
Weld-piece distortion (deformation or warping) is an unwanted side
effect of thermal expansion and contraction in the heat-affected zone
(HAZ) during welding, caused by structural changes of the welded
metal. The trend of converging geometric tolerance limits in modern
industrial production makes the problem of distortion more difficult,
especially in welding of large structures (shipbuilding, construction
engineering...) and structures where fine positioning is crucial (optics,
microelectronics...).
This contribution presents a new optical system, which allows real-
time distortion measurement of weld-pieces on a laser welding
machine. The system is based on simultaneous displacement
measurement of several thousand points on a weld-piece surface
employing rapid (non-scanning) laser profilometry. Weld-piece is
illuminated by laser light, structured into multiple light planes.
Illuminated surface is imaged by a digital camera. The position of the
optical measuring system is fixed relative to the measured weld-
piece. Acquired image is fed into a personal computer where it is
processed to obtain the three-dimensional (3D) shape of imaged
weld-piece surface. The maximum real-time measurement rate of the
presented system is up to 20 surface measurements per second.
The system was applied to study distortion of weld-pieces during
pulsed Nd:YAG laser welding of low-carbon thin steel sheets. In the
particular experiment, the produced weld-pieces exhibited angular
distortion mixed with longitudinal distortion. We have examined the
displacements of characteristic surface points as a function of time,
distortion of the welding edge as a function of time and the final
distortion as a function of processing parameters. We were able to
measure distortions smaller than 0.01 mm.
The experiment showed that final distortion depended mainly on two
process parameters: welding laser pulse duration and gap width.
Small distortion was associated with short (3 ms) welding pulse
duration and narrow gap (0.1 mm). At 5 ms pulse duration we
observed less distortion and more repeatable measurements, which
indicates better process stability. We have observed a characteristic
asymmetry of the final weld-piece distortion: one side of the weld-
piece usually exhibited larger end-of-weld displacements than the
other one. We have analysed dependencies of final distortion
asymmetry on three parameters: asymmetry of initial weld-piece
shape, asymmetry of the oxidized part of the weld-piece surface,
and gap width.
The results show the developed optical system allows fast and
accurate temporally and spatially resolved evaluation of various
types of weld-piece distortion. The presented system is scalable -
the size of the measurement area can be adapted to the size of
weld-piece.

6188-62, Poster Session
Real-time surface deformations control during laser
processing
M. Jezersek, J. Diaci, J. I. MoÏina, Univ. v Ljubljana (Slovenia)
A surface deformation during various types of laser processing, e.g.,
engraving, marking, cutting, forming, and welding may define an
overall product quality at certain cases. The proper feed-back
system is therefore needed in such application. On the other side a
lot of effort has been already put into investigating the fundamentals
and possible applications of laser-forming processes. Indeed, many
analytical and numerical models have already been proposed;
however, these are mainly restricted to very simple laser-beam
patterns and initial plate shapes. Experimental measurements of the
deformed surface have also been limited to some characteristic
values, such as the bending angle or the radii of curvature. Further-
more, these measurements are mainly performed after the process is
complete (using a LVDT, CMM and a laser-point or line-triangula-
tion).
The presented measuring system is designed to measure the entire-
surface deformation during the laser processing. The system is
based on a laser triangulation principle, where the laser projector
generates multiple lines simultaneously. This enables us to measure
the shape of the surface with a high sampling rate and a high

accuracy. The measuring apparatus is designed to operate in a real-
time mode, where the speed of the observation is 25 Hz. Alterna-
tively, the apparatus can measure in a high-speed mode with a
subsequent image processing, where the measuring speed is 80 Hz
and it is limited by the camera. In both cases the accuracy is *7 µm
and the measuring range is 30x40x10 mm. The full-field absolute-
distance measurement is performed on a single acquired image.
The main components of the experimental set-up are the processing
laser with its XY scanning head, the shape-measuring apparatus and
the personal computer. The experimental set-up is constructed in
such a way that the specimen’s top side is laser processed, while
the measurements are made simultaneously on the bottom side of
the specimen.
The specimens are steel plates of various thickness. The processing
laser is a diode-pumped Nd-YAG laser with a wavelength of 1064
nm. It can operate in either pulsed or continuous modes. The XY
galvo-type scanning head has an f-theta lens with a 160-mm focal
length and it has a square scanning region with side lengths of 90
mm.
In the first set of experiments we focused on the type of beam-
propagation paths that could be used as a reference for some
proposed analytical or numerical models. We chose a simple beam-
propagation path such as a standing beam, either as a point or a
straight line. The deformation process is clearly visible from the
measured results. The second set of experiments was carried out to
demonstrate the thin-plate bending effects that occur during the
laser hole drilling. In such applications the deformations of the plate
must be maintained within certain tolerances, and the presented
measuring technique can be very useful for adjusting the process
parameters accurately and quickly. In the last set of experiments we
demonstrate the application of flattening a plate that had been
deformed by a previous laser drilling process. The flattening strategy
involved encircling (i.e., drawing circles) around the deformation
peak. The plate was illuminated by the processing laser from the
same side as during the drilling. The results show the progress of the
flattening after each encircling step. The deformation is two times
smaller after the first step and after the second encircling step the
peak is no longer visible, but some negative (blue) deformation has
occurred.
We can conclude that the proper shape-measuring apparatus plays
an important role in the various stages of the laser-based manufac-
turing process: first, it helps us to monitor the shape of the product
before, during and after the processing in a real time; second, it
helps to select the proper working parameters; and third, it helps us
to choose and/or correct a proper beam-propagation path in case of
the laser forming process.

6188-63, Poster Session
Water waves analysis with image space scale
decomposition tools: wavelets edge detection and the
two-dimensional Huang Hilbert transform
A. P. Zeris, Aristotle Univ. of Thessaloniki (Greece)
In the present article image space - scale decomposition tools are
used for the determination of water  wave profiles.  Wavelets edge
detection and two dimensional Huang Hilbert Transform are
conducted for the profile extraction of an experimental investigation
of reflected and transmitted waves of water - breakwaters interaction
process.
Wave - structures interaction and especially the waves breakwaters
interaction is a challenging fields of research engineering because of
the physics of  interaction process, the cost and the risk assessment
of the construction and the relative energy and enviromental
application.
Laboratory measurements were conducted in Hydraulics Lab in
Aristotle Univ. of Thessaloniki, in a water wave flume of open channel
type with total length  L=20m and width  b= 0.4m with glass wall and
constant bed slope. Wave paddle generator was incorporated in the
entrance of the flume for the generation of the appropriate regular
and irregular waves. Submerged and floating types breakwaters
were positioned in the middle of  the flume. The different behavior of
frequency and amplitude of the transmitted wave with the two types
of breakwaters are reproduced.
The traditional manner for the wave elevation measurement consist
of  wave gauge in front of and behind the structure. With  video
acquisition and image processing techniques  a) the number of wave
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gauge is reduced, b)the spatial information is increased and c) errors
from static calibration of a number of wave gauges are avoided.
With the acquisition of spatial information from the high resolution
images we are able to estimate techniques based on traditional wave
gauges for the extraction of incident and reflected waves from the
composite wave in front of the breakwater.
Also, for the case of floating breakwaters, the intermitted overtopping
wave phenomenon is acquired with the image and a comparison is
conducted with analytical formulas.
In the experimental process, background illumination was incorpo-
rated. Reference, high resolution images were acquired for the calm
water surface.
Initially, wavelets, with well  behavior as edge detection methods are
incorporated for the extraction of the wave profiles in video frames
analysis. Two dimensional Mexican hat wavelet is used  and in the
scale space domain  for the exact location of the free surface as
discontinuities  in the appropriate scale.
A novel approach of image decomposition techniques is conducted in
the present experimental project. An extension of the Empirical Mode
Decomposition as a part of the Huang Hilbert Transform (HHT) in the
two dimension is conducted.
The HHT is a signal processing tool suitable for non stationary and non
linear series.  The HHT proposed by Huang [1] consists of two parts a)
The Empirical Mode Decomposition and  b) the Hilbert Analysis. The
crucial role in the above method is played by Empirical Mode Decom-
position (EMD) technique with which any data set is analyzed in nearly
mono component (Intrinsic Mode Function, IMFs) signal and lead to a
well localizes time frequency domain. A complete understanding of the
behavior of the above method exists for the turbulent flow field [2] and
for rainfall time series [3].
In the present article, since the decomposition is based on local
characteristic time scales, an extension on image decomposition takes
place. The difficulty that makes the present approach challenging is
the numerical  speed and the number of extrema at the final step of
residuals calculation The implementation of  surface interpolation is
tested under various schemes [4,5] of  interpolation curves.
The attractive properties of analytic signal are preserved in the domain
of analytic image after the Hilbert Transform. The analytic wave signal,
is further examined under the light of various preset    convergence
criteria. After a first preprocessing step for the estimation of energy
contribution of the first Intrinsic Mode Image, the profile estimation
process takes place from the instantaneous amplitude image that is
implemented as an edge detector. The Intrinsic Mode Images as filters
in the reconstruction formula are estimated for the edge detection
investigation.
In the next step, the extracted  wave elevation is further studied  with
the time and the spatial variation over the full length of the breakwater
surface. Spectral analysis and  coherence relations with the reflected
and the transmitted wave signal for submerged and floating breakwa-
ters are presented.
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6188-64, Poster Session
Holographic video
D. Enkh-Amgalan, Narantuul Trade Co., Ltd. (Mongolia)
scientists division at Narantuul Trade Company, Mongolia have
experienced and last 8 years have been researched and developed
method of creation real time holographic video screen on base
nanotech and have patented. Basic background of this method is

consist in have been invented the possibility of fabrication controlled
spatial fringe pattern (or diffractive structures).This idea has gain
acceptance and is protected intellectual organizations as a new
invention and is assign patent. In our country no any microelectronic
Labs and in cause I can’t realization, and now I am looking for
partner for cooperation transferring detailed information or selling
patent I shall wait your comment and is assure that you will find
interest.

6188-65, Poster Session
Diffusion coefficient measurement as a function of
concentration by moire technique
H. Mohammad Pour, Institute for Advanced Studies in Basic
Sciences (Iran)
I am working on determining the diffusion coefficient as a function of
concentration in binary liquids by moire technique.
The set up contains an expanded and collimated 10mW laser beam
of wavelength 632.8 angestrum that after passing through the
diffusion cell, incides on twe parallel gratings which are located a
distance of some centimeters from each other. The moire pattern is
formed by the second grating and the shaddow of the first grating.
The down-half of the diffusion cell is filled with the dense solution
and the upper-half with the pure solvent.
As the diffusion process begins and proceeds, the refractivity of
different heights of the cell that depends on the concentration,
change with time.
The refractive index gradient causes the incident light beam deflects,
which  dislocates the shaddow of the first grating on the second one,
thereby deflects the moire fringes.
To determine the relation between diffusivity and concentration, we
have snapshots of the moire pattern every 5 minutes for 20 hours; By
analysing these patterns we have reached the profile of the refractive
index gradient.
Inserting these data in diffusion equation, we have solved it
numerical by Boltzmann-Matano method.
Diffusion coefficient has been determined as a function of concentra-
tion.

6188-38, Session 8
3D optics for 3D imaging: physics, fabrication, and
computation
G. Barbastathis, Massachusetts Institute of Technology (USA)
In 3D optical elements, light interacts with the element throughout its
entire volume (as opposed to discrete set of surfaces, which is done
in traditional optics.) This allows for more degrees of freedom in
shaping the optical response, in particular creating shift-variant
responses. We have used this property in a number of ways to
acquire 3D object information from both reflective and fluorescent
objects under a variety of illumination conditions, including laser-line-
scan, rainbow and uniform white light. The key benefits of using 3D
optics are summarized as excellent resolution over long working
distances, reduced or completely eliminated scanning, and simulta-
neous spectral imaging. Our research addresses the physics of 3D
optical elements, their fabrication, and computational methods for
maximal information extraction from 3D optical imaging systems. In
the area of computation, we have emphasized the use of maximum-
likelihood principles, in particular the Viterbi algorithm, to improve
resolution by at least a factor of 5 relative to the classical limit. In the
area of fabrication, we have developed the Nanostructured
Origami(tm) fabrication and assembly method for nanomanufacturing
macro-scale optical systems which also include sub-wavelength
optical elements and non-optical components, e.g. energy storage.
In this talk, we will summarize the results of our work on 3D optics
and argue that the combined optimization of physics, fabrication and
computation is the most promising for future imaging systems.

6188-39, Session 8
Systematic effects in coherence peak and phase
evaluation of signals obtained with a vertical scanning
white-light Mirau interferometer
P. H. Lehmann, Mahr GmbH (Germany)
Optical profiling shows several advantages over tactile sampling by
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use of stylus instruments. First of all the measuring principle is
contactless, so that damaging of the object’s surface is avoided. By
use of an areal imaging camera a larger measuring field can be
obtained in parallel. Therefore, the measuring process is less time
consuming compared to pointwise measuring  methods, either
optical or tactile.
Especially with interferometric methods sub-nanometer resolution in
height measurement is achieved even for larger measuring areas.
For these reasons the company Mahr, one of the leading manufac-
turers of industrial stylus instruments, decided to develop a
commercial topography sensor based on the principle of scanning
white-light interferometry (SWLI). A LED-based light source and a
digital CCD camera are used to establish a robust state-of-the-art
device and to obtain a higher frame rate compared to conventional
video systems.
The sensor meets some important requirements of manufacturers of
engineered surfaces. In order to realize an as large as possible field
of view a rather short focal length of the tube lens has been chosen.
As a result, the sensor’s dimensions could be kept small and
compact. However, the instrument is even applicable if smooth
surfaces are to be investigated with a sub-nanometer height-
resolution. Due to a vibration-absorbing rod vibrations in the
surrounding can be tolerated up to a certain level and phase
measurements can be performed even if the measuring system is
situated close to a production line.
As a consequence of the large field of view and the limited pixel
number of the camera an oversampling is no longer possible and a
proper signal analysis has to be performed in order avoid measure-
ment errors.
In general, signal processing in vertical scanning white-light
interferometry is performed in several steps [1, 2, 3]. First, the height
position where the envelope or coherence peak occurs is determined
as accurate as possible. In addition, a phase value is estimated for
the signals from each camera pixel in order to achieve an accuracy
comparable to conventional phase-shifting interferometry (PSI). Our
results of computer simulations exhibit, that for a certain signal-to-
noise-ratio SWLI with phase evaluation shows a better accuracy than
PSI.
However, there are several applications especially in the field of
MEMS/MOEMS measurement where the accuracy achievable with
coherence peak evaluation is not satisfying. On the other hand,
phase evaluation alone leads to 2p ambiguities as soon as the
surface height differences exceed half the central wavelength of
light. Therfore, several approaches have been made which try to get
rid of the problem of phase ambiguity by determining the fringe order
using the height information provided by the coherence peak [1, 2,
3]. This kind of evaluation requires, that the difference between the
height value obtained from the estimated position of the coherence
peak and the height value corresponding to the estimated phase
value is less than one quarter of the central wavelength used for
illumination. This assumption may be violated if the measuring object
shows a structure with height steps as they are typical for micro-
systems technology or if steeper flanks are to be measured. In the
first case interference of light rays reflected from different height
levels and diffraction phenomena can be shown to give rise to so
called batwings in the profiles obtained on the basis of the coher-
ence peak position [4]. As soon as the step height is of the same
order of magnitude as the coherence length of the white light or even
greater, this kind of interference is no longer possible and the
batwing effect disappears. Generally, in situations, where dominant
batwings occur, a phase unwrapping may be performed in order to
correct for the phase jumps  and make the evaluation independent of
this effect.
However, there are further situations leading to systematic deviations
of corresponding height values obtained from the coherence peak
and phase analysis. Consequently, 2p phase jumps may emerge in
these cases, if the fringe order is obtained from the coherence peak.
We show that the occurrence of these deviations depends on the
local surface slope at any point within the field of view, on its lateral
position, and on the local curvature of the surface microstructure. A
systematic study of these effects for certain samples of plane and
curved smooth surfaces has been carried out using the Mirau
interferometer. The deviations between the height values obtained
from the coherence peak and those obtained from phase evaluation
are strongly related to the radial distance of the point of observation
from the optical axis in the case of surface slopes and are nearly
independent of the position within the field of view if they are caused

by the curvature of the surface microstructure. As soon as these
differences exceed one quarter of the center wavelength a 2p phase
jump results.
Furthermore, the physical reason for these slope and curvature
effects is analyzed. Based on recently published work dealing with
WLI signal modeling [5, 6] an attempt to a physical explanation is
made. The theoretical considerations are confirmed by experimental
data. The results of this investigation allow to estimate systematic
errors, which arise, when objects of critical shape are to be mea-
sured. In agreement with recently published work [2, 3, 7] they
demonstrate, that measured height profiles obtained from phase
evaluation are always much closer to the real shape of the measuring
object than those obtained from the coherence peak. However, a
correction which eliminates 2p phase jumps may be necessary in
order to avoid measuring errors, if phase information shall be used.
In addition, our results confirm the observation, that the height of the
batwings appearing, if height steps are present on the measuring
object, depends on the edge position within the field of view.
A detailed discussion of the observed effects contributes to an
optimization of WLI systems with respect to the requirements of a
high accuracy MEMS and MOEMS measurement.
[1]  M. Fleischer, R. Windecker, H. J. Tiziani: Fast algorithms for data
reduction in modern optical three-dimensional profile measurement
systems with MMX technology, App. Opt. 39 (2000) 1290-1297.
[2] A. Harasaki, J. Schmit, J. C. Wyant: Improved vertical-scanning
interferometry, App. Opt. 39 (2000) 2107-2115.
[3] P. de Groot, X. Colonna de Lega, J. Kramer, M. Turzhitsky:
Determination of fringe order in white-light interference microscopy,
App. Opt. 41 (2002) 4571-4578.
[4] A. Harasaki, J. C. Wyant: Fringe modulation skewing effect in
white-light vertical scanning interferometry, App. Opt. 39 (2000)
2101-2106.
[5] P. de Groot, X. Colonna de Lega: Signal modeling for low-
coherence height-scanning interference microscopy. App. Opt. 43
(2004) 4821-4830.
[6] A. Pförtner, J. Schwider: Dispersion error in white-light Linnik
interferometers and ist implications for evaluations procedures, App.
Opt. 40 (2001) 6223-6228.
[7] J. Schmit, A. Olszak: High-precision shape measurement by
white-light interferometry with real-time scanner error correction,
App. Opt. 41 (2002) 5943-5950.

6188-40, Session 8
Image formation in digital holography
F. Zhang, G. Pedrini, W. Osten, Univ. Stuttgart (Germany)
Digital holography is a logical extension of classical holography
which is made possible by rapid developments in solid state imaging
sensor and computer technology. In digital holography, holograms
are recorded with an electronic imaging sensor and the reconstruc-
tion is carried out in the computer by simulating the diffraction
process. Digital holography has been attracting intensive research
efforts during recent years due to its capability of direct phase
access and its flexibility in signal processing. Digital holography has
found many applications, the most typical being high-resolution
deformation measurement, shape analysis and digital holographic
microscopy. Serving as the basis of those applications, analysis of
its imaging properties is of great importance. Several authors have
addressed this issue. In their treatments, analyses were given for a
certain reconstruction algorithm. Because of the entanglement
between different parameters and the limitation of the reconstruction
algorithm employed, the performance capability of digital holography
could not be clearly shown. For example, the sampling requirement
of “two samples per fringe” is only a first approximation, and does
not account for all parameters.  In this study we investigate the
imaging mechanisms in digital holography. Emphasis is paid to the
correspondence between the underlying physical process and its
discrete description.  We also focus on the limitations arising from
the discretization by image sensors. Our analysis shows that the
achievable spatial resolution by digital holography is determined by
the recording numerical aperture, same as in conventional micros-
copy. The requirement of the sampling theory only put a limit on the
field of view, which is given as the product of spatial resolution and
space-bandwidth product of sensor. The different role of the
physical reference and the reference used in the reconstruction
algorithm has also been clarified. The non-zero pixel aperture of the
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sensor forms a low pass filter, which acts on the interference term
between the object wave field and the physical reference. The
optimal physical reference is then to minimize the bandwidth of the
interference term so that more information on the object wave field
may pass through the filter. The numerical reference is just for
canceling out the physical one.  For sensors with a small photosensi-
tive area, the requirement for the form of the physical reference
would be relaxed.

6188-41, Session 8
3D amplitude point spread function determination by
digital holography
A. Marian, Ecole Polytechnique Fédérale de Lausanne (Switzerland);
F. Charrière, École Polytechnique Fédérale de Lausanne (Switzer-
land); F. Montfort, J. G. Kühn, T. Colomb, Ecole Polytechnique
Fédérale de Lausanne (Switzerland); E. Cuche, Lyncée Tec SA
(Switzerland); P. P. Marquet, Univ. de Lausanne (Switzerland); C. D.
Depeursinge, Ecole Polytechnique Fédérale de Lausanne (Switzer-
land)
The need for high quality images is today of primary importance for
biological microscopy or optical metrology of microsystems.
Therefore, reliable and accurate characterizing techniques of optical
imaging systems are required for quality control and design of new
optical imaging systems. The intensity point spread function (IPSF) is
most often used to characterize optical imaging systems, but for
some imaging applications such as digital holographic microscopy
the 3D complex amplitude point spread function (APSF) more
completely describes an optical system such as lenses and
microscope objectives. It provides necessary data both on the
intensity (obtained by squaring the modulus of the complex
amplitude) and phase behavior. The original approach that we have
chosen was to measure and interpret the APSF by evaluating in
amplitude and phase the image of a single emitting point with an
original digital holographic experimental set-up. In this way, besides
the intensity information, expressed by the IPSF, we have access to
the phase information, described by the PPSF (phase point spread
function), which is directly extracted from the phase of the APSF.
As a point source we have used a NSOM (Near Field Scanning
Optical Microscopy) fiber, with the diameter of the emitting tip in the
order of 100 nm. Thanks to its small size, the NSOM tip is a realistic
approximation of a point source and the emitted wave can be
considered spherical. Its small size renders also unnecessary the
deconvolution of the measured signal with the source itself to have
access at the effective APSF.
With only one acquired hologram, we have access to both IPSF and
PPSF in a transverse xy plane (field of view 12 microns x 12
microns), and the extension to the 3D APSF is achieved by recording
and processing the collected hologram stack obtained by a fast scan
along the optical axis (around 50 microns). Phase measurements are
performed with an accuracy of about 1° in each xy plane. A temporal
stability of 8° was measured, allowing stable phase measurements
while scanning and good reproducibility.
A good agreement was found between the experimental data and a
simple theoretical scalar model. Application of such 3D APSF data
concerning optical systems will be presented and discussed.

6188-42, Session 8
Aberration-free reconstruction algorithm for high-
numerical aperture digital hologram
F. Zhang, G. Pedrini, W. Osten, Univ. Stuttgart (Germany)
In digital holographic microscopy, a high numerical aperture object
lens of good quality is required in order to achieve a high lateral
resolution. As is well known, such lenses usually have large
aberrations and are difficult to manufacture. Therefore, a lensless
set-up is preferred. This means that the hologram should be
recorded with high numerical aperture. For the reconstruction of high
numerical aperture holograms, the Rayleigh-Sommerfeld diffraction
integral without approximation must be evaluated. However, the
current two algorithms, the Fresnel algorithm and the angular
spectrum algorithm, are not suitable. The Fresnel algorithm suffers
from spherical aberration. The angular spectrum algorithm yields a
constant reconstruction pixel pitch, which is inferior to the diffraction
limit when the recording numerical aperture becomes large. Several
authors have attempted to extend the applicability of these two

methods to high numerical aperture holograms. For the Fresnel
algorithm, a paraxial approximation was made only on the object
plane and a coordinate transformation was made on the hologram
data. Its improvement, however, is restricted and the achievable
resolution is still inferior to the diffraction limit which is defined by the
dimension of sensor.  Another suggestion was to interpolate the
hologram data before reconstruction with the angular spectrum
algorithm. This method requires a lot of computational time and
memory.  In this paper, the angular spectrum algorithm is modified in
order to get a reconstruction over finer grid than the sensor. A shift
parameter is introduced in the diffraction kernel and then results are
combined. The modified angular spectrum method gives the
diffraction-limited resolution for the full field of view. Because the
Fourier transform of diffraction kernel has an analytical expression, it
is possible to remove one fast Fourier transform (FFT) operation from
the angular spectrum algorithm. However, when the numerical
aperture becomes large, the 2-FFT implementation will be subjected
to a serious distortion because the sampling of the continuous
spectrum of the diffraction kernel is different from the discrete
Fourier transform of the diffraction kernel. An implementation
involving 3-FFTs must be used. The simulation results for 1D and 2D
point fields with different reconstruction algorithm are presented.
Experimental results of a test point array are also given. The
proposed algorithm is suitable for applications such as holographic
microscopy, especially when optical components of good quality are
not readily available, such as in the deep ultraviolet spectral range.

6188-43, Session 9
Reliability engineering: basics and applications for opto-
electronic components and systems
M. Held, EMPA (Switzerland)
The foundation pillars of successful technical products are perfor-
mance, cost, and reliability. The development of reliable components
and the operation of highly available systems is a comprehensive
engineering task combining probability theory, materials science and
experience. Components have to be as reliable as necessary in order
to build systems that are dependable and cost efficient during the
whole life cycle. Reliability engineering is an ongoing process starting
at the conceptual phase of a product design and continuing
throughout all phases of a product life cycle. The goal is always to
identify and - if possible - quantify potential reliability problems as
early as possible. While it may never be too late to improve the
reliability of a product, design changes are orders of magnitude less
expensive in the early design phase rather than once the product is
manufactured and in service.
This paper comprises an introduction to basic probability theory for
reliability engineering, reliability analysis methods such as reliability
block diagrams, failure mode and effects analysis, Markov pro-
cesses, the concepts of redundancy and diversity, failure rate
prediction models and the physics of failure approach, qualification
and accelerated testing, design guidelines for reliability, statistical
quality control and reliability tests. Examples of electronic and optical
components, as well as complex opto-electronic systems and
networks are given for illustration.

6188-44, Session 9
Characterization of cylindrical microlenses in transmitted
light and with grazing incidence interferometry in
reflected light
J. Schwider, J. Lamprecht, Friedrich-Alexander Univ. Erlangen-
Nürnberg (Germany); N. Lindlein, Friedrich-Alexander-Univ.
Erlangen-Nürnberg (Germany)
High numerical aperture cylindrical micro-lenses are needed in
collimating the laser light from laser bars in the near infrared.
Diffraction limited performance of such collimation lenses can only
be obtained if the surface shape deviates strongly from circular
symmetry. Therefore, null tests make the use of diffractive optical
elements (DOE) necessary. For a performance test at the design
wavelength the reference DOE produces an ideal cylinder wave
which enables the compensation of the wavefront coming from the
micro-lens to a plane wave. The use of a DOE-master enables
beside the null test geometry also a removal of the anamorphic
distortion due to the cylinder geometry. The DOEs having a
numerical aperture of 0.8 are produced on an e-beam machine. The
measurement of the wave aberrations is done with the help of the
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phase shifting technique. Alignment aberrations are eliminated by a
least squares fit of suitable misalignment functionals derived from an
analytic approximation.
The shape of the micro-lenses is tested in reflected light showing
surface defects directly. The cylinder symmetry allows for a grazing
incidence test using two DOEs with nearly constant spatial fre-
quency. There are no limitations concerning the test of high
numerical aperture surfaces since the structure of the diffractive
elements are parallel curves to the profile curve. The mean spatial
frequency of the DOE defines the effective wavelength. Since we use
a diffractive interferometer the effective wavelength is identical to the
pitch of the DOE. Usually pitches between 4-10 µm are used
resulting in a fringe sensitivity of 2-5 µm. The test delivers the
deviation of the surface from the ideal form. In the case of non-
circular symmetry the DOE deviates from the axicon type DOE. In
addition to the shape deviations also the radius of curvature at the
vertex can be measured. For this purpose axicon-type DOE are
used. The stage for the cylindrical micro-lens is equipped with a
length measuring device using grating references from Renishaw
providing a length increment of 0.1µm. With the axicon DOE there
are two positions where nearly fluffed out fringes can be observed.
Starting from the basic test position the lens can be moved until the
vertex of the lens coincides with the focal line of the axicon DOE.
The length between these two positions gives the radius of curvature
for the vertex.
Modern manufacturing of micro-lenses comprises also hot emboss-
ing in plastics or even into glass. Because of the small dimensions of
the lenses and the required accuracy of the surface shape also tests
of the embossing form has to be carried out. The DOE approach
enables also the test of the embossing form with the same sensitivity
as the final lens.
Measuring results for the two test methods will be given.

6188-45, Session 9
Laser beam shaping using kinoforms with low-
quantization levels
S. Yang, H. Takajo, Kyushu Institute of Technology (Japan)
This study reports laser beam shaping using kinoforms with low
quantization levels. The beam shaping discussed here is that one
generates a continuous spatial light intensity distribution with a
kinoform used as a diffractive phase element. The kinoform is a
phase only computer-generated hologram that does not attenuate
the amplitude of an illuminating, so it has high diffraction efficient
compared to other computer-generated holograms.
In general, the kinoform is calculated from the Fourier transform of
the desired image distribution by forcing the Fourier amplitude as a
unit. The lose of Fourier amplitude leads to a large error in the
reconstructed image distribution. For intensity reconstruction, the
phase freedom is usually used to reduce the reconstruction error by
iterative Fourier transform algorithms.
A typical iterative Fourier transform algorithm is the iterative dummy
area algorithm that uses the freedom of a dummy area added to the
desired image. In Fourier repetition, the constraint in the image
domain is the substitution of the reconstructed amplitude by the
desired image, and the constraint in the Fourier domain is the band-
limitation and the substitution of Fourier amplitude by a unit. This
iterative dummy area algorithm can reduce the reconstruction error
much, but speckles exist for continuous spatial intensity reconstruc-
tion.
We consider the speckles in kinoform reconstruction as isolated zero
points. When an isolated zero point exists, phase dislocation occurs
in the four neighbored sampled points around the isolated zero. The
phase dislocation corresponds to the sum of phase differences of
four neighbored sampled points with non-zero value. That is, when
the sum of phase differences of four neighbored sampled points is -
2pi, 2pi or 4pi, an isolated zero exists. These cases can be avoided
by adding a small change to the phase of the sampled image phase
with enough number of iterations.
In the manufacture of kinoforms, the number of kinoform levels is
limited. Thus it is necessary to quantize kinoforms into limited levels.
The manufacture of kinoforms is difficult as the number of quantiza-
tion increases. We clarify the speckle reduction of kinoform
reconstruction with low quantization levels. In general, the recon-
struction error is large as the number of kinoform quantization levels
decreases. If the kinoform reconstruction error is too large, the

speckle reduction will not success. We introduce the iterative
stepwise quantization algorithm to reduce the reconstruction error
caused by kinoform quantization. The iterative stepwise quantization
algorithm can concentrate the kinoform distribution close to the
values of quantization so that the quantization error can be reduced.
We performed optical experiments with 4-level kinoform to shape a
laser beam into various distribution. Satisfied reconstructed intensity
distribution is obtained. Our proposed iterative design method for
low quantized kinoform is effective for laser beam shaping.

6188-46, Session 9
Optical characterization of spherical microlenses: a
round robin experiment within the EC Network of
Excellence on Micro-Optics NEMO
H. Ottevaere, Vrije Univ. Brussel (Belgium); J. Schwider, J.
Lamprecht, Friedrich-Alexander-Univ. Erlangen-Nürnberg (Germany);
J. Kacperski, A. Szpak, Politechnika Warszawska (Poland); L.
Steinbock, Forschungszentrum Karlsruhe (Germany); K. J. Weible,
SUSS MicroOptics SA (Switzerland); H. Thienpont, Vrije Univ.
Brussel (Belgium)
Microlenses and microlens arrays can be used for beam shaping
purposes like collimation and focusing (e.g. in combination with
laserdiode arrays, detector arrays and fibers), for illumination (e.g. in
display systems and projection systems) and for imaging purposes
(e.g. in photocopiers). Over the last 15 years several research groups
and industrial research labs have therefore been focusing their
attention on the development of fabrication techniques for refractive
microlenses resulting in a wealth of different technologies [1]. As a
general rule we can say that mainly the application will determine the
fabrication technique to be used. Besides, proper measurement,
characterization and testing of micro-optical components is essential
for providing initial data for modeling, for in-process product quality
testing and for speeding up product development,... Although there
exists today different commercial and proprietary micro-optics
measurement instruments for the characterization of micro-optical
components and microlenses in particular, there is often a lack of a
complete quantitative optical characterization of the latter compo-
nents. Therefore we will focus in this paper on the optical character-
ization of spherical microlenses. Moreover the results of the
performed round robin within the European 6th FP Network of
Excellence on Micro-optics “NEMO” will allow us to select the most
appropriate instrumentation tools for characterizing refractive
spherical microlenses.
The round robin on the optical characterization of refractive spherical
microlenses was organized as follows. Two microlens arrays
provided by Süss MicroOptics were chosen where each array has
different specifications and where one single microlens on the two
different microlens arrays has been selected. In both cases the array
of microlenses can be find on top of a 0.9 mm glass substrate. To
avoid the influence of fabrication inhomogeneities, all partners
performed the measurements at exactly the same microlens on each
sample. This was achieved by counting the lenses in the array from
one corner while the spherical lens caps are on top of the substrate.
To quantitatively characterize the microlenses we decided to
measure the following seven lens properties: lens sag en diameter,
surface roughness at the vertex area, radius of curvature and
deviation from a perfect sphere, focal length and wave aberrations. A
clear definition of each lens property [2] was given to the operators
such that the measurement results obtained with different instru-
ments can be compared both with one other and with the specifica-
tions given by the manufacturer. Finally we also asked the operators
to investigate the reproducibility of their instrumentation tools. To
determine the reproducibility of the measurement set-up, the lens
was measured 10 times within a time period shorter than 10 minutes
without changing anything on the measurement set-up nor the
sample. The goal of this test was to check errors due to laser
instabilities, vibrations in the measurement room, ... Secondly the
lens was measured 10 times within a time period shorter than 2
hours while the sample was repositioned, alignment was changed,
brightness and contrast were adjusted, ... to define the errors due to
manual adjustments, the operator, ...
After a call within the NEMO network five different partners (namely
Vrije Universiteit Brussel, Friedrich-Alexander-Universitaet Erlangen-
Nürnberg, Warsaw University of Technology, Institut fur
Mikrostrukturtechnik and Süss MicroOptics) decided to participate to
this round robin, measuring the lens characteristics with the
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instrumentation available in their laboratory. The samples were sent
from one laboratory to the other in a time period of 2 months; each
partner had approximately 2 weeks to perform the measurements
and then 3 additional weeks to send the partial report to the round
robin coordinator which prepared an overview of the measurement
results.
During the conference we will give an overview of all the experimen-
tal values obtained by the 5 partners, then we will comment on these
results by explaining the measurement differences. Finally we will
compare the different instrumentation tools, draw conclusions and
make suggestions to improve the round robin in the future.
[1] H. Ottevaere, R. Cox, H.P. Herzig, T. Miyashita, K. Naessens, M.
Taghizadeh, R. Völkel, H.J. Woo, H. Thienpont, Comparative Study
of Glass and Plastic Refractive Microlenses and their Fabrication
Techniques, Proc. SPIE, Vol. 5453, Photonics Europe, Strasbourg,
France, pp. 27-39, 2004.
[2] H. Ottevaere, H. Thienpont, Refractive optical microlenses: an
introduction to nomenclature and characterization techniques,
Encyclopedia of Modern Optics, edited by Robert D. Guenther,
Duncan G. Steel and Leopold Bayvel, Vol. 4, pp. 21-43, Elsevier,
Oxford, 2004. ISBN 0-12-227600-0

6188-47, Session 9
Benchmarking instrumentation tools for the
characterization of micro-optics within the EC Network
of Excellence on Micro-Optics NEMO
H. Ottevaere, Vrije Univ. Brussel (Belgium); N. Destouches, Univ.
Jean Monnet Saint-Etienne (France); C. Gorecki, Univ. de Franche-
Comté (France); T. Kossek, Instytut Lacnosci (Poland); S. Pelli,
Istituto di Fisica Applicata Nello Carrara (Italy); R. Piramidowicz,
Politechnika Wroclawska (Poland); P. Szczepanski, Instytut Lacnosci
(Poland); M. Kujawinska, Politechnika Warszawska (Poland)
One of the objectives within the EC Network of Excellence on Micro-
Optics NEMO, and more in particular of the Center for Measurement
and Instrumentation (WP 2) is establishing a virtual center for a
versatile characterization of micro-optical materials, elements and
systems, driven by the requirements of the different partners in the
NEMO consortium. Continuous evolution of technical tools allows
the characterization of their physical properties with an increasing
versatility and precision. However, a high cost of the instrumentation
makes it impossible for a single laboratory to perform all sort of
optical characterization and to meet the demands generated by the
dynamic development of micro-optics. Setting up a virtual measure-
ment center will therefore enable a new dimension of utilization of
sophisticated instrumentation distributed among the NEMO partners’
laboratories, increasing their competitiveness not only for their
research activities, but also for on-demand characterization tasks
from industry. Because of a “distributed” character of the center it
was imperative to perform a survey of existing measurement
instrumentation and procedures currently used by each partner.
Having this completed, work at WP2 turned to benchmarking the
participating laboratories in order to assign competencies of each
partner. Hence a standardized procedure for inter-laboratory
comparison tests has been designed in close cooperation with the
Center for Standardization, on the base of international standard
recommendation documents. The procedure involves the character-
ization of different micro-optical materials, elements and systems
performed at the participating partners’ laboratories on well known
and described test artifacts. An additional advantage of such round
robin tests is the identification of missing fields with respect to
characterization instruments, procedures or parameters of micro-
optical materials, elements and systems.
After a call within the NEMO network six different partners decided
to organize a round robin. The partners participating to the round
robin on refractive spherical microlenses determined the geometrical
and optical parameters of the latter components by profilometry and
interferometry while for the round robin on subwavelength diffractive
elements, all researchers measured the most important grating
characteristics by atomic force microscopy. The different birefrin-
gences of optical fibers and the grating characteristics of fiber Bragg
gratings were determined by the partners of the fiber and Bragg
grating round robin. In a fourth round robin the characteristics of
planar waveguides (propagation losses and constants, and refractive
index profile) and channel waveguides (insertion losses and mode
profile) have been measured. The partners participating to the optical
material round robin determined the absorption and emission

spectra and the fluorescence dynamics of some selected emission
lines. In the last round robin the static and dynamic characterization of
silicon microbeams with piezoelectric layer AlN have been performed.
They include  the measurement of out-off-plane displacements, shape
of resonance modes and Young’s modulus of the material.
All the round robins were organized in an identical way. The samples
were sent from one laboratory to the other in a certain time period;
each partner had some weeks to perform the measurements with the
instrumentation available in their laboratory and then a partial report
had to be sent to the round robin coordinator which prepared an
overview of the measurement results.
During the conference we will give an overview of all the experimental
values obtained in the 6 different round robins, then we will comment
on these results by explaining the measurement differences. Finally we
will list the competences of the participating partners, draw general
conclusions and make suggestions to improve the different round
robins in the future.

6188-48, Session 9
A new fiber optic modular sensing system
P. Lesiak, T. R. Wolinski, S. Ertman, A. W. Domanski, Politechnika
Warszawska (Poland)
Polarimetric optical fiber sensors based on highly birefringent
polarization-maintaining fibers have focused great interest for last
decades [1,2]. An ideal isotropic fiber propagates any state of
polarization launched into the fiber unchanged. In the ideal cylindrical
fiber core the fundamental LP01 mode contains two degenerated
orthogonally polarized modes, they are propagating at the same phase
velocity. In highly birefringent polarization maintaining fibers, the
difference between the phase velocities for the two orthogonally
polarized modes is high enough to avoid coupling between these two
modes. Fibers of this class have a built-in and well-defined high
internal birefringence obtained by designing a core and/or cladding
with noncircular (mostly elliptical) geometry, or by using anisotropic
stress applying parts built into the cross-section of the fiber. When
only one spatial mode, LP01 is excited at a fiber’s input, we obtain
single-mode propagation. In this case, we have a truly polarimetric
sensor.
The paper presents a modular fiber optic sensing system to measure
temperature, hydrostatic pressure and/or strain based on different
types of polarimetric fibers operating at visible and infrared wave-
lengths. The main idea of such a system is a new replaceable fiber-
optic head, which allows adjusting the measuring system both to the
required range and type (strain, pressure or temperature) of the
external measurand. This system includes different types of optical
fibers comprising standard single-mode telecommunication fibers as
well as highly birefringent and also microstructured fibers [3,4]. The
outputs of the modular sensing system characteristics have been
optimized in view of enhancing their measurement capabilities and in
order to minimize disturbing environmental effects.
References
[1]  T. R. Wolinski, “Polarimetric Optical Fibers and Sensors”, Progress
in Optics, ed. Emil Wolf (North Holland, Amsterdam), vol. XL, (2000),
pp. 1-75.
[2] T. R. Wolinski, “Polarization Phenomena in Optical Systems”, in
Enc. Opt. Engineering, ed. R. Diggers, M. Dekker, New York 2003, pp.
2150-2175.
[3] T. R. Wolinski, P. Lesiak, K. Szaniawska, A.W. Domanski, J. Wojcik,
“Polarization mode dispersion in birefringent microstructured fibers”,
Optica Applicata, 34, 541-549, 2004.
[4] T. R. Wolinski, P. Lesiak, M. Kozlik, A.W. Domanski, T. Nasilowski,
H. Thienpont “Thermal and spectral effects in polarimetric strain
sensors based on highly birefringent fibers”, Proc. SPIE vol. 5952,
162-168, edited by L. R. Jaroszewicz, B. Culshaw, A. G. Mignani,
2005.

6188-49, Session 9
A new wireless and miniaturised high-resolution optical
displacement sensor
Y. Jourlin, O. M. Parriaux, S. Reynaud, J. C. Pommier, Univ. Jean
Monnet Saint-Etienne (France); M. Johnson, Instrumentation Design
Ltd. (United Kingdom)
Most of high resolution commercial optical encoders consist of a read
head with opto-electronic components (LED or laser, detectors,

Conference 6188: Optical Micro- and Nanometrology in
Microsystems Technology



An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe 203

Conference 6188: Optical Micro- and Nanometrology in
Microsystems Technology

amplifiers...) and a scale which is a grating of small pitch (around 1
µm). This configuration does not enable the integration of the
measurement function in high end (electro)mechanical systems
(small stages, guiding systems...) and is sensitive to electromagnetic
perturbations.
A wireless system is proposed here which is composed of a fixed
active head and a passive head which moves relatively to the scale.
The passive head comprizes a grating and two mirrors. It can be so
small as to be inserted non-obtrusively where the displacement must
be measured without spoiling the system optimum by undesirable
size and structural compromises. It is insensitive to electromagnetic
perturbations. The key characteristics of the sensor are high
resolution and very small size.  The encoder uses a fixed grating
scale as in standard designs, a passive-optical read head on the
moving element and a stationary, opto-electronic source/detector
module.  Communication between the moving head and the detector
module is done without cables using a free-space optical intercon-
nection.
The fundamental principle of operation is well-known: an incident
beam of central wavelength illuminates the grating scale with a
period p.  This forms a diffraction pattern in reflection consisting of
just two orders ±1. The phaseshift between diffracted orders are
recombined by the passive head and send to the detectors, as an
interferometer. The fringes are detected by the detectors of the
active head and the electrical signal is a function of the displace-
ment, with a electrical period which is a fraction of the period scale.
The active opto-electronic source and detectors are contained in a
fixed module placed at one end of the main scale.  The source used
is a diode laser, chosen solely for its good beam collimation, allowing
a large head displacement without significant change of beam-
geometry.
The performances of the first prototypes will be described as well as
the application of such wireless optical encoders in the field of high
resolution displacement measurement (motion control, microelec-
tronics, high precision mechanics...).

6188-50, Session 9
LCOS as a reference element in Twyman-Green laser
interferometer
J. M. Kacperski, M. Kujawinska, Politechnika Warszawska (Poland);
M. Jozwik, Univ. de Franche-Comté (France)
Micro-Electro-Mechanical Systems are nowadays frequently used in
many fields of industry. The number of their applications increases
and their functions became more responsible. Therefore precise
knowledge about their static (shape, deformations, stresses) and
dynamic (resonance frequencies, amplitude and phase of vibration)
properties is necessary. Due to its fragility and small sizes non-
contact and high sensitive measurement method is required. Two-
beam laser interferometry is one of the most popular testing
methods of microelements. Such method implemented in Twyman-
Green interferometer allows for full-field shape determination and
out-of-plane displacement measurement [1]. However the elements
under test may bring additional challenges: their surfaces may have
complicated shape or large shape gradients which restrict their
testing by means of interferometer with flat reference mirror - fringes
in the interferogram may be to dense to be distinguished by CCD
camera. To overcome such problems an active reference element
may be used in an interferometer setup. “Active” means that it can
manipulate of the reference beam in order to introduce phase shift or
tilt and influence the wavefront shape of the reference beam to make
it similar to the wavefront shape of the object beam and therefore
decrease number or remove interference fringes in the interferogram.
In this paper we propose to use LCOS (Liquid Crystal On Silicon) [2]
- phase, reflective SLM as active reference element. The control of
this element is very similar to liquid crystal display; XVGA static
image or video signal is generated by computer and directly input to
the LCOS driver. 2-D phase information can be directly written to the
phase-only device, at high accuracy and with video speed.
The applicability of the LCOS in Twyman-Green interferometer for
microelements testing was possible after some modifications of the
interferometer and performing calibration procedures that are
described in this paper. Opto-mechanical modifications require
placing a laser beam expander into the reference arm of the
interferometer in order to adjust size of the LCOS active area to the
actual field of view of the microscope. Simply: nowadays LCOS pixel
size and in consequence matrix size is too big for matching to CCD

without additional optics. Calibration procedures concern the
determination of the SLM characteristic (determination of the relation
between the grey levels and output phase modifications). Moreover
aberrations of the beam expander and nonflatness of the LCOS
reflective surface introduces the systematic error to the measure-
ment results which should be calculated and subtracted if the real
shape of the object under test is supposed to be determined.
The reference wavefront modifications are obtained by the introduc-
ing to the LCOS driver Phase Correction Maps representing
computer generated or experimentally determined phase distribu-
tion. Additionally LCOS is used as an interferogram phase shifter
(when TPS algorithm of interferogram analysis is used) or to
introduce linear or circular spatial carrier [3] (to allow the use of
SCPS or FT algorithm) what is useful for dynamic tests. Using
experimentally determined PCM initial shape of the object under test
can be compensated or systematic error can be removed. The object
wavefront compensation and spatial carrier frequency introduction or
phase shifting may be performed simultaneously. Thanks to it out-of-
plane displacement measurements are simplified and measurement
range of the interferometer is increased.
The applicability of the system is shown at the examples of active
microelements (micromembranes and microbeams with piezoelectric
layer) testing in static and dynamic work modes. Errors and
measurement uncertainty of the system are analyzed. The advan-
tages and limitations of the presented application are discussed from
the point of view of phase shift range available at the given LCOS
device.
References:
1. L. Salbut, J. Kacperski, A. Styk, M. Jozwik, H. Urey, C. Gorecki, A.
Jacobelli, T. Dean, “Interferometric methods for static and dynamic
characterizations of micromembranes designed for sensing
functions”, Proc. SPIE, v. 5458, p. 287-298, 2004;
2. X. Wang, B. Wang, J. Pouch, F. Miranda, J. E Anderson, P. J Bos,
“Performance evaluation of a liquid-crystal-on-silicon spatial light
modulator”, Optical Engineering 43 (11), p. 2769-2774, Nov 2004;
3. J. Kacperski, M. Kujawinska, J. Krezel, “Modified linear and
circular carrier frequency Fourier transform method applied for
studies of vibrating microelements”, Proc. SPIE, v. 5458, p. 287-298,
2004
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6189-01, Session 1
Grating-based devices in polymer optical fibre
H. Dobb, K. Carroll, D. J. Webb, Aston Univ. (United Kingdom); K.
Kalli, Higher Technical Institute (Cyprus); M. Komodromos, C.
Themistos, Frederick Institute of Technology (Cyprus); G. D. Peng,
Univ. of New South Wales (Australia); A. Argyros, M. C. J. Large, M.
A. van Eijkelenborg, The Univ. of Sydney (Australia); Q. Fang, I. W.
Boyd, Univ. College London (United Kingdom)
There is currently increasing interest in the applications of plastic or
polymer optical fibre (POF). In telecommunications, the market for
POF is expanding due to the achievement of data rates at the Gbps
level (albeit only over short distances), the development of fluori-
nated polymers with dramatically reduced attenuation in the C band,
and the implementation of POF data buses in the automotive sector.
In sensing there is currently no significant market, but some of the
features of POF suggest it ought to have advantages over its silica
rival. In particular, POF possesses a higher intrinsic temperature
sensitivity than silica, it can survive much higher levels of strain, it is
inherently biocompatible and it is amenable to modification using the
techniques of organic chemistry.
This potential has galvanised research into POF Bragg grating
sensors, the utility of which has been well demonstrated in silica
fibre. Many POFs are composed mainly of PMMA and this has long
been known to be photosensitive to UV light, but it was only in 1999
that the first fibre Bragg gratings were reported. They have since
been shown to be widely tuneable using either temperature or strain.
In this paper we report on the following aspects of our current
research aimed at developing grating based devices - particularly
sensors - in POF. All our gratings are recorded using a 30 mW
continuous wave HeCd laser, emitting at 325 nm.
Microstructured polymer optical fibre (mPOF): Microstructured (or
photonic crystal) silica fibre is arousing great interest, largely due to
the flexibility with which the dispersion properties of the fibre may be
controlled. Microstructured polymer optical fibre is now available and
benefits from the fact that any desired hole pattern can be created in
the perform by drilling, which offers much greater flexibility than the
stack-and-draw approach used with silica fibre. We have recently
demonstrated what we believe to be the first Bragg gratings
recorded in mPOF; we have been able to record gratings ranging in
length from 1-10 mm in single moded, few moded and truly
multimoded mPOF and demonstrated thermal tuning up around 100
°C.
Electrically tuneable gratings in POF: The high thermal sensitivity of
POF in principle permits thermal tuning over a very wide range. Such
devices have potential applications in telecommunications and as
part of an interrogation system for optical fibre sensors. To be
practical, electrical tuning is necessary, and to this end we have
been investigating reliable and controllable mechanisms for coating
the polymer fibre with thin metallic film. Our current work is based on
the vacuum deposition of copper, which leads to a resistive coating
that can be used to tune the grating via ohmic heating. At present we
are studying the tuning properties of uniform films, but future work
will extend this to non-uniform films that can be used to control the
grating bandwidth.
Grating based interferometric devices in POF: Amongst optical
sensing techniques, interferometry generally offers the highest
sensitivity. Often, the most practical interferometric fibre sensors are
those that are formed within the fibre itself. This can be done by
utilising reflections from the fibre ends or by creating reflective
splices; however, great flexibility is afforded by using Bragg gratings
as mirrors, since these can be easily created with controllable
reflectivity at any point in the fibre. Furthermore, the use of Bragg
gratings permits wavelength demultiplexing of multiple interferom-
eters in a single fibre. To the best of our knowledge, we have
succeeded in creating the first interferometric cavities in POF using
Bragg gratings. We have created interferometers based on both
Fabry-Pérot cavities and pi-shifted gratings; gratings where a phase
shift is inserted into the centre of a previously uniform grating by
post-exposure to UV. We shall report on the characteristics of these
devices.

6189-02, Session 1
Technology of high-birefringent photonic crystal fibers
for sensing applications
J. Wójcik, P. Mergo, K. Poturaj, K. Skorupski, Univ. Marii Curie-
Sklodowskiej (Poland); W. Urbanczyk, M. Szpulak, T. Martynkien,
Politechnika Wroclawska (Poland); H. Thienpont, T. Nasilowski, Vrije
Univ. Brussel (Belgium); F. Berghmans, SCK•CEN (Belgium)
Optical fiber sensors can be classified in several groups, like
interferometric or polarimetric optical fiber sensors. Originally
classical, index guiding, single mode and low birefringence optical
fibers were used as transducers of different external or environmen-
tal parameters. More advanced polarimetric or interferometric
sensors can be constructed out of high birefringence (HB) index
guiding classical fibers.
In this work we present the fabrication methods of high birefringence
holey fibers (HF) made of silica and high silica glasses. The fabrica-
tion technology and characterization of several types of HB HF are
explained as well.
Manufacturing methods:
- MCVD method for manufacturing the optical fiber preform of silica
and high silica glass and rare earth doped glasses;
- VAD method for porous silica glass fabrication.
Additional processes as hydroxylation, impregnation with suitable
salts solutions, thermal decomposition, dehydroxylation and
sintering lead to silica, high silica and rare earth doped high silica
glasses preparation in the form of elements for microstructured fiber
preforms.
In our experimental work we used the following facilities:
- MCVD - preform fabrication;
- OVD - porous and transparent silica and high silica glass fabrica-
tion,
- fiber drawing towers,
- chemical laboratory - synthesis and purification of raw materials,
- laboratory of optical fibers characterization.
In our laboratory the fused silica tubes, named “Heralux S”, are the
basic raw material for HF fabrication. It is high quality and not very
expensive material. We test the glass attenuation of each bath of
tubes. The first stage of the test is the tube collapse with use of
MCVD preform lathe, what leads to the creation of the rod. Next, the
obtained rod is used to make standard plastic clad silica fiber (PCS)
of which the spectral attenuation is measured. A typical spectral
attenuation of our PCS fiber has minimum value of approximately
50dB/km. It is not a very small attenuation, but it is completely
sufficient for most of sensor applications, like point sensors, and
quasi or not very long distributed sensors.
Our paper presents the technology of fabrication and basic charac-
terization of several types of HB micro-structured fibers (MSF) made
of silica and high silica glasses with the triangular lattice of air holes.
One of a very interesting fiber structure is a triple defect MOF with
shape induced birefringence. Its exemplary structure and measured
parameters are described below. The external diameter is equal to
80µm, size of the core is 1.3 x 4.6µm, diameter of the part with holes
is equal to 17µm, diameter of holes is equal to 0.3µm, and the lattice
constant is equal to 0.9µm. Attenuation at 850nm wavelength is
roughly 60dB/km, the cutoff wavelength measured with single loop
attenuation method is equal to 0.56µm. The beat length for the
633nm wavelength measured in polarimetric set-up is equal to
1.8mm. The temperature and hydrostatic pressure sensitivities for
the 633nm wavelength were measured in the polarimetric set-up and
are equal to 0.015rad/K*m and 3.5rad/MPa*m respectively.
This type of optical fiber has the nonlinear-optical spectral transfor-
mation properties. The 1.25 µm input laser pulses generate the blue-
shifted radiation at the fiber output. Polarization sensitive two-color
nonlinear-optical processes were obtained too.
Other high birefringence holey fibers which we designed, fabricated
and characterized are described in this paper as well:
- Two types of fibers with birefringence induced by the structure
asymmetry and with polarizing properties at different wavelengths -
fiber structures similar to Blaze Photonic high birefringent fiber.
- Fiber with birefringence induced by the structure asymmetry and
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with low temperature sensitivity and high hydrostatic pressure
sensitivity simultaneously.
- Two kinds of fibers with birefringence induced by the structure
asymmetry one with germanium doped core for Bragg gratings
inscription and the other without germanium.
- Fiber with birefringence induced by the structure asymmetry and
with neodymium doped core designed for fiber amplifiers and lasers.
- Dual core fiber with circular and weakly separated cores resulting in
the specific birefringence created by the transfer of light between the
cores.
Listed above fibers were characterized and will be presented in the
paper.

6189-03, Session 1
A novel cavity ring-down long-period fiber grating strain
sensor
N. Ni, J. Chan, X. Dong, Nanyang Technological Univ. (Singapore)
In the last decade, the applications of cavity ring-down technique in
the optical fiber sensors are paid particular attention because of their
attractive combination of the former’s high-sensitivity feature with
specific properties of the optical fibers, such as electrical passivity,
the feasibility of distributed remote sensing and miniaturization. But
so far, all these applications have just focused on the spectral
measurement of trace gases. Hence here, an exploratory study on a
novel fiber cavity ring-down strain sensor is proposed, by which the
measurement of strain is achieved by detecting the ring-down time.
Compared with a normal fiber Bragg grating (FBG), long period
grating (LPG) not only owns a more smooth and broad-band
spectrum, but also works as a transmission spectrum rather than the
reflection pattern, and this property guarantees that a signal pulse
can propagate around the loop unidirectionally and continuously. In
the experiment, the distributed feedback (DFB) laser diode is current
modulated via a signal generator to produce a train of pulses, where
the pulse-width should be smaller than one round trip time in the
fiber loop and the period of the pulse should be much longer than
the ring-down time. The wavelength of the input pulse is aligned at
the left-hand-side of the full-width-half-maximum (FWHM) of a
resonant mode of the LPG transmission spectrum around 1570nm.
Then an input light pulse is coupled into the fiber loop via a standard
1:99 2Å~1 optical fiber coupler, through the LPG, is finally coupled
out directly by another 99:1 1Å~2 optical fiber coupler in such a way
to make sure that the majority of the power of the pulse is kept in the
fiber loop. The pulse will continue to propagate around the trip until
the power decays under the sensitivity of the photodetector. The
output pulse, which is coupled out from each round trip, is detected
by a broadband photodetector. Because of the existing total loss
including the insertion losses from the two optical fiber couplers,
LPG and even the fiber connection loss in the fiber loop, the intensity
of the light pulse will decay with time, which is determined from a
simple first order exponential function. From this expression, the
ring-down time could be obtained when the optical output intensity
of the pulse decays to e-1 of the input one. When the strain is
applied on the LPG, the change of the transmission loss of the
resonant mode will induce the different ring-down times. By
measuring the change of ring-down times, finally, the corresponding
change of the applied strain on the LPG could be obtained. To
achieve a high-sensitivity measurement, the total loss in the fiber
loop should be kept as small as possible so that there is enough
number of detectable pulses which are above the sensitivity limit of
the photodetector. The performances of the strain sensor, such as
stability, repeatability and dynamic range, are investigated. In this
paper, a simple and sensitive fiber strain sensing scheme is
demonstrated and this sensing system develops a technical
feasibility of a new generation of fiber sensors for strain measure-
ment.

6189-77, Session 1
Optimization of composite structure processes: fiber
optics sensors applied in aeronautic resin transfer
molding
X. Aduriz, Univ. de Nantes (France) and Consultant (France); C. Lupi,
J. Bailleul, V. Sobotka, N. Lefevre, D. Leduc, X. Chapeleau, C. Le
Bozec, D. Delaunay, C. Y. Boisrobert, Univ. de Nantes (France)
Aeronautic, naval and car industries are looking for new materials to

replace metals and alloys in their mechanical structure production.
Composite materials start being considered as a good alternative
with identical mechanical properties and much less weight than their
metal competitors. They are usually made of two different compo-
nents and associate a matrix and a reinforcement (typical composite
material). This association  can increase the mechanical properties
and allow for easier fabrication of different shapes of structures.
Resin Transfer Molding (RTM) is a very common technique used in
the aeronautic industry: a low viscosity resin is injected into a heated
hermetic mold which contains reinforcement carbon fibers. Once the
resin has filled up the mold, the polymerization process can last a
few hours. In order to optimize this process, it is necessary to check
the impregnation of the resin and the polymerization process status
at every location in the mold. This monitoring is usually done with
thermocouples. However, these sensors can detect accuratly the
resin front only in the first centimeters of the mold. As a conse-
quence, long structure cannot be controled with these sensors. We
propose and report below on the use of a straight forward optical
fiber sensor  technique. These sensors have an ultra low sensitivity
to electromagnetic perturbations, low weights and low volumes and
stand among the most efficient and non intrusive sensors.
We use the cleaved end facet of a fiber as a sensor to monitor the
RTM process. This facet is a plane surface which reflects part of the
optical wave propagating along the fiber core. The radiant power
reflection and transmission coefficients are given by the Fresnel and
Snell-Descartes laws: they are functions of the refractive indices of
the two materials on both sides of the fiber cleaved facet.. The
optical fiber is made of doped silica whose refractive index is known.
Every alteration of the external media (polymerization, thermal and
mechanical stresses and strains, ..) will cause refractive index
variations and consequently reflected radiant power variations.
During the RTM process this Fresnel sensor is submitted to:
The change from air to resin around the end cleaved fiber sensors
during the filling process,
The variation of refractive index of the resin with the temperature and
pressure,
The variation of refractive index of the resin due to the polymeriza-
tion.
We report on the use a simple sensor system that can monitor the
transformations observed during the RTM process. It consists in a
laser source connected to a single mode fiber through one branch of
a “two-to-one” coupler. The single mode fiber end is cleaved
perpendicular to its axis. Part of the light wave is then reflected, on
the cleaved surface and propagates back toward the fiber input. It
then shines on a photoreceiver connected to the second branch of
the “two-to-one” optical coupler. The photoreceiver delivers a signal
whose amplitude is proportional to the reflected light intensity
variations caused by the refractive index variations at the fiber output
cleaved facet.
The detection of the resin front is straightforward since the interface
change leads to an abrupt fall of the reflected light intensity. The
analysis of the polymerization is more difficult. Until now, only
phenomelogical observations of the reflected light have been made.
In this paper, we show that the polymerization degree can be
deduced from the intensity recorded by the Fresnel sensor.
To obtain this result, we have used an academic standard mold call
PVT *  *  This set-up is made to analyze all the resin transformations
when the thermodynamic parameters (Pressure, Volume and
Temperature) vary. Thermal flux sensors are also used and their
responses are processed to derive the of resin polymerization degree
by inverse method. We calibrated several Fresnel sensors. They were
all placed inside the PVT *  *  mold, and  we recorded the reflected
intensity during a transformation cycle. The cycle is such that  we
can separate the variations of intensity due to the temperature from
those due to the polymerization. We obtain the same results for all
the sensors : the relation between the reflected light intensity (I) and
the polymerization degree is linear ( * * *** * )
We performed a fine analysis of an aeronautic RTM process using
distributed sensors in the mold volume in an industrial environment
The composite structure which has been realized is 350 mm length
and 6 mm thickness, twelve Fresnel sensors have been distributed
along the length and through the thickness of the composite
structure. By this way, a filling up mapping of the mold has been
done. This technique can then be used to optimize the injection
condition during long length composite structure processes. During
the curing, the variations of the sensors responses have been
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observed and linked to the polymerization degree ( * * The resin
polymerization process is then monitored during the production .
This in-line monitoring improves the quality of the structure.
Therefore, the production process is optimized and specially in
productivity.

6189-04, Session 2
Hybrid sensors using laser targeting
N. A. Riza, Nuonics, Inc. (USA) and College of Optics and Photonics/
Univ. of Central Florida (USA); F. N. Ghauri, College of Optics and
Photonics/Univ. of Central Florida (USA); F. Perez, Nuonics, Inc.
(USA)
Optical sensors are beginning to play a important role in industrial
sensing scenarios where the natural  remoting capability of the
optical fiber is a dominant feature of the sensing system. Recently, a
hybrid fiber-freespace optics approach to sensing was put forth that
exploits both the fiber-based remoting capability and the minimally
invasive nature of laser targeted light beams incident on specific
sensing frontend chips [1,2,3]. Specifically for harsh environments,
the use of the single crystal silicon carbide (SiC) has been suggested
to enable temperature, pressure, and gas species sensing.
The focus of this paper is to report progress of the proposed hybrid
theme for both temperature and pressure sensing. In particular,
sensing is accomplished by monitoring the optical properties of the
freespace laser beam targeted optical chip placed in the environ-
ment undergoing temperature and/or pressure changes. Sensing is
based on common-path optical interferometry (homodyne or
heterodyne) with optical path length changes in the optical chip
caused by surrounding conditions such as temperature and
pressure. Specifically, environmental conditions imposed on the
spatial chip cause optical and mechanical properties of the chip to
change such as changes in chip refractive index and thickness. By
detecting these chip OPL changes via reception of the targeted free-
space beam, the sensor signal processing is able to determine the
chip zone environmental conditions. As proposed earlier, the novel
sensor system exploits the rapid tunability of a laser beam wave-
length and scan position along-with high speed optical detection
sensitivity of the free-space receive beam to enable multi-wave-
length signal processing that gives accurate and reliable sensing.
Present data from the hybrid sensor has shown successful tempera-
ture measurements from room temperature to 1000°C, with
pressures from 1 to 50 bars. Refractive index and thickness
measurements have also been possible with nanometer equivalent
sensitivities. This paper will describe the optical techniques used to
enable these environmental parameters with a focus on pressure
measurements. Issues to be highlight include pressure measurement
ranges, sensitivity, repeatability, and speed. In addition, issues to be
studied include sensor packaging and controls. In conclusion, the
paper will give example hybrid sensor designs along-with their
appropriate applications showing the versatility of these hybrid
freespace-fiber sensors.
[1] N. A. Riza, M.A. Arain, F. Perez, “Harsh Environments Minimally
Invasive Optical Sensing Technique for Extreme Temperatures: 1000
°C and Approaching 2500 °C,” International Conf. Proceedings of
Optical Fiber Sensors 17 (OFS 17), SPIE Proc. Vol. 5855, pp.687-
690, May 23-27, 2005 Bruges, Belgium.
[2] N. A. Riza, M. A. Arain, F. Perez, “Harsh Environments Minimally
Invasive Optical Sensor using Freespace Targeted Single Crystal
Silicon Carbide,” accepted for publication in IEEE Sensors Journal,
2005.
[3] M. A. Arain and N. A. Riza, “ Fiber Coupled in-line heterodyne
optical interferometer for minimally invasive sensing,” IEEE/OSA
Journal of Lightwave Technology, Vol.23, No.8, pp.2449-2454,
August 2005.

6189-05, Session 2
Modal interferometer made of tapered microstructured
optical fibres for multiparameter sensing
J. Villatoro, V. P. Minkovich, D. Monzón-Hernández, Ctr. de
Investigaciones en Óptica, A.C. (Mexico)
Photonic crystal fibres, also known as microstructured (MOFs) or
holey optical fibres, are a new class of optical fibres that consist of a
solid core surrounded by a pattern of periodically arranged air holes
running along the entire length of the fibre. The non conventional

guiding mechanism and the holey structure of MOFs enable new
possibilities for optical sensing. So far, the most popular approach
for sensing with MOFs consists of filling the holes with the parameter
of interest, for example, a gas, liquid, or biological sample. The
advantage of this alternative is that the fibre itself works as a
chamber. In addition one may optimise the overlap between the
guided mode and the measurand by adjusting the size of the holes
and the separation between them. The inconvenience of leaving the
holes of a MOF open is that they can also be filled with other
undesirable parameters, such as, dust or moisture. That is why, new
alternatives are being investigated to design sensors with MOFs.
One of them consists of combining such fibres with grating technol-
ogy. One more possibility is to combine MOFs with tapering
technology.
The purpose of the present paper is to demonstrate the use of
tapered large-mode-area MOFs with collapsed air holes for multi-
parameter sensing. We taper the holey fibres with a “slow-and-hot”
process. Such a non adiabatic process makes that the holes of the
fibre get collapsed in a short section (the one that is heated). As a
result,  the core mode of the fibre, in the region where the holes are
open, couples to the multiple modes of the taper waist, which is a
solid multimode fibre. The beating between the multiple modes in the
solid zone of the tapered MOF causes the transmission spectrum of
it to exhibit several interference peaks. The non adiabatic tapering of
the MOF also introduces losses, but they are below 3 dB. We have
found that the interference peaks shift as the external refractive
index changes, or when longitudinal strain is applied to the taper.
The interference peaks are also sensitive to bending. One important
characteristic of the device is that the interference peaks are
insensitive to temperature, at least in the 0-180 °C range. Therefore,
sensors for refractive index, strain, and bending can be developed
with tapered MOFs with the advantage that temperature compensa-
tion (a familiar problem not only in optical sensors, but also in the
history of instrumentation) may not be needed. In the case of strain
sensing the device exhibits a linear response, and for refractive index
the device exhibits maximum changes for higher indexes. Other
important feature of the tapers are the multiple interference peaks.
One can monitor all the peaks simultaneously as the parameter being
sensed changes. This property may be used to improve the accuracy
of the measurements if it is combined with a fitting process.
The fabrication and the sensing applications of the tapers mentioned
above will be presented and discussed in the conference.

6189-06, Session 2
High-sensitivity wave tilt measurements with optical
vortex interferometer
A. P. Masajada, M. Borwinska, Politechnika Wroclawska (Poland)
Optical Vortex Interferometer (OVI) is a new type of interferometer
which  is based on the regular net of optical vortices (OV). The net is
generated by the interference of three plane waves. On e of the OVI
application is to use it for small-angle measurements. The theoretical
analysis of the measurement is presented in [1] and the first
experimental results are given in [2, 3]. The idea of the measurement
is as follows: if one of the interfering waves is distorted (tilted in our
experiment) then the geometry of  the vortices net is changed. We
can calculate the tilt of the wave by tracking the change of vortices
positions. Basically it is sufficient to determine the relative change in
the positions of three optical vortices (vortex triplet). If there is 200
vortices in the measurement field then we can generate about 1
million of vortex triplets. The important advantage of this measure-
ment is that two rotation angles through two perpendicular axis can
be determined into one step. Also the mechanical vibration are
automatically subtracted and the system is simple.
Our first results show [2], that using about 1000 triplets we can
measure the small angle with the resolution of 1.2arcsec (on the
base of  mean value, standard deviation, histogram). Performing the
analysis we observed however, that the real sensitivity of the OVI is
higher than resolution resulting from the basic analysis methods. We
observe shifting of the histogram of the calculated angle if the tilt by
the angle of 0.03arcsec is performed. In the paper we analyze  this
effect. If the rotation angle is small then optical vortices change their
positions  by the small part of the distance between the measure-
ment points. Some of  vortices can be then localized by the
localization procedures as laying in another measurement point. This
effect can cause the histogram shift. The method of recomputing this
histogram shift into the value of rotation angle is presented. In result
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we can achieve 10 times better resolution of the OVI.
1. J. Masajada,  Small angle rotation measurement with optical vortex
interferometer Opt. Commun. 234, 2004,  373-81
2. A. Popiol/ek-Masajada, M. Borwi´nska, B. Dubik, Testing a new
method for small-angle rotation measurements, Proc. Spie, in press
3. A. Popiol/ek-Masajada, M. Borwi´nska , W Fra˛czek, Testing a new
method for small angle rotation measurements with Optical Vortices
Interferometer, submitted to Measurement Science&Technology

6189-07, Session 2
Fibre optic Sagnac interferometer as sensor of the SOP
changes
P. Marc, L. R. Jaroszewicz, Wojskowa Akademia Techniczna (Poland)
The fibre optic Sagnac interferometer (FOSI) has many useful
applications begin from gyro up to many kinds of sensors for detection
different physical quantities. In this paper a new application of FOSI as
the sensor of the state of polarisation (SOP) changes is presented. The
optical part of system based on minimum gyro configuration but a high
level polarizer is replaced to specialized polarisation filter with 3dB
extinction ratio. Theoretical description of the system is made with
application the standard Jones matrix calculus. The system uses the
fibre optic phase modulator for investigation of the SOP changes on
the base of detecting appropriate harmonic amplitudes of the output
signals. Two ‘’dead ends’’ of the FOSI are used for input intensity
control as well as for its stabilisation. This system could be use for
easy active stabilisation of the SOP in the fibre optic system where the
polarisation fading is main disadvantages.

6189-08, Session 3
Robust spectral sensors for analytics, in-line process
analysis, and point-of-care diagnostics
S. Schoenfelder, H. S. Bartos, R. Peters, STEAG microParts GmbH
(Germany)
In novel developments of optical detection instrumentation spectral
fingerprint information is used to enhance sensitivity and specificity.
These applications no longer require expensive analytical instrumenta-
tion but dedicated, miniaturized sensors to meet the requirements of
battery driven hand-held devices.
The spectral microsensor is a planar waveguide spectrometer. All
optical elements - entrance slit, self-focusing grating, mirror, light traps
- are realized in a single molded part. This monolithic design allows a
reliable and durable calibration during production and therefore needs
no recalibration in the application. The high degree of integration
allows a remarkable reduction of the weight and overall dimensions of
the final product. The design approach in combination with selected
materials guarantees for an excellent stability and insensitivity against
environmental effects such as to mechanical shock and vibration or
large temperature shifts of more than 100 K.
The fabrication is based on micro injection molding, physical vapor
deposition (PVD) and actively controlled optical assembly processes.
This enables an excellent inter-instrument agreement and thus a
transferable calibration in the final application of the devices. The
combination of this optical set up with state of the art Silicon- or
InGaAs detector arrays ensures good spectral sensitivity and signal-
to-noise-ratio (SNR) in the UV/VIS and in the NIR wavelength range.
This presentation will discuss the latest generation of
microspectrometers for full spectral analysis in the wavelength range
from 300 to 1000 nm and 1000 to 1700 nm with regard to market
requirements, functional principles, achieved optical performance data
and technology. The benefits of the spectral microsensors will be
demonstrated with typical applications like hand-held instruments for
Point-of-Care (POC) diagnostics, multi-channel inspection systems
and instruments for Process Analytical Technology (PAT). The specific
detection principles of these examples, optical sampling configura-
tions, signal processing models, dynamic ranges and detection limits
are presented.

6189-09, Session 3
A new CMOS electrooptical modulator based on the
charge pumping phenomenon
N. Massari, M. Gottardi, Istituto Trentino di Cultura (Italy)
This paper reports on the implementation of a CMOS Photonic Mixer
Device (PMD), which uses a new concept for demodulating

photogenerated charges. The device uses a pair of PMOS transistors
with an embedded photodiode to detect the intensity and phase of a
modulated light signal. The charge demodulation, from photodetec-
tor to the output, is accomplished exploiting the Charge Pumping
phenomenon. Discovered in 1969, the Charge Pumping [1] has been
extensively used as a powerful analysis method for evaluate and
quantify the degradation of MOS transistors [2, 3]. Experimental
results, reported here, demonstrate that this phenomenon can also
be employed as an alternative to the CCD charge transfer mecha-
nism, which has been used for mixing photogenerated charges [4, 5].
The proposed PMD, compact and fully digitally controlled, is suitable
to be organized in an array of pixels with embedded demodulating
function.
A Charge Pumping Device (CPD) [6] is a three-terminal MOS with the
source-drain shorted together to form a single source terminal,
referred to as S hereafter. Clocking the gate, the MOS is periodically
cycled between accumulation and inversion. In inversion, the
minority charges, collected under the gate, come from the S
terminal. Switching to accumulation, some of these charges-trapped
in the fast surface states at the Si-SiO2 interface-recombine with the
majorities of the well, others flow to the substrate due to a transient
bipolar effect. For each clock period, this turns into a net positive
charge flowing into S that is proportional to the well voltage for a
given operating point and over several MHz of clock frequency. This
makes the CPD act as a voltage-controlled, clocked charge
generator.
A Photonic CPD uses the nwell bulk of the PMOS transistor as an
embedded photodetector. The well acts as a photodiode working in
storage mode. It is precharged through a reset transistor and, during
integration time (Ti), it is discharged by the impinging light. At the
end of Ti, the MOS gate is pulsed from inversion to accumulation
and back to inversion again, forcing a positive charge packet (QP) to
flow into S to be converted into an output voltage by a charge
integrator. If necessary, the output signal level (VO) can be increased
by repeating this operation more than once, thereby linearly
accumulating multiple charge packets onto the integrating capacitor
(CF). Due to the discrete nature of the phenomenon, this device can
be used as synchronous optical readout circuit.
A CMOS PMD is implemented by duplicating the CPD structure. The
two PMOS transistors, embedded in the same nwell, share the
photosensitive well/substrate junction and the reset transistor. The
basic operating principle of the device consists of the optical sensing
and electrical demodulation of the incoming light. The charge can be
transferred from the sensing node to one of the two outputs by
clocking the related MOS at the end of each integration time (Ti).
To test characteristics of the PMD, a chip prototype was fabricated
in 0.35µm CMOS process. The chip consists of a PMD channel with
a pair of PMOS transistors with W=10µm, L=10µm together with two
charge amplifiers with 1pF feedback capacitors (CF). The complete
operating cycle consists of a first integration time (T1), after which
the first CPD (MCPD1) is clocked transferring charge to the output
VO1. After another photodiode reset phase and a successive
integration time (T2), the second CPD (MCPD2) is clocked increasing
VO2. Repeating this cycle without resetting the two charge integra-
tors, multiple signal accumulation is accomplished which increases
the output signal level. The amount of charge transferred to one
output is proportional to both, the intensity of the light and the time
overlap of the light pulse with respect to the related integration time.
This makes the differential output voltage of the PMD be proportional
to the light pulse delay. When the light pulse completely overlaps the
first integration time (T1), the differential output voltage VO1-VO2
reaches its maximum value; when it overlaps T2, VO1-VO2 reaches
the minimum.
The two MOS gates are alternatively clocked from 0 to 3.3V; the
nwell photodiode is precharged at 2.9V, while the two sources are
set at 1.2V by the charge amplifiers. The light source, with a power
density of 1.5mW/cm2, is pulsed at 12.5 KHz synchronously with the
MOS gates. The device performs signal delay estimation with an
accuracy of ±0.8%, using an integration time of 19µs and shifting the
light pulse from 0s up to 19µs with a time step of 200ns.   The
600µW DC power consumption of the single PMD is due to the two
standard library operational amplifiers, which are not designed for
low power. Apart from the power required to push/pull the inversion
charge, the switching power of the buffers, driving the two MOS
gates, adds to the power dissipation. The estimated dynamic power
consumption is 10µW at 50 kHz.
The complete area of the PMD is 0.049mm2. The CPD, including the
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photosensitive well, occupies 900µm2 and the two standard
amplifiers are 0.03mm2.
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6189-10, Session 3
Microstructured low and high-birefringence four-core
fibers for sensing applications
J. Wójcik, M. Makara, P. Mergo, B. Janoszczyk, J. Klimek, Univ.
Marii Curie-Sklodowskiej (Poland)
Optical fiber strain or bend sensors have been demonstrated for
complex monitoring of various structures especially in aerospace,
marine civil engineering and especially in optical security systems.
Optical fiber sensors based on Fabry - Perot interferometers [1] and
fiber Bragg gratings [2, 3, 4] are useful for point or slow-multiplied
sensor systems. Distributed optical fiber system based on Sagnac
interferometers uses low or high-birefringence optical fibers as
strain/bend sensing elements [5].
Special optical fibers as four core single mode fibers in Mach-
Zehnder interferometer system have been used [6]. In all described
cases the high influence of temperature on sensor characteristics is
the bed disadvantage at measurement systems.
Temperature sensitivity of index guiding photonic crystal fibers (PCF)
is several hundred or even thousand times smaller than that of core
doped. Therefore last time core-to-core coupling and the concept of
using photonic crystal fibers for interferometric bend, strain or
pressure sensing has been announced [7, 8]. Special two-core PCF
fiber with low cross-coupling between both cores has been used as
sensing element in Mach-Zehnder interferometer bend sensor [9].
This paper presents new four circular core PCF fiber design for
interferometric bend measurements. The cores were placed in
corners of the square in triangular lattice structure of holey fiber. For
this fiber the hole diameter is equal to 1,6µm, pitch is equal to 3,2µm
and the d/* ratio is equal to 0,5. The distance between cores is equal
to 20µm. This long distance prevent from the coupling light between
cores. Circular symmetry of all cores and their mutual separation
lead to low birefringence of fiber.
The bend sensitivity was measurement in Mach-Zehnder interfero-
metric set. The interferometric pattern is shifted when the fiber is
bended. The direction of its shift depends on fiber bending direction.
In experiments the diameter of fiber loop was changed. We define
the sensitivity as the ratio of interference pattern shift (in rad) to the
change of loop diameter (in mm). For our four core index guiding
circular core photonic crystal fiber the sensitivity on bend is equal to
1rad/mm. Determined bend sensitivity is constant when fiber loop
diameter changed from 15mm to 75mm.
When bending state of four core fiber does not change the interfero-
metric pattern is very stable and does not move with temperature or
longitudal fiber stretching - it is qualitative rather than quantitative
assertion.
Other advantage of four core photonic crystal fiber is resistance to
bending losses. The measured output signal is stabile when the
bending radius is bigger then 3mm.
Some results of characterization of this four core low birefringence
fiber were published already [10].

Described above four circular core PCF fiber permits only for
determine quantity of the bend. In security systems it is important to
determine of the bending place too. We believe that exchange of the
circular cores in to elliptical cores in our fiber permits on determine
of the place and quantity of the bend. There are possible four
different fibers structures with elliptical cores:
1) the main axis of the all cores are parallel
2) the main axis of the one core is perpendicular to the other
3) the main axis of the two neighboring cores are perpendicular to
the other
4) the main axis of the two diagonal cores are perpendicular to the
other
These structures were fabricated and characterized in Mach-
Zehnder interferometric set. Bend sensitivities are approximately the
same as low birefringence fiber.
The open problem is design of advance project of distributed bend
sensor for security systems or other purposes.
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6189-11, Session 3
Wavelength locking of double FBG and its application in
fiber sensing system
M. Shih, Y. Chen, Y. Shiu, Y. Shen, T. Shei, National Kaohsiung
Normal Univ. (Taiwan)
Fiber Bragg grating because of its low insertion loss, narrow band
pass, and the flexibility of manipulating desired spectral characteris-
tics has been attracted much attention for applications in fiber optic
communication and long distance environment sensing system [1-5].
In general, a FBG sensor is used to convert the variation of tempera-
ture or strain of the environment into Bragg wave length shift which
can be measured by interrogating, or by interferometric methods [6-
9].  In order to measure the physical measurand, it is necessary to
measure the shifting of the central wavelength of the Bragg
reflectionλB, and many approaches to interrogate the wavelength
shifts of the BFG have been developed [10-16].   We demonstrated a
fiber sensing system by wave length locking of a pair of FBG one is
used for tuning the wavelength of the EDFA fiber ring laser, and the
other one is used for transferring the physical perturbation of
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temperature to wavelength shifting of the sampling FBG.  The
wavelength locking method is able to interrogate the wavelength
shifting of a fiber Bragg grating by the intensity of the reflection from
the FGB, and is able to achieve real time sensing of the temperature
measurement.  In addition, the characteristics of the fiber ring laser
and the condition to achieve stable lasing operation were discussed.
To fabricate high stable fiber Bragg gratings, high Ge doped
dispersion shifted fiber(Fiber Core)were kept in 1/4 “ stainless steel
(SS304) tubes pressurized at 1500 psi of H2.for  a week until the
saturation of loading was achieved.   The fiber loading stainless tube
was maintained at 75C by wrapping a heating tape around the
stainless tube to enhance the H2 loading efficiency.  A phase mask
with 1.0780 um grating period and null m0 was used to generate the
desired grating on the fiber core, and a  KrF excimer laser of 248 nm
radiation operating at 200 mJ/cm2  and 10 Hz repetition rate was
used to expose the grating structure on the fiber.  The HP 70951B
optical spectrum analyzer with a white light source is used to monitor
the transmission of the FBG during exposure.
The detection light source is based on a unidirectional fiber ring laser
structure.  One fiber Bragg grating is used for the reflective wave-
length filter of the fiber ring laser, and another fiber Bragg grating
with identical spectrum characteristics are used for locking the
wavelength of the sensing FBG element.   The Erbium doped fiber is
pumped by a 980 nm laser diode driven by 120 mA to achieve
saturation of lasing at 1565 nm with spectral width 0.2 nm and at  -
15 dBm peak power with back ground noise level at -75 dBm.   The
Agilent 86414 signal detection system interfacing with a PC for real
time data acquisition.   By applying strain on the fiber Bragg grating
is able to tune the lasing wave length of the fiber ring laser.   The
reflection from the sampling fiber Bragg grating will decrease due to
the deviation of the Bragg’s reflection wave length between the
sampling fiber Bragg grating and the reflective fiber Bragg grating of
the fiber ring laser.  In principle, the wave length shifting can be
directly converted to the intensity of the reflected signal from the
FBG sensor.
It shows that the linearity of the reflected signal with temperature and
is able to operate at temperature as high as 250 C.
In this paper we present the fabrication of a highly stable fiber ring
laser,  and its application in real time fiber sensing system by using
double fiber Bragg gratings one for  tuning he wavelength of the
EDFA fiber ring laser source, and the other one is used for locking
the wavelength shift of the sampling FBG.  Since that the wavelength
shifting of the sampling FBG is directly converted into intensity in real
time scale, it has potential applications for high speed real time
sensing system.
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6189-50, Poster Session
Absolute distance measurement using heterodyne optical
feedback on Yb:Er glass laser
L. Kervevan, S. Girard, H. Gilles, M. Laroche, Ecole Nationale
Supérieure d’Ingenieurs de Caen (France)
Among the different optical sensors already available for distance
measurement, the interferometric techniques usually present a
spatial resolution significantly enhanced compared to incoherent
methods like triangulation or time-of-flight. However, an interferom-
eter is significantly more difficult to set up with complex mechanical
alignments and necessity to use single frequency lasers with ultra
narrow emission spectrum for long range finding applications. For
simplifying the optical set-up and to filter both spatially and
temporally the optical signal from a diffusive target, one elegant way
consists to use the self-mixing (or optical laser feedback) technique.
This self-aligned technique is based on the very high sensitivity of
class B lasers (solid-state or semiconductor lasers) to small optical
feedback.
Two configurations can be employed to obtain a distance measure-
ment via an optical feedback on a laser source:
• Without frequency shift between the emission and the reception
(laser feedback interferometry (LFI)).
• Introducing a frequency shift between the emission and the optical
reception via an optical modulator (heterodyne detection) allows to
detect the signal around the beating note with a lock-in amplifier.
  In self-mixing, the heterodyne detection is specially adapted with
class B lasers because such lasers are characterized by very strong
relaxation oscillations after a time dependant perturbation. As soon
as the beating note between the oscillating wave inside the cavity
and the back-reflected wave is close to the relaxation oscillations
frequency of the laser, the response to back reflected light is strongly
enhanced. Typically few photons per optical cycle due to the
feedback) becomes enough to significantly perturb the dynamic
regime of the laser and allow a measurement. Among the different
class B laser sources already investigated for self-mixing, semi-
conductor and solid-state lasers have been mainly used. Compared
to laser diodes, solid-state lasers are potentially more sensitive to
optical feedback.
In the heterodyne scheme, the benefit from the exaltation provided
by the specific dynamic of class B lasers can only be fully exploited
by adjusting the beating frequency to the relaxation oscillation
frequency via an external modulator. In general, solid-state lasers
present a relatively low relaxation oscillation frequency (between few
hundred kHz up to few MHz) which could be indeed very easily
reached. Laser diodes present relaxation oscillations up to few GHz
which could be difficult to obtain via any classical modulator. And in
any case, the quality factor of the resonance is lower with a laser
diode compared to the resonance with a solid-state laser.
To obtain a distance measurement using optical feedback on a solid-
state laser, two approaches have been already investigated. The first
approach is based on heterodyne detection and phase shift
measurement between the beating signal and the reference one
applied to the external modulator. A relative distance measurement
could be obtained using an unwrapping phase technique. However,
an absolute distance measurement is not allowed with this method.
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The second approach is directly adapted from the distance measure-
ment techniques already described with laser diodes and based on
linear wavelength sweep using an electro optic modulator implanted
directly into a microchip laser.
In the present work, we combined the two techniques to obtain an
absolute distance measurement with a frequency beating note close to
the relaxation oscillations frequency of a diode pumped Yb3+:Er3+
phosphate glass laser (lambda=1.54 µm and relaxation oscillations
frequency FYbEr=200 kHz). An external acousto-optic modulator
(AOM) creates a frequency shift close to the relaxation oscillations
frequency as in classical heterodyne approach (FAOM=240 kHz). For a
weakly cooperative target, its amplitude is at least 30 dB higher than
the natural intensity noise of the laser.  Simultaneously, the instanta-
neous frequency emitted by the laser is linearly shifted versus time
(linear sweep) by scanning the cavity length with a piezoelectric
transducer (modulation frequency fm=100 Hz). The resulting modula-
tion depth of the optical carrier is equal to 1.4 GHz/V for a 7.5 mm long
laser cavity. Added to the external shift imposed by the modulator, this
scanning creates a slight frequency detuning between the emission
and the feedback. This frequency detuning is therefore proportional to
the time-of-flight between the laser and the target. It allows a measure-
ment of the absolute distance as well as an extended dynamic because
it keeps the beating note close to the relaxation oscillations for a better
sensitivity.
A theoretical study leading to a linear relationship between the beating
note frequency and the distance is determined.
The experimental results obtained on a non-cooperative target are in
good agreement with the theoretical model. The beating note fre-
quency corresponding to the distance between laser and target is
typically around few kHz. To illustrate the advantage to work close to
the relaxation oscillations of the laser and to confirm that the laser
source acts as a selective pass-band filter, the measurement sensitivity
is recorded versus the frequency shift imposed in the AOM.
Compared to the measurement reported in the literature based on
optical feedback with laser diodes, we obtain a significant improve-
ment on the dynamic of the distance measurement with a maximum
distance measurement around 10 m. This improvement could be
attributed to a better sensitivity of solid-state laser compared to semi-
conductor laser when the feedback is close to the relaxation oscillation
frequency. Moreover the first estimation of measurement precision is
equal to +- 2.5 mm for a distance of 1 m.
Finally, the conclusion will contain a synthesis of the main results
obtained and suggests changes that could improve the global
performances of the system (dynamic and precision).

6189-51, Poster Session
Biosensor
M. Sundararjan, Bharath Institute of Higher Education & Research
(India)
Photoplethysmography is a non-invasive technique that measures
relative blood volume changes in the blood vessels close to the skin. In
recent years, it has developed into a popular non-invasive method for
assessing Mean Arterial Blood pressure and Oxygen saturation (Pulse
Oximeter).
PPG has been used to study changes in the autonomic control of the
cardiovascular system [1]. The current study looks at changes in PPG
due to auditory stimulation and is a part of a larger study looking at the
interrelationship of brain activities-asymmetry and vegetative states as
well as the possibilities to voluntary induced changes by auto sugges-
tive techniques and possible clinical applications.
Spectral analysis was performed on the detrended PPG data. Relative
power was computed for PPGs from the left temple as well as right
temple under pre-auditory, peri-auditory, and post-auditory conditions.
There was a significant spectral component in the 1-1.5 Hz range for all
the subjects.

6189-53, Poster Session
Optical detection techniques for laser sorting machines
W. Meulebroeck, H. Thienpont, Vrije Univ. Brussel (Belgium)
SUBJECT: EPE108
1. INTRODUCTION
Nowadays people pay more and more attention to food safety and
quality than ever before. Recent food scandals like the BSE, the dioxin
and the aviaire influenza crisis have promoted this attitude. While the

quality control of food in the past used to focus only on the end
product, in future the products will be controlled during the entire
production process. The genetic potential of the raised vegetables is
responsible for the final colour, flavour and nutrition value. To obtain
the optimum genetic potential one has to monitor the plant continu-
ously during its growth. After harvest the products undergo several
treatments to keep them fresh or to weed out microbes. Finally the
products are packed and transported to the clients. Both during the
production and the treatment step different physical contaminants
like clods of earth, mice, pieces of glass, wood, paper, plastic or
metal can enter the food chain.
One possibility to detect those unwanted elements is to illuminate
the products with an optical source. The electromagnetic waves
interact with the products (absorption, reflection, scattering). As the
interactions are very product depended, one can use them to identify
the type of the product (vegetable or contaminant).
In this work we summarize some of the results we obtained during
our study of the different physical phenomena which take place
when a (visible or near-infrared) laser beam falls in onto a biological
product. The most important are surface reflection, selective
absorption, fluorescence, absorption in the near-infrared and internal
reflection. While the emphasis lays on the identification of the
product type we will see that some of the realized sorting principles
can also be used for quality sorting: for example a determination of
the ripeness of green vegetables or the water/oil content of veg-
etables and fruits and a detection of the presence of the very harmful
aflatoxins.
This study is performed at the applied physics and photonics
department of the Vrije Universiteit Brussel and was done in close
collaboration with Barco Machine Vision (nowadays taken over by
BEST N.V.); a company which produces optical sorting machines
especially for the food sorting industry.
2. METHODOLOGY - DATA - RESULTS
The food sorting applications on which we focused our research are
the detection of contaminants in vegetables and fruits. Both green
and non-green vegetables are taken into account.
When a laser beam falls in onto a biological product, a part of the
light is reflected at the surface. Depending on its roughness we
speak about diffuse or specular reflection. Specular reflection,
moreover, preserves the polarisation of the incident light. We used
this phenomenon to remove raisins for which the stem was not
completely eliminated after harvesting. We learned that stems
preserve strongly the degree of polarisation of the incident light
because of their specular reflection properties. Raisins on the other
hand have a sort of powder film on their surface which causes
Rayleigh and Mie scattering [1]. As a consequence the degree of
polarisation of the light reflected at the surface of a raisin will be
high. We studied the parameters (wavelength of the incident light,
polarisation state of the incident light and polarisation state to be
detected) for which the contrast in degree of polarisation between a
raisin and a stem is maximal.
Next the incident light can partly be absorbed by pigments inside the
product. Depending on their colour, different wavelengths are
absorbed. In case one wants to make use of this selective absorp-
tion to identify the product, one must choose the wavelength of the
laser beam with care. We learned e.g. that for the detection of
contaminants of green vegetables one has to use red light, because
of the strong absorption of these wavelengths by the chlorophyll
molecules inside the green vegetables. When looking at the reflected
red light one can identify the contaminants (high reflection) and the
green vegetables (low reflection). This principle works well as long as
the contaminants have a brownish colour. However if one also has to
detect other coloured contaminants like e.g. pieces of blue PVC
plastic, we concluded that the use of (an) additional excitation
wavelength(s) is necessary. During our research we learned that
colour sorting is not only useful for the detection of contaminants,
but that it can also be used for a sorting based on the quality of the
products. More concrete we studied the following applications: the
detection of green spots on tomatoes, the detection of the brown
jackets of peanuts and a sorting based on the ripeness (chlorophyll
content) of green vegetables. For this last example we discovered
that one can make use of the Red Edge Position (REP) and the
Normalized Vegetation Index (NDVI) as sorting parameters [2]. The
REP equals the wavelength which defines the transition between the
region with high absorption (visible part) versus the region with high
reflection (near-infrared part), while the NDVI represents the ratio
between the reflection at a strong absorptive (visible) and a strong
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reflective (near-infrared) wavelength.
If the photons of the incident beam have not enough energy to excite
the electrons to a higher energy level, they can be used to start
molecular vibrations. In practice different bondings of the molecules
will vibrate at different frequencies giving rise to different absorption
peaks in the near-infrared. Consequently the absorption spectrum of
a product in the near-infrared shows the basic constituents of the
product. By choosing the correct wavelengths, one can use this
principle to detect the presence of substances like for example water
or oil. We learned that using this principle one can distinguish
vegetables (contain water) and nuts (contain oil) from their contami-
nants (contain no water and no oil). Moreover we obtained a
classification of different sorts of nuts based on their oil content. For
all these applications we studied the optimal index one has to use;
this index equals the ratio between intensities of reflected light at
well chosen wavelengths.
The detection of contaminants out of green vegetables based on
colour sorting is logically only possible when the defects are not
green. For example pieces of green plastic or glass and frogs can
not be detected. This can be solved using fluorescence. A part of the
light absorbed by the chlorophyll molecules is reemitted as fluores-
cence light, with longer wavelengths then the excitation wavelength.
The typical fluorescence spectrum of chlorophyll is characterized by
its two maxima around 690 and 730 nm. We studied four possible
sorting parameters: the total fluorescence intensity, the position of
the two maxima and the ratio between the fluorescence intensities at
the two maxima. From our study we concluded that the sorting of
products based on their fluorescence properties works very
efficacious. Both product identification and product classification on
quality is possible. We learned that for the elimination of contami-
nants using fluorescence one has to use the total fluorescence
intensity, while a quality sorting based on the ripeness of the green
vegetable can only be obtained using the ratio between the
fluorescence intensities at the two maxima. For both applications we
selected the optimum excitation wavelength and power. We also
saw that the fluorescence properties of the product are very
dependent on its condition. Fresh products fluoresce less then
frozen or dry products.
Not only green vegetables fluoresce. We also observed fluorescence
after the excitation of products like nuts, maize, shrimps and
aflatoxins, although the fluorescence intensity of these products is
very weak. Moreover in case of the aflatoxins, the weak aflatoxin
fluorescence is often saturated by the fluorescence of chlorophyll
molecules which are also present in the product; this is e.g. the case
for figs.
Not all the light which penetrates into the product is absorbed. Via all
kinds of internal reflections, the non-absorbed light leaves the
product, partly at the side of the incident beam (scattering in
reflection) and partly at the opposite side (scattering in transmission).
Up to now we only studied reflection via scattering. We came to the
conclusion that sorting of products based on their internal cell
structure is possible. Porous products (vegetables) can be distin-
guished from more dense products (contaminants). The more porous
the product the broader the angle over which the light is scattered.
This technique is especially useful for the detection of contaminants
in a mix of vegetables. Because of the many different colours of the
products, colour sorting is not possible in this case. Sometimes this
principle is also implemented for the identification of green veg-
etables. The wavelength of irradiation depends on the application
(presence of pigments). For non-green vegetables a near-infrared
laser beam is necessary, while for green vegetables the red laser
beam of the colour sorting can be used.
3. CONCLUSIONS
We summarized some of the results we obtained during our study of
the different physical phenomena which take place when a laser
beam falls in onto a biological product. During the conference we will
give an overview of how different products can be sorted by means
of several interaction phenomena.
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6189-55, Poster Session
Quasi single-mode fiber as a temperature sensor
V. Vasinek, Technical Univ. of Ostrava (Czech Republic)
1. Introduction
The basic parameter which allows describing the quasi single mode
fibers is the normalized frequency. It combines together such
quantities as the wavelength, numerical aperture and fiber core
diameter. The classical theory [1] shows that the value of normalized
frequency determining the single mode fiber and quasi single mode
or multimode fiber is 2,405. Lower values mean single mode higher
values the others.
What can be expected from the fiber, which will support the
propagation of major number of modes, when the word major means
several modes only?  Because the optical fibers are finding their use
how in telecommunications so in measuring technology in a form of
optical fiber sensors, it is necessary to follow both utilization
category separately.
Telecommunication fibers
Attenuation - slightly increases owing to longer trajectory of an
individual fiber mode
MFD - will make smaller owing to shorter wavelength compared with
standard SM fiber
Dispersive coefficient - slightly increases owing to mode dispersion
Group index of refraction - remains unchanging
Geometrical dimensions of core and cladding - remain unchanging
There were only chosen characteristics mentioned here, to series of
them will be more detailed commentary in the next text and in
conference contribution. Without it is possible to describe the
changes of parameters quantitatively at this moment, it stands to
reason, that optical fibers in proximity of cut - off normalized
frequency keep themselves their characteristics for that they are
used in long - haul telecommunications - small attenuation and great
bandwidth.
Fibers for optical fiber sensors
SM fibers find their exercise in sequence of fiber optical sensors,
especially in interferometric and polarization sensors. As far as it will
get to failure of the single mode condition, the application area these
fibers will change. Very limited number of modes allows evaluating
the fine effects in optical fiber, which lead to mode coupling and
differential mode attenuation, that it is possible to evaluate on the
fiber output like changes in power distribution over the fiber cross -
section. Thus, new detection mechanisms appear, however optical
fiber loses its exercise in classical interferometric and polarization
sensors.
What is the contribution of this change in working conditions of the
standard SM fiber?  The principal benefit is the potentiality of such
fiber usage for telecommunication haul continuous monitoring and
scanning effects on data transmission.
2. Effect of mode structure to optical fiber attenuation
Optical fibers are characterized with several phenomena connected
with light propagation through them.  The first phenomena group is
formed by energy absorption, which is different for particular modes.
The consequence is phenomenon, which is expressed like differen-
tial mode attenuation. Thanks to it is changing the energy rate, which
is led with individual mode.
The connection between input and output power of the relevant
mode is the basis for mode attenuation determining.
The attenuation relation is the same in principle for all modes but
each mode has an attenuation constant of its own. Differential mode
attenuation rises at that time, if there are attenuation constants
different for particular modes. The attenuation constants disparity is
assured by phenomena, which mean, that higher order modes will be
attenuated more than lower order modes.
By reason that the individual modes occupy specific positions over
fiber cross-section during their propagation, the differential mode
attenuation faces to energy redistribution over the fiber cross-
section. In order to this phenomenon has been more expressive, it is
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necessary to apply for its interpretation quasi single mode optical
fiber with constricted mode spectrum.
Above-mentioned conclusions would hold, if any mode coupling
would not exist.  The mode coupling leads in its consequence to the
effect that a missing energy of higher modes is supplemented by
energy of axial modes. The influence of mode coupling is possible to
specify by the help of theory coupled powers [2], when it happens
owing to mode coupling to creation of the steady mode distribution
behind presumption, that the conditions of propagation in optical
fiber are unchanging.  Whatever change in attenuation constant of
particular mode then affects steady mode distribution and it is
possible to evaluate this modification from knowledge of power
distribution among modes.
3. Results
For verification, whether above described mechanism is able to
describe in practice the behavior of optical fiber temperature sensor
with differential mode attenuation, the simulation of fiber behavior
was performed by the help of SW OPTIFIBER (OPTIWAVE LTD).
Results will be demonstrated in conference contribution. The optical
fiber was designed in order to support propagation of 4 modes when
only LP(0,1) and LP(0,2) are significant.  Simulation was made for
thermal changes from 20OC to 80OC. For simulation the change of
the refractive index with temperature was the same like in fiber
SMF28e, it means 1,2.10-5 0C-1. This temperature change causes
the change of effective mode index from 1,46759 to 1,46687 for
LP(0,1) and from 1,45105 to 1,45032 for LP(0,2).
The changes in optical field distribution can be measured and
coupling coefficients can be determined as well. Now the measure-
ment is prepared to compare the simulation and real behavior.
References:
[1]Mynbayev,D.K., Scheiner,L.L.: Fiber-optic communication
technology. Prentice Hall Inc. New Jersey, 2001,
ISBN 0-13-962069-9
[2]Marcuse,D.: Theory of dielectric optical waveguides, Academic
Press, 1993
[2]Va‰inek,V.: Influence of the temperature changes on the field
distribution of the optical fiber above the normalized frequency
critical value. In: Photonics Prague, 2002, 26-29 May 2002, 322-328,
ISSN 0277-786X
[4]Va‰inek,V.: Optical fibers in proximity of the critical normalized
frequency and their application. 127p, Ostrava, Pressart Ltd, 2004,
ISBN 80-24-0575-8 (in Czech)

6189-56, Poster Session
Spectral-domain analysis of white-light propagation in
new sensor configuration comprising birefringent fiber
P. Hlubina, D. Ciprian, L. Knyblova, Technical Univ. of Ostrava
(Czech Republic)
We analyze theoretically and experimentally spectral interference of a
white light in a tandem configuration of birefringent crystal and
sensing birefringent fiber. We express analytically the spectral
interference law taking into account the condition of a Gaussian
response function of a spectrometer and the dispersion of birefrin-
gence in the crystal and in the fiber. We reveal that the visibility of
spectral interference fringes is highest for the group optical path
difference (OPD) in the crystal compensating the group OPD in the
fiber. We model two types of spectral interferograms knowing
dispersion characteristics of the sensing fiber and using a quartz
crystal of the positive or a calcite crystal of the negative birefrin-
gence. Sensing capabilities of the configuration are demonstrated by
the change of the phase of spectral fringes due to the change of fiber
length. We perform several experiments with highly birefringent
fibers of suitable lengths and a birefringent quartz crystal of two
suitable thicknesses. We confirm in accordance with the theory that
the wavelength-dependent phases of spectral interference fringes
vary with the fiber length.

6189-57, Poster Session
Performance simulation of photoelectric imaging system
L. Liu, B. Chang, Nanjing Univ. of Science & Technology (China)
When a photoelectric imaging system is designed, evaluating its
performance with the classic visual range formula and revising the
result according to the deviser’s experience is an effect method.

However, it is an abstract method compared with the scene
simulation and has some error in the computation process because
of various factors in the atmosphere. If we use visual reality software
as evaluation tool for the photoelectric imaging system, we can
obtain the simulation scene. From the scene, the performance of the
system can be estimated more directly. So it is a new performance
simulation way for the photoelectric imaging system.
 LLL night vision system is a sort of the photoelectric imaging
system. In this paper , the fundamental theory and conception about
simulation on night-vision image is described in this paper. The
visual simulation software platform Creator-Vega is introduced,
which is an applied tool and can simulate the workflow of the LLL
sensor in the night vividly. Combined with using VC functional
software, an application software frame is set up. The interface and
functional menus of software are proposed in the paper. The
software can provide the evaluation for design of LLL night vision
system.
In order to validate the software, the experiments on the LLL night
vision goggle with laser illuminator under the specific circumstances
are carried out. The experiment process is introduced in detail in the
paper, and the performance parameters and results are given. At the
same time, the performance of LLL goggle with laser illuminator
under various filed conditions are estimated and simulated by the
software. Firstly the terrain is simulated according to the actual
experiment scene. The tank and helicopter are imitated according to
the actual appearance including the size, shape, and other charac-
teristic. Then the spectral response characteristic is simulated
according to the goggle’s Super II generation intensifier perfor-
mances. The simulation results under different conditions are given:
The simulated scenes under visual angle of 40°and 10°are given
respectively according to the goggle’s filed of vision, the observed
scenes from the screen with noise in the sensor effect and without
noise are also simulated respectively according to the goggle’s
observed performances. What’s more, the scenes under the night
sky with low illuminance and under the irradiation of the laser with
high illuminance are simulated respectively. From the simulated
scene, the performances of the LLL night vision goggle with laser
illuminator are obtained.
At last, the comparison between theoretical data and the experimen-
tal data is made, the result proves the performance simulation is
effective and the design of the system is feasible.

6189-58, Poster Session
Numerical model of a typical adaptive optics system
N. A. Makenova, Institute of Atmospheric Optics (Russia); N. A.
Atepaeva, Tomsk Polytechnic Univ. (Russia); F. Y. Kanev, Institute of
Atmospheric Optics (Russia)
A numerical model of a typical adaptive optics system is described in
the report. The developed computer application corresponding to
the model includes all the main elements of a real system, namely,
computer codes simulating radiation propagation in a turbulent
atmosphere with thermal blooming and codes simulating the
elements of adaptive optics system (a model of a Shack-Hartmann
wavefront sensor, two algorithms of dislocation localization, and a
model of adaptive mirror with continuous surface). In the report we
describe solutions to the some of adaptive optics problems obtained
with the model. These results demonstrate that the set of the
developed software is a powerful tool for simulations in the field of
adaptive optics.
The first model essential for our investigations is the model of a
beam propagating in the atmosphere. Two sources of aberrations
are taken into account in this model: atmospheric turbulence and
heating of the atmosphere by a laser beam (the effect of thermal
blooming).
The model of a flexible mirror with continuous surface was also
developed for introduction in the adaptive optics system. Actually,
the mirror is a thin plate fastened in the center or along the perimeter
and bended by a system of forces applied in discrete points.
The results obtained with the developed model were compared with
results of laboratory experiments found in literature [6]. As it is turned
out, comparison of response functions shows satisfying precision of
the model.
One more component of an adaptive optics system is a Shack-
Hartmann sensor. The developed model of the sensor includes all
the main elements of a real device: microlens array, the interval
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between the array and the light sensitive element, and the element
itself.
The investigation of adaptive system performance under the
conditions of optical vortices development attracts great attention
nowadays. So we have developed two algorithms of dislocation
localization to employ in such investigations. In the first algorithm the
singular points are detected as ends of phase cuts, in the second -
as branching points of the interference pattern.
From the stated above it is follows that the model of an adaptive
system should include a model of a propagation path, model of a
sensor, and a model of a mirror. Each of the listed elements is
possible to realize only as a sophisticated computer application. And
a whole model construction is practically unattainable. Working out
the application design even with such modern programming
languages as Visual C++ with its class structure, memory managing,
and detection of errors is a complicated problem even for an
experienced programmer.
To develop the application we have used the advanced technique of
modern programming, namely, Component Object Model (COM) [7].
In accordance with COM the whole model was divided into indepen-
dent components, forming the server and several its clients. The
codes and connections between them represent a distributed
application.
In the application “adaptive optics system” as a client was taken the
component simulating propagation of a beam in the turbulent or
nonlinear mediums. The models of a sensor and mirror were coded
as servers. The two methods of dislocation detection were designed
as two additional servers.
One of possible examples of this software usage is the calculation of
transients in the system “laser beam - nonlinear medium” and
realization of control under these conditions. Phase conjugation [5]
and multidither [8] are algorithms commonly employed to correct for
thermal distortions of laser beams. But the first algorithm is unstable
in nonlinear medium [9] and the second one is too slow [10]. Stability
of phase conjugation is possible to increase introducing the
modifications of this algorithm.
Phase compensation does not insure complete correction for
thermal or turbulent aberrations induced by an atmospheric layer. To
correct for aberrations under these conditions it is possible to
employ amplitude-phase control over the beam, for example, to use
the wavefront reversal algorithm. Realization of the algorithm is
possible in a two-mirror adaptive system in which the control over
beam phase is performed in two planes and at the access to the
medium the required amplitude and phase distributions are obtained.
The mirrors should be divided by the interval of a linear
nonaberrating medium.
In numerical experiments it was shown that the system considered
above insures the absolute compensation for a thin turbulent layer
placed at arbitrary distance from the aperture of a laser source and
high effectiveness of compensation for distributed lens comparing
with phase-only algorithms [11].
One more example of the described software usage is assessment
of the Shack-Hartmann sensor performance. The dependence of
phase registration precision on subaperture number is illustrated in
report. It is shown that reduction of microlens array dimensions
results in decrease of accuracy. More strict assessments show that
the performance of the sensor can be satisfying in a turbulent
atmosphere if its subaperture number varies from 16*16 to 32*32.
With the material presented in this report it is possible to conclude
that the whole model of a typical adaptive optics system has been
developed possessing satisfying precision and including all main
components of a real system.
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6189-59, Poster Session
Algorithms of adaptive control: operation rate, stability,
efficiency
N. A. Atepaeva, Tomsk Polytechnic Univ. (Russia); N. A. Makenova,
F. Y. Kanev, Institute of Atmospheric Optics (Russia)
The algorithms of a laser beam adaptive control are considered in
the report. Investigations were performed on the base of numerical
simulation. The atmospheric turbulence and thermal blooming were
taken into account as the sources of the beam aberrations. As it is
well known, both these sources can induce considerable distortions
of radiation.
The simplest method of correction for such aberrations is the control
over beam phase, which is usually realized with phase conjugation or
multidither algorithms. These algorithms have some intrinsic
drawbacks. Phase conjugation, for example, is an algorithm
developed with violation of optical reciprocity principle. So the total
compensation of beam distortions is principally inaccessible.
Moreover, in nonlinear medium, i.e., under conditions of thermal
blooming the algorithm is unstable. In the report the efficiency of
phase conjugation is assessed in the turbulent atmosphere and
methods are proposed which allows one to increase stability of
phase conjugation.
One of shortcomings of algorithms based on the hill climbing
procedure is the presence of local extrema in the space of control
coordinates. It was shown in numeric investigations the results of
which are presented here that these extrema can induce sizeable
decrease in the algorithm efficiency. The possible solutions to this
problem are also considered in the report.
In the developed model of a beam propagating in the atmosphere
the transient processes arising in the system “laser beam - nonlinear
medium” are taken into account. So it is possible to consider the
influence of these processes on stability of control and evaluate the
whole time required for compensation of aberrations. Numerical
estimations allow one to conclude that the operation rate for the
Simlex algorithm and for algorithms based on the hill climbing
procedure is almost the same. The speed can be increased with
optimization of algorithm parameters such as the value of the
Simplex edge or the value of a step in iteration procedure.
Radical increase of operation rate is possible with implementation of
algorithms over non-steady-state parameters. This means that every
next step in gradient methods is performed before termination of
transient processes on the previous step. Realization of correction in
this case is possible only if the characteristic time of transients is
much greater than the period of iteration process. Special attention
in our investigation is devoted to the problem of algorithms efficiency
under these conditions.

6189-60, Poster Session
The system of monitoring falling stones on highway by
means of an optical interferometer
Y. Lin, M. Chen, National Sun Yat-Sen Univ. (Taiwan); W. Lin, Ta Jen
Univ. (Taiwan)
The mountain area in Taiwan suffered from the debris flow induced
by the earthquakes and many floods in recent years. The geology
even shows the flimsiness. It is very frequent to find lots of falling
stones on the highway; sometimes disasters take place. The optical
fiber has the features of low loss and wide bandwidth; it has
replaced the coaxial cable as the mainstream of the communication
system in recent years. Because of high sensitivity characteristic, the
interferometer is usually applied to long distance weak signal
detection. In general, the highway with potentially falling stone
dangerous area usually located in the far away mountain area, the
electric power supply is very difficult, also the weak signal makes it
uneasy to monitor.
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Therefore, a sensor system made of fiber optic interferometer is
proposed to detect the vibration induced by the falling stones on
highway. The vibration induces a strain of the fiber Bragg grating, and
it makes a phase difference between these two light teams in the
interferometer. A demodulation circuit is needed to detect the phase
difference caused by the vibration.
In this paper, we utilize a fiber optic interferometer for monitoring
falling stones, and compare with traditional accelerometer. According
to the experiment result, we obtained that the dynamic range of the
sensing system is about 50 dB with frequency range between 0 ~ 400
Hz and a high sensitivity. We certify that this system can be used as a
falling stones monitoring system.

6189-61, Poster Session
Modified motion-based detection algorithm for dim targets
in IR image sequences
H. B. Srivastava, R. Saran, A. Kumar, Instruments Research and
Development Establishment (India)
An integrated algorithm for the detection of dim point/extended size,
slow/fast-moving targets has been presented in this paper. In the
proposed algorithm, essentially an innovation over an existing
algorithm reported by Nengli Dong et al, morphological operations are
carried out on the incoming IR data to improve signal to noise ratio
(SNR). Methods of entropy thresholding and conjunction functions are
integrated together. Conjunction function based algorithm has been
suitably modified to take care of fast moving targets, a limitation of the
method proposed by Nengli Dong et al. Our proposed algorithm is able
to detect low contrast point as well extended size targets and having
frame to frame movements varying from sub-pixel to tens of pixels.

6189-63, Poster Session
Numerical investigation of multimode interference in a
multimode fiber and its applications in optical sensing
Q. Wang, G. Farrell, Dublin Institute of Technology (Ireland)
Multimode interference (MMI) in the planar waveguide has been
intensively investigated and the self-image phenomena is well known
and widely employed in developing beam splitters, combiners and
multiplexers for optical communications. Similar to the planar
waveguide case, when the light propagating along a single mode fiber
enters into a multimode fiber (MMF) section, high-order eigenmodes of
the multimode fiber are excited and interferences between different
modes occurs while the light propagates along the MMF section.
Compared to planar waveguide case, there are few investigations
about MMI in a multimode fiber section other than a displacement
sensor, implemented by placing a mirror at the end of the MMF and
also a fiber application.
 In the present paper, first a wide-angle beam propagation method in
the cylindrical coordinate is presented as the modeling tool for
numerical investigation of the beam behaviors while propagating in
multimode fiber section. Corresponding simulation results indicate
that: 1) the input field converges periodically along the propagation
direction; 2) instead of multiple self-images in the planar waveguide
case, different beam shapes occurs at specific positions, e.g., a hollow
beam due to the circular symmetric characteristic of the multimode
fiber.
 Two new applications examples related to optical sensing are
designed and analyzed: a wavelength sensing element and a refracto-
meter sensor. For the wavelength sensing application, the wavelength
sensitivity of the singlemode-multimode-singlemode structure is
investigated. Corresponding result shows that with an appropriate
length of the multimode fiber section, the device can be used as an
edge filter for ratiometric wavelength measurement, which offers a
simple solution to demodulate Fiber Bragg Grating (FBG) sensing. For
the application example of refractometer sensor, a multimode fiber
core is sandwiched between two singlemode fibers. Through choosing
an optimal length, the designed refractometer can offer an estimated
resolution of about 5.4´10-5 for refractive index from 1.33 to 1.45,
which is competitive as compared to existing waveguide based optical
refractometer sensors while offering a much simpler configuration.

6189-64, Poster Session
Red blood cell optical parameters in single and multiple
light scattering models
J. Mroczka, D. Wysoczanski, Politechnika Wroclawska (Poland)
In clinical haematology, there is a need for accurate and precise
measurement of the RBC geometrical (size and shape) and mechani-
cal (deformability) properties, as well as oxygenation. In the present
work we investigate the scattering properties of a single Red Blood
Cell (RBC, erythrocyte) versus the osmotic pressure and oxygen-
ation. The modelling transmittance measurement in a finite layer of
whole blood versus hematocrit (Haemoglobin Concentration) and
oxygenation (haemoglobin saturation) is presented as well. The real
erythrocyte has form of a biconcave disc. The shape of a pathologi-
cal RBC can significantly differ from the normal cell and it strongly
depends on the osmotic pressure. In our work the erythrocyte is
modelled as an oblate spheroid.
To compute the light scattering properties of single RBC the T-Matrix
method was used to predict the scattering coefficients and the
angular light distribution (phase function). The influence of the
erythrocyte shape and the haemoglobin concentration variations
(caused by osmotic pressure) on single light scattering was
considered. At first we consider the case where the RBC is in fixed
orientation. The incident laser beam propagates along the RBC
symmetrical axis. We analyse the light scattering in the azimuthal
plane. Next we consider the case of randomly oriented RBC.
To describe light propagation in whole blood medium, a Monte Carlo
simulation was used. In this case the circular source emits collimated
light flux, normally to whole blood slab and circular detector is
coaxial with the source. To determine the optical properties of whole
blood, such as average cross-section of erythrocytes and average
asymmetry parameter, we used the T-matrix method, assuming that
erythrocytes are modelled as an ensemble of randomly orientated
oblate spheroids.

6189-65, Poster Session
Light scattering maps analysis to determine particles
placement and concentration
J. Mroczka, D. Wysoczanski, Politechnika Wroclawska (Poland)
In our work we present the analysis of spatial distribution maps of
the scattered light to determine prolate particles (like cylinder)
placement and concentration. First we present Monte Carlo
simulation scheme in modelling a real composite material with
cylindrical reinforcements (fibres) and the results of numerical
simulations. The light transmittance is used, therefore the analysis is
dedicated to transparent and semi-transparent materials. All
particles are parallel to each other and they are placed in the plane
perpendicular to the direction of incident beam propagation. The
non-parallel case is also considered: the particle placement differs
from the main direction described by the standard deviation of the
Gaussian distribution. Next we present real, recorded spatial
distribution maps of the scattered light. The presented analysis
consists in fitting the ellipse (when 2D analysis is performed) or
gaussoide (which relies on the found ellipse in case of 3D analysis) to
the previously simulated or acquired spatial distribution. The
parameters of the fitted objects are connected with the placement
and concentration of fibres in the composite. We consider a set of
relative parameters of the fitted ellipse: ellipticity and orientation
(average value and standard deviation) or normalised shape and
orientation of the gaussoide. Generally the method is dedicated to
analyse the case with one or two layers of particles. In the case with
two layers the determination of the layers thickness ratio is also
possible if main particle placement is different for each layer.

6189-66, Poster Session
The enhancement of contrast of laser plasma emission
spectra in the interaction field of plasma fronts
I. G. Nagorny, V.I. Il’ichev Pacific Oceanological Institute (Russia)
At present the problem research of laser breakdown mechanisms in
a gas atmosphere and on a surface condensed is an actual, as
results of these researches are used for the decision of the broad
audience of fundamental and applied problems. Except for the basic
researches connected with behavior of substance in strong laser
fields and effects shock waves arising at interaction with laser
plasma, recently, methods of Laser Breakdown Spectroscopy (LIBS)
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very intensively develop [1].
The LIBS method possesses doubtless advantages before traditional
methods of the spectral analysis that explains its intensive introduc-
tion in the diversified appendices connected with research of
substance [2, 3]. However, increase of the method sensitivity of
elements detection which are a part of investigated substances,
considerably will expand areas of the appendix of this method.
One of ways of the method sensitivity increase, is use of multipulse
excitation of laser plasma [4, 5], and increases of emission lines
contrast in the field of cooperating laser plasma, due to effects, laser
fronts arising at interaction [6]. However, it is necessary to note, that
mechanisms of interaction of plasma fronts in laser plasma remain
poorly studied.
At the same time, increase of contrast of an elements emission lines
on a radiation background of continuous spectrum probably by a
choice of optimum conditions of a laser torch focusing and optimum
conditions of a spectrum registration that demands detailed research
of laser plasma existential parameters.
In the given work results of plasma fronts interaction researches are
presented, at optical breakdowns both near to a surface of the
condensed environments, and in a free atmosphere. Breakdown was
carried out by laser impulses of the complex time form. In the first
part of experiment modes of plasma fronts distribution for various
intensities and wavelengths of laser radiation have been certain. In
the second part are carried out researches of issue and continuous
spectra of laser plasma in the field of collision of plasma fronts.
It is shown, that in a zone of interaction of the plasma fronts
extending in a counter direction, there is a substantial growth of
intensity of a luminescence of laser plasma. It is registered, that at
interaction of plasma fronts it is observed practically double increase
in contrast of issue lines of radiation unitary ionized atoms, concern-
ing value of contrast of lines in no interacting plasmas. Besides,
supervision time of plasma with greater contrast of emission lines
considerably increases. So, excess of the maximal contrast level of
not cooperating plasmas, in case of plasma fronts interaction was
observed in current of 300 ns. That allows, time of accumulation of a
signal for registration of weak emission lines in plasma to increase
considerably.
On the basis of the received results on research of counter plasma
fronts interaction, probably creation of a method additional warming
up of plasma in intensive laser fields during optical breakdown.
1.D.A. Rusak, B.C. Caslte, B.W. Smith, et al. Recent trends and the
future of laser - induced plasma spectroscopy .Trends in analytical
chemistry. - 1998. Vol. 17, • 8 - 9. P. 453 - 460.
2.C.M. Davies, H.H. Telle, D.J. Montgomery. Quantatative analysis
using remout laser - induced breakdown spectroscopy (LIBS).
Spectrochem. Acta Part B. - 1995 - Vol. 50. - p. 1059 -  1075
3.D. N. Stratis, K.L. Eland, S.M. Angel. Enhancement of aluminum,
titanium, and iron in glass using pre - ablation spark dual - pulse
LIBS. Appl. Spectrosc. - 2000a. - Vol. 54. - p.1719
4.L. St- Orge, M..Sabsabi, P. Cielo. Analysis of using laser - induced
plasma spectroscopy in double - pulse mode. Spectrochem. Acta
Part B. - 1998 - Vol. 53. - p. 407 - 415
5.F. Colao, V. Lazic, R. Fantori et. al. A comparison of single and
double pulse  breakdown spectroscopy of aluminum samples.
Spectrochem. Acta Part B. - 2002 - Vol. 57. - p. 1167 -  1179
6.S.M. Pershin, A.Y. Bukharov. Enhancement of the contrast of laser
plasma emission spectra accompanying two - pulse irradiation of a
surface by Nd laser radiation. Sov. J. Quantum Electron. - 1992. -
Vol. 22. - p. 405
7.O.A.Bukin, A.A.Il’in, S.S.Golik, et al. Characteristics of plasma
spectra at a surface of solid and liquid targets at influence by a laser
impulse of the complex form. Journal of Applied Spectroscopy. -
2003. - T. 70, • 4. - C. 531-535.
8.O.A Bukin, A.A.Il’in, A.N.Pavlov, etc. Interaction of plasma fronts at
gas optical breakdown. Electronic Journal “It Is investigated in
Russia”

6189-67, Poster Session
Dielectric annular core optical fiber
P. Solarik, Z. Burian, Czech Technical Univ. in Prague (Czech
Republic); I. Kasik, Institute of Radio Engineering and Electronics
(Czech Republic)
Development of fiber optic chemical sensors has been a popular

approach for in line control and in situ monitoring of wide range
chemical or biological samples. Optical evanescent wave sensors
such as waveguide and surface plasmon resonance sensors have
been used so far to detect samples at the surface of the sensor in
aqueous cover media. These devices are based on the phenomenon
that any change in refractive index of the cover media shifts the
effective refractive index of the surface mode. This change is
detected through an evanescent optical field decaying exponentially
from the surface of the sensor. Use of annular core fiber for chemical
trace analysis is novel approach in the field of evanescent wave
optical sensors. It allows extending the sensitivity of conventional
absorbance spectroscopy by extending optical interaction path
length of evanescent wave. Annular core fiber is waveguide, typically
consisting of small diameter tubes capable of guiding light through a
sample by evanescent wave. This waveguides are capillaries that
contain a liquid or gas sample for spectroscopic analysis. The core
of doubly clad step index optical fiber is a dielectric annulus lying
between two different claddings. In such waveguides a small local
part of the large annular cross section is analogous to a transversely
bent planar waveguide. An analytical solution to the step index
annular core fiber proposed by Sarkar in the cylindrical polar
coordinates by solving the Helmholtz equation. The field follows a
Bessel function and a modified Bessel function along radial
coordinate r and is expected to oscillate along azimuthal coordinate
q. Benefit of this solution is possibility to use of small volume
samples, long path lengths by constraining light propagation within a
liquid or gas medium by evanescent wave. Preform preparation by
modified chemical vapor deposition (MCVD) process and fiber
drawing and coating of this special capillary structure have been
realized in the workplace of Institute of Radio and Electronics (IREE)
Academy of Sciences of the Czech Republic. Primary shielding of
silica capillary is ultraviolet radiation activated acrylic copolymer.
Polymer coating provides flexibility and strength. We had approxi-
mately 100 meters of the flexible AFC tubing with continuous
modification of diameters. Beginning of ACF with an i.d.=166 mm
and an o.d.=585 mm, end of AFC with an i.d.=352 mm and an
o.d.=683 mm. The mounting of the AFC tubing end cells based on
standard HPLC tees, which allows both optical access and fluid
transfer to the capillary, formed the optical fiber sensor. Basic optical
characteristic were measured - attenuation, refractive index (RI)
profile, loss spectral distribution, near field intensity distribution.

6189-68, Poster Session
The polarization effect in the optical vortex
interferometer
E. Fraczek, Politechnika Wroclawska (Poland)
The optical vortices are intensively studied during last decade. In the
literature there are papers presenting application of the optical
vortices. The regular net of optical vortices generated by the three
plane waves interference allows for the new kind of the interferom-
eter - the Optical Vortex Interferometer (OVI). The precision of the
OVI depends on the localization accuracy and the phase reconstruc-
tion. The localization methods give errors if we use beamsplitters
with coatings not changing the polarization state of the light. There
are six beamsplitters used in this interferometer. In the setup we
used non-polarizing coatings. We observed pleochroism effect which
occurs in this coatings. It is the cause of errors in the localization of
optical vortices. In this paper we study the effect of measurement of
pleochroism and we show the way to avoid errors in the localization
of optical vortices in the OVI.

6189-69, Poster Session
The impact of hydrogenation conditions on the
temperature and strain discrimination of Type I and Type
IA Bragg grating sensors
K. Kalli, Higher Technical Institute (Cyprus); G. Simpson, K. Zhou, L.
Zhang, I. Bennion, Aston Univ. (United Kingdom)
We report on experimental findings for tailoring the temperature
coefficients of Type I and Type IA fibre Bragg gratings by influencing
the photosensitivity pre-sensitisation of the host optical fibre. Work
will be presented detailing the fabrication and characterisation of
dual grating sensors that may be used to simultaneously decouple
temperature and strain. The sensor head comprises a standard Type
I grating fabricated directly adjacent to a Type IA grating, having a
lower temperature coefficient and slightly higher strain coefficient.
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We will show that for two different fibre types that the concentration
of hydrogen within the core directly affects the rate at which Type IA
gratings form and the thermo-optic coefficient of the mature Type IA
grating; gratings inscribed in fibre samples with a higher hydrogen
concentration form faster and have lower temperature coefficients.
We control the degree of photosensitivity presensitisation of the host
optical fibre by controlling the level of hydrogen saturation, via hot
and cold hydrogenation. We examine the effect of hydrogenation on
the recovery of accurate temperature and strain data.
We will show that it is possible to produce Type IA gratings with low
thermal coefficients, particularly when compared to Type I gratings.
Furthermore, tailoring a large difference between the Type I and Type
IA thermal coefficients leads to a significant improvement in the
matrix condition number, this impacts the ability to recover accurate
temperature and strain data when using a Type I-IA dual grating
sensor. We will show that the improvements make this type of dual
grating scheme well suited to dual measurand applications,
performing well compared with other, more elaborate techniques
schemes that utilize multiple Bragg gratings and/or specialised fibres
to simultaneously decouple temperature and strain.
A standard matrix technique is used to interrogate the sensor head
and decouple strain and temperature with a matrix condition number
better than 150. In the case of low temperature hydrogenation there
is a significant improvement in the matrix inversion errors and the
condition number. This improvement is important as it augments the
existing advantages of the Type I-IA dual grating sensor, namely two
Bragg wavelengths having good wavelength proximity thereby
avoiding costly multiplexing schemes; quick and efficient inscription
using a single phase mask, common annealing cycles and the
precise placement of sensors located in a common sensor head.
Type IA fibre Bragg gratings have attracted interest within the sensor
community based on their unique spectral and physical characteris-
tics. They are readily identified by their spectral attribute of a large
red shift in the Bragg wavelength of the grating during inscription
that accompanies an increase in the mean core index. It is
recognised that this red shift is dependent on fibre type and
hydrogenation conditions, and for a highly doped fibre, such as B/Ge
codoped fibre, is typically 15-20nm, whereas the wavelength shift for
SMF28 is lower at 5-8nm. We have previously shown a strong
correlation between the growth of the OH absorption band formation
in the optical fibre during prolonged UV exposure and the increase in
the mean index change of the fibre grating. This change results from
the hydrogen combining with Si and Ge centres in the fibre to form
stable SiOH and GeOH groups, the latter of which has the greater
impact on the strength and peak location of the 1400nm absorption
band. As a result of this fundamental material modification Type I
and Type IA gratings have been written in the same fibre with a
common phase mask, yet with central reflecting peaks more than
14nm apart after annealing. More importantly, this change in the
mean index of the fibre core results in their key physical attribute,
that they exhibit the lowest temperature coefficient of all grating
types reported to date; this makes them attractive for use in a
temperature compensating, dual grating sensor.

6189-70, Poster Session
Mid-IR LEDs for portable and fibre optic sensors
B. A. Matveev, A.F. Ioffe Physico-Technical Institute (Russia)
Recent years have seen extensive research of the mid-IR (2-5 um)
spontaneous sources - light emitting diodes (LEDs) - including
resonant cavity devices that have already approached the 1 mW
output power barrier which is necessary for most practical applica-
tions. Apart from the power value a design engineer can have great
concern about such characteristics as beam divergence and
emissivity (brightness) of the source. The former characteristic
directly relates to the implementation of the immersion lens technol-
ogy together with episide-down bonding of a LED chip. The latter
characteristic is more important in spectroscopic measurements with
gratings and small area sources; the source thus should be free of
lenses that magnify the image dimensions. 300-um wide InAs LEDs
with flat out-coupling surface emitting at 3.3 um at room temperature
have already shown the ability to simulate the black body heated up
to 593 K (positive contrast ∆Ta = 300 K in the 3-5 um range). In spite
of high output power values that could be found in the literature for
the flat uncoated LEDs it is clear that there is still a room for device
performance improvements of the chip design.
Deep mesa that narrows the internal radiation diagram due to the

reflections from the inclined mesa sidewalls contributes to the out-
coupling enhancement and is thus a useful feature of the high
brightness sources. The effect of the above geometrical factor is well
known for the InSb (6 um) negative luminescent devices [1] and
efficient NIR and visible LEDs, however, to the best of our knowledge
there have been no attempts so far to investigate the impact of the
mesa dimensions on output power of the Mid-IR LEDs with wave-
lengths shorter than 6 um, for instance for the 3-5 um devices. In
addition to this there have been only few papers related to mid-IR
power increase due to surface roughening and the corresponding
internal reflection suppression [2].
We report on heterostructure LEDs with active layers from n-InAs
(Lambda=3.3 um), n-InGaAsSb (Lambda=3.7 um) and n-InAsSb
(Lambda=4.3 um) and p-InAsSbP claddings (for all LED types) grown
onto transparent substrates or/and heavily doped n+-InGaAsSb(Te)
buffer layers. Heterostructures were treated by two stage wet
photolithography process that enable us to achieve 30-40 um high
sidewalls in a “240 um wide mesas with a 210 um wide circular Au-
anode in a flip-chip device. Selective chemical etching has been
implemented for obtaining roughened out-coupling surface with
cones/pyramids having lateral dimensions in the 5-15 um range.
Common features of the fabricated LEDs were superluminescence
and blue shift of the emission spectrum at 77 K due to dynamic
Moss-Burstein effect, current/emission crowding above the anode
contact at 300 K and superiority of the negative luminescence power
conversion efficiency over the forward one at elevated temperatures
(say, in InAsSb LEDs, at 480 K) due to suppression of the Auger
recombination in a depleted active layer.
The report will focus on the discussion of experimentally observed
impact of several geometrical factors (surface morphology, active
layer thickness, mesa diameter and side walls height) on near and far
field radiaiton patterns, emission spectrum and output power
including the best achieved light extraction enhancement factor of “2
for the InAsSb (Lambda=4.3 um) DH LEDs and apparent temperature
of 1150 K (∆Ta = 857 K, Lambda=3.3 um, I=5A) in high brightness
InAs LEDs.
Due to high brightness/small active area dimensions of the devel-
oped LEDs they are good for optical coupling with lenses and fibers
resulting in efficient use of the radiated power. 3.3 um LEDs were
coupled (“glued”) with the As2S3 fibre end. Both fibre and “glue”
materials were chalcogenide glasses with very close refractive
indexes (n=2.4) and thus a record coupling efficiency (0.3) has been
achieved with a 500 um wide fibre. Alternatively LEDs were coupled
in a similar way with a sapphire fibre. We will present examples of
transmission spectra of water, alcohol and mixture of the above
measured with a 10-cm long fiber by the use of the fiberoptic
evanescent wave spectroscopy.
The developed LEDs lacked any noticeable degradation at moderate
operation modes and have foreseeable parameters in the tempera-
ture range of -10...+60o C. The latter enabled us to introduce two
parameter calibration function (S=S(t, I), where S - is the photodetec-
tor signal of the optically coupled LED/photodiode pair , t- is the
temperature and I- is the LED current)  into a gas concentration
calculation procedure in a single optopair gas analyzer that does not
contain power hungry thermoelectric coolers for temperature
stabilization.
The report will present data on temperature variation and stability of
the immersion lens InAs, InAsSb LEDs emitting at 3.3 and 4.3 um
wavelengths respectively and optically coupled diode pairs at
different operation modes as well as long term stability measure-
ments of the portable analyzers with a 5 cm long path. Related
issues such as simulations of the diode pair analyzer sensitivity to
different gases that take into account broad band LED emission
spectrum and multiple peak assembly of the CO2 or CH4 gas
absorption band will be also discussed.
References
[1] G.R. Nash, N.T. Gordon, D.J. Hall et al , “Infrared negative
luminescent devices and higher operating temperature detectors”,
Physica E: Low-dimensional Systems and Nanostructures, v.20, 540-
547( 2004)
[2] F. Weik, J. W. Tomm, R. Glatthaar, U. Vetter, D. Szewczy, J.
Nurnus,  A. Lambrecht, L. Mechold, B. Spellenberg, M. Bassler, M.
Behringer and J. Luft, “Midinfrared luminescence imaging and its
application to the optimization of light-emitting diodes”,
Appl.Phys.Lett., v.86, (2005)
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6189-71, Poster Session
Capacitive modulation in high-speed photodetectors
P. A. Molchanov, National Technical Univ. of Ukraine (Ukraine); V. M.
Contarino, Naval Air Systems Command (USA); O. V. Asmolova,
National Technical Univ. of Ukraine (Ukraine); Y. Y. Podobna,
Vinnitsya State Technical Univ. (Ukraine); I. M. Petrosyuk, National
Technical Univ. of Ukraine (Ukraine)
New approach to high-speed detection and modulation based on
application of capacitive modulation is offered for wireless optical
communications. As follows from Shannon theorem, increasing of
noise-to signal ratio (SNR) is leads to increasing optical channel
carrying capacity.  Application of capacitance modulation allows to
increase speed of modulation, noise-to signal ratio and sensitivity of
high-speed photodetectors and microchip laser optical modulators
[1].
Shottky and p-i-n diodes have good speed characteristics and are
widely using in fiber optic photodetectors. However, sensitivity of
these photodiodes, decreases at higher microwave frequencies. The
photodiode capacitance shunts the active resistance of photodiode
at higher frequency and sensitivity of photodetector decreases as a
result. Modulation of barrier capacitance of photodiode is using for
detection of microwave modulated light signal at presented method
of detection. The light beam controls capacitance of photodiode and
resonance frequency fR of created band-pass filter. Change of
resonance frequency will change the amplitude of local oscillator
signal ULO correspondently. Modulation of resonance frequency will
transformed to amplitude modulation of local oscillator signal in
microwave transmition line. Photodetector with microwave frequency
modulation  can be connected to microwave transmitting line via
microwave circulator too and can work for microwave local oscillator
signal reflection.
Application of frequency filter allows to reduce noise on selected
frequency ranges and as result frequency modulation allows to
increase noise-to signal ratio and the dynamic range of photodetec-
tors. Several circuits for realization of this method are proposed.
Schemes with capacitive modulation[2] can be used for frequency
transforming and in different kinds of optical communication circuits.
Capacitive modulation can be applied not only for detection but also
for modulation of optical signals, moreover with increasing their
sensitivity, speed of operation and frequency-band extension. Using
an electro-optic Nd:LiNbO3 microchip laser in an optical heterodyn-
ing scheme allows to generate tunable sub-carriers from DC to 50
GHZ [1,3]. But for active frequency modulation of optical radiation in
this microwave modulators voltage up to 1000V is applied and in
light-diode a hundred milliampere current is used. Two advantages
of application of capacitive modulation in contrast to traditional
active modulation of microchip lasers or light diodes were obtained:
driving power decreases on higher frequencies; speed of modulation
determined by reactance of optical emitter.
 Frequency modulation allowes to increase sensitivity of microwave
photodetector on higher frequency microwave range in comparison
of tradition and double mixing modulation method.    Frequency
modulation allowe to decrease noise level and increase the dynamic
range of photodetectors. Application of frequency filter allowes to
reduce noise in selected frequency ranges.    As known, measuring
and communucation circuits with phase and frequency modulation
allow to increase noise immunity in comparison with amplitude
modulation[4-9].
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6189-72, Poster Session
Time characterization of a thermal lens using a
differential interferometric technique
R. A. Escalona, L. Rodriguez, Univ. Simon Bolivar (Venezuela)
We present a method for measuring weak absorption in optical
materials, using a new differential interferometry technique. Both
thermal shift phase and thermal characteristic time may be deter-
mined by fitting the observed time-resolved interferometric signal.
The thermal lens (TL) spectroscopy is a high-sensitivity optical
technique that has been applied to study thermal properties in
samples with small optical absorptions (1). Z-scan and similar
methods have been employed to observe thermal lensing phenom-
ena (2), using mainly two schemes: in the first one the time-
dependent expansion of the laser beam is measured as signal-
transient, while in the second scheme the profile distortion of the
laser beam in presence of TL is measured for different positions of
the sample. Both methods are experimentally simple to realize,
however the intensity values required for obtaining the thermal
lensing signal can produce thermoconvective effects or photochemi-
cal changes in the studied sample. This thermoconvective effect is
increased when the sample path-length and intensity laser beam are
enough large. As a consequence the measured value of phse or
characteristic time can be quite different from the one expected
when sample under test is altered.
In this paper we present an original optical thermal lens method,
which allows to measure in real time phase shifting and characteris-
tic time by recording a differential signal-transient. The mathematical
model is based on the temperature dependences of the refractive
index in transparent optical materials (3,4). This temperature
dependence produces a localized change in the phase of a plane
wave passing  through of the sample, wich is combined with other
similar plane wave, in order to produce interference patterns on a
observation plane. By using two small detectors located one on the
local deformated fringe and the other one on a undeformed fringe we
can detect the differential phase shift due to the thermal lens effect.
There are mainly three advantages of the proposed method:
possibility to detect small changes in the thermal phase shift of
materials with poor optical properties, use of low-power lasers and
real-time measurements.
References
(1)- J.R. Whinnery et al; IEEE Journal of Quantum Electronics, QE-3,
382-383 (sept 1967).
(2)- S. J. Sheldon et al. ; Applied Optics, vol. 21 number 9 1663-1669
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6189-74, Poster Session
Phase extraction in two-mode birefringent optical fiber
and its application in quasi-distributed strain sensing
S. K. Ghorai, D. Kumar, S. Sidhishwari, Birla Institute of Technology
& Science (India)
Interferometric fiber optic sensors are very attractive for measure-
ment of strain in different beam and structures as they offer high
resolution and sensitivity. Several different types of interferometric
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sensors based on Mach-Zehnder, Michelson, Febry-Perot, Sagnac
etc. have been reported for measuring strain in different structures.
Low coherence interferometric methods have also been used to
overcome phase ambiguity and cross-sensitivity effect. However, in
interferometric sensors, accuracy of measurement depends upon the
extraction of phase from the interferogram. Different methods have
been demonstrated for the phase retrieval from the interferogram.
Out of these, phase shifting techniques depend upon the accuracy of
the alignment of polarizer and detector array. Fourier transform
profilometry is most common popular technique for determination of
phase distribution but it is susceptible to the error sources associ-
ated with the use of fast Fourier transform. In recent years, paramet-
ric method based on genetic algorithm has also been reported to
extract phase from the noisy pattern. However, the drawback of the
method is the selection of the optimal initial genetic parameters.
In this paper, we report the phase extraction technique based on
data dependent system (DDS) method in higher order modal
interference (LP01 & LP02) within the birefirngent optical fiber. We
use a single mode fiber instead of two-beam interferometer to
minimize errors that may occur due to the different locations of the
two arms.  In our earlier work [1], we have used the DDS method for
phase retrieval in a Mach-Zehnder fiber interferometer. Pandit et al.
[2] obtained detailed surface profile from a given interferogram using
this method. In the present context, we recover phase from the
interference patterns obtained from a single mode birefringent fiber
under strain condition. Higher order modes are generated within the
single mode fiber by changing the ‘V’ number. The beat signals
produced due to the interference of LP01 & LP02  modes were
captured using CCD camera.
A set of data is selected from the pattern and it is characterized by
means of autoregressive model. Using the coding method of DDS,
the autoregressive model has been selected of the order 6 i.e.
AR(6),n=6. For twelve pixel intensities, the roots of the autoregressive
polynomial have been determined using Matlab. The AR model is
arranged in transfer function form and written in terms of Green’s
function. The self-coherence function of the interference pattern has
been obtained from the convolution of the Green’s function with the
noise.
*Corresponding author,
E-mail address: skghorai12\@rediffmail.com
The phase change due to the change in measurand has been
obtained from the self-coherence function of the interferogram. A
program is developed to calculate the Taylor coefficients of the
unwrapped phase and it would provide the group delay and
dispersion due to the measurand.
An application has been made for the measurement of strain in a
quasi-distributed cantilever beams. The experimental set up
comprises of a cantilever and simply supported beam at different
locations.  A single mode birefringent fiber was attached to the
beams using suitable adhesive. The beams were made of plastic
(Arcylic-Rod). The dimension of the beam used for simply supported
beam was 51.0cm x 3.0cm x 0.6 cm, and for the cantilever one
40.0cm x 3.0cm x 0 .6 cm. The loads were applied at the center of
the beam in case of simply supported beam and at the extreme end
in case of the cantilever beam, by use of weights. Optical couplers
have been connected to both ends of the fiber and those were then
coupled to a Laser diode and a Si photodetector/CCD camera
respectively. By changing the launching condition, lower order
modes LP01 and LP02 were excited. In our experiment, different
birefringent fibers (HB-1300, LB-1300, Oxford Electronics) were
used. A perturbation on the fiber causes the phase difference
between the two modes and this leads to a beat signal. Results were
compared with those obtained using Fourier transform method and
parametric method for different applied strain( 500-2500 mstrain).
References:
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6189-75, Poster Session
Size factor of a fast film photodetector based on the
optical rectification effect
G. M. Mikheev, Institute of Theoretical and Applied Mechanics
(Russia); R. G. Zonov, Institute of Applied Mechanics (Russia); A. N.
Obraztsov, M.V. Lomonosov Moscow State Univ. (Russia)
The results of the experimental investigations of the transformation
of powerful pulse laser radiation into an electric signal in
nanographite films due to the optical rectification effect are pre-
sented.
The experiments were performed with carbon films obtained by
plasmachemical deposition from a methane-hydrogen mixture
according to our standard technology. The films were deposited onto
0.5-mm-thick silicon substrates. The main structural elements in
these carbon films are crystallites of an irregular shape comprising
several (typically, five to fifty) parallel, well-ordered graphite layers.
The thickness of these crystallites ranges from 2 to 20 nm, while their
lateral dimensions vary within 1-3 micrometers. In all crystallites, the
atomic layers exhibit predominant orientation in the direction of
normal to the substrate surface. The distance between crystallites is
about 0.5-1 micrometers. The carbon films possessed clearly
pronounced porous nanocrystalline structure.
It has been shown that the amplitude of the pulse of the optical
rectification effect replicating the shape of the nano-second laser
pulse appreciably depends on the film thickness and it is maximal
when the thickness h of the film is about 2.5 micrometers. It has
been established that at a smaller film thickness, the optical
rectification pulse is accompanied by a photoelectric signal of
microsecond duration, which arises in the silicon substrate. For the
nanographite films with
h\> 2.5 micrometers   the optical rectification pulse is observed in the
absence of any signal from the substrate, which allows such films to
be used in fast-response detectors of pulsed laser radiation in a
broad spectral range.
The specific features of the operation of the developed photodetec-
tor (PD) consisting of a nano-graphite film with electrodes and
operating without an external power source and additional attached
devices were investigated. It has been shown that its sensitivity
essentially depends on the linear dimensions of a film as well as the
length of the electrodes and their positions relative to each other. It
has been established that the maximal sensitivity is attained when
the sizes of the film are comparable to the diameter of a laser beam
and it is larger than 500 mV/MW at the wavelength of 1064 nm. The
sensitivity of the photodetector was studied when the beam of the
nano-second pulse laser was moved over the film surface in two
mutually perpendicular directions. An increase in local sensitivity
close to the free edges of the PD has been revealed.
It has experimentally been demonstrated that a PD made of a nano-
graphite film and two parallel conducting electrodes on its surface
and operating on the optical rectification effect principally differs
from a similar PD made of a silicon plate and operating on Dember
effect.
The nano-graphite-film PD has the following specific features: 1) it
transforms nano-second light pulses into electric pulses with the
respective shape and duration; 2) when the angle of the beam
incidence is fixed, the polarity of the signal does not depend on the
beam position on the film surface; 3) the amplitude and polarity of
the signal appreciably depends on the incidence angle; 4) the
sensitivity appreciably depends on the film sizes as well as the length
of the electrodes and their positions relative to each other, which are
used for its measuring; the maximal sensitivity is reached at the sizes
of the PD close to the size of the laser beam spot on the surface of
the nano-graphite film.
A similar silicon-plate PD has essentially different properties: 1) the
photo-electric signal does not replicate the shape of the laser pulse
and it is approximately 20 times longer than the duration of incident
pulses; 2) when the angle of the beam incidence is fixed, the polarity
of the signal changes with the change of the position of the laser
beam from one electrode to the other; 3) on the irradiation of  same
selected spot on the PD surface, the polarity of the signal does not
depend on the angle of incidence; 4) when the sizes of the PD are
close to the sizes of the laser spot on the silicon plate surface, the
susceptibility is zero.
In conclusion we would like to report that in our recent works we
showed the possibility of the application of the developed film
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photodetector based on the nano-graphite film for registering the
shapes of the pulse laser radiation with the duration of less than 0.5
ns at the wavelength from 0.266 to 5 micrometers. We would like to
note that the discussed specific features of this photodetector are far
from being its limiting characteristics.

6189-76, Poster Session
Optimising grating-coupled evanescent field excitation
K. P. Kolari, A. P. Hokkanen, P. Heimala, VTT Elektroniikka (Finland);
M. Kuittinen, J. Simonen, Univ. of Joensuu (Finland)
Introduction
Chemical, electrical, acoustic and optical detection methods for low
amounts of proteins, hydrocarbons, gases etc. have successfully
been studied worldwide. The demand lies both in high throughput
screening and fast monitoring. Optical detection methods are
generally divided into methods based on emission, absorption and
change in refractive index. Another way is to use division into direct
or non-resolved and indirect or resolved methods. In evanescent
methods, waveguiding structures utilising total internal reflection
(TIR) for propagating electromagnetic (EM) field allow the field to
range a short distance outside the waveguide core, which is used to
excitation of labels in proximity of waveguide core surface. Among
evanescent techniques, surface plasmon resonance (SPR), resonant
mirror, antiresonant and integrated optical waveguide (IOW),
difference interferometry, multilayer grating, wavelength interroga-
tion, two-photon excitation, capillary waveguide and immunoassay
have been published. Fluorescent labelling of molecules to be
detected, thus combining spectral and chemical resolving with
evanescent field (spatial resolving) has attracted attention. In this
paper, optimisation of grating couplers is done to achieve a robust,
simple and sensitive method for fluorescence excitation.
Experimental
Diffraction gratings were designed and fabricated on silicon nitride/
silicon dioxide (SiN/SiO2) planar waveguides to couple light from a
laser beam into the planar waveguide. The light propagating in the
waveguide was then used to detect fluorescein on the planar
waveguide surface.
According to well-known grating theory, to achieve a guided
propagation of grating-coupled light in a waveguide, the matching of
wave vectors is required to excite diffracted orders [1]. In this work,
five 2x2 mm2 grating couplers were used to couple light from a 4
mW argon laser operating at 488 nm. The planar waveguide was
fabricated on fused silica wafers by depositing a 300 nm SiN layer
with low pressure chemical vapour deposition (LPCVD) method. Five
grating corrugations were plasma etched to 122 nm depth after e-
beam lithography. The theoretical maximum of diffraction efficiency
for a gaussian beam was calculated here as in [2-3] in terms of the
radiation field loss coefficient of the grating. Rigorous diffraction
theory [4] was utilised to achieve the optimum value of 320 nm for
the grating period in case of the right-angled SiN/SiO2 corrugation.
The coupling was optimised for the first diffraction order and the
normal incidence angle with respect to the planar waveguide. The e-
beam dose was varied between 80 and 120 % from experimental
optimum to overcome possible fabrication errors and to achieve one
grating close to an optimum filling factor value of 0,5.
The coupling efficiency for each grating was measured with a
photodiode on top of two goniometers and a two-dimensional
transport table allowing any orientation between the incoming laser
beam and the gratings to be covered, including the polarisation axis
of the laser beam. Fluorescence measurements were done with
fluorescein dispensed as small droplets along the planar waveguide
surface. The detection of fluorescence was performed with CCD
camera from the volume with a surface sensitive method, avoiding
any prerequisite immobilisation steps, thus enabling a very fast
assay.
Results
By measuring transmission of the laser beam through the grating and
silica wafer the optimum incidence angles for grating-induced
diffraction were determined for each grating and for TE and TM
polarised incident beam. Due to the interference between the
reflections from the upper and lower surfaces of the silica wafer,
intensity minima and maxima were seen in each measurement. In
addition to the interference pattern of the substrate, single dips could
be observed in the measured angular spectra between 2.61° and
3.27° below the normal angle. The magnitude of the dips compared

to the transmission from a bare wafer provided an estimation for the
diffraction efficiency for each grating. Four gratings of five worked
well for TM, but only two with the highest dose performed well for
both polarisations. For the grating with the smallest dose (80 %), no
diffraction peaks were observed. Higher doses resulted in 1-10 %
change in the transmission of the incident power with an angular
width of about 0.06°.
The angular locations of the dips in the transmission spectrum were
shifted by about 3° from the modelled optimum (normal) angle.
Tolerances in fabrication of the waveguide corrugation, within the
measurement error, may have shifted the optimum incident angles.
For example, thickness of SiN would have had to be about 285 nm
instead of 300 nm or etch depth 102 nm instead of 122 nm to
facilitate the shift. The main effect of filling factor to differ from 0,5
appeared to be the proportionate coupling efficiency of TE and TM
polarised incident beam. It was observed that the TM coupling was
more effective, because the observed angles for optimum grating
diffraction differed less from the closest TM propagation mode in the
waveguide than from the closest TE mode. For higher coupling
efficiency than about 40 %, the beam spot size should be minimised
and the beam located relatively close to the front end of the grating.
Also, lower confinement of the propagating light may be used to
allow greater range for the evanescent field and less stringent
requirements on surface roughness of waveguide.
It was observed that the measured fluorescence follows the
diffraction maxima for each grating. Substrate coupling, which is
more pronounced for the TE polarisation, is seen as an increase in
the fluorescence above an angle of about 3.7° below normal. For
demonstration of the simultaneous detection of multiple spots, 10-5
M fluorescein droplets with sub-µl volume were placed on the
waveguide surface with 1 mm spacing between the droplet centers.
Due to the relatively large beam size, also the side-droplets were
significantly excited by the evanescent beam. The intensity maxima
for the droplets placed on the beam path were very close to each
other and thus the evanescent field was similar for each droplet at
the beam path. With the measured 10 % diffraction efficiency it was
possible to quantify fluorescein concentrations between 10-9 M and
10-1 M through evanescent excitation.
References
[1] Tamir T., Integrated Optics, Springer-Verlag, Berlin, 1975
[2] Lyndin et al., Waveguide excitation by a Gaussian beam and a
finite size grating, Sensors and Actuators B, 41, 1997, pp. 23-29
[3] Brazas et al., Analysis of input-grating couplers having finite
lengths, Applied Optics, 34, no  19, 1995, pp. 3786-3792
[4] Turunen J., Diffraction theory of microrelief gratings in H.P.
Hertzig, editor, Micro-optics:  Elements, Systems and Applications,
Taylor & Francis, London, 1998, pp. 31-52
[5] Hokkanen A., Active silicon support for DNA diagnostics, Proc.
SPIE 4982, 2003, pp. 310-318

6189-78, Poster Session
Modeling of parameter fluctuations with applications to
real-time testing of sensors’ performance
H. J. Kadim, Liverpool John Moores Univ. (United Kingdom)
Due to their low attenuation and electromagnetical interferences
immunity optical fibres have found an increasingly wide range of
application primarily in the field of telecommunications and sensors.
Fibre optic sensors consider evanescent field attenuation due to
refractive index changes in the cladding as a function of the distance
from the core-cladding interface. For sensor applications, the
cladding region defines a short range sensing volume within which
the evanescent energy may interact with measurands that attenuate
it by means of refractive index changes, absorption or scattering.
The transmission of light through the fibre can then be measured as
a function of the attenuated field, with the profile of the measured
light is used to monitor the changes in the behaviour of the attenu-
ated field as a result of changes in the refractive index of the
measurand. However, measurement of light at the detector may not
be a true function of the decaying field in the cladding and hence the
sensitivity of sensors using the measured output may be compro-
mised. This can be explained as follows:
(i) Sensors may detect an increase or decrease in the measurand,
but cannot differentiate between changes caused by the measurand
parameters and changes caused by artefacts (ambient and motion
artefacts).
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(ii) In any transmission medium the signal is attenuated, or suffer
loss, and is subject to degradations due to contamination by random
signals and noise.
(iii) In practice, the responsitivity of the detector circuitry may vary
over the range of operation of the sensor. Hence, the measured
signal is less likely to be a true reflection of changes in the
measurand.
(iv) The detectability range may be limited by the associated
electronic circuitry. For instance, since electrical signals generated
by photodetectors are weak, further amplification is often necessary.
Amplifiers may introduce distortion and noise.
(v) Factors such as temperature and other fundamental parameters
and properties of the waveguide used can influence the profile of the
measured light.
A mathematical model to examine the effect of different parameters
on the propagation of light and hence the performance of a
waveguide sensor is considered. The mathematical model can
provide information that can aid in verification of sensors and also for
real time testing of sensors’ performance.

6189-80, Poster Session
Acousto-optic Bragg polarization separator based on
single or dual acoustic frequency carriers
J. Kastelik, Univ. de Valenciennes et du Hainaut-Cambrésis (France)
and Consultant (France); H. Benaissa, S. Dupont, Univ. de
Valenciennes et du Hainaut-Cambrésis (France)
An  acousto-optic polarization splitter used to select independently
or simultaneously the two polarization states of an arbitrary polarized
input beam is presented. A monochromatic incident light beam is
coupled into the anisotropic crystal to the orthogonally polarized
propagation modes. For each of those two beams, an anisotropic
acousto-optic interaction can occur with a transversal acoustic
wave. The diffracted beams present a frequency shift, positive or
negative, equal to the value of the acoustic wave frequency.
The device can operate in two modes:
-In the bifrequency mode, the two light modes can be diffracted with
two different acoustic frequencies. It allows to independently control
the intensities of the two diffracted beams. The spurious
intermodulations products due to the simultaneous propagation of
the two acoustic waves have been studied and the acousto-optic
device has been designed in order to reach a high dynamic range \>
30 dB.
-In the monofrequency mode, the acousto-optic device can operate
with a single acoustic frequency. The two modes are simultaneously
diffracted with equal efficiency, up to 30% per channel.
In this paper, we explain how this double interaction is made
possible by a proper cut of the paratellurite crystal and for a chosen
launching angle of the input beam. We first derive the theory
underlying the anisotropic acousto-optic interaction and the design
of the paratellurite device. We also present both theoretical and
numerical results (interaction frequencies and acoustic wave
interaction angle) obtained for paratellurite, a material often used for
its excellent acousto-optic properties. The experimental validations
are reported for an original acousto-optic device, we have designed
and tested .
This acousto-optic device can operate in many applications:
polarization splitting with variable intensity of the output light or light
polarization measurements. Next studies will concern the spectral
selectivity of the device in order to operate with multi-wavelengths
light source.

6189-81, Poster Session
Use of the polarization properties of fiber Bragg gratings
for sensing purposes
C. Caucheteur, S. Bette, Faculté Polytechnique de Mons (Belgium);
R. Garcia Olcina, Univ. Politècnica de València (Spain); H. Ottevaere,
Vrije Univ. Brussel (Belgium); S. M. Sales, Univ. Politècnica de
València (Spain); M. Wuilpart, Faculté Polytechnique de Mons
(Belgium); F. Berghmans, Vrije Univ. Brussel (Belgium); J. Capmany,
Univ. Politècnica de València (Spain); H. Thienpont, Vrije Univ.
Brussel (Belgium); P. Mégret, Faculté Polytechnique de Mons
(Belgium)
Fiber Bragg gratings (FBGs) have been rapidly considered as

excellent sensor elements, able to measure static and dynamic
fields, such as temperature, strain and transverse force. In addition
to advantages related to the use of optical fibers, the most significant
advantages of FBGs sensors are their immunity against power
fluctuations due to their wavelength encoded output, good multiplex-
ing ability and relative ease of fabrication. However temperature
affects strain measurements and FBGs written into single mode
fibers are not well suited for the simultaneous determination of
temperature and transverse force.
Fiber Bragg gratings are commonly fabricated by side irradiation of a
UV laser beam onto a photosensitive optical fiber. It is commonly
admitted that this side written fabrication process induces a small
quantity of birefringence that causes polarization dependence of the
grating. While this small amount of birefringence can be hardly
detected in the grating amplitude response, it leads to significant
differential group delay (DGD) and polarization dependent loss (PDL)
values.
In our work, we demonstrate that these polarization properties can
be advantageously used for sensing purposes. We first report a
complete theoretical study of the DGD and PDL in the case of
uniform FBG written into single mode fiber. The Jones formalism and
the solution of the coupled mode theory are used in order to obtain
theoretical DGD and PDL evolutions. The impact of the grating
parameters and the induced birefringence value are analyzed. We
show that the DGD and PDL evolutions with wavelength strongly
depend on the induced birefringence, the grating physical length and
the index modulation. We show that these evolutions present peaks
located at the edges of the rejection band of the transmitted
spectrum.
In practice, the transverse force affects mainly the birefringence
value while the axial strain and the temperature changes influence
mainly the grating parameters. Consequently, these external
perturbations do not have the same effect on the wavelength
evolution of the polarization properties. From our simulations, we
show that, the wavelength spacing between the peaks, the absolute
peaks positions as well as the peaks amplitudes in the DGD and PDL
evolutions constitute three independent parameters whose evolu-
tions can be used to simultaneously measure the temperature
influence and the transverse force.
To confirm the simulated results, DGD and PDL measurements are
performed on uniform fiber Bragg gratings written into single mode
fiber by means of the phase mask technique using a frequency-
doubled Argon-ion laser emitting at 244 nm. The DGD and PDL
evolutions with wavelength are obtained by measuring the Jones
matrices of the gratings in transmission (Jones matrix eigenanalysis
method). A fully polarized tunable laser source and a polarimeter are
used. The input light is launched through a polarizer controlled by
the polarimeter. The measurements are performed with a 10 pm
wavelength step. The optical fibers are fixed in order to avoid
polarization instabilities and to ensure a very good repeatability.
We show that the measured and the simulated evolutions can be
correlated with a very good agreement, demonstrating both the
validity of our theoretical study and the accuracy of our experimental
set-up.
In order to perceive the influence of the external perturbations on the
FBGs polarization properties, we use a completely automated
system allowing to load the fiber both in the axial and transversal
directions and to apply controlled temperature changes.
To axially strain the fiber, one of the brackets on which the optical
fiber is fixed is mounted on an actuator driven translation stage while
the other bracket is fixed to the optical breadboard.
The transverse force is applied by means of a stepper motor rotating
along its axis and converting its rotation in a linear movement which
in its turn applies a pressure on one of the rectangular compressing
plates between which the FBG is placed. The transversal force
applied on the fiber is measured with a calibrated load cell. Since the
grating response under transverse force is a  function of the fiber
orientation, the set-up allows the fiber containing the FBG to be
rotated.
Temperature is controlled with a Peltier element installed in a closed
Aluminum housing.
To automate the process and the data acquisition, all the control
elements and measurements devices are controlled by a computer
running a Labview program.
Using this completely automated set-up, we first apply controlled
temperature changes on the FBGs, leaving them unstrained and we
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monitor both the spectral evolution and the DGD and PDL evolu-
tions. We carry out similar experiments when the FBGs are main-
tained at a constant temperature and when they are subjected to
axial strains and then to transverse forces. These steps are carried
out for increasing and decreasing perturbations. They allow us to
confirm the evolutions obtained from the simulations.
At the conference, we will completely describe our analysis and
present the experimental results we have obtained when measuring
the polarization properties of FBGs subjected to external perturba-
tions. We will then show that the theoretical and experimental
evolutions can be correlated with a very good agreement. We will
finally discuss the sensitivity and the operating range of the
polarization properties variation when the FBGs are influenced by
external perturbations.

6189-82, Poster Session
A novel fiber optic interferometer of hydrophone based
on Mach-Zehnder hybrid configuration
K. Chiang, M. Chen, National Sun Yat-Sen Univ. (Taiwan); W. Lin, Ta
Jen Institute of Technology (Taiwan); S. Liu, National Sun Yat-Sen
Univ. (Taiwan)
The hydrophone is a basic device for underwater detection or
underwater communication. Because of the characteristics of long
distance transmission, the signals of underwater acoustic field are
very weak; nevertheless, optic fiber interferometer hydrophone
system has the privilege of the high sensitivity with phase difference.
It has been demonstrated to have better performance than conven-
tional hydrophones and continuing research.
  This paper describes a novel Mach-Zehnder interferometer based
on dual Sagnac ring configuration to pick up the underwater acoustic
signal. Using the unbalanced arms of the Mach-Zehnder interferom-
eter, the underwater acoustic wave induces the phase difference on
optic fiber hydrophone interrogator to demodulate the acoustic field
signals by PGC modulation circuit. The sensing interferometer used
a low coherence light source to reduce cost. In addition, the
configuration is easily implemented and can detect weak signal in a
high noisy water environment.
The underwater hydrophone systems primarily with B&K system,
projector 8104 and receiver 8103, have been successfully worked.
As well, B&K 8104 acoustic response increases with frequency and
causes the echo noise in the meantime. The experimental results
show that over the frequency range 8 to 10 KHz, the hydrophone has
an almost flat response with an average sensitivity and dynamic
range of -211.47 dB re/ µPa and 33dB, respectively.

6189-83, Poster Session
Isotopic resolution of carbon monoxide and carbon
dioxide by NIR diode laser spectroscopy
S. Lau, K. Salffner, H. Löhmannsröben, Univ. Potsdam (Germany)
Optical sensing by near infra-red (NIR) absorption spectroscopy
offers the opportunity to detect many organic and inorganic
molecules simultaneously by using a tunable diode laser. Carbon
monoxide and carbon dioxide are of great interest in various
environmental, medical and industrial applications, like soil gas
fluxes, breath gas analysis or process gas monitoring. Isotopic
signatures can provide important information about biogeochemical
process.
For simultaneous detection of carbon monoxide and carbon dioxide
isotopes, a flexible, versatile, multi-species sensing method, with
high selectivity and resolution and operating in an easily accessible
spectral range, will be presented. NIR diode laser spectrometers
show a variety of advantages: low cost NIR sources and detectors,
high spectral resolution and no water vapor interference in the
selected spectral range. The strong power of NIR diode lasers allows
isotopic resolution even if the overtone band intensities are low.
The measurement technique is based on wavelength modulation
(WM) spectroscopy, for efficient noise-reduction and 2nd harmonic
detection, combined with electronically balanced signal receiving. In
the regime of the (30^01)_III <- (000) band of ^12CO_2 around 1605
nm and of the 3 <- 0 band of ^12CO around 1600 nm, several
absorption lines were analyzed. A custom-built external cavity diode
laser spectrometer, with a 6000 - 6400 cm^-1 tuning range allows
for the isotope selective measurements of carbon monoxide (^12CO,
^13CO, ^12C^18O) and carbon dioxide (^12CO_2, ^13CO_2,

^12C^16O^18O). The laser beam is focussed into a Herriott-type
multipass-cell (MPC1000S; Scienca Industira Tecnologia, Florence,
Italy) with a tube length of 1.12 m, a volume of 8.25 l and a total light
path of 100.9 m. Gas mixtures with N_2 as inert gas and different CO
and CO_2 concentrations, respectively, were filled in the multipass
cell at a total pressure of 60 mbar.
The analytical scheme has been expanded towards simultaneous
detection of carbon monoxide and carbon dioxide within one single
measurement cycle of 15 seconds. Isotope selective measurements
of carbon dioxide yield a detection limit in the low ppm range for
each species and a d^13C resolution of ± 1.0 ‰ at 3,000 ppm.
[1],[2] Similar detection limits and d^13C resolution for the carbon
monoxide have been obtained.
A compact and flexible fiber-optic DFB diode laser spectrometer has
been developed. Two fiber coupled DFB laser diodes with high
output power (20 mW) and different wavelength ranges allow to
simultaneously detect both species with high isotopic resolution in a
shorter multipass cell suitable for field experiments. Within a single
frequency sweep by modulating the diode current, all three main
isotopologue lines of CO and CO_2 can be measured simulta-
neously.[3]
The overall experimental precision of both spectrometers has been
evaluated from longtime measurements and fill-evacuation-refill
cycles. Intensive examinations of spectral interference between the
different species were carried out. The performance of the method
has been validated in soil respiration experiments. Sensing for soil
gas flux and breath gas analysis under real conditions is feasible with
the newly developed NIR-diode laser spectrometer.
[1]: G. Hörner, S. Lau, Z. Kantor, H.-G. Löhmannsröben, “Isotope
Selective Analysis of CO2 with Tuneable Diode Laser (TDL) Spec-
troscopy in the NIR”, Analyst 129, 772-778, 2004.
[2]: G. Hörner, S. Lau, H.-G. Löhmannsröben, “NIR-Diode Laser
Spectroscopy for Isotope-Selective Sensing of Soil-respired CO2”, in
Remote Sensing and Modelling of Ecosystems for Sustainability, W.
Gao, D.R. Shaw (eds.), Proc. SPIE, Vol. 5544, 47-54, 2004.
[3]: R. Engelbrecht, “A compact NIR fiber-optic diode laser spec-
trometer for CO and CO2: analysis of observed 2f wavelength
modulation spectroscopy line shapes”, Spec. Chim. Acta 60, 3291-
3298, 2004.

6189-84, Poster Session
High-precision parallel glass plate test with the use of the
optical vortex interferometer
W. Fra˛czek, E. Fra˛czek, J. Mroczka, Politechnika Wroclawska
(Poland)
Optical Vortices (OV) are isolated singularities in the phase distribu-
tion of the optical wave-field. They have some special properties,
which have been studied in the last decade.  The OV are subject of
many scientific tasks. One of them is an Optical Vortices Interferom-
eter (OVI). The OVI is a kind of a multiple beam interferometer, which
uses interference of three beams (in other applications which are not
described in this paper may be more beams used). In The OVI a
regular net of OV is generated by the interference of three plane
beams. The OVI is used in new method of parallel glass plat test. The
method is presented in this paper. In this method the dislocation of
the OV is used to calculate real shape of parallel glass plate.
Therefore the record of the vortex points’ positions before and after
parallel glass plate insertion in the optical arrangement is essential.
One wave in the OVI is deformed after crossing measured parallel
glass plate. The deformation of the wave-front is measurable
because the deformation of vortex net structure arises from the
wave-front deformation. Shown in this paper the analysis of vortex
points’ dislocations gives high precision information about the real
shape of the parallel glass plate. Additionally described method
provides solution to the problem of determination where the surface
is convex and where it is concave. The OV may have two opposite
topological charges corresponding to the orientation of the wave-
front screw. In the optical vortex with the positive topological charge
the phase distribution is clockwise and in the optical vortex with the
negative topological charge the phase is anti-clockwise. The sign of
the topological charge of the optical vortex can be determinated. The
knowledge about the topological charge of the vortices in the net
resolves problem of determination where the surface is convex and
concave.
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6189-85, Poster Session
The polarization effect in the optical vortex
interferometer
E. Fraczek, W. Wozniak, Politechnika Wroclawska (Poland)
The optical vortices are intensively studied during last decade. In the
literature there are papers presenting application of the optical
vortices. The regular net of optical vortices generated by the three
plane waves interference allows for the new kind of the interferom-
eter - the Optical Vortex Interferometer (OVI). The precision of the
OVI depends on the localization accuracy and the phase reconstruc-
tion. The localization methods give errors if we use beamsplitters
with coatings not changing the polarization state of the light. There
are six beamsplitters used in this interferometer. In the setup we
used non-polarizing coatings. We observed pleochroism effect which
occurs in this coatings. It is the cause of errors in the localization of
optical vortices. In this paper we study the effect of measurement of
pleochroism and we show the way to avoid errors in the localization
of optical vortices in the OVI.

6189-86, Poster Session
Low-cost level and pressure plastic optical fiber sensor
M. Foroni, M. Bottacini, F. Poli, A. Cucinotta, S. Selleri, Univ. degli
Studi di Parma (Italy)
ABSTRACT
Level and pressure sensors have been developed using plastic
optical fibers, which offer many advantages over silica fibers, such
as high numerical aperture, low-cost and high flexibility. Low-cost
and compact opto-electronic subsystems have been designed and
constructed to drive the plastic optical fiber sensors, in order to
obtain good sensitivity and stability. Sensor characteristics and
performances, including dynamic range and response time, are
discussed.
Keywords: Plastic optical fiber, liquid level sensor, pressure sensor.
1. INTRODUCTION
Plastic Optical Fibers (POFs) can be exploited for low cost applica-
tions in different fields, such as communications, data transmission,
illumination, lighting, imaging, sensing and light transmission. In fact,
besides the same advantages of silica optical fibers, POFs offer also
unique properties, which are suitable for industrial applications. For
example, light coupling into their core is extremely easy due to the
large numerical aperture, and they can be simply connected to
optical devices, like light emitter diodes (LED) or photodiodes (PD).
Recently, POF-based systems have received more and more
attention, becoming a valid alternative in a great number of data and
audio applications for rates up to 100 Mbps and distances up to 100
meters. In particular, POFs have found interesting applications for
lighting and sensing. Sensors realized with POFs, which can be
intrinsic or extrinsic [1], have been successfully employed to obtain
distance, concentration [2] and temperature measurements. POF
sensors can be used also for other applications since they present
great advantages with respect to electronic ones, being small and
light, immune to electromagnetic interferences, and allowing remote
opto-electronic conversion and processing.
In this paper low cost sensors realized with POFs are presented,
which are a simple, effective and inexpensive solution to the problem
of level and pressure measurements. Both the devices have been
realized with a 980/1000 POF in Poly-Methyl-Meta-Acrylate (PMMA),
rounded by a 2.2 mm diameter jacket, which represents the sensing
medium. It is important to underline that the sensors here proposed
can be used also for applications in food-processing industries.
2. CONTINOUS AND POINT LEVEL MEASUREMENT
Level sensors are usually employed for point measurements [3] or for
continuous ones [4]. They are classified as intrusive, when it is
necessary to dip them into the liquid in order to obtain the measure-
ment, or otherwise as non-intrusive. Among the different proposed
devices to measure the liquid level, fiber optic sensors have
attractive properties, since, for example, their non-electrical nature
make them suitable for chemical liquid explosives or flammable flues
control, as well as for dangerous environments.
An intrusive POF sensor has been developed for point measure-
ments of the liquid level, which is based on the Total Internal
Reflection (TIR) principle [4]. The liquid presence can be detected by
evaluating the light back-reflected by a probe, realized with a 0.1 m
long 980/1000 POF (OC- 2134 Luceat). The polyethylene jacket has

been removed at one fiber end, which has been then tip-shaped with
a polish film for POF assembly. By dipping the POF tip in a liquid
with a refractive index higher than the air one, the probe works like a
retro-reflecting prism. The back-reflected light intensity decreases
when the tip is surrounded by a high refractive index material, since
a smaller number of rays satisfies the TIR condition, while the others
are diffused in the liquid. The light coming out from the POF probe is
sent to an all POF 1-2 beam splitter, whose ends are connected via
standard POFs to a green- light LED and to a POF PD, respectively.
The latter is connected to a transimpedance amplifier plus a
differential amplifier. The electronic circuit has been properly
designed so that, when the sensor probe is in air and the light is
mainly back-reflected by the tip, the output of the transimpedance
amplifier increases and the one of the differential amplifier saturates
high. The output voltage is then processed, thus resulting in a digital
signal. Notice that the POF sensor here described is suitable only for
point measurements. However, a continuous liquid level measure-
ment can be achieved by mounting the probe on a motor-controlled
arm, or by repeating the whole sensing system N times and by using
an electronic multiplexing technique to acquire the N signals.
As an alternative solution for continuous liquid level measurements, a
non-intrusive POF sensor has been realized too. Two standard 980/
1000 POFs (OC- 2134 Luceat) have been used. The first one,
connected via a simple ST connector to a red-light LED, transmit the
light towards the liquid to measure. The second POF receives the
light reflected off the liquid surface, which is collected by a POF PD.
The intensity of the reflected light is influenced by the distance
between the fiber and the liquid surface. As a consequence, by
processing the PD output voltage with an electronic circuit properly
designed, a continuous measurement of the liquid level is possible.
The solution here proposed is simple, and extremely cheap and
robust, not requiring any lens or prism [5], even if its measuring range
is almost 1 m.
3. PRESSURE MEASUREMENT
The POF technology has been exploited to develop a pressure
sensor which takes advantage from the macrobending influence on
POF propagation properties. The general principle used is to fix an
optical fibre rigidly to a rough surface structure which is not
deformable under pressure. When a differential pressure is applied
across the structure, there is a modulation of the fibre bending loss
and hence the total intensity transmission change at the receiver.
The sensor is based on two similar coils of standard 980/1000 POF
(OC- 2134 Luceat) that are glued to the deformable structure. The
first fiber permits the real pressure measure and is subjected to the
pressure to measure, while the second one considers the influence
of the atmospheric pressure. Both the coils are connected to two
analogous similar red-light LED, while the end faces of the fibers are
connected to two similar PDs. The LEDs are driven by a DC
polarization circuit. The PDs are connected to a transimpedance
amplifier plus a differential amplifier. By a differential measure it is
possible to avoid the atmospheric influence on the measurement.
Under pressure, the bending losses increase and a strong rise of
optical attenuation is measured. The sensor resolution is
approsimatively 600 g. This sensor offers many advantages, that is it
is easy to manufacture, it is cheap and presents many application
fields.
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6189-88, Poster Session
Novel ray-optical technique for testing of aspheric
reflecting surfaces
J. Bähr, SMOS-Smart Microoptical Solutions (Germany); U. W.
Krackhardt, UK-System Ucke und Co GmbH (Germany); D. Dietrich,
Univ. Mannheim (Germany)
ABSTRACT
A reflecting object is illuminated by an array of collimated light
beams. Corresponding to the local slope of the surface under test,
these beams are reflected into different directions. Taking cross-
sections of the reflected beam array at different propagation
distances allows for detecting the reflection direction of each beam.
By numerical back-propagation of the reflected beams the points of
intersection with the corresponding illumination beam can be
calculated providing sampled data of the surface relief under test.
From the sampled surface parameters in terms of height and slope
the complete surface relief can be obtained by using, e.g., zonal
interpolation. The proposed technique is superior to interferometry,
wave front sensing or tactile techniques.
1. INTRODUCTION
Aspheric surfaces are typically tested by mechanical, i.e. tactile, or
optical techniques. Tactile testing is in general destructive and is
therefore inferior to optical testing. Optical testing of aspheric
surfaces is inherently challenging, since (i) there is no a priori
knowledge about the surface under test and (ii) any surface
parameterization may show large parameter variations. This implies
that (i) biased testing is ruled out and (ii) testing methods with
extreme band-width products are required: An example of a biased
testing technique is Twynman-Green-interferometry, where an
optimum spherical bias is subtracted from the wave front by proper
illumination of the probe. The high bandwidth requirement is a severe
limitation for interferometric (undersampling of high fringe frequen-
cies) or wave front sensing techniques (loss of uniqueness due to
high deflection angles).
The proposed technique is based on a ray optical detection of
reflection directions of an object under test. In contrast to wave
optical approaches, the wave length is not the basic unit of length
resulting in absolute values instead of values modulo wave length.
Unlike wave front sensing, e.g. by Shack-Hartman-Sensors (SHS),
the probe is illuminated by a known intensity distribution. This
enables a unique assignment of reflected beams to corresponding
areas on the probe. Moreover, the proposed technique works with
incoherent light and thus suffers substantially less from environmen-
tal stress or speckle noise.
2. MEASUREMENT PROCEDURE
2.1 Optical Set-Up
A coherent or incoherent monochromatic or polychromatic point like
light source illuminates a micro lens array and a subsequent macro
lens. The micro lens array is fabricated by ion exchange in glass [1].
Each lens shows a rectangular frame resulting in an array fill factor of
100%. This set-up provides beams that are well-collimated over a
range of several meters. The proposed technique still works even if
the beams are not perfectly collimated as long as the change of
cross section shows rotational symmetry during propagation.
This array of illuminating beams impinges on the surface under test
and each beam is reflected according to the local slope of the relief.
The reflected beam array is detected by an image sensor, e.g. a
CCD-camera.
By properly adjusting the distance between the micro lens array and
the macro lens together with their focal lengths, a convergent,
divergent or parallel array of collimated beams can be produced.
Thus, a biased and adapted testing environment can be obtained by
simply adjusting a length-dimension in the testing set-up. As an
example, a focusing mirror can be illuminated by a diverging beam
resulting in a reflected array of fairly parallel beams and thus minizing
the risk of vignetting when passing through the optical set-up.
2.2 Detection of Ray Direction
Typically, three images I(zi) of the cross-section of the reflected
beam array are recorded at different positions zi along the propaga-
tion direction, where |z2-z1| << |z3-z2|. The images I(z1) and I(z2) are
taken to obtain (i) homologeous spots, i.e. spots formed by the same
beam, and (ii) a coarse (transversal) moving direction of spots across
the image plane while changing z. Image I(z3) is used for a refine-
ment of the transversal moving directions. From the transversal

moving direction and the distances d(z2, z1) and d(z3, z2) the
propagation direction of the corresponding beam in 3D-space can
be easily obtained.
2.3 Surface reconstruction
Like in the case of SHS it is possible to reconstruct the surface relief
from slope data (see Sec. 2.2), only [2]. However, the relief data
obtained by SHS is centered at the common focal plane of the micro
lens array of the SHS. This reference plane is introduced by the SHS
measurement process in terms of the observing micro lens array.
Since the proposed testing technique measures a surface by
collimated beams, such a common reference plane is not provided
by the observation process. The only common reference is the
object surface itself:
For each reflected beam the intersection with its corresponding
illumination beam is calculated. The location of intersection coin-
cides with the location of reflection at the object surface. As a result,
the points of interesection are used as a reference for each beam,
whereas the more precise values of surface relief height are
calculated from the slope data.
2.4 Resolution
The resolution of the slope data is mainly determined by the
resolution of the detector-chip and the maximum z-distance between
different images taken by the detector. As outlined in Sec. 2.2, this
value is given by d(z3, z2). It can be shown by simple geometric
analysis that slope data can be obtained up to 10-5 rad and relief
data up to 0.1 µm typically. For this estimation the following set-up is
supposed: Field size 7 cm x 6.7 cm, detector size 7.6 mm x 6.2 mm
(magnification factor: 9.2), edge size of a detector pixel 4.65 µm,
max. z-distance 250 mm, z-quantization 50 µm.
3. CONCLUSION
A novel technique for testing aspheric reflective surfaces is pro-
posed. The method allows incoherent illumination. Slope and height
data of a surface under test is obtained by at least 3 subsequent
measurements. It is possible to adjust illumination to account for
objects with high global curvatures. The method is scaleable in the
sense that there is no fundamental limit for testing large or small
objects. It is sufficient to adapt the physical size of the optical set-
up.
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6189-89, Poster Session
Distributed fiber optical DR Vis spectroscopy with a blue
gel model system
M. A. Liauw, S. Eichholz, RWTH Aachen (Germany)
In the Chemical Process Industries, the importance of PAT (Process
Analytical Technology) is increasingly acknowledged. If chemical
composition is monitored, it is frequently the fluid phase that is
studied. In contrast, the state of the solid phase (i.e. heterogeneous
catalyst, absorbent, ...) under reaction conditions is rarely monitored.
Diffuse Reflectance (DR) Vis spectroscopy with optical fibers is a
new approach for detecting and characterizing the reaction behavior
respectively. With this form of monitoring important industrial
reactions as for example the catalyst’s coking or poisoning during
heterogeneous reactions can be determined as was presented by R.
Philipps et al. [1] with the selective oxidation of isoprene to citraconic
anhydride. DR Vis-Spectroscopy is also a good method to spatially
resolve local areas in catalyst-beds and monitor shifts in the
oxidation number as described by Puurunen et al. and Cherian et al.
with the oxidative dehydrogenation of propane using Cr/Al-catalysts
[2, 3]. Several other catalysts systems have been monitored by DR
Vis-Spectroscopy as for example Ni-Ce-oxides (P. B. Moriceau et al.
[4]) or tetravalent metal phosphates (I. C. Marcu et al. [5]).
Moving breakthrough fronts in wet blue gel as a model system have
been studied using operando Diffuse Reflectance (DR) Vis-spectros-
copy. Blue gel is a silica gel which contains small amounts of CoCl2.
Up to a temperature of 175° C, the Co2+ ion is complexed as blue
tetrahedral CoCl2 · 2H2O. While sending a moist nitrogen stream
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through the blue gel bed, the gel starts to adsorb the water and the
blue complex turns into a pink octahedral one, [Co(H2O)6]

2+. The
result is a relatively sharp front between the reflectance spectra of
the blue and the pink-white spectral area. While creating a wet blue
gel front the front’s spectra are monitored under different conditions
as for example two different experimental setups which were
compared. Measurements were done either in a 45° angle fiber
holder where the fiber probe was placed onto a test tube where
catalyst was placed in the annular gap, or in a double-walled tubular
glass reactor where the probe was placed in an inner tube.
In both cases the moving wet front was monitored. In addition, a
fixed wet blue gel front was fully spatially resolved.
The results show that fiber-optical Diffuse Reflectance (DR) Vis-
Spectroscopy is an excellent method to characterize moving fronts
and catalyst behavior of solid states, e.g. in heterogeneous chemical
reactions, and get a better molecular understanding of reaction
mechanisms and catalyst behavior during heterogeneous reactions.
[1] Philipps, R.; Walter, St.; Liauw, M. A.; Selective oxidation of
isoprene to citraconic anhydride; Chem. Eng. J. 2002, 90(1-2), 107-
116.
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Catal. 2001, 204(1), 253-257.
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oxide: effect of the preparation method, effect of potassium addition
and physical characterization; Appl. Catal. A 2003, 245(1), 55-67.
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6189-91, Poster Session
MCT infrared photodiodes on the basis of graded gap  P-
ρ heterojunction grown by MBE
V. V. Vasiliev, A. V. Predein, S. A. Dvoretsky, V. S. Varavin, N. N.
Mikhailov, Y. G. Sidorov, A. O. Suslyakov, A. L. Aseev, Institute of
Semiconductor Physics (Russia)
For photodiodes for far (•m=8-12  µm) IR range based on ternary
alloy HgCdTe (MCT) high dark and background currents are
common. To decrease these currents in arrays of n+-p photodiodes
with high resistance operating p-layer is necessary for constancy of
diodes bias voltage and photosignal accumulation time. Moreover,
modern IR detector arrays require photodiodes with improved
reverse characteristics, decreased 1/f noise and operability at higher
temperature or cutoff wavelength •c.
Use of graded gap layers in photodiodes manufacture allows to
enhance diodes parameters [1]. In this paper we describe a
technology of growth of graded P-p heterojunctions with optimum
potential barrier in MCT layers with composition controlled in situ by
means of ellipsometer [2,3]. On grown structures photodetector
arrays were fabricated that were by means of hybrid assembly on
indium bumps connected to silicon multiplexer. The results of
experimental investigation of photoelectric parameters of 128Å~128
format FPA for spectral range 8-12  µm based on graded P-p
heterojunction in MCT layers grown by MBE method in dependence
of operating temperature are shown. The experimental results are
compared with simulated ones in 3D cylinder geometry for n+-p
photodiode with structure described above [2].
It was shown that use of graded gap P-p heterojunction for fabrica-
tion of LWIR FPA allows to:
(a) decrease high photocurrents characteristic for LWIR MCT
photodiodes and provide operability of large format FPA;
(b) improve reverse breakdown characteristics for detection of long
wave irradiation up to 14  µm due to tunneling suppression and
decrease of  high dark and photocurrent to values that provide FPA
operability;
(c)  increase detector operating temperature up to threshold one for
BLIP regime.
[1] V.S. Varavin, V.V. Vasiliev, S.A. Dvoretsky, N.N. Mikhailov, V.N.

Ovsyuk, Yu.G. Sidorov, A.O. Suslyakov, M.V. Yakushev, A.L. Aseev,
“HgCdTe epilayers on GaAs: growth and devices”. Optoelectronics
Rewier, 11(2), p. 99-111, 2003.
[2] V.V. Vasiliev, A.V. Predein. Influence of graded p-P
heterojunction’s potential barrier on characteristics of three-
dimensional HgCdTe photodiode. Proc. SPIE, v.5834, p. 83-91,
2005.
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6189-92, Poster Session
Infrared sensor based on nanostructure of vanadium
dioxide
Y. Zhu, J. Lai, S. Chen, H. Ma, X. Yi, Huazhong Univ. of Science and
Technology (China)
A new nano-polycrystal of vanadium dioxide has been prepared. The
average grain size is 8nm and the phase transition temperature
drops down to 35°C. The temperature coefficiency of resistance
(TCR) is 7%/°C in semiconducting zone. A linear senor has been
fabricated based on the nanostructure of vanadium dioxide thin films
and the test indicates that the characteristics has been improved
greatly compared with sensors based on using conventional
vanadium dioxide thin films.

6189-93, Poster Session
Application of neural network for fiber optic color sensor
M. W. Sierakowski, A. W. Domanski, Politechnika Warszawska
(Poland)
Although color has been used as indicator of various processes and
reactions since very long time, recent progress in sensing methods
and techniques extended essentially potential applications of
colorimetry. Many new indicators and sensing surfaces were
developed, as a number of elastomers or liquid crystals, which color
is influenced by diversity of parameters and agents ought to be
controlled. They broadened possibility of use colorimetric methods
from conventional applications in color recognition over new areas,
for measuring and sensing temperature, mechanical stress, current,
electric and magnetic fields, pH-degree, composition of fluids and
gases in chromatographic examination, presence of selected ions
and substances, and even blood parameters as oxygen content and
OB-level. Colorimetric sensing is advantageous because it is simple
and in many cases can be non-invasive. Moreover, some additional
advantages can be drown out by combining plenty of new colorimet-
ric sensors with optical fiber technique. Such a combination offers
miniaturization, improved operational feasibility and local (point-to-
point) measurements. Fiber-optic colorimetry enables construction of
low-cost devices with intrinsic balanced light source, less interfering
monitored environment, immune to undesired ambient influences
and distortions.
In this work an attempt was made to build a simple, chip and reliable
device by using general-purpose optoelectronic elements. The paper
presents construction of a simple fiber-optic color sensor designed
for recognition of objects from a set comprising an „a prori” defined,
limited number of colors. Hereby, color recognition is understood as
distinguishing among colored objects and not as color measure-
ments, because it is not subjected to any standardization. Color
sensing is based on diffusive reflectivity of examined surfaces
measured in several separate spectral channels. Number and
positions of channels depend on predetermined set of colors. The
channels are fed by selected LED’s sequentially, i.e. in Time-Division
Multiple Access (TDMA) - mode. Collected serially analogue signals
are converted onto digital data enabling some processing variants.
As the sensor is designed for predetermined set of colors, the output
result may be inadequate by reading an object outside the base. In
order to extend the performance capability of such a sensor and to
enable measurements of others colors, a simple neural network was
applied. The neuron network was already successfully applied for
others sensors [1,2]. It seems to be promising because it can be re-
learned to adapt the system to various requirements.  Moreover, the
direct sensor output is a three-element (or more) vector, and is
inconvenient to perceive and evaluate the final result of measure-
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ment. Visualization of sensing results depends on the preferences,
equipment and requirements of the user. The output signal of the
sensor can directly control an automated production process, but
human-directed communication requires reprocessing the sensor
signal. This also can be done by means of neural network.
References
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p. 1521-4, Oct. 1997
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„Optical fiber sensor signal processing by use of optoelectronic
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Optical Fiber Sensors, Williamsburg, October 28-31, 1997, pp.444-
446

6189-94, Poster Session
A portable fluorometer for rapid screening of aflatoxin M1
in milk
A. G. Mignani, C. Cucci, Istituto di Fisica Applicata Nello Carrara
(Italy); C. Dall’Asta, G. Galaverna, A. Dossena, M. Marchelli, Univ.
degli Studi di Parma (Italy)
Aflatoxins are fungal metabolites produced by widespread moulds
(Aspergillus species), which can colonise foodstuffs and feed
supporting fungal growth. Food products contaminated with
aflatoxins include cereal, oilseeds, spices, tree nuts and milk. Among
the many different aflatoxins identified, four types (aflatoxin B1, B2,
G1 and G2), are of main interest, since they have been classified as
Group 1 carcinogens by the IARC (International Agency for Research
on Cancer). Aflatoxin B1 (AFB1), normally predominant in several
agricultural products and foodstuff, has the highest toxic potential,
according to the established toxicity order:
AFB1\>AFB2\>AFG1\>AFG2.
Another very important aflatoxin is AFM1, also known as “milk toxin”.
AFM1 is the main metabolite of AFB1, and it occurs in milk of
lactating animals following the ingestion of AFB1-contaminated feed.
Although the AFM1 is less toxic (Group 2 carcinogen) than AFB1, it is
considered as a highly hazardous food contaminant. Indeed, due to
the fundamental role of milk in the human diet, especially as infant
nourishment, the occurrence of AFM1 in dairy products is regarded
as a significant hazard for food safety and public health. To date,
aflatoxins are regulated in over 80 countries, although legislation is
not yet completely harmonised at the international level. The EU has
the most stringent regulations concerning mycotoxins in food.
Concerning the AFM1 in milk, the maximum legal limit is set to 0.05
µg /Kg (50ppt) for all the EU Member States, and guidelines suggest
to allow Member Countries to adopt lower limits for baby food.
Different methods are nowadays well-established for detection of
AFM1 in milk, based on HPLC, TLC or immunoassay methods
(ELISA). Nevertheless, these procedures require trained staff, multi-
step procedures of sample processing and/or expensive equipment.
Moreover, the routine controls in the enabled laboratories can be
insufficient to face sporadic “aflatoxins emergencies”, connected to
particular environmental/seasonal conditions which favour fungal
invasion of animal feeds and agricultural products.
New low-cost screening methodologies, suitable for rapid and large-
scale tests on milk, are therefore highly required. The present work is
aimed at developing a compact, easy-handling device for rapid
monitoring of milk, allowing detection of AFM1 at concentrations up
to the legal limit (50 ppt). The system is suitable for preliminary
screening at the earlier stages of the industrial process and permit to
discard contaminated milk stocks before their intake in the produc-
tive chain.
A commercial, compact fluorometric sensor, equipped with a high
sensitivity PMT detector, has been optically re-adapted for the
selective detection of native fluorescence of AFM1 in liquid solutions.
The configuration can be optimised to maximise the signal/noise
ratio, so that - in ideal measurements conditions (quartz micro-cells,
pre-treated samples) - very high-precision measurements of AFM1
can be performed (1 PPT as lowest detection limit of AFM1 in
acqueous solution). At the same time, the system can be easily re-
adapted for quick threshold measurements, aimed to just warn
critical situations (presence of AFM1 above the legal limit - 50 ppt). A
very efficient measurement methodology is proposed, in which
disposable cells are used in combination with suitable fluorescence
enhancers (belonging to cyclodextrins class), which compensate the

loss of precision due to the use of plastic macro-cells. As a result,
detection of AFM1 up to 50 ppt can be performed by means of a fast
measurement procedure, in which operations of cells cleaning are
skipped, and a overall low cost equipment is employed.
Results of measurements of AFM1 in the range of concentration of
interest are presented, by adopting both the high-precision and the
threshold measurement configurations.
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6189-96, Poster Session
Belgian beer mapping and digital fingerprinting by means
of color and turbidity assessment
A. G. Mignani, L. Ciaccheri, Istituto di Fisica Applicata Nello Carrara
(Italy); P. R. Smith, Loughborough Univ. (United Kingdom)
The beer is one of the greatest speciality of Belgium. There are more
than 100 different breweries producing beers with peculiar tastes. In
addition to a different taste, each beer has a different and distinctive
appearance, caused not only by the color but also by the turbidity
content. Consequently, the beer appearance can be considered as a
product fingerprint. Suitable methods and technologies for product
qualification and certification are advisable in order to protect both
producers and consumers.
Multi-wavelength and multi-angle absorption spectroscopy per-
formed in the visible spectral range, that we call ‘scattered colorim-
etry’ is a novel optical method for simultaneously monitoring the
color and turbidity of liquids. The spectral data are processed by
multivariate analysis and a two- or three-dimensional map is created.
When similar liquids are considered, the map is populated with
points, each of which represents a liquid with its individual and
global characteristics of color and turbidity. Similar liquids are
mapped as clusters so that samples can be correctly assigned
according to class. In practice, the scattered colorimetry map
represents a digital fingerprinting of the liquids considered.
In this work, the scattered colorimetry technique was used to map a
library of 50 diverse and commercially available Belgian light beers.
Brown beers were not considered because of the high absorbance.
The resultant map showed four main clusters, relative to red, amber,
white, and weiss beers, demonstrating a valid method for beer
fingerprinting.

6189-97, Poster Session
Extra virgin olive oil quality monitoring by an optical
sensor
A. G. Mignani, L. Ciaccheri, Istituto di Fisica Applicata Nello Carrara
(Italy); R. Paolesse, C. Di Natale, Univ. degli Studi di Roma/Tor
Vergata (Italy); M. A. Del Nobile, A. Benedetto, A. Mentana, Univ. di
Foggia (Italy)
Extra virgin olive oil is usually bottled so that an head space is left
between the oil surface and the cap. During the oil shelf life the head
space becomes saturated by oil vapors. These vapors are true
indicators of the oil quality, since the oil aroma drastically changes to
rancid because of oil ageing or wrong conservation. A non destruc-
tive system would be advisable to detect the oil aroma during its
shelf life without opening the bottle.
This work presents preliminary testings of an optical sensor for oil
aroma detection, by means of metalloporphyrin-based materials
used as sensors. An optical scanner was implemented, fitted with an
array of metalloporphyrin-based coatings. The scanner provided
exposure of the sensors to the flow of the oil vapor being tested, and
their sequential spectral interrogation. Since metalloporphyrins were
highly sensitive to a wide range of volatile compounds, however
lacking in selectivity, the overall array response was processed by
means of chemometric methodologies. This system was capable of
distinguishing different ageing levels of extra virgin olive oils and
showed effective potential for achieving a non destructive olfactory
perception of oil ageing.
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6189-98, Poster Session
Monitoring of inhomogeneous flow distributions using
fibre-optic Bragg grating temperature sensor arrays
I. Latka, Institut für Physikalische Hochtechnologie e.V. (Germany); T.
Bosselmann, Siemens AG (Germany); W. Ecke, Institut für
Physikalische Hochtechnologie e.V. (Germany); M. Willsch, Siemens
AG (Germany)
In many industrial facilities like chemical reactors, thermodynamic
engines, pipes and others, complex flow distributions occur.
Knowledge of the gas flow distributions may help to achieve an
efficient system performance. Another goal of gas flow distribution
measurement is the characterisation of turbulences. A type of single-
point flow sensors with high resolution is the hot-wire anemometer.
The measurement of gas mass flow velocity using hot-wire anemom-
eters is based on forced convective heat transfer from an electrically
heated element. The resulting temperature difference between the
heated element and the cooling medium - or the electric current
which is necessary to stabilise a certain temperature - are measures
of the mass flow velocity. The most common configurations are
cylindrical hot-wires or hot-films deposited on cylindrical substrates.
These anemometers have small diameters and from this, they
respond quickly and do not disturb the flow. In principle, such
instrument can be arrayed to provide multi-point measurement, but
the installation of a large number of separate flow sensors is costly
and is likely to result in excessive cabling complexity.
In our novel approach, fibre Bragg grating (FBG) sensors have been
used for measuring the temperature of the heated element. Because
of the multiplexing capability of FBG sensors, one can measure the
temperature distribution, i.e., the gas mass flow distribution along
the sensor array. The length of the heated and sensor-equipped
element can be easily adapted to the cross section of the gas flow,
from <10 cm up to several m. The number and distances of FBGs
distributed over this length defines the spatial resolution and is
basically limited by the signal processing unit used for read-out.
According to FBG sensor lengths < 5 mm, spatial resolutions of gas
flow measurements of less than 1 cm should be achieved.
In the experimental investigations, metal capillaries were chosen as
electrically heated element with a FBG sensor array fed through
them. The fibre was loosely positioned near to the neutral axis of the
capillary to make sure that the FBGs are sensitive to temperature
changes only, and they are not influenced by bending or elongating
forces acting on the capillary. Stainless steel with low heat conduc-
tion has been used in order to avoid cross talk between the different
FBG measuring points along the capillary.
As the measuring range of the flow sensor is strongly dependent on
the initial temperature (i.e., on the maximum temperature at zero gas
flow), high temperature stable FBG sensors have been used. Type IA
FBG sensors (800 .. 860 nm Bragg wavelength range, reflectivity of
about 99 %) have been inscribed in hydrogen loaded single-mode
optical fibre using an Excimer laser in a Talbot interferometer set-up.
These special FBG sensors can be long-term operated at tempera-
tures of more than 400 degC. Polyimide coated fibre was used
because of high temperatures during sensor operation; the FBGs
themselves have been kept blank to avoid any influence of re-
coating material on temperature response. For the investigation of
spatial resolution, closely spaced FBG sensors (length < 4 mm) have
been used.
FBG sensor signal processing is basing on broad-band
superluminescent diode illumination (800 .. 860 nm) and
polychromator read-out of the reflected sensor spectrum. Bragg
wavelength changes can be detected with a repeatability of about
0.4 pm (1-sigma value) and an accuracy of about 5 pm.
The metal capillary was heated via a constant-current power supply
to temperatures of 150 .. 300 degC at zero gas flow, resulting in gas
flow measurement ranges of air at normal pressure between about
0.1 m/s and upper limits of 2 .. 10 m/s. The gas flow cools locally the
capillary and the corresponding FBG sensor in the array, depending
on its local inhomogeneity. The flow sensor has a strongly non-linear
characteristic: sensitivity is highest at low gas velocities, and it is
tending to zero at the upper velocity limit. The influence of capillary
dimensions and thermal insulations on the spatial resolution and on
the time response of the sensor characteristics will be discussed.

6189-99, Poster Session
Super resolution enhancement and restoration of a single
image from blurred image sequence
Z. Wang, Changchun Institute of Optics, Fine Mechanics and
Physics,Chinese Academy of Sciences (China) and Graduate School
of Sciences Academy of China (China); g. JIn, q. a. Li, x. w. Sun,
Changchun Institute of Optics, Fine Mechanics and Physics,Chinese
Academy of Sciences (China)
When the faint target at long range is detected and identified by laser
active imaging system, the gathered image sequence of target is
blurred due to atmospheric turbulence over long slant paths or
vibration of receive-imaging system. The super resolution enhance-
ment is carried with multi-frame images of target, the severely
blurred images in the image sequence will result in poorer restora-
tion. Therefore, only some of the images should be selected to
participate in super resolution enhancement, not all images. We
demonstrated the super resolution algorithm which based on
iterative back projection algorithm, the super resolution algorithm
was used to restore single image and resolution enhancement. We
proposed an image selection criteria to be used prior to processing.
By choosing the minimal number of images, better restoration is
achieved with significantly less memory resources and shorter
processing time.

6189-100, Poster Session
Space qualified laser sources
F. Heine, Tesat-Spacecom GmbH & Co. KG (Germany); T.
Schwander, Tesat-Spacecom GmbH & Co KG (Germany); R. Lange,
B. Smutny, Tesat-Spacecom GmbH & Co. KG (Germany)
Tesat-Spacecom has developed a series of fiber coupled single
frequency lasers for space applications ranging from on-board
metrology for space borne FTIR spectrometers to step tunable seed
lasers for LIDAR applications.  The cw-seed laser developed for the
ESA AEOLUS Mission shows a 3* 10-11 Allen variance from 1 sec
time intervals up to 1000 sec. Q-switched lasers with stable beam
pointing under space environments are another field of development.
One important  aspect of a space borne laser system is a reliably
fiber coupled laser diode pump source around 808nm. A dedicated
development concerning chip design and packaging yielded in a 4
*106h MTTF (mean time to failure) for broad area emitters. Qualifica-
tion and performance test results for the different laser assemblies
will be presented and their application in the different space
programs.

6189-12, Session 4
CMOS: a promising technology for future single photon
detection applications
A. Rochas, A. Pauchard, L. Monat, O. Guinnard, A. Matteo, G.
Ribordy, id Quantique SA (Switzerland)
In the past several years, the detection of single photons at visible
wavelengths has received a growing interest from academic
researchers and industrial companies in various fields. During a long
period of time, the PMTs (PhotoMultiplier Tubes) optimized for single
photon detection has been the unique commercial solution. In the
early 1990s, a product based on a silicon APD (Avalanche
PhotoDiode) combined with an active quenching electronic circuit
has been successfully introduced on the market. This product
provided a very high detection probability which peaks in the red at
more than 60%. However, it suffers from a poor timing resolution
and the technology is not scalable in arrays. Scientists have
optimized the timing resolution using avalanche photodiodes
exhibiting thinner depletion regions. The processes are claimed
CMOS (Complementary Metal Oxide Semiconductor) compatible
[1][2] which means that the photodiode can be fabricated on a
CMOS production line. However, the co-integration of electronic
circuits on the same chip has not yet been achieved: it would
required a huge effort comparable to the effort developed by a
silicon foundry to propose a new process to customers.
In this paper, we use a well-established CMOS process as a starting
point [3] to produce single photon detectors. The process is qualified
for automotive applications, which is a guarantee of high material
quality and long-term stability. In the Geiger mode, the  electric field
in the depletion region is deliberately high, peaking at several
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hundreds of kV/cm, providing a sufficient internal gain to operate
without any external electronic amplification circuit. The cost to pay
for such a high gain is the requirement of a quenching circuit to
lower the bias voltage close to the breakdown level and stop the
avalanche. The id100-50 is a fully integrated optical microsystem
which combines an avalanche photodiode and the electronic circuit
for the quenching and recharging of the diode. On the one hand,
special design techniques have been developed for the sensing part,
without process modification. On the other hand, the front-end
electronics is integrated on the same silicon chip, thus almost
completely removing the need for discrete electronic components
and expensive assembly.
Because the solid-state detector has a thin active region, it is suited
for the visible spectral range. The photon detection probability peaks
in the blue/green at almost 35% and is limited to a few percents in
the red and near-infrared regions. The id100-50 provides a sensitive
area of 50um in diameter. It can be used in free space or can be
fiber-coupled. In Geiger mode, the fluctuations of the gain encoun-
tered in the well-known avalanche mode are suppressed as only the
photons that give rise to a huge number of carriers are counted as a
logic signal. Nevertheless, the statistical buildup of the avalanche
process leads to fluctuations in the time required for the current
pulse formation. This limitation is the timing resolution or jitter. The
id100-50 exhibits best-in-class timing resolution of less than 50ps,
which makes this detector essential for applications in which the
photons must be detected with a very high timing accuracy. This is
the case in biological/chemical applications such as
multicomponents fluorescence decays, sub-nanosecond fluores-
cence decays and ultra-short luminescences. For time-of-flight
based experiments, such as optical fibers testing and laser ranging
applications, it is a guarantee of an excellent measurement accuracy.
The dead time of the id100-50 is set to 70ns. If required, the co-
integration of the active quenching electronic circuit on the same
chip with the APD allows one to reduce the dead time up to 20ns.
This feature is crucial in applications where a large dynamic range is
required. The cleanliness of the fabrication process allows to keep
the dark counts and the afterpulses at a low level. With a minor
cooling at 0°C obtained with a single-stage thermoelectric element,
the dark count rate is less than 100Hz. Besides, these detectors do
not suffer from memory effects found in photomultiplier tubes and
are not damaged by ambient light.
The potential of the id100-50 for biological/chemical instrumentation,
quantum optics, aerospace and defense applications will be
demonstrated. Furthermore, the monolithic integration of detector
arrays will be briefly presented. In most applications, the availability
of an array of single photon detectors is of the greatest interest to
replace scanning strategies and thus decrease the acquisition time
by parallel measurements on multiple spots. In high-energy physics
and nuclear physics experiments, high-sensitivity sensors for the
detection of low numbers of photons generated in fast scintillating
fiber arrays and Cerenkov radiators emitting in the blue/UV range are
a crucial issue. In biology, fluorescence lifetime measurements /
fluorescence correlation spectroscopy for single molecule detection
would benefit from a parallel analysis of individual spots in
microarrays or in microfluidic channels [4]. Finally, the integration of a
3D camera would find applications in the military and automotive
industries [5].
[1] J. C. Jackson, J. Donnelly, B. O’Neill, A-M. Kelleher, G. Healy, A.
P. Morrison and A. Mathewson, Integrated Bulk/SOI APD Sensor:
Bulk Substrate Inspection with Geiger-Mode Avalanche Photo-
diodes, Electronics Letters, vol. 39, no. 9, pp.735-736, May 2003.
[2] S. Cova, M. Ghioni, A. Lotito, I. Rech, and F. Zappa, Evolution
and prospects for single-photon avalanche diodes and quenching
circuits, Journal of Modern Optics, vol. 51, pp.1267-1288, 2004.
[3] A. Rochas, M. Gani, B. Furrer, G. Ribordy, P.A. Besse, N. Gisin,
and R.S. Popovic, Single photon detector fabricated in a comple-
mentary metal-oxide-semiconductor high-voltage technology,
Review of Scientific Instruments, vol.74, n°7, pp.3263-3270, 2003.
[4] A. Rochas, M. Gösch, A. Serov, P.-A. Besse, and R.S. Popovic,
First Fully Integrated 2-D Array of Single-Photon Detectors in
Standard CMOS Technology, IEEE Photonics Technology Letters,
vol.15, n°.7, pp.963-965, 2003.
[5] C. Niclass, A. Rochas, P.A. Besse, E. Charbon, Towards a 3D
Camera Based on Single Photon Avalanche Diodes, IEEE Journal of
Selected Topics in Quantum Electronics, vol.10, n°. 4, July/August
2004.

6189-13, Session 4
Dynamic response of AlGaN-based sensors under
excimer laser irradiation
G. Mazzeo, Univ. degli Studi di Roma Tre (Italy); J. Reverchon,
Thales Research & Technology (France); G. Conte, Univ. degli Studi
di Roma Tre (Italy); A. Dussaigne, J. Duboz, Ctr. National de la
Recherche Scientifique (France)
The growing use of UV excimer lasers in the semiconductor industry
has led the research efforts toward the realization of specific devices
for monitoring these sources. Silicon devices are a good choice for
this purpose when low energy and short work cycles are needed; on
the other hand they have been demonstrated to be unsuited for
industrial applications, where duration and reliability are key issues.
This is mainly due to the very short penetration depth of an UV beam
in silicon, estimated to be 50 nm at the ArF (193 nm) characteristic
emission. Consequently, it is worth moving toward the use of wide
gap semiconductors showing a lower absorption coefficient at the
working wavelength. Being the operation less influenced by the
surface defects, this is expected to contribute to increase both the
sensibility and the reliability. Besides, UV laser induced fluorescence
has been suggested for homeland security, as a powerful instrument
for the detection of biological agents. The use of pulsed lasers for
the stimulation and the short fluorescence decay time characteristic
further proves the interest to study the detection dynamic of these
devices. AlGaN alloys have already demonstrated good detection
performances for CW sources in the 240-280 nm spectral region,
and have been already used for the realization of 1D and 2D focal
plane arrays. Here we report the characterization of two types of
AlGaN based detectors: a MSM and a Schottky diode, under 193 nm
excimer laser irradiation. The devices were initially designed for solar
blind application, so an Al0.45Ga0.65N alloy had been used for the
active layer to obtain an absorption threshold at 280 nm. Even if this
doesn’t represent the best choice for the application under study,
good performances are obtained in terms of speed of response,
linearity and detectivity.
The MSM device’s transient response closely follows the laser
pulses, with a photoconductive decay time constant shorter then 3
ns. On the contrary, the Schottky diodes show a slower decay
kinetics due to the junction capacitance. The detection dynamic has
been evaluated by changing the beam intensity between  2x10-3
and 0.2 mJ/mm(c)˜. The signal increases  linearly  up to 0.02 mJ/
mm(c)˜ whereas a decrease to a  sub-linear behavior is observed.
A complete characterization of the dynamic response will be
presented and discussed in terms of sensitivity to the photon flux,
noise, and performance limits.

6189-14, Session 4
Development of an electro-optic step-by-step sampling
system for IC’s close electro-magnetic field
measurement
L. Rossi, G. Breglio, Univ. degli Studi di Napoli Federico II (Italy)
The linear (Pockels) electro-optic effect that many bi-refringent
crystals show, can be exploited to realize sensing devices that
investigate the intensity and shape of the electric field close to
integrated circuits and devices.
Non-invasiveness, wide bandwidth, linearity and small spatial
resolution are the main feaures that a sensor based on such a
principle can achieve.
In this work we aim to realize a step-by-step electro-optical probe
which measures the variation of light polarization induced by a
lithium niobate crystal immersed in the electric field provided by a
high frequency Integrated Circuit.
The polarization of the ligth emitted by a picosecond pulsed laser is
adapted to the lithium niobate crystal orientation with a chain of
polarizers and waveplates in order to obtain maximum linearity and
signal swing.
Thanks to the ultra-short low-jitter pulses of the light source a
technique known as undersampling can be exploited to ensure a
wide-band detection of periodic signals at frequencies way beyond
that of the light source itself even with low bandwidth devices.
Moreover, by means of a Lock-in amplifier, it is possible to extract a
periodic signal with a very low signal to noise ratio.
The study so far has been focused mainly on the characterization of
smaller and smaller crystals for a thorough understanding of the

Conference 6189: Optical Sensing II



228 An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe

phenomenon and to find the optimal trim of the whole system. The
next step in close reach will be the testing of the apparatus by
means of the measurement of the electric field radiated by a simple
and well known device like a microwave coplanar waveguide.
The LiNbO3 crystals have been developed by AMS Roma, and the
whole research activity has been carried out under the sponsorship
of the CRdC Nuove Tecnologie per le Attività Produttive, the
Campania Region Centre of Competence on New Technologies.
References
[1] R. Hofmann, H.-J. Pfleiderer “Electro-optic Sampling System for
the Testing of High-speed Integrated Circuits Using a Free Running
Solid-state Laser” JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL.
14, NO. 8, 1788-1793 (AUGUST 1996)
[2] J. Allam, C. L. Yuca and J. R. A. Cleaver “Quantitative electro-
optic sampling for high-speed characterisation of passive and active
devices” 0-7803-5298-X/99 IEEE (1999)
[3] L. Duvillaret. J.-M. Lourtioz and L. Chusseau “Absolute voltage
measurements on III-V integrated circuits by internal electro-optic
sampling” ELECTRONICS LETTERS Vol. 31 no.1 23-24 (5th January
1995)

6189-15, Session 4
CMOS imagers behavioral modeling using VHDL-AMS
O. Schiertz, P. Magnan, École Nationale Supérieure de
l’Aéronautique et de l’Espace (France)
One the key advantages of  CMOS image sensors when compared
to CCDs is its adaptability to custom requirements. But this turns, at
the design level, to several difficulties in performing the preliminary
studies aiming at fixing the various pixel and readout architectures
options, the bias requirements and predetermining the key perfor-
mance parameters in order to ensure that  the specifications (array
size,  readout rate, dynamic range, noise, power consumption...) can
be met. This is mostly due to the numerous inter-relationships and
cross-correlation between the design parameters and the resulting
performances. To help the designers to converge more rapidly
during this iterative and somewhat tedious process and fix the trade-
off, we have developed a behavioral model for CMOS imagers using
VHDL-AMS modeling language. This tool is useful to help in
choosing readout architectures, in sizing physical elements and in
providing estimated values for the performances parameters.
The model has been developed by gathering the multiple relation-
ships  describing the imager behavior from the optical aspects and
the electrical aspects. It takes into account the in-pixel circuitry static
and dynamic characteristics and also the load effects resulting from
the parasitic capacitance of both the transistors and the vertical/
horizontal metal lines resulting from the array organization.
To process and implement these equations into a model, the VHDL-
AMS modeling language have been used, thanks to its capabilities in
supporting several levels of abstraction in the electrical (for mixed
analog and digital subsystems) domain but also in the non-electrical
one. The systems to be modeled can be described by sets of
algebraic and differential  equations. The language allows taking into
account the interactions between the digital and analog  parts of
mixed signals systems.
As a result of this model, several graphs can be plotted providing the
performances parameter values - pixel readout rate, linearity, noise,
dynamic range, power consumption- as a function of various
parameters such as array size, transistors dimensions, bias values,
power supply and of course, the characteristics of the preselected
CMOS technology. Results have been compared for different array
size and CMOS processes to exhaustive electrical simulations.
This model also allow for evaluating architecture organization in
order counteract the effects of parasitic capacitances which are of
primary importance in order to achieve high frame rates (capacitance
play a central role in the settling time of both internals and externals
signals). It supports  column-based and tree-structured (with splitted
busses)  analog  readout organization and multiple outputs architec-
ture.
Despite several improvements done  in the analog domain,  the
general trend is going on the way  of  commuting in the digital
domain to enhance the frame rate. This can be achieved by using
either column ADC, serial video signal ADC or recently pixel ADC.
The model provides key specifications for the ADC in either of these
configurations, thus allowing for feasibility analysis and proper
selection.

In summary, the availability of such model in a versatile modeling
language, allows for a faster more more efficient design process of
CMOS imagers.

6189-16, Session 5
Conoscopic holography based profilometers for defect
inspection: improviements in speed, resolution and noise
reduction
I. Alvarez, J. M. Enguita, C. Fraga Bobis, J. Marina, Y. Fernandez, R.
Garcia, Univ. de Oviedo (Spain)
The Long-Standoff Conoline profilometer is a device specifically
designed for non-contact inspection and quality control in industrial
environments, which is able to work from long distances yet keeping
a good depth resolution even under very adverse conditions. This
instrument is based on Conoscopic Holography, a quite well known
interferometric technique developed by G. Sirat and D. Psaltis back
in 1985; a thin laser plane is projected onto the surface to be
measured, and each point resulting of the intersection from the laser
plane with the object, generates a one dimensional signal, related to
its distance which is recorded by a conventional CCD camera. This
sensor provides a fringe pattern of 240 x 640 pixels for each scan
line. Each column corresponds to a point of the laser that illuminates
the object and can be modelled as a cosine signal in which the
frequency and phase are related to the distance of the emitting point.
Therefore, a complete surface map of the object can be obtained in
a single axis scan.
Usually this surface information is obtained from the phase of each
cosine signal, where the best depth resolution is obtained, by
calculating a precise DFT (using a high number of points) for all the
640 columns in the fringe pattern. This is an important bottleneck for
real-time applications even if high-performance algorithms for
calculating the DFT are used.
Until now, we have achieved a processing speed of 70 fps (frames
per second) with a highly optimized code that takes benefit from the
Intel Pentium IV processor’s pipelining capabilities, but this is clearly
not enough for high-speed applications, in which the acquisition
speed could easily go beyond 100 fps, or if other processing should
also be performed, like a filtering stage. Finding a method to obtain
the phase information in a much more efficient way is necessary in
these cases.
Phase-Shifting Interferometry (PSI) is a very well-known technique
for obtaining the phase distribution information in interferometry, and
ultimately the surface height information of the inspected object, with
high resolution and low computational power.
The instrument should obtain fringe patterns for a series of reference
phases which are then recombined using a given algorithm to
recover the phase information. This set of fringe patterns could be
obtained at different time intervals, adding significant delays to the
process which is undesired for real-time applications, or by several
different CCDs, which adds complexity to the apparatus.
Numerous algorithms for PSI have been reported and the number of
different frames has increased along the years from the early three or
four frame algorithms to 13 or 15 frames, as technology advanced.
These new algorithms presented a high resistance to error sources.
In 1995 Peter de Groot published a new method for deriving
algorithms with a high number of frames improving the overall
performance and, a couple of years later, pushed the limits and
published a 101-frame algorithm. However, it is difficult to find real
systems that are able to benefit from this high number of images.
In this paper we derive that the information in the Long-standoff
Conoline fringe patterns is not only contained in the 640 column
lines, but the phase is coupled in each of the 240 row lines. In fact,
each of these rows is a cosine signal where the distance information
is contained in its varying phase and could be considered as a one-
dimensional fringe pattern. Therefore, this information can be
efficiently obtained using a Hilbert transform over one of these rows,
which implies a drastic reduction in computational power.
Moreover, we also demonstrate that all these one-dimensional
signals are equivalent but for a phase difference in the carrier wave.
This deduction makes it possible to apply efficient PSI techniques,
which results in a reduction of more than two orders of magnitude in
computational needs.
Unlike usual PSI interferometers, which make use of optical systems
that provide exclusively a certain number of images which are shifted
a specific phase according to the algorithm applied, the Long-

Conference 6189: Optical Sensing II



An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe 229

standoff Conoline provides bidimensional fringe patterns of 240
lines, regardless of the algorithm used. Also these lines are phase-
shifted an angle that does not match the phase-shift of the algo-
rithm. In this sense, we can state that this instrument is a spatial
phase measurement interferometer, since it provides all the lines in a
unique acquisition, but it supplies more lines than desired. Therefore,
it is needed to make a subsequent selection of the lines to be used.
It also presents the advantage of offering a higher number of lines
(240), which allows us to infer and apply algorithms that make use of
a high number of images (lines) enhancing the immunity to noise.
In this paper the selection of the correct lines and the impact of
possible errors in this process are discussed. Several well-known
algorithms have been implemented and tested: the Hilbert technique
(which is equivalent to Takeda’s FFT method), Schwider-Hariharan,
N+1 frames, and SCPS among others.
Since it is well known that the higher the number of frames used, the
less sensitive the algorithm is to noise, and taking advantage of the
fact that the Long-standoff Conoline provides 240 frames in an
single acquisition, the second part of the paper focuses on the
development of new algorithms with a high number of frames (such
as 20 and 32) based on Synchronous Detection, Weighted Least
Squared algorithms, and Peter de Groot’s technique.
We have compared the computational complexity of each algorithm
and their performance under different conditions of Speckle and
Gaussian noise. We have also studied the sensitivity of these
algorithms against several important factors, such as errors in the
selection of the lines, high distance gradients and sensor configura-
tions that might introduce non-linearities in the period of the fringes.

6189-17, Session 5
Multitarget range finder with continuous optical
frequency modulation
L. Perret, P. Pfeiffer, A. Chakari, Univ. Louis Pasteur (France)
In this paper we will demonstrate an optical range finder measuring
two targets. The range finder is able to measure both targets
simultaneously. We have implemented an interferometric system
based on two interferometers. Interferometric setups are well known
for their high accuracy  measurement.
One of the interferometer, the reference interferometer constitutes
the reference distance of the absolute distance measurement setup.
A fibre optic version is preferred to a folded version of this Mach-
Zehnder interferometer. It has the advantage to be very compact and
shows a great stability in temperature. The second interferometer,
the measurement interferometer receives the two targets in two of
his arms. In this case, a three beam Michelson interferometer is
preferred to a Fizeau interferometer. The optical beam generated
from a tuneable laser is sent in both interferometers. If the beam is
continuously modulated in frequency, then at the output of the
interferometers, the generated beat signals contain the information of
interest. This is achieved by a semi-conductor external cavity laser
diode. Laser signal of an external cavity laser is continuously tuned in
wavelength and, in well designed cavities, is mode hope free. This
diode has a very long tuning range, necessary to limit error signals
generated by temperature drift, atmospheric turbulence and
vibrations in the system. The external diode cavity laser has also very
high coherence length which is necessary in this experience.
Distance of both targets are determined after estimation of the
frequencies of interest in the beat signals through a Fourier Trans-
form Technique.
Uncertainty of the measurements depends strongly on the non-
linearities of the frequency tuned laser. We will demonstrate how it is
possible to get high accuracies in the system and how the non-
linearities degrade this measurements particularly when the spectra
of both signals in the object interferometer are not decorrelated.
Even a very small overlap of the spectra will strongly degrade the
measurement uncertainty. The non-linearities are extrapolated from
the reference beat signal. They can be reconstructed by a quasi
periodic signal. Despite the non-linearities in the beat signals, the
Fourier Transform Technique is very robust and gives very good
results. Relative uncertainties of 10-6 are demonstrated for both
targets at distances up to 10 meters.

6189-18, Session 5
Rotationally symmetric triangulation sensor with
integrated object imaging using only one 2D detector
J. Eckstein, Fachhochschule Heilbronn (Germany) and Hefei Univ. of
Technology (China); W. Lei, Hefei Univ. of Technology (China); J. R.
Becker, Fachhochschule Heilbronn (Germany); G. Jun, Hefei Univ. of
Technology (China); P. Ott, Fachhochschule Heilbronn (Germany)
In this paper a distance measurement sensor is introduced,
equipped with two integrated optical systems, the first one for
rotationally symmetric triangulation and the second one for imaging
the object while using only one 2D detector for both purposes.
Rotationally symmetric triangulation, introduced in [1], eliminates
some disadvantages of classical triangulation sensors, especially at
steps or strong curvatures of the object, where the measurement
result depends not any longer on the anuglar orientation of the
sensor. This is achieved by imaging the scatterd light from an
illuminated object point to a centered and sharp ring on a low cost
area detector. The diameter of the ring is proportional to the
distanceof the object. The optical system consists of two off axis
aspheric reflecting surfaces. This system allows for integrating a
second optical system in order to capture images of the object at the
same 2D detector. This feature enables active positioning of the
measurement point on the object by machine vision for precise
distance measurement. Path planning can be employed for quality
assurance in order to measure the distance only at specific features
of the object, thus avoiding time consuming 3D measurement and
data evaluation.
A mock-up was realized for the first time which consists of the
reflecting optics for triangulation manufactured by diamond turning.
A commercially available appropriate small lens system for imaging
was mechanically integrated in the reflecting optics. Alternatively,
some designs of retrofocus lens system for larger field of views were
investigated. The optical designs allows to overlay the image of the
object and the ring for distance measurement in the same plane. In
this plane a CCD detector is mounted, centered to the optical axis
for both channels. A fast algorithm for the evaluation of the ring is
implemented. The characteristics, i.e. the ring diameter versus object
distance shows very linear behaviour. For illumination of the object
point for distance measurement, the beam of a red laser diode
system is reflected by a wavelength bandpath filter on the axis of the
optical system in. Additionally, the surface of the object is illuminated
by LED’s in the green spectrum. The LED’s are located on the
outside rim of the reflecting optics. The scattered LED light is
transmitted by the before mentioned bandpath filter and is captured
by the imaging lens. A simultaneous mode, in which the ring for
distance measurement is superimposed to the image of the object,
and a time multiplexing mode were implemented thus demonstrating
the flexibility and performance options of this approach.
[1] Ott, P., Optical design of rotational symmetric triangulation
sensor systems with low cost detectors based on reflective optics,
International Conference on Optical Measurement Systems for
Industrial  Inspection III, SPIE Optical Metrology 5144, Munich, 2003.

6189-19, Session 5
Thin-film silicon position sensors made using laser
scribing
L. Urbina, CIEMAT (Spain) and Univ. Politécnica de Madrid (Spain); J.
J. Gandia, J. Cárabe, CIEMAT (Spain); S. Lauzurica, C. L.
Molpeceres, J. L. Ocaña, Univ. Politécnica de Madrid (Spain)
Position detectors are useful electronic devices with a number of
applications, mainly on object alignment and orientation sensing.
Charge-coupled devices (CCDs) are used in small-area systems in
which cost is not critical and operating conditions are not too
aggressive. A low-cost alternative is the use of four-quadrant diodes
in cases where only a limited accuracy is required. Nevertheless, for
those applications in which accurate large-area sensors are needed,
thin-film-deposited semiconductors must be used. Thin-film silicon
and more specifically amorphous silicon provides an adequate raw
material for the fabrication of these devices, with the added value of
an excellent behaviour under magnetic fields, high-energy radiation
and other harsh environments.
The basic feature of a position sensor is the ability to give a set of
electric signals from which the position of a laser spot thereon can
be extracted with a given accuracy. Although the principles of image
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sensing can be applied for these devices, some important differ-
ences exist between image and position sensors. The latter do not
have to avoid cross signals, so complications such as pixels
activated by thin-film transistors become unnecessary. The basic
scheme of a simple 1-D position sensor is proposed in this work. The
preparation sequence starts with the deposition of a transparent
conductive oxide (TCO), usually SnO2:F or ITO, on glass. The film,
about 1 mm thick, is then divided into a number of strips by laser
scribing [ ]. Consecutive strips must be electrically isolated from
each other. An intrinsic amorphous-silicon layer is subsequently
deposited and, finally, a second TCO. This basic device will have an
electrical contact on the final TCO and one on one of the strips.
Given the very high photoconductivity of amorphous silicon, the
current for a given bias will depend on the distance from the laser
spot to the strip in question. Scanning the strips will, therefore, yield
a set of signals from which the X co-ordinate of the laser spot can be
determined with an accuracy depending on spot size and strip
dimension and pitch. The division of the upper TCO into horizontal
strips would convert the sensor into a 2-D one.
A slightly more complicated approach, based on an amorphous-
silicon p-i-n structure, instead of the single intrinsic layer, has been
previously tested and reported [ ]. The present design, however,
makes it easier to avoid edge shunting. The main purpose of the
work described is indeed twofold: to demonstrate that this simpler
design is still valid for position sensing, and to test laser scribing as a
tool for this technology.
Two kinds of TCO have been used in this work, namely ASAHI Uâ
SnO2:F and ITO. The latter has been prepared in the lab by reactive
RF sputtering of an ITO target at ambient temperature. Amorphous
silicon has been deposited by plasma-enhanced chemical vapour
deposition (PECVD) of pure silane at temperatures about 200°C.
Three different laser sources were employed for scribing in different
conditions: Nd-YAG (fundamental wavelength 1064 nm), Nd:YVO4
(3rd harmonic, 355 nm) and excimer (KrF, 248 nm).
Both the TCO and the amorphous silicon have been characterised
optically and electrically on samples prepared on the appropriate
substrates for film testing. Ablation profiles have been measured with
a confocal microscope and strip isolation has been checked with a
multimeter. The basic tests on finished devices have been I?V curves
both in darkness and under illumination, spectral responses and
laser-beam-induced current (LBIC) maps. Visual inspection with an
optical microscope has also been applied to the search for pinholes
on the amorphous silicon film.
Material tests have evidenced a reasonable quality of the films
making up the sensor. Device characterisation has in turn allowed to
draw two important conclusions: a) the structure and technology
proposed is valid for our purpose, and b) shunting is by far the most
important problem to solve. Two potential origins have been
proposed for this problem: 1) possible pinholes on the amorphous-
silicon film, and 2) an unsuitable ablation profile containing ridges at
both sides of the groove. Special attention has been paid to the
conditions in the PECVD reactor (cleaning, process parameter,
upward deposition, etc.) in order to avoid pinhole formation.
Additionally, the influence of laser scribing conditions on ablation
profiles has been studied systematically.
The work done so far has allowed to demonstrate that it is possible
to make position-sensitive detectors with the simple structure
proposed. Laser scribing has proven to be a valid tool for the
definition of contact strips. Shunting has been identified as the most
relevant technical limitation. Approaches to solve this problem have
been proposed. This has allowed to improve ablation profiles
dramatically. The influence of such an improvement on avoiding
shunting is presently being tested.

6189-20, Session 5
New concept of low intrusion quasi-distributed optical
fibre extensometer
A. Courteville, M. Delaveau, Fogale nanotech (France); S. Delepine-
Lesoille, E. Merliot, Lab. Central des Ponts et Chaussées (France); L.
Quetel, IDIL Fibres Optiques (France)
In the last few years, Optical Fibre Sensors (OFS) have made slow
but significant entrance in the world of sensing. ‘Point’ OFS
essentially based upon Bragg-gratings and Fabry-Perot cavities are
largely commercially available, as they found applications in material
sensing and oil industry for examples. On the opposite, continuous
OFS are still emerging technologies even in structural monitoring,

although the ability to realize fully distributed measurement is a
primary advantage of fibre sensors over traditional sensors.
Distributed sensing relies upon different optical techniques among
which are optical time domain reflectometry, Raman and Brillouin
scattering. Interferometric very-long-gauge optical sensors could
also be very useful in civil engineering, especially in dynamic
evaluations if they were continuously bonded to the structure
following an arc length which is not straight. A major difficulty that is
slowing down the development of such distributed optical fibre
sensors is the strain-field transfer from the host material to the
embedded optical fibre. Materials and their bonding characteristics
as well as shape of the sensors strongly influence the difference
between the strains in the optical fibre and in the concrete, and more
generally, the sensor response.
We present a novel concept of quasi-distributed optical fibre
sensors, with optimised, continuous transfer of deformation to the
fibre and low intrusion effects.
The sensor is composed of a combination of optical cavities and
Bragg gratings cascaded along a single fibre. The cavities, which are
the parts sensitive to the deformations, are bounded by partially
reflective elements inserted into the fibre. Their length, which is the
measurement basis, can range from 10 cm to several metres.
Several cavities can cascaded along a single fibre, allowing quasi-
distributed strain measurements. Bragg gratings are inserted along
the same fibre, close to the cavities, and are used to measure locally
the temperature.
The sensors are illuminated by broadband sources (super lumines-
cent diodes) and read by a fibre optics low coherence interferometer
featuring a temporal delay line. The same interferometer is used in an
original way to measure simultaneously the cavity length variation
and the Bragg gratings wavelength shifts. The cavity length variation,
which is function of the deformation and the temperature, is
measured by doing the correlation into the delay line of the two
waves reflected at the extremities of the cavity. The Bragg gratings
are isolated from the constrains, so that their central wavelength is
function only of the temperature. Illuminated by a broadband source,
they reflect a signal at their central wavelength, which is determined
by correlation into the delay line with the signal from an internal
reference Bragg grating. So by combining the two kinds of measure-
ments we can obtain fully temperature compensated deformation
measurements. The cavities length are measured with a sub-
micrometer accuracy (sensitivity < 1µdef on a 1 meter basis). The
long-term stability is guaranteed by an internal reference (compari-
son with an internal reference cavity). The system, which is commer-
cially available from FOGALE Nanotech, allows large serial and
parallel sensor multiplexing capabilities and, depending on the delay
line used, dynamic measurements up to 100 Hz. The temperature
compensation ability has been verified by measuring sensors placed
in a climatic enclosure and submitted to controlled temperature
variations.
These sensors and the joined instrumentation are well adapted to a
lot of structure monitoring applications, like composite materials,
Pipes or concrete structure.
They have been initially developed however for concrete structure
monitoring, either embedded into the concrete or fixed on the
surface. A very important effort was made during this study on the
packaging of the optical fibre, or in other terms the design of a
sheath which ensures that the fibre is attached continuously and
homogeneously to the concrete. The fibre is wrapped up in a
composite sheath, whose shape and composition have been
optimised by finite element modelling. The wave-like shape allows a
continuous and uniform transfer of deformation to the fibre for a true
measurement of the deformation integral over the cavity length. The
sheath material is matched in terms of Young’s modulus and
thickness with the concrete, to minimise the strain-field perturbation
induced by the sensor. The process of realization is adapted in
general to distributed and very-long-gauge-length sensors. Installa-
tion is also eased with no pre-tension needed and possibility of
measurement along curved shapes.
The finite elements analysis has shown how the stiffness of the
optical fibre can be adapted to the concrete one, reducing the strain
concentrations and the need for a theoretical calibration factor.
Moreover, unlike the body of traditional I-shaped sensors, wave-like
sensor body enables symmetrical response in tensile and compres-
sive loadings whatever the contact conditions may be.
We have verified that despite its wave-shape, the proposed sensor
body does not introduce any losses or strain that would result from
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fibre microbendings. Bonding performances between the sensor
body and the optical fibre were checked by incorporating FBG into
the fibre and applying strains. Several sensors were multiplexed,
demonstrating the ability for quasi-distributed measurements.
Experimental validation with concrete was carried out. Sensors with
10 cm cavities were embedded into concrete cylinders, 32 cm heigh
and 16 cm diameter. Three LVDT were placed at 120 deg around the
cylinders and used as reference. One of the multiplexed sensors was
used as a reference to provides self-compensation for long-term
fluctuations. The optical sensors measurements perfectly agreed
with external LVDT measurements, for compressive and tensile
loadings, and that without any calibration factor. A dummy concrete
cylinder instrumented only in surface showed that the sensors are
not invasive.
The sensors have been recently installed into the pillars of a bridge in
the west of France. First long-terms measurements are being
collected.
This work is supported by French Research and Transportation
Ministries, within the national project RGC&U EOLBUS

6189-21, Session 5
Full-field spectral multidirectional 4D measurement
system
R. Sitnik, Politechnika Warszawska (Poland)
Currently, a lot of 3D measurement systems are being developed
[1,2]. Those systems can accurately and flexibly measure shapes of
three dimensional objects with an additional texture information.
There are also some first attempts to develop new methods for four
directional measurements (3D + time). These methods can be
divided into two groups: stereoscopic and phase ones. Stereoscopic
techniques [3] are developed mainly for entertainment purposes.
Phase methods [4] are used for a vibration or movement analysis.
The main advantage of stereo methods is a simultaneous measure-
ment from many directions. Unfortunately stereo methods have
relatively low accuracy. Existing phase methods are used for
measurements from a single direction only. We propose our multi-
directional phase method and a full system for a dynamic (t) shape
(x,y,z) measurement with an additional (R,G,B) color grabbing.
In this paper a new concept of a full-sphere dynamic 3D-shape (4D)
measurement system is proposed. The system consists of several
directional, full-field 4D measurement modules and additional
cameras for a texture capturing. Measurement principle of each 4D
module is based on a projection of a single dynamic sinusoidal
pattern with a distinguished fringe(s). Each fringe pattern is projected
in a separate spectral range to allow a correct 3D-shape detection in
overlapping areas. Texture images are grabbed in the remaining
visible spectrum. The system works in two modes: calibration and
measurement. Additionally measurement mode is divided into on-
line (real-time) and off-line processing.
The current system parameters are:
- measurement frequency: 30Hz,
- measurement volume: 2x2x2m3,
- measurement uncertainty: approximately 1mm,
- output data format: unorganized set of points with (x,y,z,R,G,B,t)
co-ordinates,
- number of directional 4D modules: four,
- average number of points per frame for human body measurement:
2-6 million.
Each 4D-directional module consists of a single DLP projector
(1280x720 pixels) and two grayscale CCD cameras (1024x768
pixels). The DLP projector is based on a single DMD chip without a
RGB rotating filter. Our projector and cameras are equipped in
unique spectrum filters for a fringe patterns separation. Additional
cameras for texture grabbing are based on RGB mosaic CCD chips.
Every part of the system is synchronized to project and capture
images simultaneously.
The measurement principle is based on a projection of time and
space varying sinusoidal fringe patterns with distinguished fringes.
For each fringe pattern a phase map is calculated by using a
modified Spatial Carrier Phase Shifting algorithm [5]. The period of
the projected fringe pattern is locally adopted to a local shape slope
and additionally it is time varying to reduce an influence of object
steps in our unwrapping algorithm. Several fringes are distinguished
to realize an absolute phase evaluation (eg. for each distinguished

fringe its ordinal number is known). Next, real (x,y,z) co-ordinates are
extracted by using a calibration matrix.
The calibration is a three step process. During the first step, all of
directional 4D-systems are  calibrated, thus each of them can
measure in its local co-ordinate system. Next, additional RGB
cameras are calibrated to deliver a color information. Finally, the
transformation matrixes are calculated to establish each local to
global co-ordinate system transformation.
The local co-ordinate system is established by an experimental
calibration [6]. It is realized by collecting phase maps for consecutive
positions of a plane calibration model with markers.  For each pixel
of CCD detector (x,y,z) co-ordinates are calculated from marker
images and connected with corresponding phase values. After this
procedure a clear relation between phase values and (x,y,z) co-
ordinates connected with used model is known.
The calibration of RGB cameras is performed together with the
previous operation. It is based on a calculation of relation between
real (x,y,z) co-ordinates and texture co-ordinates.
Further a local-to-global transformation is performed and a measure-
ment of known model is realized (most often a model is in a form of
three rigidly connected spheres) for each directional module. Then
some shape characteristic information (in the form of geometric
primitives - e.g. points, etc.) is extracted from the measurement data.
At the end, locations of those primitives (at least three) are trans-
formed into their positions in a global co-ordinate set, thus a
transformation matrix for certain 4D-system is now created.
A measurement of real moving objects can be performed after a
calibration of the whole system. Directional systems project and
capture modified sinusoidal patterns for each frame. Phase maps are
calculated and the sets of (x,y,z,t) co-ordinates are created using
calibration matrixes. Additional detectors capture texture information
simultaneously and they add a (R,G,B) information to each (x,y,z,t)
point.
Some part of numerical processing is performed on-line together
with a measurement. The on-line operations realized on each
directional 4D-system are:
- phase modulo 2 *  calculation,
- calculation of new modified sinusoidal pattern for projection in next
frame,
- selection of distinguished fringes,
- saving of fringe and phase image on hard drive.
The rest of operations is processed off-line. These operations are:
- unwrapping of phase maps,
- calculation of (x,y,z) co-ordinates,
- calculation of (R,G,B) values,
- transforming all points into global co-ordinate system,
- saving data on hard drive.
After a description of our system concept and realization some
interesting human body measurements are presented with an
additional data like processing parameters. Our final discussion,
which considers also an anticipated measurement uncertainty is
taken at the end of the paper.
References:
[1] F. Chen, G.M. Brown, M. Song “Overview of three-dimensional
shape measurement using optical methods”, Opt. Eng. 39, 10-22,
2000.
[2] R. Sitnik, M. Kujawinska, J. Woznicki, “Digital fringe projection
system for large-volume 360-deg shape measurement”, Opt. Eng.
41, 443-449, 2002.
[3] J. Starck and A. Hilton “Model-based multiple view reconstruction
of people”, IEEE International Conference on Computer Vision, 915-
922, 2003.
[4] M. Reeves, AJ Moore, DP Hand, and JDC Jones, “Dynamic shape
measurement system for laser materials processing,” Opt. Eng.
42(10), 2923-2929 (2003).
[5] K. Patorski “Handbook of the moiré fringe technique”, Elsevier
Science Pub., Amsterdam, 1993.
[6] R. Sitnik, M. Kujawinska, J. Woznicki, “Digital fringe projection
system for large-volume 360-deg shape measurement”, Opt. Eng.
41, 443-449, 2002.
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6189-22, Session 5
Polarimetric measurements for fabric surface state
characterization
M. Tourlonias, M. Bueno, M. Renner, L. Bigué, Univ. de Haute Alsace
(France)
This paper describes an optoelectronic setup which has been
designed in order to evaluate some finishing process parameters of
fabrics such as emerizing or raising. This evaluation is usually
performed by trained people and our goal is to perform it in an
automatic and objective way without any human operation. Our
setup evaluates the periodical structure of fabrics through a temporal
Fourier analysis of the degree of polarization of the light reflected by
a fabric surface. The measurement sensitivity to surface hairiness is
shown to be greatly improved when polarization is taken into
account.
The optical polarimetric roughness meter, based on our multi-
directionnal roughness meter described in [1], includes three parts:
the drive of the sample, the optical device and the signal processing
unit. The sample-carrier is a 20-cm diameter motor-driven circular
plate. It has a circular movement, i.e. a multi-directional movement.
In the case when the sample cannot rotate, e.g. during a manufactur-
ing process or during an extensometric study, an alternative version
using a rotating optical head has been developped [2]. In the classic
configuration used here, the optical assembly is divided into two
parts: one part is about the incident beam knowing that the other is
for the reflected beam. The incident beam, obtained from a colli-
mated laser diode and linearly polarized, is focused in order to give a
linear probe on the sample. The linear probe is reflected off the fabric
surface and the reflected ray is directed by a beamsplitter onto
another beamsplitter and then is separated. One part is directed onto
a photodiode after a 0°-polarizer, which gives Ip, the polarization
component parallel to the incident polarization and the other part is
directed onto a photodiode after a 90°polarizer, which gives
crossed-polarization component Ic.
We verified that our samples do not exhibit any birefringent behavior,
thus the degree of polarization of the reflected light reduces to the
degree of linear polarization which can be obtained through the two
above cited measurements [3]. A complete polarimetric study using
Stokes formalism can therefore be avoided. When the sample
rotates, this degree of polarization is computed in real-time and
studied with an on-line temporal Fourier analysis. The obtained
temporal spectrum exhibit peaks (typically one to three) whose
frequencies depend on the fabric geometry and on the sample
rotation speed and whose amplitudes depend on the reflectivity of
the fabric surface.
In this paper, we provide figures particularly dealing with the
emerizing finishing process applied to fabrics woven in twill
arrangement (the frequential study exhibits in this particular case a
unique peak). Results obtained with our previous non-polarimetric
roughness meter were quite satisfying. They allowed us to clearly
discriminate emerized and non-emerized fabrics, but depending on
the type of fabric we considered, the figures we obtained either
increased or decreased when emerizing was applied to the fabric.
With this polarimetric device, the results obtained from samples with
different intensity of emerizing process show an improvement of the
sensitivity due to the degree of polarization in comparison with the
non-polarimetric reflection signal. Discrimination is enhanced and
error margins are reduced. Furthermore, whatever the kind of fabric
we consider, since the emerizing process leads to a smoother, more
diffusing and then more depolarizing surface, our criterion, which is
now the degree of polarization, always evolves in the same way.
1. M.-A. Bueno, B. Durand and M. Renner, “Optical characterization
of the state of fabric surfaces”, Opt. Eng. Vol. 39 (6), pp. 1697-1703
(2000).
2. M. Tourlonias, M.-A. Bueno, L. Bigué, B. Durand and M. Renner,
“Contactless Optical Extensometer for Textile Materials”, Experimen-
tal Mechanics Vol. 45 (5), to be published (2005).
3. M. Born and E. Wolf, “Principles of optics”, Pergamon Press
(1980).

6189-23, Session 5
High-sensitivity cryogenic temperature sensors using
pressurized fiber Bragg gratings
M. Wu, NASA Langley Research Ctr. (USA)
Fiber Bragg gratings have been used for the devices of temperature
and strain sensing. They have the advantages of being lightweight
and flexible. However, as temperature sensors, FBGs have only a
moderate sensitivity around room temperature. At the cryogenic
temperatures their sensitivity is even worse. In addition, there are
also problems of stability of FBGs at that temperature range.
To ensure the FBGs have the capability of temperature sensing in the
temperature range of interest: first, the temperature sensitivity needs
to be increased; second, their waveforms, which are used as
indicators of temperatures, have to be stable and well-defined.
A fiber Bragg grating is typically inscribed in a photosensitive optical
fiber by using an interference pattern formed by a pair of coherent
UV laser beams. The characteristic waveform of an FBG can be
measured with a broadband light source and an optical spectrum
analyzer, or with a frequency domain demodulation system if the
FBG has a very low reflectivity. Normally, the waveform has a
spectral width of a few nanometers and a well-defined center peak,
denoted as the Bragg wavelength of the grating. The Bragg
wavelength shifts linearly as the temperature of the FBG changes in
a finite range. This feature permits using an FBG as a temperature
sensor.
Ordinary FBGs can maintain a moderate sensitivity from room
temperature (295 K) to about 200 K. As the temperature decreases
further, their sensitivity decreases significantly. For temperatures
below 80K, the wavelength shifts of an FBG resulting from the
temperature changes are almost too small to measure, i.e., an FBG
has nearly zero temperature sensitivity in this temperature range.
There are also some problems of the stability of FBGs for the
cryogenic measurements.  During the cooling process, the center
peak of an FBG might shift as usual but then suddenly move
backwards. This change in wavelength shift would cause an invalid
measurement. Therefore, it is impractical, if not totally impossible, to
use ordinary FBGs as cryogenic temperature sensors.
The proposed new technique permits using pressurized fiber Bragg
gratings (PFBGs) as temperature sensors with high sensitivity for a
broad range of temperatures, especially expanding to cryogenic
temperatures.
To form a pressurized FBG, a pair of small metal plates is used to
cover the entire length of the tested FBG and stress is applied onto
it. The applied load is about 60 psi, but is capped at no more than
200 psi to prevent the splitting of the center peak of the FBG. The
purpose of using the metal plates in this prototype is simply to
provide the threshold stress that enables the FBG to complete the
transition. Since the required load is small, it can be obtained with a
simple clip, cladding/coating materials on fibers, or a hydraulic
system.
This PFBG is installed in a cryogenic system for temperature control.
A Frequency Domain Demodulation System is used to measure the
low-reflectivity PFBG. The system can be used to measure FBGs
with higher reflectivity. To measure high reflectivity gratings, a
broadband light source combined with an optical spectrum analyzer
can also be used. This technique is independent of the measurement
(read-out) systems.
For comparison, the thermal response of a regular FBG without any
substrates can be summarized as the following: for temperatures
from 295 K to 200 K, the temperature sensitivity of the regular FBG is
about 8 pm/K; for temperatures below 200 K the coefficient is even
smaller; and for temperatures below 80 K the curve is almost flat,
i.e., showing zero temperature sensitivity.
The PFBG has a slightly higher coefficient of 10 pm/K for tempera-
tures from 295 K to 200 K, compared to the FBG. However, at about
200K, a pressure-induced transition occurs. Below 200 K the
temperature coefficient of the PFBG reaches 24 pm/K, more than
three times the regular FBG. Moreover, for the temperature change
from 80 K to 20 K, the pressurized FBG has a total wavelength shift
of about 400 pm, 5 times more than the regular FBG does.
The temperature sensitivities of FBGs written onto various types of
fibers with various coating materials might be slightly different. When
these various FBGs are pressurized, their temperature sensitivities all

Conference 6189: Optical Sensing II



An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe 233

have an equal magnitude of enhancement, regardless of
reflectivities, fiber types, or coating materials.
The pressure-induced transition of FBGs during the cooling process
has never been discussed before. Based on this unique property,
this technique permits using a pressurized FBG as a high sensitivity
temperature sensor for a broad range of temperatures.  Especially it
expands the temperature sensing capability of FBGs even to
cryogenic temperatures, which was impractical before.

6189-24, Session 5
Structural monitoring on a commercial ship using FBG
sensors
A. Giovannozzi, Univ. degli Studi di Roma/La Sapienza (Italy)
Optical fibre sensors, especially the Bragg grating strain sensors,
offer significant advantages over electrical, resistive foil strain
gauges which are currently the state of the art for structural
monitoring purposes. The optical devices require no powered line
drivers, can be multiplexed and are of low weight and size. For this,
mainly in the maritime field, the variety of problem on using tradi-
tional sensor, caused, for example, by the presence of water, make
of fbg technique a good choice on solving this kind of problems.
Overall, thanks to their minimal size, fbg has also the possibility to be
embedded inside the monitored structure. Moreover, using multi-
plexing mode in acquiring data, they can be used in creating a net of
monitored points, that can be easily compared with numerical
simulations ore used inside the latter as boundary conditions.
In this work some experimental data, concerning structural measure-
ments on commercial ship, are pointed out and presented.

6189-25, Session 6
Metal oxide nanowires for optical gas sensing
C. Baratto, S. Bianchi, E. Comini, G. Faglia, M. Ferroni, M. Picinelli,
G. Sberveglieri, Univ. degli Studi di Brescia (Italy)
SnO2, ZnO and In2O3 metal oxide nanowires were synthesized by
vapor transport process in a horizontal tube furnace. Tin oxide was
prepared starting from tin oxide powder and heating up the furnace
at 1100°C under a constant flow of pure Ar at 100mbar, the
nanowires deposition was obtained on alumina substrate maintained
at 700°C. Zinc oxide nanowires were prepared starting from the
metal powders and heating up the furnace at 600°C under a
constant flow of pure Ar at ambient pressure and keeping the
substrates at the same temperature of the powder. Indium oxide
nanowires were obtained by evaporation of indium oxide powders at
temperatures of 1500°C, pressure of 100mbar and flux of pure Ar at
100sccm, keeping the substrates at 900°C.
All these different oxides are high gap metal oxide semiconductor in
which oxygen vacancies are deemed responsible of doping. The
peculiar characteristic of these materials is the emission of visible
photoluminescence (PL) when they are excited with UV light [1], [2],
[3].
We pointed out for the first time that NO2 reversibly quenches PL of
SnO2 nanobelts [4], thus giving us the idea to use this material as an
optical gas sensor.
We studied the effect of pollutant gas species on photoluminescence
(PL) intensity of SnO2, ZnO and In2O3 in the temperature range
(273K-500K). PL spectrum of synthesized nanowires was acquired at
different temperatures when excited with an He-Cd laser line at 325
nm.
In the present work we investigated  PL quenching by NO2 (1-
16ppm), CO (1000ppm) ethanol (1000ppm), NH3 (25ppm) and
relative humidity.
For In2O3 nanowires we found that PL was reversibly quenched by
NO2 at 423K with little influence by other reducing gases, and that
there is an activation temperature for observing the quenching.
For ZnO, PL was quenched by NO2 from room temperature to 493K,
showing a maximum variation at 293K. The response time is less
than 30 s at room temperature The effect of other reducing gases is
an increase of the PL, weaker than NO2 quenching.  The data
obtained at different NO2 concentration fit a Stern-Volmer equation.
The results obtained on different materials will be compared in order
to give  a better comprehension of the quenching phenomenon.
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6189-26, Session 6
Gas correlation systems to detect ground level methane
O. Chapman, M. Hilton, Univ. of Reading (United Kingdom); G. Hunt,
R. Williams, Spectral Surveys (United Kingdom)
A variety of active and passive gas detection systems using non-
contact methods are now available commercially.  The UK Environ-
ment Agency has sponsored an investigation of low cost passive
methods to detect the presence of ground level methane gas, such
as is produced by landfill sites, using an airborne Infra red (IR)
imaging system.   The ultimate aim is to use a gas detection device
containing a downward looking linear array of IR detectors mounted
in a light aircraft, building up a 2D image as the plane flies forwards.
The device will detect the absorption by the target gas of reflected
solar radiation.
Spectral modelling and radiative transfer calculations using the
HITRAN atmospheric database were used to predict the required
sensitivity of the detection system.  The primary spectral region of
interest is the band of methane in the near infrared (NIR) at 2.3
microns.  This region was identified due to the lack of interfering
species, the intensity of reflected solar radiation and the sensitivity of
detectors at this range.  Additional sensitivity studies were carried
out over the methane absorption band around 3.3 µm to evaluate the
performance with different IR detectors.  Simulations typically
assumed quantities of 200ppm methane dispersed in a vertical
column of 10m viewed vertically through 1000m of atmosphere.
The relative merits of a variety of passive IR gas detection systems
operating at 2.3 microns have been assessed including various gas
correlation methods. Preliminary laboratory investigations using gas
correlation devices and Fourier Transform IR spectroscopy to detect
the target gas were performed.
Two prototype low cost gas correlation systems have been designed
and built for this application. A low cost version of a gas cell filter
wheel system and a rotating length modulated gas correlation
instrument have been produced. These two devices have been
tested with an Indium Antimonide (InSb) detector, for the 3.3µm
band, and an Indium Gallium Arsenide (InGaAs) detector for the 2.3
µm. In the final instrument, the detector will have a nadir view of the
landfill site, the linear array observing one spatial dimension and the
forwards motion of the plane producing the other. For each section
of landfill observed, the detector needs to view through two different
optical paths for comparison of the relative absorption, so a rotor
speed of approximately 50 Hz was required. Both systems are small
and compact for simplicity of use in a light aircraft.
The rotor wheel gas device consists of four cylindrical 30mm long
gas cells of 35mm diameter with calcium fluoride (CaF2) IR transmit-
ting windows, two containing the target gas (methane) and two
containing optically inert nitrogen. These cells are mounted sym-
metrically about and parallel to the axis of rotation of a rotor wheel.
As the wheel rotates, reflected solar radiation travels through the
target gas dispersed about the landfill site then through either one of
the target gas cells or the optically inert cell. A comparison of the
output from the detector as each cell passes, allows the concentra-
tion of target gas around the landfill site to be calculated.
The length modulated device uses blocks of CaF2 to replace the
cells of optically inert gas. It consists of a large cylindrical gas cell
containing a rotating plate of aluminium with two 50mm diameter
holes and two 20mm thick, 50mm diameter CaF2 windows mounted
symmetrically about the axis of rotation. This device is more stable,
easier to use and more reliable.  However, compensation for the
optical imbalance due to different thicknesses of CaF2 along the
optical path needs to be made.
The InSb detector output has been interfaced to a PC that performs
the data collection and analysis using Labview to calculate on line
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real time target gas concentrations.  In the laboratory, the absorption
by methane of simulated sunlight was tested using small gas cells
with concentrations of methane equivalent to that produced on landfill
sites.  A comparison of the merits and sensitivities of the two methods
and two detectors, both in laboratory and in field trials will be
presented.
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6189-27, Session 6
Micro/nanophotonic biosensor based on integrated Mach-
Zehnder interferometers for ultrasensitive DNA detections
J. Sánchez del Río, B. Sepúlveda, A. Calle, A. Llobera, C. Domínguez,
L. M. Lechuga, Ctr. Nacional de Microelectrónica (Spain)
Currently, there are social demands to develop biosensors capable to
detect very low concentrations of chemical and biochemical sub-
stances in a wide variety of fields as the molecular diagnosis,
proteomics and genomics, drug discovery or monitoring of environ-
mental toxins, among others. Such biosensors must show, in addition,
the following characteristics: very high sensitivity, quick response,
small size, portability and low cost
The advance of the integrated optics field has allowed the develop-
ment of compact sensing devices with high sensitivity, fast response
time and able to perform real-time measurements. Additional
advantages compared to the conventional optical sensing systems are
the possibility of miniaturization, robustness, reliability, potential for
mass production with consequent reduction of production costs, low
energy consumption and simplicity in the alignment of the individual
optical elements.
In order to achieve the features of high sensitivity and portability, we
present the development of CMOS compatible integrated Mach-
Zehnder interferometric (MZI) biosensors able to be integrated in a
“lab-on-a-chip” microsystem scheme.
In an integrated Mach-Zehnder interferometric device the light
traveling within a channel waveguide is divided in two arms, the
sensing arm and the reference arm by means of a Y-divisor. These
arms are recombined again, after a certain distance, producing the
interference of both beams. In the sensor arm there is a region, called
the sensor area, in which the evanescent field of the guided light can
interact with the environment. The local changes of refractive index
produced in the sensor area will induce a phase difference between
the light beams traveling in both arms, which will be traduced as a
change in the interference signal of the MZI device.
The biosensing application of the integrated MZI requires optical
waveguides with two main characteristics: high surface sensitivity and
monomode behavior. For such purpose we have fabricated
waveguides with a Si3N4 core layer, over a SiO2 cladding layer using
CMOS compatible standard processes. The thickness of the core
layer is 75 nm or 200 nm to obtain the higher surface sensitivity for the
TE or the TM polarizations, respectively. To achieve the lateral
confinement of the light, channels with a depth of 3 nm and a width of
3mm have been defined in the Si3N4 core layer.
The experimental characterization of the sensors in changes of
refractive index have shown an excellent agreement between the
theoretical calculations and the experimental phase shifts for the
different core thickness and both polarizations of the light.
The integrated MZI biosensors have been employed as DNA sensors.
The extremely high sensitivity of these biosensors has allowed the
direct detection of the covalent immobilization of the single stranded
DNA and the hybridization with its complementary sequence in real
time. A calibrating curve of the DNA hybridization has been measured,
showing a limit of detection as low as 10 pM.
Finally, the current and future steps toward the lab-on-a-chip
consecution will be discussed.

6189-28, Session 6
Diamond-like carbon films deposited onto optical fibres
and waveguides: application in chemical sensing
M. Smietana, J. Szmidt, Politechnika Warszawska (Poland); J.
Grabarczyk, Politechnika Lódzka (Poland)
[Introduction]

Diamond-like carbon (DLC) layers can find their applications as
protecting, passivating and antireflecting coats for many surfaces.
Excellent chemical inertness and biocompatibility of a diamond-like
film makes it a promising material for medical implants. Radio
Frequency Plasma Chemical Vapour Deposition (RF PCVD) method
gives an opportunity to deposit a DLC film onto various substrates
without damaging them significantly. Optical fibre and waveguide
chemical sensing has been a continuously growing field. There is
considerable progress in production of novel fibre optic configura-
tions during last decade. Because of increasing concern over
environmental pollution, demands for safe and accurate monitoring
in industrial processes and new trends in medical diagnostics and
preventive medicine, there are needs for having small, precise,
reliable and integrated sensing systems, able to measure various
environmental influences. The paper presents the DLC layer as a
sensing area for: Polymer Clad Silica (PCS) fibre optics and planar
optical waveguides achieved with an ion exchange method in a
soda-lime glass substrate. Constructed systems are very sensitive to
concentration changes of several chemical solutions (e.g. sodium
chloride, calcium chloride and ethylene glycol) due to changes of
refractive index of the solutions.
[Experimental details]
Two types of optical sensing elements were analysed: fibre optic and
planar optical waveguide sensing heads. The DLC film was depos-
ited onto uncoated silica glass fibre’s core. The planar optical system
was obtained with a popular ion-exchange method in a soda-lime
glass. Transmission of the elements were investigated and compared
to the transmission under influence of various solutions surrounding
the DLC area. For planar optical waveguide it was necessary to
couple semiconductor detecting photodiode directly to the glass
surface. Measurements were carried out with laser diode as a light
source at 660nm. Procedure was repeated for several structures with
different DLC films. The films were also characterised with
ellipsometry, Atomic Force Microscopy and Scanning Electron
Microscopy.
[Results]
The deposited with the RF PCVD method DLC film on a PCS optical
fibre and on an ion-exchanged glass planar optical waveguide is
solid. The films are 50-200nm thin. Generally, the obtained DLC films
are smooth and even. For very well-prepared glass surfaces we
obtained about 4nm roughness.
Propagation under the DLC film is possible and was observed. The
values of transmission change in dependence of humidity surround-
ing the system. As a result of drowning the fibre optic system in
water the transmission rises according to a rise in DLC film area with
about 2% per mm of the DLC length section. For comparison,
transmission changes for a similar fibre optic structure without DLC
cladding and 20-mm long uncoated section hardly reach 6% and for
DLC one are around 40%. Value of the transmission changes also in
depends on RF PCVD process parameters and a process course. In
range of refractive index 1.33-1.43 fibre optic system changes
transmission over 6% per 0.01 of refractive index. Planar optical
waveguide system is less sensitive probably because of inefficient
coupling of light source and detector. The highest values we
obtained were around 11% for refractive index of 1.33 and 19% for
1.43. Values of refractive index can be easy recalculated to concen-
tration of an applied chemical solution. The proposed systems give:
quick responses and a possibilities of continuous use. Because of
unique properties of diamond-like carbon films like a high hardness
and a resistance to chemical destruction, systems are also highly
durable.

6189-29, Session 6
Porous silicon based optical waveguide sensor for NH3
detection
A. Chaillou, J. Charrier, P. Pirasteh, M. Sarret, M. L. Haji, P. Joubert,
Univ. de Rennes I (France)
A planar optical waveguide has been manufactured by the
functionnalization of oxidized mesoporous silicon with Bromothymol
Blue (BTB) to achieve a sensitive ammonia sensor suitable for low
gas concentrations. A specific experimental setup for the in-situ
optical transmission measurements under controlled gas flow has
been developed. The propagated light intensity is measured at the
output of the functionnalized waveguide (FWG). Before the introduc-
tion of ammonia, the output signal at FWG exit is maximum (Vmax).
When it is exposed to the gas the signal decreases quickly to a
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constant value (Vmin). We have studied the variation of V/Vmax ratio
as a function of the gas exposure time for various NH3 concentra-
tions.
We have shown that the lower the concentration, the lower the
decreasing of the signal due to the low absorbance of the BTB at 633
nm wavelength. For the 1000 ppm, the signal falls down to zero due to
the total absorption of light inside the FWG. Chemical reactions
between NH3 and BTB occur even at a very low concentration
because entrapped  gas molecules inside the pores are very close to
BTB molecules fixed along the walls. The dependence of Vmin/Vmax
ratio on the NH3 concentration is reported.
The logarithm of absorbance is linear to the logarithm of gas concen-
tration (in ppm) introduced with a good correlation coefficient (0.975).
Experimentally, the following calibration relation of the sensor was
obtained: log(log (Vmax/Vmin)) = 0.42 log [NH3] - 1.23
We have shown that the FWG is not only able to detect but can also
measure NH3 molecule concentration.
The sensitivity at low concentrations and the short time of reaction of
the sensor are enhanced by a confinement effect of the gas molecules
inside the pores. The dependence of the output signal with gas
concentration has been demonstrated. When the ammonia flow is
stopped, the reversibility of the initial characteristics of the propagated
light is naturally obtained with the disappearance of the gas mol-
ecules.

6189-30, Session 6
Detection of nitro-aromatic compounds by optical gas
sensors based on sensitive or photoluminescent polymers
T. Lamarque, P. L. Le Barny, E. Obert, Thales Research & Technology
(France)
In a context of growing international terrorism, there is today an
increasing need for highly sensitive smart sensors able to detect and
identify clearly and rapidly hazardous substances and more particu-
larly explosives. In this domain, canine detection ability appears very
powerful (in the part-per-trillion range). However, in addition to be time
consuming, use of dogs for locating explosives has a limited reliability.
This is partly linked to the dog’s desire for getting reward anyway. As
commonly used high explosives have low vapor pressure, efficient
ultra trace explosive detection requires the development of highly
sensitive sensors which have in addition to allow speed and selectiv-
ity. Today, many different analytical methods for detecting trace
explosives in the luggage and on travellers have been proposed and
have been recently compared and discussed. Some devices are
already commercially available. They are mainly based on the use of
ion mobility spectrometry (IMS) technology, surface acoustic wave
(SAW) sensor with chemo-selective polymers as sensitive layers or in
conjunction with a gas chromatograph, and finally fluorescence
quenching of * conjugated fluorescent polymer. We present the results
of detecting nitro-aromatic compounds with optical gas sensors
based on a sensitive polymer layer. Classical chemical sensors are
based on the association of a sensitive material and of a transducer
which converts the variation of a physical property into an electrical or
optical signal.
In the first part of this paper, we use a specially developed sensitive
polymer (PLG) which belongs to the polysiloxane family. Thin layers of
this polymer are deposited onto the surface of the optical transducers.
Results will be presented on the response of diffraction-based optical
transducers such as gratings and also on interferometric transducers
and especially integrated Mach-Zehnder (MZ) interferometers. In the
first case, a relief grating is coated with the sensitive polymer. A small
variation of the refractive index of this layer, due to the presence of
pollutant, induces a variation of the intensity of the diffracted orders
which can be measured. In the second case, one arm of the inte-
grated MZ interferometers is coated with the polymer. The variation of
the refractive index of the polymer causes a phase shift in the
measuring arm which can be measured by the modification of the
output intensity. Results on the detection of nitro-aromatic com-
pounds using a PLG sensitive layer on both sensors are presented
and are also compared to the response of a SAW-based sensor
coated with the same polymer.
Efficient sensors in current use for detection of nitroaromatic com-
pounds are generally bulky and expensive and are not yet miniatur-
ized. Among all the transduction methods implemented so far,
fluorescence quenching seems very promising, DETEX project
focused on this approach. In the second part of this paper, synthesis,
spectroscopy and fluorescence quenching behaviour of a N-(2,5-

ditertio-butylphenyl)-1,8-naphthalimide functionalised polystyrene
(PST-NI) are reported. PST-NI was synthesized by free radical
polymerisation of the corresponding monomer. The molecular weight
(Mn) is 43 000 g.mol-1. Introduction of a bulky moiety on the
naphthalimide chromophores avoids P-stacking of the polymer side
chains as well as excimer formation and hence leads to very high
fluorescence quantum yields in thin solid films (up to 60%). We
observed similar spectroscopic properties of thin films and solutions
which are consistent with the absence of interactions between
polymer side chains. The absorption and fluorescence spectra of
PST-NI studied in various solvents of different polarity will be
compared to the corresponding spectra of a low molecular weight
model compound (NI). The longest wavelength absorption of PST-NI
and NI is characterized by a band with a maximum wavelength
around 410 nm. The peak position is sensitive to the polarity of the
solvent, which is in agreement with the charge transfer character of
the transition. The fluorescence spectrum of PST-NI shows a
maximum emission in chloroform at 515 nm and is red shifted
compared to those of NI. Fluorescence lifetimes of PST-NI are
measured both in the presence and absence of 2,4-dinitrotoluene
(DNT) and the results are interpreted via the Stern-Volmer analysis.
Upon 1 minute exposure to DNT vapour, it was shown that a 5.5 nm
thick film of PST-NI exhibits a 45% drop in its fluorescence intensity,
which makes this polymer very attractive for sensing applications.

6189-31, Session 7
Future UV detectors for space applications
M. P. Ulmer, Northwestern Univ. (USA)
We review the basic concepts of UV detectors and discuss why
astronomers and planetary geologists place requirements of the
detectors to be  both UV sensitive and yet visible blind.  This
requirement means that although CCDs can be quite efficient in the
UV (approximately 40%), when filters are applied to knock out the
necessary visible contribution, the effective CCD sensitivity is greatly
reduced (to about 10%).  We will describe some of the futuristic
space applications of these futuristic detectors.

6189-32, Session 7
Photoacoustic CO2 Detection at 2.7 µm
M. Wolff, Hamburg Univ. of Applied Sciences (Germany); H. G.
Groninga, PAS-Tech GmbH (Germany); H. H. Harde, Helmut-
Schmidt Univ. (Germany)
The development of new radiation source technologies has a major
impact on the progression of optical trace gas detection. Especially
diode lasers have proven to be extraordinarily suitable devices for
spectroscopic sensors. Particularly advantageous is their small size
as well as their low acquisition cost. Furthermore, diode lasers can
be directly modulated via their injection current, enabling two
different modulation techniques. For an amplitude modulation, the
altering current results in a power oscillation. Since the laser
wavelength can be tuned via its current, smaller modulation depths
result in a wavelength modulation.
Continuous-wave (cw) single-frequency diode lasers, like Distributed
Feedback (DFB) lasers, are particularly suitable for spectroscopy
because they avoid any cross-sensitivity and enable very selective
gas detection. DFB devices were originally developed for the
telecommunication industry and can conveniently be operated at
room-temperature. Meanwhile, available emission wavelengths cover
the entire NIR spectral range (800 nm -2500 nm). Most recently,
lasers operating in the MIR were introduced. This wavelength range
is extraordinarily important for trace gas detection since many
molecules have their strong fundamental vibrational absorption
bands in this region, enabling extremely high detection limits. These
devices will close the gap to Quantum Cascade Lasers (QCL), which
can currently be manufactured with emission wavelengths starting at
4.2 µm.
We will report the unique performance characteristics of a tailor-
made room-temperature cw DFB-diode laser operating at 2.7 µm,
currently representing the laser with the highest emission wavelength
of its kind. The new device was designed to enable extremely
sensitive isotope-selective detection of Carbon Dioxide (CO2) for
industrial and medical applications.
We will also present first spectroscopic measurements in this special
spectral region. The applied Photoacoustic Spectroscopy (PAS)
makes use of the transformation of absorbed modulated radiation
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into a sound wave and represents an offset-free technique. Taking
advantage of acoustical resonances of the sample cell, we per-
formed extremely sensitive and selective measurements on CO2.

6189-33, Session 7
Development and characterization of fiber optic
hydrophone coils for the detection of ultrasonic signals
within power transformers
C. Macia-Sanahuja, H. Lamela, Univ. Carlos III de Madrid (Spain)
In this work we present the development and characterization of
highly-sensitive fibre optic coil hydrophone for the detection of
ultrasonic signals. Hydrophones based on the use of optical fibres
are shown to be an attractive improvement when compared to
conventional electronic hydrophones. They have many inherent
advantages which facilitate their use in a wide range of sensing
applications[1, 2]. They have become the best option for greatly
increasing the sensitivity to acoustic signals and many other
measurands, this is mainly due to the fact that the sensor can be
placed within industrial equipment under study, and the sensitivity
can be enhanced by increasing the fibre length. Furthermore, fibre
optic hydrophone coils are ideal for the application proposed in this
work, the detection of ultrasonic signals within power transform-
ers[3]. The study of ultrasonic acoustic waves in power transformers,
due to Partial Discharges (PD), is a good test of its degradation
status. Where the waves emitted, typically ranging from 20kHz-
300kHz[4], propagate through the dielectric material, which is
composed of mineral oil. These waves are also incident on the walls
of the transformer.
In general, interferometric configurations are used because they have
high levels of sensitivity. Many proposals of fibre optic hydrophones
for ultrasonic signal detection and location are based on Mach-
Zehnder or Michelson interferometers with a coiled optical fibre that
is used as an intrinsic sensor of the acoustic waves[3, 5, 6]. Typical
fibre hydrophone designed coils detect pressures of kPa and
ultrasonic signals in a broadband spectrum up to MHz. Jarzynski et
al [7] presents a complete study of fibre optic coil hydrophones in a
frequency range up to 50kHz which includes different fibre types,
where the sensitivity is strongly dependent on material parameters of
the fibre. Moreover Zhiqiang et al[8] have reported the theoretical
and experimental study of the directionality to ultrasonic waves of a
multilayer fibre coil. The fibre coil has complicated directionality
patterns, a good acoustic response and an acceptable directionality
in the frequency range of our interest[4]. Ref [5] shows a flat
response from 5-20 kHz with average pressure sensitivity better than
that obtained from a commercial PZT hydrophone. Furthermore, in
Ref [6] a first design of the fibre sensor is carried out for the
detection of PD being able to detect them in small artificial voids in
an oil-bath.
It has been proved that the sensitivity is enhanced when the fibre is
wound into a suitable membrane, but problems due to resonance
occur. Lagakos et al [9] have used a polyurethane material, URALITE
3140, which improves resonance effects, and has a high sensitivity
of up to 10kHz. An improvement is presented by Wen[10] et al,
where the fibre probe is held to a thin polyethylene membrane. Also
Ref [10] proposes the use of a conical reflector so acoustic waves
impact with a certain incident angle. Measurements of acoustic
waves based on the Sagnac effect are presented by Fomitchov et al
[11]. With a suitable fibre length it is possible to obtain interference
only in the Sagnac loop where the output is proportional to the
amplitude of the acoustic waves, and a phase delay due to the
excitation source[11]. As a result the Sagnac interferometer has an
improved response when compared to the Mach-Zehnder or
Michelson configurations[12]. Ref [13] have also arranged an array of
parallel optical fibers which are exposed to sound pressure waves,
this configuration achieves a spectral filter which is dependent on the
separation between the fibers. These interferometric configurations,
developed by Fomitchov et al, have been used for Non Destructive
Testing (NDT) in materials.
Previously gained experience in intrinsic interferometric sensing for
transformers applications has led to the design and construction of
fibre optic hydrophone coils [14]. In this work we develop and
characterize several fibre optic hydrophone coils using a Mach-
Zehnder interferometer. A detailed study is carried out on the ideal
shape of the hydrophone fibre probe, for parameters such as
sensitivity and frequency range. A detailed analysis of the diffraction
of acoustic waves, when the acoustic wavelength is comparable in

size to the sensor head, must be carried out in order to understand
the associated bandwidth of the device. To reduce the effects of
acoustic wave diffraction a quasi-punctual probe is developed as
part of this work. These hydrophone probes have been formed with
several layers of fiber, where the limitations imposed on the
bandwidth are due to the cross sectional area [6, 7]. To achieve this
we investigate the influence of several design parameters of the fibre
coils such as: fibre length, incidence angle, multilayer effect, signal
attenuation, frequency response. To do this we have used a
calibrated ultrasonic generator system, where the output of the
sensor is based on a multi-fringe interferometric configuration.
This work seeks to obtain the maximum bandwidth possible when
using mandrel fibre coils of smaller-dimensions. First, a comparative
analysis will be carried out on the sensitivity of a commercial PZT,
centred at 150kHz, to the sensitivity of the fibre optic system under
the same test conditions. Secondly, the fibre sensor coil will be
developed for frequencies of up to 1MHz, where the ultrasonic
signals produced may not be associated with PD’s.
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6189-34, Session 7
Seebeck infrared photodetectors: an ultrawide dynamic
range of design possibilities
J. H. Stiens, Vrije Univ. Brussel (Belgium); G. N. Shkerdin, V. M.
Kotov, Institute of Radio-engineering and Electronics (Russia); W.
Vandermeiren, C. De Tandt, Vrije Univ. Brussel (Belgium); G. Borghs,
IMEC (Belgium); R. A. Vounckx, Vrije Univ. Brussel (Belgium)
Background:
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Conceiving detectors and/or cameras, which can monitor the beam
characteristics of infrared laser beams (e.g. CO2 laser beams), is an
important issue in many applications. Beam monitoring is needed for
pulsed laser applications, i.e. with a pulse width ranging from
picoseconds to milliseconds, as well as for continuous wave (CW)
applications. Beam diagnostics prevent laser based industrial
processes of going unexpectedly down for some while. In general
the laser beam quality deteriorates in time due to laser-induced
damage of optical components in the setup or due to thermally
induced misalignments in the set-up. In this paper we discuss the
high potential of the detection mechanism based on the Seebeck
voltage [1] generated by free carrier absorption in doped semicon-
ductors.
Detection mechanism:
Light absorption by free electrons leads to the creation of electron
temperatures gradients and hence to the generation of the Seebeck
voltage in conducting materials. This effect is very fast (relaxation
times of an optically heated electron gas in III-V semiconductors is
about several picoseconds) and suitable to detect short and
powerful optical pulses. When the laser pulse is very short, one can
assume that only the electron temperature is influenced by the
incident laser beam. On the other hand, when the pulse width of the
incident laser beam is sufficiently long, the electron gas and lattice
are in thermal equilibrium. The responsivity of the lattice heating
mechanism, although relatively slow, can be about 1000 times larger
in this case.
Theoretical model:
The operation mechanism of the detector has been modeled in the
following way: the optical propagation of a Gaussian laser beam
inside a multi-layer structure is calculated. Depending on the optical
power of the laser beam, the doping concentration of the semicon-
ductor will be adapted. As we are interested in a very wide range of
optical power levels, we implemented a very general model for the
absorption coefficient [2, 3]. In the absorbing part(s) of the multi-layer
structure the complex refractive index including the absorption
coefficient is calculated on the basis of a multi-valley (Gamma,X,L)
non-parabolic and anisotropic conduction band model. For short
intense laser pulses even the nonlinear absorption coefficient will be
calculated. Electron gas heating leads to the change of both the
electron and lattice temperatures. The stationary and non-stationary
heat conductivity equations for the lattice and electron temperature
have been modeled. Once the time dependent spatial electron
temperature profile is known, the Seebeck voltage can be derived.
The calculation of the Seebeck coefficient is also based on a multi-
valley conduction band model, in order to be as generally applicable
as possible.
Due to the symmetry properties of Gaussian laser beams, the heat
equations are transformed into a cylindrical coordinate system. To
calculate the electron temperature, one has to solve the stationary
energy balance equation together with the heat conduction equa-
tions and applying suitable boundary conditions. These coupled
equations have been solved analytically in the low optical power
regime by making use of the Hankel and Fourier transforms. Once
the temperature distribution (time and spatial dependence) are
known, the detector voltage   between a reference electrode and a
electrode inside the laser beam can be calculated:
Various Design and experimental results:
The model will be applied to a wide dynamic range of input variables
of the laser beam, pixel geometries and thermal boundary condi-
tions. This allowed us deriving a whole set of design rules for the
different operation windows (intensity, power, energy, energy
density) of this type of detector.  In the case of multi-pixel applica-
tions we will also discuss the issue of the cross-talk. Various
solutions will be presented for reducing the cross-talk, for limiting the
maximum temperature rise,etc... By adapting the design parameters
of the detector, we are able to monitor the temporal evolution of ultra
short pulses (from ps to ns level) with beam intensities reaching even
GW.cm-2, we are able to measure large CW multi-kW laser beams
by means of a beam sampling principle.  Experimental backing for
different designs will be presented. Finally we will show under which
conditions the spatial and temporal profile of the incident laser beam
can be retrieved from the measured voltage profile without solving a
hard inverse problem.
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6189-35, Session 7
Miniaturized InSb photovoltaic infrared sensor operating
at room temperature
E. G. Camargo, N. Kuze, K. Ueno, Y. Kawakami, Y. Moriyasu, K.
Nagase, M. Satou, H. Endo, K. Ishibashi, M. Ozaki, Asahi Kasei
Corp. (Japan)
1. Introduction
A novel InSb photovoltaic infrared sensor (InSb PVS) for room
temperature operation is reported.
For detection of small infrared irradiation, like that from human body,
pyroelectric sensors are generally used due to its high sensitivity at
room temperature. However, they require the use of metallic
packages to insulate the sensitive element from electromagnetic
noise and temperature variation. Pyroelectric sensors are not able to
detect stationary human body, because the voltage generated in the
pyroelectric element disappears when no thermal variation occurs.
Moreover they require the use of metallic packages, to insulate the
sensing element from thermal fluctuations, making difficult its
miniaturization. Near room temperature operated InAsSb photodiode
detectors have also been reported [1], but its responsivity (Rv) is
known to be limited by Auger recombination process, which difficult
the amplification of its photo-generated signals by conventional
amplifiers. To overcome the limitation imposed by the parasitic
resistances and amplifier noise, series connection of a number of
small area photovoltaic detectors have been reported [2]. In the
fabricated InSb PVS we overcame the Rv limitation with the series
connection of 700 micron-sized photodiodes, which improved the S/
N ratio of the photo-generated signal, allowing amplification by
standard CMOS circuitry. To allow short connections to the pre-
amplifier, making the system immune from electromagnetic noise,
the InSb PVS was flip-chip bonded on an integrated circuit chip
including a chopper amplifier and a comparator.
The reverse bias operation mode was not suitable because voltage
noise increased linearly with the reverse current. The photovoltaic
mode operation was the most appropriated, with a white noise of
0.18 µVrms/Hz1/2, equivalent to the zero-bias resistance thermal
noise. Spectral photoresponse measurement was also performed,
which showed us a cut-off frequency of 6.1  µm. Moreover, since the
InSb PDS produces satisfactory output signals at room temperature,
no cooling system neither thermal insulation is required, allowing its
miniaturized packing.
The InSb PVS was finally molded together to the amplifier with
plastic, resulting on a miniaturized package, with external sizes of 5
mm x 5 mm x 0.8 mm, which to our knowledge is the smallest stand-
alone uncooled sensor for the middle-infrared range reported until
now.
2. Design and Fabrication
The structure of the InSb photodiode was grown on a semi-insulating
GaAs (100) substrate by a Riber MBE-49 system and consists of an
epitaxial growth of a 1 µm thick n+-InSb layer, followed by a 1 µm
thick p—InSb absorber layer. To reduce diffusion of photo-excited
electrons, a 20nm thick p+-Al0.17In0.83Sb barrier layer was grown
on the p—layer [3]. Finally, a 0.5 µm p+-InSb was grown as a top
contact layer. The n-type and p-type dopants were Sn and Zn,
respectively, and their concentrations 7x1018 cm-3 for the n+ layer,
6x1016 cm-3 for the p- layer and 2x1018 cm-3 for the p+ layer.
The structure was wet etched and p+-p—n+ individual photodiodes
formed. Afterwards, Ti/Au metallic contacts and interconnections
were formed by evaporation and lift-off process. No barriers were
observed in the n+-layer/Ti/Au and p+-/Ti/Au interfaces. To improve
S/N ratio 700 photodiodes were patterned on a  600x600  µm2 chip
and connected in series. Since semi-insulating GaAs was used,
negligible resistances were obtained between n+ regions of
individual photodiodes. Moreover, the InSb PVS chip was flip-chip
bonded on a Si-CMOS integrated circuit consisting of a chopper
amplifier and a comparator. The flip-chip bonding allowed the
shortest connection between the InSb PVS and the pre-amplifier,
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making the system immune from electromagnetic noise. Finally, the
system was encapsulated by a Quad Flat Non-leaded (QFN) package
with a window on the top surface, which exposes the backside of the
GaAs chip to the infrared light incidence.
3. Experimental Results
I-V measurement of a single photodiode with barrier layer was
performed at room temperature and very good rectifying characteris-
tic was obtained, showing us the importance of the barrier layer. We
compared the results with the I-V curve of an InSb photodiode
without barrier layer, which had low reverse current at 100K, but was
almost ohmic, with high reverse current at room temperature.
Samples were designed to be back illuminated from the GaAs
substrate, and  using a 500K calibrated blackbody equipped with
chopper, we obtained a detectivity (D*) of 2.8x108 cmHz1/2/W and
Rv of 1900V/W at room temperature for a 100 µm2 junction area
photodiode. Output voltage was independent on junction area, but
increased linearly with the number (N) of connected photodiodes.
The non-biased voltage noise was found to be white and around
0.18 µVrms/Hz1/2, which was equivalent to the thermal noise caused
by the zero-bias resistance. Since the sensor total resistance is
proportional to N, noise increases with a factor of N1/2. As a result,
S/N ratio was improved by a factor of N1/2. At biased mode
operation, a 1/f like noise appeared limiting the sensor detectivity at
low frequencies. The voltage noise around 1Hz increased linearly
with the reverse bias current.
Spectral response was measured using a calibrated spectrometer
equipped with ceramic heater as light source, and lock-in amplifier.
The InSb PVS has a high detectivity from wavelengths ranging from
2 µm to 6.1 µm, allowing the sensing of human body irradiation.
Moreover, no thermal fluctuations on the output voltage were
observed, showing the improved performance of the system, even
without the use of hollow or gas-filled packages.
We compared the Rv of the InSb PVS with a conventional pyroelec-
tric sensor. The voltage generated in the pyroelectric element
disappears when no thermal variation occurs. For this reason, it is
not able to output a DC voltage when detecting a stationary human
body. Moreover, since its output depends on the temperature
variation of the pyroelectric element after IR absorption, its
responsivity is lowered at high chopping frequencies. The Rv of InSb
PVS was independent on chopping frequency, being almost the
same as that of pyroelectric sensor around the frequency of 1Hz and
kept constant for signals ranging from DC to 500Hz, which confirms
its DC and high-speed operation.
4. Summary
We report the first miniaturized photovoltaic InSb photodiode sensor
operating at room temperature. The InSb PVS has a high
responsivity of 1,900 V/W and a detectivity of 2.8x108 cmHz1/2/W at
300 K. It was packed with plastic molding and the external size is
very small such as 5mm x 5mm x 0.8mm.
The fabricated InSb PVS has spectral response for wavelengths
ranging from 2 µm to 6.1 µm, being able to detect the infrared
irradiation from human body and, due to its easy manufacturability
and millimetric dimensions, it is a promising device for various
applications such as in cellular phones, personal computers and
other mobile devices.
[1] J. Kim, S. Kim, D. Wu, J. Wojkowski, J. Xu, J. Piotrowski, E.
Bigan, and M. Razeghi, Appl. Phys. Lett. 67, 2645 (1995).
[2] J. Piotrowski and M. Razeghi, Proc. SPIE 2397, 180 (1995).
[3] T. Ashley, A. B. Dean, C. T. Elliott, C. F. McConville, G. J. Pryce,
and C. R. Whitehouse, Appl. Phys. Lett. 59, 1761 (1991).

6189-36, Session 7
Diamond deep-UV position sensitive detectors
G. Conte, G. Mazzeo, G. Prestopino, S. Salvatori, Univ. degli Studi di
Roma Tre (Italy)
The interest for high performance UV sensors for operation in the
deep UV region of the spectrum is growing more and more interest-
ing. This arises from the increasing industrial use of intense laser
sources in areas that include micro-machining and ULSI photolithog-
raphy, demanding high radiation hardness and long lifetime that
conventional semiconductors can’t offer. Owing to the high cohesive
energy, diamond deposited by chemical vapor deposition (CVD)
techniques appears as the elective material for such kind of
application although long irradiation at fluxes of a few mJ/cm2 have

shown degradation in the film quality. Notwithstanding this evidence,
polycrystalline diamond UV sensors are under development with the
aim of improving their performance [1,2].
High quality, 1 cm2 large and 0.8 mm thick, polycrystalline diamond
deposited by a microwave CVD process has been used in this work.
Chromium strips, 6 mm long, have been realised by physical vapour
deposition together with coplanar Silver contacts on the diamond
surface, chemical mechanical polished to reduce the surface
roughness to 2-8 nm. Fine line photolithography has been then used
to define Chromium structures with resistance values in the kW
range. A Neweks PSX100 ArF laser (4.5 mJ per pulse, FWHM=3 ns,
10-100 Hz, spot size 2x3 mm2) has been used to shine light on the
realized devices and to test their performance in respect to the beam
point stability and intensity variations for photon fluxes between 0.2
and 2.0 mJ/cm2. The photocurrent signal has been recorded as the
voltage across the 50W input impedance of a Le Croy Wavepro 960
digital sampling oscilloscope.
The simple structure implemented has been based on a voltage
division scheme. One of the contacts is a large area metal deposit
that can be considered equipotential, whereas the second one is
instead connected with two different voltages at its terminations: one
is connected to the biasing voltage, whereas the other end is
anchored to ground. It is clear that to limit the current flow through
this contact it has to be realized as a thin metallic layer in order to
improve its resistance. The detector has been mounted on a
computer controlled micrometric translation stage to evaluate the
device response. The output of the device is buffered by a fast
operational amplifier and then measured by the fast digitizing
oscilloscope driven by an UV enhanced Si photodiode to trigger the
signal’s peak maximum. The UV source allows to set the pulse
repetition rate in the range 10-100 Hz. During the course of this work
the pulse repetition rate has been found to have no influence on
device output, and it has been always kept fixed at 10 Hz. The 50 W
resistor at the exit of the amplifier, in series with the cable, is used to
adapt the source to the cable, but with the secondary effect to
reduce by a factor 2 the output signal.
A complete characterization of this 1D position sensitive device has
been performed in terms of: beam intensity over four orders of
magnitude obtained by defocusing the laser beam with a lens and by
using a quartz-aluminum splitter; beam width; resistive element
value, long time stability, etc. Moreover, a finite element model has
been implemented to take into account some parasitic resistive
effects due to the particular structure developed. The lateral
sensitivity has been observed to be limited by the polycrystalline
nature of the specimen used. A rough estimation of repeatability of
position measurements suggest a possible device equivalent
resolution of approximately 7 bit. Stability has been demonstrated
over 105 pulse with a signal amplitude variation lover then 0.7%
when the beam intensity varies more then 6%. This results address a
very high insensitivity to the beam’s intensity variations. A bimolecu-
lar photoconductivity recombination regime has demonstrated to be
active, with evidence of carrier-carrier scattering at higher beam
intensities, confirming the very high quality of the polycrystalline
diamond sample used.
[1] G. Mazzeo, G. Prestopino, G. Conte, S. Salvatori, “Metal-
Diamond-Metal planar structures for off-angle UV beam positioning
with high lateral resolution”, Sensors and Actuators A123 (2005) 199.
[2] S. Salvatori, G. Mazzeo, G. Conte, “Voltage Division Position
Sensitive Detectors based on Photoconductive Materials”, IEEE
Sensors Journal, in press.

6189-37, Session 8
Three generations of the airborne imaging spectrometer
AVIS: expectations, applications, results
N. M. Oppelt, R. Efinger, W. Mauser, Ludwig-Maximilians-Univ.
München (Germany)
Until recently imaging spectroscopy was an expensive tool due to
the limitations to airborne systems. Airborne imaging spectrometer
systems such as casi, DAIS, ROSIS or HyMap were cost-intensive
for the user and the availability for multitemporal applications was
low. In 1997 these drawbacks led to the idea of a low-cost imaging
spectrometer to overcome the difficulties of the existing systems and
provide data for institute-own environmental research purposes.
The first year was spent on concept design, the identification of
suitable components and their assembly. The main research topic
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was the monitoring of plant biophysical parameters to provide input
and validation data for hydrological modeling. The resulting first
generation of AVIS (Airborne Visible/near-Infrared imaging Spectrom-
eter) was completed at the Institute of Geography of the University of
Munich in winter 1997/1998 and partly funded by the German
Research Foundation DFG. The specifications of the AVIS-1  were
determined both by the availability of components and their price
resulting in a CCD-based system operating in the visible (VIS) and
near infrared (NIR) spectral domain. The platform was a Do-27
aircraft of the Bavarian armed forces; a differential Global Positioning
System (dGPS) was used for navigation.
AVIS-1 was operated during the vegetation periods of 1999 and
2000 to monitor chlorophyll and nitrogen content of maize (Zea mays
L.) and wheat (Triticum aestivum L.) canopies. The results of the
1999/2000 campaigns were ambiguous: the limitation of AVIS-1
emerged clearly, which was the low sensitivity of the camera in the
NIR, while the results of monitoring biophysical parameters were
promising. These achievements as well as the launch of new
components, especially in the NIR, resulted in the enhancement of
AVIS to create AVIS-2.
The most crucial element was the lack of affordable NIR-enhanced
CCD-cameras at that time. Therefore the improvement most
important for AVIS-2 was to provide a wider spectral range towards
the shorter wavelengths with a camera providing best-possible
performance in the NIR. A new NIR-enhanced CCD-camera
(Vosskühler 1300) turned out to be the best solution. This camera
provided high SNR from the VIS (400 nm) into the NIR (900 nm). An
inertial navigation system (IMU) was integrated into the system in
addition to the dGPS providing more accurate data for geometric
processing of the data (table 1). The results of AVIS-2 showed such
an improvement that AVIS-2 could be used commercially in a spin-
off company (gtco) of the University of Munich. The application of
AVIS-2 at the gtco widened the operational area into applications
such as precision farming, habitat mapping and environmental
monitoring. AVIS-2 is also part of the AQUIFEREX campaign which is
funded by ESA and will be take place in November 2005.
The focus in research turned towards the bidirectional reflectance
(brdf) of vegetation surfaces. The bidirectional reflectance provides
information about structural properties of canopies. To provide data
for brdf research, AVIS-2 was enhanced with an along-track pointing
facility in 2002. This pointing enables the monitoring of selected
areas from up to 7 different angles between 55° forward and
backward of the nadir view. These specifications are comparable to
those of the satellite-born sensor CHRIS (Compact High Resolution
Imaging Spectrometer) of the platform PROBA (PRoject for On Board
Autonomy). CHRIS has been in orbit since 2001 and the sensor is
used in addition to AVIS-2 for brdf research at the University of
Munich which is funded by the DFG.
The AVIS-2 chassis was altered in 2005 in such a manner that the
system now fits in a Do-27 and Do-28 aircraft as well as in a
microlight which offers a much wider availability.
The third generation of AVIS is currently under construction. The
most interesting new component is an additional imaging spectrom-
eter consisting of a spectrograph (Imspector N17B) and a camera
(Specim N17E) sensitive in the mid infrared region (MIR) up to 1700
nm. This enhancement was part of a project funded by the centre for
environmental research Leipzig-Halle (UFZ). The enhancement in the
MIR provides advanced opportunities in vegetation and soil
monitoring (for example monitoring of water absorption at 1120 and
1450 nm respectively). The system will be ready to be used in 2006.

6189-38, Session 8
Implementation of a high-speed imaging polarimeter
using a liquid crystal ferroelectric modulator
A. Jaulin, L. Bigué, P. Ambs, Univ. de Haute Alsace (France)
Imaging polarimetric characteristics of objects are more and more
used when studying complex scenes [1]. This polarimetric study can
be considered in various ways. In some cases, only the depolariza-
tion phenomenon, rather due to diffusion, proves of interest. For a
linearly polarized beam under normal incidence, when the materials
in the scene do not exhibit birefringence, estimating the degree of
polarization (DOP) consists in calculating the degree of linear
polarization which only requires an intensity measurement in two
crossed directions. The corresponding optical set-up consists in
using a linearly polarized light source as a polarization state
generator and a rotating polarizer as a polarization state analyzer.

The major drawback of this setup lies in its very limited frame rate. A
possible improvement consists in simultaneously implementing two
analysis arms or in replacing the rotating polarizer with a nematic
liquid crystal polarization rotator [2]. This latter solution has been
successfully tested, either with nematic or twisted nematic liquid
crystals, but it remains limited as far as frame rate is concerned
because of the technology of the liquid crystal spatial light modulator
they use.
In this paper, we propose to use a ferroelectric liquid crystal
modulator in an imaging polarimeter. This technology is a priori much
more powerful since the ferroelectric liquid crystal has a response
time lower than fifty microseconds. The modulator we use is
manufactured by Boulder Nonlinear Systems, Inc. It works in
reflection mode, has a 512x512 resolution and allows a tunable
rotation of the polarization direction up to 90° at 633 nm : it behaves
as a half wave plate. Its electronic driver allows using it from 0.1 Hz
to 1015 Hz. We already reported in previous papers the use and
characterization of this modulator and its use has been validated in
the field of diffractive optics [3].
In this paper, we demonstrate the use of this modulator as a
polarization state analyzer for frame rates up to 406 Hz. We show
that the polarimeter, provided it uses a rapid camera, allows to get
rid of the classical 25 Hz frame rate. We compare our implementa-
tions with the classic one which uses a rotating polarizer. We first
propose a set-up using a rapid CCD camera (up to 233 Hz). Images
of degree of polarization are of very high-quality and hold their own
against images obtained with a rotating polarizer. Then, in this
configuration, our imaging polarimeter works roughly ten times faster
than the faster imaging polarimeter ever proposed. With a faster but
less sensitive CMOS camera, we obtain DOP images whose quality
is lower, but a frame rate up to 412 Hz is possible. The camera
appears to be the limiting element of this set-up, since we verified
that the SLM can work properly at least at 600 Hz. In any case, we
demonstrate that using a ferroelectric SLM allows to get high-quality
polarimetric images at a frame rate ten times greater than the
classical video rate.
1. B. J. Deboo, J. M. Sasian and R. A Chipman, “Depolarization of
diffusely man-made objects”, Applied Optics 44 (36), 5434-5445
(2005).
2. L. B. Wolff, T. A. Mancini, P. Pouliquen and A. G. Andreou, “Liquid
crystal polarization camera”, IEEE Transactions on Robotics and
Automation 13 (2), 195-203 (1997).
3. P. Ambs, L. Bigué and E. Hueber, “Implementation of diffractive
optical elements onto liquid crystal devices”, Liquid Crystals VIII,
Denver, I.-C. Khoo ed., SPIE Vol. 5518, pp. 92-103, 2004.

6189-39, Session 8
Chromatic spectral interferometry with phase retrieval E.
Papastathopoulos, K. Koerner, W. Osten, Univ. Stuttgart
(Germany)
In the context of  modern optical metrology, spectrally resolved
detection schemes have been a subject of intense research in order
to develop a system for measuring 3D-topologies on a microscopic
scale without the necessity of a mechanical axial-scan. The well-
established analytic methods of Confocal Microscopy (CM) and
White-Light-Interferometry (WLI) are based on sequential recording
of the depth information, typically realized by mechanically scanning
the distance between the investigated object and the microscope’s
objective. Nevertheless, the mechanical scan can be avoided by use
of the so-called Focus-Wavelength-Encoding. Here, a dispersive
element is combined with the objective lens of the microscope, to
induce a variation of the focal position, depending on the illumination
wavelength (Chromatic Splitting). Finally, the light reflected from the
sample is spectrally-analyzed to deliver the depth information. The
concept of Focus-Wavelength-Encoding has been implemented by a
number of groups both in confocal as well as interferometric
sensors. In all these schemes the detection is based on finding the
central-wavelength where the modulation of the spectral-signal is
maximum (maximum contrast detection). Then, by means of a
reference measurement an axial-position is assigned to this
wavelength. With the method of Spectral-Interferometry (SI), this
wavelength-position referencing is however not necessary. In SI
optical-interference is observed in the spectral domain (Mueller/
Tolansky- Fringes) and the position of the sample is given by the
periodicity of the modulation phi(k)/dk, where phi(k) is the spectral-
phase of the interference pattern. Such Phase-retrieval strategies
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deliver superb axial-resolutions in the vicinity of a few nanometers. In
the past years, several approaches to SI (without Chromatic
Splitting) have been reported, involving either the scan of the
illumination wavelength and detection with a CCD-camera (for
surface measurents) or illumination with a white-light source and
detection with a spectrometer. The latter is mostly used for point-
sensors and profilometers. A disadvantage of SI is that the axial-
range of the detection is limited by the depth-of-field at the focus of
the microscope’s objective, which is mostly problematic in applica-
tions where high lateral resolution or high light collection efficiency
are required, since the detection is performed with a high-NA and the
axial-range of the detection is limited to a few micrometers. In the
present communication, we report on a Spectral-Interferometric
point-sensor utilizing the Focus-Wavelength-Encoding for measuring
the position of a reflecting object. The chromatically dispersed
detection field allows for decoupling the axial range of the sensor
from the depth-of-field at the focus. When the object lies within the
dispersed spectrum a sharply focused spectral component induces
a high-contrast interference pattern, observed in the spectral
domain. In a proof-of-principle experiment an axial-range of 30um
could be measured in a “single-shot” (non-scanning) manner utilizing
a microscope objective of 0.8NA. The position of the reflecting
object could be retrieved by analyzing the spectral phase of the
emerging interference wavelets without the necessity of a position-
referencing. Moreover, the ambiguity encountered in SI involving the
sign of the retrieved position is here lifted due to symmetry-brake by
the Chromatic-Splitting.

6189-42, Session 9
Measuring system for radiation pulses from gas-puff
plasma-laser source
J. Mikolajczyk, Z. Bielecki, R. Rakowski, J. Wojtas, Wojskowa
Akademia Techniczna (Poland)
The paper presents a measuring system of extreme ultraviolet
radiation pulses
(13.5 nm). The system is used for monitoring a gas-puff plasma-laser
constructed at the Institute of Optoelectronics. The radiation source
and the system are used in metrology of EUV optics. The system
consists of a detection head and a system of optical filters, which are
housing in a special construction. Additional element of the measur-
ing system is a special processing unit.
The detection head transforms an optical signal into electrical one.
The main part of the head is an absolute calibration photodiode of
series AXUV100 produced by International Radiation Detectors Inc.
Also methods of measurement and calculation of radiation energy
based on photodiode detection systems are characterized.  The
paper describes analysis and computer simulation of some preampli-
fiers cooperating with high-impedance detectors. The final result of
this analysis was a construction of the detection head with charge-
sensitive amplifier. This head was tested at the Max-Born Institute of
Nonlinear Optics Ultrashort Spectroscopy, Berlin.
The system of optical filters determines a wavelength and a
wavebandwidth of radiation. The system consists of molybdenum-
silicon multilayer mirror with reflectance optimized for the 450
incidence angle and 13.5 nm wavelength produced by the
Fraunhofer Institute (Jena). The mirror minimizes impact of the
shorter wavelength. The longer wavelength of radiation is limited by
an Zr/Si3N4 absorption filter.
The processing unit makes it possible to control value of energy
pulses on display. It can work in a single shot or a repetition mode
with measurement accuracy of about 3% and frequency 10 Hz due
to parameters of the EUV source. It also transfers data to PC
computer using RS232 interface. A special program created by
LabVIEW software provides acquisition, visualization and data
processing, for example statistical operations. The extra feature of
the system is possibility of changes of the coefficient which is used
to evolve the voltage output signal from the detection head into value
of radiation energy. It is also useful when measurement conditions
are changed for example: a distance between the detector and the
radiation source, a transmission of the optical filter, a spectrum of an
active area and a quantum efficiency of the detector.
Small size of the detection head provides to place it near the
radiation source and to measure low intensity signals. The construc-
tion makes it possible to change the absorption filter which protects
the multilayer mirror and the area detector against debris coming
from the plasma source. It can be used also for a calibration of

different absorption filters and testing detectors with integrated
filters.
The system was used during investigations of the plasma-laser
optimization. The results were comparable with the ones from a
Roper CCD camera and a monochromator (based on a diffraction
grating) and fast detectors of AXUV HS1 series. The presented
instrument measures energy pulses of EUV radiation with accuracy
8% and wavelengthband depends on multilayer characteristic (3%
BW). The system works independently without, additional measuring
instrument. It is easy to use and cheap, that is why it is sufficient for
application in small laboratories.

6189-43, Session 9
Semi-derivative real filter for quality measurement of
microlenses array
R. Kasztelanic, L. Nowakowski, R. R. Buczynski, Univ. Warszawski
(Poland)
INTRODUCTION
Microlenses arrays have been widely used recently [1]. They are
used in those setups where repetitiveness and precision of the lens
fabrication is very important, such as Shack-Hartmann filters or
information processing. They are used as well in those systems
which do not require such high standards, for instance to increase
the effectiveness of solar batteries. In both cases, however, one
needs methods of measurement of the quality of microlenses.
Lenses may be characterized by such parameters as aperture, focal
length and maximum phase shift. In order to optically measure the
features of a lens as pure-phase elements, one needs techniques
allowing for measurement of the phase shift [3]. Here, two basic
techniques are used, both measuring the distortion of the wave front.
In the first case, the shift of the location of the spots focused by the
microlenses is analyzed. If there are no phase elements, the spots
normally form a pattern of a rectangular network. With any distortion
of the wave phase, the spots get shifted and the analysis of this shift
helps to deduce the type of the distortion. One of such methods if
the Shack-Harmann filter method [3]. In the second case, various
techniques of phase visualization are used [4,5]. They are based on
the fact that various phase shifts are changed into various light
intensities, the measurement of which allows deciding on the shape
of the distortion. These are such methods as: the phase contrast
method, Zernike method and real frequency-domain filters (e.g.
Foucault - frequently called knife-edge filter, Hoffman - known in
microscopy as a modulation contrast method and the semi-
derivative filter).
They vary in precision and the range of the phase shift measurement.
Problems arise when the object to be measured is not a single lens
but the whole array.  Such an array is composed of numerous lenses
placed in the knots of a triangular, square or hexagonal network. In
this case, the quality check depends on the random choice of
several microlenses, measurement of their parameters and finally, on
this basis, estimating the quality of the whole array, since the
measurement of the quality of all the microlenses would be too cost-
and time-consuming.
SEMI-DERIVATIVE FILTER TO MEASURE PHASE SHIFT
This article presents a setup with a semi-derivative filter, thanks to
which it is possible to make a simultaneous measurement of a
number of microlenses at a time.
The basis of the proposed setup is a microscope working in the 4f
correlator setup with coherent light. The examined phase object, in
this case a microlenses array, is placed in the input plane of the
correlator. The most important part of the setup, which is the square-
root filter, is located in frequency space. It gives an intensity signal
that is directly proportional to the first derivative for a wide range of
phase gradients. In the output plane a CCD camera registers light
intensity, the range of which informs about the shape of the lenses.
The size of the scanned area of the microlenses array depends on
the magnification of the microscope.
The whole process can be described in more detail in the following
way [5].
Oblique illumination of the pure phase object f(g)=exp(i h(g)) with a
plane wave exp(2*pi*I*g *u(0)) propagating in the gz plane at an angle
lambda*u(0) with respect to the z axis results in the shifted spectrum
F(u-u(0)). This shifted spectrum interacts with the complex filter
(2*pi*i*u)^1/2. The change of variable (u-u(0))=alfa corresponds to a
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situation of a plane wave propagating along the z axis and interact-
ing with a shifted filter (2*pi*i*(alfa+u(0)))^1/2. Filter shift u(0) is
chosen such that the value in parentheses is always positive, which
is possible under the sound physical assumption that the spectrum
F(u) is band limited by frequency u(max) and that u(0)\>u(max). As a
result, the shifted filter (2*pi*i*(alfa+u(0)))^1/2 becomes real, because
the constant phase shift of lambda/4 over the whole filter window is
irrelevant. Calculating the output intensity, we reject all terms
proportional to or smaller than 1/u(0)^1/2. If the amplitude transmit-
tance of the real square root filter (2*pi*(alfa+u(0)))^1/2 is normalized
to its maximum value equal to 2(pi*u(0))^1/2, then its amplitude
transmittance changes gradually from 0 to 1. The normalization of
the filter transmittance leads to the output intensity:
I(x)=1/2+1/(4*pi*u(0))*dh(g)/dx
When filter shift u(0) is equal to the cutoff frequency of the optical
system u(max) that limits the spectrum h(u), the bias level is deeply
modulated and the output intensity might change from 0 to unity.
Thus, nonlinear filtration of spatial frequencies contained in the
system bandwidth by use of the square-root real filter permits the
consequences of square-law detection to be mitigated and makes
phase changes visible.
SETUP FOR MEASURING QUALITY OF THE MICROLENSES ARRAY
When designing the experimental setup for phase visualization one
has to take into account two important elements. First of all, the
semi-derivative filter works only one way. That is why, if one wants to
measure the shape of the lens in all directions, it is necessary to
register a set of input scene images obtained for the consecutive
setting angles of the semi-derivative filter. With the use of these
images and the Radon transformation, information about the real
shape of the lens can be obtained. The second element which has to
be taken into account is the choice of light intensity image obtained
in the output plane of the 4f correlator setup. The image should be as
easy to analyze as possible.
By changing the parameters of the filter, the output intensity can be
modified in accordance with the equation:
I(x)=a+b*dh(g)/dx
Through the choice of the a and b parameters for the ideal lens, it is
possible to obtain stable intensity a in the output plane. Any variation
of this value means that the lens is not homogenous.
Such an image is easy for the analysis. From the registered pictures
it is also possible to deduce the type of the distortion, as compared
to the given shape of an ideal lens.
CONCLUSIONS
Summing up, the use of the 4f correlator setup with a semi-derivative
filter can be successfully used for visualization of phase elements
such as microlenses arrays. The results of experiment show that
scale of the semi-derivative filter is to be matched to cut-off
frequency of the imaging system u0 and assumed band limit of
object spectrum u(max). The best visualization of phase objects with
large phase gradients is possible when u(0)=u(max).
The article has presented a numerical analysis of the proposed
setup, the design and fabrication of the semi-derivative filter and the
experimental results together with the analysis for thin lenses
(h(max)=0.5 pi) and thick lenses (h(max)\>2*pi).
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6189-44, Session 9
Spectroscopic ellipsometry diagnostics of shape-
memory metal alloys
Y. V. Filipov, V. S. Staschuk, National Taras Shevchenko Univ. of
Kyiv (Ukraine)
Shape Memory Alloys (SMAs) are well-known to exhibit special
properties, such as Shape Memory Effect (SME) and Superelasticity
(SE). To now, there are nearly 20 alloys which show the shape
memory properties and the NiTi based shape memory alloys are the
most important for practical use due to fact of excellent SME
characteristics. However NiTi alloys are significantly more expensive
than Cu-based SMAs. Further advantages for Cu-based alloys
include process ability and ease of growing the bulk single crystal.
Therefore many research efforts have focused on Cu-based SMAs,
such as CuAl, CuZnAl, CuAlNi, etc. In this paper the attention is
concentrated on CuAlMn metal film SMAs. Matching the data of
specimen’s spectral ellipsometry measurement was used for
calculations parameters of electron states and energy structure. The
x-ray measuring provided for determining structure compound of
alloy and for exploring relaxation process in this system. Given
results and methods of optical diagnostics, can be used in laboratory
researching and in industrial applications due to the fact of fine
reliability and compared simplest of applying.

6189-45, Session 9
A novel low-coherence fibre optic interferometer for
position and thickness measurements with unattained
accuracy
R. C. Wilhelm, A. Courteville, F. Garcia, Fogale nanotech (France)
This paper presents the second generation of the fibre-optics low
coherence interferometric sensor LISE, recently developed by
FOGALE nanotech. Based on the proven concept of partial coher-
ence interferometry, the LISE system works as a comparator of
optical group delays. The group delay along the optical axis in the
probe interferometer arm containing the object to be measured is
compared with the group delay along the optical axis of the
reference interferometer arm containing a delay line. The latter
consists of a mirror that can be linearly displaced on a translation
stage.
The light source is a super luminescent diode emitting at a near
infrared wavelength (1.31 um or 1.55 um) with a spectral bandwidth
between 30 nm and 60 nm. The measured interferometric signal is a
sinusoidal fringe pattern that is modulated by a Gaussian envelope
whose width matches the coherence length of typically 25 um (round
trip). The maximum of the fringe envelope corresponds to a group
delay difference of zero between the two interferometer arms.
By detecting the position of group delay difference zero, and
measuring the corresponding position of the delay line mirror one
can determine the position on the optical axis of a (partially)
reflecting surface in the object to be measured. Thanks to the limited
temporal coherence of the source, multiple surfaces of the object
can be detected during a single scan of the delay line.
Measurement ranges are between a few mm up to 400 mm (optical
thickness). The measurement zone can be placed at a working
distance of up to several meters away from the instrument’s exit.
Applications in industry and in research laboratories include
thickness measurements of individual optical elements (e.g. lenses),
technical multi-layer glasses, glue and varnish layers deposited on
various substrates, Si or GaAs wafers, and position measurements of
multiple elements of an optical system (e.g. a photographic lens).
Compared to the first generation of the system, the absolute
accuracy of the second generation system is about ten times better,
reaching a level of +-100 nm (peak-to-valley) for position and
thickness measurements over the full measurement range (up to 400
mm).
Following an introductory description of the measurement principle,
the first part of the paper focuses on the key elements in the system
design, both in hardware and detection algorithm, that ensure the
high accuracy level.
A key element on the hardware side is the specifically designed
internal laser metrology that precisely measures the position of the
delay line mirror. By keeping its beam coaxially superimposed to the
measurement beam, the internal metrology is not affected by
unavoidable irregularities or imperfections in the delay line’s linear
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movement.
The second, hardware-related design choice is the fully polarisation-
maintaining design of the fibre optics interferometer core. This
avoids polarization mode dispersion induced measurement errors.
The detection algorithm extracts the fringe envelope and its peak, as
well as the phase of the laser metrology signal. An accurate and
efficient detection is achieved by choosing a five-sample-adaptive
nonlinear algorithm based on phase stepping interferometry. The
algorithm is specifically optimized for the detection of modulated
fringe envelopes. In contrast to other algorithms for the same
application, it offers superior accuracy and repeatability in the
presence of realistic noise levels.
Besides describing the above listed key elements in system design,
we also present the theoretical limits to accuracy when performing
measurements through dispersive media (e.g. optical glass).
The second part of the paper presents an experimental validation of
the achieved accuracy level. We present results of thickness
measurements on a series of etalons made of Zerodur with thick-
nesses ranging from 20 mm to 125 mm that were placed within the
400 mm measurement range of a long-range LISE system. The
measured results demonstrate the absolute accuracy over the
measurement range as well as the long-term stability of the system.
With the first-generation LISE system being successfully applied in
industry and in research laboratories, the new generation of systems
is ready to meet most demanding accuracy requirements, as
required, for example, for the metrology of high-precision optical
systems.

6189-46, Session 9
Monitoring technique for multiple power splitter-passive
optical networks using a tunable OTDR and FBGs
S. Hann, Gwangju Institute of Science and Technology (South
Korea); D. Kim, Korea Photonics Technology Institute (South Korea);
C. Park, Gwangju Institute of Science and Technology (South Korea)
A monitoring technique for multiple power splitter-passive optical
networks (PS-PON) is presented. The technique is based on the
remote sensing of fiber Bragg grating (FBG) by using a tunable
OTDR. To monitor the multiple PS-PON, the FBG can be used for a
wavelength dependent reflective reference on each branch end. The
FBG help discern an individual event of the multiple PS-PON for the
monitoring in collaborate with information of Rayleigh backscattered
power. The multiple PS-PON can be analyzed by the monitoring
method at the central office under 10-Gbit/s in-service.

6189-47, Session 10
Optical spatial filtering velocimetry sensor for real-time
in-plane vibration control
M. L. Jakobsen, H. E. Larsen, S. G. Hanson, Risø National Lab.
(Denmark)
We present a compact, non-contact, low-cost optical sensor for real
time detection and active vibration control of mechanical devices
based on speckle translation. The sensor carries out single-point
measurements of sub-micron, in-plane translational vibration of a
solid structure in real time.
The mechanical device is simulated by a metal plate standing on top
of the membrane of a speaker. In between the plate and the mount
on the membrane, a piezo-electrical device is mounted for vibration
compensation of the plate. When applying an alternating current to
the coil, while the piezo-electrical device is deactivated, the plate will
vibrate in the direction of the normal to the membrane surface. The
sensor monitors the motion of the plate from a direction perpendicu-
lar to the normal to the membrane surface. This results in in-plane
observation of the vibration of the target. When activating the piezo-
electrical device via an error signal from the sensor, the vibration of
the plate can be compensated.
The plate is made of aluminium, and has a raw surface finish after
machining giving rise to a fully developed speckle field. The sensor
illuminates the plate with coherent light, thus laser speckles and their
dynamics can be observed from a distance. The light scattered from
the surface propagates through an imaging system to a spatial
filtering system, based on a lenticular array [1] and a spherical lens,
which implement a spatial, narrow band-pass filter. The spatial filter
extracts a given spatial frequency of the speckle pattern in terms of a

quasi-sinusoidal spatial intensity distribution. At the detector plane,
the dynamic quasi-sinusoidal intensity distribution is monitored at
various phase steps, thus two differential sensor signals with a
mutual phase shift provide the real-time phase information of the
spatial frequency component to the electronic-processing device.
The processing device samples the two phase-shifted signals with
two 30MS/s analogue to digital converters and calculates the
resulting vibration of the plate. Then, a digital to analogue converter
produces an error signal, providing the analogue feedback to the
piezo-electric device counter acting the membrane movement, thus
achieving active vibration control.
The presented imaging configuration facilitates the construction of a
sensor with no direct sensitivity to any superimposed rotational
vibration. Replacing the imaging system with a Fourier transforming
system instead, the sensor will allow measurement of rotational
vibration without direct sensitivity to any translational vibration. The
calibration of the sensor is independent of the optical wavelength to
the first order. Therefore, the sensor is highly stable towards thermal
drifts.
The optical sensor and the processing device will be demonstrated
for real-time in-plane vibration detection. Considering only the
optical sensor and its analogue electronics we have a bandwidth 160
kHz for the given design, and we expect [2] within this bandwidth a
resolution in the amplitude of a vibration down to at least 6 nm. The
practical limitations to the ‘real-time’ vibration detection will be
described with regards to the speed of the processing device, and
the use of a piezo-electrical device for vibration control.
[1] Jakobsen, M. L. and Hanson, S. G., Lenticular array for spatial
filtering of laser
speckle from solid surfaces, Applied Optics, 43, (24), 4643-4651
(2004).
[2] Jakobsen, M. L., Larsen, H. E. and Hanson, S. G., Optical spatial
filtering velocimetry sensor for submicron, in-plane vibration
measurements, Journal of Optics A: Pure and Applied Optics, 7,
S303-S307 (2005).

6189-48, Session 10
Model of light scattering on spheroidal particle with the
use of three beam phase Doppler system
J. Mroczka, T. Wojtaszek, Politechnika Wroclawska (Poland)
Light scattering by axisymmetric particles is very often needed in
particle characterization. This paper describes principles of  three
beam phase Doppler (3BPDA) anemometer, which is used in
measurements of physical properties of  spheroidal particles.
According to the idea originally developed by [1] we propose an
extension of  3BPDA to measure size and velocity of axisymmetrical,
homogenous particles. 3BPDA system uses three coherent laser
beams, which are coplanar in this case. Laser Doppler Velocimetry
with dual beams, as a standard technique, has a spatial resolution
sometimes not sufficient for applications that determine geometrical
position of a particle in a flow. The main problem (if higher spatial
resolution is required) in a standard PDA is to cross and then focus
laser beams in their waists to obtain measurement volume small
enough. In some cases more complex optics with spatial filtering
may be added. Volume probe in standard solutions can be created
by diffraction a coherent, linearly polarized laser beam onto Bragg’s
cell or a diffraction grating. During that process three orders
diffracted beams are considered: +1,0,-1. Zero order beam is
classically cut off, therefore probe volume consists +1,-1 beams. In
3BPDA zero-order beam is also transmitted and focused with +1,-1
order beam, thus volume probe is a superposition of three beams
with all consequences of that procedure [1]. However particles must
be spherical and homogenous for classical Phase Doppler systems -
many solutions have been proposed to measure inhomogeneous
particles. Our task is to determine limitations and measurement
errors in case when particles moving through probe volume are not
perfect spheres but spheroids. Mathematical model of light scatter-
ing on spheroidal particle, its properties and constraints are
presented.
[1] F.Onofri, S.Radev 3-Coherent Beams Phase Doppler and Laser
Doppler Velocimetry Measurements Techniques,  Application of
Laser Techniques to Fluid Mechanics, 12th Int. Symposium 2004,
Lisbon.
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6189-49, Session 10
Fiber optic vibration sensors for integrated tuning of axis
control in high-performance automated systems
G. D’Emilia, E. Natale, Univ. degli Studi dell’Aquila (Italy)
The aim of contemporaneously assuring quality control of products
and processes, productivity increase and cost reduction requires that
a continuous improvement of production process is considered and
pursued.
If automated production applications are considered, which are very
important in many industrial fields (textile, mechanical, food indus-
tries,...) requirements are more and more increasing with reference to
both the speed of operation and accuracy of positioning of the single
handling arms and manipulators, which allow to realize the operations
the automated sequence is based on. This aspect is of particular
interest in “real time” , high performance automated systems, where
many operations have to be precisely synchronized and accuracy of
positioning has to be guaranteed even though quick operation
sequences have to be realized.
Accuracy of positioning of handling systems and vibration control and
reduction require that both control procedures and measurements of
process parameters are improved in order to satisfy increasing
demand of accuracy.
Many aspects have to be investigated in order to improve the above
performances: sensors and measurement systems for motion control
and monitoring, measurement data processing techniques, motion
control procedures, especially in cases when traditional control
strategies and quantities which are used for motion control are no
more satisfactory.
In particular two aspects will be investigated in this paper concerning
the use of high resolution fiber optic displacement sensors designed
and realized for this specific purpose: the possibility of improving the
vibration reduction and control with respect to standard control
techniques which don’t allow direct linear displacement measure-
ment, being based on angular encoders or electrical quantities
concerning the electric motor management and supply and the
possibility of implementating procedures able on line to tune,
depending on indications of fiber optic sensors, the control procedure
parameter settings, taking into account modifications of the position-
ing system configuration and mechanical behaviour during the
different steps of the production process sequence.
The efficaciousness of the found solutions will be analysed by
checking the possibility of integrating the fiber optic sensors and their
measurements with other sensors in order to allow the automated
system to fulfil its real time behaviour by completing all tasks in the
due task intervals. A real test case will be examined, with reference to
a multi-axis automated production station, to be used in a packaging
application for food products: the system works according to a real
time operating system, allowing high velocity operation sequence.
The possibility of using non traditional data processing techniques,
like wavelet transform, will be also analysed, taking into account the
possibility of  whole integration of procedure into the real time system.
In the paper particular attention will  be devoted to the static sensor
calibration and to the evaluation of  the uncertainty causes and their
effect, taking into account the real installation of sensors into the
manufacturing system.
The integration among fiber optic sensors data and with other sensors
of the automated production station will be studied in order to allow
an improvement of standard control techniques by fiber optic sensors
data in specific steps of the positioning sequence of manipulators.
Experimental results will be analysed in order to both evaluate the
possibility of using the proposed approach with the aim of designing
special purpose sensor configuration able to be completely integrated
in the operating strategy of this automated and real time production
system.
Preliminary results encourage to pursuit this work, showing that a
remarkable improvement of the behaviour of the system can be
achieved, in particular with reference to the on line tuning of control
and mechanical parameters to be set into the control algorithms,
when application make it necessary.
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47 fs in diode-pumped Yb:CaGdAlO4
Y. Zaouter, J. Didierjean, F. P. Druon, F. Balembois, P. M. Georges,
Univ. Paris-Sud II (France); J. Petit, B. Viana, P. Goldner, École
Nationale Supérieure de Chimie de Paris (France)
1. Introduction
In the last fifteen years materials doped with ytterbium ions became
the most diffused alternative to neodymium ions for laser operation
around one micron. Yb3+-doped  materials exhibit various advan-
tages compared to their Nd3+-doped counterparts. First, the simple
electronic structure, based on only two manifolds, avoids the
presence of undesired effects such as upconversion and excited
state absorption and typically leads to very low quantum defects
(<10%) [1]. Second, the longer emission lifetime assures higher
energy storage capabilities. Third, the broader absorption and
emission spectra, due to a stronger electron-phonon interaction,
allow respectively diode pumping with relaxed temperature regula-
tion constraints and broad tunabilities and the production of ultra-
short pulses [2-7].
Thus, various ytterbium-doped crystals were grown and tested in the
femtosecond regime during the past few years. Among these new
crystals, Yb3+:CaGdAlO4 (Yb:CALGO)[8] seems to be one of the
most interesting since it both exhibits one of the broadest and
smoothest emission spectrum (from 990 to 1080 nm) among
ytterbium-doped materials and a relatively high thermal conductivity.
In this work, we present the first demonstration of femtosecond laser
with Yb:CALGO.
2. Experimental setup and results
Our experiment is performed with a 2-at.% Yb-doped CaGdAlO4 AR
coated on both faces. It is directly diode-pumped by a high
brightness fibre-coupled laser diode with a 50-µm fibre-core
diameter and a numerical aperture of 0.22 from Unique-Mode. This
laser diode emitted up to 4.6 W at 979 nm and was collimated and
focused by use of two 72 mm focal-length triplets. The crystal was in
contact with a water-cooled copper heat-sink using a 100 µm thick
indium foil. In the laser cavity, the crystal was surrounded by two
dichroïc concave mirrors with radius of curvature of 100 mm. The
laser waist is calculated, with the ABCD matrix formalism, to be 27
µm x 24 µm into the gain medium and can efficiently be matched to
the pump laser beam. A semiconductor saturable absorber mirror
(SESAM) designed to operate at a central wavelength of 1040 nm
was used to start and stabilized the mode-locking. This device is
given to have a saturation fluence and a modulation depth of about
120 µJ.cm-(c)˜ and of 1%, respectively. The laser mode was focused
with a 150 mm radius of curvature mirror onto the semiconductor
mirror to dimensions calculated to be 25 µm x 23 µm. We have
compensated the dispersion of the crystal material by means of a
pair of SF10 prisms separated by a distance of 310 mm. The spatial
dispersion existing outside the cavity was compensated with another
pair of SF10 prisms placed after the output coupler. A double-pass
SF10-prisms compressor was finally used to compensate the
residual spectral chirp.
After this compressor, we measured an autocorrelation trace
corresponding to 47-fs pulses with a spectrum as large as 24.7 nm,
which represents a ∆t.∆υ product equal to 0.316. This is, to our
knowledge, the shortest pulses ever produced from an ytterbium-
doped bulk material based oscillator. The repetition rate was 109
MHz. The average power at the output of the oscillator was 48 mW
at the output of the laser and 38 mW after the prism compressor.
Furthermore, a narrow peak is to be noticed on the short wavelength
side of the emission spectrum. This peak appeared around 1010 nm,
which corresponds to the cut-off wavelength of the dichroic mirrors.
Absorption of the laser light and thus uncontrolled high order
dispersion is to be expected in this spectral region and according to
us might be responsible of the continuum peak in the spectrum.
However, with more negative dispersion in the cavity we succeeded
to get rid of this peak and we could observe a continuum-peak-free
spectrum. Under these conditions we obtained 57 fs pulses with a
spectral bandwidth of 20.4 and an average power of 50 mW.
3. Conclusions
In conclusion, we have presented what is to our knowledge the first
experimental realization of a diode-pumped femtosecond laser
based on an Yb-doped CaGdAlO4 crystal. Furthermore, we
demonstrated what we believe to be the shortest laser pulses ever
produced from an ytterbium-doped bulk material. With a 2-at. %,

2.5-mm-long Yb:CaGdAlO4 crystal, we obtained pulses as short as
47 fs, centred at 1050 nm with an output power of 38 mW. In the
presented configuration we had to compensate a residual positive
chirp outside the cavity. Since the development of CaGdAlO4 is very
recent, the intrinsic group velocity dispersion of this crystal is not
known yet and the residual positive chirp explanation has not been
fully validated even if we believe that it mainly comes from the two
dichroic mirrors. Nevertheless, with its high thermal conductivity, its
untypical ultra-flat and relatively high emission cross-section, we
think Yb-doped CaGdAlO4 crystals are particularly suitable for the
generation of unprecedented ultra-short pulses from Yb-doped bulk
material based oscillators with high average power and thus could
be a good alternative to nowadays industrial femtosecond oscillators
based on Yb:KGW crystals. Furthermore, in contrast to recent
extremely short pulses durations achieved with Yb-doped KYW and
YVO4 (71 fs[4] and 61 fs[5], respectively), we do not use Kerr lens
modelocking but SESAM-assisted modelocking which presents the
advantage to be self-starting, more stable and robust.
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6190-02, Session 1
Highly efficient one-micron laser emission under 885-nm
diode laser pumping in Nd:YAG crystals with an extended
range of concentrations
V. Lupei, N. Pavel, Institute of Atomic Physics (Romania)
The Nd:YAG lasers are pumped traditionally with 809 nm diode
lasers in the strongly absorbing 4F5/2 level; this introduces a
parasitic quantum defect between the pump and the emitting level,
that transforms entirely into heat. The upper quantum defect could
be eliminated by pumping directly into the emitting level. The
spectroscopic investigation indicates that suitable for pumping at the
room temperature could be the double-peaked 885 nm band that
collects the thermally-activated Z2 * R1 and Z3 * R2 of the 4I9/2 *
4F3/2 absorption spectrum [1-4]. The FWHM of this band is of the
order of 3 nm, enabling efficient superposition with the emission
spectrum of diode laser. Recent studies indicate that pumping
directly into the emitting level 4F3/2 improves the laser parameters
and reduces heat generation by non-radiative processes. A major
shortcoming of this approach is the quite low peak absorption
coefficient of this band, ~1.7 cm-1 for 1at.% Nd, compared with ~12
cm-1 for the 809 nm line; however, since the last absorption is very
sharp, ~1 nm, the ratio of the integral absorption coefficients for
diode laser at these two wavelengths is strongly reduced  The
absorption efficiency   at 885 nm could be increased using higher Nd
concentrations  : calculations show that in a certain   range this
compensates the reduction by concentration quenching of emission
quantum efficiency   and the figure of merit ( )-1 that reflects the
effect of   on emission threshold could be kept small for quite large  .
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This paper investigates the laser emission properties under diode
laser pumping at 885 nm in Nd:YAG crystals with 1 and 2.5 at.% Nd.
The calculations based on the emission efficiency inferred from the
emission decay at low pump intensities show that for a 6 mm long
Nd:YAG crystal pumped longitudinally at 885 nm the figure of merit  (
)-1 for 2.5at.%Nd is about the same as for 1at.%Nd, while the
absorption efficiency increases by ~ 44%, inducing a corresponding
increase of the laser slope efficiency in incident pump power. The
laser test is conducted in a plane-concave resonator with the plane
end mirror coated with high reflection for 1064 nm and high
transparency for 885 nm and the pumping is made with a 15 W fiber
bundle 885 nm laser diode (Coherent). The pump radiation is
focused on the crystals in a 260 µm spot. Three variants of 6 mm
Nd:YAG laser crystals are used: crystal A with 1.1at.%Nd and
crystals B and C with 2.5at.%Nd. Crystals A and B are antireflex
coated for 1064 nm, while for the crystal C the100% reflecting end
mirror is directly deposed on crystal.  (B) and 2.5at.%Nd with the
100% reflecting mirror deposed on the end face (C). Concave mirrors
with transmission of 0.05 or 0.10 at 1064 nm are used. The best
results are obtained with the T=0.10 exit mirror. The slope efficien-
cies in absorbed power for these crystals are very high, 0.805 for
crystal A, 0.75 for B and 0.80 for C; however, the slope efficiency in
incident power reflects the increased absorption at higher   and
amounts to 0.77 for crystal C compared to only 0.58 for crystal A.
The output 1064 nm power is 4.6 W for 8 W absorbed pump power
in crystal A, 6 W output for 9.7 W absorbed power in crystal B and
5.6 W output for 8.5 W absorbed pump power for crystal C.
The very high slope efficiencies obtained in this work are facilitated
by the small residual optical losses, ~0.003 for crystal A and ~0.004
for B and C, and by the high superposition of the laser mode and the
pumped volume. These slope efficiencies are evidently larger than
those reported for 809 nm diode laser pumping. In order to check
this, an experiment with Ti:sapphire laser pumping of a 1 at.%
Nd:YAG crystal was conducted: while for 809 nm pumping the slope
efficiency in absorbed pump power was 0.73, in case of 885 nm
pump it increased to 0.897.
These data indicate that by a proper design of the laser resonator
and using concentrated (2.5at.%)Nd:YAG crystals of high optical
quality, very high laser efficiency at 1064 nm can be obtained with
diode laser pumping at 885 nm into the emitting level.
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6190-03, Session 1
Quest of athermal solid state laser: case of Yb:CaGdAlO4
J. Petit, B. Viana, P. Goldner, École Nationale Supérieure de Chimie
de Paris (France); J. Didierjean, F. P. Druon, F. Balembois, P. M.
Georges, Univ. Paris-Sud II (France)
1. Introduction
The processes of optical excitation and stimulated emission never
yield to unit quantum efficiency. The residual energy related to this
quantum defect results in waste heat generation within the lasing
medium. Therefore a crucial issue is to control the heat production.
Yb:CaGdAlO4 has recently presented outstanding optical properties
(high emission cross section and low reabsorption at short wave-
lengths under sigma polarization) [1]. In the present work we have
succeed to tune emission wavelength closer to the absorption
wavelengths leading to quantum defect less than 0.8 % . Moreover,
this material presents high thermal conductivity in comparison with
other well known laser materials. Consequently, a higher damage
threshold due to thermal fracture is expected.
2. Results
A 2 at %Yb:CaGdAlO4 (called CALGO) Czochralski boule with high
optical quality was easily obtained [1]. Concerning optical spectro-
scopic properties, absorption and emission cross sections were
measured in sigma and pi polarizations. The highest absorption
cross section values are observed in pi configuration (2.7x10-20
cm2) at 979 nm. Emission spectra are very broad and a plateau is

observed between 990 nm and 1060 nm with relatively high emission
cross section values. The fact that this compound owns broad
absorption and emission bands is due to Yb3+ occupancy in Ca2+
and Gd3+ crystallographic sites presenting different sizes and
cationic charges. Furthermore, the 2F5/2 level lifetime of the
2%Yb:CAlGO was measured and a small value of 0.42 ms was
obtained, in good agreement with the large emission cross section
values.
Laser experiments were performed on a 2%Yb:CAlGO sample with
anti-reflection coating using Ti:sapphire pumping at 979 nm. A laser
oscillation was obtained in sigma polarization from 1050 down to
987.6 nm. Consequently, a quantum defect value as low as 0.8 % is
obtained.  This is as far as we know the smallest value ever reported
in the literature. For comparison we also performed the same
experiment with double tungstate material (here KY(WO4)2)
belonging to a family presented as nearly athermal solid-state lasers
[2]. In that case the shortest wavelength obtained is 991 nm.
Furthermore in the point of view of high power laser development,
good thermomechanical properties are crucial.  A laser host will be
then suitable if its thermal conductivity k is high and its thermal
expansion alpha is low. This is the case in the Yb:CALGO (k = 6.3
and 6.9 W.m-1.K-1). These values are two times larger than those
obtained in the double tungstate hosts, and larger than the Yb:YAG
which also has high quantum defect (between 6 and 9% upon
pumping wavelengths). Thermal expansion coefficients for
Yb:CALGO were also measured by X-ray diffraction and we obtained
alpha=10.1x10-6 K-1 along a-axis and 16.2x10-6 K-1 along c-axis.
This leads to a figure of merit taking into account both quantum
defect η and thermomechanical properties [1]: a value twice higher
of the power resistance parameter (κ2/αη) is calculated in the case
of Yb:CALGO in comparison with the Yb:KYW.
3. Conclusions
Due to an unique combination of high thermal conductivity value and
very low quantum defect, the CaGdAlO4:Yb host could be interest-
ing to obtain high power laser emission with reduced problems
linked to thermal loading. Otherwise the broad emission plateau
between 987 nm up to 1060 nm has permitted to obtain laser pulses
of 47 femtoseconds [3], which represents the shortest pulses ever
obtained in a Yb doped bulk laser material.
Références :
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“Demonstration of a Radiatively Cooled Laser,” Conference on
Lasers and Electro-Optics, Long Beach, CA, June 2002.
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6190-04, Session 1
Investigation of new Nd-doped crystals designed for
laser operation at short wavelengths along the 4F3/
2→4I9/2 channel around 900 nm
C. Varona, P. Loiseau, G. Aka, École Nationale Supérieure de Chimie
de Paris (France); B. Ferrand, CEA-LETI (France)
Presenting author: Pascal Loiseau (pascal-loiseau\@enscp.fr)
1. Introduction
Diode-pumped solid-state lasers operating in the blue spectral range
have a large number of applications ranging from high-density
optical data storage to photo therapy and medical diagnostic. Such
a device can be designed using a neodymium-doped laser material,
operating on the 4F3/2 →4I9/2 laser transition (λ ~ 900 - 950 nm),
and frequency doubling in a quadratic non-linear optical crystal such
as LBO (LiB3O5) [1]. In order to replace argon laser in some
applications, these laser crystals, combined with a Nd-doped YVO4
or YAG solid state laser at 1.06 microns, could also enable to
generate a laser beam at 488 nm after sum frequency.
Short fundamental laser wavelengths around 900 nm require Nd-
activated crystals whose splitting between 4F3/2 emitting level and
4I9/2 ground level is large (larger than in YAG for instance). There-
fore, some requirements need to be satisfied by such Nd-activated
hosts:
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(i) The crystal should correspond to highly ionic host lattice, e.g. to a
weak nephelauxetic (covalence) effect [2,3]. This effect increases in
the order fluorides ~ oxides < chlorides < bromides < sulfides [4].
(ii) The neodymium ions should find in the host lattice a site with a
large coordination number. Ionic interactions are indeed favored
when the neodymium coordination number is high and the Nd -
anions distances large [2,3].
Our research was restricted to congruent melting compositions to
allow a crystal growth as large boules by the Czochralski pulling
technique. Several series of oxides fulfilling the above requirements
were investigated: ABGa3O7 (A=Ca, Sr and B = Gd or La), ABAlO4
(A=Ca, Sr, Ba and B= Y, La or Gd) and AMO4 (A=Ca, Sr, Ba and
M=Mo,W). On the one hand, the potential laser wavelengths of these
compounds were determined by optical fluorescence spectroscopy,
and on the other hand, Electron Spin Resonance (ESR) and
Extended X-ray Absorption Fine Structure (EXAFS) measurements
were performed at low temperature (T ~ 15 K) to correlate the
dependence of the emission wavelengths with modifications of the
environment experienced by Nd (change of the host alkaline-earth).
These characterizations allowed selecting one Nd-doped host for
each of the families indicated above. Results of laser tests performed
on these selected crystals will be presented at the conference.
2. ABGa3O7 hosts
These crystals belong to the space group P-421m of the melilite
structure. They are well adapted to diode pumping because of their
wide absorption band around 810 nm; the absorption cross section
of SrLaGa3O7 in sigma polarization is about 4.10-20 cm2 \@ 808.3
nm. In this structure, the lanthanide ions lie in an 8 fold-coordinated
site and experience distances Ln - O ranging from 2.49 to 2.95 Å in
SrLaGa3O7 for instance. The potential laser wavelengths in these
hosts are close to 910 nm and show only very slight dependence on
the nature of the rare earth B (La or Gd) and of the alkaline earth (Ca
or Sr). EXAFS indeed showed that the short range order around Nd
was not sensitive to the nature of the alkaline-earth. Fluorescence
and absorption spectra at low temperature allowed building the
energy levels diagram of the neodymium ions in SrLaGa3O7 host.
The splitting of the ground manifold 4I9/2 (DeltaE(4I9/2) ~ 390 cm-1)
and the lifetime (220 microseconds for SrGdGa3O7) are high enough
to think about laser tests, knowing that the branching ratio towards
4I9/2 is high (about 42 % for SrGdGa3O7 [5]).
3. ABAlO4 hosts
Interesting ABAlO4 crystals are, for instance, CaYAlO4, CaGdAlO4,
SrGdAlO4, SrLaAlO4, etc... They belong to the tetragonal space
group I4/mmm. They were particularly studied because of their
thermal conductivity high enough for superconductor devices
applications. CaGdAlO4 presents the best compromise between
high thermal conductivity and low thermal anisotropy (6.3 W.m-1.K-1
perpendicular to c and 5.6 W.m-1.K-1 // c [6]). In this structure, the
lanthanide ions lie in a 9 fold-coordinated site with Ln - O distances
ranging from to 2.27 to 2.61 Å in CaGdAlO4. Fluorescence spectra
show that the potential laser wavelengths in this kind of hosts are
close to 915 nm and they only slightly decrease with changing the
alkaline earth.
4. AMO4 hosts
In this scheelite-type structure, neodymium ions lie in the 8 fold-
coordinated alkaline-earth site with a charge compensation ensured
with an alkali ion whose radius is adapted to the substituted alkaline
earth: Na+ with calcium and strontium and K+ for compounds with
barium. The evolution of the emitting wavelengths with changing the
transition metal M = Mo, W and the alkaline earth ion A = Ca, Sr, Ba
was investigated. They were shown to be almost independent on the
nature of the transition metal (M = Mo or W). However a progressive
shift of potential laser wavelengths from 914 to 894 occurs with
changing the alkaline-earth A from Ca to Ba. Establishment of energy
levels diagrams shows that this evolution results both from a weaker
nephelauxetic effect and from a lower crystal field (DeltaE(4I9/2) ~
475 cm-1 for CaWO4 down to 315 cm-1 for BaWO4). EXAFS
showed that this phenomenon could partially be attributed to an
increase of Nd-O distances despite this increase is much less than
the one expected from crystallography.
The spectroscopic properties of Nd: BaWO4 (much easier to grow
than BaMoO4 by the Czochraslki technique) in addition to its lifetime
of 240 microseconds identify this material as a promising crystal for
laser operation at very short wavelength, even slightly below 900 nm.
5. Conclusion
Potential Nd activated solid state laser were identified and selected

for operation around 900 nm along the 4F3/2 →4I9/2 channel:
Sr(Gd,La)Ga3O7, CaGdAlO4 and BaWO4. A Laser emission below
900 nm is even expected for Nd: BaWO4. Laser tests are in progress
and will be presented at the conference, with the latter opportunity to
demonstrate their suitability to achieve blue lasers around 450 nm
after second harmonic generation with crystals such as LBO or BiBO
(BiB3O6) [7].
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6190-05, Session 1
184-W diode side-pumped ceramic Nd:YAG laser with a
diffusive optical pump cavity
J. Zhou, Q. Lou, Shanghai Institute of Optics and Fine Mechanics
(China)
Polycrystalline ceramic Nd:YAG laser material enables new possibili-
ties in designing the
laser medium with respect to dopant, size and geometry.In this
paper, a 184W continuous-wave Nd3+-doped ceramic Y3Al5O12
(Nd : YAG) laser with optical to optical efficiency of about 44.3% has
been developed. The laser performance of the ceramic Nd:YAG laser
material was found better than that obtained with single crystal Nd :
YAG. Laser output power characteristics as well as the thermal
lensing and birefringence properties of the ceramic laser rods were
investigated. The sample used in this experiment was a 3.5mm
diameter, 87mm long ceramic YAG rod with 0.6% Nd concentration.
And the end faces of the rod were flat and antireflection-coated at
1064 nm. The pumping geometry used in this work was a spectralon
diffusive optical cavity with narrow slits for side-pumping.

6190-06, Session 1
Broadband tunable integrated optical ratch-reel ring
laser in doped aluminium oxide
G. Schoer, M. Mahnke, A. Herrmann, Technische Univ. Hamburg-
Harburg (Germany); J. Müller, Technische Univ. Hamburg-Harburg
(USA)
Tunable solid-state-lasers have multiple applications in spectros-
copy, photochemistry and LIDAR-systems e.g. to detect air
pollutants. Amongst others a broadband spectrum is an important
criterion. In the near infrared the titanium-sapphire laser is mostly
used. It exhibits a bandwidth of 400 nm with a centre wavelength of
850 nm which is matched by no other system. So far these lasers are
realised in ringresonator setups with argon-lasers as pump source
The systems are large scale, mechanically weak and require a high
effort for adjustment. To avoid these shortcomings an integrated
laser system on a silicon substrate would be advantageous. which
Further mechanical or electrical components could be thus allowing
hand-held systems.
In this paper an optically pumped tunable ring-laser system based
on low-loss integrated optic titanium doped sapphire-like
waveguides on silicon will be presented including simulation results
and a characterisation of the realised system.
The Al2O3 thin film layers are doped in situ with titanium simulta-
neously in a PECVD deposition from metal-organic precursors. The
waveguides are patterned by reactive ion etching (RIE) to obtain high
quality, low-loss waveguides. Afterwards the wafer is annealed by
RTP (Rapid Thermal Processing). Thereby the layers change to a
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sapphire-like morphology and the titanium becomes optically
activated without the formation of larger crystallites so that higher
losses due to scattering are prevented.
For tuning the laser, two solutions are presented. The first is a ZnO
based electro-optically tunable etalon which is integrated in the
active ring; the second is an also ZnO based coupled ring resonator
which can be tuned either by the electro-optical effect or elasto-
optically by placing it on a membrane.
The required directional element that ensures the propagation in only
one direction of the ring is realised by a new “ratch-reel structure”
which acts as an optical diode. As the optical field is shifted to the
outer periphery of the ring, it is possible to realise a structure that
scatters the optical field in one propagation direction, whereas in the
other direction it propagates with low loss.
The system is pumped by a frequency doubled Nd-YAG-laser at 532
nm which is coupled to the ring via a SiON waveguide. The output
power is coupled to a tangential waveguide where the coupling
coefficient is determined by distance and refractive indices.

6190-07, Session 2
Extractable energy from ytterbium-doped high-energy
pulsed fiber amplifiers and lasers
Y. Sintov, O. Katz, Y. Glick, Y. Nafcha, R. Lavi, Soreq Nuclear
Research Ctr. (Israel)
Fiber lasers and amplifiers show a growing potential for many
applications in different areas both in industry and research.
Cladding pumped fiber lasers based on Ytterbium (Yb3+) doped
silicate glass are an attractive technology for compact and very
efficient high-power continuous wave (CW) and high repetition rate
short pulse generation [1-5].
CW operation of well above 1kWatt, at near diffraction limited beam
quality, has been recently reported [6,7]. Fiber lasers operating in the
CW regime were analyzed thoroughly both analytically [8,9] and
numerically [10] with an accurate match to experimental results.
Short pulse generation of up to 27mJ was achieved at relatively low
beam quality and pulse repetition rate [11]. Around 4mJ pulse energy
at high repetition rate (~3kHz) with near diffraction limited beam
quality was recently achieved [2]. The growth in peak power and
pulse energy, along with good beam quality, was possible due to the
emergence of large mode area (LMA) fibers that allowed for multi mJ
scale pulse energies and high peak powers, with single transverse
mode from a multi-mode output fiber.
Cladding pumped pulsed fiber amplifiers and lasers require long
fibers (up to tens of meters) for efficient absorption of the pump
power (delivered by high power pump diode bars), due to the low
absorption coefficient of the fibers, caused by the low core to clad
area ratio. The small core area and long fibers lead to a high gain for
small amount of stored energy in the form of excited Yb3+ ions. The
high gain, which builds up between pulses, limits the possible stored
energy due to the onset of spurious lasing at a point where self-
saturation by Amplified Spontaneous Emission (ASE) sets in. Up to
this point the stored energy is proportional to the absorbed pump
power. Above this point the stored energy grows only marginally due
to ASE self saturation. The point at which ASE self saturation occurs
is dictated by the fiber core geometry (core diameter and Numerical
Aperture (NA)), Yb doping profile, the overlap integral between the
signal and ASE and the active core, and the number of transverse
modes experiencing closely the same net gain.
Several methods for increasing the extractable energy by increasing
the saturation energy have been proposed over the last few years.
For example, ring doping [13], which causes a strong increase in the
saturation energy by decreasing the signal overlap integral. Another
conventional way of increasing the saturation energy is by increasing
the core area and accordingly lowering the core numerical aperture,
for maintaining relatively small overlap integral values on one hand,
and conserving the beam quality at the fiber output on the other
hand. These Large Mode Area (LMA) fibers are frequently used for
implementing high beam quality, high energy pulsed fiber lasers and
amplifiers [14].
Even though non-linear phenomenon such as self phase modulation
(SPM), Raman and Brillouin Scattering and four wave mixing set a
limitation on the maximum extractable energy [12], the ASE self
saturation proves to be the main limitation on the extractable energy
of presently used pulsed Yb3+ doped LMA fibers [2,4].
Rough estimation of the maximum extractable energy from an Yb

doped fiber was assessed to be ten times the saturation energy [4].
However, this approximation does not hold, especially in cases
where fibers with NA of more than 0.06 are employed and where
more than one transverse mode evolution is considered. Moreover,
the ratio between the extractable energy and the saturation energy
proves to be markedly dependent on signal wavelength.
In order to evaluate the maximum extractable energy from high
energy pulsed Ytterbium doped fiber amplifiers and lasers before
spurious lasing occurs, an analytic model is developed. The model
provides an accurate assessment for the maximum pulse energy that
can be extracted from a given Yb3+ doped fiber at a signal wave-
length between 1030nm and 1100nm. The energy extraction
capabilities under the limitation of spurious lasing, due to ASE, are
mapped for various numerical apertures, single and multi transverse
mode evolution and operating wavelengths. The model can be used
to determine the minimum repetition rate and optimal length, at
which the laser source can be operated before spurious lasing due
to ASE self saturation occurs.
The model is based on the assumption of homogeneous population
inversion along the fiber and strong signal saturation at the pulse
onset. The theoretical derivation of the extractable energy from the
rate equations of the ASE evolution along the fiber, during the energy
storage between successive pulses, is given and compared with
experimental results of several typical fibers. The accurate match
between the theoretical model and experimental results shows the
advantageous properties of LMA fibers as a source of high energy
short laser pulses.
[1] J. Limpert, A. Liem, H. Zellmer, A. Tunnermann, “500W continu-
ous-wave fibre laser with excellent beam quality,” Electron. Lett., vol.
39,  p. 645, 2003.
[2] J. Limpert, S. Hofer, A. Liem, H. Zellmer, A. Tunnermann, S.
Knoke, H. Voelckel, “100-W average power, high energy nanosecond
fiber amplifier,” Appl. Phys. B: Lasers and Optics, vol. 75, pp. 477-
479, 2002.
[3] H. L. Offerhous, J. A. Alvarez-Chavez, J. Nilsson, P. W. Turner, W.
A. Clarkson and D. J. Richardson, “Multi-mJ, multi-Watt Q-Switched
fiber laser,”  Opt. Lett., vol. 25, pp. 37-39, 2000.
[4] C. C. Renaud, H. L. Offerhous, J. A. Alvarez-Chavez, J. Nilsson,
W. A. Clarkson,  P. W. Turner and D. J. Richardson, “Characteristics
of Q-Switched cladding-pumped Ytterbium-doped fiber lasers with
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[5] Y. Wang, H. Po, “Dynamic characteristics of double-clad fiber
amplifiers for high-power pulse amplification”, J. Lightwave Technol.,
vol. 21, pp. 2262-2270, 2003.
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in OSA Trends in Optics and Photonics Series (TOPS) Vol. 96 Conf .
Lasers and Electro-Optics (CLEO), Technical Digest. Postdeadline
paper CPDD2 (Optical Society of America, Washington , DC 2004).
[7] Y. Jeong, J. K. Sahu, D. N. Payne, and J. Nilsson, “Ytterbium-
doped large-core fiber laser with 1.36kW continuous wave output
power,” Optics Express, vol. 12, pp. 6088-6092, 2004.
[8] I. Kelson and A. Hardy, “Strongly pumped fiber lasers,” IEEE J.
Quantum Electron., vol. 34, pp. 1570-1577, 1998.
[9] I. Kelson and A. Hardy, “Optimization of strongly pumped fiber
lasers,” J. Lightwave Technol., vol. 17, pp. 891-897, 1999.
[10] A. Bertoni, G. C. Reali, “A model for the optimization of double-
clad fiber laser operation,” Appl. Phys. B: Lasers and Optics, vol. 66,
pp. 547-554, 1998.
[11] M. Y. Chen, Y.-C Chang, and A. Galvanauskas, P. Mamidipudi,
R. Changkakoti, and P. Gatchell, “ 27-mJ nanosecond pulses in M2
= 6.5 beam from a coiled highly multimode Yb-doped fiber ampli-
fier”, CLEO/IQEC and PhAST Technical Digest on CDROM (The
Optical Society of America, Washington, DC, 2004), presentation
CTuS4.
[12] G.P. Agrawal, Nonlinear Fiber Optics, (Academic Press, San
Diego, 1995).
[13] J. Nilsson, R. Paschotta, J. E. Caplen, and D. C. Hanna, “Yb3+ -
ring doped fiber for high energy pulse amplification,” Opt. Lett., vol.
22,  pp. 1092-1094, 1997.
[14] H. L. Offerhous, J. A. Alvarez-Chavez, J. Nilsson, P. W. Turner,
W. A. Clarkson and D. J. Richardson, “Multi-mJ, multi-Watt Q-
Switched fiber laser,” Opt. Lett., vol. 25, pp. 37-39, 2000.
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6190-08, Session 2
Continuously tuneable diode-pumped Tm:YAP laser
P. Cerny, Institute of Physics (Czech Republic); J. Sulc, H. Jelinkova,
Czech Technical Univ. in Prague (Czech Republic)
Tuneable solid-state laser sources emitting in the 2-um wavelength
region have important applications in atmospheric monitoring and
laser radar as many important absorption lines are present here.
These include water vapour bands at 1.88 um and 1.91 um and
carbon dioxide bands at 1.96, 2.01, and 2.06 um. There is also a
potential of use in medical applications due to local absorption peak
of liquid water at 1.94 um.
Thulium doped yttrium aluminum perovskite (Tm:YAP) belongs
among the most efficient laser materials emitting in the 1.9 - 2 um
spectral band. Among the advantages of this material with respect to
practical applications are high efficiency of the laser action,
possibility to pump with conventional high-power diodes at 795 nm,
and long-term commercial availability of good quality samples. This
material has very good thermal and mechanical properties making it
suitable for high power operation in this attractive spectral region.
Indeed, up to 50 W of output power in continuous wave and 7 mJ of
energy in Q-switched pulses at 1940 nm were recently demon-
strated.
Although quite a lot of effort has been recently committed to
tuneable operation of novel Tm-doped materials, we feel that the
potential of Tm:YAP crystal has not been fully exploited in this
respect. Discrete tuneability of this material by means of changing
the output coupler’s reflectivity was previously investigated.
However, continuous tuning of this material has not been yet
reported.
In this work we have developed a continuously tuneable diode
pumped Tm:YAP laser. An a-cut (Pbnm notation) crystal sample with
4% at. doping from Crytur Ltd. (Turnov, Czech Republic) was used.
This crystal orientation was chosen due to higher emission cross
section in the 1.8 - 2 um range comparing to the conventional b-cut
orientation, which should extend the tuneability range and output
power. A fibre coupled (diode LIMO HLU30F400-790) was used to
pump the crystal. The diode’s central wavelength was in the range of
789 nm to 793 nm depending on the diode current and the diode
heat sink temperature. The pump power available was up to 17 W.
The 400 um fibre tip was imaged into the crystal by means of two
achromatic doublet lenses which resulted in a pumping beam waist
diameter of ~360 um inside the active medium. The crystal was
mounted in a water-cooled heat sink and wrapped in Indium foil. The
available Tm:YAP sample was 3 mm long and absorbed up to 60%
of pumping radiation.
Firstly, a linear 30 mm long two-mirror resonator was constructed
consisting of a flat high reflector (HR) and a curved output coupler
(OC) with radius of curvature of 150 mm. The laser output power was
optimised by varying the OC reflectivity. The maximal output power
of 4.8 W was obtained with output coupler reflectivity of 98%. The
pump power incident on the crystal was 17 W, which corresponded
to 10.1 W of pump power absorbed. The differential efficiency in
respect to the absorbed pump power reached 58% while the
attained optical to optical efficiency was 48%. No thermally induced-
roll-off was observed and thus the output was only limited by the
available pump power and relatively low sample absorption. The free
running wavelength was measured at 1.99 um corresponding to a
local gain peak of the a-cut Tm:YAP crystal.
Next, the cavity was extended to 80 mm to allow insertion of a tuning
element. A 1.5-mm thick birefringent plate inserted under a
Brewster’s angle made from quartz was used. The maximal output
power of 3.85 W in this set-up was obtained. Somewhat lower
output power can be explained mainly by diffraction losses intro-
duced by a stronger influence of the thermal lens, poorer matching
of the pump beam to the cavity mode, and insertion losses of the
filter. Tuning was achieved by manually rotating the birefringent plate
about its surface normal. The laser output wavelength was monitored
using a single grating monochromator (Oriel 77250) and an InAs/
InAsSbP photodiode (PD36-05 IBSG Co, Ltd.).  The laser could be
tuned from 1869 nm up to 2036 nm with a maximum at 1985 nm.
The linewidth could not be accurately measured with our instrumen-
tation but was estimated to be of several nanometres. The beam
profile character was observed throughout the experiment using a
fluorescence card and was assessed to be close to the fundamental
mode. More accurate measurements of the beam profile and quality

using an IR sensitive camera (Pyrocam III, Spiricon) are planned for
the near future and shall be presented.
In summary, we have developed a diode pumped Tm:YAP laser with
up to 3.8 W  of continuously tuneable output. The tuning range of
over 160 nm extended from 1869 nm to 2036 nm covering many
important atmospheric absorption lines. In this wavelength range, the
absorption depth in water changes from 100 um (laser wavelength
1.94 um) to 400 um (wavelength 1.87 um) making it potentially
attractive for medical application as a laser scalpel with variable
cutting depth. Further increase in output power is straightforward
when optimised sample length shall be used. The demonstrated
broad gain bandwidth make this laser attractive for mode-locking
experiments in the 2 um wavelength region.

6190-09, Session 2
Free-running and Q-switched performance of a diode-
pumped Er:Yb:YAG laser emitting at 1.65  µm
E. Georgiou, Technological Educational Institute of Crete (Greece);
O. Musset, J. Boquillon, Univ. de Bourgogne (France)
Er:Yb:YAG is emerging as the first crystalline diode-pumped laser
source delivering high output energy (in the order of 10’s of mJ) in
the 1.5-1.7 micron eyesafe region. This paper describes the latest
progress in the development of a Q-switched version of this novel
laser system and reports on our recent work employing a “Frustrated
Total Internal Reflection - FTIR” shutter to obtain efficient Q-switched
operation in the ns regime.  Furthermore, a study of the pump-
pulsewidth influence on laser output has revealed remarkable
dependence of the laser performance on the pumping duration and
has determined optimal pumping conditions yielding higher pulse
energy and efficiency.
In our configuration an Er/Yb co-doped YAG crystal (1% Er, 5% Yb)
is side-pumped by three quasi-cw multi-bar laser-diode arrays
arranged symmetrically around the laser rod, at 120-degree angles
apart. The linear resonator includes a concave high-reflector, the
Er:Yb:YAG crystal, a FTIR Q-switch and a flat output coupler having
reflectivity in the 85-95% range. The rod is mounted in a custom-
made bored cylindrical gold-plated brass holder, having side
openings to accept the pump radiation. Pump currents in the range
of 30-65A, with 1-10 ms pulse durations were obtained from a
custom pulsed-current source driver. Heat-dissipation management
and pump-diode temperature tuning are both controlled with Peltier-
type solid-state thermo-electric coolers. The “FTIR” optical modula-
tor is based on the principle of Frustrated Total Internal Reflection.
This Q-switch consists of two adjacent orthogonal glass prisms, with
their hypotenuse facets separated by a thin gap, which are driven to
contact by two attached piezoelectric stacks under a short high-
voltage pulse (450V).
In free-running operation, Er:Yb:YAG output pulse energies have
reached 80mJ, while in Q-switched operation output pulses of
12.5mJ energy and 45ns duration have been obtained. Pulse
durations can be greatly reduced if a Q-switch modulator with fast
risetime is employed in place of the relatively slow (300ns) FTIR
switch. Measured slope efficiencies reach 4.5%, calculated with
respect to the incident pump energy, while lasing thresholds lie in the
range of 1-1.5J of optical input. In view of the low absorbance of our
particular Er:Yb:YAG laser rod at the pump wavelength employed
(960nm), a recalculation with respect to the absorbed pump energy
yields slope efficiencies increased by a factor of 2.5x at least, while
lasing threshold values are correspondingly suppressed by the same
figure. Considering the 3-level nature of this system, these results
are already satisfactory, being already on a par with diode-pumped
competitive Er:Yb:Glass system reports.
In Q-switched mode, Er:Yb:YAG pulses are characterized by smooth
spatial and temporal profiles and low beam divergence, as well as by
pulse-to-pulse repeatability of 1% or better. The results reported
here already render the Er:Yb:YAG a practical crystalline-laser
nanosecond source for remote sensing and telemetry in the 1.5-1.7
micron eyesafe region. In comparison with the established Erbium-
doped glass materials, the superior thermal conductivity of YAG
presents a significant potential for higher average power and
repetition rates.  Further work is directed towards laser material and
pump-wavelength optimization to increase the energy output.
Additionally, alternative modulation schemes are considered to
increase the Q-switched extraction efficiency and peak power.
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6190-10, Session 2
Continuous-wave fiber-pumped Cr:ZnSe laser
U. Demirbas, A. Sennaroglu, Koç Univ. (Turkey); N. Vermeulen, H.
Ottevaere, H. Thienpont, Vrije Univ. Brussel (Belgium)
Chromium-doped zinc selenide (Cr2+:ZnSe) lasers provide broadly
tunable radiation in the 2-3 µm range and can be used in many
applications such as vibrational spectroscopy, trace gas detection,
and atmospheric imaging [1, 2]. To date, pulsed [1, 3], continuous-
wave (cw) [4], diode-pumped [5], mode-locked [6], random-lasing [7],
and single-frequency [8] modes of operation have been demon-
strated. Due to the broad absorption band of the Cr2+:ZnSe medium
extending from 1500 to 2000 nm, numerous lasers have been used
as pump sources, including Co2+:MgF2 [1, 3, 9], Tm:YALO lasers [4],
and NaCl:OH- [6] lasers. Because high doping concentrations lead to
quenching effects and increased losses at the lasing wavelength, a
convenient excitation scheme for Cr2+:ZnSe lasers involves the use
of pump lasers operating near the absorption peak at 1775 nm. This
way, sufficient pump absorption can be obtained even at relatively
low chromium concentrations. In previous studies, pumping of
Cr2+:ZnSe lasers was demonstrated by using 1770-nm diodes [10].
In this study, we describe the operation of a cw Cr2+:ZnSe laser
pumped by a 1800-nm thulium fiber laser. In comparison with diode
pumps, the fiber lasers have the additional advantage of better beam
quality and reduced cooling requirements. In the lasing experiments,
a 2.6-mm-thick polycrystalline Cr2+:ZnSe sample was used. The
small-signal differential absorption coefficient at 1775 nm and the
fluorescence lifetime were measured to be 11 cm-1 and 4.6 µs,
respectively. The sample was placed inside a standard x-cavity and
a 3% transmitting output coupler was used. In preliminary experi-
ments, as high as 98 mW of output power was obtained near 2500
nm with 840  mW of incident pump power and 3% output coupler.
In addition, the output of the laser could be tuned around 2500 nm
with an intracavity prism.  In the presentation, we will provide
detailed data showing the cw power efficiency as a function of
output coupling, pump power, and emission wavelength. In addition,
spectroscopic characteristics of the Cr2+:ZnSe samples will be
discussed.
This project was supported by the ‘Network of Excellence on Micro-
optics,’ (European 6th Framework Program, 2004-2008).  The
authors also thank Adnan Kurt and M. Natali Çizmeciyan for their
help during the experiments.
References
[1] L. D. DeLoach, R. H. Page, G. D. Wilke, S. A. Payne, and W. F.
Krupke, “Transition Metal-Doped Zinc Chalcogenides Spectroscopy
and Laser Demonstration of a New Class of Gain Media,” IEEE
Journal of Quantum Electronics, vol. 32, pp. 885-895, 1996.
[2] F. K. Tittel, D. Richter, and A. Fried, “Mid-Infrared Laser Applica-
tions in Spectroscopy,” in Solid-State Mid-Infrared Laser Sources,
vol. 89, Springer Topics in Applied Physics, K. L. Vodopyanov, Ed.
Berlin Heidelberg: Springer, 2003, pp. 445-516.
[3] R. H. Page, K. I. Schaffers, L. D. DeLoach, G. D. Wilke, F. D.
Patel, J. B. TassanoJr., S. A. Payne, W. F. Krupke, K.-T. Chen, and
A. Burger, “Cr2+ Doped Zinc Chalcogenides as Efficient, Widely
Tunable  Mid-Infrared Lasers,” IEEE Journal of Quantum Electronics,
vol. 33, pp. 609-619, 1997.
[4] G. J. Wagner, T. J. Carrig, R. H. Page, K. I. Schaffers, J. Ndap, X.
Ma, and A. Burger, “Continuous-wave broadly tunable Cr2+:ZnSe
laser,” Optics Letters, vol. 24, pp. 19-21, 1999.
[5] R. H. Page, J. A. Skidmore, K. I. Schaffers, R. J. Beach, S. A.
Payne, and W. F. Krupke, “Demonstrations of diode-pumped
grating-tuned ZnSe:Cr+2 lasers,” presented at OSA TOPS, Ad-
vanced Solid-State Lasers, Orlando, 1997.
[6] T. J. Carrig, G. J. Wagner, A. Sennaroglu, J. Y. Jeong, and C. R.
Pollock, “Mode-locked Cr2+:ZnSe laser,” Optics Letters, vol. 25, pp.
168-170, 1999.
[7] I. T. Sorokina, E. Sorokin, V. G. Shcherbitsky, N. V. Kuleshov, and
M. A. Noginov, “Room-temperature lasing in nanocrystalline
Cr+2:ZnSe random laser,” presented at Advanced Solid-State
Photonics, New Mexico, 2004.
[8] G. J. Wagner, B. G. Tiemann, W. J. Alford, and T. J. Carring,
“Single-Frequency Cr:ZnSe Laser,” presented at OSA Advanced
Solid-State Photonics, New Mexico, 2004.
[9] I. T. Sorokina, “Cr2+-doped II-VI materials for lasers and nonlinear
optics,” Optical Materials, vol. 26, pp. 395-412, 2004.

[10] V. E. Kisel, V. G. Shcherbitsky, N. V. Kuleshov, V. I.
Konstantinov, L. I. Postnova, L. I. Levchenko, E. Sorokin, and I. T.
Sorokina, “Emission lifetime measurements and laser performance of
Cr:ZnSe under diode pumping at 1770 nm,” presented at Advanced
Solid-State Photonics, Santa Fe, New Mexico, USA, 2004.

6190-11, Session 2
Nd:YAG/V:YAG microchip laser
J. Sulc, H. Jelinkova, Czech Technical Univ. in Prague (Czech
Republic); K. Nejezchleb, V. ·koda, Crytur, Ltd. (Czech Republic)
Miniature high peak power laser systems based on microchip
geometry [1] are promising radiation sources for many applications,
like micromanufacturing, remote sensing, data storage, etc.[2] On the
basis of previous experimental results, a Q-switched microchip laser
emitting radiation at wavelength 1338 nm was designed and realized.
This laser was based on special monolith crystal which combines in
one piece a cooling undoped part (undoped YAG crystal, 4 mm
long), active laser part (YAG crystal doped with Nd3 +  ions, 12 mm
long) and saturable absorber (YAG crystal doped with 3 +  ions, 0.7
mm long [3]). The diameter of the monolith was 5 mm. The undoped
part, diffusion-bounded to the pumped face of the crystal doped
part, enlarges the active material cooling surface and improves a
laser active media thermal field uniformity and heat-sink. The V:YAG
saturable absorber was diffusion-bounded to the un-pumped face of
the Nd:YAG section. This configuration has secured the effective
heat removal from the saturable absorber and reduced losses of the
whole laser system. The initial transmission of the V:YAG part
derived from our previous experimental arrangements was 85 %.
The microchip resonator consists of dielectric mirrors which were
deposited directly on the monolith crystal surfaces. The pump mirror
with the high transmission for pump radiation and the high reflection
for generated radiation was placed on the undoped YAG part. The
output coupler with reflection 90 % for the generated wavelength
was placed on the 3 + -doped part. The total microchip laser
resonator length was 16.7 mm. During the experiment, the monolith
crystal was fixed in a cylindrical water-cooled cupreous heat-sink
mounted on XYZ-translation stage. As a pumping source the fiber-
coupled laser diode HLU20F400 (LIMO Laser Systems) emitting
radiation at wavelength 808 nm with the maximum output power 20
W was used. The diode radiation was focused into the active
Nd:YAG part of monolith crystal by two achromatic doublet lenses
with the focal length 75 mm. The measured diameter of pumping
beam focus inside the crystal, containing more than 90 % of whole
pump power, was 360 mm. The active part of laser crystal absorbed
approximately 95 % of pumping radiation.    The constructed
“alignment-free” Q-switched microchip laser was tested under
pulsed (250 ms long pulses, pump pulse energy 5 mJ), and CW
diode pumping. In both cases, the generated pulse energy, pulse
length, emission wavelength, polarization, and laser beam profile
were measured. It was found, that for all tested regimes the laser has
been operating in the single transversal mode TEM00 and the
generated pulse shape was stable. The pulse length done by the
saturable absorber initial transmission, OC reflectivity, and resonator
length was equal to 6.2 ± 0.2 ns (FWHM) and it was constant for all
regimes. The wavelength of linearly polarized laser emission was
1338 nm.    The pulse energy, affected by the laser mode volume in
the Nd:YAG part and by microchip construction parameters,
depends on the mean pump power. For pulsed pumping the output
pulse energy was stable up to mean pump power 1 W (rep. rate 200
Hz) and it was equal to 131±5 mJ, which corresponds to peak power
21 kW. For mean pump power 5 W (rep. rate 1 kHz) the generated
pulse energy drops to 60 mJ due to thermal effects in the laser rod.
In CW regime, with the threshold pump power 6.5 W, the pulse
energy was approximately stabilized to 37.5 ±2  mJ for pumping up
to 12.5 W. This energy corresponds to peak power 6 kW. The mean
output power increased up to 0.4 W mainly due to increase of the
generated pulse repetition rate (11 kHz for mean pump power 12.5
W). For mean pump power higher than 12.5 W, higher order modes
were generated and pulse peak power and pulse energy starts to be
unstable. In this regime, the maximum mean output power was 0.6
W \@ 1338 nm for 14 W pumping power.    The next step will be the
construction of more compact system with shorter active medium
and corresponding shorter pulse length.    Except of above men-
tioned common applications, microchip laser with this particular
wavelength (1338 nm) can be suitable, due to higher absorption in
water in comparison with 1064 nm base line radiation, for medical
treatment. Also better eye protection predetermines this miniature
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laser system for application where more eye safety is required
(rangefinding, illumination). The second harmonic is possible to use
as red colour in RGB sources.
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6190-12, Session 3
White light generation in tapered fibers: basic research
and applications
H. W. Giessen, J. Teipel, D. Türke, R. Zhang, Univ. Bonn (Germany)
We generate white light in tapered fibers with different pump
sources: A compact diode-pumped Yb:glass laser with sub 200 fs
pump pulse duration and 20 MHz repetition rate generates more
than 200 mW average power with a continuum that ranges up to
1700 nm. A diode-pumped Nd:YVO4 laser system with 8 ps pulse
duration generates more than 5 W of white light around 1064 nm.
We investigate the coherence properties of the white light continuum
and find that only the fs pumped output spectrum yields sufficient
coherence for certain pump conditions. The ps continuum does not
show coherence beyond the pump wavelength. Experimental
evidence points at self-phase modulation seeding of stimulated
Raman processes that are responsible for the coherence properties
of the white light continuum.
We furthermore investigate the pulse propagation and
supercontinuum properties of tapered fibers surrounded by different
liquids and the propagation and polarization properties of elliptical
tapered fibers.
Finally, we apply our fs-pumped white light continuum source to
confocal multi-color microscopy and to multiphoton microscopy,
utilizing acousto-optical beamsplitters that were used at three
different wavelength simultaneously. We demonstrate on rat brain
samples that our source is equivalent to commercial confocal and
multiphoton microscopes.

6190-13, Session 3
CW blue laser emission by second harmonic generation
of 900-nm oscillation of Nd-doped strontium and
lanthanum aluminate (ASL)
C. Varona, École Nationale Supérieure de Chimie de Paris (France)
and CEA-LETI (France); P. Loiseau, G. Aka, École Nationale
Supérieure de Chimie de Paris (France); B. Ferrand, CEA-LETI
(France); V. Lupei, Institue of Atomic Physics (Romania)
Introduction
Diode-pumped solid-state lasers operating in the blue spectral range
have a large number of applications ranging from high-density
optical data storage to photo therapy and medical diagnostic. Such
a device can be designed using a neodymium-doped laser material,
operating on the 4F3/2 → 4I9/2 laser transition and frequency
doubling in a quadratic non-linear optical crystal. For instance,
frequency doubling of the Nd:YAG emission at 946 nm using a
periodically poled KTP generates a 473 nm laser beam [1]. Such
laser materials should obey to the following conditions: high energy
for the emitting level 4F3/2, moderate crystal field splitting of the
ground manifold 4I9/2 and high branching ratio for the 4F3/2 → 4I9/2
emission. Nevertheless, the energy of the terminal laser level must
not be too low, to avoid strong reabsorption of laser emission owing
to the thermal population of this level. The above conditions are
found in compounds with low covalency (such as oxides or fluorides)
and with high anionic coordination for the Nd3+ site [2-4]. We found
that the Nd-doped strontium and lanthanum aluminate (Nd:ASL),
whose formula is (Sr1-xNdyLax-y)(MgxAl12-x)O19, fulfils the above
requirements. This material is melting congruently when 0.04 < y <
0.15 and x ≤ 0.3. It belongs to the uniaxial hexagonal
magnetoplumbite structure. The neodymium ions lie in a 12 fold-

coordinated axial site of D3h point symmetry, with Sr(Nd) - O
distances ranging from 2.69 to 2.79 Å [5]. Growth of large and optical
quality crystals of Nd:ASL by Czochralski pulling technique has
already been achieved [6-7]. We report here the 4F3/2 → 4I9/2 laser
emission of this material around 900 nm and its second harmonic
generation at 450 nm with non-linear crystals media such as LBO
and BiBO [8].
Crystal growth and spectroscopic characteristics of Nd:ASL
Nd:ASL single crystals with formula Sr1-xLax-yNdyMgxAl12-xO19
(0.05 < x < 0.5; y = 0.05) were pulled by the Czochralski pulling
technique. Iridium crucible and nitrogen atmosphere were used to
carry out the crystal growth with a seed oriented along c axis.
Spectroscopic studies revealed that the branching ratios are similar
(45%) for both transitions 4F3/2 → 4I9/2 and 4F3/2 → 4I11/2 [7].
That is why we can hope efficient laser action at 900 nm. Further-
more, the emission cross-section in the sigma polarization is found
to be 2.3 10-20 cm2, which is close to the 3.10-20 cm2 observed in
Nd:YAG [8].
The Nd emission lifetime in ASL is about 420 microseconds.
Moreover, the absorption cross-sections for the transitions 4I9/2 →
2H9/2, 4F5/2 are high enough to ensure an efficient optical pumping.
In sigma polarization, we have measured an absorption cross-
section of 2,91.10-20 cm2 at 792 nm and 2,33.10-20 cm2 at 799 nm
[10], which are not too far from the Nd:YAG and its 7.10-20 cm2
absorption cross-section at 807 nm[11]. A recent and more complete
spectroscopic investigation [13] of Nd:ASL crystals with x=0.2, 0.3 or
0.4 evidenced that the crystals contain in fact two structural Nd3+
centers, C1 and C2, whose relative concentration depend on the
parameter x: C1 dominates at high x values, while C2 has significant
contribution only at very low x. The absorption lines are fairly broad,
recommending this crystal for laser diode pumping.
Infrared laser performance and second harmonic generation
The CW 900nm laser emission was investigated with a 5mm long
Sr0.7La0.25Nd0.05Mg0.3Al11.7O19 crystal in an end-pumped laser
resonator with light propagating along the c-axis of the crystal. The
crystal is mounted in a copper block and its temperature is main-
tained at approximately 10°C using a thermoelectric cooling device.
A CW Ti:Sapphire laser tuned at 792.2nm was used as the pumping
source. The Titanium Sapphire laser allows optimization of the
overlap between pump and cavity beams inside the gain medium as
compared with a laser diode. For maximum absorption, the
polarization of the pump beam was perpendicular to the crystal c
axis. The crystal was coated antireflection at 900nm on both faces
and the input mirror was deposited on the first face (high transmis-
sion for the pump wavelength and high reflection at 900nm and
450nm). The 95mm long laser resonator was plane-concave. The
concave output mirror with 100 mm of curvature present reflectivity
of 90% at 900nm and high reflection at 790-800nm in order to
recycle the pump radiation inside the crystal. The output mirror used
has high transmission (\>70%) for 1050nm to prevent laser emission
on transition 4F3/2 → 4I11/2. The laser emission in these conditions
peaks at 900nm.
The best infrared laser performances obtained gives the following
figures : 1.67W maximum ouput power at 900nm for 2.53W
absorbed power at 792nm, emission threshold around 275mW, and
slope efficiency well above the threshold is 82%, which is higher
than for other quasi-three-level Nd lasers reported so far.
The intracavity frequency doubling was performed with the same
configuration described where we changed the output mirror. Now, it
shows high reflection at 900nm and high transmission at 450nm. We
obtained a deep blue laser emission at 450nm using type I phase
matching with LBO and BiBO crystals. We had been able to measure
up to 225mW of blue power with a 10mm-long LBO crystal and up to
320mW of blue power with a 10mm-long BiBO crystal. Further
second harmonic generation experiments are underway with
different NLO media such as KNbO3, GdCOB and the Gd1-xYxCOB
[10] optimized for non critical phase matching configuration.
Conclusion
We have demonstrated that the Nd-doped Strontium Lanthanum
Aluminate crystal Sr1-xLax-yNdyMgxAl12-xO19 with the composi-
tion (x=0.3; y = 0.05) is suitable to get efficient (slope efficiency of
0.82) quasi-three-level Nd laser emission at 900nm. Deep blue laser
emission at 450nm was obtained by intracavity SHG of infrared laser
emission of Nd:ASL using LBO and BiBO crystals. Further experi-
ments of intracavity doubling are now being performing with different
NLO crystal and will be presented at the conference.
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6190-14, Session 3
Diode-pumped milliwatt-scale single-frequency CW 355-
nm intra-cavity frequency tripled laser
T. Georges, N. Aubert, C. Chauzat, Oxxius SA (France); P. Féron,
École Nationale Supérieure des Sciences Appliquées et de
Technologie (France)
Gas ion lasers (Ar, Kr, He/Cd, He/Ne) have been very popular for
years because they were the only practical sources of CW emission
in the visible and near UV spectrum. Their main drawbacks are low
power efficiency (0.01% or less), large size and water cooling
requirements for Watt-scale visible and all UV lasers. In the 90’s,
intracavity frequency doubled DPSS lasers have replaced most of
the green emissions of gas ion lasers at any power. More recently,
DPSS blue lasers (including optically pumped semiconductor lasers
and other types of frequency doubled semiconductor lasers) became
mature and start to replace 457 to 488 nm argon and krypton lines.
In addition, GaN diodes are now covering the low power side of the
375 nm to 473 nm spectral range. The near UV lines (350-360 nm)
applied to confocal microscopy, flow cytometry, CD mastering,
semiconductor inspection and reprographics are still waiting for
practical replacements. The goal of this paper is to present an
intracavity frequency tripled DPSS laser that could eventually replace
UV gas ion lasers.
Intracavity frequency tripled lasers suffer from large instabilities
(“green noise”). The solution for stabilizing the output power is to
operate the laser single frequency. The long term single frequency
operation of a laser is facilitated by a large axial mode separation

and thus by a short laser cavity. For this reason, we do not include
any intracavity focusing element (except the thermal lens) that would
optimize the mode size within the nonlinear crystals.
The laser cavity was made out of four different elements that are
optically contacted. The first element is a 1mm long 1.1% Nd doped
YVO4 crystal and acts as the gain medium at 1064 nm. The input
facet of the crystal is coated with HR at 1064 nm (\>99.8%). The
second element is a 5mm long KTP cut for a 35°C type II SHG phase
matching. The third element is a frequency tripler crystal. Two
different crystals were tested : a 4mm long LBO cut for type I THG
and a 8 mm long LBO cut for type II THG. The last element is a fused
silica mirror with HR at 1064 nm (99.65%) and HT at 355 nm
(\>95%). Te total cavity length was about 10 mm. Because of the
good parallelism of the four elements, and thanks to the thermal
lens, the laser cavity was self-aligned. The laser was pumped by a
2W 1*100 µm 808 nm diode focused into the cavity by a GRIN lens.
Cooling of the Nd:YVO4 crystal was achieved by a 8W Peltier TEC.
The temperature of the LBO crystal was controlled by a smaller size
Peltier TEC. Temperature acceptance of LBO is calculated to be 17.5
°K. Temperature acceptance of KTP was much larger (56 °K) and did
not require any control.
The 0.35% transmission of the output mirror provided an easy way
to monitor 1064 nm oscillation. Up to 2.6 W of pump power, it was
possible to adjust the focusing of the pump and the crystal tempera-
tures in order to achieve a linearly polarized single frequency
operation. The combination of the birefringent crystals (KTP+LBO)
and the polarization dependent gain provided for a Lyot filter. The
filter ISL was calculated to be 1.78 nm with a 10 pm/°K tuning
capability. It is of the order of the emission linewidth and the
emission only occurred on a single filter peak. The axial mode
separation was calculated to be 23 pm but internal Fresnel reflec-
tions killed many modes so that the measured mode spacing was
twice or three times the theoretical value. This effect allowed the
operation on a given mode over a large temperature range (4-6 °K).
At the maximum pump power, the 1064 nm output power was 308
mW, corresponding to an 88 W intracavity power. The mode size at
the beam waist was 20 µm.
KTP is an efficient doubling crystal for 1064 nm because of its large
nonlinear coefficient (3.3 pm/V), small walk-off (4 mrad) and large
angular acceptance (18 mrad for 5 mm long KTP). The latter
corresponds to the diffraction limited divergence of a 20 µm beam.
Calculating the green power out of the KTP crystal with 88 W 1064
nm emission would lead to 5W if the beam waist was located at the
middle of the crystal. The location of the beam waist at mirror output
significantly decreases the doubled power down to 0.62 W. We
could measure the green power through the transmission of the
output coupler (2.43%). At maximum pump power, 19.5 mW green
power was extracted from the laser cavity, corresponding to 0.8 W
intracavity power. The polarization was elliptical due to backward
green emission rotated in the Nd:YVO4 crystal and reflected back. A
532 nm reflection at KTP input would not rotate the polarization and
would increase the 532 nm intracavity power.
Type II LBO crystal was first tested because of its small walk-off and
large angular acceptance. However, the UV power measured at laser
output was at maximum 1.6 mW, significantly lower than what was
predicted by numerical simulations. With type I cut LBO crystal, we
could measure up to 4.6 mW UV power at maximum pump power
(2.6 W). The same amount of power was propagating backwards and
was absorbed by KTP crystal.
Increasing UV power beyond 10 mW through an improved set-up
(including an HR mirror at 355 nm and a higher pump power) will be
presented at the conference.

6190-15, Session 3
100-mW of blue light at 405 nm from intracavity doubling
of CW Ti:sapphire laser utilising BiBO-crystal
M. Thorhauge, J. L. Mortensen, P. Tidemand-Lichtenberg, P.
Buchhave, J. R. Rasmussen, Danmarks Tekniske Univ. (Denmark)
1. Introduction
There is a great demand from many applications for coherent light
sources in the blue to UVA (320-400 nm) spectral region. For
instance microscopy, where many intrinsic and extrinsic fluorophores
are excited at these wavelengths. Other applications include
semiconductor processing and medico technical instruments. Today
this
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spectral region is usually addressed by frequency tripled Nd:YAG
lasers, excimer lasers, or gas lasers. However, these options only
cover a limited number of colours, and it would be preferable to
increase the range of wavelengths available. Currently the research
therefore goes towards developing frequency doubled CW solid-
state lasers for
the blue-UVA region. One of the options are doubling of Ti:Sapphire
lasers with the possibility of spanning wavelengths from around 325
nm to 525 nm. The scope of this experiment was to test the novel
nonlinear crystals  BiBO - in conjunction with frequency doubling of
Ti:Sapphire lasers. The BiBO crystal excels by having very high
nonlinear coefficient - higher than most commonly used crystal for
frequency doubling to the UV region [1]. In addition BiBO shows
good transmission characteristics down to around 286 nm [2] -
unlike KTP for instance. Until now frequency doubling in BiBO crystal
have either been utilised for extracavity doubling of Ti:Sapphire
femtosecond lasers [3-5] or for intracavity doubling of CW laser
systems at longer wavelengths - SHG of 1064 nm [6,7] or SHG of
946 nm [8]. In reference [9] a BiBO crystal has been utilised for
continuous wave (CW) second harmonic generation (SHG) of 768 nm
in a locked external cavity. To the best of our knowledge there has
been no published references except our own [10] on intracavity
doubling of CW Ti:Sapphire laser systems utilising a BiBO crystal as
the nonlinear frequency conversion media.
2. Set-up
To achieve the needed very small beam waist at the nonlinear crystal
and a beam waist in the laser crystal of around 60  µm, a 5-mirror W-
type cavity was designed.
The laser crystal was a Brewster-cut 10x3x3 mm Ti:Sapphire crystal
(Foctek) with a Ti-doping of 0.15 atomic percent, mounted in a water
cooled holder. A  beam waist (VxH 56  µm x 65  µm) was formed at
the laser crystal. The nonlinear crystal was mounted in a temperature
controlled holder on a XYZθφ translation stage between two -50 mm
curvature mirrors in the outer leg of the cavity. The waist in the
nonlinear crystal was adjusted to around 25x25  µm. Mirrors around
the nonlinear crystal were HR between 750-850 nm and AR between
375-425 nm. A single plated Brewster-angle birefringent filter (BRF)
was used for wavelength tunability. The pump laser was a Coherent
Verdi V-5, giving a maximum of 5.5 W at 532 nm.
3. Measurements
With the crystal inserted the wavelength of the laser was adjusted to
810 nm. First measurements done were temperature tuning scans of
the nonlinear crystal. The crystal was cut for phase matching at 24 C.
Optimising the blue output at this temperature by cavity adjustments
and then scanning the temperature from 24 to 74 C gave curves for
the blue output power and for the conversion efficiency. The
conversion efficiency was calculated by dividing the blue output by
the intracavity field squared. The intracavity field was found by
measuring the infrared leak through one of the end mirrors. Maxi-
mum output power at this optimisation was 72 mW at 27 C. The
conversion efficiency plot showed a clearly peaked sinc-like
behaviour, but with the highest peak found around 40 C, likely due to
the fundamental wavelength being 810 nm rather than the 808 nm
the crystal had been designed for. We therefore reoptimised the set-
up at a BiBO temperature of 40 C. We found the highest blue output
power was reached at this temperature. Again scanning the
temperature from 24 to 74 C produced results similar to the results
obtained at 24 degrees Centrigrade optimisation - a clearly peaked
conversion efficiency plot, peaks and dips at temperatures corre-
sponding to the same features as found at 24 C optimisation. In
addition to the peaks at 24 and 40 C, peaks were also seen around
65 C and above 74 C. We did not test the crystal at these tempera-
tures as the peaks were not as high as the peak at 40 C.
A long time stability measurement was done with the set-up
optimised at a BiBO crystal temperature of 40 C. The generated blue
output was measured over the course of one hour. The data were
collected by a thermal power meter with an integration constant in
the order of a second, measurement points being taken every two
seconds.  During the power stability measurement the highest
recorded output was achieved at 100.4 mW which was comfortably
higher than we have previously shown at 392 nm [10]. With an
intracavity field of around 40.8 W this corresponds to a conversion
efficiency of 6.04E-5 W-1, which is comparable to results obtained at
other wavelengths [8].
Long time power stability proved to be excellent with an average
over the course of the measurement of 93.3 mW, fluctuations were a
mere 2.85 % (corresponding to a standard deviation of 2.66 mW).

The intracavity field was also monitored during the stability measure-
ment, having an average value of 38.9 W with fluctuations of 1.87 %
(0.72 W standard deviation). The fluctuations in the intracavity field
were not fully correlated with the fluctuations in the generated blue
output.
4. Summary
In this experiment we have utilised a BiBO crystal intra cavity to
frequency double a CW Ti:Sapphire laser to 405 nm. We achived a
maximum blue output of 100.4 mW, which to our knowledge is the
highest published CW output from an intra cavity frequency double
Ti:Sapphire crystal at 405 nm utilising BiBO as the nonlinear material.
Stability was shown to be excellent. Future scope is to utilise this
crystal in a ring type cavity, whereby it should be possible to improve
conversion efficiency by a factor of up to four. BiBO has proved to
be an efficient material for making this type of lasers. We believe it is
the superior choice for low to medium powered frequency doubled
lasers utilising the scheme in this experiement.
[1] H. Hellwig, J. Liebertz, and L. Bohat˘, “EXCEPTIONAL LARGE
NONLINEAR OPTICAL COEFFICIENTS IN THE MONOCLINIC
BISMUTH BORATE BiB3O6 (BIBO)”. Solid State Comm. 109, pp.
249-251 (1999)
[2] H.Hellwig, J.Liebertz, and L.Bohaty, “Linear optical properties of
the monoclinic bismuth borate BiB3O6”, J.Appl.Phys. 88, 240-244
(2000)
[3] M. Ghotbi, M. Ebrahim-Zadeh, A. Majchrowski, E. Michalski, and
I.V. Kityk, “High-average-power femtosecond pulse generation in the
blue using BiB3O6”, Op. Letters 29, 2530-2532 (2004)
[4] M. Ghotbi, and M. Ebrahim-Zadeh, “Optical second harmonic
generation properties of BiB3O6”, Op. Exp. 12, 6002-6018 (2004)
[5] T. Harimoto, Y. Takeuchi, and M. Fujita, “Spectral properties of
second-harmonic generation at 800 nm in aBiB3O6 crystal”, Op.
Exp. 12, 811-816 (2004)
[6] Z. Wang, C. Du, B. Teng, X. Xu, K. Fu, G. Xu, J. Wan, Z. Shao,
and X. Yang, “Diode-laser-array end-pumped 1W CW Nd:YVO4/
BIBO green laser”, J. Mod. Optics 50, 1253-1258 (2003)
[7] A. Brenier, I.V. Kityk, and A. Majchrowski, “Evaluation of Nd3+-
doped BiB3O6 (BIBO) as a new potential self-frequency conversion
laser crystal”, Op. Comm. 203, 125-132 (2002)
[8] C. Czeranowsky, E. Heumann, and G. Huber, “All-solid-state
continuous-wave frequency-doubled Nd:YAG-BiBO laser with 2.8-W
output power at 473 nm”, Op. Letters 28, pp. 432-434 (2003)
[9] V. Ruseva, and J. Hald, “Generatio of UV light by frequency
doubling in BIBO”, Op. Comm. 236, 219-223 (2004)
[10] P. Tidemand-Lichtenberg, M. Thorhauge,. J.L. Mortensen, and
P. Buchhave, “Intracavity doubling of CW Ti:Sapphire laser to 392.5
nm using BiBO-crystal”, CLEO/Europe 2005 poster CD-25-MON
(2005)

6190-16, Session 3
Three-colour operation of a diode-pumped broadband
Yb-doped fibre laser
A. E. El-Taher, Y. H. Tsang, D. J. Binks, The Univ. of Manchester
(United Kingdom)
Diode-pumped rare-earth doped fibre lasers are compact and
efficient sources of near infrared radiation. Nonlinear frequency up-
conversion of these sources to the visible spectral regions enables
them to be used for numerous applications such as laser displays,
laser printing, and material processing. For some applications, such
as differential absorption lidar, tunability and two-wavelength
operation are also required. To date, most studies of the frequency
doubling of fibre sources have utilized extra-cavity nonlinear crystals.
However, the efficiency of second harmonic generation is intensity
dependent and is thus enhanced when the nonlinear crystal is
placed inside the cavity, where the fundamental intensity is greatest.
In the present work, intracavity second harmonic generation (ISHG)
of a continuous wave, diode-pumped, broadband Yb-doped fibre
laser has been investigated for various optical configurations.
Frequency doubling of the fibre output and of the residual diode
pump light,  and sum frequency mixing (SFM) between the fibre
output and the pump light were achieved simultaneously, resulting in
three colour operation in the blue-green region.
A diode laser of wavelength 975nm with a maximum power of 47W
was used as a pump source. The fibre had a hexagonal inner
cladding, the circular core diameter is 25µm and the corresponding
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numerical aperture is about 0.14 and the Yb content was 1.7 wt%
(17 000 ppm). The cavity is formed by two flat mirrors both of high
reflectance \>99% in the 1050-1150nm range and the output coupler
also has high transmittance in the green spectral range. A dichroic
mirror was used inside the cavity to separate the pump radiation
from the fundamental beam. The second harmonic was generated by
means of type I interaction in a beta-barium borate (BBO) nonlinear
crystal, the crystal was  and cut so that the angle between normally
incident light and its optic axis would be θ = 22o .
To reduce nonlinear effects like stimulated Brillouin or Raman
scattering, a fibre length of 2 m was used. The fibre output was
focused into the output mirror; the nonlinear crystal was placed near
the output mirror. Under these conditions, the IR beam waist inside
the BBO crystal was estimated to be 65 µm. As expected, IR
radiation output varies linearly, while the second harmonic output
varies quadratically.  For launched power 18.5 W, more than 9mW of
green and 160mW of IR radiation were obtained indicating an
intracavity circulating fundamental power of approximately 16W. In
comparison, Boyd-Kleinman theory predicts second harmonic power
of 21mW for our experimental parameters; the difference between
theory and experiment is attributed to the breadth of the fundamental
spectrum compared to the phase-matching bandwidth.
When the mirror eliminating the transmitted pump radiation from the
fibre was removed from the cavity, the residual pump radiation from
the fibre end is mixed with the fundamental laser beam inside the
intracavity nonlinear crystal. Three colours were then observed
simultaneously. The three wavelengths generated in the crystal are
the second harmonic for the pump (the blue line centred on 487.5
nm), SFM between pump and fibre laser (blue-green line centred on
512 nm), second harmonic of the fundamental fibre output (green
line centred on 538.5nm). The powers of the blue, blue-green and
green lines were 2.1 mW, 3.4 mW and 8.5 mW, respectively.
To tune the cavity, the output coupler was replaced by a gold-coated
diffraction grating. The grating has 1200 groves/mm and a blaze
angle of 37o for laser around 1 µm. The first order diffracted radiation
is reflects back into the cavity and the grating works as feedback
mirror. Wavelength tuning is accomplished by rotating the grating
around its vertical axis. For this cavity, the tuning range and
bandwidth of the fundamental were 50 nm and 0.5 nm, respectively.
Consequently, the blue-green line was tuned through 506 nm to 517
nm, and the green line was tuned through 526 nm to 551 nm.
If we consider that the fundamental tuning range of a Yb-fibre length
can be extended to 1040nm to 1106 by choosing a shorter fibre
length (at the cost of efficiency), this system has the potential to tune
continuously in the blue-green spectrum from 503 nm to 553 nm,
with only a  2 nm gap between 518 nm and 520 nm.

6190-17, Session 3
Research, growth, and optical properties of new borate-
based NLO crystals for generation of visible and UV light
K. Xu, École Nationale Supérieure de Chimie de Paris (France)
Abstract
In the semiconductor field, the solid-state laser is used in the basic
test apparatus of immersion lithography technology, which is
expected to extend the service “life” of ArF steppers significantly.
This is made possible by the high-quality, coherent output of the
solid-state laser. The solid-state laser is also forecast to be applied
to biotechnology in the near future. Three-dimensional (3D) structural
analysis of proteins using X-ray diffraction measurements has drawn
considerable attention, as it contributes to the development of
pharmaceutical products, as well as to the investigation of life
phenomena. During this process, some protein crystals may require
cutting. However, they are very soft and fragile, and until now there
hasn’t been a highly reproductive processing method. The use of a
193nm solid-state laser will likely allow cutting at high precision
without damaging the fragile crystals. Of course the performance of
solid-state lasers in the UV and deep-UV spectral regions depends
quite heavily on good NLO crystals, such as the borate deep-UV
crystals. For example, BaNaB9O15 (BaNaBO)[1] and BaCaBO3F
(BCBF)[2] that we have developped in this research work meet some
of the requirements for UV light generation. Their crystal growth was
investigated by the Czochralski pulling method and their optical
properties were determined, for instance, transmission window,
refractive index. Results concerning their non-linear efficiencies will
be presented at the conference.

BaNaB9O15
BaNaB9O15 crystallizes in the non-centrosymmetric space group
R3C (Z=6). Cell parameters of BaNaBO are : a=11.1003(8) Å, c=
17.404(1) Å, and V= 1857.2(4) Å3. The borate anionic network is
characterised by a three-dimensional framework built up from [B3O7]
rings[1]. BaNaBO charge was prepared from BaCO3 (\>99.9%),
Na2CO3 (99.8%) and B2O3 (99.98%) reagent powers. In order to
compensate for evaporation losses and to facilitate the growth of the
crystal, the melt had a excess of Na2CO3 and B2O3. The compound
melts congruently at 990°C. Seed crystals were obtained and cut
along c-axis. The growth parameters were as follows: the crystal
growth rate was 0.5mm/h and rotation rate was 30rpm. The crystal
obtained has good mechanical properties for easy cutting and
polishing. Moreover it is chemically stable and not hygroscopic. The
UV absorption edge is approximately at 185nm. A prism was cut and
oriented from the CZ boule for refractive index measurements by
minimum deviation method, in the range 400-1064 nm. BaNaBO is a
positive uniaxial optical crystal. The birefringence for light at 589nm
is 0.02. The Sellmeier equations allow to found that the shortest
possible SHG wavelength producible from type-I configuration is
about 420 nm, and the type-II phase-matching (PM) configuration is
impossible. The PM angle for type-I SHG of 1064 nm Nd: YAG laser:
1064nm as been calculated to be θ=57.4°. The minimum fundamen-
tal wavelength to be converted by SHG process was found to be
about 842 nm.
BaCaBO3F
BaCaBO3F has a hexagonal structure with P-62m space group
(Z=3). The starting materials used for our experiments consisted of
BaCO3 (\>99.9%), CaCO3 (99.95%), B2O3 (99.98%) and BaF2
(99%). The melting temperature of BCBF is 1100°C. All crystal
growth runs were carried out using a Pt wire. Growth rate was
0.2mm/h with rotation rates of 20rpm. Cell parameters of the crystal
grown by CZ are a=9.0489(8) Å, c=4.3257(4) Å and V=306.75(9) Å3.
BCBF is a negative uniaxial [2] optical crystal. The UV absorption
edge is about 210nm. By using minimum deviation method,
refractive index are measured with a prism cut and oriented from the
CZ boule. Sellmeier equations are determined from measurements in
the wavelength range 250-1064nm. Sellmeier equations predict the
limits of type-I and type II PM wavelengths to be 550nm and 860nm,
respectively. The PM angles for type-I and type-II SHG of 1064 nm
Nd: YAG laser have been calculated to be 38.0° and 58.6°, respec-
tively. In addition, BCBF present suitable accomodation site for Yb3+
ions. Yb:BCBF could be a promising material for the generation of
visible laser light around 510nm by self frequency doubling process
with only one single crystal.
References
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(2001) 1015-1023
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6190-18, Session 4
Novel concepts for high-power fibre lasers
P. Wang, W. A. Clarkson, D. Y. Shen, L. J. Cooper, J. K. Sahu, Univ.
of Southampton (United Kingdom)
Scaling of the output power from solid-state lasers is and is likely to
continue to be an activity which preoccupies many within the laser
community, driven by the increasing demands of a range of
applications.  In conventional ‘bulk’ solid-state lasers the underlying
problem is heat generation within the laser medium and its deleteri-
ous effects, notably aberrated thermal lensing, which can degrade
beam quality and efficiency.  Over the last decade there has been
growing interest in cladding-pumping of fibre lasers as an alternative
technology for achieving high output power.  Fibre lasers benefit
from a geometry which offers a high degree of immunity from
thermal effects and which can yield very high lasing efficiencies.
Moreover, due to the broad transition linewidths associated with a
glass host, fibre lasers offer enormous flexibility in operating
wavelength.  The rapid rise in output power from Yb, Er and Tm
doped fibre sources in the ~1 µm, 1.5 µm and ~2 µm spectral
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regimes over the last few years serves to underline the future
importance of these sources.  However, further power scaling
without degradation in beam quality and efficiency may well require a
radical change in fibre laser architecture.  This presentation will
review recent progress in development of high power fibre lasers and
discuss strategies for further scaling of output power whilst
maintaining good beam quality.

6190-19, Session 4
Efficient 2.96 micron dysprosium-doped ZBLAN fibre
laser pumped at 1.3 micron
Y. H. Tsang, A. E. El-Taher, T. A. King, The Univ. of Manchester
(United Kingdom); S. D. Jackson, The Univ. of Sydney (Australia)
Due to the strong vibrational absorption of water molecules at
approximately 3 micron, high-power fibre lasers operating near 3
micron have strong interest for medical applications and also for
sensing. Three rare earth dopants have generated laser emission
near 3 micron: Er3+, Ho3+, and Dy3+. The Er3+ ion, doped into
various glasses, has been the most extensively studied and provides
lasing near 3 micron in both crystal and fibre laser configurations.
Due to pump excited state absorption (ESA) and the lower Stokes
limit (of ~35%), the slope efficiency achieved in the ~970-980 nm
diode pumped Er3+-doped ZBLAN fibre laser is limited to ~25%.
The recent development of the 2.86 micron Ho3+, Pr3+-co-doped
ZBLAN fibre laser demonstrated that the slope efficiency generated
when pumped with the 1.1 micron Yb3+-doped silica fibre laser
could be augmented to 29%. Both the Er3+- and Ho3+, Pr3+-doped
ZBLAN fibre lasers are four-level laser systems, however, the quasi-
three-level 3 micron fibre laser system based on Dy3+-doped ZBLAN
offers the possibility of broadly tunable and highly efficient mid-
infrared light generation.
Wavelengths around 1.15, 1.3 and 1.7 micron can be used to pump
Dy-doped ZBLAN fibre in order to generate ~3µm with high
efficiency. Previously the generation of 2.9 micron from the Dy-
ZBLAN fibre was demonstrated by pumping with 1.1 micron Yb-
silica fibre laser sources. The laser slope efficiency and lasing
threshold demonstrated was about ~5% and ~1.78W. In this
investigation, the longer wavelength absorption band (6H9/2 , 6F11/
2) centred at 1.3 micron of Dy3+-doped ZBLAN is utilised and the
lasing transition around ~3 micron takes places from 6H13/2 to
6H15/2. With this pumping scheme the Stokes’ efficiency is
expected to be up to ~45%. A quasi-continuous wave Dy3+-ZBLAN
fibre laser pumped by a ~1.3 micron Nd:YAG laser and operating at
2.96 micron with a FWHM of ~14nm has been demonstrated. For a
60cm fibre length, a threshold of 0.5W and a slope efficiency of
~20% with respect to the absorbed pump power was observed. The
overall pump absorption in the fibre was around 84%. The cavity
reflectivities at 2.9 micron were 99% and 50%. The demonstrated
slope efficiency was 44% of the Stokes’ limit. The slope efficiency
was around four times higher and the threshold around 3.6 times
lower than the previous performance demonstrated by using the 1.1
micron Yb fibre laser pumping scheme. The higher performance
achieved compared to the 1.1 micron pump scheme is due to the
higher Stokes’ limit, lower pump ESA losses and higher cavity Q.

6190-20, Session 4
From S- to C-band amplification in a depressed-cladding
EDFA
F. Matteo, F. Poli, L. Ruggeri, S. Selleri, A. Cucinotta, Univ. degli
Studi di Parma (Italy); P. Vavassori, Petroceramics S.r.l. (Italy)
ABSTRACT
The influence of bending on the gain spectrum in a depressed-
cladding erbium-doped fiber amplifier has been studied. In particular,
by changing the bending diameter, it is possible to translate the
amplifier band from C- to S-band. A 22 dB gain for an input signal
power of -15 dBm has been obtained in S-band at 1504 nm and in
C-band at 1545 with a bending diameter of 15 cm and 100 cm,
respectively. By bending the erbium doped fiber with two different
diameters, it is possible to obtain amplification in a wavelength range
between S- and C-band.
Keywords: Erbium doped fiber, optical fiber amplifier, depressed-
cladding fiber.
1. INTRODUCTION
In order to increase the transmission capacity of WDM systems,

optical amplification outside the C- and L-bands is required. The S-
band, 1450 nm ÷ 1530 nm, is particularly attractive, being character-
ized by low loss in silica optical fiber. Many techniques have been
proposed to realize S-band amplification, for example by exploiting
the Raman effect [1], by taking advantage of doping elements like
thulium [2,3,4] or by adopting hybrid solutions [5]. Also erbium-
doped fibers have been used, by suppressing the Amplified
Spontaneous Emission (ASE) in the C-band. This suppression has
been previously realized with complicated multistage filters [6] or by
exploiting the fundamental mode cutoff near 1530 nm of a de-
pressed-cladding erbium doped fiber (EDF) [7].
In the present paper the influence of bending losses on the gain
performances of a single-stage amplifier based on a depressed-
cladding silica-based EDF have been experimentally analyzed.
2. SETUP
The depressed-cladding silica-based EDF here considered has a
refractive index profile characterized by n1 - n2 = 0.0162 and n2 - n3
= -0.0028, where n1, n2, n3 are, respectively, the core, inner
cladding and outer cladding refractive indices. The ratio between the
radius of the inner cladding and that of the core is Rcl / Rco = 6.3,
the dopant region radius is 1.46  µm and the erbium ion concentra-
tion is 7.40 Å~ 1024 ions/m3.
A classical 980 nm-forward pumping scheme, with a pump power of
about 120 mW, has been considered for the single-stage amplifier. A
fiber coupler has been used to multiplex the 980 nm pump and the
input signal. A tunable laser has been used as the signal source. The
15 m-long depressed-cladding EDF has been fusion spliced to a
SMF-28 providing 0.35 dB loss.
3. EXPERIMENTAL RESULTS
Experimental results have demonstrated that the C-band ASE can be
filtered by winding the fiber with a proper bend diameter. In fact, the
measured attenuation spectrum for the straight depressed-cladding
fiber presents a net loss increase for λ \> 1570 nm, which is related
to the fundamental mode cutoff. When the EDF is bent with a
diameter d, the losses increase for the bending contribution.
Moreover, by reducing d, the net transition of the attenuation
spectrum moves towards the shorter wavelengths. The bending
diameter can thus be properly changed in order to realize a tunable
filter, which suppresses the ASE in the C-band and allows S-band
amplification.
Gain spectra have been measured for different bending diameters,
between 12 cm and 100 cm, and for a signal input power in the
range -15 dBm ÷ 0 dBm, in order to show how the EDFA gain shape
is influenced by the bending losses.
For d = 15 cm, which is the optimum bending diameter for the
amplifier in S-band, a peak gain of 22 dB has been obtained at 1504
nm when the input signal power is -15 dBm. Moreover, the gain is
almost constant, with a ripple lower than 1 dB, in a wavelength range
of 16 nm, that is from 1498 nm to 1514 nm, while the 3-dB band-
width is almost 25 nm.
By considering a different bending diameter, it is possible to move
the maximum gain from S- to C-band. In fact, by fixing the signal
input power to -15 dBm and by bending the EDF with a diameter of
100 cm, the same peak gain of almost 22 dB has been obtained at
1545 nm, with a 3-dB bandwidth of almost 24 nm.
Starting from these considerations, the EDF has been bent with two
different winding diameters, one smaller than the other. In particular,
the part of the fiber bent with the larger diameter, between 30 cm
and 100 cm, provides the C-band amplification. On the contrary, the
part bent with a diameter between 14 cm and 16 cm acts as ASE
filter, with the aim to enlarge the gain bandwidth towards the S-
band. Experimental measurements have shown that the gain
bandwidth can be moved from the C-band towards the shorter
wavelengths, but it is difficult to maintain the gain flatness previously
achieved. In particular, with the best bending diameter combination,
that is 14 cm and 40 cm, a gain spectrum in the middle between S-
and C- band has been obtained, with a peak value of about 16 dB
around 1520 nm.
REFERENCES
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[4] A.S.L. Gomes et al, “Dual-Wavelength Pumped TDFAs for S-Band
Optical Telecommunication - An Evaluation”, OFC 2005, JWA13
(2005).
[5] S.R. Lüthi et al, “Single-Pump Raman/TDFA Hybrid Amplifier
Covering the Entire S-Band”, ECOC 2004, 302-303 (2004).
[6] H. Ono et al, “S-Band Erbium-Doped Fiber Amplifiers With a
Multistage Configuration - Design, Characterization, and Gain Tilt
Compensation”, J. Lightwave Technol., 21, 2240-2246 (2003).
[7] M.A. Arbore et al, “S-band Erbium-doped Fiber Amplifiers for
WDM Transmission Between 1488 and 1508 nm”, OFC 2003, 374-
376 (2003).

6190-21, Session 4
Double-clad fibre numerical optimization with a simplex
method
I. Dritsas, T. Sun, K. T. V. Grattan, City Univ. London (United
Kingdom)
High power fibre lasers incorporate large area double-clad fibres
(DCFs) to deliver the multimode pump light to the absorbing region.
Their cross section geometry and refractive index profile affect
significantly the efficiency of the pump power absorption inside the
fibre core. As the technology matures, the automation of the DCF
optimization process becomes increasingly important in an effort to
improve the operational characteristics of the systems designed. An
optimized DCF can improve the efficiency and the beam quality
required for better performing fibre lasers in industrial applications
such as distance welding in car manufacturing.
The automation of the numerical-simulation based optimization of
DCF cross sections and their refractive index profiles is addressed in
this work using multidimensional function minimization. The Nelder-
Mead Simplex method is adapted to the problem of taking an initial
guess of the geometry and optimising it in terms of the absorption
efficiency. Constraints on the accepted levels of chaos in the
generated geometries or on the deviation from the initially guessed
shape can be incorporated into the method.
High computation speed is required in this application because the
Simplex method usually requires a considerable number of iteration
steps in order to converge to a global minimum. The absorption
efficiency calculation-engine used is a computationally efficient
technique operating in the geometrical optics domain. It is called as
a routine every time the absorption efficiency of a given design is
assessed and it owes its speed to the fact that:
• It treats all cross section shapes in a generic way.
• It takes advantage of the particle nature of the pump radiation as a
result of the relatively large characteristic dimensions of the
incorporated structures.
• It does not require the gridding of the volume between the
dielectric interfaces.
The initial Simplex matrix is formed by grouping together a set of
column vectors representing different cross sections. The geometry
of each is encoded into a column vector by means of storing into it
the incorporated structures using a mapping key. That same key is
used to decode a newly generated vector into the geometrical shape
and/or index profile it represents, so that the corresponding
absorption performance can be calculated. The encoded information
can include a feature subject to optimization such as the inner
cladding shape, by means of the two-dimensional coordinates of a
set of points defining its perimeter. All the mapped values refer to a
plane normal to the fibre axis. Other design parameters can also be
included in the set of optimization variables, such as, the core centre
location, the perimeter of the core (to study the effect of different
core cross sections), the shape of a large area air hole or even the
refractive index of an alloy glass rod embedded in the inner cladding.
The Nelder-Mead Simplex method has been modified here in terms
of the formation of the initial Simplex, the logic of the algorithm and
the way the physical property under optimization is evaluated at the
vertices of the Simplex. Each vertex is initially defined around the
guessed cross section profile (practically translating into the first
vertex of the simplex) by gradually propagating a Gaussian perturba-
tion of its shape along the length of the column vector that holds its
coded geometry. The resultant matrix forms a hyper-polyhedron in a
multidimensional space defined by the number of variables affecting

the absorption performance. The optimum shape is found by suitably
guiding the hyper-polyhedron to descend on a multidimensional
surface representing the negative absorption efficiency as a function
of all the encoded variables. The calculated absorption efficiency
values are further processed by a suitable function which smoothes
out the local minima and deepens the valleys that lead to areas of
greater potential to offer improved pump power absorption. In this
way the Simplex is assisted in locating a more global minimum after
fewer iteration steps. The least competent Simplex vertex is
substituted at the end of a successful iteration by the one that
provides a lower centre of gravity and an adapted hyper-polyhedron
volume. The Simplex converges to a minimum on the surface by
collapsing its volume below a predefined value relative to its initial
size. The vertex corresponding to the lowest level on the multidimen-
sional surface is then retrieved and decoded to unfold the sought
after optimized cross section.
Different optimized shapes that delivered similar performance were
produced when starting from different initially guessed shapes,
indicating the existence of multiple solutions to the optimization
problem. Convergence at a lower point in the same valley was
achieved by restarting the process using the previous convergence
point as an initial value and resulting in a slightly different shape
offering improved absorption.  Various optimized cross sections are
presented as the result of initiating the optimization process from
different common shapes. When the selected initial geometry is a
circular, square or D-shaped inner cladding with a centred core, the
resultant optimized fibre design is usually a deformed edition of the
initial shape with an offset core. The strength of the deformity is
partly affected by the size of the Gaussian perturbation used to form
the initial Simplex. If it is required to manufacture the shapes more
easily, more regular shapes can be produced by keeping, for
example, a constant circular inner cladding and optimising only the
position of the core and/or any embedded birefringence. One other
important aspect is that the initially guessed first vertex and the size
of the Simplex formed around it affect its agility, needed to avoid
local minima, as well as the number of iterations required to reach
convergence.
Comparative results are presented to demonstrate the performance
of the optimized designs. Furthermore, illustrative three-dimensional
graphs that show the modal overlap strength in each design are
presented as well as others that show the absorption spectra
evolution along the length of the simulated fibre. The best absorption
performance is achieved by simultaneously optimizing the cross
section geometry and the refractive index profile.
The technique presented is generally suitable for simulation-based
numerical optimization and can also incorporate other photonic
simulation techniques when they offer relatively short simulation
times. If, for example, a method operating in the physical optics
domain is incorporated, the multidimensional optimization technique
presented here could be used to optimize the shape and position of
the air micro-holes to be fabricated into a photonic crystal fibre.

6190-22, Session 4
Pulsed-fiber laser with average output power of 133
watts
Q. Lou, J. Zhou, L. K. Kong, D. Xue, Z. Wang, Shanghai Institute of
Optics and Fine Mechanics (China)
Fiber lasers are most powerful solid state laser available for vairous
applications. They are capable of providing diffraction - limited
power with compact , efficient and cost effictive system. In this
paper, we reporte a master - osciallator fiber power amplifier for
pulsed operation
from 20 kHz to 100 kHz, A 4m double cladding fiber has central core
of 43um and inner core of about 600um / 650um.is used as amplifier,
The seed source is pulsed laser with output power of 1 W at
1064nm, A fraday isolator protect the seed laser from backflection,
these parts in MOPA system are made in China including the double
cladding fiber. The MOPA system is desgined and analysied by
transient gain model. Pulsed amplified characteristics at different
pumping power and repetition rate are calculated and compared
with experimental results. The fiber amplifier is pumped by a laser
diode source at wavelength of 975nm with pumping power of
230Watts, the system can emits average power upto 133.8 Watts
with repetition rate of 100 kHz.
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6190-23, Session 5
New Raman crystals and lasers
T. T. Basiev, General Physics Institute (Russia)
New ways of search and development of new nonlinear crystals for
Raman shifters and lasers are suggested on the basis of investiga-
tions in the field of microphysics of high-frequency Raman-active
quasimolecular vibrations. Two-color nanosecond Raman Gain
Spectroscopy, Coherent Anti-Stokes picosecond Raman Scattering,
and spontaneous Raman Scattering techniques were used to
establish the impact of homogeneous and inhomogeneous broaden-
ing, phase vibrational relaxation, temperature, and crystal structure
ordering on the Raman gain and cross section. The study of tens of
SRS-active crystals yielded new methods based on the classification
of crystals according to quasi-molecular anion groups NO3, WO4,
MoO4, and NbO3. The integral Raman Scattering cross section of
crystals within a group are shown to be close to each other. It is
found that the minimum rate of phase relaxation and minimum width
of vibrational resonance should be expected in the lattices with
heavy and large-size cations. Within each group, the most promising
crystals with the maximum SRS gain and peak cross sections were
selected.
The newly developed BaWO4, SrWO4, BaMoO4, and SrMoO4
crystals with unique Raman characteristics were used to design low-
threshold highly efficient SRS shifters and lasers operating in a wide
frequency range with high conversion efficiency and short pulses. In
particular, using the high-gain BaWO4 crystal, we obtained efficient
multistage Raman scattering at 1.824, 2.1942, 2.7529, 3.6934 µm
under 1.5607-µm nanosecond pumping. Recently, self-Raman
operation was obtained in an LD-pumped   laser, with the self-
Raman laser pulse energy of about 6 µJ and the pulse duration
below 500 ps.

6190-24, Session 5
Frequency locking in a degenerate polarization mixing
optical parametric oscillator
P. Blau, S. Pearl, Soreq Nuclear Research Ctr. (Israel); G. Kalmani, A.
Arie, Tel-Aviv Univ. (Israel)
Frequency conversion by use of periodically poled crystals and
quasi-phase matching has proven to be a mature technology for
introducing coherent light sources where conventional lasers are
unavailable. Optical parametric generation was thoroughly investi-
gated and implemented in various configurations and devices.
A special case of Optical Parametric Oscillator (OPO) is the degener-
ate OPO, where both the signal and idler wavelengths, are at twice
the pump wavelength. A type I phase-matched degenerate OPO is
characterized by a broad spectral bandwidth, which limits the
usefulness of its output beam. Type II phase-matched interaction
results in a narrow bandwidth, but at this configuration the signal and
idler beams are generated at two orthogonal polarizations. In both
type I and type II interactions the wavelengths are highly sensitive to
crystal temperature, due to the temperature dependence of the
phase-matching conditions.
A polarization mixing OPO (PMO) was proposed and demonstrated
[1]. In this configuration, a type II degenerate parametric down-
conversion process generated two waves with identical wavelengths
and orthogonal polarizations. In each round-trip, one of these waves
is coupled out of the cavity, whereas the other one’s polarization is
rotated by 90 degrees using a linear retarder. As a result, in the next
round trip, this remaining wave will also couple out of the cavity. But
before that occurs, it will mix with the pump in the nonlinear crystal
to generate a new orthogonally polarized wave, which will remain for
the next round-trip, etc. Thus, a single, linearly polarized beam is
emitted. The generated beam exhibits narrow and stable linewidth.
These characteristics are necessary, for example, when using the
OPO signal to pump a second OPO in a tandem configuration.
The PMO setup was described in detail in ref. 1. It consists of a 65
mm long hemi-spherical cavity with a 36 mm long PPKTP crystal,
poled for quasi-phase-matching a degenerate Type II interaction
from 1064nm to 2128nm. The phase matching temperature for the
degenerate down conversion was 70C. The cavity input mirror was
highly transmitting at the pump wavelength and highly reflecting at
around 2.13µm, whereas the rear OPO mirror was highly reflecting at
both wavelengths. A dual wavelength waveplate, which is lambda/4
at 2.13µm and lambda/2 at 1.064µm, was inserted between the

nonlinear crystal and the rear OPO mirror. When the signal and idler
double-pass through this retarder, the polarizations are inter-
changed. A thin film Brewster polarizer was inserted between the
input OPO mirror and the nonlinear crystal, and coupled the Z-
polarized wave out of the cavity, while transmitting the Y-polarized
wave. The pump source was a multi-longitudinal mode, Q-switched
Nd:YAG laser, operating at 1kHz with a 28nsec pulse width (FWHM)
and a beam quality factor of M-square=1.1. The laser was Z
(horizontally) polarized. A half wave plate and a polarizer were used
to change the polarization to the Y direction and to control the
output energy up to 1.4 mJoules. A 150mm focal length lens was
used to match the laser waist into the OPO’s cavity. A band-pass
filter, transmitting at around 2µm wavelength, and a power-meter
were used to measure the output beam power.
The threshold was reached at 380mW pump power, and 300mW of
output power was obtained at 1.35W pump. Light to light efficiency
was over 22% with a slope efficiency of above 30%. The corre-
sponding threshold intensity is 34MW/cm2. Those results are in a
good agreement with theoretical estimates.
We measured the PMO’s output spectrum with a monochromator.
The PMO’s line-width was found to be even narrower than that of a
conventional type II doubly resonated OPO (DRO). In a DRO
configuration with the same crystal, we demonstrated a spectral
linewidth of 2nm, whereas with the PMO, the spectral linewidth was
below 1nm, which is the monochromator resolution limit. For
comparison, a type I degenerate OPO, which we have also realized
with the same pump source, had a spectral linewidth exceeding 300
nm.
We characterized the dependence of the PMO spectrum on the
crystal temperature. In ordinary OPO’s, as the crystal temperature is
changed, the idler and signal wavelengths change as well. However,
in the polarization mixing oscillator, a different phenomenon was
observed. The PMO output wavelength is nearly independent of the
crystal temperature. The device stays at degeneracy even though the
crystal temperature was changed over 12C. Alternatively, the
deviation from the phase-matching temperature results in a decrease
in conversion efficiency.
It has been shown [1], that for PMO the total round-trip gain is gf (gb
- 1), where gf and gb are the forward and backward propagation
single pass gain. In the PMO the phase-mismatch for the forward
and backward direction are different due to the polarization
interchange. Using the equation for the single pass signal power
gain, in the non-phase-matched condition, and the type II phase-
mismatching equation as a function of temperature for the forward
and backward propagation direction, the roundtrip gain as a function
of wavelength at various temperatures was calculated. It can be seen
that, up to a temperature deviation of about 7C from the degenerate
phase matching temperature, the maximal gain is at the degenerate
wavelength, though there is a distortion of the gain curve. At larger
temperature deviation the peak of the gain curve is no longer locked
to the degenerate point. This is in good agreement with the experi-
mental locking range of ±6C. In the standard OPO configuration, for
every temperature, different wavelengths exist that satisfy the phase-
matching condition for both the forward and backward propagation
direction. While in the PMO, due to the polarization interchange, only
at one temperature there is perfect quasi-phase-matching. At other
temperatures, no wavelength exists that enables perfect phase-
matching. The phase-matched wavelengths in the forward propaga-
tion direction are different than those in the backward propagation
direction. Yet at degeneracy, the gain is maximal.
Conclusions
A new OPO configuration was experimentally demonstrated. This
polarization mixing oscillator emits a single, linearly polarized beam
with a narrow spectral width of less than 1nm at the degenerate
wavelength. This is due to the nonlinear mixing of the two orthogonal
polarizations. More than 300mW of polarized output power, at 22%
light to light efficiency was obtained. The emission wavelength is
fixed at 2128nm, independent of the crystal temperature over 12C.
This effect is explained theoretically as a result of the balanced
roundtrip gain.
The narrow and stable spectral linewidth makes this device an
attractive candidate for pumping another OPO towards the mid-
infrared spectral range, or to be used as a seeder for a type I
degenerate optical parametric amplifier (OPA). The PMO may also be
used as a frequency divider or a frequency chain in continuous wave
(CW) mode for spectral measurements.
References
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6190-25, Session 5
Critical study of pulsed parametric oscillators with
intracavity optical parametric amplification
J. Melkonian, A. Godard, M. Lefebvre, ONERA (France); E.
Rosencher, ONERA (France) and Ecole Polytechnique (France)
The idler conversion efficiency of an optical parametric oscillator
(OPO) in the mid-infrared can be increased by using a two-crystal
geometry where the singly-resonant signal wave pumps an
intracavity optical parametric amplifier (OPA) at the idler wavelength
in the second crystal. However, the insertion of the OPA crystal
unavoidably increases the oscillation threshold because of additional
losses and increased build-up time due to cavity lengthening. In this
study we investigate both experimentally and theoretically the
performance of the OPO-OPA relative to the singly-resonant OPO in
pulsed regime, in order to establish which configuration yields an
optimum conversion efficiency in the mid-infrared. We find that the
OPO-OPA needs to be driven at least two times above threshold to
produce more energy than the SRO.

6190-26, Session 5
Iterative resonator model describing the continuous-
wave operation of a Raman laser
N. Vermeulen, Vrije Univ. Brussel (Belgium); A. A. Fotiadi, Faculté
Polytechnique de Mons (Belgium) and Ioffe Physico-Technical
Institute (Russia); K. Panajotov, C. Debaes, H. Thienpont, Vrije Univ.
Brussel (Belgium)
Since several decades researchers are showing an increasing
interest in the subject of Raman Scattering. This non-linear process
takes place in so-called Raman-active media. It is based on a
scattering-induced conversion of incoming pump photons into higher
energy (anti-Stokes) photons or lower energy (Stokes) photons,
where the energy difference between the incident pump photons and
the scattered output photons corresponds to the frequency of an
internal oscillation of the material, such as molecular vibrations.
Today the Raman Scattering process is recognized e.g. for its
potential in spectroscopic applications and for its frequency
conversion capabilities, which offers great potential for increasing
the spectral coverage of existing lasers. As such, a research branch
emerged that focused on the development of so-called Raman
lasers, the lasing mechanism of which is based on wavelength
conversion through Raman Scattering in a Raman-active medium,
placed inside a cavity. Most recently the development of a Silicon-
based Raman laser [1], demonstrating for the first time that it is
possible to realize a laser system comprising Silicon as active
medium, has further leveraged the interest in Raman lasers. By now
several types of Raman-based laser systems [1-4] have been
demonstrated and in some of these laser setups, lasing at both
Stokes- and anti-Stokes scattered wavelengths has been estab-
lished.
To further investigate and optimize existing Raman laser configura-
tions and to develop new systems, it is of utmost importance to
dispose of an accurate mathematical model describing the lasing
mechanism taking place inside the cavity.
In this paper, we present an iterative resonator model that accurately
describes the continuous-wave operation of a Raman laser emitting
both Stokes-scattered and anti-Stokes-scattered photons and show
its superiority as compared to the present-day used rate equation
model [4].
To accurately describe the Raman interactions between the complex
pump, Stokes and anti-Stokes electric fields traveling in forward and
backward direction inside the cavity, one has to find out for each of
the fields in what way the other waves contribute to the field’s
growth or decrease through Raman interactions. In [5], a general
wave equation formalism for Raman Scattering in a traveling wave
amplifier is presented and all the relevant interaction terms between
pump, Stokes and anti-Stokes fields propagating in forward and
backward direction are given. However, setting up a laser model also
requires the correct incorporation of the laser cavity, a challenge
which has not been addressed by the authors of [5].
In the literature on fibre-based Raman Scattering, on the other hand,
a mathematical model is reported describing the power distributions

of the pump and Stokes fields propagating in forward and backward
direction inside the cavity of a continuous-wave Raman fibre laser
[6]. This model is used for calculating the steady-state power
distributions of the pump and Stokes waves inside the cavity and for
determining the steady-state output powers. However, no informa-
tion is obtained on the evolution of the intra-cavity power distribu-
tions and output powers in the time interval preceding the moment in
time where the steady-state situation is reached. Nevertheless, such
transient phenomena may contain valuable information on e.g. lasing
stability, and they can give us a better understanding of the Stokes
and anti-Stokes build up processes inside the cavity.
Another continuous-wave Raman laser model that does provide
information on both transient and steady state power values for the
pump, Stokes and anti-Stokes fields, is the rate equation model
introduced in [4]. Instead of describing how the fields grow or
decrease during forward and backward propagation in the cavity, the
rate equation model tells us how the mean intra-cavity power levels,
i.e. the power values obtained by calculating the spatial average of
the intra-cavity power distributions over the total cavity length, vary
in time.
Even though this model is very complete with respect to the
investigation of both the transient and steady state regimes of
Raman lasers, we have noticed severe shortcomings concerning its
accuracy. Firstly, we discovered that the conservation of the total
number of photons was only respected in case of high cavity
finesses. The reason for this is that working with mean intra-cavity
power levels is allowed only in case of quasi-uniform spatial power
distributions inside the cavity, and this condition can be met only if
the cavity losses are low. A high finesse cavity is thus an absolute
requirement for the rate equation model to produce correct simula-
tion results. In practice, however, also low finesse cavities are used
for Raman lasing purposes, which is the case, for example, for the
Silicon Raman lasers reported in [1, 7]. This means that for an
important subclass of Raman lasers, the rate equation model can not
provide valid simulation results.
A second important shortcoming of the rate equation model that we
noticed, resides in the absence of the propagation direction feature
for the pump, Stokes and anti-Stokes fields. This directional
information is important since there are two Raman processes, being
Stimulated Stokes Raman Scattering and Stimulated Anti-Stokes
Raman Scattering, where the incident photons are scattered in both
the co- and counter-propagating direction, while a third type of
Raman interaction, called Coherent Anti-Stokes Raman Scattering, is
based on photon scattering only in the co-propagating direction.
Since it is impossible to account for these scattering direction
differences in the rate equation model, the accuracy of the rate
equation model is also here rather limited.
To eliminate all the modeling drawbacks mentioned above, we have
developed a novel continuous-wave Raman laser model, i.e. the
iterative resonator model, which accurately describes the transient
and steady state regimes of the pump, Stokes and anti-Stokes intra-
cavity power distributions and output powers, while respecting the
previously mentioned scattering direction differences and the law of
photon number conservation for all possible cavity finesses. Our
model is based on a set of propagation equations containing all the
relevant interaction terms [5] for Stimulated Stokes Raman Scatter-
ing, Stimulated Anti-Stokes Raman Scattering and Coherent Anti-
Stokes Raman Scattering. For modeling a pumped Raman laser
system, we first calculate the effect of the incoming pump energy
propagating from the beginning to the end of the cavity - this unit of
propagation distance will be referred to as halfroundtrip - by solving
the pump, Stokes and anti-Stokes propagation equations over the
cavity length with boundary conditions equal to the incoming pump
power and typical Stokes and anti-Stokes spontaneous scattering
powers, respectively. Once these power distributions are known, we
can determine the output powers after the first halfroundtrip by
calculating how much of the intra-cavity power at the cavity edges is
transmitted by the cavity mirrors. The power that is reflected by the
cavity mirrors in combination with the new incoming pump power,
form the new boundary conditions for solving the propagation
equations for the second halfroundtrip, and so on. After a number of
halfroundtrips, there no longer exists a difference between the power
distributions calculated in the current halfroundtrip, and the
corresponding distributions obtained in the previous halfroundtrip. At
that point, the steady state regime is reached, and the sequence of
simulation results for the halfroundtrips that precede the steady state
situation shows how the Stokes and anti-Stokes powers are built up
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starting from spontaneous scattering signals. Thus, the iterative
resonator model provides accurate and true information on both the
transient and steady state regimes since it calculates halfroundtrip
per halfroundtrip how the Stokes and anti-Stokes fields propagating
in forward and backward direction are built up. This explains why the
iterative resonator model exhibits a far better accuracy for a much
wider range of resonator parameters than the rate equation model.
When we also take into account that the iterative resonator model
can be easily extended to higher-order Stokes and anti-Stokes
generation and to pulsed mode operation, we have convincingly
demonstrated the power of our tool for accurately simulating the
operation of a Raman laser and that the transition from the rate
equation model to the iterative resonator model represents an
important step in the research on Raman laser modeling.
At the conference, we will therefore present this novel iterative
resonator model, highlight its application potentialities for modeling
Raman lasers, and discuss the outcome of a comparative study
between the iterative resonator model and the rate equation model.
[1] O. Boyraz and B. Jalali, “Demonstration of a silicon Raman laser,”
Opt. Expr., vol. 12, no. 21, pp. 5269-5273, October 2004.
[2] P.G. Zverev et al., “Stimulated Raman scattering of laser radiation
in Raman crystals,” Opt. Mat., vol. 11, no. 4, pp. 335-352, March
1999.
[3] S.A. Babin et al., “Intensity interactions in cascades of a two-
stage Raman fiber laser,” Opt. Comm., vol. 226, pp. 329-335, 2003.
[4] J.K. Brasseur et al., “Coherent anti-Stokes emission in a
continuous-wave Raman laser in H2,” J. Opt. Soc. Am. B, vol. 17,
no. 7, pp. 1223-1228, July 2000.
[5] N.S. Makarov and V. G. Bespalov, “Effective method of anti-
Stokes generation by quasi-phase-matched stimulated Raman
scattering,” J. Opt. Soc. Am. B, vol. 22, no. 4, pp. 835-843, April
2005.
[6] J. AuYeung and A. Yariv, “Theory of cw Raman oscillation in
optical fibers,” J. Opt. Soc. Am., vol. 69, no. 6, pp. 803-807, June
1979.
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6190-27, Session 5
Two-photon absorption enhancement using photonic jets
S. S. Lecler, Univ. Louis Pasteur (France); O. Crégut, S. Haacke, J.
Rehspringer, Institut de Physique et Chimie des Matériaux de
Strasbourg (France); P. Meyrueis, Univ. Louis Pasteur (France); C.
Hirlimann, Institut de Physique et Chimie des Matériaux de
Strasbourg (France)
Recent advances in physical understanding of light interaction with
few wavelengths diameter particles have shown the possibility with
micrometric particles to concentrate light in the near field. This new
possibility can have a great interest for non-linear optics. We
theoretically and experimentally demonstrate this interest.
Dielectric spherical particles with a diameter size that can be
compared with the wavelength are able to focus light. Because of
the scale of the problem, this focus point does not obey to the
geometrical laws. According to their refractive index, the focus point
can be outside or inside the dielectric spheres. When the focus point
will be just on the surface or just forward the sphere, its FWHM can
be smaller than the wavelength and a high intensity concentration is
reached. We are beyond the diffraction limit. If a non-linear effect can
occur in the medium around the dielectric sphere, this intensity
concentration may enhance this phenomenon.
To carry out a rigorous evaluation of this intensity concentration, we
have used the Mie theory. This method makes it possible to
analytically find the solutions of the vectorial propagation equation of
Helmholtz for a dielectric sphere. The focused beam, called photonic
jet, has been computed. The intensity concentration is demon-
strated.
In order to verify our assumption that non-linear effect will be
enhanced, an experiment has been carried out. As dielectric
spheres, we have used silicate balls of 400 nm diameter, produced
by Stöber reaction. The non linear medium is the umbelliferon 47 dye
dissolved in ethanol. Two-photon absorption is known to occur in
this medium. After relaxation of the electron that has been exited,
recombination gives rise to a blue one photon emission. The incident
source is a pulsed Ti:sapphire LASER of wavelength 750 nm. A small

volume of dielectric spheres has been added in the dye solution.
Because of the low concentration of spheres, electromagnetic
interactions between spheres are negligible. The comparison
between light emitted with and without dielectric spheres allows us
to illustrate the significant enhancement of the non-linear light
absorption.
The influence of silicate balls concentration and size are not yet
understood and are now investigated. This experiment opens a new
way for using optical non-linear effects at much lower intensities.
Low intensity non-linear imaging for example can now be envisioned.

6190-28, Session 6
Compact and efficient femtosecond lasers
T. Brown, M. Cataluna, B. Agate, K. Dholakia, A. A. Lagatsky, C. G.
Leburn, A. McWilliam, Univ. of St. Andrews (United Kingdom); E.
Rafilov, Univ. of Dundee (United Kingdom); A. Sarmini, D. J.
Stevenson, W. Sibbett, Univ. of St. Andrews (United Kingdom); Y. J.
Chai, Univ. of Cambridge (United Kingdom); P. Jiang, JDS Uniphase
Corp. (USA); K. Tan, R. V. Penty, I. H. White, Univ. of Cambridge
(United Kingdom)
Femtosecond lasers have had a major impact across a wide variety
of applications since the development of the Kerr Lens Modelocked
Ti:Sapphire in 1989. Such lasers have traditionally been relatively
large scale, inefficient and based within research laboratories.
Several new technologies including vibronic materials, fibre lasers
and external cavity semiconductor systems, now offer the promise of
truly compact and efficient laser systems.
This talk will address the recent progress at St Andrews in the
development of compact systems based on vibronic crystals.  In
particular multi-GHz, sub-100fs lasers at 1500nm and highly efficient
diode-pumped lasers based on Yb:KYW will be discussed.  As with
all vibronic solid state lasers, careful attention must be paid to cavity
design and dispersion compensation in order to achieve optimised
performance.  Several cavity configurations will be presented that
address a variety of requirements including high repetition rate, low
threshold and high efficiency operation.  With the further application
of simple non-linear optics, high output power femtosecond pulses
in the visible, and potentially the ultraviolet can be delivered.
A range of applications for these lasers will also be highlighted.  By
combining time division multiplexing (TDM) and wavelength division
multiplexing (WDM) by spectral slicing, data rates as high as 1.3Tbit/
s have bee achieved from a femtosecond Cr4+:YAG laser.  This laser
has also enabled ultrafast optical switching and high sample rate
optical analogue to digital conversion. The uses of femtosecond
lasers in biophotonics and future options for fs lasers based on
quantum dot materials will be mentioned.

6190-29, Session 6
Widely tunable single- and multiple-pulse Er-doped
passively mode-locked fiber laser exploiting two
semiconductor saturable absorber mirrors
A. Malacarne, C. Porzi, Scuola Superiore Sant’Anna (Italy); J. Zhang,
Tsinghua Univ. (China); A. Bogoni, L. Poti, Consorzio Nazionale
Interuniv. per le Telecomunicazioni (Italy)
Er-doped Passively Mode-Locked Fiber Laser (PMLFL) based on
Semiconductor Saturable Absorber Mirrors (SESAM) is known to be
one of the most effective technique for generating sub-picosecond
optical pulses in the 1.55 µm spectral region. Such sources are
generally used for manifold applications including high speed optical
sampling, devices characterization, optical reference clock,
broadband spectroscopy, telecom applications, etc.
With respect to other techniques, SESAM-based Er-doped PMLFLs
offer the advantages of simple set-up, high available pulse peak
powers and soliton pulse formation. One of the desired features
which is often difficult to achieve in Er-doped PMLFLs is the
wavelength tunability. On the other hand, the generation of stable
pulses at a repetition rate higher than the cavity foundamental
frequency is also attractive. Moreover, self-starting operation is
always desirable, because it avoids cumbersome techniques to
initiate the mode-locked operation. In this work, we describe a novel
scheme for realizing a self-starting, wavelength tunable, PMLFL
source which is able to produce stable, short optical pulses at higher
cavity harmonics. The source is composed by two fast SESAMs (10-
ps recovery time), a 17 m-long span of Erbium-doped fiber as the
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gain medium, pumped through a 980 nm laser diode, an optical
coupler to provide pulse extraction, and a wide-bandwidth tunable
optical filter (having a 3-dB pass band of about 13.5 nm). All the
components in the cavity (including the Er-doped fiber) are polariza-
tion maintaining, in order to avoid polarization-dependent gain/
losses inside the cavity and to increase long term pulse stability. The
cavity end mirrors are provided by the two SESAMs which are
commercially available devices, comprising semiconductor Multiple
Quantum Wells, to provide saturable losses, and high reflectivity
DBR mirror, which enable reflectivity operation. The reflectivity
change between the saturated and unsaturated absorption state for
the two nonlinear mirrors is 40 %, with an absorption peak at 1562.8
nm,  and 30 %, with an absorption peak at 1540 nm, respectively.
Self-starting operation of the laser was easily achieved as the pump
power was increased above a threshold value (“ 100 mW), and stable
optical pulses appeared. We were able to tune continuously the
pulses central wavelength between 1540 nm and 1570 nm by simply
changing the filter pass band central frequency. Such large tunability
is due to the wide absorption peak of the 30% absorber, which has a
-0,5dB-bandwidth of more than 40 nm centered at 1540 nm. Indeed,
replacing the 40% absorber with a PM mirror, the pulses train was
still tunable in the same wavelength range. We started evaluating
first-harmonic operation of the laser, i.e. single pulse regime in the
cavity, for which the pump diode laser power was lower than “180
mW, providing an output mean power of about 15 mW at 4.2 MHz of
repetition rate. While changing the filter central wavelength, we
simultaneously monitored the output pulses on a 500 MHz-BW
Sampling Oscilloscope (through a 125 MHz-BW photodetector), a
second-harmonic autocorrelator and an optical spectrum analyzer, in
order to verify continuity of operation and extract pulse parameters.
From the autocorrelation trace we measured different pulse width
(assuming a sech2 intensity profile) ranging from 356 fs at 1540 nm
to 550 fs at 1570 nm. The corresponding time-bandwidth product
ranged from 0.325 to 0.357, indicating that nearly transform-limited
pulses were generated at lower wavelengths. No attempt to
compensate for the anomalous dispersion inside the cavity was
made due to the lack of a polarization-maintaining dispersion-
compensating fiber (DCF). However, external cavity dispersion
compensation could be introduced in order to compress the higher-
wavelength chirped pulses.
Without any optical filter in the cavity, the laser central frequency
was 1563 nm, and the pulsewidth was measured to be 400 fs. In this
case, an output mean power of ~16 mW and a pulse train period of
~240 ns, corresponding to a pulse energy of about 3.2 nJ, was
observed. Furthermore, in this condition, an increase in the pump
laser power up to 180 mW, induced multiple-pulse regime as a
consequence of the strong saturation of the absorber. However, in
this high power regime both the absorption modulations introduced
by the SESAMs increased, providing a mode-locking driving force at
exactly each half period of the round-trip time. Thus, an effective
absorption modulation at twice the fundamental frequency was
present in the cavity, leading to a train of fairly evenly spaced optical
pulses at 8.4 MHz. The correct spacing of the pulses was confirmed
by observing the down-converted RF signal on an Electrical
Spectrum Analyzer (ESA), which showed suppression of the spurious
harmonic at 4.2 MHz of more than 40 dB with respect to the 8.4 MHz
tone. Further increase of  the pump power (over 270 mW), resulted in
a pulse rate 12.6 MHz (three pulses evenly spaced inside the cavity).
Again, the down converted RF signal showed a “40 dB suppression
of the spurious harmonics at 4.2 and 8.4 MHz with respect to the
12.6 MHz signal, respectively. Higher-order operation of the laser
could not be verified due to the limited power of the pump diode
laser (300 mW). It should be noticed that fiber cavities as short as
few meters can be easily implemented, corresponding to a funda-
mental frequency of several tens of MHz.
In summary, we report a simple scheme to generate 350-fs stable
optical pulses, with peak power greater than 10 KW,  in a self-
starting Er-doped two SESAMs-based PMLFL. The two absorbers
were effective in providing strong pulse ordering in harmonic
operation. Also, wavelength tunability over a band of 30 nm was
observed. To our knowledge this last feature is firstly reported in an
Er-doped PMLFL.

6190-30, Session 6
Nanosecond pulse generation in a passively Q-switched
Yb-doped fiber laser by combination of saturable
absorber and SBS
M. Laroche, H. Gilles, S. Girard, N. Passilly, K. Aït-Ameur, Ecole
Nationale Supérieure d’Ingenieurs de Caen (France)
Compact and high peak power pulsed light sources based on fiber
lasers have now proved to be very attractive for medicine, industrial
processing, range finding or remote sensing.  Q-switched double-
clad fiber lasers (DCFL) may also offer reliability and relatively low
cost in addition to diffraction limited beam and broad wavelength
tunability.  The main disadvantage of conventional actively Q-
switched fiber laser is the long pulse duration due to the inescapable
long round trip time in the cavity.  Therefore, the generation of high
peak power can require a complicated laser scheme with amplifiers
chain and increasing fiber core diameters in order to produce
sufficient pulse energy.  However, due to the large number of modes
propagating in the large fiber core, this scaling is normally detrimen-
tal for the beam quality and hence for the brightness.  Most of
previous studies on Q-switched fiber lasers have shown that the
pulse often breaks into a train of pulses separated by the cavity
roundtrip time.  However, under certain conditions, a gigantic pulse
with duration shorter than the roundtrip time can be generated.
Many explanations of these temporal dynamics have been proposed
so far, self-mode-locking is one of those but it now seems that
stimulated Brillouin scattering is the most plausible one.
In this contribution we report efficient nanosecond pulse generation
in a passively Q-switched cladding-pumped Yb-doped fiber laser by
use of an external-cavity configuration containing a saturable
absorber (SA) crystal.  By exploiting passive Q-switched regime
combined with stimulated Brillouin scattering (SBS), pulses durations
as short as 2.7 ns, corresponding to a peak power of ~9 kW, have
been achieved.  The laser was tunable over 70 nm and green output
power generation was demonstrated by external frequency doubling
in a KTP crystal.  The contribution of SBS was experimentally
demonstrated and this non-linear effect was introduced in a
numerical model of the fiber laser which permits to qualitatively
reproduce the different temporal structures of pulsation.
The Yb3+ fiber laser configuration used in our experiments consists
of ~2m length of Yb-doped double-clad fiber (YDDCF), with a back
reflector for laser oscillation provided by an external cavity and the
4% Fresnel reflection from the opposite fiber end facet, serving as
the output coupler.  The YDDCF had a pure silica inner-cladding with
a 130 µm cylindrical shape with 4 flats and a high NA of 0.48.  The
fiber core was single-mode with a diameter of 7 µm and a corre-
sponding NA of 0.12.  The fiber was pumped using a fused-side fiber
coupler (Highwave Optical Technology) by a fiber-coupled laser
diode operating at 975 nm with 2.5 W of maximum output power.  To
prevent the unabsorbed pump from propagating inside the external
cavity, a short length of standard telecom fiber was fusion-spliced
onto the fiber end adjacent to the external cavity.  The end facet of
this fiber was angle-cleaved at 15° to reduce the amplified stimulated
emission (ASE) and avoid parasitic lasing between the end facets.
The external cavity comprised the Cr4+:YAG saturable absorber on
which the beam was focused and a diffraction grating (1200 lines/
mm) aligned in the Littrow configuration for frequency narrowing as
well as wavelength tuning.
The repetitive Q-switched regime was obtained using anti-reflection
coated Cr4+:YAG sample with a non-saturated transmission near 50
% and a thickness of 2 mm.  In addition to the high damage
threshold of this host, another advantageous feature of this saturable
absorber is the relatively high values for the metastable lifetime and
the ground-sate absorption cross-section, giving a very low
saturation energy density of 68 mJ/cm2 at 1 µm.  Repetitive Q-
switching gave a train of nanosecond pulses with duration shorter
than the roundtrip time cavity only after careful alignment of the
external cavity.  It tends to show that the SA switching is fast enough
to allow the generation of only one gigantic pulse containing most of
the stored energy.  Translating the SA sample away from the focused
point of the intracavity laser beam led to a well-known multipeak
behavior with an envelope duration of a few hundreds of nanosec-
onds.  The effect responsible for that was already identified as SBS
but self-modelocking is still advanced.
With ~1.7 W of injected pump power, we obtained Q-switched
pulses of energy up to 25µJ and duration ~2.7ns (FWHM), corre-
sponding to a peak power of 9 kW, at a repetition rate of 12 kHz.
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We hope that better results could be obtained in terms of laser
conversion by improving the pump coupling efficiency.  In addition,
by rotating the diffraction grating, the laser could be tuned over 61
nm from 1039 to 1100 nm.  Results on second harmonic generation
by use of a type II KTP non-linear crystal will also be presented with
more than 29 mW of green average output power.  The beam quality
factor of the green laser was measured with a beam scanner and M2
of 1.16 was obtained.  For comparison, the fundamental beam was
characterized by a measured M2 of 1.05, showing that the beam
quality is only slightly depredated by the second harmonic conver-
sion.
The laser emission spectra were recorded for different pump power.
Below the laser Q-switching threshold, only unstable CW lasing
occurs without saturating the absorption of the SA and the corre-
sponding spectrum is a sharp line.  Once the threshold for repetitive
Q-switching is reached, the spectrum clearly shows a broadening
and the appearance of up to 6 frequency shifted lines at longer
wavelengths and starting from the laser wavelength of the previous
CW regime.  These components are separated by 0.06 nm which
corresponds to the Brillouin frequency shift in silica near 1060 nm
and gives a clear evidence of the presence of SBS.  The presence of
the saturable absorber allows an energy storage phase followed by a
fast rise of the cavity fluence due to the bleaching of the SA.  The
Stokes power conversion begins as soon as the Brillouin threshold is
reached and this process limits the duration of the amplified Q-
switched pulse.  The emission spectrum also showed a broadening
towards shorter wavelengths corresponding to a series of small
unresolved anti-Stokes lines.  This observation may testify on the
presence of a competition between the Stokes and anti-Stokes
conversion which process could limit by itself the number of
generated Stokes lines.
In order to understand how the gigantic pulse is formed in the cavity,
a full numerical modeling of the double-clad fiber laser passively Q-
switched by the combination of a SA and SBS effect will be
presented.  Preliminary results on theoretical calculations are able to
qualitatively describe the different laser dynamics that were
experimentally observed.

6190-31, Session 6
Experimental and theoretical study of the laser
micromacining of glass using high-repetition-rate
ultrafast laser
Y. M. Yashkir, Q. Liu, Univ. of Toronto (Canada)
We present systematic study of ultrafast laser micromachining of
glass using a low pulse energy (<5 &micro;J) and high repetition rate
(50 KHz) Ti:Spp laser. Optimal conditions were identified for: the
submicron resolution surface laser etching, deep drilling (\>0.2 mm),
high-aspect ratio drilling methods. Several practical applications
were developed: glass templates for microfluidic diffraction devices,
phase gratings for excimer laser projection techniques, microfluidic
vertical channel-connectors, etc.
It is demonstarted that the interaction of ultrafast laser pulse with
glass material combines several different processes (direct ablation,
explosive material ejection, thermal material modification, etc.).
Numerical dynamnical model was developed for this process. It was
successfully used for modelling of the laser micromachining with
arbitrary 3D translations of the target.

6190-32, Session 6
Dispersion-managed soliton operation of Ti:sapphire
laser oscillators
M. V. Tognetti, Univ. do Porto (Portugal)
Ever since the discovery of Kerr-lens mode-locking  in Ti:sapphire
over a decade ago [1,2] much effort has been put in improving
ultrashort pulse generation from solid-state laser oscillators, setting
the present world-record to 5-fs sub-two-cycle pulses [3]. In parallel,
various theoretical models have been proposed for the explanation
of these spectra: Christov [4] have shown by numerical simulation
how stable solutions can be obtained, once a balance is achieved in
the dynamical interplay between linear dispersion, Kerr lens mode
locking, and the finite bandwidth of the gain medium. Spielmann [5]
pointed out the great importance of the ordering of the pulse shaping
elements inside the cavity on pulse formation. More recently, Chen
[6] introduced a new model for the generation of ultrashort pulses,

directly related to the nonlinear propagation of pulses in dispersion
managed communication fibers. They identify a solid state mode
locked laser as another example of a system where Dispersion
Managed Solitons (DMS) can be observed and studied, which has
been the subject of further studies [7]. DMS are stable soliton-like
solutions of the nonlinear Schroedinger equation, which are known
to occur in long distance communications fibers with a periodical
change of sign in group velocity dispersion (GVD) [8,9]. The main
difference from standard soliton propagation is that the DMS
spectrum periodically broadens and recompresses as it crosses
dispersion regions of opposite GVD. In this work we present what is
to our knowledge the most detailed 1-D numerical simulation of a
prism-dispersion controlled linear laser cavity including building up
of the laser pulse from noise through the action of active and Kerr-
Lens mode-locking, the measured reflectivity and phase distortion of
every optical element, the measured gain bandwidth of a 4.5 mm
Ti:sapphire crystal, and exact propagation inside the active medium,
by means of a split-step Fourier method with error-optimized grid
spacing [10]. In particular, great attention is devoted to intra-cavity
pulse formation and propagation, showing how the spectrum and its
phase evolve as it crosses the crystal, is reflected off the intracavity
mirrors, and goes through the negatively dispersive prism line. This
study confirms the dispersion managed model of mode-locking,
showing that a spectrum extending from 700 to 950 nm with a
smooth and  nearly flat phase can be obtained using commercially
available ultrafast optical elements,in agreement with previous
experimental work [11]. A detailed experimental demonstration of
pulse evolution as predicted by the present model using a
Ti:sapphire oscillator is at present under development.
[1] D. E. Spence et al., Opt. Lett. 16, 32 (1991).
[2] U. Keller et al., Opt. Lett. 16, 1022 (1991).
[3] U. Morgner et al., Opt. Lett. 24, 411 (1999).
[4] I. P. Christov et al., Opt. Lett. 19, 1465 (1994).
[5] C. Spielmann et al., IEE J. Quantum Electron. 30, 1100 (1994).
[6] Y. Chen et al., J. Opt. Soc. Am. B, 16, 1999 (1999).
[7] Q. Quraishi et al., Phys Rev. Lett. 94, 243904 (2005)
[8] M. Suzuki et al., J. Opt. Soc, Am B 14, 2953 (1997).
[9] O. V. Sinkin et al. J. Lightwave Technol. 21,61 (2003).
[10] H. Crespo et al., to be published in Ultrafast Optics V, Springer.

6190-33, Session 6
Numerical simulation of multiple modes in solid state
lasers
C. Pflaum, B. Heubeck, Friedrich-Alexander-Univ. Erlangen-
Nürnberg (Germany)
The Gauss mode analysis and the beam propagation method are the
main tools for the simulation of the optical wave in a solid state laser.
By the Gauss mode analysis the stability of a laser resonator can be
analyzed. But the Gauss mode analysis does not simulate the time
dependent behavior of the  laser beam and it does not analyze the
size of the amplitude  of a certain mode in the beam. These
important informations can also not be obtained by the beam
propagation method and the iteration method of Fox and Li. In the
talk, we present a new approach for simulating the time dependent
behavior of the several modes in a laser resonator. Let us assume
that the shape of the modes in a laser resonator are computed by a
suitable method. This may be a Gauss mode analysis or a suitable
finite element discretization (see Altmann, Pflaum and  Seider). To
simulate the time dependent behavior of these modes we  apply
suitable rate equations to each mode and to the  population
inversion. To discretize the population inversion in 3D, we use a finite
volume discretization. This ansatz leads to a large system of ordinary
differential equations. This ODE system has to be discretized by a
very stable discretization formula in time. Otherwise, it can happen
that the numerical method computes non physical negative values
for the photon density. A very stable discretization is a mixed explicit
and semi-implicit Euler discretization. Numerical simulations show
the dependency of the amplitudes of several eigenmodes and the
pump  configuration.
Literature:
K. Altmann, C. Pflaum, D. Seider.  Three-Dimensional Finite Element
Computation of  Laser Cavity Eigenmodes, Applied Optics-LPE , vol.
43, issue 9, page 1892, 2004.
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6190-34, Poster Session
Temperature measurements on Nd-doped vanadate
crystals: bulk crystals (Nd:GdVO4 and Nd:YVO4) and
composite rods
J. Didierjean, F. Balembois, F. P. Druon, P. M. Georges, Univ. Paris-
Sud II (France); J. Petit, P. Goldner, B. Viana, École Nationale
Supérieure de Chimie de Paris (France)
1. Introduction:
Nd:YVO4 has proven to be a very efficient crystal at 1064 nm for
many years. However, it suffers from a relatively low thermal
conductivity (5 W/m/K) limiting its use into high power laser systems.
This paper investigates two solutions to avoid this limitation. The first
one is the use of a recently developed Nd:GdVO4 generally
considered to be better than Nd:YVO4 in terms of thermal behaviour.
The second solution consists in a new bonding method using a sol-
gel to bond a Nd doped vanadate crystal to an undoped YVO4 that
acts as a cooler. The characterizations of both solutions are carried
out by high resolution absolute temperature mapping with an infrared
camera under diode pumping (up to 30W at 808 nm).
2. Results :
In order to compared the thermal behaviour of Nd:GdVO4 and
Nd:YVO4  we used crystals with different doping concentrations
(0.1%, 0.2%, 0.3%, 0.5%, 1%). They were tested under the same
pumping conditions (longitudinal pumping). The pumping diode
emitted up to 30W at 808 nm. This laser diode was fiber-coupled
with a 400-µm-core-diameter (N.A.=0.22) fiber which was imaged in
the crystal to have spot diameter of 670 µm. The pumped face of the
crystal was imaged through an aberration-free germanium objective
(focal length 50 mm, N.A. 0.7) on a thermal camera (AGEMA 570, Flir
Systems Inc.) operating in the 8-12 µm range. The camera has a
matrix of 240x320 microbolometers working at room temperature. A
ZnSe plate coated HR 808 nm and HT 8-12 µm was used to
separate the pump beam from the thermal emission coming from the
crystal. A similar experimental setup was already presented in [1].
We recorded the temperature maps at the input face for each crystal
under different pump powers. In these experiments, all the crystals
used were AR coated at 808nm. As expected, we observed a
temperature increase versus Nd concentration and versus pump
power. However, for the same given concentration we found no
significant differences in the thermal behaviour between YVO4 and
GdVO4 crystals: the maximum temperature elevation was the same
at less than 8% and the gradients were also similar for both Y and
Gd vanadate crystals.
We also used vanadate crystals with HR coating at 1064 nm on the
input face and AR coating at 1064 nm on the other face. These
crystals were inserted in cavity and laser effect was achieved at 1064
nm. In the setup, temperature maps were recorded with or without
laser operation. As expected, the temperature inside the crystal was
lower when the laser was operating, but once again, we didn’t
observe any significant differences between Nd:YVO4 and
Nd:GdVO4 crystals.
The use of composite vanadate rods (doped and undoped crystals)
is a well-known method to increase the thermal fracture threshold
[2]. Generally, composite rods are elaborated by diffusion bonding,
but the process is not so easy to master particularly for crystals with
large dimensions. We propose here a new method of bonding by
applying a sol-gel layer between the two parts of the composite rod
(doped and undoped parts). Interface layer is deposited by usual
coating techniques on one laser quality surface. Then the other
material (crystal with also good optical quality polished surface) was
applied on the bonding material and maintained few seconds to keep
perfect parallelism between the two faces. Then the composite
system realized through this method is kept at room temperature
until the hydrolysis-condensation process is completed.  The
thickness of the bonding material is less than one micron. Compared
to classic bonding or even to hydroxide-catalyzed bonding [3], the
sol-gel bonding could improve the composite thermal resistance.
Moreover this method allows absorption of the thermal expansion
variations which occur during laser pumping in the case of tow
different hosts.
To test this new bonding method we compared a Nd:YVO4 (0.5%
at.) 4x4x6 mm with the same crystal bonded with a 2mm long
undoped YVO4 crystal. Using the same experimental setup, we
measured the thermal maps of the two faces of the crystals under
pumping conditions. The pump power was 16 W at 808 nm, with a
pump spot of diameter of 670 µm.

The knowledge of the thermal maps of both faces allowed us to
calculate the temperature inside the crystals using finite element
analysis simulations. The maximum temperature was 165°C inside
the unbonded crystal, it decreased to 127°C into the bonded one.
This evolution should result in a diminution of thermo-optical issues
and an increase of the damage threshold.
In order to estimate the quality of the bonding (losses), we insert
both the bonded or unbonded crystals in a laser cavity, under the
same pumping conditions. We measured the same laser efficiencies
and single mode emission. The insertion losses of the bonding
material were measured around 0.25%.
3. Conclusion
In conclusion, a high resolution absolute temperature mapping allow
us to demonstrate experimentally that there is no significant
improvement in thermal behaviour by using Nd:GdVO4 instead of
Nd:YVO4. One the other hand, this setup allowed us to demonstrate
a significant temperature reduction by the use of a new low-loss sol-
gel bonding method.
References:
[1] “Heat transfer measurements and high resolution absolute
temperature mapping in diode-end-pumped Yb:YAG”; S. Forget, S.
Chénais, F. Druon, F. Balembois, and P. Georges; OSA Technical
Digest on ASSP 2004, Paper No. MB7 (2004).
[2] “High power operation of diode-end pumped Nd:YVO4 laser
using composite rod with undoped end”; M. Tsunekane, N. Taguchi
and H. Inaba; Electronics letters Vol. 32 (1), p40-42, 1996.
[3] Hydroxide catalysis bonding; D.H. Gwo; Patent US 6548176 B1
(2003).

6190-35, Poster Session
Growth and noncritical phase matching second harmonic
generation of Gd1-xRxCa4O(BO3)3 (R=Sc or Lu) nonlinear
crystals
L. Gheorghe, Institute of Atomic Physics (Romania); P. Loiseau, G.
Aka, École Nationale Supérieure de Chimie de Paris (France); T.
Taira, Institute for Molecular Science (Japan); V. Lupei, Institute of
Atomic Physics (Romania)
Abstract. Compact and efficient visible lasers in the blue spectral
range have potential applications in high-density optical data
storage, photo-therapy, medical diagnosis, high brightness display,
and so on. Although in the future the blue-emitting semiconductor
diode laser is expected to become important, frequency doubling of
solid-state lasers operating in the near infrared range is currently a
more practical option for blue light generation, especially for high-
power operation. Self frequency doubling (SFD) lasers, combining
the active laser medium and the nonlinear frequency conversion
medium into a single crystal, have the advantages of more being
compact and of lower cost compared with conventional intracavity
frequency doubled lasers utilizing two separate crystals such as
Nd:YAG plus KTP (KTiOPO4). From 1996, a new non linear optical
(NLO) crystal GdCa4O(BO3)3 (GdCOB) has been developed for
second harmonic generation (SHG) of the Nd: YAG laser, which is
easy to grow, and has stable chemical and mechanical properties [1].
For frequency conversion applications, the non critical phase
matching (NCPM) along Y or Z crystallophysic axes is advantageous
because of its large angular acceptance and because it eliminates
walk-off between fundamental and harmonic radiations which leads
to the highest efficiency. In GdCOB crystal, the Gd3+ ions can be
partially substituted by Sc3+ or Lu3+ ions. By changing the
compositional parameter x of Gd1-xScxCa4O(BO3)3 (GdScCOB)
and Gd1-xLuxCa4O(BO3)3 (GdLuCOB) crystals, their optical
birefringence can be controlled, in order to achieve NCPM in the
range of 780 - 824nm along Y axis and 920 - 963nm along Z axis
during second harmonic generations. Because ScCa4O(BO3)3 and
LuCa4O(BO3)3 compositions do not exists, crystals of these two
compounds cannot be grown. Therefore, the main problem is to
establish the growth conditions and the solubility limit of Sc3+
respectively Lu3+ ions in GdCOB crystal. In this work, the crystal
growth and the frequency conversion properties are discussed.
The Gd1-xRxCa4O(BO3)3 (R3+ = Sc3+ or Lu3+) compounds were
prepared by solid state reaction of 4N Gd2O3, CaCO3, B2O3,
Sc2O3 and Lu2O3 powders in stoichiometric proportions. The
mixtures were heated at 950o C for 18 h, cooled and ground, and
then heated again at 1350oC for 24 h. Single crystals of Gd1-
xScxCa4O(BO3)3 and Gd1-xLuxCa4O(BO3)3, with x = 0.1 respec-
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tively x = 0.13 in the synthesized materials, were grown using the
conventional radio frequency (RF) heating Czochralski method from
iridium crucibles under nitrogen atmosphere. The growths were
computer monitored by a weight-and-diameter control system. The
growth temperatures were about 1480 ± 15°C. Both crystals
obtained are colorless, with a good optical quality, not hygroscopic,
and chemically stables. Chemical compositions of grown crystals
were determined by microprobe analysis experiments and the
founded compositions are Gd0.96Sc0.04Ca4O(BO3)3 respectively
Gd0.871Lu0.129Ca4O(BO3)3.
In order to determine the solubility limits of R3+ ions in GdCOB
crystals, the compounds of Gd1-xScxCa4O(BO3)3 with x = 0.04,
0.07, 0.10, 0.20, 0.30 respectively Gd1-xLuxCa4O(BO3)3 with x =
0.10, 0.15, 0.20, 0.25, 0.30 were prepared by solid state reaction in
the same conditions. X-ray powder diffraction patterns of the
synthesized GdScCOB respectively GdLuCOB samples were taken
to examine whether the solid state reactions were complete and to
determine the nature of parasitic phases if they are present. In the
same aim, differential thermal analyses (DTA) were performed on the
synthesized compounds. It was found that the solubility limits of
Sc3+ respectively Lu3+ ions in GdCOB crystals were established at
7 respectively 23 at%. Up to these values all the compounds are
single phases of GdScCOB respectively GdLuCOB and over these
values all synthesized materials contain an extra phase of
Ca3(BO3)2.
The refractive indices of Gd0.871Lu0.129Ca4O(BO3)3 and
Gd0.96Sc0.04Ca4O(BO3)3 crystals were measured by the minimum-
deviation technique on the prisms cut from grown crystals, and
Sellmeier equations coefficients were determined. Types I and II
phase matching angles (θ and φ) of grown crystals were calculated
on the base of Sellmeier coefficients, using Dimitriev equations [2].
Gd0.96Sc0.04Ca4O(BO3)3 and Gd0.871Lu0.129Ca4O(BO3)3
second harmonic generation phase matching curves were deter-
mined. Calculations give the phase matching angles for which θ or φ
is equal to 00 or 900, as function of the type of principal plane. In the
case of Gd0.96Sc0.04Ca4O(BO3)3 crystal these particular phase
matching angle values are obtained for type I angles in both the ZX
(θ = 0o, φ = 0o, at λ = 934.35nm) and the YZ (θ = 90o, φ = 90o, λ =
802.04nm) planes. Type II phase matching occurs in the YZ (θ = 0o,
φ = 90o, at λ = 2135.64 and 1505.6nm) and the XY (θ = 90o, φ = 90o,
at λ = 1170.58 and 2511.09nm) planes. For
Gd0.871Lu0.129Ca4O(BO3)3 crystal the particular phase matching
angle values are obtained for type I angles in both the ZX (θ = 0o, φ =
0o, at λ = 921.93nm) and the YZ (θ = 90o, φ = 90o, λ = 792.23 nm)
planes. Type II phase matching occurs only in the YZ (θ = 0o, φ =
90o, at λ = 2358.02 and 1159.25 nm) plane. Two 7mm x 7mm x 7mm
cubes of Gd0.96Sc0.04Ca4O(BO3)3 respectively
Gd0.871Lu0.129Ca4O(BO3)3 crystals, polished and oriented along
its crystallophysic axes (X, Y, Z), were used for experimental
determination of the doubled frequencies along the Y and Z
crystallophysic axes and directions around its. A continuous waved
(CW) Ti: sapphire laser was used as pump source. The experimental
phase matching results are in good agreement with theoretical
predictions. Gd0.96Sc0.04Ca4O(BO3)3 and
Gd0.871Lu0.129Ca4O(BO3)3 crystals make its possible type I SHG
(in NCPM conditions) of 801.32nm respectively 792.52nm wave-
length radiations along Y axis, and 932 respectively 922.36nm along
Z axis. These results show that by changing the compositional
parameter x of Gd1-xRxCa4O(BO3)3 (R3+ = Sc3+ or Lu3+) crystals,
it is possible to achieve NCPM, in the range of 780 - 824 nm along Y
axis and 920 - 963 nm along Z axis during second harmonic
generations. In the case of type I SHG along Y axis, external angular
acceptances were measured for both grown crystals. Samples with
1mm thickness were used. The founded values are ∆θ.L = 11.5 ± 0.3
mrad.cm for Gd0.96Sc0.04Ca4O(BO3)3 crystal and ∆θ.L = 7.4 ± 0.3
mrad.cm for Gd0.871Lu0.129Ca4O(BO3)3 crystal.
GdScCOB and GdLuCOB crystals can be useful frequency convert-
ers which generate radiations in the blue spectral range and offer
new opportunities for practical applications
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6190-36, Poster Session
High-energy laser pulse compression using gas-filled
fibres
J. L. Silva, H. Crespo, M. Miranda, L. M. Bernardo, Univ. do Porto
(Portugal)
The production of high energy and ultra-short (sub-5 fs) laser pulses
using gas-filled hollow fibres and pulse compression has proven to
be feasible. These systems consist of a laser oscillator followed by a
chirped-pulse amplification system (CPA), a gas-filled hollow fibre
and finally an optical stage for pulse compression. Our home-built
oscillator produces a laser pulse train at 85 MHz with pulses in the
range of sub-10 fs duration and nJ energy. After going through a
home-built CPA system, those pulses are transformed to pulses of
mJ energy and 20 fs duration, at a rate of 10 Hz. After propagation
through a hollow fibre for additional frequency broadening, these
pulses are finally compressed using dispersion-correcting mirrors.
In this communication, simulation results for the propagation of low
and high intensity pulses in argon-filled hollow fibres are presented.
The effect of fibre geometrical parameters, gas pressure and input
pulse parameters on the pulse propagation and characteristics will
be analysed. The best combination of parameters characterising the
whole system in view of a better compression will be established. A
discussion of the practical implementation will be presented.

6190-37, Poster Session
Spectroscopic properties and highly efficient 900-nm
laser emission of Nd3+ in strontium lanthanum hexa-
aluminate: relation to composition and structure
A. Lupei, V. Lupei, C. Gheorghe, L. Gheorghe, Institute of Atomic
Physics (Romania); G. Aka, D. Vivien, École Nationale Supérieure de
Chimie de Paris (France)
Quasi-three-level 4F3/2 * 4I9/2 laser emission of the Nd-activated
laser materials in the 900 nm range and its frequency doubling to
blue is actively investigated because of the important applications of
these lasers in medicine and biology, laser display or photochemis-
try. Efficient continuous-wave (CW) laser emission was obtained with
pump at ~808nm in the 4F5/2 energy level for various Nd-doped
crystals such as YAG, YVO4, GdVO4 and so on. However, search for
more efficient laser materials and for shorter emission wavelengths is
very active. Important conditions for such laser materials are high
energy for the emitting level 4F3/2, moderate crystal field splitting of
the energy levels and high branching ratio for the 4F3/2 * 4I9/2
emission. It was recently shown that these conditions could be
fulfilled by the Nd-doped, Mg2+ compensated strontium lanthanum
aluminate Sr1-xLax-yNdyMgxAl12-xO19 (Nd:ASL). The present
paper discusses the spectroscopic properties of these crystals
function on composition with the aim to select the most suitable
composition for efficient laser emission.
In the ASL crystals the Sr2+, La3+ and Nd3+ ions occupy a unique
cationic site (2d), surrounded by 12 O2- anions, Al3+ have several
sites (octahedral, fivefold biprisamatic and tetrahedral) and the
charge compensating Mg2+ ions could substitute part of Altetr3+
sites. The crystal growth requires a composition parameter x larger
than 0.2. Laser emission at 900 nm (slope efficiency 0.58 for x=0.3)
[1] was reported and the emission data have interpreted in the model
of a single structural center, inferred from the spectroscopic
investigation. The cross-section of the 900 nm laser emission 4F3/
2(R1) * 4I9/2(Z4) is ~2.3 * 10-20 cm2 and the lifetime of 4F3/2
emission is  ~420 µsec. Recently it was observed [2] that these
crystals contain in fact two spectrally-resolved structural Nd3+
centers, C1 and C2, whose relative concentration is determined by
the parameter x: C1 dominates at high x values, while C2 has large
concentration only at very low x. The absorption lines are fairly
broad, especially for C1, recommending this crystal for diode laser
pumping. The positions of lines and their width depend on x, the
effect being more pronounced for C1. This spectral behaviour was
connected with the disorder induced by the various possibilities of
occupation of the (2d) sites with ions of different valences: Sr2+ or
(La3+, Nd3+), while part of the original Al3+ sites are occupied by
Mg2+. The basic structure of the two centers is similar (a Nd3+ ion in
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a (2d) site), but while for the C2 center the first cationic coordination
sphere of six (2d) sites, at a distance of 5.56A from the central ion, is
occupied only by Sr2+ ions, in case of C1 one or more (up to six)
La3+ or Nd3+ ions could be present on this sphere. These trivalent
ions on the nearest (2d) sphere introduce an additional crystal field
perturbation at the considered Nd3+ site, which could shift in a
selective manner the various spectral lines from the positions
characteristic to the C2 spectrum. The measured relative intensities
of spectra C1 and C2 correspond to the probabilities of occurrence
of the various perturbed centers C1, calculated within the statistics
of random placement of the trivalent La or Nd cations in the (2d) sites
of magnetoplumbite structure. This model is supported by the
polarized spectroscopy and by the emission decay.
The spectroscopic properties of these two centers are slightly
different and they manifest selectively in the various optical transi-
tions. In the 4F5/2 800nm absorption range the spectra of the two
centers overlap and the separation becomes possible only at the
ends of compositional series where one or the other of the centers
dominate. There are two bands suitable for pumping: the band
around 792nm corresponds to absorption from the first Stark
component Z1 of 4I9/2, while that placed around 798nm is a hot
absorption band from the second Stark level Z2. The room tempera-
ture absorption spectra of the two centers are better resolved for
4F3/2 since the crystal field splitting of 4F3/2 is very different,
~100cm-1, with the emitting level R1 at 11582cm-1 for C1 in the
crystal with x=0.4 and ~55cm-1, with R1 at 11608cm-1 for C2 in the
crystal with x=0.2.  The position of the terminal laser level Z4 is
~480cm-1 for both centers the laser emission occurs at 901nm for
C1, respectively 900nm for C2; this recommends the use of
compositions that enable the dominance of one of the centers. The
larger integral absorption coefficient for the 792nm band, coupled
with the larger linewidth favours the crystals with dominance of C1
centers, i.e. crystals with composition parameter x * 0.4, especially in
case of diode laser pumping. A similar situation holds for the
absorption spectrum of the 4F3/2 that recommends the use of the
direct pumping into the emitting level of center C1; particularly
interesting in this respect is the absorption band centred at 865.5 nm
in the crystal with x=0.4, which is a superposition of the transition
4I9/2(Z1) * 4F3/2(R1) with the thermally-activated transition 4I9/2(Z2)
* 4F3/2(R2). Pumping at 865.5 nm would induce a quantum defect
between the pump and 901 nm laser quanta of less than 4%; owing
to the large linewidth, this band shows good prospect for diode laser
pumping. This prompted us to investigate the CW quasi-three-level
laser emission in the Nd:ASL crystal with x=0.4. A 5at.%Nd doping
was selected in order to avoid strong emission self-quenching by
energy transfer and strong reabsorption of the laser emission due to
thermal population of the terminal laser level (~0.05 at 300 K).
The CW 900nm laser emission was investigated with a 5mm long
Sr0.6La0.35Nd0.05Mg0.4Al11.6O19 crystal in an end-pumped laser
resonator with the axis along the c-axis of the crystal, with CW
Ti:sapphire laser pumping at 792.5nm or 865.5 nm. The crystal was
coated antireflection at 900nm on both faces. The 94mm long laser
resonator was plane-concave, with the plane end mirror with high
reflection ( * 99.5%) for 900nm and high transmission for the pump
radiation. The exit mirror was concave (100mm radius), with
reflectivity of 90%, 95%, or 98% at 900nm and high reflection for
790-800nm in order to recycle the pump radiation and high transmis-
sion ( * 70%) for 1050nm to prevent laser emission on transition 4F3/
2 * 4I11/2. The laser emission in these conditions peaks at 901nm.
The best results with 792.5 nm pumping are obtained for R=90%:
the emission threshold is around 275mW, and the slope efficiency at
pump well above threshold is 74%. A maximum of 1420mW output
power was obtained for 2540mW absorbed power, corresponding to
an optical-to-optical efficiency of 56%; in input power this efficiency
is ~33% [3].
In case of 865.5 nm pumping again the best results are obtained for
R=90%: the emission threshold was ~250 mW, the slope efficiency
in absorbed power reached 84.1 % and 950 mW of output power
was obtained for 1660 mW absorbed power, with 57.3% optical-to-
optical efficiency. For the 792.5 nm pumping the power emitted
around 1660 mW absorbed pump power was only ~830 mW, which
would correspond to an optical-to-optical efficiency of only 50%.
The improvement of laser parameters (slope efficiency, threshold,
optical-to-optical efficiency) under 865.5 nm pumping with respect to
the 792.5 pump reflects clearly the effect of the lower quantum
defect for the former.
The slope efficiencies obtained in this work are larger than those
reported for any other Nd laser material. They indicate that Nd:ASL

with large enough x composition parameter enables construction of
low-heat, highly efficient solid-state lasers in region of 900 nm, with
high prospect for generation of blue 450 nm radiation by frequency
doubling. Particularly promising is the pumping at 865.5 nm into the
emitting level, which enables very high laser efficiency and a reduced
generation of heat.
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6190-38, Poster Session
Growth and optical properties of Er,Yb-codoped crystals
for 1.5-µm solid state lasers application
C. Varona, École Nationale Supérieure de Chimie de Paris (France)
and CEA-LETI (France); P. Loiseau, G. Aka, École Nationale
Supérieure de Chimie de Paris (France); B. Ferrand, CEA-LETI
(France)
Introduction
Solid-state lasers emitting around 1.5 µm are of great interest for
optical telecommunications (wavelength corresponding to a
minimum of absorption for silica fibres) and telemetry (wavelength
around 1.5 µm are said to be eye-safe). The best device until now is
based on Er,Yb-codoped phosphate glasses. But the performances
are limited due to the poor thermomechanical properties of this
glass. An Er,Yb-codoped crystalline host with enhanced
thermomechanical and good optical properties can be a solution to
improve the 1.5 µm power of these solid-state lasers. Yb3+ ions are
added to the matrix as sensitizers. Optical pumping will involve Yb3+
ions and then, they will transfer their energy to Er3+ ions responsible
for the laser emission along the 4I13/2 → 4I15/2 channel around 1.5
µm.
Phonon cut-off frequency h * max is one the keys to get interesting
optical properties as it is important parameter of non radiative decay
rates [1,2]: this phonon cut-off frequency should be low enough to
avoid non radiative relaxation between 4I13/2 and 4I15/2 manifolds
and high enough to allow a quick relaxation between 4I11/2 and
4I13/2 manifolds. Thus, crystals hosts are chosen with cut-off
frequency between 900 and 1400 cm-1. Moreover, our research field
is restricted to congruent melting compounds that can be grown by
the Czochralski pulling technique.
Results
The YAG matrix shows a low cut-off frequency (~700 cm-1) and,
when doped with erbium ions, the emission wavelength (1.63 µm) is
outside the eye-safe range. Therefore, our investigations led us to
study borates (h * max~1400 cm-1) such as YCOB or GdCOB
(Ca4LnO(BO3)3, Ln = Y, Gd) where laser oscillations have already
been demonstrated [3,4], alumino-silicates (h * max~1050 cm-1)
such as CAS (Ca2Al2SiO7), vanadates (h * max~950 cm-1) such as
GdVO4 or phosphates (h * max~1100 cm-1) such as CLAPO
(Ca8La2(PO4)6O2). First of all, small single crystals were grown by
the floating zone technique. The obtained samples were used to
investigate to the best concentrations for the two doping ions, Er3+
and Yb3+. The optimization of concentrations is studied thanks to
the lifetime measurements: the shortest the 4I11/2 (Er3+), 2F5/2
(Yb3+) thermalised levels lifetime is and the longest the 4I13/2 (Er3+)
lifetime is, the better the concentrations are. These measurements
are done on crushed single crystals, excited by an OPO (Optical
Parametric Oscillator) tuned near 980nm. The fluorescence detection
is performed by an InGaAs cell. Our results show, for instance, that
the best concentrations in YCOB are 1.4 at.% of Er3+ and 30 at.% of
Yb3+. The lifetime of the 4I13/2 emitting level is then 1.2 ms. When
optimizing the composition for GdVO4, 4I11/2 lifetime decreases
when the content of Yb3+ increases for a given concentration of
Er3+ and this lifetime can be decreased up to 72 µs whereas the
4I13/2 lifetime is as high as 3.2 ms.
Once the best doping concentrations are known, large single crystals
of optical quality are pulled using the Czochralski technique. For
each crystal, the growth is carried out in an iridium crucible (50mm
diameter - 50mm height) under nitrogen atmosphere. High optical
quality crystals are obtained, even with GdVO4, well-known to grow
helicoidally.
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Spectroscopic survey shows that all these materials can be easily
pumped near 980nm, especially GdVO4 which exhibits large and
strong absorption band at 978nm ( * abs~0.9 10-20 cm2), very
suitable for diode pumping. Fluorescence spectra of our Er,Yb-
codoped crystals demonstrate that the potential laser wavelengths
are all in the eye-safe range: 1.53 µm for GdCOB and YCOB, 1.55
µm for CAS and CLAPO. Er,Yb:GdVO4 still emits in this range even if
the wavelength is close to 1.6 µm.
Laser tests are now underway. The complete characterization of our
crystals will be presented at the conference.
References
[1] van Dijk J.M.F., Schuurmans M.F.H., “On the nonradiative and
radiative decay rates and a modified exponential energy gap low for
4f-4f transitions in rare-earth ions”, J. Chem. Phys., 78(9) 5317-5323
(1983).
[2] Riseber L.A., Moos H.W., “Multiphonon orbit-lattice relaxation of
excited states of rare-earth ions in crystals”, Phys. Rev., 174(2) 429-
438 (1968).
[3] Burns P., Dawes J.M., Dekker P., Piper J.A., Zhang H., Wang J.,
“CW diode-pumped microlaser operation at 1.5-1.6 µm in er, Yb :
YCOB”, IEEE Photonics Technology Letters, 14 (12) 1677-1679
(2002).
[4] Denker B., Galagan B., Ivleva L., Osiko V., Sverchkov S., Voronina
I., Hellstrom, J.E., Karlsson G., Laurell F., “Luminescent and laser
properties of Yb-Er;GdCa4O(BO3)3 : a new crystal for eye-safe 1.5-
µm lasers”, Appl. Phys. B, 79 577-581 (2004).

6190-39, Poster Session
Experimental and theoretical investigation of gain-
switched Tm3+-doped double-clad silica fiber lasers
Y. Wang, Y. Zhang, Harbin Institute of Technology (China)
We present the results from experiments relating to a gain-switched
Tm-doped double-clad silica fiber laser in which a gain-switched
Nd:YAG laser is used to pump the   energy level of the Tm3+ -doped
ions. This fiber laser configuration is the first example to our
knowledge of a moderate energy gain-witched Tm-doped double-
clad silica fiber laser which is pumped with a low-repetition-rate
high-energy pulsed laser. For the longest fiber.1, the gain-switched
fiber laser produces a maximum pulse energy of 14.7 mJ at a
maximum linear slope efficiency of 40% and a total optical-to-optical
efficiency (with respect to the launched energy) of nearly 20%. The
results of three different length fibers in experiments are present and
contrasted. Because the absorption section at 1.064 µm is only
2.5% at 0.79  µm in Tm3+-doped silica fiber, we use three relative
long fibers (the fiber.1 length 35 m, fiber.2 length 8m, the fiber.3
length 1m.) to increase the absorption ratios. The laser threshold in
fiber.1, fiber.2 and fiber.3 is 37.5mJ, 39.4mJ and 48 mJ, and the
slope efficiency is 39.5%, 11.6% and 1% respectively. The output
peak wavelength from fiber.1 fiber.2 and fiber.3 is 2.04 µm, 2.01 µm
and 1.92 µm measured by a monochromator respectively.
The temporal characteristics of the gain-switched fiber laser pulses
from the fiber.1 and fiber.2 are measured by a PI N detector
(monitoring the pump pulses) and a HgCdTe detector (monitoring the
output laser pulses) which has a fast response speed at the
wavelength of approximate 2 µm. The output laser pulses from the
fiber.1, fiber.2 are build-up by a series of relaxation spikes during the
pump pulse duration and the laser durations of the relaxation spikes
within the fiber laser output are about 600~800ns from the fiber.2
and approximate 1 µs from fiber.1
We also present results from a numerical model that simulates  -
band pumping and includes all of the known pump excited-state
absorption (ESA) mechanisms and, in addition, four cross-relaxation
mechanisms have also been included. The loss mechanism is mainly
attributed to pump ESA from the   upper laser level to the combined
and   energy level because of the large absorption cross section for
this transition and the relatively long lifetime of the  energy level.

6190-40, Poster Session
Evolution of spectral coherence of self-frequency shifted
solitons in an optical fiber
A. E. Korolev, St.-Petersburg State Polytechnical Univ. (Russia); V. N.
Nazarov, St.-Petersburg State Univ. of Information Technologies,
Mechanics and Optics (Russia)

In this paper we report on evolution of pulse-to-pulse spectral
coherence of self-frequency shifted solitons. For generation of such
a solitons in the experiments a dispersion shifted nonlinear fiber was
pumped by sub-picosecond \@1555nm optical pulses from mode-
locked Er-doped soliton fiber laser. With the increase of peak pulse
power  first  self-shifted soliton spectral component and further
second self-shifted component split off the pump which were
observed at the fiber output. Both components were shifted
approximately linear on input power to longer wavelengths spectral
band. The wavelength of the component with largest redshift
exceeded 1800 nm at maximum launched  peak optical power of ~
400 W . To evaluate coherence properties of these components the
output pulses were launched into a free space Michelson interferom-
eter by using fiber-optics collimators. The optical paths difference for
two beams in the interferometer was chosen to provide the overlap-
ping of consecutive pulses and their interference. The interferometer
output was coupled  to the input of optical spectral analyzer (OSA).
The OSA sweep time was chosen as 0.1s or 1s, which corresponds
to averaging of spectra from 2.106-2.107 pulses pairs. The pulse-to-
pulse coherence degree was quantified in the experiments by
visibility of interference pattern in resulting spectral interferograms.
We observed in the experiments as follows:
1.Coherence degree of individual self-shifting soliton component
decreases slightly as this component moves out of the pumping
wavelength and is as high as 0.8 for the spectral shift lower than ~
120 nm.
2.The largest redshifted component coherence degree degrades
sharply when the second spectral peak splits off the pump despite
the linear behavior of its spectral shift.
3.For the largest redshifted component the coherence magnitude
falls down below 0.1 for the spectral shift higher than ~ 220 nm.
4.The coherence for the first redshifted and for the second compo-
nents are comparable in magnitude for equal detunings of these
components from the pumping wavelength.
5.Visibility of interference pattern across the spectrum of individual
self-shifted soliton component varies slightly decreasing from the
blue wing to the red wing of its spectrum.
The nature of such an unexpected coherence evolution on frequency
shift as well as a glance on this process as to one of the contribu-
tions to supercontinuum generation are discussed in the paper.

6190-41, Poster Session
Comparative high-resolution spectroscopic investigation
of single-crystal and ceramic laser materials
V. Lupei, A. Lupei, Institute of Atomic Physics (Romania); A. Ikesue,
Poly-Techno Co., Ltd. (Japan); Y. Sato, T. Taira, Institute of Molecu-
lar Sciences (Japan)
Since the first demonstration of efficient laser emission in Nd:YAG
transparent ceramic [1] several groups developed transparent
ceramics of various refractory materials such as garnets or cubic
sesquioxides and demonstrated laser emission. Compared with
crystal growth, ceramic techniques offer obvious advantages: lower
cost and higher productivity, better utilisation of the raw material,
possibility to fabricate larger components, high reproducibility.
Basically there are two variants of fabrication technologies for
complex or doped ceramics that differ in the synthesis of the
sintering material, based either on synthesis in solid state or on wet
chemical methods. In the solid-state method [1] the basic oxides are
mixed and milled together, the slurry is dried and then submitted to
high isostatic compression followed by vacuum sintering. In the
methods based on wet chemistry [2], a precursor containing all the
cationic species is precipitated form solution, then the sintering
material is obtained by calcination or combustion as nanocrystalline
powder that is finally sintered in vacuum without need for isostatic
compression. The sizes of the ceramic grains are determined by the
characteristics (temperature, duration) of the sintering process. The
degree of transparency of ceramics is determined by the sizes and
density of the pores between the ceramic grains: it was found that
high transparency, suitable for laser emission is obtained when the
sizes of the grains are of the order of tens on microns and the
density of pores is low (less than 1 ppm from the ceramic volume).
The boundary grains are also important in determining the similarity
between ceramics and single crystals.
Compared with the single crystals, the transparent ceramics show
larger compositional versatility enabling higher doping concentra-
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tions and tight control of spatial distribution of the doping ions.
Nevertheless, the problem of the variety,  structure and spectro-
scopic properties of centers formed by the doping ions, the
distribution of the doping ions in the ceramic grains and the effects
of granular structure on the ion-ion interactions that govern the
energy transfer or on the electron-phonon interactions remain of
concern. Data from literature are still contradictory, thus while the
studies on the Nd:YAG ceramics produced by solid-state method
show [3] spectroscopic properties (line positions, cross-sections for
optical transitions, emission decay) similar to the crystals, some of
the transition probabilities in ceramics produced by wet-chemistry
synthesis show very large departures from crystals (Tables  of Ref...).
This paper presents new high resolution spectroscopic data on
Nd:YAG ceramics produced by solid-state mixing of oxides in
comparison with single crystals. The sizes of ceramic grains are of
several tens of microns. The Nd concentration is up to 9at.% in YAG
ceramics. The methods used in this investigation are high-resolution
(better than 0.3 cm-1) transmission, high resolution selectively
excited (in the main lines and in the spectral satellites) emission in
various spectral ranges, high resolution emission decay. Some of the
conclusions of this study are verified in the investigation of
sequioxide ceramics doped with Nd3+ (up to 3at.% in Y2O3 and up
to 0.5at.% in Sc2O3), produced by the same method. In all these
transparent ceramics the maximum Nd concentration was much
larger than achievable in single crystals. The main conclusions of this
investigation are:
-the dopant ions could occupy in these ceramics sites similar to
those from the corresponding single crystals and effective sites at or
near the surface of grains. The ratio between these sites is deter-
mined by the size of grains: in transparent ceramics, with grains of
the order of tens of µm the normal sites dominate completely the
optical spectra, although for ceramics with under-micron grains the
presence of defective sites could become evident;
-the satellite structure of the optical spectra indicates that the
distribution of the doping ions and that of some specific lattice
defects (such as the excess Y3+ ions in the garnets) in these
ceramics is random, without obvious regions of agglomeration or
depletion;
-the spectroscopic properties (positions of lines, intensities and
cross-sections, emission decay) of the Nd-doped garnet and
sesquioxide ceramics are similar to those of the single crystals.
These data indicate that from spectroscopic point of view the Nd-
doped garnet and sesquioxide ceramics produced by solid-state
mixing of oxides are similar to the single crystals and could substi-
tute these crystals in construction of lasers. In this respect the large
differences in cross-sections between crystals and the ceramics
produced by wet chemical techniques, as well as the differences in
emission decay between these ceramics and those investigated in
this work are difficult to understand.
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6190-42, Poster Session
Generation of powerful 3-microns radiation and its
delivery
M. Cech, M. Nemec, P. Koranda, H. Jelinkova, Czech Technical
Univ. in Prague (Czech Republic); M. Miyagi, Sendai National College
of Technology (Japan); Y. Shi, Y. Matsuura, Tohoku Univ. (Japan)
In some last years mid-infrared Er:YAG laser radiation (2940 nm)
found the exploitation in many applications in technology and
especially in various medical branches (dentistry, dermatology,
cardiology, ophthalmology) [1]. Most of them use the Er:YAG laser
system working in free running regime generating the pulses with the
length of some hundreds of microseconds.   The effectiveness of the
laser radiation interaction with the tissue depends besides power
density of the interacting radiation also on an interacting time. The
long Er:YAG pulse can affect the tissue effective - the result is the
ablation or not required - the heat dissipated in the surrounding

material can cause damage of tissue. The parameter determined the
extent of thermal tissue alteration is a thermal relaxation time of
tissue t, which is depending on  the absorption coefficient a and the
thermal conductivity coefficient k as follows t = 1/(4ka^2). For the
Er:YAG laser radiation (wavelength 2940 nm) this coefficient value is
t = 1.2 us. For the pulses longer than 1.2 us, the heat diffusion
extends to the deeper layer. For pulses shorter than 1.2 us heat
diffusion is limited only to the surface layer [2].
In the case of Er: YAG laser it is not so simple to generate shorter
pulses in nanosecond region. The system must work in that case in
Q-switching regime. This regime of work has been obtained by
several, more or less successful, methods [3,4] but still some new
achievements are requested.
In our work we concentrated on electro-optical Q-switching with the
Brewster angled LiNbO3 Pockels cell. Besides the development of
the effective Q-switching and Er:YAG laser system, the delivery of
short powerful 3 micrometer radiation generated by this designed
laser was studied.
To find the best construction of the electrooptic Q-switch for this
special case the chosen Pockels cell transmission was evaluated.
Inside the Er:YAG resonator the PLZT ceramics polarizer (n = 2.23)
[6] was placed under Brewster angle and therefore linearly polarized
radiation (horizontally or vertically according to the PLZT alignment)
was generated. The Pockels cell (LiNbO3 crystal 7x8x26 mm) was
placed outside the resonator under the Brewster angle and high
voltage was applied on the electrodes. The Pockels cell transmission
dependences on the applied high voltage (1 - 9 kV) were theoretically
calculated and experimentally measured for horizontally and
vertically linearly polarized Er:YAG laser radiation. Measured data
well corresponded to the theoretical calculation in all configurations.
The quarter-wave voltage (for lambda/4 alignment) was calculated to
be   U = 3.7 kV. As other result passive losses of this particular
Pockels cell were derived. After that the Pockels cell was placed
inside the resonator.
Due to losses of Pockels cell and inherent characteristics of Er:YAG
active medium, the high voltage as low as 1.4 kV was sufficient to
prevent laser operation in the first stage of Q-switching regime (the
Pockels cell closed). To ensure the precise delay of the Pockels cell
in relation to the flashlamp (population inversion) pulse a delay unit
was utilized. Special avalanche transitors switching unit was utilized
for quick opening the resonator (switching time less than 4 ns).
Er:YAG laser oscillator consisted of Er:YAG laser crystal (diameter 4
mm and length 89 mm) placed along with the Xe-flashlamp in LMI
diffuse ceramic cavity. Plan-parallel resonator with high-reflexivity
dielectric mirror and dielectric output coupler with different resonator
length (25 - 35 cm) was used. The optimal reflexivity of output
coupler was experimentally investigated. In our experiment we used
the output coupler with reflexivity 83%. Er:YAG laser output
characteristics in free-running and Q-switching regime were
measured. In free-running regime the output pulse energy was 450
mJ and length 200 us FWHM (pump energy 131 J) in the arrange-
ment with the Pockels cell inside the resonator. In Q-switching
regime (resonator length 25 cm, high voltage value 1.4 kV, delay of
Pockels cell switching 450 us after the flashlamp pulse - 400 us
FWHM) the single giant pulses with minimal length 60 ns and
maximum energy 60 mJ yielding in peak power ~1 MW were
generated.
As was mentioned above the 3 um radiation could be useful in
medical applications. For that purpose the effective delivery systems
with various diameters are requested. In our case specially designed
COP/Ag (Cyclic Olefin Polymer-coated Silver) hollow glass
waveguides were utilized and measured. The inner/outer diameters
were 700/850 um and 320/450 um, the length was up to 1 m. The
laser radiation was focused to the waveguide by CaF2 lens with 40
mm focal length. Total transmission values of constructed delivery
systems was measured for Er:YAG laser radiation in free-running and
Q-switching mode.
In case of  700/850 um (length 1 m) waveguide the transmission was
measured to be 84 % in free-running and 78.6 % in Q-switching
regime. In case of 320/450 um (length 1 m) waveguide the transmis-
sion was measured to be 66 % in free-running and 65 % in Q-
switching regime.
For a contact method of radiation application on biological tissue a
special fused-silica cap was tested at the output side of the
waveguide.
Generated radiation of the constructed Er:YAG laser (in free-running
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or Q-switching regimes) is used for the interaction experiments with
the biological tissues.
Reference:
1. H. Jelínková, J. Pa‰ta, M. Ne˘mec, J. ·ulc, M. Miyagi, Y.-W. Shi,
Y. Matsuura, and M. Jelínek, Different influence of long and short
mid-infrared laser pulses on eye tissue, Laser Physics, Laser
methods in medicine and biology 13(5), pp. 735-742, 2003.
2. Niemz M. H., Laser-Tissue Interactions - Fundamentals and
Applications, Springer-Verlag 2004.
3. N. M.Wannop, M. R. Dickinson, A. Charlton, T. A. King, Q-
switching the erbium-YAG laser, Journal of Modern Optics 41(10),
pp. 2043-2053, 1994.
4. K. L. Vodopyanov, L. A. Kulevsky, P. P. Pashinin, and A. M.
Prokhorov, Water and ethanol as bleachable absorbers of radiation
in an yttrium-erbium-aluminium garnet laser (2.94 um), Sov. Phys. -
JETP 82(6), pp. 1820-1824, 1982.
5. K. L. Vodopyanov, R. Shori, O. M. Stafsudd, Generation of Q-
switched Er:YAG laser pulses using evalescent wave absorption in
ethanol, in Applied Physics Letters, 72 (18), pp. 2211-2213, 1998.
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6190-43, Poster Session
Infrared and Raman studies of Yb:YSO thin films
A. M. Denoyer, S. Jandl, Univ. de Sherbrooke (Canada); B. Viana, O.
Guillot-Noël, P. Goldner, École Nationale Supérieure de Chimie de
Paris (France); D. Pelenc, F. Thibault, CEA Grenoble (France)
Rare-earth solid lasers emitting around 1µm are of current interest
for several applications such as frequency doubling, optical
bistability, amplifiers, power lasers and telecommunication. Recently,
Yb3+-based laser materials are becoming possible competitors to
replace Nd3+-based solid lasers (such as Nd3+:YAG). In fact these
materials present numerous advantages resulting of a simple
electronic structure, with just 2 manifold levels ( and  ), which
prevents from self-quenching by cross-relaxation and up-conversion
parasitic effects [2]. They also have large absorption bands, needed
for diode pump temperature drift compensation, for laser tuning and
above all for ultra-short laser pulses. In addition, these materials can
be strongly doped (tens of %) allowing miniaturization in microchip
lasers. However, the main drawback of this simple electronic
structure resides in a quasi-three level laser configuration. A large
fondamental manifold splitting is then necessary for laser efficiency,
since the initial and terminal laser levels belong to the same
manifold.
In particular, orthosilicates have demonstrated efficient laser action.
For instance, Yb:Y2SiO5 (Yb:YSO) has one of the largest crystal field
splitting and exhibits more than 7 W laser power radiation around 1
µm under 14.4 W diode-pumping at 978 nm, leading to high optical
conversions exceeding 50 %. It also shows little sensitivity to pump
wavelength drift and presents broad tunability (more than 4W over
60nm) [1]. It is also a good thermal conductor (4.4 Wm-1K-1) which
is an important feature for laser.
In this work we have investigated Yb:YSO thin films optical proper-
ties and compare them to single crystal results [2]. Such films are
good candidates as waveguides laser. Raman scattering and
Infrared transmission are used to characterize electron-phonon
coupling and to study the interface strains effects as detected by the
Yb3+ crystal field (CF) excitations. A good knowledge of the
microscopic processes would help to optimize the elaboration of
these thin films for solid laser applications.
YSO crystallizes in the C62h monoclinic space group, the Y dielectric
axis being along the b axis unit cell direction. Yb3+ ions subsitute
equally the two non-equivalent C1 symmetry Y sites of the host
lattice, with coordination number (6+1) for Y(I) (mean Y-O distance:
2.309 Å) and 6 for Y(II) (mean Y-O distance: 2.269 Å). Y3+ and Yb3+
ionic radii are very similar (1.04 Å and 1.01 Å respectively) so that no
noticeable defects are introduced. The  ions are arranged in compact
chains running along the c-axis while the Y coordination polyhedra
share edges in the chains that are linked together by SiO4 tetrahe-
dra. Raman active phonons and CF excitations of Yb5%-YSO and
Yb15%-YSO single crystals grown by Czochralski technique have
been previously detected and analyzed [2].
In the present work we have studied (010) oriented thin films grown

by LPE (Liquid Phase Epitaxy) on an undoped YSO substrate [3].
Their thicknesses vary from 1 to 16µm and their Yb3+ concentrations
from 2 to 20 % in the epitaxial melt. The thin films are also codoped
with Ge (15 to 60 %) in order to adjust their refractive index step with
the YSO substrate and/or with Gd (13 and 36 %) or La (23 %) to
control the lattice mismatch due to Yb3+ doping. Ge substitutes Si
while Gd and La replace Y in the lattice. Since La3+ ionic radius
(1.15Å) is much larger than Y3+, we expect a higher Yb3+ occupa-
tion of site 2.
Imbedded in a host crystal, Yb3+ ions energy levels split into two
main manifolds : 2F7/2 (4 doubly degenerate levels) and 2F5/2 (3
doubly degenerate levels). A magnetic field is needed to further lift
the double Kramers degeneracies. In infrared transmission, 3
absorption bands are observed for each of the two sites ( 2F7/2 (0)-
\> 2F5/2 (0), 2F7/2 (0)-\> 2F5/2 (1), 2F7/2 (0)-\> 2F5/2 (2) ). Because
of the sites low symmetries, selection rules are absent. In the single
crystals the two sites occupations are equiprobable. In addition
many satellite bands are present in the neighborhood of the 2F7/2
(0)-\> 2F5/2 (0) and the 2F7/2 (0)-\> 2F5/2 (1) transitions [2].
Thin films exhibit the same crystal field splittings as observed in the
single crystals. However, band shapes are affected by interface
strains and defects principally in the highly doped films. Thin films
satellite bands, in the 2F7/2 (0)-\> 2F5/2 (0) range, have exaclty the
same energies as in the single crystals and their relative intensities
are in good correlation with the doping level. In fact these satellite
lines could be interpreted as (i)crystal field perturbation due to the
presence of other Yb3+ ions in the neighbourhood of the site or (ii) to
magnetically Yb3+ ions coupled pairs. In addition, occupations of
the two sites vary with doping and codoping levels, and with
temperature. In particular, La-codoped thin films show, as expected,
a higher occupation of site 2.
The C62h space group G point decomposition corresponds to
G=48Ag + 48Bg + 48Au+ 48Bu. Ag, Bg, and Au, Bu are Raman and
infrared active phonons respectively. Theoretically 96 phonons could
be detected, depending on the crystal orientation and the light
polarization. The phonon frequencies of all the Yb:YSO single
crystals are identical, but the more the crystal is doped the more the
bands are redshifted (Yb being heavier than Y), and broad (more
defects induce shorter phonons lifetime) [2].
Thin films have similar raman spectra as (010) oriented single
crystals. Besides, regarding the thickness of the film, as well as the
transparency of the material, raman spectroscopy probes  the
interface strains in the material, so that the effect of doping,
codoping, could be retraced.
On the other hand, the satellite bands in the 2F7/2 (0)-\> 2F5/2 (1)
range are associated with strong electron-phonon coupling. Because
of the strong coupling of Yb3+ with the lattice vibrations, electrons
and phonons are excited. Most of the side bands in the 2F7/2 (0)-\>
2F5/2 (1) range could be attributed to 2F7/2 (0)-\> 2F5/2 (0) vibronics
[2].
Strains effects and disorder in the Yb:YSO thin films induce
frequency and line shape changes of the phonons as well as the
Yb3+ CF excitations. Their analyses allow to determine the influence
of doping, codoping and possibly the defects distribution. Also, the
variation of the two sites occupations and their corresponding
satellites in the thin films have been monitored.
References:
[1]M.Jacquemet, C.Jacquemet, N.Janel, F.Druon, F.Balembois,
P.Georges, J.Petit, B.Viana, D.Vivien, B.Ferrand, Appl.Phys.B 80
(2005), 171-176
[2]S.Campos, A.Denoyer, S.Jandl, B.Viana, D.Vivien, P.Loiseau and
B.Ferrand, J.Phys.: Condens. Matter 16 (2004), 1-12
[3]B.Ferrand, B.Chambaz, M.Couchaud, Optical Materials 11 (1999),
101-114
[4]B.A.Maksimov, V.V.Ilyukhin, Yu.A.Kharitonov, N.V.Belov, Soviet
Physics - Crystallography vol.15, n° 5, march-april 1971

6190-44, Poster Session
Pulse shape control in a dual cavity laser: numerical
modeling
Y. M. Yashkir, Univ. of Toronto (Canada)
We report a numerical model of the laser system for generating a
special pulse shape: a steep peak at the beginning followed by a
long tail. Laser pulses of this nature are required for various
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applications (laser material processing, optical breakdown testing,
etc.). Laser system consists of two “overlapped” cavities (laser
crystal, back mirror and output coupler are shared) with different
round trip times. Shorter pulse is generated in a short cavity with a
saturable absorber as a Q switching element. Small fraction of this
pulse is injected into long cavity as a seed. It triggers generation of
the longer pulse. Output emission from this hybrid laser forms
required pulse shape. Parameters of the laser pulse  (ratios of
durations and energies of short- and long- pulse components) can
be controlled through cavity length and output coupler reflection.
Modeling of the laser system is based on numerical solution of
coupled rate equations for dynamic variables of the system: inverse
population in active laser media and in saturable absorber,  and
photon densities in coupled cavities [1]. Laser process consists of
the following stages: photon population starts from the quantum
noise level, it is amplified causing bleaching of the saturable
absorber, and the short pulse in the short cavity is produced, then
the short cavity seed pulse initiates bleaching of the saturable
absorber in the long cavity, consequently the long pulse is gener-
ated. Both parts of the output laser beams (a short pulse- and a long
pulse) are merged with the focusing system. Numerical experiments
were provided with typical parameters of a Nd:YAG laser to study
the system behavior for different combinations of parameters.
[1]. Yuri M. Yashkir, Yuriy Yu. Yashkir. Proceedings of SPIE - 5460,
“Solid State Lasers and Amplifiers”, Alphan Sennaroglu, James G.
Fujimoto, Clifford R. Pollock, Editors, September 2004, pp. 220-227

6190-45, Poster Session
Thermo-chemical strengthening of Nd:YAG
R. Feldman, Y. Shimony, S. Jackel, I. Levi, Soreq Nuclear Research
Ctr. (Israel)
High power pumped Nd:YAG laser rods may easily reach their
fracture strength, as a result of thermally induced tensile stress.
Years ago, Koechner demonstrated strengthening of Nd:YAG laser
rods by almost a factor of two [1]. During the mid-Eighties, Marion
showed about 15-fold increase in crystal strength by chemical
etching, using hot ortho-phosphoric acid [2]. Unfortunately, the
extraordinary potential of such an increase was difficult to fully
reproduce by the  same author [3], leading to some uncertainty
regarding etch strengthening of crystalline Nd:YAG elements.
Recently, however, Shafer et al. showed a factor of three strength
enhancement of Nd:YAG rods by wet chemical etching in a 1:1
mixture of H2SO4:H3PO4 [4].
In the research presented here, the etching behavieur of Nd:YAG in
concentrated ortho-phosphoric acid was studied as a function of
temperature and surface finish. A calibration curve for the etching
rate versus etching temperature was determined, exhibiting 25 times
slower rate than that reported by Marion [2]. The etching rate thus
measured could be described by an Arrhenius type equation of the
form                                                     ,                                        (1)
where R(T) is the etching rate as a function of temperature,   is a
constant, Ea is the activation energy, kb is the Boltzman Constant,
and T is the temprature in Kelvin degrees. From the etching results
the activation energy was determined to be Ea=0.31*0.01 eV, with
the constant  =8.0 *  0.3 x 106 µm/min. The rate of etching by
H3PO4 was found to be about 4 times slower than that by the 1:1
mixture of H2SO4:H3PO4 [4].
During the present study, four-point fluxture strength measurements
were performed on deep-etched YAG slabs. Slabs with a variety of
surface finishes were used, in order to study the dependance of  of
their strength on the initial sub-surface damage induced during
manufecture. Our experimenthal results clearly show an increased in
strength as a function of the etching depth. An average value of the
YAG’s tensile fracture strength obtained in the coarse of the present
study is  . The increase in the strength of etched slabs was observed
to correlate with the roughness (coarse to fine) of the surfaces prior
to their etching.
References:
[1] W. Koechner, “Rapture stress and modulus of elasticity for
Nd:YAG crystals”, Appl. Phys. 2 (1973) 279-280.
[2] J. Marion, “Strengthened solid-state lasers”, Appl. Phys. Letters
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[4] K.E. Shafer, D.E. Eakins, D.F. Bahr, M.G. Norton, K.G. Lynn,
“Strength enhancement of single crystal laser components”, J.
Mater. Res. 18(11), Nov 2003, 2537-9.

6190-46, Poster Session
Numerical modeling of the phase-conjugate laser with an
intra-cavity stimulated Brillouin scattering mirror: Q-
switching mode
Y. M. Yashkir, Univ. of Toronto (Canada)
We present new computer numerical model of the phase-conjugate
laser utilizing intra-cavity Stimulated Brillouin Scattering (SBS)
element (similar laser systems were experimentally studied in [1, 2]).
The model of the laser system is  based on the active laser crystal
placed between output coupler mirror and a  stimulated Brillouin
scattering cell (nonlinear phase-conjugate “mirror”). Laser cavity
(Gaussian) mode is adapted to the quasi-spherical back-scattering
Stimulated Brillouin wave with a focusing lens. To control the laser
dynamics parameters a low reflectance auxiliary mirror is placed
behind the Brillouin cell.
The numerical model includes a set of two Rate Equations (RE) for
active crystal inverse population, and the photon density inside the
laser cavity [3]. Nonlinear Stimulated Brillouin back-scattering
process is accounted by laser intensity dependent reflection
coefficient which affects the intra-cavity photon decay time. The SBS
backscattering model is based on reduced set of coupled equations
for electromagnetic fields for two waves (a pump wave and a SBS
wave) propagating in opposite directions. Solution of these equation
leads to a simple algebraic equation defining the SBS Reflection
Coefficient (RC) at a given SBS gain factor.
Numerical integration of (RE) using a root of (RC) at each time step
represents well the temporal dynamics of the system. Wide range of
realistic system parameters was numerically investigated. It is
demonstrated both quasi CW laser mode and generation of short Q-
switched pulses. Method of numerical modelling of such a laser
system can be efficiently used for laser optimal design (several
practical examples were developed and presented).
[1]. Breck Hitz, “Fiber Laser Q-Switched by Stimulated Brillouin
Scattering”, IEEE Photonics Technology Letters, Optics Letters, April
1, 2003, pp. 537-539
[2]. Andrei A. Fotiadi, Patrice Mégret, Michel Blondel, “Dynamics of a
self-Q-switched fiber laser with a Rayleigh-stimulated Brillouin
scattering ring mirror”, Optics Letters, Volume 29, Issue 10, 1078-
1080, May 2004
[3]. Y.Yashkir, H.M. van Driel, Passively Q-switched 1.57-µm intra-
cavity optical parametric oscillator “, Applied Optics, 38, 2554 -
2559, 1999

6190-47, Poster Session
Laser micromachining of hybrid sol-gels: application to
fabrication of microoptical elements
E. Clauss, Lab. des Systèmes Photoniques (France)
Some optical devices based on hybrid Si sol-gel materials are now
commercially available. The fabrication of the devices uses the usual
photolithography processes developed for microelectronics, but also
original methods such as direct inscription by focalized UV light.
We conceived an alternative method for the patterning of hybrid sol-
gels using laser micromachining. The demonstration of optical
elements carried out by this method has already been achieved,
validating the process for micrometric scale. Moreover, these results
show that the resolution can be improved as submicrometric details
appear on the devices. This high resolution can be partially explained
by the low fluence ablation threshold (90 mJ/cm2 at 248 nm).
1D optical waveguides have been fabricated in 3-4 micrometer thick
sol-gel films deposited by spin coating on glass substrates. Here,
laser ablation is used to remove matter on both sides of the
waveguide core. This specific operation is of great interest. It avoids
the fabrication of masks and limits the number of steps of the
process. Moreover, because of their low temperature preparation
process, it is also possible to functionalize the sol-gels by simple
addition of organic species such as dyes or photo cross linkable
functions or molecules exhibiting non linear optical properties. In the
case of organic functionalized sol-gels, the laser machining avoids
the direct illumination of the core and then prevents any
photodegradation of the active molecules.
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The laser micromachining of hybrid sol-gel is also adapted to the
fabrication of diffractive elements. Indeed, the ablation depth can be
precisely controlled by the fluence of the laser pulse and/or the pulse
number. Presently, the best observed resolution depth is 200±20 nm.
Multilevel diffractive gratings have already been manufactured. The
spatial resolution, the beam quality and the fluence stability drastically
limit the quality of the device. We are currently working on an
improved version of the laser micromachining setup allowing effective
submicrometric resolution with improved beam quality and stability to
produce high quality diffractive elements.
This work demonstrates that laser micromachining of hybrid sol-gels
permits the fast fabrication of effective optical devices, making this
process well adapted to rapid prototyping or fabrication of masters.
Further improvement of the material (doping, mixing Si / Ti...), of its
processing (annealing) or its preparation (multilayer) are being studied
to increase the performances and expand the field of applications.

6190-48, Poster Session
Measuring of intracavity phase changes by use of
bidirectional ring diode-pumped mode-locked Nd:YVO4
laser
V. Kubecek, Czech Technical Univ. in Prague (Czech Republic); J.
Diels, The Univ. of New Mexico (USA); M. Cech, P. Hirsl, Czech
Technical Univ. in Prague (Czech Republic); V. Skoda, Crytur, Ltd.
(Czech Republic)
The motivation of this work is the development of laser sensor and
gyroscope based on solid state ring  mode locked laser. In such laser
one measures the phase difference per round trip between the
clockwise (CW) and counterclockwise (CCW) pulses by combining the
CW and CCW pulses on a detector. The detector measures the
gyroscopic response, better known as the beat frequency. The phase
difference can be the result of a rotation, change in index of refraction,
a mechanical vibration or even a perturbation in a multilayer dielectric
coating. Some examples of successful experiments using this method
are the electro-optic effect, and nonlinear spectroscopy. Here we
report the ability to make sensitive phase measurements in a ring
cavity of a diode pumped passively mode locked
In earlier reported experiments we have shown the gyroscopic
response of the ring vanadate lasers pumped by 2 W high brightness
laser diode and mode-locked by multiple quantum well (MQW)
saturable absorbers either in reflection or transmission configuration.
The next step was development of more compact laser pumped by
cheap low power 1 W laser laser diode and with higher stability of
mode-locking regime. The five mirror ring cavity is formed by two
curved mirrors, two  flat dielectric mirrors and one semiconductor
mirror with  MQW saturable absorber. Laser threshold for free running
regime was 55 mW, the bidirectional mode locked operation was
obtained for incident pump power of only 675 mW. The repetition rate
of the laser was 202 MHz, pulse duration 50 ps. New saturable
absorber  and configuration with two lenses inside the resonator
improved stability of mode locking regime.
In this paper we report on successful modification of this compact
laser and detection of beat frequency. The main modifications to the
previous configuration were optimization of a position of a crossing
point of the pulses and insertion of an  electro-optical modulator which
induces the phase changes for counterpropagating beams. Its position
in ring laser cavity should be one quarter of the perimeter from the
pulse crossing point in multiple quantum well. This position is optimal
for maximum effect of the modulation, because the pulses circulating
in resonator in opposite directions pass modulator with maximum
voltage difference. We used the 1. 3 mm thick LiNbO3 electrooptic
phase modulator with applied voltage parallel to the polarization of the
light radiation. As it was experimentally confirmed for our modulator,
the efficiency in this configuration is 3 times higher then configuration
when the polarization of the light radiation and electric field direction
are perpendicular. The modulator was driven by sine wave obtained by
amplified signal from a photodiode sampling the pulse train.
Without the RF signal applied to the modulator there was most of the
time no measurable beatnote between counterpropagating beams. It
means that the two modes of the laser are locked to each other, which
is expected because of the scattering of the MQW sample. The
locking of frequencies was confirmed by observation of spatial
interference between both beams easily measurable by CCD camera.
The sinusoidal beat note with a frequency proportional to the voltage
applied to the lithium niobate for voltages in excess of 5V (beat note of
70 KHz) up to 10 V (beat note of 130 KHz), was detected when optical

and electronic delays were adjusted in such a way as for the peak
and through of the modulation coincides with the passage of the CW
and CCW circulating pulse in  the LiNbO3 crystal. This lower
frequency corresponds to the phase difference of 3.5 E-4. The
relatively high lock-in frequency (70 KHz) is due to the scattering  of
MQW where the pulses meet and the long pulse duration given by
the operation of the laser not far from the mode-locking thtreshold.
In conclusion, we have demonstrated bidirectional, mode-locked
operation of a Nd: vanadate laser pumped by low power laser diode
and application of this laser for measuring of the intracavity phase
changes.

6190-49, Poster Session
Influence of iodine impurities onto optical frequency
precision of iodine-stabilized lasers
J. Lazar, P. Jedlicka, F. Petru, O. Cip, Institute of Scientific Instru-
ments (Czech Republic)
With the molecular iodine being still the cornerstone of laser
frequency metrology not only the linewidth and signal-to-noise ratio
is a subject of a significant investigation but also the search of the
precision of the absolute values of central frequencies of the
transitions is gaining importance. Frequency drifts can be reduced
by control of pressure, temperature, laser power density and other
quantities but an intrinsic offset associated with each absorption
iodine cell is given by the iodine purity and the cell once filled and
sealed cannot be changed. This is a problem of absorption cell
manufacturing technology which has great consequences.
In our group the absorption cell technology was developed over the
past years and we put a great effort into achievement of the best
purity of the cell before filling as well as the iodine itself. Our iodine
cells were made for many prestigious metrological laboratories in the
world and are in use in various laser stabilized systems of the highest
precision at different optical frequencies and in a large variety of
detection and stabilization schemes.
In the contribution we present briefly the manufacturing technology
of the cells and the filling process and an experimental attempt to
determine the iodine purity of the finished and sealed cell by an
independent method. The data from manufacturing of several
sample cells are compared with the purity measurement and also
with measurements of the absolute optical frequencies of lasers
stabilized to hyperfine transitions in iodine in these sample cells.
The main goal of this effort is to recognize the limits of the absolute
precision of the optical frequency of iodine transitions and look for
further improvements in the iodine cell manufacturing technology
that may lead to even smaller frequency shifts.
The properties of an iodine-filled absorption cell are determined on
the one hand from the direct definition of the impurity volume, and
on the other hand also from the possibility of verification of its
function and limiting parameters in the final employment in a
stabilized laser system. The volume of contaminating gasses may be
estimated directly from the technology process (the level of vacuum
in the cell before filling or the quality of degassing) or in case of very
small levels of impurities it can be verified by means of evaluation of
Stern-Volmer formula [1,2] on the experimental basis. The technique
based on the Stern-Volmer formula requires excitation of a selected
transition in the molecular iodine and investigation of the level of
induced fluorescence. The fluorescence intensity is limited by several
relaxation processes such as ionization, predissociation and
collisional quenching. The quenching - nonradiative transitions - can
be caused by collisions with either iodine molecules or by collisions
with molecules or atoms of impurities (foreign-gas quenching). The
last mentioned process is the one that reflects the purity by
reduction of the lifetime of a state and can be evaluated by monitor-
ing of the level of spontaneous emission from the irradiated cell.
Our experimental arrangement is derived from the one used by [3]
and is based on precise measurement of the level of fluorescence in
the irradiated iodine cell with a “green” 502 nm laser for excitation of
iodine. The direct method for determination of the frequency shift of
the centres of iodine transitions is definitely an arrangement with a
stabilized laser employing a subdoppler stabilization scheme. This is
a complex system, where the electronics of the detection chain and
servo-loop, various thermal drifts, temperature stability of the cell
and many other influences contribute to the final optical frequency
precision on the level comparable with the impurities. So we worked
on the design of an arrangement with a stabilized laser and an iodine
cell in such a configuration where the cell could be interchanged
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without any significant changes to the whole setup keeping the
environment constant and reducing the other influences. There are
various configurations possible. They range from an internal cavity
cell, where the saturated absorption transitions directly reduce the
losses in the laser cavity thus modulating the output power; this
approach is needed when the transitions are really weak and cannot
be easily detected. An external, double-pass cell for subdoppler
spectroscopy is probably the simplest way and various multipass
cavities or external-cavity enhanced spectroscopy are the other way
to improve signal-to-noise ratio in case of weak transitions [4]. The
detection system can be at present based on various principles
employing low-frequency derivative spectroscopy either high-
frequency frequency-modulation spectroscopy or some combination
of both. Especially in the case of cavity enhanced spectroscopy the
detection and stabilizing system may be quite complex.
At this moment we arranged a He-Ne laser based system of modular
design with an intracavity configuration operating at the traditional
633 nm wavelength and employing a third-harmonic derivative
spectroscopy detection chain and stabilization. It makes the
interchange of the cells easily possible and gives us a chance to
compare the absolute laser frequency directly with an laser He-Ne-I2
etalon with traceability to the BIPM standards [5,6].
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6190-50, Poster Session
50 W commercial solid-state sodium guidestar laser
system for the Gemini South Telescope
C. A. Lopez, G. Moule, A. K. Hankla, A. J. Tracy, I. Lee, E. C.
Andrews, J. Bartholomew, J. R. Unternahrer, Coherent Technologies,
Inc. (USA); C. d’Orgeville, K. Grace, Gemini Observatory (USA)
Abstract:  We are developing a laser guidestar (LGS) to meet Gemini
South Observatory’s Multi-Conjugate Adaptive Optics (MCAO)
Program laser requirements by providing 50 W of 589 nm laser light
with temporal, frequency, and spatial profiles tailored to the
mesospheric sodium layer absorption line while minimizing possible
saturation effects.
Summary
Adaptive Optics (AO) systems have been a very useful instrument for
the improvement of imaging capabilities at observatories around the
world.  AO systems help to remove the atmosphere-induced blurring
of images by means of one or more deformable mirrors. Most AO
systems use a Natural Guide Star (NGS) as their reference source for
AO corrections, with .typical NGS apparent magnitudes in R band
of14 or brighter.  Unfortunately only a few % of the sky provide stars
that are bright enough for use with AO.  A Laser Guide Star (LGS) is
a solution that opens up a greater part of the sky to AO observations.
Suitable LGS have a equivalent R magnitudes of 11 or brighter .  A
key part of the performance of AO using a LGS depends on the LGS
equivalent  magnitude observed on the sky and its spot size which,
in turn, depend upon photon return from the sodium (Na) layer and
laser beam quality.  The photon return depends on sodium abun-
dance, laser power, and pulse format.
Although dye lasers have been the traditional technology for early
generation laser guidestar systems, solid-state lasers have been
preferred in recent years because of their compactness and
reliability.  In this paper we focus on the solid-state laser technolo-
gies that LMCT has developed over the last 3 years for the Gemini
North Adaptive Optics system in Hawaii and the new technologies
that are currently being investigated for the next generation of laser

guidestar systems.  LMCT’s Gemini North laser system can generate
up to 13W of 589 nm light by sum frequency generation (SFG) of
1064 nm and 1319 nm Nd:YAG laser outputs.  The next generation
LGS for the Gemini South multi-Conjugate Adaptive Optics (MCAO)
system requires 50 W output power at 589 nm.  This increase in
power requires high-power laser amplifiers to supply enough power
for the SFG stage.  A resonant cavity SFG stage using LBO will be
used to achieve the high power visible output.
The Gemini North guidestar laser has three main sub-systems:
oscillators, amplifiers, and 589 nm generation with nonlinear
technology.  The system that is in operation at the Gemini North
telescope atop Mauna Kea in Hawaii is a quasi-CW 12 W 589 nm
LGS using two mode-locked Nd:YAG lasers with good beam quality
(M2 ~ 1.2).  The pulse format is a 1 ns pulse width pulse with a 13ns
period.  Sum frequency generation is accomplished using a single
pass periodically-polled stoichiometric lithium tantalate crystal. We
have observed optical-to-optical conversion efficiencies of up to
55%.
The laser oscillators determine the wavelength, bandwidth, beam
quality and pulse format.  The Gemini North laser oscillators used
dual-rod cavity designs with the 1319 nm oscillator providing 10.5 W
of output power and the 1064 nm oscillator providing 22.0 W. The
rod oscillator technology will be kept for the Gemini South laser
system and laser amplifiers will be used to increase output power.
Slab amplifiers and waveguide amplifiers are being pursued to boost
the 1064 nm and 1319 nm output powers to 64 W and 79 W,
respectively, in order to reach 50 W of 589 nm output.
A double-ring resonant LBO cavity will be designed for sum-
frequency generation of 589 nm light for this system.  This design
has been used successfully in other systems and represents the
lowest risk approach.  Other CW applications such as the 20 W Air
Force Research Laboratory (AFRL) Starfire Optical Range (SOR) LGS
laser system typically achieve conversion efficiencies greater than
65%.  Our system is a mode-locked CW system and, theoretically,
we should exceed the conversion efficiency of a purely CW system
due to the greater peak intensity of the mode-locked pulses.
However, we have assumed a conservative conversion efficiency of
35%.

6190-51, Poster Session
ZnSe:Cr2+ laser coherently pumped by Er:YAP 1.66 µm
laser or Tm:YAP 1.97 µm laser
Maxim Doroshenko, General Physics Institute (Russia); P. Koranda,
H. Jelínková, J. S̆ulc, Czech Technical Univ. (Czech Republic);  T. T.
Basiev General Physics Institute (Russia); V. K. Komar, Myron B.
Kosmyna, Institute of Single Crystals (Ukraine)
Tunable mid-infrared laser radiation sources are of interest for many
applications in spectroscopy, ranging, remote-sensing, medical
diagnosis and treatment and also for pumping nonlinear (OPO) and
laser materials. The ZnSe:Cr2+ is a promising laser active material for
lasing in the range of 2-3 µm. Up to now number of sources have
been used for pumping ZnSe:Cr2+ active medium: Er-fibre laser,
color-center laser, Co:MgF2 laser, Tm lasers, and Raman-shifted
Nd:YAG laser [1-4].
In our study we have demonstrated, characterized and compared
ZnSe:Cr2+ laser coherently pumped either by flashlamp-pumped
Er:YAP (wavelength 1.66 µm) or diode pumped Tm:YAP (wavelength
1.97 µm) laser radiations.
For the experiment ZnSe:Cr2+ crystal in the form of 4 mm thick block
was used with the concentration of Cr2+ active ions in ZnSe matrix nCr
~  1.0 x 1019 cm-3. The pump radiation wavelengths were selected on
the basis of the ZnSe:Cr2+ crystal measured absorption spectrum to
be as close as possible to the maximum of the absorption curve.
For the case of ZnSe:Cr2+ laser pumping by wavelength 1.66 µm, the
Er:YAP laser was constructed. The anisotropic Er:YAP laser crystal
(diameter 6 mm, length 100 mm, faces cut under 2°/2° angle) was
placed along the Xe flashlamp into the single-elliptical cavity (length
80 mm). The plan-parellel resonator (length 370 mm) was formed by
dielectric high reflective mirror (R~100% @ 1.66 µm) and dielectric
output coupler (R~90% @ 1.66 µm). The generated laser radiation
with the wavelength 1.66 µm, energy up to 280 mJ (corresponding
length of pulse 230 µs) was focused by the CaF2 lens (focal length f =
100 mm) into the ZnSe:Cr2+ crystal. This crystal (4 mm thick) was
placed into the resonator in perpendicular position in the focus of
pumping beam. The resonator of ZnSe:Cr2+ laser was formed by the
input coupler (dielectric flat mirror T ~ 88% @ 1.66 µm, R ~ 100% @
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2.0 - 2.5 µm) and by the output coupler (broadband dielectric mirror
with reflexivity 60-66% within the range 2000-2500 nm). The total
transmission of focusing CaF2 lens and the input coupler was
measured to be 80% for the Er:YAP laser radiation (wavelength 1.66
µm).  The parameters of the output coupler were found as a optimum
from the point of view of the output ZnSe:Cr2+ laser energy as well as
the width of the output spectrum. From the measured output
radiation characteristics followed that the maximal ZnSe:Cr2+ laser
output pulse energy was 5.5 mJ (slope efficiency 23%), and the
length of pulse 120-160 µs. With the help of dispersive prism inside
the resonator, the generated laser radiation was tunable from 2100
nm to 2450 nm with only 2 times drop in laser efficiency. The
temporal profile and spatial structure of the generated laser beam
were measured.
Consequently, the diode-pumped Tm:YAP laser was constructed for
coherently pumped ZnSe:Cr2+ laser. LIMO laser diode (40 W) was
used for longitudinal pumping of Tm:YAP laser. The resonator of
Tm:YAP laser consisted of the input coupler (transparent for
pumping radiation, HR for 1.97 µm), and the output coupler (R =
97% @ 1.97 µm). Tm:YAP laser radiation was focused by CaF2 lens
into the ZnSe:Cr2+ laser active medium. The ZnSe:Cr2+ laser was
formed by the input coupler (R ~ 100 % @ 2.2 µm - 2.6 µm, T ~ 86 %
@ 1970 nm), and the output coupler (r = -150 mm) with various
reflexivities (from 92.0% up to 97.5%). The output characteristics
and tuning curves were measured for various ZnSe:Cr2+ laser
resonator arrangements and also for various pumping radiation
conditions in pulsed regime (pulse duration, repetition rate, duty
cycle).
The maximal obtained output power was 7 mW for pumping power
400 mW. The generated laser radiation was tunable from 2100 nm to
2450 nm. The temporal profile and spatial structure of the generated
laser beam were measured.
From the provided experiments it follows that both Er:YAP (wave-
length 1.66 µm) and Tm:YAP (wavelength 1.97 µm) lasers are
capable of ZnSe:Cr2+ laser pumping. The absorption coefficient for
Er:YAP (wavelength 1.66 µm) laser radiation is larger than for
Tm:YAP (wavelength 1.97 µm) laser. The ZnSe:Cr2+ laser effective-
ness were compared for both pumping radiations.
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6191-01, Session K1
Virtual reality, augmented reality and robotic applied to
digestive operative procedures: from in vivo animal
preclinical studies to clinical use
L. Soler, J. Marescaux, IRCAD (France)
Technological innovations of the 20th century provided medicine and
surgery with new tools,
among which virtual reality and robotics are part of the most
revolutionizing ones. The aim of our work is to set up new techniques
for the detection, 3D delineation and 4D time follow up of small
abdominal lesions from standard medical images (CT scan, MRI). It
also aims at developing innovative systems making tumor resection
or treatment easier with the use of augmented reality and robotized
systems, increasing gesture precision. It also permit a real-time long
distant connection between practitioners allowing them to share a
same 3D reconstructed patient but also to interact onto a same
patient, virtually before the intervention and really during the surgical
procedure thanks to telesurgical robot. In preclinical studies, our first
results obtains
from a micro-CT scanner show that these technologies allow to
obtain an efficient and precise 3D modeling
of anatomical and pathological structures of rats and mice (figure 1).
In clinical studies, our first results show the possibility to improve the
therapeutic choice thanks to a better detection and representation of
the patient before to perform the surgical gesture (figure 2). These
results also show the efficiency of augmented reality that provide a
virtual transparency of the patient in real time during the operative
procedure (figure 3). In the
near future, thanks to the exploitation of these systems, surgeons
will program and check on the virtual clone of the patient an optimal
procedure without errors, which will be replayed on the real patient
by the robot under surgeon control. This medical dream used to be
virtual, but today it is about to become reality.

6191-02, Session 1
Histological observation on dental hard tissue irradiated
by ultrashort-pulsed laser
K. Awazu, T. Uchizono, Osaka Univ. (Japan); A. Igarashi, J. Kato, Y.
Hirai, Tokyo Dental Callege (Japan)
Introduction: Recently, in dentistry field, laser is not only researched
but also is applied to treatment. It has been reported that established
laser systems have the thermal effect to the peripheral tissue
because it has the long pulsed duration for dental hard tissue. It
causes the development the crack and the carbonization layer. In
contrast, ultra short pulsed laser (USPL) has been expected to be
effective to interact the dental hard tissue with less thermal effects.
The purpose of this study was to clarify the effect of ultra short
pulsed laser on dental hard tissue.
Materials and Methods: In this study, the irradiated sample were root
dentin and crown enamel of bovine tooth. These were processed
plate shape. Ti:sapphire femto second laser was used. This laser had
a wavelength of 800nm, a pulsed duration of 150 femto second and
a pulse repetition rate of 1kHz. The samples were irradiated with
femto second laser at the average power density of 91, 183 and
369W/cm2 while the plate was being moved at 1 mm/sec.
After preparation of the laser treated samples, the surface and cut
surface was examined with a scanning electron microscope (SEM)
and analyzed by a energy dispersion X-ray analyzer (EDX). Another
specimens were spectropically observed with a Fourier Transform
Infrared Spectroscopy (FTIR).
Results and Conclusion: By the analysis of SEM data, it was
confirmed that the cavity margin was sharp, the cavity wall was
extremely steep and clean, and the irradiation area has no crack and
no charred layer. In addition, dentin samples had the open of dentin
tubules. By the analysis of FTIR data, it was confirmed that there was
no change in the absorption peak of PO ion between irradiated and
non-irradiated samples. These results provided the evidence that the
ultra short pulsed laser is effective for ablation of dental hard tissue
without thermal side effects. But, further research of the laser-tissue
interaction mechanism (ablation, absorption, etc.) using the ultra
short pulsed laser is necessary.

6191-03, Session 1
Laser welding of biological tissue: applications in
ophthalmology
R. Pini, F. Rossi, Univ. degli Studi di Firenze (Italy); L. Menabuoni,
Unità Operativa Oculistica (Italy)
Laser welding is a technique to join and suture biological tissues by
means of laser light, with or without the topical application of
exogenous bonding materials or chromophores. It has been
proposed as an alternative technique, or a supporting tool, to
conventional suturing procedures in order to reduce the typical
inflammatory processes, such as foreign body reaction, following the
application of stitches, as well as to facilitate suturing operations in
particular surgery conditions such as in microsurgical and endo-
scopic applications. An advantage of this procedure is a faster
healing process of the irradiated wound, where the restored tissue is
quite similar to the native one.
In the last two decades, laser welding of biological tissue has been
tested, mainly at an experimental level, in various surgical applica-
tions, such as the repair of blood vessels, nerves, tendons, bronchial
fistulae, skin, etc.
The mechanism of laser welding is not still completely understood.
The primary induced process is a photothermal activation of the
main components of extracellular matrix (collagen and elastin) of
biological tissues. Laser irradiation induces thermal restructuring
within tissue collagen: new bonds and interactions with adjacent
molecules are formed and then stabilized upon cooling. Temperature
required for welding tissue is in the range of 60-80°C, depending on
tissue and laser wavelength.
The choice of the laser emission parameters (wavelength and energy
dose), as well as of the principal absorber of the tissue targeted by
laser radiation are critical factors in setting-up a suitable surgery
procedure. Since the major component of biological tissue is water,
earlier reported experiments have been based on the use of water as
an endogenous chromophore to absorb laser light. Improved results
in tissue welding were observed by using exogenous chromophores
(sometimes in association with protein solders): in this case a
controllable temperature rise is induced only in the area where the
dye had been previously applied, resulting in a selective thermal
effect.
In this paper the technique we developed to weld ocular media is
presented. It is based on the use of near-infrared diode laser, in
association with the topical application of a solution of indocyanine
green (ICG). The welding procedure was optimized so as to be used
in ophthalmic surgery applications: it has been proposed as a valid
alternative, or as a supporting tool, of the traditional suturing
technique to closure corneal wounds (such as in cataract surgery,
penetrating keratoplasty and in the treatment of accidental corneal
perforations), as well as for the closure of lens capsule (to repair
capsular breaks caused by accidental traumas or produced
intraoperatively during standard IOL implantation and to provide the
closure of the capsulorhexis in lens refilling procedures).
The laser used to induce welding effect was a AlGaAs diode laser
emitting at 810 nm. The device was equipped with a fiber optic
delivery system employing fibers with 200- and 300- micron-core
diameters. Each fiber terminated in a hand piece, which enabled
easy handling under a surgical microscope. In order to induce local
photothermal activation of the IR-transparent ocular media (cornea
and lens capsule) a chromophore was applied inside the corneal
wound or on a capsule patch. A saturated solution of Indocyanine
Green in sterile water was proposed. The dye was characterized by
high optical absorption around 800 nm, as measured when dissolved
both in corneal and capsular samples.
The welding of corneal wounds is achieved after staining the cut
walls with the ICG solution, and irradiating them with the diode laser
operating at low power (60 to 90 mW cw), coupled with a 300-
micron core diameter fiber at the working distance of about 2 cm.
The result is a localized heating of the cut, inducing controlled
welding of the stromal collagen. In order to optimize this technique
and to study the healing process, experimental tests, simulating
cataract surgery and penetrating keratoplasty, were performed both
ex vivo and in vivo on animal models. The analyses of the laser-
welded corneas evidenced a faster and more effective restoration of
the architecture of the stroma. No thermal damage was detected,
nor were there foreign body reactions or other inflammatory. The
thermal process during corneal welding was theoretically modeled
(by the use of finite element method) and experimentally monitored
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(measuring the surface temperature with an IR thermocamera),
showing low thermal elevation (∆T~20°C), spatially well confined,
thus avoiding irreversible thermal damage to ocular tissues. The
joined tissues showed good mechanical strength.
The study of the welding process of lens capsule is still in progress.
Several experimental tests were carried out ex vivo on freshly
enucleated porcine eyes in order to optimize the technique. Closure
tests were performed on patches of capsular tissue, harvested from
a donor eye. The inner side of the sample was stained with ICG
solution and then it was applied on the anterior capsule of the
recipient eye by fully overlapping the rhexi previously prepared. The
stained patches was then irradiated along the perimeter of the rhexi
by means of contiguous laser spots emitted by a 200-micron-core-
fiber, whose tip was gently pressed onto the patch surface (contact
welding technique) to produce effective tissue welding. Exposure
times were found to be critical in order to avoid heat damage:
continuous wave irradiation, typically employed in other laser
welding applications, was unsuitable, while pulses around 100 ms
(with energies of 30-50 mJ) gave the best results. Preliminary tests
on the tensile strength of laser-welded capsular tissues revealed
good performances, comparable to those of healthy tissue.
The technique we developed to weld ocular media is highly
reproducible and with limited heat effects. Laser-welded tissues
exhibited good adhesion and good mechanical resistance. This
technique seems suitable to be successfully applied in ophthalmic
surgery, as a support or substitution of standard suturing procedure.

6191-04, Session 1
Effect of 655-nm laser different powers on dog sperm
motility parameters
M. Corral-Baqués, Univ. Rovira i Virgili (Spain)
Introduction: One of the most appreciated features of the sperm is its
motility, which depends on a big energy consumption despise
differences among species. Laser acts direct or indirectly on
mitochondria increasing ATP production.
Material and method: By means of a Computer Aided Sperm
Analysis (CASA) we have studied the effects of a 655 nm continuous
wave diode laser irradiation at different power outputs with a dose of
3.3418 J on sperm motility. After an eosine-nigrosine stain to
establish its quality, the second fraction of fresh beagle dog sperm
was divided into 5 groups, 1 control and four to be irradiated
respectively with an average output power of 6.65 mW, 15.72 mW,
33.2 mW and 43.04 mW respectively. At times 0 and 45 minutes
from irradiation pictures were taken and analysed with the Sperm
class Analyzer SCA2002 programme. The motility parameters of
3160 spermatozoids studied were: curvilinear velocity (VCL),
progressive velocity (VSL), straightness (STR), wobble (WOB),
average path velocity (VAP), linearity (LIN), mean amplitude of lateral
head displacement (ALHmed), beat cross frequency (BCF) and the
total motility (MT). At time 15 minutes after irradiation functional and
metabolic tests were done: hypoosmotic swelling test (HOST) and L-
lactate production rate.
Results: several motility parameters that affect the overall motile
sperm subpopulation structure have been changed by different
output powers of a 655 nm diode laser irradiation, and prevents the
decrease of the sperm motility properties along time.

6191-05, Session 1
Risk estimation of skin damage due to ultrashort-pulsed
focused NIR laser irradiation
F. F. Fischer, Beiersdorf AG (Germany); B. Volkmer,
Dermatologisches Zentrum Buxtehude (Germany); S. Puschmann,
Beiersdorf AG (Germany); R. Greinert, W. Breitbart,
Dermatologisches Zentrum Buxtehude (Germany); J. Kiefer, Justus-
Liebig-Univ. Giessen (Germany); R. Wepf, Beiersdorf AG (Germany)
New imaging techniques using femtosecond NIR lasers (fs-lasers),
already used in vitro, have also great potentials for in vivo applica-
tions, particularly in human skin. However, little is known about
possible risks, especially with regard to photoinduced DNA damage
to skin cells. Theoretical considerations do not rule out that such a
risk may exist. So, in order to evaluate the risk a “biological dosim-
eter” was used in this investigation. We irradiated fresh human skin
samples with both an ultra short (fs) focused laser and a solar
simulator (UV-source). DNA damage introduced in the epidermis was

evaluated using fluorescent antibodies against cyclobutane-
pyrimidin-dimers (CPDs) in combination with immuno-fluorescence
image analysis. Various fs-irradiation regimes were evaluated
differing in laser power and step width of horizontal scans. Ultra
short focused NIR laser irradiation did not lead to the development of
CPDs, if 15 mW or 30 mW laser power was used combined with
horizontal scans applied every 5 microns in depth around the
epidermal-dermal junction. However, induction of CPDs could be
seen at a laser irradiation regime using 60 mW laser power and 5
micron steps. Also, if using a smaller step width of 1 micron in
combination with an increasing laser power (from 2 mW to up to 35
mW) from the skin surface to the epidermal-dermal junction CPDs
were formed. Quantitative comparison of the CPDs produced by
these two laser regimes with CPDs produced by the UV-source
showed that the number of CPDs formed by the 60 mW laser
irradiation regime is comparable to UV-irradiation giving 0.6 MED
(minimal erythemal dose). The smaller step width laser irradiation
regime (1 µm step width, up to 35 mW) was comparable to a UV-
irradiation regime resulting in 0.45 MED. Concluding, the risk of DNA
damage due to fs-laser irradiation on skin is in the range of day by
day UV-exposure.

6191-06, Session 1
Efficient combination of multiple high-power
semiconductor laser sources for photoacoustic signal
generation in biomedical phantoms
V. B. Cunningham, H. Lamela, Univ. Carlos III de Madrid (Spain)
There is an increasing interest in photoacoustic techniques for non-
invasive tissue investigation, this in part is due to the successful in
vivo trials. Wang, X. et al [1] have carried in vivo near infrared
photoacoustic trials on animal brains using a tunable dye laser
pumped by a Nd:YAG. Trials have also been carried out on soft
tissues, deep penetration in chicken breast has been performed by,
ku, G., et al[2] and Esenaliev, R.O., et al[3] using a pulsed Ti:Sapphire
laser pumped by a Q-Switched Nd:YAG, and a Nd:YAG Laser,
respectively.
Solid state lasers, such as the Nd:YAG, which are typically used in
photoacoustic signal generation have many drawbacks when
incorporated in diagnostic systems. These drawbacks are their
physical size, cost, limited repetition rate, limited wavelength range
and pulse width control. An alternative laser source is the high power
semiconductor laser, these light sources have many inherent
advantages over the traditional solid state laser. The wide wave-
length operation range can be used as a powerful tool in
photoacoustic spectroscopy (PAS) to provide physiological
information such as tissue oxygenation, lipid content, and water
concentrations[4]. Variability in the pulse width and pulse repetition
rate allows many different time and frequency domain modulation
schemes, which when based on common telecommunications
techniques leads to a low cost emitter design.
The high repetition rate of semiconductor lasers (“GHz), when
compared to the solid state lasers (“Hz) offers greater system
resolution, thus improving the signal to noise ratio (SNR) of the
detected photoacoustic signal. Allen, T.J., et al[5] suggest the
importance of pulse width duration optimization for reducing the
effect of frequency dependent acoustic attenuation in tissue on the
photoacoustic signal.
The main drawback to using semiconductor laser diodes is the
limited optical output power of such devices, which is generally 2 to
3 times less than that of the Nd:YAG laser. As a result, current
biomedical applications using diode lasers are based on shallow
tissue applications, such as glucose measurement in blood ves-
sels[6]. Allen, T.J., [5] and Esenaliev, R.O. et al., [7] state that a
possible solution to this low power problem is by combination of
several semiconductor laser sources, however no results or
indications to this process have been presented.
The work carried out in this paper focuses on the construction and
calibration of a semiconductor laser system for the generation of
high power pulses required for photoacoustic signal generation in
biomedical phantoms. In order to obtain the required high power
level required for this application a combination of multiple laser
sources will be used. Previous experience in the field of high power
semiconductor laser to optical fibre coupling[8] has that high
efficiency in the optical delivery system is possible. This novel laser
diode source design will be used for deep tissue penetration
visualisation and characterisation. The construction of the laser
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emitter is based on commercial cost-off-the-shelf (COTS) semicon-
ductor lasers, and electronic components. Details of the techniques
used to combine the laser sources are supplied along with prelimi-
nary calibration results.
Reference
1. Wang, X., Ku, G., Bornhop, D.J., Stoica, G., Wang, L.V.,
“Noninvasive Photoacoustic Angiography of Animal Brains in vivo
with Near-Infrared Light and an Optical Contrast Agent”, Optics
Letters, Vol. 29, No. 7, 1st April 2004.
2. Ku, G., Wang, X., “Deeply Penetrating Photoacoustic Tomography
in Biological Tissues Enhanced with an Optical Contrast Agent”,
Optics Letters, Vol. 30, No. 5, 1st March 2005.
3. Esenaliev, R.O., Karabutov, A.A., Oraevsky, A.A., “Sensitivity of
Laser Opto-Acoustic Imaging in Detection of Small Deeply Embed-
ded Tumors”, IEEE Journal of Selected Topics in Quantum Electron-
ics, Vol. 5, No. 4, July/August 1999.
4. Pifferi, A., Taroni, P., Torricelli, A., Messina, R., Cubeddu, R.,
“Four-wavelength time-resolved optical mammography in the 689-
980 nm range” Opt. Lett. 28, 1138-1140 (2003).
5. Allen, T.J., Cox, B.T., Beard, P.C., “Generating Photoacoustic
Signals usgin High Peak-Power Pulsed Laser diodes”, Proc. SPIE
5696, pp 233 - 242, SPIE BIOS 2005, San Jose USA, 23 - 25
January 2005.
6. Zhao, Z., “Pulsed Photoacoustic Techniques and Glucose
Determination in Human Blood and Tissue”, Department of Electrical
Engineering and Infotech Oulu, University of Oulu, Oulu 2002.
7. Esenaliev, R.O., Petrov, Y.Y., Hartrumpf, P.O., Deyo, D.J., Prough,
D.S., “Continuous, Noninvasive monitoring of Total Hemoglobin
Concentration by an Optoacoustic Technique”, Applied Optics, Vol.
43, No. 17, 10th June 2004.
8. Cunningham, V., “Investigation of the Welding of Plastics Using
High-Power Diode Lasers”, M.Sc. Thesis, National University of
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6191-07, Session 1
Characterizing the effects of laser irradiance beam
distributions in treatments of vascular lesions:
analytically and experimentally
S. Saghafi, Islamic-Azad Univ. (Iran); M. Withford, Macquarie Univ.
(Australia); R. Ghaderi, Birjand Univ. of Medical Sciences (Iran); S.
Maleki, Shaheed Beheshti Univ. of Medical Sciences & Health
Services (Iran)
For many medical laser applications, a particular beam shape is
required. The output beam of a conventional laser can be approxi-
mated by a Gaussian, higher-order Gaussian, annular or a flat-top
(uniform) function. Here, we investigate, analytically and experimen-
tally, the effects of laser beam shapes on the depths of penetration
in treatments of any types of vascular malformation. In order to do
this, the physical and optical parameters of the skin must be known
and measured correctly. Using the Monte-Carlo method for seven
layers of skin, a soft-ware predicting the beam propagation, intensity
distribution and thermal distribution inside of tissue has been
developed in our centre and each case has been simulated before
treatments.
In this paper, a 15 watts copper vapour laser producing (511nm and
578 nm) for treatments of patients having PWS (Port Wine Stains) of
different sizes is employed. The output beam of this laser, initially,
was a near diffraction limited Gaussian. Using the reflection principal,
we have designed a beam homogenizer converting a Gaussian beam
into flat-top distribution. It has enabled us to simulate and character-
ize the effects of the laser output beam distribution (before and after
beam shaping) on the depth of penetration. At first, two laser beams
of the same power, exposure time and wavelength but different
spot-size having Gaussian distribution are considered. The diameter
of one beam is 5mm and the other one is 10 mm. The yellow laser
beam (578 nm) with output power of 5watts is considered. The
computer simulation of these beams shows that the depth of
penetration for two beams of same power if their times of exposure
are identical is bigger for smaller beam due to larger energy density.
Therefore, for deep but small size PWS, the Gaussian beam having
smaller beam diameter is more suitable than the beam with larger
spot size. In the next step, the beam intensity distribution inside of
the same tissue (similar parameters) for two flat-top beams of the
same power, same wavelength with identical exposure time but

different spot-sizes (one is 5mm and the other is 10 mm) is calcu-
lated. It could be seen that the flat top beam of bigger spot-size has
smaller penetration depth but it illuminates a larger area uniformly
(suitable for large but not deep area). The depth of penetration of
flat-top beam with smaller spot size is deeper but it illuminates a
smaller area uniformly and is suitable for treatments of patients with
small but deep PWS.
In practical phase, before exposing our patients with the laser beams
of different shapes, a low power visible laser has been employed to
image the PWS area and roughly determine the depths of malforma-
tions. Afterward, using our design for a beam homogenizer, the
Gaussian beams have been converted into flat-top beam distribution
enabling us to check our theoretical predictions. Finally, depends on
the size, depth and shapes of the area the required beam shape
have be chosen. Based on our work on 25 patients, a clinical
protocol is developed that is demonstrated an extreme improvement
in related medical procedures.

6191-08, Session 2
Using a continuum of light in STED confocal microscopy
C. Courvoisier, R. Giust, T. Gharbi, Univ. de Franche-Comté (France)
The generation of continua of light has been widely developped in
the five last years [1,2] and offers numerous applications in biological
or clinical fields. The wide broadband spectrum, the short length of
coherence and the short width pulses are the key points to improve
the performances in confocal fluorescence microscopy [3], optical
coherence tomography [4] time of light spectroscopy as in physiol-
ogy for example [5].
Today, the smallest detail observed by fluorescence confocal
microscopy, which is the mostly used technique for imaging in
biological researches, is 0.2µm in the best configurations. Accurate
studies of cellular constituent structures and/or molecular processes
in cells  require the improvement of the optical resolution. The
Saturated Emission Depletion (STED) microscopy, initiated by S.W.
Hell [6], allows important advances, with a resolution reaching λ/25
[7].
In this work, we demonstrate that a continuum of light, generated by
femtosecond laser pulses injected in a Photonic Crystal Fiber (PCF),
can be used as tunable source for STED microscopy. This setup is
entirely wavelength-versatile and allows the realization of fluores-
cence images with a better resolution than in confocal mode,
implying new potential biological investigations.
STED microscopy has been developped in order to answer cellular
investigations in a scale of about ten nanometers. Indeed, the
resolution of traditional microscopies is limited by the diffraction spot
size and high resolvent solutions as near field microscopies or
electronic microscopy cannot image under the sample surface.
In the STED case, there is no more  theoritical limit of resolution. The
principle can be summarize in the following way : a fluorescent
sample, specified by its excitation and emission wavelengths (λexc,
λem), is successively exposed to an excitation pulse and a STED
pulse. The first pulse at  λ= λexc is focused by an objective. The
second pulse at λSTED= λem, described by an annular spatial
profile, is focused with the previous spot. For pulse width of a few
picosecond, depletion of fluorescence levels is entailed in the
annular area : the fluorescence zone is reduced to the center of
excitation spot. The resolution is clearly improved and depend only
on the power of both pulses.
As biological imaging needs flexibility, we propose to show that the
previous broadband continuum can be efficiently used as a source
for this kind of microscopy.
The continuum is generated by injecting femtosecond laser pulses
(laser Ti : Sapphire  80 MHz, P=1 W, λ=800nm, ∆τ <100 fs) in a
photonic crystal fiber. The broadband continuum spectrum spreads
in the range [450 ; 1350] nm, and with a mean power of about 70µW/
nm. In order to characterize our source and more particularly to
measure the pulse width of the broadband continuum versus the
wavelength, we employ a recent, easy and cheap method, by
exploiting the capacity of two-photon-absorption of a photodiode. A
setup is realised to detect the cross-correlation between a limited
wavelength part (∆λ~ 3 nm) of continuum pulse and a femtosecond
laser pulse. The two-photon-absorption signal is stored for different
time delay between both pulses, and the final trace gives a cross-
correlation with an accuracy of  ~ 100 fs. The pulse width remains
shorter than 10 ps on whole spectrum.
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This continuum is used as source in our STED-setup whose the
different steps are :
(a) Spectral selection : a stage composed by an Acousto-Optic
Tunable Filter (AOTF), an objective and a pinhole, allows the
simultaneous selection of λexc and λSTED into the continuum, with
spectral resolution  of  about 3 nm;
(b) Separation of both beams by a polarization discrimination setup.
(c) Shaping of annular STED beam : usually, a phase plate with a
step of  λ/4 is chosen. In our case, in order to keep the wavelength
versatility, we use an Axicon or an hologram of the interference
pattern obtaines from a Gaussian beam and a Laguerre Gaussian
beam.
(d) Adjustement of the required time delay between the excitation
and STED beams.
(e) Beams superposition and focalisation on the fluorescent sample
(f) Detection with a photomultiplier tube, associated with a second
stage (AOTF, objective, pinhole) to select the fluorescent emission
wavelength.
Confocal images obtained with this setup have a lateral and axial
resolution of 350 nm and 1.7 µm respectively.
The STED images are expected with a resolution better than 100 nm.
To summarize, after a complete characterization of a continuum, we
have presented a setup which allow the observation of fluorescent
samples by confocal microscopy or by STED microscopy. We have
demonstrated that it is feasible to combine the spectral flexibility of
the continuum with the very high capability of resolution of the STED
method : we hope that new cellular investigations will be reached.
[1]J.K.Ranka, R.S.Windeler, A.J. Stentz “Visible continuum genera-
tion in air-silica microstructure optical fibers with anomalous
dispersion at 800nm” Opt. Lett.(2000) Vol 25, n°1, p25
[2]S.Coen and al. “White-light supercontinuum generation with 60ps
pump pulses in a photonic crystal fiber”  Opt. Lett. (2001)Vol 26,
n°17, p1356
[3]G.Macconnell “Confocal laser scanning microscopy with a visible
continuum source” Opt. Express (2004)Vol.12 ,n°13, p2844
[4]Y.Wang ,Y.Zhao, RS Windeler “Ultrahigh resolution OCT by
broadband continuum generation from a photonic crystal fiber” Opt.
Letters (2003) Vol.28, n°3, p182
[5]J.Swartling, A.Bassi “Dynamic time-resolved diffusespectroscopy
based on supercontinuum light pulses” Applied Optics (2005) Vol.44,
n°22, p 4684
[6]S.W.Hell, J.Wichman “Breaking the diffraction resolution limit by
stimulated emission : stimulated emission-depleptionfluorescence
microscopy”Opt.Lett. (1994) Vol.19, n°11, p780
[7]V.Westphal,L.Kastrup, S.W.Hell “Lateral resolution of 28 nm (λ/25)
in far-fiels fluorescence microscopy” Appl. Phys. B (2003) Vol.77,
p377

6191-09, Session 2
Microspectrofluorometry and polarisation microscopy of
membrane dynamics in living cells
M. Wagner, P. Weber, H. Schneckenburger, Fachhochschule Aalen
(Germany)
INTRODUCTION
Membrane dynamics - including membrane stiffness and fluidity -
have a large impact on cellular uptake and release of various
metabolites or pharmaceutical agents. Membranes of living cells are
characterized by using the membrane marker 6-dodecanoyl-2-
dimethylamino naphthalene (laurdan), in particular its generalized
polarization (GP), characterizing a spectral shift which depends on
the phase of membrane lipids, as well as its fluorescence lifetime t
and fluorescence anisotropy r(t). The membrane marker laurdan
appears appropriate for measuring membrane stiffness and fluidity.
To measure the fluorescence lifetime t and fluorescence anisotropy
r(t) the sample is excitated with linearly polarized laser pulses. The
parallel and perpendicular components of the fluorescence emission
from the sample are measured simultaneously using an imaging
device with polarization sensitivity. So far, membrane dynamics
depended on temperature, growth phase as well as the on intracellu-
lar amount of cholesterol.
MATERIALS AND METHODS
For a deeper understanding of the cellular processes involved, we
used U373-MG human glioblastoma cells as a model system for

studies of membrane dynamics. We varied the temperature between
16 °C and 40 °C, as well as the amount of cholesterol in the
membranes of U373MG human brain cancer cells using defined
protocols of depletion or enrichment. Cells incubated for 60 min.
with 8 µM Laurdan were measured in an open aluminium chamber at
variable temperatures ranging from 16°C to 40°C using a 63´/0.90
water immersion objective lens. The chamber (filled with a layer of 2-
3 mm buffer solution) contained a pair of high-power thermo-
electric-cooler for heating and for cooling, as well as a calibrated
thermocouple for temperature measurements in close vicinity to the
measured part of the samples.
For fluorescence spectroscopy and fluorescence decay kinetics a
picosecond laser diode (LDH 400 with driver PDL 800-B, Picoquant,
Berlin, Germany; wavelength: 391 nm; pulse energy: 12 pJ, pulse
duration: 55 ps, repetition rate: 40 MHz; average power: 0.5 mW)
was adapted to a fluorescence microscope using fiber-optics.
Fluorescence spectra of single cells were recorded using a long pass
filter for l (c)¯ 415 nm, a custom made polychromator and an image
intensifying detection unit (IMD 4562, Hamamatsu Photonics, Ichino-
Cho, Japan) fixed on top of the microscope. Fluorescence decay
kinetics were recorded using an image intensifying camera by
scanning a time gate of 200 ps over a time range of 10 ns. Polarized
fluorescence was detected simultaneously parallel and perpendicular
to the plane of incidence using a dual beam imaging system (Dual
View, Optical Insights). The two fluorescence decay kinetics permit
to calculate the time constant tr of rotational diffusion according to r
(t) = I0 e-t/tr , where tr is proportional to the viscosity of the environ-
ment, and in the case of fluorescent membrane markers laurdan
inversely related to membrane fluidity.
RESULTS AND DISCUSSION
The fluorescence spectra showed two overlapping emission bands
with maxima around 440nm and 490 nm, whose relative intensities
depended on temperature as well as on the amount of cholesterol.
For quantification the generalized polarization GP = (I440 - I490) /
(I440 + I490) was used, where I440 corresponded to the fluores-
cence intensity at 440 nm and I490 to that at 490 nm. It is reported in
the literature that GP is a measure of membrane stiffness. The GP
generally decreased with temperature between 16 °C and 41 °C and
was always higher for the plasma membrane than for the intracellular
membranes. An increase of GP occurred after enrichment, whereas a
decrease of GP was observed after depletion of cholesterol in cell
membranes. Measurements of the steady-state anisotropy r of the
cell membranes also showed a decrease at higher temperature,
which indicated a higher fluidity of cell membranes. Time-resolved
measurements of fluorescence anisotropy r(t) again proved to be a
measure of membrane fluidity, since with increasing viscosity, i. e.
decreasing fluidity of the environment the rotation of an excited
molecule becomes slower. The corresponding time constant tr of
molecular relaxation decreased with temperature and increased with
the amount of cholesterol. In addition to GP tr proved to be an
independent measure for characterizing membrane dynamics.

6191-10, Session 2
Total internal reflection (TIR) and energy transfer (FRET)
microscopy for measuring focal adhesions in living cells
H. Schneckenburger, Fachhochschule Aalen (Germany); H. Steuer,
Eberhard Karls Univ. Tübingen (Germany); M. Wagner, P. Weber, H.
Baumann, Fachhochschule Aalen (Germany); B. Angres, Eberhard
Karls Univ. Tübingen (Germany)
Focal adhesions are formed by membrane associated proteins that
play major roles with respect to cell growth, cell proliferation and cell
survival. In addition to visualizing these adhesions in single cells, it is
of considerable interest to measure their associated proteins, e.g.
focal adhesion kinase (FAK) and paxillin (Pax). In particular, these
proteins have been reported to be potential drug targets for the
combat of diseases.
In the present paper cell-substrate topology of Hela cells is visual-
ized by applying the method of variable-angle total internal reflection
fluorescence microscopy (VA-TIRFM) to the fluorescent membrane
marker 6-dodecanoyl-2-dimethylamino-naphthalene (laurdan). By
variation of the angle of incidence of an exciting laser beam the
penetration depth of the evanescent electromagnetic field is varied
continuously, such that a series of fluorescence images permits the
calculation of membrane topology and possibly the visualization of
focal contacts.
FAK and Pax are visualized by transfection with a plasmid coding for
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a fluorescent fusion protein ECFP (Enhanced Cyan Fluorescent
Protein) * FAK as well as with a plasmid coding for a fluorescent
fusion protein EYFP (Enhanced Yellow Fluorescent Protein) * Pax. In
addition to fluorescence staining of focal adhesions these fusion
proteins are used to probe intracellular distances between FAK and
Pax and to characterize their interaction. ECFP * FAK is excited by a
near ultraviolet picosecond laser diode (391 nm), and Förster
resonance energy transfer (FRET) to EYFP * Pax is deduced from
fluorescence spectra and lifetimes of single cells. In particular, an
emission band of EYFP around 530 nm (in addition to the ECFP
band around 480 nm) and a shortening of the fluorescence lifetime of
ECFP are used to characterize FRET. So far, ECFP exhibited two
lifetimes of about 0.5 ns and 2.5 * 3.0 ns. The relative amplitude of
the short-lived component is considerably increased, and the
effective (mean) lifetime is shortened in the case of FRET. To
visualize this shortening a fluorescence lifetime imaging (FLIM)
system is presently adapted for our measurements.

6191-11, Session 2
New optical geometries for spatial fluorescence cross-
correlation spectroscopy
A. Delon, Y. Blancquaert, J. Derouard, R. Jaffiol, Univ. Joseph
Fourier (France)
INTRODUCTION
The Fluorescence Correlation Spectroscopy (FCS) technique is a
useful method for measuring and studying dynamical processes of
biomolecules in living cells. Most of these experiments are carried
out in liquid phase with a confocal microscope to decrease as far as
possible the probing volume. In practice, the usual confocal volume
is smaller than a femtoliter and can contain a very small number of
molecules if the fluorescence species concentration is weak enough
(typically of the order of 1 nM). FCS is based upon the temporal
autocorrelation function, Gac( * ), of the collected fluorescence signal
F(t), emitted by the tagged molecules diffusing or flowing through the
confocal volume. While the  amplitude of Gac(τ) is inversely
proportional to the mean number of molecule within the confocal
volume, its decay time is related to the physical or chemical
processes that are the source of the fluorescence fluctuations.
Therefore, concerning molecules in solution, the analytical form of
the autocorrelation function depends on these processes, always
including the Brownian motion of the particles and the molecular
dynamics as the singulet-triplet interaction or conformational
changes. Sometime, one must consider that chemical reactions can
occur in the sample volume, as binding and debinding or
photophysics reactions such as fluorescence quenching. Thus the
autocorrelation function Gac(τ) analysis becomes particularly
complex when different processes coexist in the probing volume. An
additional limitation of the standard FCS technique is its inefficiency
to discriminate two species with nearby diffusion constants (less
than a factor 2). In respect to this problem, dual-color cross-
correlation has been developed to measure the interactions between
two molecules (tagged with different fluorophores).
SPATIAL CROSS-CORRELATION SPECTROSCOPY (SFCCS)
The sFCCS method is based upon a time and spatial dual correla-
tion, where the fluorescence signals is detected from two separate
volumes. It usually implies two shifted laser spots. Up to now, the
applications of such a technique are rare and concern only flow
measurement in micro-fluidic devices, but can be extended to
permeability through cellular compartments or active transport within
living cells. However, sFCCS can also be used for passive transport,
i.e. the translational diffusion of the fluorescence species in solution.
Indeed, with a spatial Cross-Correlation approach one eliminates all
the physical or chemical processes occurring in a single detection
volume, that considerably simplifies the analytical form of the fit
function (one must observe a strong cross-correlation only for
particles travelling from one detection volume to the other).
RESULTS
The purpose of our work is to confirm the ability of sFCCS for free
diffusion analysis, by using various experimental set-up:
i) a simplified illumination laser scheme (only one, relatively broad,
laser spot) and two laterally shifted pinholes. By numerically filtering
the signal to take off the background photo-count due to molecules
diffusing in the wings of the observation volumes, we could improve
the discrimination between these two volumes and observe the
cross-correlation between them.

ii) a simplified illumination laser scheme (only one, relatively broad,
laser spot), but one ordinary pinhole corresponding to the core of the
illumination zone, combined with a corona-shaped pinhole, centered
around it, designed to detect the outer part of the illumination zone.
This allowed us to observe the diffusion of molecules from the inner
observation volume, to the outer one (and vice-versa).
iii) an illumination optimised with a spatial phase modulator in order
to improve the detection with the combination of the inner and outer
pinholes. This part of the work is in progress.
The corresponding theoretical approaches (thresholding, observation
volume calculations, phase gratings) will also be presented.

6191-12, Session 2
Measurement of surface concentration of fluorophores
using fluorescence fluctuation spectroscopy
J. Derouard, A. Delon, Univ. Joseph Fourier (France); R. Jaffiol, Univ.
de Technologie de Troyes (France); C. Vézy, Univ. Joseph Fourier
(France)
Fluorescence fluctuation spectroscopy is applied to study molecules,
passing through a small observation volume, usually subjected to
diffusive or convective motion in liquid phase. We suggest that such
a technique could be used to measure the areal absolute concentra-
tion of fluorophores deposited on a substrate or imbedded  in a thin
film, with a resolution of a few micrometers. The principle is to
translate the solid substrate in front of a confocal fluorescence
microscope objective and to record the subsequent fluctuations of
the fluorescence intensity. The validity of this concept is investigated
on model substrates (fluorescent microspheres), DNA-chips, and
dye-stained histidine molecules anchored on silanized glass
surfaces.
The absolute concentration of fluorescent particles deposited on a
substrate can be mapped with a typical resolution of a few microme-
ters. Although the measurement is biased when the distribution of
molecular brightness is broad we show that the actual concentration
can be obtained knowing the first two moments of the statistical
distribution of molecular brightness. The method is neither sensitive
to the intensity of the laser nor to the sensitivity of the photon
detector and does not need a calibration. Main references: D.
Magde, W. W. Webb, and E. L. Elson, “Fluorescence correlation
spectroscopy. III. Uniform Translation and Laminar Flow,” Biopoly-
mers 17, 361 (1978); P. Kask, K. Palo, D. Ullmann, and K. Gall,
“Fluorescence-intensity distribution analysis and its application in
biomolecular detection technology,” Proc. Natl. Acad. Sci. USA. 96,
13756 (1999); J. D. Müller, “ Cumulant analysis in fluorescence
fluctuation spectroscopy,” Biophys. J. 86, 3981 (2004).

6191-13, Session 2
Optical trapping, poration, and transfection of
mammalian cells using a femtosecond pulsed laser
D. J. Stevenson, B. Agate, L. Paterson, T. Lake, M. Comrie, T.
Brown, A. C. Riches, P. Bryant, W. Sibbett, F. Gunn-Moore, K.
Dholakia, Univ. of St. Andrews (United Kingdom)
The introduction of naked DNA or other membrane impermeable
substances into a cell (transfection) is a ubiquitous problem in cell
biology.  This problem is particularly challenging when it is desired to
load membrane impermeable substances into specific cells, as most
transfection technologies (such as liposomal transfection) are based
on treating a global population of cells.  Laser-assisted
photoporation has already been demonstrated using a 405 nm violet
laser diode (Paterson et al, 2004) and a femtosecond titanium
sapphire laser (Tirlapur and Konig, 2002).  Here, we demonstrate the
introduction and subsequent transient expression of foreign DNA
into living mammalian cells by laser-assisted photoporation of CHO
(Chinese Hamster Ovary) monolayers with a femtosecond-pulsed
titanium sapphire laser at 800 nm.  We also demonstrate the novel
ability to micromanipulate, optoporate and then micromanipulate
individual cells in suspension.  This is achieved solely with a single
laser source that is switched without loss of alignment between
continuous wave and modelocked regimes. This will facilitate the
development of  simplified methods where we could move and
optically transfect cells at will, potentially in a microfluidic chamber,
and sequentially insert separate DNA plasmids from differing but
adjacent flow streams in a low Reynolds number regime where
diffusion dominates.
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An 80 MHz, 800 nm femtosecond (fs) laser was incorporated into a
home-built inverted optical microscope system and individual
targeted CHO cells were exposed to 80-220 mW for times between
20 ms - 2 s.  The laser beam was focused to a beam waist of 1µm
using a 60x air objective (NA=0.85) onto the plasma membrane of a
cell of interest, and a small hole was transiently generated.  For the
adherent cell transfection experiments, cells were grown to sub-
confluence in 30 mm diameter glass-bottomed Petri dishes (World
Precision Instruments, Stevenage, England) in 2 ml of Modified
Earles Medium (MEM) with 10% foetal calf serum (FCS) (InVitrogen,
Paisley Scotland) in a humidified atmosphere of 5% CO2 / 95% air at
37 ºC.  The cell monolayer was then washed twice with OptiMEM
(InVitrogen, Paisley Scotland), and exposed to a 20 µl solution of
OptiMEM containing 10 µg/ml pEGFPN2 plasmid (BD Biosciences,
Oxford, UK).  A 23 mm diameter type 1 coverslip (BDH, Poole UK)
was then floated on top of this 20 µl solution and individual cells
were dosed with the laser from above.  This configuration allowed
cells to be dosed on their non-adhered side, where they were
exposed directly to the solution of plasmid DNA, while remaining in a
semi-sterile environment.  After dosing, cells were washed twice in
90% MEM / 10% FCS and returned to the incubator.  48 hours after
treatment, photoporated cells were co-stained with DAPI (a blue
nuclear dye) and viewed by fluorescent microscopy for green
fluorescent protein (GFP) expression.  To demonstrate that
optoporation could also be performed using cells in suspension,
CHOs were trypsinised, the media replaced with a 10 µg/ml DNA
solution (in OptiMEM), and 6 µl of the resulting cell suspension was
placed on a coverslip, which was then inverted and the cells imaged
from above.  For experiments performed in suspension, at the time
of writing only optoporation in the presence of DNA has been
demonstrated (subsequent expression of DNA was not monitored).
Typically, in the adherent cell configuration, exposure to doses of
the laser for times \>100 ms resulted in dramatic cell volume
increase, irreparable large hole generation, cell blebbing and death.
However, doses of duration <100 ms resulted in a hole about the
size of the beam at focus, which sealed itself almost immediately
upon release of exposure to the beam.  During this time cells would
increase in volume, but they remained viable as judged by morphol-
ogy after 10 minutes.  More importantly, 48 hours after optical
transfection occurred fluorescent microscopy showed GFP expres-
sion was achieved, with cells expressing GFP displaying normal
morphology.  Average transfection efficiency for cells treated <100
ms was 23±6% (n=7; \>4000 cells treated), and depended on the
laser dose.  Spontaneous transfection (in controls exposed to the
GFP plasmid but not dosed with the laser) did occur, but it was
negligibly low (<1 in 1000000 cells).  No GFP expression was
observed in two other controls - cells exposed to laser dosing but
not to the GFP plasmid, and cells exposed to neither laser dosing
nor the GFP plasmid.
An investigation of optoporation of cells in suspension was also
performed.  CHO cells adhere to glass almost immediately after
deactivation of trypsin-EDTA, which itself must be removed prior to
optoporation because of its presumed toxicity if internalised by the
cell.  Unfortunately, this adherence usually limits trapping experi-
ments in a static culture.  For example, although attempts to tweeze,
optoporate and continue tweezing cells that were bathed in trypsin-
EDTA were successful, as soon as the surrounding media was
replaced with a DNA solution the cells became largely untrappable
due to their natural tendency to reattach to whatever surface is
available.  To circumvent this problem, we have realised two novel
solutions.  The first was to hang a 6 µl droplet of a solution of cells
upside down on a coverslip, so that cells aggregated at the air-media
interface and have no opportunity to stick to the glass.  With this
configuration, we have demonstrated the ability to tweeze,
optoporate, and tweeze once again cells that were in the presence of
a 10 µg/ml DNA (in OptiMEM) solution, but were not in the presence
of active trypsin-EDTA.  Although this type of experiment has been
demonstrated before using two separate lasers by Shirahata et al
(2001), this is the first time to our knowledge this has been per-
formed using the same laser, dramatically simplifying alignment and
applicability.  In our experiment, CHO cells were optically trapped in
a continuous wave (CW) regime, the beam was then gated by a
shutter, the laser modelocked, a 40 ms dose of femtosecond laser
was administered, the laser was returned to CW mode and the cell
was optically trapped again.  For the second approach, we have
managed to optoporate cells, again not in the presence of active
trypsin-EDTA, but as the cells flowed through a 4 mm long 80x80 µm
internal diameter square capillary tube.  Although subsequent

expression of DNA was not monitored in suspension experiments,
the reaction of the cells to the laser was identical to those in the
adherent configuration, and cells displayed good morphology 10
minutes after dosing.
These experiments provided a proof-of-principle for a closed
microfluidic system to be developed where cells are optically
trapped and optically transfected using a sole laser source in a lab-
on-a-chip application.  Photoporation offers a distinct advantage of
specificity over established transfection techniques such as
electroporation, chemical transfection and lipid-based techniques, in
that individual cells can be targeted for transfection.  As this
technique allows cells to be treated through glass, cells can also
easily be kept sterile during treatment.  In the future, we aim to use
the novel combination of trapping and photoporation for developing
this methodology in a number of microfluidic configurations where
multiple plasmid DNA may be porated into the cell from adjacent
parallel flow streams.
We acknowledge the support of the UK Engineering and Physical
Sciences Research Council, and the Scottish Higher Education
Funding Council for funding through a Strategic Research Develop-
ment Grant award.
Paterson L, Agate B, Comrie M, Ferguson R, Lake TK, Morris JE,
Carruthers AE,  Brown CTA, Sibbett W,  Bryant PE, Gunn-Moore F,
Riches AC and Dholakia K, “Photoporation and cell transfection
using a violet diode laser,” Optics Express 13: 595-600 (2005).
Shirahata Y, Ohkohchi N, Itagak H, Satomi S, “New technique for
gene transfection using laser irradiation,” J Investig Med 49: 184-190
(2001)
Tirlapur UK and Konig K, “Targeted transfection by femtosecond
laser,” Nature 418: 290-291 (2002).

6191-14, Session 2
An intravital two-photon microscopy method for imaging
mouse brain tissues
J. Vial, Univ. Joseph Fourier (France) and CNRS (France); P. Verant,
R. Serduc, C. Remy, B. van der Sanden, Univ. Joseph Fourier
(France)
The control of the efficiency of therapy in brain tissues requires an in-
vivo imaging at the microscopic scale. Here, we show that  intravital
two-photon excited fluorescence microscopy,  already known for its
capability in imaging the microvasculature, can also be used to get
three dimensional images of other cortical tissues, in the brain of
living mouse, by taking profit of the dense capillary network to stain
them. The technique uses the differential imaging of two dyes : One
is diffusible across  the blood brain barrier, while the other stays
intravascular. It gives access to tissues which are usually difficult to
image in vivo. The efficiency of the technique is demonstrated by
imaging the effect of an experimental radiotherapy protocol at the
microscopic scale (microbeam radiotherapy) on healthy mouse.
Among the various techniques for imaging deep structures in intact
animals MRI, PET and optical microscopy are the most efficient.
However, the spatial and temporal resolution of MRI and PET are
more than one order of magnitude lower than that of fluorescence
scanning microscopy and are poor in functional contrast agents
compared with the every day increasing number of available
fluorescent indicators. Thanks to femtosecond lasers in the near
infrared and scanning technology in the three directions of space,
non linear microscopy is now a powerful method to get three
dimensional images [1] and quantitative values [2] from the brain
capillaries deep inside the cerebral cortex of mouse.
But the intravital optical imaging of other brain tissues is much more
difficult because they cannot be easily impregnated by dyes. In
addition the interesting demonstration of deep imaging of kidney [3]
cannot be easily generalized because dye delivery to the central
nervous system (CNS) raises several challenges as a result of the
special features of CNS blood vessels and tissue fluids. For the
cortex, the main diffusion barrier between blood and neural tissue,
the blood-brain barrier (BBB), severely restricts penetration of
imaging agents.
BBB is a specialized system of capillary endothelial cells, unlike
peripheral capillaries that allow relatively free exchange between
cells, the BBB strictly limits transport into the brain through both
physical (tight junctions reinforced by the close proximity of
astrocytes) and metabolic (enzymes) barriers. Thus the BBB is often
the rate-limiting factor in determining permeation of dyes into the
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brain. However some water soluble molecular dyes with a low
molecular weight and with a lipophilic character (precisely a high
enough oil/water partition coefficient) can cross over the BBB ever
by molecular simple diffusion, through the phospholipidic mem-
branes of the brain capillaries (a transcellular transport) , or through
the tight junctions (a paracellular process) [4].
The next step for a good staining of brain cells is a fast molecular
diffusion in the brain extracellular space. This space being a water
rich gel, hydrophilic dyes are then expected to be good candidates
for this purpose[5]
The work presented here is an investigation of a new and minimally
invasive technique based on two photon microscopy of brain tissues
that are stained via the dense capillary network.
Nevertheless the microscopic imaging via the fluorescence excitation
of dyes is difficult because the light intensity coming from capillaries
is always strongly dominating and dazzles the nearby observation.
An other contribution of this paper is to show that this difficulty can
be overcome by injecting simultaneously two dyes, one being
diffusible through the BBB (the sulforhodamine B) while the other
stays intravascular (a fluorescein dextran conjugate). Simultaneous
image acquisition for the two dyes then allows a differential imaging
of brain tissues without any contribution of the coloured capillaries.
We demonstrate the efficiency of the method by two photon
microscopy on the brain of living mice after microbeam radiotherapy.
[1]  Kleinfeld, D., P.P. Mitra, F. Helmchen, and W. Denk. 1998.
Fluctuations and stimulus-induced changes in blood flow observed
in individual capillaries in layers 2 through 4 of rat neocortex. Proc
Natl Acad Sci U S A 95(26):15741-15746.
[2] Verant, P., R. Serduc, J.A. Coles, R. Farion, C. Remy, B. van-der-
Sanden, and J.C. Vial. 2004. A method for measuring cerebral blood
volume of mouse using multiphoton laser scanning microscopy.
Proceedings of the SPIE The International Society for Optical
Engineering 5463(1):1-12.
[3] Dunn, K.W., R.M. Sandoval, K.J. Kelly, P.C. Dagher, G.A. Tanner,
S.J. Atkinson, R.L. Bacallao, and B.A. Molitoris. 2002. Functional
studies of the kidney of living animals using multicolor two-photon
microscopy. Am J Physiol Cell Physiol 283(3):C905-916.
[4]http://users.ahsc.arizona.edu/davis/bbbtransport.htm/.
[5] Binder, D.K., M.C. Papadopoulos, P.M. Haggie, and A.S.
Verkman. 2004. In vivo measurement of brain extracellular space
diffusion by cortical surface photobleaching. J Neurosci 24(37):8049-
8056.

6191-15, Session 2
Active locking of adaptive optics for improved
microscopy
A. J. Wright, Univ. of Strathclyde (United Kingdom); G. M. Gibson,
Univ. of Glasgow (United Kingdom); S. Poland, B. A. Patterson, Univ.
of Strathclyde (United Kingdom); M. J. Padgett, Univ. of Glasgow
(United Kingdom); J. M. Girkin, Univ. of Strathclyde (United Kingdom)
Abstract
We demonstrate a method that incorporates both a deformable
membrane mirror and a spatial light modulator into an adaptive
microscope system using an active locking approach.
Introduction
Multiphoton and confocal microscopes have become common
additions to many life sciences and biology research laboratories
because of their improved axial resolution in comparison to more
conventional light microscopes [Ref 1].  Unfortunately, aberrations
caused by the miss-match in refractive indices in a sample can
greatly deteriorate the resolution of the microscope and reduce the
image quality when users attempt to image at depth in biological
material [Ref 2].  Over the last couple of years adaptive optics, a
technique originally developed for ground based astronomy [Ref 3],
has been implemented in microscopy to overcome these problems
[Ref 4, 5, 6].
The principle of adaptive optics involves shaping the incoming
wavefront in order to counteract wavefront distortion induced by the
sample and system aberrations.  Two routes are commonly taken to
achieve this, a wavefront sensing method [Ref 7] and an image
optimisation method [Ref 8].  The key to both of these techniques is
an accurate method of determining the wavefront correction
required.
The adaptive optics component normally consists of either a

deformable membrane mirror (DMM) or a spatial light modulator
(SLM), and both have been shown to work individually with reason-
able success.   The two elements have very different properties.  A
DMM is a continuous membrane and therefore restricted to
continuous changes in phase, it updates relatively quickly, approxi-
mately 1 KHz, but has limited stroke of typically 8 µm.  With an SLM
the range of correction is effectively infinite and does not have to be
continuous, but it is slower to update at a rate of typically 15 Hz. We
present a method that incorporates both the SLM and DMM, taking
advantage of the differing properties of both components.
Experimental method
The experimental system was based on a laser scanning confocal
microscope, primarily working in reflection.  The scanhead was a
BioRad MRC 600 and the laser a He-Ne operating at 633 nm with a
maximum output power of 25 mW.   The laser beam was focused
onto the sample via a Nikon 20 x air objective with a numerical
aperture of 0.5, a lens frequently used in multiphoton imaging due to
a long working distance.  A photomultiplier tube (PMT) along with a
pinhole was also housed in the scanhead.
The DMM (Flexible Optical BV, The Netherlands) consisted of a
silicon nitride membrane mounted above 37 electrostatic actuators,
varying the voltages on the actuators from 0-200V allowed the
membrane shape to be altered.   The SLM (Holoeye, Germany)
worked in reflection, with a resolution of up to 19020 x 1200 pixels,
and was controlled using a LabVIEW program [Ref 9].  The DMM,
SLM and microscope objective all require a beam diameter of
approximately 10 mm and therefore the adaptive optics devices
were placed after the scan head to avoid any extra beam reduction
and expansion.
Three 4f lens systems were used to re-image the second galvanom-
eter onto the SLM, DMM and the back aperture of the microscope
objective.  This enabled any aberration correction to be directly
related to the sample, as well as producing a stationary scan point
on these optics so that the full numerical aperture of the microscope
objective was used and any correction made did not vary across the
scan.
A lock-in amplifier actively locked the system and provided commu-
nication between the DMM and the SLM.  A particular aberration, or
Zernike term, was applied to the DMM and dithered at a rate of
approximately 300 Hz using a function generator; this caused the
intensity of the reflected light recorded by the PMT to vary.  The error
signal and reference signal for the phase sensitive detector in the
lock-in amplifier were provided by the PMT and the function
generator respectively.  An output of zero from the lock-in amplifier
indicated either a maximum or minimum PMT signal and formed the
basis of a feedback loop for controlling the SLM.  The system was
fully automated via series of LabVIEW programs. These programs
allowed different Zernike modes to be applied to SLM, measured the
axial resolution of the system and controlled the feedback loop
actively locking the SLM and DMM.
Results and Discussion
Our initial results concentrate on defocus, which can be varied on
the DMM by changing the voltage applied to all the actuators.
Defocus was used for demonstration purposes because it can be
easily produced on the DMM. We were able to successfully track
defocus over 80 µm by altering the position of the microscope
objective and locking the PMT signal using the SLM. In principle it
would be possible to do a similar thing using any of the Zernike
modes, for example spherical aberration, as long as they could be
successfully varied on the DMM.
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6191-16, Session 2
Contribution of data pre-processing to deconvolution of
3D fluorescence microscopy images
A. De Meyer, B. Colicchio, Univ. de Haute Alsace (France); J. De
Mey, Ecole Supérieure de Biotechnologie de Strasbourg (France); G.
Jung, Ctr. Hospitalier de Mulhouse (France); A. Dieterlen, O.
Haeberlé, S. Jacquey, Univ. de Haute Alsace (France)
3-D optical fluorescence microscopy is an efficient tool for volumic
investigation of biological samples. Nevertheless the image acquired
by this way is altered by the properties of the microscope, according
to its Point Spread Function (PSF). The aim of deconvolution is the
reassignment of the defocused information. Thus an improvement in
image quality gives the possibility to compare specimens acquired
with different systems. But deconvolution requires a compromise
between precision and stability, and this stability is directly related to
the noise level of the data. This noise can be of different types
including variation of fluorescence during the acquisition and
electronic noise due to the sensors.
We developed a toolbox to pre-process 3D images and PSFs before
applying deconvolution. The pre-process scheme includes bleaching
correction according to the identified decay coefficient, reduction of
noise in the PSF via Zernike polynomials and data filtering using the
Wiener filter.
Exposure to light can destroy the ability of a molecule to fluoresce
depending on its intrinsic properties and environments. Loss of
fluorescence degrades both the signal to noise ratio and image
resolution, making 3D quantitative analysis difficult. Adapted to our
experiments, we have developed a methodology to identify the
decay coefficient assuming that the decrease is mono exponential
[1]. This measure allows us to analyse the bleaching in order to adapt
the biological sample preparation (use of anti-fading reagent) and to
correct the decay occuring during 3D acquisitions.
The PSF can be computed or measured. The computed one is
noiseless and well modelized, nevertheless may not integrate all the
aberrations of the system and furthermore the assumed experimental
parameters may differ from their actual values. One difficulty lies in
acquiring an experimental PSF with a good signal to noise ratio. But
using a denoised experimental PSF improves deconvolution results
[2]. We propose to filter the PSF using the Zernike polynomial basis.
The Zernike moments are well appropriate to describe the feature of
the intensity repartition in a PSF [3]. We show that noise is reduced
in the rebuilt PSF without loss of information.
The raw 3D images acquired on a microscope are also always noisy.
This noise is responsible of instabilities in the inversion process. As a
consequence, a trade-off between precision and stability has to be
chosen. Data filtering increase the signal to noise ratio, and therefore
simplifies the regularization process. Using the Wiener filter we
demonstrate that it improves the deconvolution stability and thus
more precise results are obtained [4].
We have applied our method to reduce the PSF noise with Zernike
moments to restoration of fine structures observed in Time-Laps 4D
microscopy. We indeed observed an improvement in the restored
images, compared to images deconvolved with the raw PSF.
For hematological specimen, for which a strong decay occur, we

also show that bleaching compensation is mandatory to correctly
restore 3D images. The results of the analysis of the images without
pre-correction clearly show significant mismatch with commonly
accepted data.
[1] R.I. Ghauharali and G.J. Brakenhoff, J. Micro. 198 p.98 (2000)
[2] X. Lai et al., J. Micro. 217 p.93 (2005)
[3] V.N. Mahajan, Supp. to Appl. Opt. 33 p.8121 (1994)
[4] B. Colicchio et al., Opt. Comm. 244 p.37 (2005)

6191-51, Poster Session
Protease-activated quantum-dot probes
E. Y. Chang, J. S. Miller, J. Sun, W. W. Yu, V. L. Colvin, R. A. Drezek,
J. L. West, Rice Univ. (USA)
We have developed a novel nanoparticulate luminescent probe with
inherent signal amplification upon interaction with a targeted
proteolytic enzyme. This construct may be useful for imaging in
cancer detection and diagnosis. In this system, quantum dots (QDs)
are bound to gold nanoparticles (AuNPs) via a proteolytically
degradable peptide sequence to non-radiatively suppress lumines-
cence.  A 71% reduction in luminescence was achieved with
conjugation of AuNPs to QDs. Release of AuNPs by peptide
cleavage restores radiative QD photoluminescence. Initial studies
observed a 52% rise in luminescence over 47 h of exposure to 0.2
mg/mL collagenase. These probes can be customized for targeted
degradation simply by changing the sequence of the peptide linker.

6191-52, Poster Session
Probing of protein-phthalocyanine binding by laser-
induced fluorescence
V. N. Mantareva, L. Avramov, Bulgarian Academy of Sciences
(Bulgaria)
PROBING OF PROTEIN-PHTHALOCYANINE BINDING BY LASER-
INDUCED FLUORESCENCE
Vanya Mantareva1, Ivan Angelov1, Ivan Goshev1, Gertz
Likhtenshtein2 , Ekaterina Borisova3, and Latchezar Avramov3
1Institute of Organic Chemistry, Bulgarian Academy of Sciences,
Acad. G. Bonchev str., Bl. 9, 1113 Sofia, Bulgaria, tel.++3592 9606
181, e-mail: mantareva\@yahoo.com
2Department of Chemistry, Ben-Gurion University of the Negev, Beer
Sheva, Israel
3Institute of Electronics, Bulgarian Academy of Sciences,  72,
Tsarigradsko chaussee Blvd., 1784 Sofia, Bulgaria
Probing of biological macromolecules as proteins, lipoproteins,
membranes, nucleic acids with far red and near-infrared dyes has
been considered as an advantageous approach in biophysical and
clinical studies. Fluorescent labeling offers the ability of detection of
weak or non-fluorescent objects (analytes) in the red and IR spectral
region by very sensitive laser-indused fluorescence (LIF). Thus, it
enhances their limits of detection by several orders of magnitude.
Fluorescent labels are specific to the analytes and can be choosen,
so that the fluorescent signals do not to interferre with those of the
objects.
The intrinstic fluorescence of proteins was observed to be quenched
upon the binding with some tetrapyrrolic compounds. This spectro-
scopic behaviour provides a tool to study the interactions between
porphyrin-like compounds and proteins. However, in the UV region,
the influence of the other biological chromophores is significant,
becauce of the overllapping in the electronic signals of absorption
and fluorescence. The problem could be overcome by using suitable
longwavelength absorbing dyes as molecular probes. The simplicity
of labeling procedure with red and near-IR dyes and the enhance-
ment of sensitivity of the measurements provide the future of their
application. Aside from the scientific advantages, the relatively low
cost of laser excitation sources and the compact size of detection
equipment ensure the applicability of the proposed approach.
Metallophthalocyanines (MPc) have drawn considerable interest in a
wide range of life sciences due to their unique electronic and optical
properties. As it is known, several MPc are effective drugs for
photodynamic therapy and fluorescent diagnosis. Among the known
metal complexes, those with zinc have relativelly favouralbe
photophysical properties for therapeutic purposes, i.e. relatively
intensive fluorescent signal in biological surrounding utilizing
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diagnosis and long-lived triplet state to produce cytotoxic species
for effective therapy. Zn(II)-phthalocyanine is characterized with a
strong absorbance at 673 nm (molar absorptivity of 168 000 M-1cm-
1 in DMSO) and intensive fluorescence at 688 nm, with fluorescent
quantum yield of 0.3. This dye is insoluble in aqueous solutions and
show strong tendency to form dimers in water as a result of its large
hydrophobic skeleton. There is no detectable fluorescence of the
aggregated form, as well as it was found the decreasing of photody-
namic action. However, the interaction of ZnPc with serum proteins,
one of the key components of blood, leads to the rapid dissociation
of the dye. Thus, the formation of HSA-ZnPc conjugate in blood
circulation, ensures a selective transport of drug to the target tissue
in its photoactive monomeric state.
The binding of zinc phthalocyanine (ZnPc) to human serum albumin
(HSA) and bovine serum albumin (BSA) has been studied by means
of laser-induced fluorescence technique. The kinetics of fluorescent
intensity at emission maximum of ZnPc (690 nm) induced by direct
dye excitation (620 nm) of the protein/ZnPc complex was measured.
Fluorescent emission data show the solubility and monomerization of
the hydrophobic ZnPc in aqueous buffered solutions of the studied
proteins at 37 °C. It was found that the solubility of ZnPc increases in
order BSA\>HSA. The dynamics of formation of protein-phthalocya-
nine complexes was followed by changes of fluorescence intensity,
as well as by the light scattering properties of the system. It was
proposed that the formation of the protein/ZnPc complex results in
substantial fluorescent changes and slightly in photochemical
reactions. The binding parameters of the complex formed, as binding
constants and binding stechiometry, were determined. The scatter-
ing of the media during the process of complex formation is also
demonstrated. The evaluation of the impact of the photophysical
processes in the protein-phthalocyanine complexes was presented.
The present experimental studies demonstrate the capacity of the
fluorescent interaction measurements as a promising approach for
probing proteins with far red absorbing phthalocyanine.

6191-53, Poster Session
A multimodal system for in vivo tumor imaging in mice
G. Roberti, M. Autiero, L. Celentano, R. Cozzolino, P. Laccetti, M.
Marotta, G. Mettivier, M. C. Montesi, P. Riccio, P. Russo, Univ. degli
Studi di Napoli Federico II (Italy)
We designed a multimodal imaging system for in vivo mouse
imaging, employing four modalities: optical (white light) imaging,
green and red fluorescence reflectance imaging (FRI), radionuclide
imaging and X-ray radiography. The system takes planar views of the
animal. We are testing separately, and then in a combined way, each
detection mode, via in vivo mouse imaging, with the final purpose of
identifying small implanted tumor masses, of providing early tumor
detection and following metastatic dissemination. In this work we
describe the multimodal system and report the performance
assessment of a prototype apparatus in fluorescence and radionu-
clide tests on healthy or tumor bearing mice.
Laser-induced FRI was performed in vivo using a pulsed light source
(Nd :YAG laser, wavelength = 532 nm, energy/pulse = 30 mJ, pulse
width = 50 ps, repetition rate =10 Hz) used to excite the fluorescence
emission (600-760 nm) of injected hematoporphyrin (HP) compound,
a low sensitivity CCD camera and a commercial image analysis
system. Images of normal and tumor regions are acquired by using a
cut-on filter (wavelength \> 600 nm). The contrast between the tumor
region and the neighbouring healthy tissue is increased in the image
by the digital subtraction of the filtered fluorescence image of an
healthy and the tumor region of the same mouse. The system
sensitivity was improved by using a cooled digital CCD camera
(Hamamatsu ORCA 285 G, 1344Å~1024 pixels, 12 bit A/D con-
verter), while optical magnification for close-up view of selected
mouse areas is provided by an optical stereomicroscope.
For gamma-ray detection we used hybrid pixel detectors (256x256
pixels of 55 microns pitch, 1.4x1.4 square centimeters sensitive area)
that work in single photon counting. In this detector, a readout
integrated circuit (realized by the Medipix2 European Collaboration)
is electrically connected pixel by pixel via bump-bonding to a Si (300
or 700 microns thick) or CdTe (1 mm thick) pixel detector. The CdTe
detector has higher quantum efficiency (30% versus 1% for Si at 140
keV). We tested the imaging performance of both detector systems.
This hybrid detector is used for both radionuclide and X-ray imaging.
For gamma-ray imaging, the detector is coupled to interchangeable
tungsten collimators, in the form of small diameter pinholes (0.35

mm, 0.78 mm, 1 mm, 2 mm) or high resolution coded aperture
masks (70 microns hole size). Since the detector sensitive area does
not exceed 2 square centimeters, we use the collimators either in
magnification (e.g., 2X or 3X) for small field of view, or in de-
magnification (e.g., 0.3X, 0.5X) for larger field of view, exploiting the
high intrinsic spatial resolution of the detector (55 microns pitch) in
order to reach a calculated system spatial resolution for I-125 (27-35
keV) imaging down to ≈ 0.1 mm (code aperture mask collimator, field
of view of 7x7 square millimeters) or  less than 2 mm (1 mm pinhole
collimator, field of view of about 20x20 square millimeters). With high
energy radioisotope (Tc-99m) and 1 mm pinhole collimator, the
system resolution was 3-4 mm, with a sensitivity of a few cps/MBq.
Tumor cells injected sub-cutaneously in mice (six-week-old Crl:CD-1
nude mice of Charles River Laboratories, Calco, Italy) are derived by
two human thyroid tumors with different degree of malignancy. The
anaplastic human thyroid carcinoma-derived cells (ARO cell line) are
poorly differentiated and much more malignant with respect to the
human papillary carcinoma-derived cells (NPA cell line).
Preliminary tests on anesthetized healthy or tumor bearing mice of
the separate (optical and Tc-99m) prototype imaging systems have
been performed, aimed at assessing their features and at determin-
ing the experimental protocol for in vivo imaging. Then the bimodal
system was used for the acquisition of combined images of the
tumor area (fluorescence: animal top view; radionuclide: bottom
view). It was shown that the tumor area can be imaged in a few
minutes, with a few millimeter resolution (1-mm pinhole diameter),
radioactively (Tc-99m MIBI, 74 MBq), and with the optical system.
Combined imaging revealed also a different uptake of fluorescent
and radionuclide marker by the two types of studied tumors. In one
case (NPA-type tumor) the tumor area was detected only by the
fluorescence technique (although with a low fluorescence signal),
while the gamma camera and the Medipx2 hybrid pixel detector
were unable to detect it. This different behavior could be ascribed to
different mechanism of accumulation of Tc-99MIBI and HP in tumor
cells.
The improved FRI imaging system was used for in vivo fluorescence
measurements on tumor bearing mice showing that the use of the
more sensitive, low noise, high resolution CCD camera not only
allows for the detection of tumors and tissues where HP accumu-
lates but also the investigation of their gross structure.
Tests on I-125 PMMA phantoms demonstrated that it is possible to
image the spatial distribution of 27-35 keV photons with submillime-
ter resolution, and in vivo imaging tests of the mouse thyroid (74
MBq I-125 injected activity, 30 min exposure) indicate a deep
submillimeter resolution capability.
The X-ray imaging system features a microfocus X-ray tube (50 kVp,
1 mA, 50 microns focal spot diameter, Mo anode, 1 mm Al added
filtering). The final experimental protocol includes combined optical/
fluorescence/radioisotope/X-ray imaging of mice bearing solid
tumoral area (e.g. human thyroid derived anaplastic carcinoma) after
injection of the radiotracer and/or of the fluorophore.

6191-54, Poster Session
Study of polycations’ effect on the erythrocyte
agglutination mediated by anti-glycophorines using
microscopic image digital analysis
B. D. Riquelme, Univ. Nacional de Rosario (Argentina); D. Dumas,
Univ. Henry Poincaré (France); A. Fontana, A. Alessi, P. Foresto,
Univ. Nacional de Rosario (Argentina); C. Grandfils, Univ. de Liège
(Belgium); J. F. Stoltz, Univ. Henry Poincaré (France); J. R. Valverde,
Univ. Nacional de Rosario (Argentina)
The aim of this work was to study synthetic polycations’ effects on
erythrocyte agglutination mediated by anti-glycophorin using image
digital analysis.
Polycations are oligomers or polymers of natural or synthetic origin,
which bear a great number of positive charges at pH 7.4. Several of
these polycations are nowadays used in clinics for human and
veterinary purposes (protamine and excipients for the formulation of
drugs: Eudragit and chitosane).  New applications of polycations are
investigated in the development of new drug delivery systems,
amongst other in order to promote the absorption of drugs through
the gastro-intestinal and blood brain barriers. However, till now,
there are no clear relationships existing between the macromolecular
properties of these polycations (molecular weight, charge density
and their repartition, flexibility, etc.). This lack of knowledge of the
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bio-interaction of polycations can be related to the fact that most of
the polycations studied belong to the same families of polymers
(most of them are homopolypeptides) and have macromolecular
properties which are not easily and finely tunable). Moreover, it is
also surprising to see that in the majority of the studies reported in
the scientific literature the interaction of these polycations with blood
elements (cells or soluble components) is frequently neglected.
Glycophorins A, B and C are abundant in red blood cell (RBC)
transmembrane integral proteins. Their highly glycosylated nature
and high sialic acid content account for the net negative charge of
mature RBC membrane, which is physiologically important because
it impedes any tendency to stick together in the circulation. In this
study, we have used anti-(GPA plus GPB) specific mouse mono-
clonal antibodies as primary antibody to directly agglutinate RBC.
The interaction on the red blood cell membrane of three synthetic
polycations  (coded B22, B86 and B124) from polyethylene glycol
segments with branched structures and positive charged sequences
was studied. B22 is a homopolymer of poly(2-(dimethylamino)ethyl
methacrylate) (or poly(DMAEMA)) where all the basic function is a
tertiary amino group. Taking that their corresponding mean pK’a is
around 7.0, at pH of the blood about 50 % of the polymer units bear
positive charges. B124 is a copolymer of  P(DMAEMA)-b-P(MAPEG)
with a “palm-three” structure, where the PEG sequences are grafted
specifically at the extremity of the polycation chain. B86 is a
copolymer of  P(DMAEMA)-b-P(MAPEG) with a random structure,
where the PEG sequences are grafted in a random way along the
polycation chain.
Image digital analysis, the images of which were obtained through
confocal microscopy was used to study erythrocyte agglutination
treated with different polycations, used localized fluorosphores
(Alexa 488TM) were combined with a secondary marker with anti-
glycophorin A, B, C (GPA, GPB and GPC).
For the image series and spectra measurement, a Leica TCS SP2-
AOBS equipped with an acousto-optical beamsplitter and Argon
(457nm, 476nm, 488nm, 514nm) and HeNe (543nm and 633nm)
lasers were used with a x63/1,32 oil immersion.  The actual time
resolution depends on the detector with the PMT typically built-in the
microscope attached to the non-descanned port (high sensitivity
photomultiplier R6357 Hamamatsu with a typical rise time of 1.4 ns).
For control, RBC agglutination has been verified in the presence of
antibody without polycations and revealed with a secondary
antibody combined to Alexa488TM.
The following parameters were determined : the number of cells and
agglutinate distribution in each visual field and the perimeter and
surface of different agglutinates’ images. These parameters were
adopted to determine the shape parameter of each aggregate.
Results show different behaviors in the polycation effect on the
erythrocyte agglutination produced by anti-glycophorin monoclonal
antibodies. These findings could provide more information about the
mechanisms of polycation interaction on erythrocyte membrane.
We consider that this work could afford useful tools to understand
and improve the hemocompatibility of polycations and enlarge their
potential clinical applications.
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6191-55, Poster Session
Validity study by Monte Carlo method of an analytical
theory for photon correlation diffusion in multilayered
media
B. Luo, Zhejiang Univ. (China); J. Li, Univ. Konstanz (Germany)
Multiple dynamic light scattering (MDSL) is a powerful tool for
investigating dynamical property of turbid media such as colloidal
suspensions [1-4]. Using a coherent laser beam to illuminate a turbid
medium, a speckle pattern (an interferogram of the multiply scattered
light) can be observed on the surface of the medium. Motion of the
internal scatterers result in speckle fluctuation whose rate reflects
the dynamic property of the medium. Experimentally, MDSL
measures the speckle temporal intensity autocorrelation function.
Recent studies demonstrate MDSL is able to non-invasively detect
working brain activities. The measured autocorrelation function from
human scalp over motor or visual cortex is shown to decay faster
during the activation periods [5-7]. To explain the measured data,
thus understand the underlying cortical dynamics, an analytical
theory for photon correlation diffusion in multi-layered media has
been proposed [6]. However, so far the validity investigation of this
analytical theory has not been reported yet.
In this study, we use Monte Carlo method for simulating the photon
correlation diffusion in a multi-layered turbid medium with optical
and dynamical heterogeneity, and then the simulation results are
compared with that of the analytical prediction. A comprehensive
investigation has been carried out, including cases of one finite layer,
one semi-infinite layer, two finite layers, and three layers with the last
layer being semi-infinite. In each case, optical parameters for each
layer are varied within a large range (the absorption and the reduced
scattering coefficient varying from 0.1 to 0.7 cm-1 and 2.0 to 20.0
cm-1, respectively). Brownian model is used to describe dynamics of
each layer. Results show in most cases where the diffusion approxi-
mation holds, the analytical theory gives rather accurate results,
demonstrating the effectiveness of the analytical theory when
explaining layered tissue dynamics.
With the Monte Carlo method, we also examine the effect on the
autocorrelation function of a thin non-scattering (or little scattering)
transparent layer existing between the second and the third layer
(roughly to mimic the cerebral spinal fluid layer where the diffusion
approximation is not valid). It is shown that with a source-detector
spacing of about 2.0 cm, the deviation between the analytical theory
prediction (when neglecting this transparent layer) and the Monte
Carlo simulation is negligibly small, which implies the dynamical
parameter (diffusion coefficient) estimated from the analytical theory
is only slightly biased from the true value.
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6191-56, Poster Session
Effects induced by XeCl laser radiation and germicidal
lamp radiation on E. coli strains survival and mutability
F. Belloni, P. Alifano, A. Lorusso, C. Monaco, V. Nassisi, A. Talà, M.
Tredici, Univ. degli Studi di Lecce (Italy)
In this work the mutagenic effect on Escherichia coli strains of UV
radiation emitted by a XeCl laser (308 nm wavelength) has been
analysed as a function of the exposure dose and compared with the
effect induced by 254 nm radiation emitted by a conventional
germicidal lamp.
This experimental approach is of interest for two reasons:
i) at variance with far-UV radiation, the environmental radiation band
around 308 nm is only partially attenuated by the atmosphere and
has potential impact on biological systems;
ii) mutations can involve any genome site and therefore can give rise
to various phenotypes, which then can be suitably selected. As a
consequence, the impact of the induced mutagenesis is outstanding,
both in scientific and industrial field.
E. coli strains, wild-type (RecA+) and mutant (recA1, defective in
DNA damage repair systems), plated on LB agar, supplemented with
rifampicin when requested, were irradiated by means of a germicidal
lamp in the dose range 0 - 9 mJ/cm2. Similar strains were exposed
to 308 nm pulsed laser radiation (20 ns FWHM pulse duration; max.
pulse energy: 100 mJ) in the dose range 0 - 1.0 x 10^4 mJ/cm2. The
laser spot struck the surface of the mini-plates by the use of a
suitable optical system. The laser fluence on the sample ranged
between 25 and 50 mJ/cm2 and the repetition rate between 0.5 and
1 Hz. Irradiation was performed in darkness condition. Because of
the high fluence values used, we preliminarily verified that the laser
treatment did not increase significantly the temperature of the
biological samples. Using a platinum probe (Pt-RTD 100Ω) inside the
agar plates next to the irradiation surface, we observed a maximum
increment of 1.85 °C after 500 laser shots (at 1 Hz repetition rate).
It is generally assumed that 308 nm radiation has a low direct impact
on DNA and, as a consequence, a low mutagenic effect[1, 2].
Surprisingly, our experiments employing XeCl laser have pointed out
a high degree of sensitivity to 308 nm radiation in the mutant strain
rather than in the  wild-type one. Such a phenomenon is clearly due
to an interaction between 308 nm radiation and bacterial DNA.
It was also interesting to note the different slope of the survival
curves for germicidal lamp and laser treatments. For laser radiation
there was a significant reduction of the death rate at high doses,
probably due to the activation of a photo-reactivation repair system,
which was not expressed in the case of irradiation with the germi-
cidal lamp.
The RecA+ strain exhibited UV-induced mutagenesis to rifampicin
resistance when exposed to either 308 or 254 nm radiation. When
irradiated with germicidal lamp, the maximal increment in mutation
rates, about 3.2-fold, was obtained at 9 mJ/cm2 with a survival
fraction of 1.3 x 10^-2. With the excimer laser radiation, the maximal
increment, 6.2-fold, was observed at 2500 mJ/cm2 with a survival
fraction of 7.0 x 10^-2. Therefore, at the same level of survival, 308
nm excimer laser treatment caused an elevation in mutation rates
higher than that elicited by 254 nm germicidal lamp exposure. This
means that 254 nm radiation causes more non-mutagenic killing than
308 nm radiation.
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6191-57, Poster Session
Dose-dependent effect of new porphyrins in vitro and in
vivo
G. Gyulkhandanyan, S. Ghambaryan, G. Amelyan, Institute of
Biotechnology (Armenia); R. Ghazaryan, Yerevan State Medical Univ.
(Armenia); A. Gyulkhandanyan, G. Gasparyan, Yerevan State Univ.
(Armenia)
Nowadays tetrapyrrol dyes are of great interest. Possibility of their
application as photosensitizers (PS) underlay the method of
photodynamic therapy of tumors (PDT) [Figge F. et al, 1948;
Dougherty T. et al, 1975]. Previously, photosensitizer chlorin e6 was
used to induce apoptosis. Comparative analysis of chlorin e6

photodynamic effect on PC-12 cell line and rat embryo fibroblast-like
cells was done [Ghambaryan S. et al, 2003; Gyulkhandanyan G. et al,
2003].  The goal of this work was to investigate anticancer activity of
some new porphyrins as potential PS and analyze their dose-effect
correlation in vitro and in vivo.
Materials and Methods: Synthesis and purification of the new water-
soluble meso-substituted cationic porphyrins and their metal
complexes was carried out [Ghazaryan R. et al, 2004]. The new
symmetrically and asymmetrically meso-substituted porphyrins and
metalloporphyrins with active functional groups (oxyethyl, allyl,
methallyl, p-hydroxy-benzyl) were synthesized. The following 3
porphyrins were studied in these experiments: a) meso-tetra-[4-N-
(2‘- oxyethyl)pyridyl]porphyrin (TOEPyP); b) Zn-TOEPyP; c) Ag-
TOEPyP. The effectiveness of these preparations was compared
with chlorin e6 [Kostenich G. et al, 1991; Bonnett R., 1995]. The
study of toxicity and phototoxicity of the above-mentioned porphy-
rins in comparison with Chl e6 was carried out for the screening and
identification of the most effective porphyrins in vitro. PC-12 cell line
(pheochromocytoma, rat adrenal gland) as a screening model was
chosen for this purpose.
The porphyrins in the dose range 0.01-100 mcg/ml were used to
determine their toxicity (dark toxicity). For this purpose, the cell
culture was transferred into the glass test tubes (1 ml per each tube,
0.2 - 0.3 mln cells/cm3) with the appropriate dose of the porphyrin
and incubated in the thermostat for 20-24 hours at 37 C. After
detachment of the adherent cells by pipette and staining with 0.4%
trypan blue, the cell number was determined by counting on a
haemocytometer by light microscopy and cell viability was assessed
using trypan blue exclusion assay. To assess phototoxicity,
porphyrins in the dose range 0.01-10 mcg/ml were used in the
experiments. The cells were transferred into the glass test tubes (1
ml per each tube, 0.2-0.3 mln cells/cm3), treated with the appropri-
ate dose of the porphyrin and preincubated in the thermostat for 30-
40 min at 37C to allow porphyrin diffusion and/or penetration. After
preincubation the cells were washed by medium and then irradiated
by tungsten lamp (30 mW/cm2) using a glass filter (transmission at
600-900 nm). Duration of irradiation varied from 20 to 30 min. Then
the irradiated cells were incubated for 20-24 hours (37 C). The cell
viability was assessed using trypan blue exclusion assay.
Study of porphyrin effect in vivo was carried out on white mice that
were engrafted solid tumor - C-180 (Croker’s sarcoma). The
experiments on determination of porphyrin antitumor activity (dark
toxicity) were carried out on white outbred mice (20-25 g). According
to the previously determined maximum tolerance dose the porphyrin
initial sample solution was divided into 5 equal parts that were
injected into mice intraperitoneally on the second day after tumor
engrafting and during next 5 days. Mice were killed on 7th day (after
tumor engrafting) and tumor weight was determined and compared
with the control. In the experiments on determination of phototoxicity
the animals were exposed to light (tungsten lamp, 30 mW/cm2, 20
min) on the next day after the last injection (as for dark toxicity) of the
preparation. Mice were killed on 3rd day after light treatment and
tumor weight was determined and compared with the control.
Results and discussion:  Investigation of toxic and phototoxic effect
of the porphyrins on PC-12 cell line. PC-12 cell line was chosen as a
screening model in consequence of series of experiments. The
results indicate that two most important parameters of cell survival
(LD50 and LD90) are significantly less (0.08 mcg/ml and 0.17 mcg/ml
respectively) for PC-12 compared to LD50 and LD90 for previously
studied rat embryo fibroblast-like cells (0.28 mcg/ml and 0.9 mcg/ml
respectively) [Gyulkhandanyan G. et al, 2002]. The results demon-
strate more “sensitive” nature of transformed cells to photodynamic
damage than non-transformed ones (3 to 5 times). Comparative
analysis has shown that chlorin e6 in 0.08 mcg/ml concentration
leads to significant decrease of PC-12 cell survival up to 50 %
(LD50), whereas it is harmless for rat embryo fibroblast-like cells
(100% of cell survival at 0.08 mcg/ml of Chl e6). Thus, it has been
shown that non-transformed cells undergo more “gentle” photody-
namic damage compared to transformed cells that appeared to be
more sensitive to this damage. The following results on porphyrin
toxicity were obtained on PC-12 cell line:
a) TOEPyP in the range from 0.1 to 100 mcg/ml was used for toxicity
identification. It was shown that TOEPyP was non-toxic up to 10
mcg/ml. LD50=25.5 mcg/ml, LD90=120 mcg/ml.
b) Zn-TOEPyP in the dose range from 0.1 to 100 mcg/ml was used
for toxicity identification. It was shown that Zn-TOEPyP was non-
toxic up to 0.5 mcg/ml. LD50=5.0 mcg/ml, LD90=32 mcg/ml.
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c) Ag-TOEPyP in the dose range from 0.01 to 10 mcg/ml was used
for toxicity identification. The results indicated that Ag-TOEPyP was
non-toxic up to 0.01 mcg/ml. LD50=0.4 mcg/ml, LD90=1.6 mcg/ml.
The following results on porphyrin phototoxicity were obtained on
PC-12 cell line:
a) TOEPyP in the dose range 0.01-10 mcg/ml was used for
phototoxicity assessment. It was shown that TOEPyP was already
phototoxic at 0.02 mcg/ml and more. LD50=0.2 mcg/ml; LD90 = 0.9
mcg/ml.
b) Zn-TOEPyP in the dose range from 0.001 to 0.5 mcg/ml was used
for phototoxicity assessment. It was shown that Zn-TOEPyP at 0.5
mcg/ml leads to photodamage of 35% of cells.
c) Ag-TOEPyP in the dose range from 0.001 to 0.1 mcg/ml was used
for phototoxicity assessment.  It was shown that Ag-TOEPyP is not
phototoxic and at maximal toxic concentration (0.1 mcg/ml) leads to
30% cell death.
Investigation of toxicity and phototoxicity (632 nm, 25 J/cm2)
[Vonarx-Coinsman V. et al, 1995] of porphyrin derivative (HPD
prepared from haematoporphyrin dihydrochloride, “Roussel”, Paris,
France) demonstrates that on cell culture HepG2 (human
hepatocarcinoma cells) this porphyrin possesses almost the same
level of toxicity (LD50 = 28 mcg/ml) as for our TOEPyP porphyrin
(LD50 = 25.5 mcg/ml). At the same time phototoxicity of TOEPyP
(LD50 = 0.2 mcg/ml) was significantly higher than that of HPD (LD50
= 3 mcg/ml). Thus, among 3 porphyrins studied on PC-12 cell line,
TOEPyP appeared to be the most phototoxic one.
The results of the experiments in vivo demonstrate that the maxi-
mum tolerance dose (MTD, 30 mg/kg of weight) of Ag-TOEPyP is 2.5
times less than that of TOEPyP and Zn-TOEPyP. Study of porphyrin
dark effect on tumor has revealed good antitumor activity of Ag-
TOEPyP, Zn-TOEPyP and TOEPyP (42%, 30% and 31% of tumor
growth inhibition respectively). The studies of photodynamic activity
of the preparations in vivo have shown that TOEPyP and Zn-TOEPyP
are more effective (60.5% and 55 % of tumor growth inhibition
respectively). Thus, according to the results obtained in experiments
in vitro and in vivo TOEPyP appears to be the most effective
phototoxic porphyrin among the others studied. Further investigation
of photodynamic activity of TOEPyP will allow its consideration as a
promising agent for PDT of tumors.

6191-58, Poster Session
Localization of laser energy conversion by metal
nanoparticles: basic effects and applications
A. Csaki, Institut für Physikalische Hochtechnologie e.V. (Germany);
F. Garwe, JenLab GmbH (Germany); A. Steinbrück, Institut für
Physikalische Hochtechnologie e.V. (Germany); K. Koenig, JenLab
GmbH (Germany); A. Weise, Friedrich-Schiller-Univ. Jena (Germany);
W. Fritzsche, Institut für Physikalische Hochtechnologie e.V.
(Germany)
Manipulation of material by optical means represents an emerging
field with numerous applications. Especially in biology and medicine,
the flexible and powerful potential of laser utilization holds great
promises. For many applications, the resolution of the induced
effects is essential. Besides focusing of the beam by various means,
the use of sub-wavelengths nanoantenna could overcome this
problem. The optical absorption of certain nanostructures is based
on plasmon effects. We present studies of the use of metal (homoge-
neous gold or gold/silver core/shell systems) nanoparticles as
antennas that convert the incident laser light into irreversible
destructive effects. Based on the established field of DNA-conju-
gated nanoparticles, we investigated the sequence-specific
attachment of DNA-nanoparticle complexes onto DNA with comple-
mentary sequences, in the state of double-stranded either isolated or
metaphase chromosomal DNA. Important points were the adjust-
ment of the absorption properties of the nanoparticles by control of
their material composition (e.g., by adding a silver layer to a gold
core) and diameter. Another group of experiments studied chromo-
some-conjugated particles before and after laser treatment, in order
to reveal the lateral extension of damages as well as the underlying
mechanism.

6191-59, Poster Session
Neuron growth engineering on a photoinduced surface
relief grating: a tool for plastic neuroelectronics
R. Barille, Univ. d’Angers (France)
We propose with photoinduced surface relief gratings an easier
fabrication of submicron-scale topographical structures for cell
guidance in studies on neuronal signal processing.
Biological engineering for the development of cellular patterning has
attracted much attention due to huge potentialities for medicine or
electronics. Basically this domain of interest can be divided in two
parts depending on the nature of the adhesion for the cell growth.
The cellular adhesion can be chemical promoting proteins and the
nature and localization of the mechanosensor is important to
understand.
It can also be purely physical. Cells respond to the topography of
their surroundings. Then an understanding of conditions that
influence cell positioning and alignment is important not only in
development biology but also in tissue engineering.
Most of the studies are focused on the role of the molecular basis for
the contact guidance. However, the response of cells to topographi-
cal features of a substratum surface is far from misunderstanding [1,
2]. The use of photolithography and non-lithographic methods has
allowed more detailed and systematic investigation on the effects of
various grooves and ridge dimensions but these technologies don’t
allow facilities in the study.  The modification of topographical
structures for additional purpose, for example forming a new groove
to change the cell orientation is impossible.
On the other hand the combination of microelectronics and of
circuits with nerve cells was pure science fiction 20 years ago but
now a hybrid circuit of a semiconductor chip and synaptically
connected neurons was recently implemented [3].  These new
technology needs networks of nerve cells.
Photoinduced surface relief gratings result from light excitation
whose wavelength lies in the azo polymers absorption band, cis-
trans isomerization takes place, leading to further thermal orientation
diffusion which enables a molecular rotation within the polymer
matrix. This finally leads to a full reorientation of the azo-dye
molecules [4]. An interference pattern of coherent light beams was
used for irradiation of the materials and the film surface modification
was controlled by the light interference pattern [5]. Two beams are
usually necessary but it was also recently demonstrated that a single
beam interaction can induce well ordered structures [6-7]. Our
original technique uses only one beam with controlled polarization in
order to photoinduce a SRG whose wave-vector direction depends
on the light polarization.
The surface pattern can be easily controlled and changed. In
particular the depth of grooves and grating pitch * = 2 • / 2 sin  •
can be adjusted with the laser beam incident angle • . In our case
with • = 476.5 nm, * = 800 nm * 30 nm with a depth of 100 nm.
The samples are polymer films made from a highly photoactive
azobenzene derivative containing heterocyclic sulfonamide moieties
[8]. Thin films on glass substrates were prepared by spin-coating of
the polymer. Neuron cells were NIH3T3 and PC12 grown in DMEM
media (Eurobio, France), containing 10 % fetal calf serum (Biomedia,
France), 1 % L-Glutamin (Invitrogen, France), 1 % antibiotic
(Invitrogen, France).
We have shown that the cell grown on the polymer and can be
reconfigurable. The neurites of neurons grow parallel to the direction
of the grooves with a relatively higher frequency of the parallel
orientation while outside the SRG the neurites expand in random
directions. The contact guidance can be obtained with grooves as
shallow as one hundred of nanometers where the effect is less
available. The circularity which relates cell’s shape has been
evaluated to be close to 0.2 giving a linear shape. Moreover, cells
can survive where there is no spatially chemistry comprising protein
absorbing and non-absorbing areas that allow control over the
absorption of cell-adhesive glycoproteins.
This study shows that a flexible generation of two-dimensional SRG
is obtained and allows the construction of a controlled cell network
with specific shape under in vitro environment easier than previous
studies. This work is particularly useful and promising in plastic
neuroelectronics engineering [3].
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6191-17, Session 3
4D measurement system for automatic location of
anatomical structures
M. Witkowski, R. Sitnik, M. Kujawinska, Politechnika Warszawska
(Poland); W. Rapp, Univ. Tübingen (Germany); M. Kowalski,
Smarttech Sp. (USA); B. Haex, Katholieke Univ. Leuven (Belgium); S.
Mooshake, DIERS International GmbH (Germany)
The analysis of objective movement parameters plays an important
role in clinical diagnosis. This becomes especially true for the field of
orthopedic and as well for neurosciences. Especially the recording of
human movement under functional conditions is necessary because
there exist significant differences between static and dynamic
parameters evaluation. In clinical gait analysis the benefit of
kinematical methods are undoubted.
At present, the use of the existing systems for motion analysis is
primarily located to specialized gait laboratories. First of all the price
for such systems is relatively high for a clinical doctor. Additionally,
an adequate diagnosis requires an experienced person for prepara-
tion of measurements (especially for markers fixation); this time-
consuming work prevents the use of a kinematical recording for a
routine clinical diagnosis. In most of the cases the time for prepara-
tion is much longer than the recording time. Furthermore, a still
existing problem in video-kinematography is the skin to bone
movement of the markers.
In this paper we present a 4D (3D + time) measurement system
capable of automatic location of selected anatomical structures of
and tracing the structures’ position and orientation in time. The
purpose of system presented is to help a general practitioner to
determine whether a patient can possibly have problems related to
lower limbs’ dysfunction and should be directed for further examina-
tion (e.g. x-ray or MRI). Moreover, a system capable of producing a
dynamic analysis based on a virtual skeletal analysis of the lower
extremities would be remarkably useful, as a large set of applications
would benefit from such a system, including orthosis/prosthesis
design, feet orthopedics, gait analysis, analysis of structural
movements in the knee (patella), pre-operative and post-operative
documentation. The system is also planned to be easy to use and
cost effective.
The measurement system components can be divided into two
groups: hardware and software. For the hardware part we adopt the
laser triangulation method. In this way we can evaluate functional
and dynamic movements in a contact-free, non-invasive way,
without the use of possibly harmful radiation. Furthermore, no
preparation time and only a short recording and analyzing time is
needed.
The measurement system utilizes four modules which measure a
patient from four directions. Each module is a measurement system
based on laser triangulation method. It consists of a projection unit
(laser scanner) and a detection unit (video camera) controlled by a
computer. During the measurement each laser scanner projects a
raster onto the object. The raster is a set of parallel horizontal lines.
The detectors capture (at a rate of 15-30 fps) a time sequence of
images showing raster projected onto the patient’s lower limbs. In
order to avoid detecting fringes projected by another unit the

adjacent modules use different light wavelengths (laser scanners
project light of certain wavelengths and adequate spectral filters are
mounted on the detectors). Based on the raster deformation the
shape of legs surface is reconstructed. During the measurement a
patient performs certain diagnostic moves, e.g. leg flexion-extension.
The movements are selected in order to make certain anatomical
landmarks detectable.
The software part may be further divided into seven modules. They
include data acquisition module, image processing and cloud of
points calculation (CoP - set of points described by coordinates (x, y,
z)) module, low-level CoP processing module, high-level CoP
processing module, bio-mechanical model calculation and analysis
module and visualization module.
The data acquisition module is responsible for controlling the
hardware measurement modules. They must be triggered in the
specified sequence in order to acquire the most accurate results.
Also each scanner-camera set has to be well synchronized in order
to get proper measurement images.
Before use the system has to be calibrated in order to calculate
calibration matrices describing relationships between projected lines
deformation and the shape of measured object. First, each of the
four directional measurement modules has to be calibrated sepa-
rately, only then another type of calibration is used to calculate the
relative locations of four modules in space and to set the final
measurement volume.
During both calibration and measurements the first stage of
calculations is image processing and CoP calculation. Image
processing is used to find raster lines in each image frame. The (i, j)
coordinates of points that lie on the raster lines are calculated with
sub-pixel resolution using Gaussian approximation of light intensity
across the raster line. Based on the locations of line points in each
image, clouds of points representing the object surface are calcu-
lated with use of calibration data.
The low-level CoP processing module is responsible for noise
reduction, merging of clouds coming from four measurement
modules, filling holes in the surface (there may be situations where
some areas of lower limbs may be occluded) and CoP interpolation
(the raw CoPs from the measurement consist of points located along
the raster lines, the spatial distribution of data in horizontal and
vertical directions differs much, which is inconvenient for both
processing and visualization).
The high-level CoP processing module consists of several stages.
First,  the calculations of parameters of surface points are con-
ducted. These parameters have to be invariant of object orientation
in the global coordinate system. This makes unsuitable the traditional
surface analysis methods based on derivatives analysis. Therefore a
dedicated surface analysis method had to be developed. Two
curvature parameters have been chosen for surface analysis. Their
working names are “standard curvature” and “bouquet-or-fan
curvature”. The values of these two parameters are calculated for
every point in every cloud and their maps are created. Based on the
maps of  curvature parameters, areas of interest are defined where
anatomical landmarks may possibly be located. Next the regions of
interest are analyzed and certain anatomical landmarks are located
and their parameters are calculated. In the last step assumed
anatomical landmarks are traced in time in whole sequence.
The data resulting from the high-level CoP processing (a time-
sequence of anatomical landmarks parameters) is an input for the
bio-mechanical model calculation and analysis module, which further
provides useful for medical diagnosis.
The data at every stage of processing can be viewed by the operator
with use of the visualization module.
At the current stage of our research we are getting first results of
anatomical landmarks tracing and use them as an input for to the
bio-mechanical modeling group. The paper briefly presents the
modules mentioned above with the focus on the high-level CoP
processing module.
Also we present some measurement and analysis results. These
include: curvature parameters maps, landmarks trajectories in time
sequence and calculated landmarks parameters values in time.
The works described herein have been financially supported by the
European Union Frame Programme 6 (AURORA project, contract
COOP-CT-2003-508203).
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6191-18, Session 3
Using Flim-biopsy to probe skin physiological change
after LBA treatment
P. Xu, M. Q. Man, T. M. Mauro, Univ. of California/San Francisco
(USA)
Introduction: The top layer of mammal skin, stratum corneum (SC),
comprised mostly of kerotinocites, has an important function as a
barrier protecting the inner layer of the skin, not so much from
mechanical intrusion, but from water loss inside-out, and prevent
external contaminants diffusing outside-in.
A slightly acidic pH was discovered within the SC. While mechanism
of how this acidity help maintain the barrier function, and help
recovering from barrier disruption, were not clear; functionally, it has
been proved a normal acidic “mantle” plays one of the key roles in
barrier function, and deviation to this acidity will hurt the SC function.
Pharmaceutically, therefore, it is proposed that weak acid treatment
on a neutral/basic skin may help restore the barrier function.
Question to ask here is how to detect the result of such treatment.
Traditional measurement was carried out using a contact-style skin
pH meter, which gives an average readout of a centimeter size skin
at its surface. However, since the SC normally has a thickness of
tens of microns, it is highly desirable to be able to probe pH along
that depth; moreover, it will be useful to measure, at a microscopic
level, the difference between intracellular and extracellular acidity.
Optical microscopy meets easily the resolution requirement; with two
photon excitation, tens-of-micron penetration could also be reached
without causing photo damage.
Method: The fluorescent label 2',7'-bis-(2-carboxyethyl)-5-(and-6)-
carboxyfluorescein (BCECF) was used for its sensitivity to ambient
pH. At different pH, BCECF exhibit a changing emission spectrum as
well as a changing lifetime. Based on the multiple autofluoresent
species of our sample, lifetime would be a more stable indicator for
our purpose.
Mice skin was topically treated with Lactobionic Acid (LBA) twice a
day for three days before experiment. Before the microscopy, we
treated mice skin with BCECF for four times so that a reasonable
loading into the cells across certain depth was realized. We then
either harvest skin biopsy from mice ex-vivo or bring live-animal to
the measurement.
Results: Treated and controlled animals were compared along the
depth of SC; intracellular and extracellular domains were measured
simultaneously. It is found that LBA does increase the SC acidity by
1-2 pH unit, in both cases extracellular region observes higher
acidity than intracellular, yet the two pH values tend to converge at
8-10 microns underneath the surface of skin. On the other hand,
while controlled animal shows a pH trend from acidic to neutral
along the depth of SC, the acid treated skin maintain a relatively
constant pH across the depth, which might have implications to the
viability of this potential pharmaceutical method.
Discussion: The Flim-biopsy technique provide a powerful tool for
the study of microscopic acidity for skin or any other epithelial
tissues. It gives not only relative values, but after calibration,
absolute pH as well.
The LBA treatment seems a successful way to restore/increase the
SC acidity. Problems remain are two: technically, acidity from cell to
cell is not uniform, implying either the LBA loading or the BCECF
loading was not uniform, and hence need improvement; perhaps
more importantly, the inability of skin to restore neutral pH at deeper
SC after LBA treatment, is not yet explained, and put a question
mark to LBA in pharmaceutical context.

6191-19, Session 3
Three-dimensional multiphoton autofluorescence
spectral imaging of live tissues
J. A. Palero, Univ. Utrecht (Netherlands); H. S. de Bruijn, A. van der
Ploeg van den Heuvel, H. J. Sterenborg, Univ. Medisch Ctr.
Rotterdam (Netherlands); H. C. Gerritsen, Univ. Utrecht (Netherlands)
We combined a homebuilt multiphoton microscope and a spec-
trograph based on prisms and a CCD camera to develop a spectral
imaging system. The system is capable of recording high quality
spectral images of tissue autofluorescence. The use of near-infrared
femto second pulses from a tunable Ti:Sa laser affords the multi
photon excitation of endogenous fluorophores that have their
absorption bands in the UV. Moreover, the near infrared laser light

has a high penetration into tissue, thus allowing the recording of
images deep inside tissues.
The design of the spectral imaging system is based on two prisms
and a sensitive CCD camera. The optical transmission of the Herasil
prisms is high down to 250 nm and achromatic UV lenses were used
with a transmission down to 220 nm. The CCD chip was coated with
a special coating to enhance the UV sensitivity of the device down to
200 nm. The high transmission and detection sensitivity makes the
setup well suited for autofluorescence spectral imaging. Presently,
the spectrograph is configured to record a 100-channel spectrum in
the wavelength range from 330 nm to 600 nm. This range is based
on the autofluorescence emission spectra of known fluorophores in
skin tissues. Also, we were expecting to detect second harmonic
signal from the collagen fibers which has a peak at half the wave-
length of the excitation laser. A 700 nm excitation wavelength, the
lower limit of our Ti:Sa laser, will generate a 350 nm second
harmonic signal from collagen, well within the detection window of
the instrument.  We note that, by shifting the position of the CCD-
camera with respect to the prisms, the sensitivity range of the
spectrograph can be tuned down to about 250 nm.  This will be
exploited in future experiments.
In recent years, the number of studies in multiphoton microscopy
based on tissue autofluorescence and second harmonic generation
has steadily increased. Some of these studies are geared towards
the development of an optical diagnostic method commonly known
as optical biopsy. This technique affords noninvasive investigation of
not only the surface but also deep within the tissue. The success of
this technique lies mainly on the ability to determine the state of the
tissue and the changes that occurred for diseased states from
morphological and biochemical information. This information can be
recorded by microscopy and spectroscopy, respectively. Biomedical
studies have shown that (point) autofluorescence spectroscopy
methods have the potential to accurately differentiate diseased
tissues from normal ones.
By combining spectroscopy with microscopy, we expect a high level
of accuracy and specificity in the diagnosis of skin diseases.
Furthermore, the use of multiphoton microscopy over confocal
microscopy enables us to: 1) image much deeper into the tissue; 2)
minimize tissue damage due to phototoxic effects; and 3) produce
high resolution images without the use of pinholes.
In our experiments, we were able to record 100-channel (330 nm to
600 nm) autofluorescence spectral images of live skin tissues in one
scan. The spectral images were color coded in the corresponding
real colors. The resulting images showed green hair shafts, blue
cells, and purple collagen. For collagen, instead of autofluorescence,
the system detected the strong second-harmonic signal generated
by the fibers. Further analysis revealed spectral signatures of the
different layers of the skin. Linear unmixing of the spectra resulted in
possible endogenous components: NADH, FAD, elastin, and
collagen.
Depth-resolved autofluorescence excitation-emission matrices of live
tissues were acquired by using a computer-controlled tunable
femtosecond laser. To the best of our knowledge, there has been no
report on the measurement of depth-resolved autofluorescence
excitation-emission matrices based on multiphoton excitation. Our
results show significant differences between the excitation-emission
matrices of normal and UV-photodamaged tissues.
In summary, a multiphoton-based spectral imaging system was
developed. The system was optimized to detect autofluorescence in
the 330 nm - 600 nm wavelength range. It has been used for: 1)
three-dimensional live tissue autofluorescence spectral imaging and
2) depth-resolved multiphoton autofluorescence excitation-emission
matrix measurements. This spectral imaging system is a promising
tool for both in biological applications and biomedical applications
such as optical biopsy.

6191-20, Session 3
Time-resolved fluorescence spectra provide information
on the size of fluorescent objects embedded in biological
tissues
J. L’Huillier, École Nationale Supérieure d’Arts et Métiers (France); A.
Humeau, Institut Superieur (France)
1. INTRODUCTION
Light scattering through biological tissues offers new possibilities for
medical applications linked to non invasive diagnostics and imaging.
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In this field, absorption is greatly exceeded by scattering in the
wavelengths ranging from 600 nm to 1100 nm, thus enabling the
light to propagate a few centimeters within the tissue. The light
scattering, however, reduces the contrast and deteriorates the signal
resolution, especially when structures of interest are embedded deep
in the tissue. In spite of many efforts in the field of time-resolved
methods and frequency-domain methods, it is still difficult to detect
some lesions when they have a small size. In the case of cancer,
when early detection is required to reduce morbidity, a novel element
that can enhance the potential applications of optical imaging is the
use of exogeneous contrast agents. These fluorescent compounds
can be specifically excited in the near-infrared range where the host
tissue exhibits low absorption, allowing deep probing of light into the
tissue.
The goal of the present work is to use informations given by the
rising edges of the time-resolved fluorescent signal in order to gain
insight into the size of a fluorescent lesion embedded within thick
tissue structures. For that purpose a computational model based on
a finite element code was derived to examine how the time required
to reach half of the maximum fluorescence intensity is related to the
diameter of a submerged spherical object tagged by a fluorophore.
Different sized-objects varying from 2 to 20mm were considered in
combination with several distances between the centre of the object
and the detector, and for two different sets of optical properties of
the host tissue.
2. TYPICAL RESULTS
First of all, simulations were made using a rectangular cross-section
of size 40x60 mm. A lot of parameters such as grid refinement and
time step conditions has to be set to control the numerical procedure
in an efficient way and to get a sufficient accuracy. As a result, the
retained configuration was fixed at 3510 nodes (1681 cells) with a
time step of  0.1 ps. Then, different simulations were designed to
establish that the fluorescence can be used to provide time of flight
information about the size of a spherical tumour embedded in a
scattering medium. The tumour tagged by the fluorophores at
different concentrations ( from 0.1 µM to 3µM ), has a diameter
varying from 2 to 20 mm. The time to reach half of the maximum
fluorescence intensity plotted against the tumour diameter has been
extensively studied. The results show that the more the diameter
increases, the smaller is the relevant time to reach half of the
maximum fluorescence intensity. The established  relationship is
almost exponential, and appears independent on the fluorophore
concentration. However, the higher is the scattering of the surround-
ing tissue, the longer is the time to reach the half of the maximum
fluorescence intensity. Consequently, for a given location of the
tumour, and assuming that the set of optical properties of the
background is known, the time spectra running at the early
timesallow to assess the size of a fluorophore dispersed throughout
a spherical tumour domain.

6191-21, Session 3
Combined bioengineering and neurophysiological in vivo
technologies allow studying rat brain metabolism and
neuronal activities in vivo in real time
F. M. Crespi, GlaxoSmithKline (Italy); M. Donini, A. Bandera, Univ.
degli Studi di Modena (Italy); F. Congestri, C. A. Heidbreder,
GlaxoSmithKline (Italy); L. L. Rovati, Univ. degli Studi di Modena
(Italy)
Franz Jöbsis first used near infrared spectroscopy (NIRS) as a tool
for the in vivo monitoring of tissue oxygenation [1]. Today, NIRS
instruments based on continuous wave source (Near Infrared
Continuous Wave Spectroscopy: NIR-CWS) can be used in clinical
environments since these systems are now easy to use, sensitive,
robust, portable, fast, cheap and have multiple measuring points [2-
3].
In the present work, optic fibre probes were used as optical head of
a novel, highly sensitive near infrared continuous wave spectroscopy
(CW-NIR) instrument. This prototype was designed for non-invasive
analysis of the two main forms of haemoglobin: oxy-haemoglobin
(HbO2) and deoxy-haemoglobin (Hb), chromophores present in
biological tissues. In the present experiments it was applied to
measure non- invasively HbO2 and Hb levels in the rat brain; that are
markers of the degree of tissue oxygenation, thus providing an index
of blood levels and therefore of brain metabolism.
In addition, the same animals set for central NIRS studies, were also
surgically prepared for electrophysiological monitoring of cell firing in

discrete brain areas. These are raphe dorsalis nucleus, locus
coeruleus, ventral tegmental area that are defined as main
serotoninergic, noradrenergic and dopaminergic cell containing
regions of the CNS and therefore involved in the major cerebral
syndromes.
Briefly, in vivo experiments were performed on adult male Sprague-
Dawley CD rats (290 g, Charles River, Italy). The animals were
housed four per cage, fed with Purina Cow with water available ad
libitum and kept in a temperature-controlled environment.  The
experimental procedures were in line with the NIH Guidelines for
Small Animal Research and approved by local review committees.
Each rat was anaesthetised using urethane (1.5g/kg ip), so that it can
be immobilized on a stereotaxic apparatus (D. Kopf, USA).  Thus, the
optical head system: four optic fibres (200µm diameter) input system
and the receiver system, was firmly placed using a stereotaxic
micromanipulator onto the surface of the rat’s head, upon the sagital
line, without any surgery. Then, for concomitant neurophysiological
measurements, a light microsurgery has been performed in the same
animals prepared for NIRS analysis in order to insert modified carbon
fibre micro-biosensors [4] in the raphe dorsalis nucleus, locus
caeruleus or ventral tegmental area (n=4 each area).
Therefore, concomitant NIRS and electrophysiological measure-
ments could be performed in the same animal. Briefly, control
recording levels were performed with both methodologies during
10min then exogenous oxygen (0.1bar, 2min) was inflated orally.
Data gathered indicated a very rapid, reversible increase of HbO2
level, a specular negative variation of Hb and a slight decrease of
Volume level. All these parameters returned to control values within
few minutes after cessation of the exogenous oxygen supply.
In parallel, increased cell firing at various levels of spikes/sec were
monitored in the cell body regions studied. These variations of the
electrophysiological signals were also reversible returning towards
control values within few minutes at the end of the addition of
exogenous oxygen.
In conclusion, the present experiments confirmed our previous initial
data on the capacity of our CW-NIR prototype to measure non-
invasively HbO2 and Hb levels in the rat brain which are markers of
the degree of tissue oxygenation, thus providing an index of blood
levels and therefore of brain metabolism [5]. In addition, the novel
application of a neurophysiological in vivo technology such as the
monitoring of cell firing in major cerebral nuclei in the same animals
set for central NIRS studies allow for the first time concomitant
analysis of the putative relationship between brain metabolism and
neuronal activity. This original approach of combining bio-engineer-
ing and neurophysiological in vivo technologies would therefore
allow studying rat brain metabolism and neuronal activities in vivo, in
situ and in real time. Such combination would be applied to the
study of neurobiological and psychiatric diseases.
1. F. F. Jobsis, “Noninvasive infrared monitoring of cerebral and
myocardial sufficiency and circulatory parameters,” Science 198,
pp.1264-1267, 1977.
2. V. Quaresima, R. Lepanto, and M. Ferrari “The use of near infrared
spectroscopy in sports medicine,” J. Sports Med. Phys. Fitness 43,
pp. 1-13, 2003.
3. S. Fantini, S. A. Walker, M. A. Franceschini, K. T. Moesta, P.M.
Schlag, M. Kaschke and E. Gratton, “Assessment of the size,
position, and optical properties of breast tumors in vivo by non-
Invasive optical methods,” Appl. Opt. 37, pp. 1982-89, 1998.
4. F. Crespi, “In vivo voltammetry and concomitant electrophysiology
at a single micro-biosensor to analyse ischemia, depression and
drug dependence,” J Neurosci Methods; 119: 173-184, 2002.
5. F. Crespi, A. Bandera, m. Donini, C. Heidbreder and L. Rovati, non
invasive in vivo laser spectroscopy to analyse endogenous HbO2,
Hb and blood volume in the rat CNS,”  J Neurosci Methods; 145: 11-
22, 2005

6191-23, Session 3
Detection of colorectal cancer using time-resolved
autofluorescence spectrometer
S. Fu, L. C. Kwek, T. C. Chia, Nanyang Technological Univ.
(Singapore)
As we know Quantum mechanics is a mathematical theory that can
describe the behavior of objects that are at microscopic level. Time-
resolved autofluorescence spectrometer monitors events that occur
during the lifetime of the excited state. This time ranges from a few
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picoseconds to hundreds of nanoseconds. That is an extremely
important advance as it allows environmental parameters to be
monitored in a spatially defined manner in the specimen under study.
This technique is based on the application of Quantum Mechanics.
This principle is applied in our project as we are trying to use
different fluorescence spectra to detect biological molecules
commonly found in cancerous colorectal tissue and thereby
differentiate the cancerous and non-cancerous colorectal polyps
more accurately and specifically. In this paper, we use Fluorescence
Lifetime Spectrometer (Edinburgh Instruments FL920) to measure
decay time of autofluorescence of colorectal cancerous and normal
tissue sample. All specimens are from Department of Colorectal
Surgery, Singapore General Hospital. The tissues are placed in the
time-resolved autofluorescence instrument, which records and
calculates the decay time of the autofluorescence in the tissue
sample at the excitation and emission wavelengths pre-determined
from a conventional spectrometer. By studying the decay time, * ,
etc. for cancerous and normal tissue, we aim to present time-
resolved autofluorescence as a feasible technique for earlier
detection of malignant colorectal tissues. By using this concept, we
try to contribute an algorithm even an application tool for real time
early diagnosis of colorectal cancer for clinical services.

6191-24, Session 4
Real-time optical coherence spectrotomography: proof
of principle
L. Froehly, Univ. de Franche-Comté (France); G. Petitjean, Univ. de
Saint-Etienne (France); M. Ouadour, P. Sandoz, T. Gharbi, Univ. de
Franche-Comté (France); P. Leproux, G. Huss, V. Couderc, Univ. de
Limoges (France)
Since a decade Optical Coherence Tomography (OCT) shows a
growing interest in the field of biomedical imaging. Main reasons are
the non destructive character of these methods, the image resolution
which could reach micrometer scale in depth as well as in the plane
and also the possibility to make in vivo, non destructive optical
biopsies.  There are now quite a lot of clever and tricky different
configurations to get those optical echographic images [1]. The main
goal is always to improve the image resolution, the acquisition rate
and/or the signal to noise ratio without limiting the sensitivity of the
system to be able to retrieve the non scattered few photons back
reflected by the scanned medium. Since a few years the need of new
contrast agents has grown with the application of OCT as an help in
medical diagnosis. New OCT systems have been then developed.
They are mainly:  polarization OCT imaging [2], to get access to
tissues properties, like tissue birefringence, and spectroscopic OCT
[3] or, more recently, CARS-OCT [4] to access in vivo local tissue (or
cell) absorption.
Spectroscopic OCT systems are mainly based on post numerical
processing of OCT signals acquired in the time domain or in the
frequency domain. Despite the always improved capacity of
processors this will always be a limiting factor in term of image
acquisition rate and then will avoid access to some in vivo dynamic
phenomena. In the time domain OCT works have recently been
performed which demonstrate optically processed spectroscopic
OCT images but time domain OCT present less advantages than
Frequency domain OCT in terms of acquisition rate and signal to
noise ratio [5].
We will present in this contribution a new OCT system which gives
access to the tomographical information simultaneously to the
spectroscopic information ‘resolved’ in depth (this resolution will be
discussed in the following) without any moving part. Our system is
an hybrid system in the time-frequency plane which has the benefit
of higher signal to noise ratio than time domain OCT and which do
not need any back Fourier transform neither to get access to the
time domain nor to get the spectrum. All the signal processing is
realised optically and this system has been then called Real-Time
Optical Coherence Spectro-Tomography (OCST).
Fourier Domain OCT (FDOCT) normally suppose numerical signal
processing to access the temporal domain (Inverse Fourier Trans-
form). Optical Fourier Transform is not directly possible using a 4f
configuration after the diffraction grating of the classical FDOCT set-
up because of the chromatism in the spectral plane: a wavelength
lambda1  would not interfere (visibly) with a wavelength lambda2 due
to the beating between them. It is anyway possible to do a chromatic
4f Optical Fourier transform system if the output grating of the
system is enlightened on both -1 and +1 order. The -1 order is

enlightened with the sample wave and the +1 order with the
reference wave. In the spectral plane (after the first 2f system) there
are now the spectrums of both reference wave and sample wave.
With another 2f system behind the spectral plane equivalent
wavelengths coming from both spectrums will be able to interfere. In
this plane then there will be a superposition of chromatic and stable
fringes that will superpose in intensity leading to white light correla-
tion peaks when optical paths are the same between reference and
sample arm. Up to this point this system is actually similar in
principle to the SISAM correlator [6] developed in TSI Laboratory but
with a single grating configuration. A dispersive medium (prism)
crossed, with respect to the grating dispersion direction, is then
added what leads, in the detector plane, to the direct reading of the
correlation signal (OCT ‘A scan’)versus wavelength.
The system is basically composed of a white light laser source, two
cascading interferometers, a dispersive medium (prism) and a
detector. The continuum generation is realized using the two pumps
system developed in IRCOM [7] (Limoges-France) and is composed
of an infrared passively Q-switched Micro-chip Nanopulse Laser at
1064nm. This laser generates sub nanosecond pulses with pulse
energy of about 8 microjoule and an average output power of 40mW.
The laser is then frequency doubled into a KTP crystal (conversion
efficiency about 30%) and both pump (532nm and 1064nm) are then
coupled to a micro structured monomode optical fibre realised in
Limoges. The resulting output illumination source is a white light
spatially monomode continuum (measured to extend between
350nm and 1300nm) with average power 10mW.
The first interferometer is a Linnik interferometer where sample arm
and reference arm have orthogonal polarization so that they will not
interfere. This polarization multiplexing allows the transmission of
both sample and reference signal in a same direction and they are
then demultiplexed to illuminate the second interferometer which is
the correlator. This correlator is a grating which -1 and +1 orders are
illuminated with respectively sample and reference waves. A low
dispersive medium (prism) which dispersive direction is perpendicu-
lar to the grating dispersion direction is then inserted just after the
grating. Then an imaging system images the dispersed image of the
grating onto the CCD detector.
In order to validate the spectro-tomographic system several samples
are used: a home made sample composed of a two thin microscope
cover slides with a solution of Corneamax(r) trapped by capillarity
between the two slides. This solution is a conservation solution for
excised cornea before transplant. Its absorption curve presents an
absorption band around 550nm and due to the presence of ‘red
phenol’ the absorption evolves with the solution PH. We use this to
show the in depth resolved absorption capability of our system and
the real time follow of absorption changes. We will also demonstrate
in this paper imaging on ex vivo corneas which have been preserved
into Corneamax(r) so that some liquid has penetrated by osmotic
transfer allowing then absorption tomography screening.
The spatial resolution we need to reach is of the order of the cell size
(about 20 micrometers) in both dimensions. An axial resolution of 20
micrometers supposes a corresponding spectral range of about
20nm . As the total usable continuum is around 400nm this will lead
to 20 spectrally resolved points. The 20nm spectral resolution is
given by the prism choice. The upper relation will fix a Fourier-
Heisenberg uncertainty relation between the axial resolution and the
spectral one. This relation is also valid for all other spectroscopic
OCT systems which relies on post processing of the OCT signal.
A further step will be the implementation of heterodyne detection
based on Smart Pixel Detector Array (CSEM Zurich) using. This kind
of detection has already proven to produce an increasing of the
system sensitivity in Parallel OCT systems. We will implement this
principle in our system which suffers the same dynamic range
problem than standard Time Domain OCT.
[1] A.F. Fercher, W. Drexler, C. K. Hitzenberger, T. Lasser, Rep. Prog.
Phys. 66, 239-303 (2003).
[2] M.R. Hee, D. Huang, E. A. Swanson, J. G. Fujimoto, JOSA B, 9,
903-908 (1992)
[3] W. Watanabe, K. Itoh, Opt. Rev. 7, 406-414, (2000)
[4] Vinegoni, C; Bredfeldt, J S; Marks, D L and  co (2003-12-18)
oai:arXiv.org:physics/0312114
[5] R. A. Leitgeb,  C. K. Hitzenberger, and A. F. Fercher,  Opt.
Express 11, 889-894 (2003),
[6] K. Ben Houcine, G. Brun, I. Verrier, L. Froehly, and C. Veillas, Opt.
Lett. 26, 1969 (2001).
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[7] P. Champert,  V. Couderc,  P. Leproux,  S. Février,  V.
Tombelaine,  L. Labonté,  P. Roy,  C. Froehly, and P. Nérin,  Opt.
Express 12, 4366-4371 (2004),

6191-25, Session 4
Use of digital holographic microscopy in tomography
F. Charrière, F. Montfort, J. G. Kühn, T. Colomb, A. M. Marian, École
Polytechnique Fédérale de Lausanne (Switzerland); E. Cuche,
Lyncée Tec SA (Switzerland); P. P. Marquet, Univ. de Lausanne
(Switzerland); C. D. Depeursinge, École Polytechnique Fédérale de
Lausanne (Switzerland)
Digital Holographic Microscopy (DHM) provides 3D images with a
high vertical accuracy in the nanometer range and a diffracted
limited transverse resolution (down to the sub-micron scale). In the
hologram, both amplitude and phase of the field transmitted through
or reflected by the object are registered. The object field is recovered
when the hologram is re-illuminated by a digitally computed replica
of the reference wave, allowing quantitative measurement of both
phase and amplitude. Amplitude measurements provide equivalent
information that classical optical microscopy. Phase measurements
are performed with a precision of about 1°  (corresponding to around
2 nm of free wave propagation distance at 633 nm) and provide high
accuracy optical path length measurements through the specimen,
providing an accurate description of the morphology of the transpar-
ent specimen. Today, three-dimensional (3D) imaging of biological
objects is of primary importance, in order to study tissue organiza-
tion, down to the cell and sub-cellular structures including possibly
proteins and smaller molecules. This presentation will focus on 3
different tomographic applications based on DHM.
First, we show that digital holography can be combined easily with
optical coherence tomography approach. A series of holograms is
acquired at different depths by varying the reference path length,
providing after reconstruction images of slices at different depths in
the specimen thanks to the short coherence length of light source.
Applications in ophthalmology will be presented: structures of the
anterior eye, the cornea and the iris, have been studied on enucle-
ated porcine eyes. Tomographic images of the iris border close to
the pupil have been obtained 165 microns underneath the eye
surface.
Secondly, we present a tomographic imaging method based on the
addition of several reconstructed wavefronts measured with DHM at
different wavelengths. Each wavefront phase is individually adjusted
to be equal in a given plane of interest, resulting in a constructive
addition of complex waves in the selected plane and destructive
addition in the others. Varying the plane of interest enables the scan
of the object in depth. Experimental measurements have been
performed on a specifically designed and homemade target, as well
as on a multilayer specimen. Twenty wavelengths in the range of
480-700 nm have been used, resulting in tomographic sections of
725 nm.
Thirdly, DHM is applied to perform optical diffraction tomography of
a pollen grain. Transmission phase images are acquired for different
orientations of the rotating sample, then the 3-dimentionnal refractive
index spatial distribution is computed by inverse radon transform. A
precision of 0.01 for the refractive index estimation and a spatial
resolution in the micron range are shown.
The presented works will exemplify the versatility of DHM, but above
all its capability of providing quantitative tomographic data of
biological specimen in a quick, reliable and non-invasive way.

6191-26, Session 4
Comparison between two interferometric sensors: Mach-
Zehnder versus Fabry-Perot for ultrasound biomedical
applications
H. Lamela, A. Garc¡a-Diaz, Univ. Carlos III de Madrid (Spain); C.
Macia-Sanahuja, J. A. Garcia-Souto, Univ. Carlos III de Madrid
(USA); V. Cunningham, Univ. Carlos III de Madrid (Spain)
Ultrasound imaging is a non-invasive technique that achieves high
resolution (20-30  µm), by using high ultrasonic frequency (50-200
MHz). These features make it suitable in many medical imaging
applications [1]. The detection technology used is typically based on
piezoelectric materials, however such sensors present difficulties
which is related to the element size, and this prevents their use with
high ultrasonic frequencies, which are necessary in most medical

diagnosis applications. Another drawback to piezoelectric materials
is that they are not immune to electromagnetic interference.
Increasing interests in optical sensors have led to its use in ultrasonic
detection, here the ultrasonic signal modulates the optical phase of a
beam of laser light. This approach is performed using an interfero-
metric arrangement, which measures the phase shift of the light
beam that interacts with the ultrasonic signal. Using optical tech-
niques has many advantages over traditional electrical methods such
as, large detection bandwidth (GHz), immunity to electrical and
mechanical perturbations and the possibility of higher resolution.
In this paper we present a comparison between two different
interferometric ultrasound sensors, this analysis is based on the
sensitivity, dynamic range, frequency bandwidth and compactness
of both systems. The first sensor consists of a fiber-optic coil used
for the detection of ultrasonic signals, while the second sensor
consists of an etalon or Fabry-Perot interferometer.
The fiber coil system that will be calibrated has been previously
developed in our laboratory for the detection of partial
discharges(PD)in high power transformers, here the PD emits an
ultrasonic signal which is to be detected by the sensor coil and
interferometer configuration. The ultrasonic signal frequencies that
have been measured in he order of “20 KHz, and the system has a
sensitivity of 3530 Pa [2]. The inferometric sensor configuration is
constructed so that fiber coil sensor is placed in one of the arms of a
Mach Zehnder interferometer. Use of a fiber coil as the sensing
element means that the measurements taken are punctual in nature.
To overcome this limitation, we will explore the capabilities of a fiber
coil array for both 1D and 2D detection, in terms of resolution and
frequency bandwidth of the ultrasound wavefront detected. Future
work using this sensor coil will involve its characterisation and
calibration for a higher range of frequencies (MHz).
The second optical sensor is based on a Fabry-Perot interferometer
which performs interferometric measurements of the ultrasound
signal without the need for two arms as is the case for the Mach
Zehnder configuration. The reduced physical geometry of the Fabry-
Perot sensor makes it, in principle, more compact and suitable for
medical imaging applications. The main advantage to this sensor is
that the beam of light may be focussed permitting a 2D and 3D
arrangement with a very high resolution, and within the optical
diffraction limit ( µm) [3][4][5].
The work presented here performs a comparative analysis between
the fiber coil and Fabry-Perot sensors both of which are used for the
detection of ultrasonic signals. These optical systems will be
characterised and calibrated where measurements of optical and
acoustic parameters will be taken, such as: bandwidth, spatial
resolution, and sensitivity; these will be measured and the influence
of the different design parameters will be studied. Finally, we will
investigate different sensor geometries and carry out phantom
characterization for ultrasound detection in biomedical applications.
[1] S. Ashkenazi, T. Buma, and M. O’Donnell High Frequency
ultrasound detection using Fabry-Perot optical etalon 2004 IEEE
Ultrasonics Symposium. 1: pp.68-71
[2] H. Lamela-Rivera, C. Macià-Sanahuja and J.A. García-Souto.
Detection and wavelet analysis of partial discharges using an optical
fibre interferometric sensor for high-power transformers. 2003
Journal of Optics A: Pure and Applied. 5: pp.66-72.
[3] J.D. Hamilton, M. O’Donnell High Frequency ultrasound imaging
with optical arrays 1998 IEEE Transactions on ultrasonics, ferroelec-
trics, and frequency control. 45(1): pp. 216-35.
[4] P.C. Beard Two-Dimensional ultrasound receive array using an
angle-tuned Fabry-Perot polymer film sensor for transducer field
characterization and transmission ultrasound imaging. 2005 IEEE
transactions on ultrasonics, ferroelectrics and frequency control,
52(6): pp.1002-12.
[5] E.Z. Zhang, P. Beard Ultra high sensitivity, wideband Fabry-Perot
ultrasound sensors as an alternative to piezoelectric PVDF transduc-
ers for biomedical photoacoustic detection 2004 Proc. SPIE 5320:
pp.222-229.

6191-27, Session 4
Correlation processing of biological tissues coherent
images: complex degree of mutual polarization
O. V. Angelsky, A. G. Ushenko, Y. G. Ushenko, Yuriy Fedkovych
Chernivtsi National Univ. (Ukraine)
The presentation is devoted to investigation of the statistical
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polarization parameters of biological tissues (BT) histological section
images with different morphological structure. The three main
aspects have been investigated: The first - outlines the results of
polarization coordinate mapping and analysis of the statistics of the
first-fourth orders of biological tissues images polarization azimuth
and ellipticities; the second -is directed to study of statistics first-
fourth order of coordinate distributions of the complex degree of
mutual polarization (CDMP) of biological tissues images; in the third -
the diagnostical possibilities of investigation 2D distributions of
CDMP of images which correspond to physiologically normal and
degeneratively-dystrophycally changed biological tissues have been
analyzed.
On the basis of polarizational measurements technique of 2D
distributions of CDMP of BT images the interconnection between the
statistical moments of CDMP values and the optical-geometrical
structure of degeneratively-dystrophycally changed muscular and
bone tissues architectonics nets. The obtained information about
polarization-correlation structure of images correspond to different
BT morphological structure can be used for elaboration of new
methods of their physiological state analysis.

6191-28, Session 4
Polarization singularities of the object field of skin
surface
O. V. Angelsky, A. G. Ushenko, Y. A. Ushenko, Yuriy Fedkovych
Chernivtsi National Univ. (Ukraine)
The presentation deals with the investigation of formation mecha-
nisms of laser radiation polarization structure scattered by human
skin in two registration zones: a boundary field and a far zone of
Fraunhofer’s diffraction. There has been defined the interrelation of
optical and geometrical parameters of skin architectonics and
formation conditions of polarization singularities of scattered
radiation field as well. There has been studied statistical and fractal
polarization structure of object fields of physiologically normal and
pathologically changed skin.  It has been shown that polarization
singularities of radiation scattered by sound skin samples have
fractal coordinate structure. It is characteristic for fields of pathologi-
cally changed skin to have statistical coordinate structure of
polarization singularities in all diffraction zones.
It is known that biochemical processes of irreversible growth result in
forming biotissue morphological structure. On the other hand, these
processes (aggregation limited by diffusion, dendrite growth, cluster-
cluster aggregation, etc.) lead to formation of self-similar spatial
geometrical structures. In other words, it is appropriate to use fractal
approach for analyzing optical properties of “classical” biological
object like skin. This approach is based on the conception of scale
invariance, self-similarity and coordinate peculiarities (singularities) of
polarization characteristics of object field. Speaking about singularity
we mean such polarization states when having one of orthogonal
amplitude constituents undetermined - a point in scattered radiation
field with linearly or circularly polarized light oscillations.
One can conclude that:
1. It has been proposed theoretically and approved experimentally
the optical model of skin as optical and anisotropic transformer of
laser radiation polarization. There have been determined the
conditions of the formation of object field polarization singularities.
2. Experimentally there has been discovered and studied the
statistical polarization structure of object fields of physiologically
normal and pathologically changed skin in boundary and Fresnel’s
diffraction zones.
3. It has been found out that there is the highest sensibility to
physiological skin state for the 3-th and 4-th statistical moments of
azimuth and ellipticity distributions of object field polarization in
different diffraction zones.
4. It has been shown that one observes the fractal structure for
coordinate distribution of singular polarization states of normal skin
object fields. Pathologically changed skin forms the statistical
structure of polarizations singularities of scattered radiation field in all
diffraction zones.

6191-29, Session 4
Three-dimensional shift-invariant pattern recognition in
digital holographic microscopy
N. Wu, N. A. Halliwell, J. M. Coupland, Loughborough Univ. (United
Kingdom)
Automated analysis of images collected by optical microscopes has
significant potential as a straightforward and cost effective means to
screen biological samples[1]. Depth of field restrictions, which are
particularly severe in the case of high magnification and phase
contrast microscopy, however, limit this approach as a means to
examine more than a few nano-litres. Integrated images formed by
scanning focus rapidly loose clarity and the detailed three-dimen-
sional images that can be obtained by scanning confocal systems
are both time consuming and prohibitively expensive for this task.
One solution to this problem is to record a coherent image using a
holographic microscope. This method was first demonstrated by
Zhang et al.[2] and later refined by Cuche et al.[3]. In essence a
holographic microscope records the interference between light
scattered by the object field and a coherent reference field. By doing
this, all the information present in the three-dimensional is recorded
on a single hologram without any mechanical scanning. With the
phase and amplitude information extracted from the hologram, the
scattered field can be fully reconstructed by simulating optical
propagation. In this way, the depth of field of a holographic micro-
scope is 2-3 orders of magnitude greater than a conventional optical
microscope.
Furthermore advances in digital imaging and processing hardware
mean a detailed reconstruction of both the phase and amplitude of
the scattered optical field is available for subsequent three-
dimensional processing. The use of pattern recognition techniques to
analyse three-dimensional fields recorded using a holographic
microscope was first considered by Dubois et al.[4]. In their work the
optical field was reconstructed plane by plane and image classifica-
tion was performed by the application of a two-dimensional
correlation filter to the reconstructed planes. In this paper we extend
this work by considering the application of single layer (linear) and
cascaded (non-linear) three-dimensional correlation filters. For the
case of single layer systems we show that the output is exactly
equivalent to the method of Dubois et al. while the cascaded filters
provide additional capability as a means to discriminate between and
locate different objects in three-dimensional space.
Reference:
1. M. Cole, C. Fisher and R. H. Heil, Application of pattern recogni-
tion systems for analysis of microscope images Microscope 20 (3),
p.302. (1972).
2. T. Zhang and I. Yamaguchi, “Three-dimensional microscopy with
phase-shifting digital holography”, Opt. Lett., 23, 1221-1223. (1998).
3. E. Cuche, P. Marquet and C. Depeursinge, “Simultaneous
amplitude-contrast and quantitative phase-contrast microscopy by
numerical reconstruction of Fresnel off-axis holograms,” Appl. Opt.
38,(34), p.6994. (1999).
4. F. Dubois, C. Minetti, O. Monnom, C. Yourassowsky, J.-C. Legros
and P. Kischel, “Pattern recognition with a digital holographic
microscope working in partially coherent illumination,” Appl. Opt.,
41, p.4108. (2002).

6191-30, Session 4
Modular digital holographic microscopy system for
marker free quantitative phase contrast imaging of living
cells
B. Kemper, D. D. Carl, A. Hoeink, G. von Bally, Univ. Muenster
(Germany)
In Cancer Research, Life Sciences and Biophotonics a quantitative
marker free and minimal invasive analysis of dynamic life processes
with resolution in cellular and sub cellular scale (e.g. cell reactions to
drugs and drug delivery, cell migration processes, cellular interac-
tions) is of particular interest. Digital holography is an established
technique for technical non destructive testing. In the field of
biomedical applications digital holography offers simultaneously
marker free and quantitative high resolution full field phase contrast
imaging of transparent samples such as living cells [kemper2004].
The lateral resolution of digital holography is restricted to the pixel
pitch of the image recording sensor (e.g. a CCD camera). For this
reason, microscope optics are applied for magnification. A modular
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digital holographic microscopy system for integration in commercial
microscopes has been developed. The system allows the application
of the method in combination with standard microscopy imaging
techniques like Laser Scan Microscopy or Fluorescence imaging as
well as with Laser Micromanipulation. The reconstruction of the
digitally captured holograms is performed by application of a spatial
phase shifting non diffractive reconstruction method [carl2004].
Therefore, in a first step the complex object wave in the hologram
plane is determined by solving a set of equations that is derived from
the interferogram equation and subsequent iterative determination of
reconstruction parameters [carl2004]. Afterwards, a further propaga-
tion of the object wave by numerical evaluation by a convolution
algorithm is applied. As a consequence of the applied algorithms the
reconstructed holographic images contain not the disturbing terms
“twin image” and “zero order”. In combination with microscope
optics the system’s lateral resolution is improved up to the diffraction
limit. The axial resolution is determined up to a few nanometers.
Digital holographic focus adjustment with constant imaging scale
allows a multi focus imaging of object planes from only a single
captured hologram. In this way, mechanical auto focus tracking e. g.
during long term measurements is avoided.
Results of investigations on technical specimen characterize the
lateral and axial resolution of the system. The application of the
system on living cells demonstrated by results obtained from (e. g.
drug) stimulated cellular thickness variations and micro movements
as well as by apoptosis monitoring.
References
[kemper2004] B. Kemper, D. Carl, S. Knoche, R. Thien, G. von Bally,
“Holographic interferometric microscopy systems for the application
on biological samples”, Proc. SPIE 5457, 581 - 588 (2004).
D. Carl, B. Kemper, G. Wernicke, G. von Bally, “Parameter optimized
digital holographic microscope for high resolution living cell
analysis”, Appl. Opt. 43, 6536 - 6544 (2004).
Financial support by the German Federal Ministry of Education and
Research (BMBF) is gratefully acknowledged.

6191-31, Session 4
Digital holographic microcsopy: a new optical imaging
technique to investigate cellular dynamics
P. P. Marquet, Lausanne Hospital (Switzerland); P. Magistretti, B.
Rappaz, École Polytechnique Fédérale de Lausanne (Switzerland); E.
Cuche, E. Yves, Lyncée Tec SA (Switzerland); C. D. Depeursinge,
École Polytechnique Fédérale de Lausanne (Switzerland)
In biology, the visualization of transparent specimens, including living
cells, led to the development of optical contrast-enhancing imaging
techniques. Among the numerous modalities of contrast-enhancing
techniques which have been developed to visualize non invasively
unstained transparent specimens, phase contrast (PhC), initially
proposed by F. Zernicke as a means of image contrast, as well as
Normarski’s differential interference contrast (DIC) are available for
high-resolution light microscopy and widely used in biology. Unlike
the PhC and DIC microscopy techniques, interferometric techniques
present the great advantage of yielding quantitative measurements
of parameters including the phase distribution produced by
transparent specimens. However, whereas interferometric tech-
niques are widely used in metrology, only few biological applications
have been reported in biology.
Here we present an interferometric technique, based on a digital
holography principle, that allows one to measure the phase or the
optical path length distribution (OPL) created by living cells and to
monitor OPL variations induce by biological processes. Digital
holography i.e., digital recording and numerical reconstruction of
holograms, offers indeed new perspectives in imaging, because
numerical processing of complex wave front allows to compute
simultaneously the intensity and the phase distribution of the
propagated wave.
The digital holographic microscope (DHM) that we have developed is
basically a mach-Zehnder interferometer. A laser beam is divided
into beams. The sample is illuminated by one beam through a
condenser. A microscope objective (MO) collects the transmitted
light and forms the object wave, which interferes, in an off-axis
geometry, with a reference wave R to produce an hologram intensity.
The DHM method was realized with standard, commercial opto-
mechanical components. A linearly polarized HeNe laser (10 mW, λ =
633 nm) was used as coherent light source. Primary cultures of

mouse cortical neurons were prepared according to Brewer and
were observed, in a close perfusion chamber, through a 60´, 0.8 NA
MO, that enables a diffraction limited transverse resolution of around
0.6 µm  and a full field of view of 120´120 µm. Holograms (8 bits, 512
´ 512 pixels) were recorded on a standard monochrome CCD video
camera (PCO VX44-C). Acquisition, digitization and reconstruction of
holograms were performed on a 2.66 MHz Pentium IV computer
using a video frame grabber (IMAQ-PCI) within the LabVIEW
environment (National Instruments). The measured irradiance at the
neuronal plane was ~ 200 mW/cm2, which is several orders of
magnitude lower than the power used in classical confocal laser
scanning microscope. Quantitative phase images are obtained by
DHM, according to an original procedure using a single recorded
hologram.
For each pixel, the component of the signal, which accounts for the
cell specific contribution to the optical path length, depends on the
cell thickness, the intracellular mean refractive index  and the
refractive index of the perfusion solution  whose value: 1.3336 ±
0.0002 has been measured with an Abbe refractometer at l= 633 nm.
By assuming, in first approximation, a constant and homogeneous
cellular refractive index nc = 1.3756, one can estimate that a phase
shift of 10° corresponds to a cellular thickness of ~0.45 mm. This
translates into a thickness of 1-3 mm for the neuronal processes and
of ~8-10 mm for the cell body and allows a 3D representation of
living neurons. With the assumption of a constant intracellular
refractive index (which can be discussed given a certain degree of
heterogeneity of constituents), these estimations of cell morphology
give realistic values of typical neuron dimensions.
The stability of the instrument against phase noise has been
assessed by continuously imaging the close chamber containing
only water. For each CCD pixel, the characteristic standard deviation
of the phase temporal fluctuations, over 60-min periods, and with a
16 frame average, has a value of 0.2 degree. This phase pixel-
accuracy is equivalent to l/1800. Considering the characteristic intra
and extra-cellular refractive index values, this corresponds to the
measurement of time-varying morphological cellular processes with
an axial accuracy of ~20 nm.

6191-47, Session 4
Fluorescence lifetime and anisotropy screening of cell
membranes
T. Bruns, Fachhochschule Aalen (Germany); W. S. Strauss, R. Sailer,
Univ. Ulm (Germany); H. Schneckenburger, Fachhochschule Aalen
(Germany)
An optical screening system for measuring membrane fluidities has
been established and applied to living cells at different concentra-
tions of the membrane component cholesterol. A change of the
concentration of cholesterol in cell membranes has been observed
with increasing cell age, and was connected with certain diseases
such as Morbus Alzheimer, Morbus Crohn, Niemann-Pick-disease or
Duchenne and Becker Muscular Dystrophy. Previously a decrease of
membrane stiffness was observed with increasing temperature,
whereas an increase of membrane stiffness was detected at an
increasing cell age.
High Throughput Screening (HTS) and High Content Screening (HCS)
are generally distinguished, where in the first case a rapid measure-
ment of large sample numbers (for example in micro-well plates) and
in the second case a high information content from a single sample
is desired. In a present research and development project a HCS-
system for the parameters fluorescence lifetime (Fluorescence
Lifetime Screening, FLiS) and fluorescence anisotropy (Fluorescence
Lifetime Polarization Screening, FLiPS) are to be established and
integrated into an existing HTS-system.
Therefore, a fluorescence marker applied to cultivated cells was
excited by picosecond laser pulses, and its emission was detected
for polarizations parallel and perpendicular to the exciting laser
pulses. While the fluorescence lifetime represents a general measure
for the interaction of a marker molecule with its molecular or cellular
environment, the fluorescence anisotropy corresponds to the time of
rotation of this molecule from a position with defined orientation into
a position with arbitrary orientation and reflects directly the viscosity
of the environment and thus membrane fluidity.
The fluorescent membrane markers 22-(N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino)-23,24-bisnor-5-cholen-3beta-ol (NBD cholesterol)
and possibly 6-Dodecanoyl-2-dimethylaminonaphthalin (Laurdan) are
used in an established cell line (human U373-MG glioblastoma cells).
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The Laurdan molecule incorporates into cell membranes. Its
fluorescence spectra and lifetimes change during dipole-dipole
interaction with water molecules of the adjacent cytoplasm and
depend on the stiffness of the respective cell membrane. NBD
incorporates likewise into cell membranes and exhibits fluorescence
intensity dependent on cell fluidity.
The present HTS-system is suitable for selective investigations of cell
membranes due to total internal reflection (TIR) on the 96 samples of
a micro-well plate with an evanescent electromagnetic field
penetrating about 150 nm into the samples and exciting fluores-
cence markers selectively in the plasma membrane. By combination
of a HTS- and a HCS-system a larger number of samples can be first
evaluated simultaneously, and particularly interesting samples are
then characterized in detail by FLiS and FLiPS.
In addition to screening applications using micro-well plates,
fluorescence lifetime and polarization measurements were carried
out as a function of cholesterol concentration in microscopic scale
using optical excitation of either whole cells (upon epi-illumination) or
plasma membranes (upon TIR-illumination).

6191-32, Session 5
Quantum dots as resonance energy transfer aceptors for
monitoring biological interactions
N. Hildebrandt, Univ. Potsdam (Germany); L. Charbonnière, R.
Ziessel, Univ. Louis Pasteur (France); H. Löhmannsröben, Univ.
Potsdam (Germany)
Spherically or ellipsoidally shaped nanoparticles, also called
quantum dots (qdots), have become attractive building blocks in
nano- and biotechnology over the past 10 years. Their extremely
large absorption cross sections and unique size-dependent
luminescent properties, yielding tunable narrow emission bands with
quantum yields close to unity, as well as the possibility of surface
functionalization for biocompatibility has made qdot research to a
stronlgy emerging field with scientific and commercial interest.
In Resonance Energy Transfer (RET), a technique which is ideally
suited for biological events occurring at the nanometer scale, qdots
have been successfully applied as donors but never as acceptors
due a slow rate of RET from organic or inorganic donors compared
to their fast radiative decay rates. [1]
In this contribution we show that CdSe/ZnS core/shell quantum dots
surface functionalized with biotin molecules are excellent energy
acceptors in a time resolved fluoro-immunoassay format based on
interaction with lanthanide chelate labelled streptavidin as energy
donor. The trivalent ions of Europium (Eu) and Terbium (Tb),
embedded in a light-collecting and water-protecting chelate, [2]
show efficient energy transfer to the qdots, as is evident both by
nanocrystals emission sensitization and by a thousand fold increase
of the qdot luminescence decay time, reaching some hundreds of
microseconds.
The energy transfer experiments were performed on a modified
commercial fluoro-immunoassay (FIA) reader system
(KRYPTOR^TM, Societé Cezanne, Nîmes - France) using the strong
biotin-streptavidin-interaction as biological recognition process.
Increasing amounts of biotinilated qdots (Biot-QD) were added to a
solution of lanthanide chelate labelled streptavidin (LnL-Strep) and
the time-resolved emisson signals at 545 and 665 nm were mea-
sured. In a control experiment pure LnL was used instead of LnL-
Strep to rule out dynamic energy transfer between LnL and qdots.
For TbL the efficiency of the energy transfer phenomenon was 64%,
with a very large Förster radius of 81 Å resulting from the extremely
high qdot absorption. The recognition process led to a very low
detection limit of 3Å~10^-12 M for qdots in this type of homoge-
neous assay operating in a time resolved acquisition mode. [3]
We conclude that the long-lived LnL donors overcome the problem
of low RET efficiency to qdot acceptors and that the LnL-qdot
couple is a powerful tool for monitoring biological interactions as it
expands the scope of applications of energy transfer experiments to
very big proteins without the need to use large fluorescent proteins
as energy donors or acceptors.
References:
[1]  A.R. Clapp, I.L.  Medintz, B.R. Fisher, G.P. Anderson, H.
Mattoussi  J. Am. Chem.  Soc. 2005, 127, 1242-1250.
[2]  N. Weibel, L.J. Charbonnière, M. Guardigli, A. Roda, R. Ziessel  J.
Am. Chem. Soc. 2004, 26, 4888-4896.

[3]  N. Hildebrandt, L.J. Charbonnière, M. Beck, R. Ziessel, H.-G.
Löhmannsröben  Angew. Chem. Int. Ed. 2005, in print

6191-33, Session 5
Quantum dots as acceptors in FRET-assays containing
serum
M. Beck, N. Hildebrandt, H. Löhmannsröben, Univ. Potsdam
(Germany)
Quantum dots (qdots) are gaining more and more interest for
biological applications. Qdots are chiefly used as fluorescing
markers for imaging because their optical properties seem to be inert
against their surrounding solvent. This, together with broad absorp-
tion bands and sharp tunable luminescence bands, makes them
interesting candidates for Förster Resonance Energy Transfer
(FRET), e. g. for sensitive homogeneous fluoro-immunoassays (FIA).
The use of qdots as donors in FRET was already reported earlier
(see, e.g., [1]), whereas their employment as acceptors proved to be
difficult [2], and was only recently unequivocally demonstrated [3].
With their unique and robust photophysical properties, qdots
promise FIA optimization and the potential for multiplexing.
In this contribution we demonstrate energy transfer from Eu-TBP
donors (conjugated with streptavidin) to biotinized qdot acceptors in
solutions with and without serum. The commercially available
cryptate embedded Eu-ions are known to be efficient donors with
long decay times (hundreds of microseconds). After excitation of Eu-
TBP and as result of the energy transfer, the luminescence of the
qdots acceptors also showed elongated decay times.
The energy transfer system was achieved by the biotin-streptavidin-
binding of donors and acceptors. FRET between non-bound
molecules could be excluded. The qdots are commercially available
CdSe-ZnS core-shell particles emitting at 655nm. For detection
purposes we used a commercial FIA reader system (KRYPTOR(TM),
Societé Cezanne, Nîmes, France) as well as a spectrometer coupled
with an ICCD camera. The assays contained different amounts of
donor molecules with the same acceptor concentration.
The energy transfer efficiency, as calculated from the decay times of
the conjugated and the unconjugated components, amounted to
37%. The Förster-radius, estimated from the absorption and
emission bands, was ca. 80 Å. The effective binding ratio, which not
only depends on the ratio of binding pairs (here streptavidin-biotin)
but also on unspecific binding, was obtained from the concentration
dependence of the donor emission. Serum promotes unspecific
binding, such reducing the overall FRET efficiency of the assay.
We conclude that qdots are good substitutes for acceptor in FRET.
The investigation of the influence of the serum provides guidance
towards improving binding properties of qdot assays.
References:
[1] D.M. Willard, L.L. Carillo, J. Jung, A.V. Orden Nano Letters 2001,
1, 469-74.
[2] A.L. Clapp, I.L. Medintz, B.R. Fisher, G.P. Anderson, H. Mattoussi
J.Am.Chem.Soc. 2005 , 127, 1242-1250
[3] N.Hildebrandt, L.J. Charbonnière, M.Beck, R. Ziessel, H.-G.
Löhmannsröben Angew.Chem.Int.Ed. 2005, in press

6191-34, Session 5
Toward new biocompatible nanostructured biomarkers
by femtosecond laser ablation in liquid environment
L. Sajti, A. Said, S. Giorgio, W. I. Marine, Ctr. de Recherche en
Matière Condensée et Nanosciences (France)
The last decade’s nanotechnology, including nanobiotechnology,
has emerged as a new field of physico-designers and chemico-
architectures to manufacture new types of functional molecules.
Biocompatible markers offer the possibility of studies, early detection
and treatment of disease. Recently it has been shown that the
femtosecond material ablation is a promising method to synthesize
hybrid, organic-inorganic materials with size in the nanometer range.
Since the effects of laser irradiation of materials in the ultrashort time
regime is not yet completely understood, in our investigations we
focus on the femtosecond pulse laser ablation (PLA) in liquid
environment to show that this is a new, useful method of producing
the complex nanohybrid materials.
We report the first experiment results of PLA nanohybrid synthesis in
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different pure liquids and organic dye solutions. For ablation we use
a       Ti: Sapphire laser system and semiconductor oxide targets. We
present the first observations of the femtosecond laser induced
plasma-formation in liquid by using fast imaging and time resolved
optical spectroscopy with an intensified CCD device. Following the
ablation experiments, the size distribution and morphology of the
formed nanoparticles were analysed by adopting atomic force and
transmission electron microscopy.
Furthermore, we perform photoluminescence and transmission
measurements of the nanohybrid-contained solutions and solid
nanohybrids to study the optical properties of the synthesized
materials.

6191-35, Session 5
Distributive tactile sensing using fibre Bragg grating
sensors
B. M. Cowie, D. J. Webb, B. Tam, P. Slack, P. N. Brett, Aston Univ.
(United Kingdom)
Artificial tactile sensing is a highly sought after goal. While the rapidly
falling cost of machine vision systems based on video imaging has
meant that automatic identification of objects in many applications
can now be achieved visually, there are still applications where
artificial tactile sensing is greatly desirable. Examples of these
include harsh environments where video equipment is impracticable,
the assessment of soft deformable objects or surface textures, and
minimal access surgery where tactile feedback would be invaluable
to the surgeon in assessing the condition of organs and tissues.
In standard tactile sensing technology, an array of a large number of
sensors is used whose outputs are ideally linear and independent of
each other. In distributive tactile sensing by contrast, a small number
of sensors is used, whose outputs exhibit a high degree of cross
coupling and are not necessarily linear. These sensors are fixed to a
homogenous flexible substrate of known bending behaviour, and a
neural network interprets the sensor output data, having been
previously trained to discriminate between different kinds of contact
(1).
Smart surfaces and structures are being developed and used in
many roles including fault recognition and structural monitoring.
Many of these applications also employ neural networks to interpret
and classify the data (2). We present a smart surface incorporating
fibre Bragg grating sensors which can recognise the position and
shape of a load placed upon it. This forms a two-dimensional tactile
sensing surface. It is believed that this work represents the first use
of fibre Bragg grating sensors in a distributive sensing regime.
First we discuss the application of this technology to a one-
dimensional system, being developed with the ultimate aim of
providing an endoscope with tactile sensitivity, and compare the
performance of fibre Bragg grating strain sensors with that of
conventional resistive strain gauges. The data shows that the fibre
Bragg gratings generally performed better in this arrangement than
the resistive gauges. Having established the suitability of fibre Bragg
grating sensors for use in this sensing regime, we describe a 2
dimensional ‘smart surface’, comprising a simply supported stainless
steel plate, which has a sensitive area of dimensions 160mm x
280mm. Nine fibre Bragg grating sensors were mounted on the
underside of the plate. The sensors were multiplexed, having
different reflective wavelengths so that they were contained within
one fibre with a single connection.
The smart surface was first trained to recognise the position of a
load placed upon it. The neural network was trained by presenting to
it a set of training data (sets of sensor output values together with
their respective load positions) and a second similar set of validation
data. The internal constants or ‘weights’ used by the neural network
are adjusted by the training software so that the error between the
load position predicted by the neural network for the validation data
inputs and the actual load position is minimised.
Most smart surfaces using neural networks use theoretically derived
data with added Gaussian ‘noise’ to increase the spread of the
training data.  Here we used experimentally collected data to train,
validate and test the system. Those schemes which do use experi-
mentally collected data for training frequently collect one batch of
data, allocating it into subsets for training, validation and testing.
Here the test data was collected independently of the training and
validation data to more closely reflect the conditions of a practical
system. The neural network architecture is a standard multilayer

perceptron containing a number of hidden nodes. The architecture
was optimised by assessing the performance of a large number of
possible alternatives.
The smart surface was able to detect the load position to within an
average of 4.5%. The performance of this system is compared with a
similar arrangement using 16 displacement sensors which had a
similar level of accuracy.
We next explain how the system has been trained to recognise the
shape of a load, using four shapes of equal area and weight. Initially
the load was placed at a set position, and the shapes were distin-
guished successfully 100% of the time. Then the range of positions
on the surface at which the load was placed was increased until the
entire sensitive area of the plate was used. Positions close to the
edges of the surface achieved at least 75% accuracy, with positions
nearer to the centre of the surface approaching 90%. Shapes which
were more similar to each other (i.e. square and circle) had a lower
detection rate than those such as the triangle and rectangle, which
achieved detection rates approaching 100%. We compare the
performance of separate shape and position detection systems with
that of a system using two cascaded neural networks to simulta-
neously detect both parameters.
Possible applications for this sensing surface include balance and
gait monitoring, industrial pick and place applications and security
systems. The fact that Fibre Bragg grating sensors can be embed-
ded within materials and can operate at high temperatures and
within harsh and electrically noisy environments gives this system
clear advantages in such applications.
1. Petra I., Holding D.J., Blow K.J., Tam B., Ma X., Brett P.N., The
design of a flexible digit towards wireless tactile sense feedback,
Proceedings of  8th Int. Conf. on Control, Automation, Robotics and
Vision (ICARCV), 2004, pt. 1, p 468-73 Vol. 1.
2. Worden K., Ball A. D., Tomlinson G.R., Fault location in a
framework structure using neural networks, Smart Materials and
Structures. 2 (1993) 189-200.

6191-36, Session 5
Glass-based fluorescence reference materials used
A. Engel, C. Ottermann, Schott AG (Germany); U. Resch-Genger,
Bundesanstalt für Materialforschung und -prüfung (Germany); J.
Spaeth, S. Schweizer, J. Selling, Univ. Paderborn (Germany); K.
Hoffmann, Bundesanstalt für Materialforschung und prüfung
(Germany); V. Rupertus, Schott AG (Germany)
Fluorescence techniques are known for their high sensitivity and are
widely used as analytical tools and detection methods for product
and process control, material sciences, environmental and
biotechnical analysis, molecular genetics, cell biology, medical
diagnostics, and drug screening.
The fluorescence inherent problems for the benefit of users of
fluorescence techniques are to demonstrate the need for an
improved quality assurance. According to DIN/ISO 17025 certified
standards are used for fluorescence diagnostics having the
drawback of giving relative values only.
The need for and requirements on fluorescence reference materials
or standards are to verify the performance of instruments and to
improve the comparability of fluorescence data.
This is especially true for biomedical applications where fluorescence
labels are used to detect special proteins for example.
In particular these labels consists of nano crystalline materials like
CdS and CdSe, others non-Cadmium containing materials are under
investigation.
In order to evaluate these figures it is necessary to calculated
absolute number like absorption/excitation cross section and relative
quantum yield. This can be done using different degree of dopands
in glass, glass ceramics or crystals.
We consider the different types of glass - silicate, phosphate and
boron glass - as the key for the absorption and emission mechanism.
Additional to the so-called elementary fluorescence properties by
raw earth elements for example the formation of defects occur as an
additional mechanism with even higher cross sections.
Characterisations on wavelength accuracy and lifetime have been
performed. Moreover intensity patterns and results for homogeneity,
isotropy and photo stability will be discussed.
In this paper we present first results of these aspects for glass and
glass ceramics doped with raw earth element and transition metals
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ions.
Work is funded by BMBF under project number 13N8849

6191-37, Session 5
Fiber optical sensor for noninvasive optical reflective and
thermal emission spectroscopic measurements of blood
content in cutaneous tissue
V. A. Saetchnikov, E. A. Tcherniavskaia, Belarusian State Univ.
(Belarus); G. O. Schiffner, Ruhr-Univ. Bochum (Germany)
1. Background.
Most methods for noninvasive measurement of glucose concentra-
tion are based on monitoring extremely weak near-infrared glucose
absorption spectral features or use the nonspecific effect of glucose
on the tissue scattering coefficient. There are several problems to get
a proper accuracy of measured data. Promising approach for
noninvasive measurement of glucose concentration in cutaneous
tissue based on evaluation indices associated with the oxidative
metabolism of glucose have been developed. Body heat generated
by glucose oxidation is based on the subtle balance of capillary
glucose and oxygen supply to the cells. Hence, blood glucose can
be estimated by measuring the body heat and the oxygen supply.
The variables in this model consist of heat generated, hemoglobin
(Hb) concentration, oxyhemoglobin (HbO2) concentration, and blood
flow rate. So thermal and optical sensors are used to measure these
values simultaneously and, through statistical manipulations,
quantitatively derive the concentration of blood glucose.
2. Methods.
Noninvasive thermal and optical sensors on different parts of
individual body have been used to measure thermal generation,
blood flow rate, hemoglobin (Hb) concentration, and oxyhemoglobin
(HbO2) concentration. The sensor pickup contains of several sources
of optical radiation, heat and optical detectors combined with fiber
optical bundles and PIR fibers, to deliver heat and optical radiation
just inside and through the body. The sensor pickup measures the
following physicochemical indices in an individual: thermal genera-
tion, heat balance, blood flow rate, Hb and HbO2 concentrations and
several environmental conditions.
The heat generated by glucose oxidation in the human body is
measured by the principle of heat diffusion. Surface body tempera-
ture, ambient room temperature and background radiation tempera-
ture are derived from four heat sensors and are used to measure
conduction, convection, and radiation of heat from the body. Blood
flow rate is directly proportional to determined by thermal conductiv-
ity of the skin. The device measures heat transferred from the body
to the two thermistors through the skin and estimates blood flow rate
by monitoring the change in temperature for the contact duration
between the contact and adjacent thermistors.
Optical measurements are based on the principles of diffuse
reflectance. The optical sensors use visible and near-infrared
spectral reflectance to generate the metabolic values for the Hb and
HbO2 concentrations obtained from the fingertip. Multi wavelength
spectroscopy used light-emitting diodes (LEDs) and multi segments
photodiodes provides a reflectance spectrum and then be converted
to absorbance values. Multi leg optical fiber bundle leads light from
the LEDs and to the photodiodes and is arranged to measure the
diffuse reflection, just inside and through the skin surface up to the
depth 2.5 mm.
Thermal and optical measurements previously were adjusted to
characteristic spectral ranges using: for thermal range - fast nitrogen
cooled mid infrared detectors, narrow collimated thermopile coupled
into PIR fibers and supplied by spectral selective elements and for
optical range - a standard spectroscopic equipment (spectrograph,
16-bit cooled CCD camera, halogen lamp and laser diodes).
The calibration and glucose measurement processes were per-
formed independently. Multivariate statistical analysis was applied to
convert various signals from the sensor pickup into physicochemical
variables. By comparing the values from the noninvasive measure-
ment with the venous plasma glucose result from the same patient,
we obtained the analytical functions for each patient.
3.Results.
Thermal and optical response of humans to carbohydrate - rich
meals and high - protein/no-carbohydrate meals have been
investigated. Probe design allowed measurement of optical
properties down to a depth of 2.5 mm in the skin, where temperature
was controlled and varied. This depth includes the cutaneous

vascular system (upper plexus, lower plexus and connecting
arterioles, venules, and shunts), which contributes to the control of
the body temperature. Cutaneous blood flow depends on tempera-
ture. Cutaneous red blood cell flux varies between comparable sites
in the same individual, and 1-mm2 areas of vascular “territories”
surrounded in part by relatively avascular areas have been identified
in human skin. Thus, even if the shape of the curve is tracking the
change in glucose concentration, a constant-term difference may
result from positioning of the illumination and detection fibers with
respect to vascular territories and avascular areas in the skin, and/or
with respect to pockets with different refractive index values.
A linear regression model based on temperature-modulated
reflectance data monitored changes in glucose concentrations.
Thermal and optical signals monitored the change in glucose
concentration. When we used calibration data from a carbohydrate-
meal day, the data predicted glucose concentration changes in other
carbohydrate meal tests but showed scatter in the control runs.
Generally, correlating glucose concentration to the optical signal
assumes that the glucose concentration is the only time-dependent
variable. Spectral bands in the used wavelength range correspond to
blood absorption and thus reflect hemodynamic changes in
cutaneous tissue. Localized reflectance data correlate with hemoglo-
bin concentration. Glucose has a vasoconstricting effect and also
affects tissue light scattering by changing the refractive index of
intercellular fluid. So the effects of temperature and a change in
glucose concentration on human skin are twofold: they affect
cutaneous vascular circulation (physiologic effect) and the affect
cutaneous light scattering (physical effect). The correlation between
glucose concentration and optical signal in this spectral range may
thus be attributed to the effect of glucose on cutaneous hemody-
namic response and refractive index changes.
4. Conclusions
We have developed a noninvasive process for the measurement of
blood glucose. The physiologic indices of glucose oxidative
metabolism can be thermally and optically measured by various
sensing modalities, and blood glucose concentration can be derived
by the methods of multivariate statistical analysis. This study shows
that the method provides a foundation for measuring blood glucose
noninvasively. Clinical studies are currently ongoing to further
characterize the performance of this technology.

6191-48, Session 5
Novel concepts of vertical-cavity laser-based optical
traps for biomedical applications
A. Kroner, J. F. May, I. Kardosh, F. Rinaldi, R. Michalzik, Univ. Ulm
(Germany)
Since its discovery by A. Ashkin in the early 1970s [1], optical
trapping has evolved into a common tool in biomedicine. Based on
the momentum conservation of photons, laser beams can be used to
trap and manipulate microscopic, transparent biological particles like
cells without the risk of contamination. Furthermore, by choosing
lasers with an emission wavelength in the near-infrared spectral
region, where biological material shows only low absorption, physical
damage due to heating can be minimized.
Nowadays, Nd:YAG lasers are commonly used as laser sources in
commercial optical trapping systems due to their near-infrared
emission wavelength and high available output power. However,
these lasers are generally both bulky and expensive. Edge-emitting
laser diodes can overcome these disadvantages, but additional
beam corrections are required to transform their elliptical beam
profile into a circular one [2].
Here, the use of vertical-cavity surface-emitting lasers (VCSELs)
yields various benefits. Unlike edge-emitting lasers, their cavity is
oriented perpendicular to the wafer surface, what permits on the one
hand a cylindrically symmetric structure, leading to a circular output
beam profile without any external beam correction. On the other
hand it enables an easy fabrication of one- and two-dimensional
laser arrays. Furthermore, typical output powers of some milliwatts
and wavelengths of 850 or 980 nm as well as their small dimensions
and low cost recently spurred an interest in VCSELs as laser sources
in optical traps [3-5]. VCSEL arrays allow to build up multiple traps in
a straightforward manner.
In this contribution we present different concepts of VCSEL-based
optical traps aiming for applications in biomedicine, in particular in
the field of cell manipulation. The nanoscale multilayer structure is
grown by molecular beam epitaxy on GaAs substrate and standard
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processing into high performance oxide-confined VCSELs is
performed. To examine and prove their suitability in trapping
applications we performed basic experiments with VCSELs emitting
at 850 nm wavelength in a standard setup for optical tweezers. The
name “optical tweezers” indicates three-dimensional trapping of
particles by a single laser beam. Therefore, the output beam of the
VCSEL was focused tightly by a microscope objective with a
numerical aperture of 1.25 to create a strong intensity gradient at the
sample plane. With this setup we have stably trapped 6 µm sized
polystyrene particles in water with trapping forces of up to 3.3 pN
with an optical power at the sample stage of only 2.8 mW. Further-
more, stable trapping of particles with 4, 10 and 15 µm diameter was
also demonstrated, where singlemode and multimode VCSELs were
found to show an equally good performance. By introducing two-
dimensional 4x8 elements VCSEL arrays into the setup, multiple
trapping of particles as well as their non-mechanical transport was
achieved by passing particles between traps.
While the above described setup offers a low-cost alternative to
commonly used trapping systems, it has still large dimensions. To
scale down the structure significantly, we replaced the focusing
microscope objective by microlenses directly integrated on the
output facet of top-emitting AlGaAs VCSELs. The lenses are made of
PMGI photoresist and are formed by a thermal reflow process. PMGI
is well suited for this application due to its high thermal stability and
its transparency in the near-infrared. The integration of the lenses
virtually leaves the laser characteristics unaffected. Multimode
output powers of more than 15 mW have been achieved. Further-
more, we performed measurements of the transverse intensity profile
close to the laser surface, confirming the focusing effect of the
microlenses. These devices have been used to build up small-sized,
integrated, two-dimensional traps avoiding any external optics. The
laser was placed in a distance of only 10 µm below a sample stage,
consisting of a 30 µm thick glass, a cover slip and a PDMS spacer.
With this setup we have elevated and stably trapped 10 µm sized
polystyrene particles at the top of the sample stage.
To decrease distortions of the trap due to the multimode output
beam profile which often shows a doughnut-like shape we applied
the technique of the inverse surface relief [6], by which we have
increased the singlemode output power to up to record-high values
of 5.9 mW. The performance of these devices as laser sources in
integrated optical traps is currently under investigation and will be
presented at the conference.
The most interesting application of integrated optical traps is in the
field of microfluidics, especially for cell manipulation. Here, we have
examined and simulated different approaches for the sorting and
fractioning of cells, based on the usage of specially adapted two-
dimensional VCSEL arrays. The realization of these structures is
aiming for potentially very low-cost and small-sized tools for
noninvasive cell manipulation in future lab-on-a-chip environments.
References:
[1] A. Ashkin, “Acceleration and trapping of particles by radiation
pressure”, Phys. Rev. Lett., vol. 24, no. 4, pp. 156-159, 1970.
[2] P.N. Prasad, Introduction to Biophotonics. Hoboken, NJ, USA:
John Wiley & Sons, 2003.
[3] F. Sumiyama, Y. Ogura, and J. Tandia, “Stacking and translation
of microscopic particles by means of 2x2 beams emitted from a
vertical-cavity surface-emitting laser array”, Appl. Phys. Lett., vol.
82., no. 18, pp. 2969-2971, 2003.
[4] A.L. Birkbeck, R.A. Flynn, M. Ozkan, D. Song, M. Gross, and S.C.
Esener, “VCSEL arrays as micromanipulators in chip-based
biosystems”, Biomedical Microdevices, vol. 5, no. 1, pp. 47-54,
2003.
[5] A. Kroner, I. Kardosh, F. Rinaldi, and R. Michalzik, “Towards ultra-
compact optical tweezers without external optics”, in Proc. CLEO/
Europe 2005, paper CL4-2-FRI. Munich, Germany, June 2005.
[6] H. Unold, S.W.Z. Mahmoud, R. Jäger, M. Golling, M. Kicherer, F.
Mederer, M.C. Riedl, T. Knödl, M. Miller, R. Michalzik, and K.J.
Ebeling, “Single-mode VCSELs”, SPIE Proc., vol. 4649, pp. 218-229,
2002.

6191-38, Session 6
Role of speckles in laser Doppler perfusion imaging: an
investigation on particle suspensions
V. Rajan, B. Varghese, T. G. Van Leeuwen, W. Steenbergen, Univ.
Twente (Netherlands)

Laser Doppler perfusion imaging (LDPI) is a non-invasive technique,
to measure blood flow maps on an area of tissue. The fundamental
output quantity of a laser Doppler flowmetry  (LDF) instrument is the
first moment M1 of the power spectrum P(w) of the detector signal
fluctuations. LDF is essentially an interferometric method in which
coherent light waves escaping from the tissue interfere on the
detector. The large amount of waves illuminating the detector
generates a speckle pattern. For moving scatterers the speckle
pattern fluctuates which causes fluctuations in the detector signal.
Hence the photodetector signal generated in LDF instruments can be
explained in terms of speckles. Other techniques for measuring
perfusion from dynamic speckles are based on calculation of
differences between subsequent speckle fields and speckle contrast
analysis. Earlier Briers et.al. compared speckle contrast and laser
Doppler techniques and suggested that each technique might have
much to learn from each other.  In this work, we show the influence
of speckles in LDPI signal and that quantifying the speckle phenom-
enon and its spatial properties is essential to account for the system
response at different tissue optical properties and beam sizes. Water
suspensions of Polystyrene micro spheres (Polysciences Inc) of
different sizes are used to make the phantoms, which mimic tissue
optical properties. The polystyrene suspension is further diluted to
make samples with reduced scattering coefficients (µs) of 0.5,1,2,3
and 4mm-1 following Mie theory. Ecoline Black is added to get
absorption similar to tissue (µa=0.02mm-1). The preparation method
and the commercially obtained sample concentration are verified by
total attenuation coefficient measurement. For this very dilute
suspension of polystyrene suspension is made and the total
attenuation coefficient is measured using the Beer-Lambert law.
The power spectrum is measured for different scattering levels of
each sample for different beam widths and the first moment (M1) is
calculated. To examine the influence of speckle size variation on
perfusion signal M1 is calculated as a function of reduced scattering
coefficient and beam diameter. It is observed that the variation in
scattering levels result in a considerable variation of M1, also for
wider beam this variation is very less. Moreover the suspensions with
low scattering levels (µs=0.5,1.0mm-1) appear to have little influence
on the perfusion signal with varying beam width. This clearly shows
the speckle related cross talk between scattering level and beam
diameter on LDPI signal. As the scattering level increases the
speckle size also increases since the higher scattering level results in
a narrow back scattered intensity distribution and smaller speckles.
This increase is large for narrow beam since the narrow beam itself
contributes to a narrow intensity distribution and wider speckles.
Hence the variation of signal with scattering levels is large for narrow
beams. But for wide beams that result in large intensity distributions
and smaller speckles, suppresses the speckle size variation by the
scattering levels. So the speckle related cross talk here is getting
suppressed.  In summary, we have shown that, the type of tissue
affects the instrumental response through the speckles in an
independent way. This speckle related cross talk between scattering
level and LDPI signal could be suppressed using a sufficiently large
beam size, but at the expense of signal to noise ratio and spatial
resolution.

6191-39, Session 6
Space-time modeling of the diffusion of photons in a
model with 3 layers: application to the study of muscular
oxygenation
C. Mansouri, ISAIP-ESAIP (France); J. P. l’Huillier, École Nationale
Supérieure d’Arts et Métiers (France); A. Humeau, ISAIP-ESAID
(France)
The application of the lasers in the medical field provides new non-
invasive techniques supporting the diagnosis of major tissue
structures. In this context, the combined action of the absorption
and diffusion coefficients of tissues, modulates the penetration of the
radiation in the structures to be explored.
In addition it was shown that radiation wavelengths spread out
between the limits fixed by the interval of the therapeutic window
(0.6 µm-1 µm), allow access to structures located at depths of
several centimeters of the explored medium.
Among the various techniques implemented and aiming at appre-
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hending the optical parameters, the temporal method offers certain
assets related to the simplicity of extraction of the latter.
This work presents results on the modelling of the photons diffusion
in a model with 3 layers: the skin (thickness 1mm), the fat (thickness
within 2 to 8 mm) and the muscle. The finite element method is
implemented in order to calculate the temporal response of the
above mentioned structure, with a luminous impulse of 1 ps.
For a distance between the source and the receiver (located on the
surface) fixed at 30 mm, various simulations reveal that the decreas-
ing part of the temporal response contains the information correlated
with the absorption coefficient of the third layer (muscle).
It is shown, in addition, that according to this configuration, it is
possible to recover with a good precision this coefficient and this
until a thickness of the layer of fat not exceeding 5 mm. Beyond this
limit a correction is proposed in order to make measurements
coherent. The field of application of this method could be extended
to other more complex models like the brain for example.

6191-40, Session 6
Comparison between finite element method and Monte
Carlo results in spectroscopy studies for multilayered
biomedical tissues
M. Kervella, Institut Superieur (France); J. P. L’Huillier, Ecole
Nationale Supérieure d’Arts et Métiers (France); A. Humeau, Institut
Superieur (France)
The use of light in both diagnosis and treatment applications has
grown rapidly over the past few decades. One example incorporates
the use of near-infrared light as a physiological probe and imaging
tool for biological tissue, particularly with applications for the women
breast [1] and the brain. For these purposes, great efforts have been
made to determine the optical properties of biological tissue that
can, in turn, be used to obtain knowledge of the physical state of
tissue. In almost all applications, models have assumed homoge-
neous tissues. Unfortunately, this assumption is often not valid.
Instead, many tissue parts have a layered structure: skin and
subcutaneous fat above the muscle in the extremities, layers of the
head above the brain. However, the principal key point of the optical
properties determination is the quality of the experience simulations.
Propagation and distribution of light produced by illumination of
turbid tissues have to be fast and efficiently estimated. That is why
the mechanism of light diffusion has been the subject of different
descriptions. The present work aims at comparing simulations of
photon transport phenomena in biological multi-layered tissues by
means of two methods: Monte Carlo procedure and finite element
code, under the consideration of the diffusion approximation. Each
of the two methods presents its proper limitation.
Monte Carlo simulations provide exact solutions to the Boltzmann’s
transport equation but are computationally expensive [2]. The
technique is based on probability functions of random numbers
which describe the variable step size a photon will take between
photon-tissue interaction sites, or the angle of deflection a scattered
photon may experience due to a scattering event. The aim of the
Monte Carlo method is to replace a deterministic problem by an
equivalent stochastic problem. Therefore, its strategy is based on the
random history of individual particles that is simulated. The quantities
of interest are then tallied and the results averaged over many
particles histories. Despite their reliability and because of their
statistic aspects, Monte Carlo simulations usually require the
generation of an important number of photons in order to obtain a
correct variance. It is thus a very computationally expensive method.
On the contrary, time-resolved distributions of light obtained by the
finite element method are less time-expensive. The process
centrepiece, from which everything emanates, is the mathematical
model of the diffusion approximation. The finite element method can
easily takes the physical system into account. A free meshed grid
number and the position of the nodes can be chosen. This repre-
sents the main advantage of finite element models: their flexibility.
Indeed, a tight meshing for the strategic areas can be chosen and a
large meshing can be adopted for regions that only need a rapid
investigation. After having fixed a number of nodes and cells in order
to optimize the computational time and the precision, the finite
element equations are processed by an equation solver, which
delivers discrete solutions at each node. Our finite element code is
based on the Galerkin weighted residual method [3]. The latter deals
easily with boundary conditions and allows the minimization of the

residual error which is the amount by which the discrete solution fails
to satisfy the mathematical model.
A method of implementing temporal impulse response within a finite
element method formulation of the diffusion approximation has been
developed. The results of the time-resolved diffuse reflectance
obtained by both Monte Carlo procedures and the finite element
method are promising to investigate quantitatively the distribution
resulting from photon transport in multi-layered systems. This
comparison allows us to calibrate the finite element specifications
and to valid them only one time for all future experiences. One other
advantage of the described finite element method is that it is easy for
the investigations of multiphysic situations such as fluorescence
reemitted from hidden objects [4][5]. Further investigations are now
required to adapt such procedures to breast tissue imaging.

6191-41, Session 6
Diffusing-wave spectroscopy beyond the diffusive regime
R. Carminati, R. Pierrat, J. Greffet, École Centrale Paris (France); F.
Scheffold, Univ. Fribourg (Switzerland)
The technique of Diffusing-Wave Spectroscopy (DWS) has been
developed in order to relate temporal fluctuations of light to average
particle motion in the multiple scattering regime. DWS has been
applied to the dynamic imaging of various materials, including
biological media.
The standard DWS theory relies on the diffusion approximation,
which describes energy transport at large length scales (much larger
than the transport mean-free path l*) and at long times (much larger
than l*/c, where c is the energy velocity). Extending the DWS theory
to the intermediate multiple scattering (but non-diffusive) regime is a
relevant issue, since recent imaging techniques involve scales
ranging from the cell to the whole animal. In particular, a model
allowing the description of the transition from the single-scattering to
the diffusive regime is needed.
In this work, we present an extended theory for DWS, which is not
restricted to the diffusive regime. It relies on a random-walk
approach and the time-dependent Radiative Transfer Equation (RTE).
The RTE is a Bolzmann-type transport equation, which was first
developed for radiative transfer and neutron transport. The use of the
RTE allows to avoid a number of fundamental and practical
drawbacks of the diffusion approximation. (i) The validity of the RTE
is not restricted to large systems and long times. (ii) The boundary
conditions can be handled exactly with the RTE approach. (iii) The
RTE allows to deal with arbitrary scattering properties and an
arbitrary level of absorption. This is particularly important in the
context of imaging through biological tissues.
Using the extended DWS theory, we obtain two important results. (1)
In a reflection geometry, we consider path-length resolved DWS
(based on low-coherence interferometrry). We show that the
crossover between the single-scattering and diffusive regimes, which
was observed experimentally in previous studies, can be described
without any fitting parameter. (2) In a transmission geometry, we
show that deviations from the standard DWS theory results can be
observed, even on path-integrated signals, for systems with
thicknesses on the order of 4 l*. The theoretical prediction is checked
against experiments. A good agreement is obtained, showing that
the model could have broad practical applications.
This work is supported by the European Integrated Project Molecular
Imaging under contract LSHG-CT-2003-503 259.

6191-49, Session 6
Flow measurements through scattering samples using
self-mixing interferometry with a laser diode
C. M. Zakian, M. R. Dickinson, The Univ. of Manchester (United
Kingdom)
According to dynamic light scattering theories, it is possible to
extract information on the dynamics of flowing particles by obtaining,
for example, the autocorrelation function or the power spectrum of
the detected light.  It is known that the power spectrum (or
autocorrelation function) varies significantly when probing diluted
(single-scattering) fluids and dense (multiple-scattering) fluids.  An
important observation in dense fluids is that the autocorrelation
function does not show oscillations (power spectrum does not
exhibit a peak at the Doppler shift frequency) as in the single-
scattering approximation [1-4].  Effort is still required, however, to
understand the lineshape of the power spectrum under different
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circumstances that could approximate real situations.
Here, the consequences of placing a multiple scattering fluid below a
static scattering media are studied when measuring the power
spectrum through self-mixing interferometry with a laser diode.
Quasi-elastic light scattering theory can be used to explain experi-
mental observations in the single-scattering regime, however, an
emergent theory, diffusion wave spectroscopy, has been developed
to describe experimental observations in the multiple scattering
regime [5].  The principles of diffusion wave spectroscopy are: (a)
light transport is diffusive, that is, valid for highly multiple and
successive scattering-event paths; (b) the occurrence of each path
has a probability which has to be determined; (b) the autocorrelation
function does not depend on the scattering angle; (c) the scattered
field is composed of the sum of all contributions of possible multiple-
scattering paths.
Self-mixing interferometry is an optical phenomenon observed when
light emitted from a laser cavity reflects on an object, and re-enters
into the cavity after an external round trip time.  Changes in the laser
threshold conditions are induced and the output power will experi-
ence a modulation according to the reflectivity and motion of, and
the distance to, the external object.  For instance, if we consider the
simple case where the external object is a mirror, we can monitor
regions of constructive and destructive interference for different
positions of the target.  The case of frequency-shifted feedback is
particularly important when the backscattering object induces a
Doppler shift on the incident frequency, which could happen as a
result of movement.
Not surprisingly, sensing applications of this phenomenon in laser
diodes have been explored due to its inherent compactness.  The
configuration offers significant advantages; namely sensitivity, self-
alignment, compactness, low cost, and few additional optical
elements required.
Applications in flowmetry were simultaneously demonstrated in two
publications made by the same research group in 1992. The first
dealt with blood flow measurements through a fibre-delivered
system [6], and the second dealt with direct flow measurements and
blood perfusion [7]. Measurements were made by calculating the first
and second moments of the laser intensity power spectrum.  Further
improvements in the fibre-coupled sensor were reported in the
subsequently years [8]. In 2000, Ozdemir and co-workers [9,10]
studied the signal obtained in direct blood flow measurements by
speckle analysis.  An analysis of signal stabilization in intra-arterial
fibre based flowmetry was performed by de Mul and co workers in
2002; it was observed that the angle of incidence in multiple
scattering samples, and the coherence length have a limited
significance in their measurements.  A year later, Meigas and co-
workers [11] demonstrated a fibre-based instrument for recording
pulse wave profile, pulse wave delay time and blood flow.  A
description on the shape of the laser intensity power spectrum when
using the self mixing interferometry technique with laser diodes for
flow measurements was proposed by Zakian, Dickinson and King
[12] in 2005.
Although applications of this technique for flow measurements have
already been demonstrated, progress is required to understand the
effect on measurements of placing scattering sample on top of the
flowing layer.  Here we investigate the power spectrum when placing
scattering layers above flowing partciles.  The scattering layers are
made at different thicknesses with a similar scattering length as skin.
The wavelength of the laser diode used was 785 nm and the laser
had a maximum power of 25 mW.  A 1.5 mm diameter tube was
used, diluted milk was employed as a multiple-scattering fluid and
was flowed at a constant rate.  Attention was paid to ensure laminar
flow.  The solid scattering layers were prepared by mixing aluminium
oxide particles (<10 microns in size) and silicone [13].  A catalyst was
used to solidify the samples.  A special mould was used to fabricate
the samples at different thicknesses, ranging from 0.1 mm to 1.0
mm.  Thus, a flow model was constructed by securing the tube and
placing different layers on top.
The experiment consisted of evaluating the intensity power spectrum
of the laser diode when scattered light from the model was fed back
into the laser cavity.
The power spectrum observed keeps its functional shape (exponen-
tially decaying function in logarithm scale) but its amplitude reduces
as the thickness of the sample was increased.  Consequently, the
noise level is actually limiting the maximum depth observable.  The
maximum depth observable using these samples was 0.7 mm.

These results show that the normalized first moment has an
uncertainty between depth and perfusion value.  It is suggested to
use a combination of statistical methods, e.g. first moment, and
fitting methods rather than relying on the former one only.
The investigation presented provides an understanding of how the
intensity power spectrum of the laser diode is affected by static
scattering when probing flowing particles with the self-mixing
interferometry technique.  The results obtained will help to develope
further this technique for flow measurements through scattering
media.
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6191-50, Session 6
Optical inspection system for implants
B. Denkena, W. Acker, Univ. Hannover (Germany)
The rising lifespan and the side effects of prosperity result in an
increased number of affections of the musculoskeletal system,
especially arthrosis and rheumatism. For many patients the only
possibility after long series of different therapies is the replacement
of an affected joint by an artificial one.
The main quality criterion of artificial joints is the lifetime. A replace-
ment can be necessary for two main reasons. Firstly there are acute
problems after the operation, which can happen due to a faulty
positioning of the prosthesis or due to an infection. Secondly in long
term it frequently becomes necessary to replace the artificial joint
due to loosening of the prosthesis within its fitting in the bone. This
loosening is called aseptic. The aim is to retard the point of loosen-
ing and by this, expanding the lifespan of the prosthesis. The
research project “Optical Geometry Acquisition of Medical Implants
and Prostheses” OptiGIP, founded by the state Niedersachsen
(Germany), therefore introduces optical measurement techniques
that will help to investigate the loosening process and ensure a
better surface quality.
The loosing of prostheses is investigated by a procedure called radio
stereo metric analysis (RSA). In order to analyze the three-dimen-
sional position, a x-ray of the prosthesis and the bone is done using
two roentgen sources and generating two pictures on the film. The
pose of the prosthesis absolute and, more important, relative to the
bone can then be calculated by the method of triangulation. However
this method requires markers attached to the prosthesis as well as
markers in the bone, in order to calculate its coordinate system.
Usually tiny tantalum balls are used as markers. By using these
markers, the accuracy of the RSA-method is high, approximately 100
µm. The main disadvantage of the procedure is though the need of
markers attached to the prosthesis. The procedure of manufacturing
those marked prostheses is very costly due to the fact that the whole
production line has to be re-certified. A novel technique has
therefore been under investigation for several years, the model
based RSA, which uses the shape of the prosthesis on the two x-
rays to calculate the position of the prosthesis. This approach needs
detailed information about the CAD-Model of the prosthesis. The
problem is that there usually is a difference between the CAD-
models of the implant and the actually implanted version due to
manufacturing processes. One aim of the project OptiGIP therefore
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is to provide every prosthesis with an individual CAD model, which is
generated by measuring it with a fringe projection system after
manufacturing. As a side effect the three dimensional scans of the
prosthesis can be used to assure the dimensional accuracy of the
prostheses. Another aim is the quality inspection of the prosthesis
surface.
The mobility of the joint is usually realized by a hard/soft tribological
pairing. If the surface quality of the hard component is insufficient
(e.g. scratches on the surface) the wear of the soft component
increases. Furthermore the particles that are grinded by a faulty
surface are relatively big. The problem increases by the fact that
these bigger particles are recognized by the immune system and are
therefore capsulated. This increases their size even more. Given the
fact that the particles can move within the joint capsule, they reach
the gap between the prosthesis and the bone, where they quicken
the aseptic loosening. Due to the surface complexity, the polishing
process of e.g. the femoral component of an artificial knee joint is
still hand work, as well as the inspection of the result. Because of the
great significance of the surface quality, the project OptiGIP aims at
an automated quality control using optical measurement strategies.
The most challenging surface by the means of optical measurement
is the femural component of the artificial knee joint. Its surface is a
complex freeform which is highly reflecting due to the fact that the
usual material is polished cobalt-chromium. These special demands
motivated a new approach using the dark field method. The general
idea is that the light generated by a light source, e.g. a LED is
reflected by the surface in such a way that it does not reach the
camera. If there is a distortion of the surface, the light can be
reflected into the camera. The remaining problems are the meeting of
the scratch’s angle and the steadiness of the surface. Therefore an
extended dark field method has been developed. To vary the angle
120 light sources (LED) are used, which can be switched on and off
by the computer. One image is taken with each one of these light
sources. The result is a sequence of images. The directly reflected
light is then filtered by a spatial high-pass filter in every image. Due
to the fact that 120 pictures have to be filtered for one sight of the
surface, the frequency filter algorithm is highly time critical. Thus the
filtering is done using an indirect approach. First a low-pass filtered
version of the image is produced, by applying an average operator.
This can be done very quickly. The high-pass filtered image is then
the difference between the original image and the low-pass filtered
version. The filtered images are then combined using a threshold
technique. The resulting image only shows the scratches.
Further research is been done at the moment to classify the resulting
image. Therefore wavelet transformations of the picture are tested as
well as Fourier transforms. The aim is to use the Fourier transform to
classify the scratches and the wavelet method to localize them within
the image.

6191-42, Session 7
Path length resolved Doppler measurements of multiple
scattered photons in turbid media for various absorption
and flow velocities using low-coherence interferometry
B. Varghese, V. Rajan, T. G. van Leeuwen, W. Steenbergen, Univ.
Twente (Netherlands)
We report the development of non-invasive, path length resolved
Doppler measurements of the multiply scattered light in turbid
media, for different absorptions and flow velocities with low
coherence interferometry. The different tissue types have different
optical properties in terms of absorption and scattering and light that
is scattered by living tissue carries information about aspects of the
tissue structure and the functionality of physiological processes.  The
scattered light contains the source frequency and Doppler shifted
frequency due to moving particles. The conventional Laser Doppler
perfusion monitor records values averaged over different path
lengths and therefore path length information is absent in these
methods. A longer path length will increase the probability that a
Doppler shift will occur, thus yielding an overestimation of the blood
flow, compared to the short path length situation. The development
of techniques for monitoring light scattering with path length
information would result in more-quantitative and more-reliable
tissue information.
Coherence gated interferometric systems have been applied as an
alternative approach to make path-length-resolved measurements of
particle Brownian motion within highly scattering media. We use a
fiber-optic Mach-Zehnder interferometer with superluminescent

diode, pigtailed with single mode fiber as the light source. A large
detection window with a sufficiently small modal dispersion without
affecting the resolution of the system is achieved by the use of
multimode graded-index fibers in the collection of scattered light
from sample. Our method uses positions for illumination and
detection with a mutual distance of at least ten times the scattering
mean free path length. This scheme offers flexibility, since the
distance between the illumination and the detection fiber can be
chosen freely, giving some control over the relative depth sensitivity
of the system. A cuvette filled with an aqueous suspension of
Intralipid 20% and Intralipid suspensions added with absorption
dyes of various concentrations are placed in the sample arm. The
optical properties of the sample generate a distribution of optical
path lengths in the sample arm and interference is observed only
when the optical path-length difference between the reference and
the sample arm is within the coherence length of the light source.
The coherence length of the light source defines path-length
resolution of the measurement and the position of the reference
mirror is adjusted to yield a path length equal to the path length of
the photons in the sample arm.
While these path length measurements depend upon the photons
that are Doppler shifted only, the light that has been scattered
statically will be added to the interference signal by modulating the
phase of the reference beam. At the photo detector the light that is
scattered in the sample and the light from the reference arm after
passing through a fiber coupler are mixed. The light intensity at a
particular point on the detector contains contributions due to
fluctuations of light source power, shot noise, homodyne and
heterodyne time dependent components. The ac photocurrent is
digitized, Fourier transformed and magnitude squared to yield the
power spectrum of the signal.
For a given optical path length, heterodyne component is obtained
by measuring the zeroth moment of the Doppler broadened phase
modulation peaks at the modulation frequency. The zeroth moment
M0 of the heterodyne spectrum is the total power of the detector
fluctuations caused by the interference of Doppler shifted light from
the sample and reference light of fixed path length and it corre-
sponds to the intensity of photons with a certain path length. The
path length distributions of photons are measured in aqueous
suspension of Intralipid 20% and suspensions with various absorp-
tion coefficients of 0.05 mm-1 and 0.09 mm-1. As the photons with
longer path length have greater probability to get absorbed in an
absorbing media, a narrow distribution, with a decrease in the
amplitude of the multiple scatted waves with long optical path
length, is observed with increase in absorption.
The method utilizes the spectral width of the peaks in determining
the Doppler shift of photons as a function of optical path length. The
width of the Doppler broadened phase modulation interference peak
increases with the optical path length indicating the amount of
multiple scattering. The effect of Doppler broadening of the peak is
measured for different flow velocities.  For a given optical path
length, the width of the peak is observed to increase with increase in
velocity indicating a more Doppler shift.
We have realized a new coherence-gated technique in determining
the path length distributions of the multiply scattered light in small
volumes of tissue with a resolution of 50 microns. The path length
dependent and absorption induced distribution is obtained for
different absorption levels. The effect of Doppler broadening of the
modulation peaks is established for different flow velocities. Further,
the spectral information on light scattering can be used to assess
tissue condition such as oxygenation and also to observe structural
changes in thermally damaged tissues. This method potentially offers
a unique approach towards general, structural, functional and
chemical characterization of tissues, allowing us in monitoring
spectral parameters, imaging processes like angiogenesis, assessing
the structure of thermally damaged or modified tissues and screen-
ing of superficial malignancies.

6191-43, Session 7
Object localization in tissue models using early-detected
photons: comparison between time-resolved
fluorescence and time-gated data
J. L’Huillier, V. Piron, École Nationale Supérieure d’Arts et Métiers
(USA)
In the past decade, the propagation and distribution of diffuse
photons in highly scattering media have attracted considerable
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attention in the field of medical imaging. This interest is motivated by
the fact that near-infrared light from ~700 nm to 900 nm can
penetrate deeply into biological tissues with minimum absorption.
Two main approaches have been followed to develop time-resolved
photon migration studies. The first one explores diffuse photons
which can be used to obtain information about the transilluminated
turbid medium. Despite the large signal level, the spatial resolution is
poor due to the broad distribution of the diffuse photons inside the
medium. The second approach uses a forward scattering transillumi-
nation geometry based on time-gated process to detect the earliest-
arriving photons. Few-millimeter resolution has been reported in
experimental way, using reasonably thick samples (~40 mm) and
integrating the rising part of the temporal signal up to tens of
picoseconds. It has also been recognized that the use of exogenous
optical contrast agents in transillumination imaging improves the
contrast. Following a pioneering work based on the experimental
recording of the very early part of the fluorescent signal, we
demonstrated that this procedure is accurate to obtain spatial
information about a fluorescent object embedded in turbid media.
In this paper we compare the time-gated and the time-resolved
fluorescence procedures in order to show their potentialities to probe
localization of embedded objects inside turbid media. The study is
devoted to detection of tumours inside breast tissues. The computa-
tions are based on the use of finite element procedures and refer to a
rectangular meshing grid that mimics the breast slightly compressed
between two transparent plane-parallel plates (100 mm x 40 mm).
We adopt Cartesian coordinates x-y system to solve numerically
both the time-dependent diffusion equation and a set of coupled
diffusion equations taking into account the fluorescing processes. In
the time-gated procedure the computational grid can be adapted to
scan along the x coordinate (receiver element coaxial with the source
beam), whereas in the fluorescent case the localization of the
embedded object is deduced from the different signals recorded by
a fiber network located along the tissue surface. In each case we
considered pulsed excitation light (1 ps), with uniform illumination
size equal to 2 mm. Along the other segments of the grid we applied
boundary conditions of the third kind (Robin boundary conditions).
The results issued from simulations taking into account spatial
variations of optical properties of the medium and objects can be
summarized as follows : 1- Time-gated transillumination technique
offers the possibility to localize, under conditions similar to those of
human tissues with tumours, objects of 1 mm radius. However, the
lateral resolution increases as the time-gated decreases (~30 ps).
This seems questionable because of the low level of the earliest
arriving photons can provide the desired spatial information
accurately. 2- In the same disposition, time-resolved fluorescence
emission based on the use of the earliest arriving photons can
provide the desired spatial information (lateral and depth) accurately.

6191-44, Session 7
Measuring transient tissue dynamics with time-resolved
diffusing-wave spectroscopy
J. Li, F. Jaillon, G. Dietsche, G. Maret, T. Gisler, B. Rockstroh, T.
Elbert, Univ. Konstanz (Germany)
Diffusing-wave spectroscopy (DWS), the extension of quasi-elastic
light scattering to strongly scattering media [1, 2], is a unique tool for
investigating dynamics within turbid media such as colloidal
suspensions or biological tissue. Due to multiple scattering of the
coherent light wave, this technique is sensitive to particle displace-
ments which can be much shorter than the wavelength of light. In
DWS, the temporal intensity autocorrelation function of the multiply
scattered light intensity is measured whose shape contains the
signature of the underlying particle dynamics. This allows, e.g., to
distinguish Brownian diffusion from shear flows [3, 4], or to detect
dynamic heterogeneities, such as hidden flows, even in the absence
of static absorption or scattering mean-free path contrast [5, 6].
The potential of DWS to non-invasively detect and measure
dynamics in biological tissue has been shown in studies of skin
burns in pigs [7] and hemodynamics in tumor tissue [8]. Several
recent studies show that DWS is also able to detect functional
activation of the rodent and human brains by the enhanced dynam-
ics in cortical brain tissue following motor activity or stimulation [9-
11].
However, it is at present not clear whether the functionally enhanced
cortical dynamics observed in DWS experiments is due to enhanced
blood flow or due to enhanced diffusion of subcellular organelles

within neurons, or due to a combination of both. This question could
be answered with the help of time-resolved DWS experiments with
sufficiently short integration time to resolve the build-up of perfusion,
which occurs within some seconds after stimulation [12]. While CCD
detectors operated at video rate have been used for time-resolved
DWS to study slow dynamics in colloidal suspensions, their sampling
rate is too low for quantitative measurements of intensity
autocorrelation functions probing deep-tissue dynamics, which
typically decay within several 10ms [11].
We have thus designed and tested a time-gated detection scheme
for time-resolved DWS measurements with sub-second integration
times based on a commercial, ungated correlator. To test the
effectiveness of this setup, we performed experiments on a colloidal
suspension, which show that the time-resolved autocorrelation
function can be correctly measured with integration times below 1s.
Time-resolved intensity autocorrelation functions were then
measured on a human forearm synchronized with the pulse signal
measured with a pulse oxymeter. Particle diffusion coefficients
determined using a semi-infinite tissue model are found to be
constant during the pulsation cycle. This suggests that in tissue
characterized by dense capillary networks, such as the brain cortex,
DWS is only marginally sensitive to blood flow and provides specific
information on tissue dynamics which is not available by other
methods.
References:
1. Maret, G. and P.E. Wolf, Multiple light scattering from disordered
media: The effect of Brownian motion of scatterers. Z. Phys. B, 1987.
65: p. 409-413.
2. Pine, D.J., et al., Diffusing-Wave Spectroscopy. Phys. Rev. Lett.,
1988. 60(12): p. 1134-1137.
3. Wu, X.-L., et al., Diffusing-wave spectroscopy in a shear flow. J.
Opt. Soc. Am. B, 1990. 7: p. 15-20.
4. Bicout, D. and G. Maret, Multiple light scattering in Taylor-Couette
flow. Physica A, 1994. 210: p. 87-112.
5. Boas, D.A., L.E. Campbell, and A.G. Yodh, Scattering and Imaging
with Diffusing Temporal Field Correlations. Phys. Rev. Lett., 1995.
75: p. 1855-1858.
6. Heckmeier, M. and G. Maret, Visualization of flow in multiple-
scattering liquids. Europhys. Lett., 1996. 34(4): p. 257-262.
7. Boas, D.A., Diffuse Photon Probes of Structural and Dynamical
Properties of Turbid Media: Theory and Biomedical Applications.
1996, University of Pennsylvania: Philadelphia. p. 244.
8. Menon, C., et al., An Integrated Approach to Measuring Tumor
Oxygen Status Using Human Melanoma Xenografts as a Model.
Cancer Res., 2003. 63: p. 7232-7240.
9. Cheung, C., et al., In vivo cerebrovascular measurement combin-
ing diffuse near-infrared absorption and correlation spectroscopies.
Phys. Med. Biol., 2001. 46: p. 2053-2065.
10. Durduran, T., et al., Diffuse optical measurement of blood flow,
blood oxygenation, and metabolism in a brain during sensorimotor
cortex activation. Opt. Lett., 2004. 29: p. 1766-1768.
11. Li, J., et al., Non-Invasive Detection of Functional Brain Activity
with Near-Infrared Diffusing-Wave Spectroscopy. J. Biomed. Opt.,
2005. 10: p. 044002-1-12.
12. Wolf, M., et al., Different Time Evolution of Oxyhemoglobin and
Deoxyhemoglobin Concentration Changes in the Visual and Motor
Cortices during Functional Stimulation: A Near-Infrared Spectros-
copy Study. NeuroImage, 2002. 16: p. 704-712.

6191-45, Session 7
Estimation of biomedical optical properties by
simultaneous use of diffuse reflectometry and
photothermal radiometry
E. S. R. Fonseca, M. E. P. de Jesus, Univ. da Beira Interior (Portugal)
The estimation of optical properties of highly turbid and opaque
biological tissue is a difficult task since conventional purely optical
methods rapidly loose sensitivity as the mean photon path length
decreases. However, at wavelengths of therapeutic interest,
absorption and scattering measurements have invaluable information
and can determine the success or failure of a laser treatment or a
photodynamic therapy procedure. Light scattering based diagnostics
methods for the characterization of skin lesions and birthmarks and
for endoscopic applications also suffer from low sensitivity outside
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the so-called diagnostic spectral window. Photothermal methods
such as pulsed or frequency domain photothermal radiometry, on
the other hand, are able to retrieve optical properties from highly
absorbing tissues and show remarkable sensitivity in experimental
conditions that produce very feeble optical signals. The application
of photothermal methods to the determination of absorption and
scattering properties of turbid media is a relatively recent subject and
shows promising potential in the biomedical optics field.
Photothermal radiometry is not limited to problems of light transport
and shows enhanced sensitivity when absorption starts to increase
and purely optical methods start to fail. However, the shape of the
pulsed radiometric signal is not a very sensitive function of the
separate absorption and scattering values and different pairs of
values can be found to fit the measurements equally well. Frequency
Domain Photothermal Radiometry (FD-PTR) deals with this problem
better by providing two simultaneous signals (amplitude and phase)
for each measurement and superior signal-to-noise ratios when lock-
in amplifier detection is used. Nevertheless, FD-PTR is primarily
sensitive to absorption coefficient, and the widely used multi-
parameter fitting procedures yield considerably higher estimation
errors on scattering coefficients. Conversely, purely optical methods
such as Local Diffuse Reflectance (LDR) depend mainly on the
scattering coefficient and yield much better estimates of this
parameter. Therefore, in opaque and turbid media and at moderate
transport albedos, the combination of photothermal and reflectance
methods can improve considerably the sensitivity of detection of
tissue optical properties, fulfilling a gap where non-invasive optical
and photothermal measurements are difficult and sometimes
impossible.
We propose a novel method that combines FD-PTR with LDR and
develop the appropriate signal analysis framework aimed at
improving sensitivity on the determination of both optical properties.
Monte-Carlo simulations for both radiometric photothermal and
diffuse reflectance signal calculations were performed at moderate
to high transport albedos (a’ between 0.4 - 0.95), in order to assess
the scope of validity of this technique and choose the appropriate
theoretical models for multi-parameter fitting. The most widely
applied models for the calculation of both the reflectance and the
radiometric photothermal are based on the diffusion theory (DT)
approximation to the radiative transfer equation. It is shown that for
these range of a’, the DT predictions start to depart considerably
from the more exact Monte Carlo results and this reflects on the
calculation of both signals. A sensitivity study assesses the effects of
model mismatch in the estimation of optical properties. Based on
these simulations, an optical fiber probe for LDR measurements at
small source-detector separations was designed. A modulated
continuous-wave laser was used and lock-in detection was imple-
mented to improve signal to noise ratio. An iterative algorithm that
performs global analysis of FD-PTR amplitude and phase signals and
combines the results with SR-DR measurements was developed.
Preliminary tests were conducted on a series of controlled solid
epoxy phantoms and in-vitro biological samples.

6191-46, Session 7
Spatial coherence of diffuse light in scattering media
R. Pierrat, J. Greffet, École Centrale Paris (France); R. Elaloufi, Univ.
College London (United Kingdom); R. Carminati, École Centrale Paris
(France)
Light transport in the multiple scattering regime has become a very
active field due to the rapid development of biomedical imaging
techniques using visible or near infrared light. In many cases,
modeling the intensity profile (in space and time) is sufficient in order
to analyze the images or to improve the experimental set-ups. Most
of the practical approaches rely on the diffusion approximation,
which is valid at large length and time scales (compared to the
transport mean-free path and the collision time).
In some cases, the knowledge of the spatial coherence properties of
light propagating through a turbid medium is of primary importance,
e.g., to characterize the  beam quality, to analyze speckle correla-
tions, or to model dynamic experiments based on light fluctuations
induced by the motion of the scatterers, as in diffusing-wave
spectroscopy. The beam quality and the size of the spatially
coherent illuminating spot are also key parameters in Optical
Coherence Tomography in media where multiple scattering plays a
role.
In this work, we study the spatial coherence of light propagating

through a slab of scattering medium, whose properties are similar to
that of biological tissues. We propose a practical way to compute
the field spatial correlation function, and the spatial coherence
length, both inside the medium and outside the medium after
transmission or reflection. The approach is based on the Radiative
Transfer Equation (RTE). Although this equation is usually considered
as a transport equation for the light intensity, it can be shown to be a
transport equation for the field spatial correlation. It is therefore a
convenient tool to study spatial coherence properties in practical
situations involving scattering (and absorbing) media, such as
biological tissues.
In order to demonstrate the relevance of our approach and the
behavior of the coherence length inside a scattering medium, we
have performed numerical simulations on a simple system: a slab of
large thickness, illuminated at normal incidence by a monochromatic
plane wave. The z-direction is normal to the slab. We study the
spatial coherence in a plane perpendicular to the z-axis. It is
characterized by the field spatial correlation, whose width is the
spatial coherence length. The RTE solution allows to compute the
coherence length versus the depth z inside the medium, and
investigate the transition from the ballistic to the diffusive regime.
The crossover between the different transport regimes lead to a
particular behavior of the coherence length.  Concerning the diffuse
light propagating in the forward direction, we clearly identify three
regimes. For z less than ls, the coherence length increases. Here ls is
the scattering mean-free path, with ls=l*(1-g), g being the anisotropy
factor and l* the transport mean-free path. This is a feature of the
ballistic and single scattering regimes. Note that this behavior might
be surprising at first glance. We have derived a simple model, based
on the single-scattering approximation to the RTE, which describes
this increase of the coherence length. For ls less than z~l*, the
coherence length decreases, due to multiple scattering. For z greater
than l*, the coherence length reaches a constant value on the order
of the wavelength over two. This is a feature of the diffusive regime.
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6192-01, Session 1
Low cost manufacturing challenges for small molecule
OLEDs
P. E. Burrows, Pacific Northwest National Lab. (USA)
There are still multiple roadblocks which limit the expansion of
displays based on organic light emitting devices to low cost, high
volume applications. One such application which is now being
seriously considered is to replace low efficiency incandescent light
bulbs with OLED panels for general illumination. An “organic light
emitting ceiling” can only be accomplished using flexible foil
substrates. Regardless of substrate, a flexible, conformal encapsula-
tion method is therefore required due to the extreme moisture
sensitivity of organic thin film devices under current injection. The
best results to date have used multilayer hybrid barrier structures but
we will show that the mechanism of vapor permeation through such
structures inevitably limits their performance on plastic substrates. A
high speed deposition technique for the organic thin films is also
necessary to approach the cost basis required for general lighting.
Continuous roll-coating techniques for small molecule organic
semiconductor thin films is under development and we will present
proof-of-principle results on single layers which may enable high
speed, continuous production of organic light emitting panels.

6192-02, Session 1
Novel silicone materials for LED packaging and
optoelectronics devices
E. Vanlathem, Dow Corning Corp. (Belgium); A. W. Norris, M.
Bahadur, Dow Corning Corp. (USA); M. Yoshitake, Dow Corning
Corp. (Japan); J. V. Degroot, Jr., Dow Corning Corp. (USA)
Silicone based materials have attracted considerable attention from
Light Emitting Diode (LED) manufacturers for use as encapsulants
and lenses for many next generation LED device designs. Silicones
can function in several roles that include optical lenses, stress
relieving encapsulants, mechanical protection and light path
materials. The key attributes of silicones that make them attractive
materials for high brightness (HB) LEDs include their high transpar-
ency in the UV-visible region, non-discoloring behaviour and stable
thermo-mechanical properties. First part of this paper/presentation
will describe recent silicone materials development efforts directed
towards providing LED manufacturers with silicone materials
solutions for LED device fabrication. Injection molding of novel
silicone resin based materials will be discussed as a surmountable
challenge for high throughput LED device manufacturing.
At the other end of the light spectrum, at those telecom wavelengths,
such performances of silicone based materials are also verified and
make them attractive materials for numerous photonics device
applications.
Second part of this paper/presentation will describe recent realiza-
tions like a Variable Optical Attenuator  comprising silicone based
waveguides (exploiting dn/dT property) and like a Optical Backplane
comprising waveguides and out-of-plane mirrors built on glass and
FR-4 substrates.

6192-03, Session 1
Inline deposition of high-efficiency p-i-n organic light-
emitting devices
M. Toerker, J. Amelung, M. Eritt, D. Hill, C. Luber, F. Löffler, C. May,
C. Zschippang, Fraunhofer-Institut für Photonische Mikrosysteme
(Germany); K. Leo, Technische Univ. Dresden (Germany)
Electrical doping of charge transport layers of organic light emitting
diodes results in a strong decrease of the operating voltage [1, 2, 5].
Devices with very high power efficiency can be prepared when
combining the concept of electrical doping with highly efficient
emitter systems [3, 4, 5]. The typical device architecture is the so-
called p-i-n- stacking (intrinsic emitter layer and blocking layers
sandwiched between doped p- and n-type transport layers). P-i-n
OLED technology was licensed from Novaled GmbH.  OLEDs were
prepared using a new vertical In-Line tool for OLED manufacturing
(Vertical Evaporation and Sputtering System VES 400, Applied Films)
[Ref. 6]. The VES 400 is designed for a substrate height of 400 mm
and a substrate width of 470 mm. The system uses a continuous
substrate flow concept with linear sources for organic materials and
metals. Electrical doping and emitter doping were realized by co-

evaporation of suitable dopant molecules. Red, green and blue
devices were prepared. Operating voltage for 100cd/m2 was 2.9V for
green, 3.4V for blue and 4.0V for red emission.
Doped transport layers yield a better OLED performance than
undoped devices because of two reasons [1]: First, higher conduc-
tivities of the charge transport layers result in negligible voltage drop
along these layers.  Second, space charge layers at the contacts
lead to an efficient carrier injection. Practical consequences of both
aspects are discussed within this paper: Higher conductivities of the
charge transport layers give the opportunity to adjust the transport
layer thicknesses for optimum light out-coupling without increasing
operating voltage. On the other hand, transport layer thickness is
also affecting production yield. A parameter of particular interest is
so called sudden-death ratio (i.e., percentage of devices showing
abrupt failures before reaching half-life in permanent operation). A
significant reduction of the sudden death ratio with increasing hole-
transport-layer thickness was observed. The above-mentioned
improved carrier injection for various types of substrates is demon-
strated for the case of a TiN bottom contact. TiN is of particular
interest as bottom contact material for integration of OLED technol-
ogy on CMOS backplanes. Therefore, a micro-structured, directly
addressed pixel arrangement was used for preparation of a top
emitting p-i-n OLED array (without transistor circuit). The TiN
electrode acts as anode. A very small pixel pitch of 30.6mm x
10.2mm was chosen since a CMOS backplane would be of particular
interest for micro-display application.
[1] M. Pfeiffer, K. Leo, X. Zhou, J.S. Huang, M. Hofmann, A. Werner,
J. Blochwitz-Nimoth, Organic Electronics 4, 89 (2003).
[2] J. Kido and T. Matsumoto, Appl. Phys. Lett. 73, 2866 (1999).
[3] M. Pfeiffer, S. Forrest, K. Leo, and M. E. Thompson, Adv. Mater.
14, 1633 (2002).
[4] C. Adachi, M.A. Baldo, S.R. Forrest, and M.E. Thompson, Appl.
Phys. Lett. 77, 904 (2000).
[5] J. Birnstock, M. Hofmann, S. Murano, M. Vehse, J. Blochwitz-
Nimoth, Q. Huang, G. F. He, M. Pfeiffer, and K. Leo, SID Symposium
Digest 36, 40 (2005).
[6] J. Amelung, M. Toerker, C. Luber, M. Eritt, Y. Tomita, H. Cholewa,
R. Hermann, F. Loeffler, C. May, U. Vogel, G. Bunk, A. Heinig, W.
Jeroch, H.-J. Holland, and K. Leo, Proc. SPIE Vol. 5961, 596107
(2005).

6192-04, Session 1
Manufacturing of polymer light-emitting device
structures
M. Tuomikoski, R. Suhonen, M. Välimäki, T. Maaninen, A. Maaninen,
VTT Elektroniikka (Finland); M. Sauer, P. Rogin, S. Heusing, Institut
für Neue Materialien GmbH (Germany)
Conjugated polymers are very promising and attractive materials for
use in electroluminescent displays, photovoltaics, transistors, and
sensors, because they combine the optoelectronic properties of
semiconductors with the processing advantages and mechanical
properties of plastics. Currently, processing and fabrication of
polymer light-emitting materials and devices are carried out using
traditional techniques such as spin coating and vacuum thermal
deposition. However, these techniques have several disadvantages,
e.g. material wastage and they are time consuming , and therefore,
tremendous benefits are gained by incorporating roll-to-roll capable
techniques, such as gravure printing, in the manufacturing of
polymer light-emitting devices (PLEDs).
Gravure printing has been introduced as one of the fast and cost
effective roll-to-roll techniques with adequate patterning resolution
and low process temperature. Furthermore, gravure printing
technique is currently under investigation as a possible method for
the roll-to-roll production of PLEDs in the 6th framework EU funded
project called ROLLED - “Roll-to-roll manufacturing technology for
flexible OLED devices and arbitrary size and shape displays”. The
objective in the project is to fabricate an entire PLED structure by
using a roll-to-roll manufacturing methods and examine, how the
commercial production could be set up and integrated with an
existing printing process. In order to attain a roll-to-roll compatibility,
all the materials, inks and device structures need to be suitable for
printing. The devices containing gravure printed light-emitting
polymers have already been fabricated successfully. In these
devices, the anode and the cathode metals were deposited with the
help of traditional sputtering and evaporation techniques, respec-
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tively. In order to achieve entirely printed devices, the gravure
printable ITO nanoparticle and metals inks have been developed.
Since, the device structure is very sensitive to moisture and oxygen,
the development of high barrier materials to be applied as wet
chemical coatings on transparent polymer films such as PET by
common roll-to-roll coating techniques has been investigated. The
goal is to prepare barrier films against the transmission of water
vapour and oxygen, which both destroy state of the art PLED
materials. The barrier films, on their respective substrates, form front
and back side encapsulation materials, where the front side
encapsulation material is to be used as a transparent and flexible
substrate for PLED fabrication. The back side encapsulation material
is to be laminated against the PLED at the end of the process and
does not have to be transparent. The transmission rates to be
achieved for both front and back side encapsulation for oxygen and
water vapour are 5 mg/m^2/day (corresponding to 7 cm^3/m^2/day
for O2).
In this paper, we show how light-emitting devices manufactured by
gravure printing operate compared to the ones manufactured by
traditional methods. Furthermore, we present state-of-the-art results
on the development of cathode inks and flexible barrier materials.

6192-05, Session 2
Low-threshold organic semiconductor lasers
U. Lemmer, Univ. Karlsruhe (Germany)
Due to their high luminescence quantum yield, their large and
spectrally broad cross sections for stimulated emission and their
transport properties organic semiconductors bear the potential for a
new generation of injection laser devices. In terms of resonators two-
dimensional nanostructures resulting in a photonic crystal feedback
seem to be favorable. Upon optical pumping low threshold lasing
and diffraction limited monomode laser emission perpendicular to
the surface of a photonic crystal is observed. The detailed interplay
of the photonic bandstructure and the resulting laser spectrum and
emission pattern is discussed [1]. As further steps towards electri-
cally pumped organic lasers we have prepared structures comprising
contact layers for injection of charge carriers. The losses that are
connected  with the presence of a conductive oxide can be
overcome by the use of an intermediate photocrosslinkable hole
transport layer [2]. Optically pumped lasing is also observed with
contacts that are patterned as metallic photonic crystals  and with
ITO-layers with reduced losses [3,4]. Detailed numerical simulations
have been carried out to identify the most promising waveguide
device geometry and electronic driving scheme [5].
References
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Forberich, V. Wittwer, U. Scherf , “Efficient polymeric distributed
feedback lasers with metallic contacts”, Appl. Phys. Lett. 84, 3262
(2004).
[5] C. Pflumm, C. Karnutsch, M. Gerken, U. Lemmer, “Parametric
study of modal gain and threshold power density in electrically
pumped single-layer organic optical amplifier and laser diode
structures”, IEEE Journ. of Quant. Elec. 41, 316 (2005).

6192-06, Session 2
Real-time investigation of the intermolecular breathing
mode in TMTTF+ dimers and its coupling to electronic
transitions
L. Lüer, C. Manzoni, G. Cerullo, G. Lanzani, Politecnico di Milano
(Italy); M. Meneghetti, Univ. degli Studi di Padova (Italy)
Organic charge transfer salts AB(x), where A is an organic ion and B
is a counterion that may be inorganic, show many interesting
electronic and magnetic properties. If a net charge transfer of 1⁄2
occurs per A molecule, 1D chains with quarter-filled bands can form,
which can lead to e.g. superconductivity and ferroelectricity.
Recently, a giant photoresponse was demonstrated in one-
dimensional chains of a derivative of tetrathiafulvalene (TTF) with
quarter-filled bands.1 It was attributed to a cooperative metal-
insulator (M-I) transition brought about by charge ordering. The
concomitant build-up of a charge density wave requires periodic
displacement of the molecules in the stack along the normal
coordinate of the intermolecular breathing mode. In order to exploit
this process for future applications, the coupling of the intermolecu-
lar breathing mode with electronic states (vibronic coupling) and with
intramolecular vibrations (anharmonic coupling) must be understood.
The simplest system, where this coupling can be studied, is a
cationic dimer.  By exploiting vibrational coherence, we detect
molecular displacement in the time domain which is the elementary
event in a cooperative phase transition.
We applied femtosecond pump and probe spectroscopy (with down
to 15 fs temporal resolution) to cationic dimers of tetramethyl-
tetrathiafulvalene (in the form of TMTTF+ ClO4(-)) both in DMSO
solutions and in PMAS films. Upon irradiating into the charge transfer
band of the dimers, and probing the same transition, a strong ground
state bleaching is observed at zero pump-probe delay. Recovery of
ground state bleaching (GB) proceeds with two characteristic time
constants (around 300 fs and 1.5 ps, respectively). In both low and
high energy edges of the ground state absorption, a delayed
formation of photoinduced absorption (PA) is observed with a time
constant of ca. 300 fs, followed by an exponential decay (ca 1.5 ps
decay time). This clearly correlated behavior of GB and PA can be
explained by ultrafast decay of the initially formed nonstationary
wavepacket in the excited CT states, regenerating a broadened
ground state absorption, i.e., with additional transition density in the
band edges on the expense of transition density in the center. Since
the energy of the CT transition strongly depends on the dimer
separation, this shows that indeed, a movement along the breathing
coordinate has occurred.
The breathing can be observed in real-time if 15 fs pulses are
applied. Pump-probe decay traces in the GB region reveal coherent
oscillations of ca. 90 cm^-1 . The damping time is comparable to the
fast decay process (ca 300 fs); furthermore, the amplitude of the
oscillations does not decrease upon shortening the pump pulse
duration. We thus conclude that the 90 cm^-1 oscillations are due to
the breathing mode of the excited state, and the fast damping is
caused by coherence loss due to the electronic transition to the
ground state. The processes are comparable in DMSO solution and
in PMAS films, demonstrating that the coupling of the vibronic
structure to the surrounding matrix is weak. If instead of the CT
transition, the next higher absorption band is probed, both the
intermolecular mode at 90 cm^-1 and an intramolecular mode at 530
cm^-1 are observed. The coupling parameters are discussed in
terms of the Holstein-Hubbard dimer model.

6192-07, Session 2
Probing ultrafast conformational dynamics of conjugated
polymers
S. Westenhoff, ; A. Yartsev, V. Sundstrom, University of Lund (USA);
W. J. Beenken, Technical University of Ilmenau (Germany); C. Silva,
University of Montreal (Canada); R. H. Friend, N. C. Greenham,
University of Cambridge (United Kingdom)
We present a novel approach to probe conformations of a model
polythiophene (poly[3-(2,5-dioctylphenyl)thiophene], PDOPT) by
using a combination of femtosecond time-resolved spectroscopy
and Monte-Carlo simulation of resonant energy transfer [1]. Impor-
tantly, the ultrafast polarization anisotropy decay is related to the
conformational disorder of the chains and we show that it is possible
to extract the detailed chain structure. In order to explore the full
potential of the approach, we have used a molecular model to obtain
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realistic polymer conformations. The molecular model follows the
bond fluctuation scheme and calculates the kinetics of aggregation
based on potential energy profiles for stiffness, torsion and pi-
stacking of the monomers. We show by comparison to ultrafast
depolarization data that ordered conformations are obtained after
chain collapse, which differ significantly from predictions made by
simpler models before [2]. In particular the torsion potential in
between monomer units has not been included in previous works
and is shown to be critical for the overall chain conformation. Our
results are important for identifying the molecular parameters that
determine the chain conformation of conjugated polymers and are
directly applicable to optimizing device performance.
We also report the real-time observation of conformational dynamics
of PDOPT in solution after excitation with an ultrashort laser pulse.
By tuning the excitation energy to be resonant with the red onset of
absorption we are able to suppress energy transfer and probe
intersegmental processes. The stimulated emission is found to red-
shift on a picosecond-timescale. We assign this process to torsional
motion leading to isomerization and planarization of the initially
excited conjugated segment and present a detailed molecular model
to interpret the kinetics. Torsional motion is fundamentally important
for the understanding of the photophysics of conjugated
marcromolecules because it directly influences spectral properties,
i.e. by causing a large Stokes shift. Interestingly, the timescale of the
torsional motion varies by an order of magnitude with the choice of
(good) solvents and can be as short as 500 fs for PDOPT in
chloroform. The results suggest that the dynamics depend on the
specific solvent-solute interactions and open a pathway to probe the
solvation dynamics of conjugated polymers directly.
[1]  Westenhoff, S, Daniel, C., Friend, R.H., Silva, C., Sundström, V.,
and Yartsev, A., J. Chem. Phys. 122, (2005) 094903.
[2]  Hu, D., Yu., J., Wong, K., Bagchi, B. Rossky, P.J. and Barbara,
P.F., Nature 405 (2000) 1030.

6192-08, Session 2
Up-conversion fluorescence: noncoherent excitation by
sunlight
S. Baluschev, Max-Planck-Institut für Polymerforschung (Germany);
T. Miteva, G. B. Nelles, A. Yasuda, Sony Deutschland GmbH
(Germany); G. Wegner, Max-Planck-Institut für Polymerforschung
(Germany)
The phenomenon of up-conversion, i.e. the generation of photons,
spectrally blue shifted to the wavelength of the excitation photons by
simultaneous or sequential absorption of two or more photons with
lower energy, has always been associated with the use of coherent
light sources (lasers) and with relatively high light intensities
(commonly, in the order of MW/cm2).
We have reported photoluminescence up-conversion in thin films
and in solutions, of two or more active components - metallated
porphyrin macrocycles (MOEP) as sensitizers, blended in a matrix of
a blue emitting molecules with high fluorescence quantum yield, like
polyfluorenes and polypentaphenylenes 1,2.
The reported bi-molecular up-conversion process in these systems
relies on the presence of a metastable triplet excited state, and thus
has dramatically different photophysical characteristics relative to
the other known methods for photon up-conversion (two-photon
absorption, etc.). In our MOEP-blue emitter systems after absorption
of a photon in the singlet Q-band of the MOEP molecule, due to an
effective inter-system crossing (ISC) strongly enhanced by spin-orbit
coupling to the metal center of MEOP, the long lived triplet state of
MOEP is highly populated. This triplet state can further be consid-
ered as an excited states reservoir for a subsequent energy transfer.
From here, two pathways are possible.
First, as a consequence of a triplet-triplet annihilation (TTA) process
between the excited MOEP-molecules themselves 2,3, one of them
returns in the ground state and the other is excited into a higher
singlet state. This is followed by an effective transfer of this singlet
excitation to the excited singlet state of the blue emitter. Second, an
alternative up-conversion channel4, 5 comprises first transfer of the
triplet excitation of the MOEP directly to the triplet state of the blue
emitter molecules, followed again by effective TTA, this time of the
blue emitter molecule triplets. In both cases, the luminescence
spectra clearly reveal the fluorescence of the matrix molecules,
together with the fluorescence and the phosphorescence of the
sensitizer molecules4, 5.

The crucial advantage of this bi-molecular up-conversion process is
the inherent independence from the coherence properties of the
excitation light as a one-photon absorption process 6. So, by
applying the same excitation intensity, the efficiency of this up-
conversion process does not depend on the coherence of the
excitation photons.
We show the first experimental results for up-conversion photolumi-
nescence excited by using ultra low intensity non-coherent light in
solution of 9,10-diphenylanthracene (DPA) blended with
(2,7,8,12,13,17,18-octaethyl-porphyrinato)Pd(II) (PdOEP). As an
excitation source we used the green part of the Sun spectrum. By
combination of collimation lenses, long pass edge filter (RazorEdge*,
designed for * * 514.5nm) and broad band interference filters with
central wavelength * * 550 nm the green part from the sun spectrum
was separated and focused to a spot of approximately 1 mm
diameter. The light intensity at the focal spot was in order of 10
W.cm-2.
In conclusion, we demonstrate an efficient photon up-conversion in a
two-component fluid system realized with non-coherent light.
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6192-09, Session 3
Self-organization of donor and acceptor molecules on
electrodes for molecular photonic devices
H. Imahori, Kyoto Univ. (Japan)
The use of organic photovoltaic materials for conversion of solar
energy into electrical energy is a topic of great interest to researchers
in materials science and technology.  Recently reported
bulkheterojunction organic solar cells reached power conversion
efficiencies of up to 3-5 %.  In such devices, the electrons and holes,
generated by photoinduced charge separation, should also travel
through respective “electron and hole highway” in donor-acceptor
interpenetrating films to avoid charge recombination.  Such
nanostructured “electron and hole highway” has been suggested to
be crucial for improving the cell performance.  Thus, it is of great
importance to disclose the relationship of the molecular structure as
well as the structure of the molecular assemblies on electrodes with
the photovoltaic properties.  We have developed a novel strategy for
the construction of molecular photovoltaic devices where porphyrins
and fullerenes employed as building blocks are well organized into
nanostructured artificial photosynthetic systems by self-assembly
processes.  Highly efficient photosynthetic energy and electron
transfer processes take place at gold and ITO electrodes modified
with self-assembled monolayers of porphyrin-fullerene linked
systems.  In the next step, we have developed novel
photoelectrochemical systems based on supramolecular complexes
of porphyrin and fullerene on nanostructured SnO2 electrodes.
Namely, porphyrins are three-dimensionally organized using
dendrimers and nanoparticles (1st step).  These porphyrin molecular
assemblies form supramolecular complexes with C60 molecules in
toluene due to the pi-pi interaction (2nd step) and they are associ-
ated to grow larger composite clusters in acetonitrile/toluene mixed
solvent due to the lyophobic interaction (3rd step).  Then, the large
composite clusters can be assembled as three-dimensional arrays
onto nanostructured SnO2 electrodes to afford the SnO2 electrodes
modified with the composite clusters of the porphyrin and C60
molecules using an electrophoretic deposition method (4th step).
The bottom-up step-by-step self-assembled film of the composite
clusters exhibited an incident photon-to-photocurrent efficiency
(IPCE) of up to 54% and power conversion efficiency of up to 1.5%.
However, preparation of such three-dimensionally pre-organized
molecules are difficult and unlikely to be realistic for possible future
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applications.  Therefore, it is highly desirable to exploit a supramolecu-
lar photoelectrochemical system consisting of preprogrammed
porphyrin and C60 single component composites, which exhibit
efficient photocurrent generation as a result of segregated nanoarrays
of porphyrin and fullerene on SnO2 electrodes. Then, we have
successfully constructed a novel supramolecular structure of meso-
tetraphenylporphyrin and fullerene composites on SnO2 electrodes
which exhibited the largest IPCE value (59%).   A simple specific
substituent onto meso-phenyl groups at the porphyrin ring is respon-
sible for both the highly-ordered nanostructure of electron and hole
highways and the efficient photocurrent generation which are superior
to more complex, synthetically difficult systems from the pre-organized
porphyrin molecular assemblies and C60.  These results will provide
valuable information on the design of donor-acceptor type molecular
assemblies that can be tailored to construct highly efficient photovol-
taic devices.

6192-10, Session 3
Charge transport and photocurrent generation in poly(3-
hexylthiophene):methanofullerene bulk-heterojunction
solar cells
V. D. Mihailetchi, L. J. A. Koster, B. de Boer, P. W. Blom, Rijksuniv.
Groningen (Netherlands)
We have studied the effect of controlled thermal annealing on charge
transport and photogeneration in bulk heterojunction solar cells made
from blend films of regioregular poly(3-hexylthiophene) (P3HT) and
methanofullerene (PCBM). With respect to the charge transport, we
demonstrate that the electron mobility dominates the transport of the
cell, varying from 10-8 m2/Vs in as-cast devices to ≈3Å~10-7 m2/Vs
after thermal annealing. The hole mobility in the P3HT phase of the
blend is dramatically affected by thermal annealing. It increases more
than three orders of magnitude, to reach a value up to ≈2Å~10-8 m2/
Vs after the annealing process, as a result of an improved crystallinity
of the film. Moreover, upon annealing the absorption spectrum of
P3HT:PCBM blends undergo a strong red-shift, improving the spectral
overlap with the solar emission, which result in an increase of more
than 60% in the generation rate of charge carriers. Subsequently, the
experimental electron and hole mobilities were used to study the
photocurrent generation in P3HT:PCBM devices as a function of
thermal annealing temperature. The results indicates that the most
important factor leading to a strong enhancement of the efficiency,
compared with non-annealed device, is the increase of the hole
mobility in the P3HT phase of the blend. Furthermore, numerical
simulations indicate that at short-circuit the dissociation efficiency of
bound electron-hole pairs at the donor/acceptor interface is close to
90%, which explains the large quantum efficiencies measured in
P3HT:PCBM blends.

6192-11, Session 3
Mobility and recombination kinetics in bulk heterojunction
solar-cells versus composition of the donor-acceptor
blend
G. Dennler, Johannes Kepler Univ. Linz (Austria); A. Mozer, Osaka
Univ. (Japan); A. Pivrikas, Åbo Akademi Univ. (Finland); G. Juska,
Vilnius Univ. (Lithuania); R. Osterbacka, Åbo Akademi Univ. (Finland);
H. Neugebauer, S. N. Sariciftci, Johannes Kepler Univ. Linz (Austria)
A mandatory condition for the collection of charge carriers, photo-
created in organic solar cells, is that their drift distance under the
intrinsic electric field has to exceed the overall distance between the
collecting electrodes [1]. Therefore, not only charge carrier mobility
(mu) has to be optimized, but as well the charge carrier lifetime (tau).
This lifetime is directly influenced by the number of carriers nph, which
has to be high to get efficient solar cells. Indeed, bimolecular charge
carrier recombination might control tau according to tauB(t)= 1/
[[beta.nph(t)]-1 where beta is the bimolecular recombination coefficient.
Hence, high carrier concentration might induce a reduced lifetime of
the charge carriers and therefore short diffusion and drift distances.
This effect can limit the efficiency of the organic solar cells.
In low mobility materials, where the hopping distance is much smaller
than the Coulomb radius, the so-called Langevin (diffusion controlled,
betaL) bimolecular recombination is usually dominating [2]. It has been
observed in a previous work that the bimolecular recombination
coefficient beta in poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-
phenylene vinylene] (MDMO-PPV) : 1-(3-methoxycarbonyl)propyl-1-
phenyl-(6,6)-C61 (PCBM) bulk heterojunction solar cells is very close to

betaL=e(mup+mun)/eps.eps0 [3]. On the other hand, the ratio beta/
betaL was found to be about 10-4 in regioregular poly(3-
hexylthiophene) (RR-PHT) : PCBM solar cells, indicating a bimolecular
recombination coefficient drastically smaller than with Langevin
recombination [4].
In order to understand these observations, we have used high light
intensity Time-of-Flight (ToF) and photocreated Charge Extraction by
Linearly Increasing Voltage (photo-CELIV [5]) to investigate the mobility
and the bimolecular lifetime of charge carriers as well as the ratio beta/
betaL in MDMO-PPV and P3HT based solar cells, with different load of
PCBM. We found that the mobility and the lifetime of the charge
carriers in MDMO-PPV:PCBM vary oppositely upon changing the
acceptor concentration, such that the mu.tau product stays rather
constant independently of the blend composition. Our results will be
presented and discussed in the framework of a model based on
morphological considerations.
[1] C. Waldauf, P. Schilinsky, J. Hauch, and C. J. Brabec, Thin Solid
Films 451-452, 503 (2004).
[2] A. Pivrikas, G. Juska, R. Osterbacka, M. Westerling, M. Viliunas, K.
Arlauskas, and H. Stubb, Phys. Rev. B 71, 125205 (2005).
[3] A. J. Mozer, N. S. Sariciftci, L. Lutsen, D. Vanderzande, R.
Osterbacka, M. Westerling, and G. Juska, Appl. Phys. Lett. 86, 112104
(2005).
[4] A. Pivrikas, G. Juska, A. J. Mozer, M. Scharber, K. Arlauskas, N. S.
Sariciftci, H. Stubb, and R. Osterbacka, Phys. Rev. Lett. 94, 176806
(2005).
[5] G. Juska, K. Arlauskas, M. Viliunas and J. Kocka, Phys. Rev. Lett.
84, 4946 (2000).

6192-12, Session 3
Efficient heterojunction organic solar cells with high
photovoltages containing low-bandgap oligothiophene and
fullerene C60
K. Schulze, C. L. Uhrich, R. Schüppel, K. Leo, M. P. Pfeiffer,
Technische Univ. Dresden (Germany); E. Brier, P. Bäuerle, Univ. Ulm
(Germany)
Organic solar cells promise to be a cheap alternative energy source in
the future. At the moment, the best non-polymeric organic solar cells
are based on phthalocyanine as a donor and fullerene C60 as an
acceptor. However they reach photovoltages of less than 0.6V in a
single cell [1] while the optical gap of the phthalocyanine is 1.6eV.
In this work, we report on efficient heterojunction organic solar cells
containing a new oligothiophenederivative as a donor and C60 as an
acceptor. The oligothiophene carries electron withdrawing substituents
which increase the ionization energy and even more strongly the
electron affinity of the thiophene. Thus, the optical gap is reduced to
2.02eV in dichloromethane (compare e.g. 2.48eV for simple
quinquethiophene). In thin films, the absorption is significantly
broadened and the optical gap is further reduced to 1.77eV. Neverthe-
less, the material shows strong fluorescence with low Stokes shift
(peak at 1.71eV), i.e. low energy loss upon reorganisation in the
excited state.
At the heterointerface between the low-band-gap oligothiophene and
C60, photogenerated excitons from both materials are efficiently
separated into electrons on C60 and holes on the low lying HOMO of
the oligothiophene. Also this step involves only low energetic losses
since both the HOMO and the LUMO offset of the two materials are
below 0.5eV, i.e. close to the expected exciton binding energy. We can
thus reach high open circuit photovoltages of up to 1.0V. The most
efficient solar cells (3.2% power efficiency at 127mW/cm(c)˜ simulated
sunlight) are obtained when the photoactive heterojunction is embed-
ded between a p-doped hole transport layer on the anode side and a
combination of a thin exciton blocking layer and Al on the cathode
side. However, due to the high ionization energy of the oligothiophene
(around 5.6±0.1eV as determined from ultraviolet photoelectron
spectroscopy), hole injection from any anode or hole transport layer is
difficult and the IV curves thus show a characteristic s-shape which
reduces the fill factor FF to values between 29 and 35%. It is found
that the actual FF sensitively depends on the workfunction of the p-
doped hole transport layer. First attempts to prepare tandem cells
combining the new low-band-gap oligothiophene, zinc phthalocyanine
and C60 show promising results with a very broad spectral sensitivity
band and photovoltages around 1.4V. Further optimization is in
progress.
[1] J. Xue, B. Rand, S. Uchida, S. Forrest; Adv. Mater. 2005, 17, No. 1

Conference 6192: Organic Optoelectronics and Photonics II



An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe 303

6192-13, Session 3
Solution-processed organic tandem solar cells
A. Hadipour, B. de Boer, P. W. Blom, Rijksuniv. Groningen (Nether-
lands); M. G. Turbiez, M. M. Wienk, R. A. Janssen, Technische Univ.
Eindhoven (Netherlands)
One of  the limitations of present organic solar cells is the relatively
poor spectral overlap of their absorption bands with the solar
spectrum. Semiconducting polymers as poly(3-hexyl thiophene) have
a bandgap higher than 2.0 eV (600nm), thereby limiting the maximum
possible absorption of the solar spectrum to about 30%. A way to
overcome this limitation is a tandem solar cell where two bulk
heterojunction single cells are stacked in series, each with a different
bandgap. The combined absorption then covers a broader region of
the solar spectrum. So far, solution-processed tandem solar cells
have not been realized due to incompatibility of the solvents. We
demonstrate the first working solution-processed polymer tandem
cells by stacking two single cells in series. The tandem cell consist of
two bulk heterojunction sub cells separated by a thin semitranspar-
ent layer of gold. This middle layer of gold serves in three different
ways; as charge recombination centre, as protecting layer for first
cell during spin coating the second cell and the semitransparent
nature of the layer leads to possibility to tune the optical output of
the first cell (to couple transmitted light through the bottom cell and
absorption spectrum of the top cell). In order to cover a broader
region of the solar spectrum we combined a low bandgap polymer
(red absorption) with a higher bandgap (blue absorption) polymer.
These sub cells are electronically coupled in series, which leads to a
open-circuit voltage equals to sum of (Voc) of each sub cell. The
current density of the tandem cell follows the current of the top cell,
which has a lower current. A high open-circuit voltage (VOC) of 1.4
volt is achieved. The tandem architecture and proper materials gives
us the possibility to cover very broad spectral range of the solar
spectrum in order to make highly efficient organic solar cells in the
near future.

6192-52, Session 3a
Field-dependent ultrafast photoexcitation dynamics in
light emitting devices based on (ethyl-hexyl)-
polyfluorenes
F. Grasse, M. Graf, Technische Univ. Graz (Austria); S. Perissinotto,
M. Zavelani-Rossi, Politecnico di Milano (Italy); F. Galbrecht, U.
Scherf, Bergische Univ.-Gesamthochschule Wuppertal (Germany); E.
J. List, Technische Univ. Graz (Austria); C. Gadermaier, Politecnico di
Milano (Italy)
During the last years polyfluorenes (PF) have become the most
promising class of polymers for the fabrication of blue light emitting
devices. One of the main issues up to now is however the oxidative
degradation of the polymer by the formation of onchain keto defects,
which causes a degradation of the blue luminescence towards the
green.
Given this a profound understanding of the formation of keto-sites
and the mechanisms of energy or charge transfer towards this defect
sites is crucial for further improvements of the material and for the
fabrication of efficient and reliable devices. The formation of these
keto-sites has already been described in previous works by the
groups involved, whereas in this work we want to focus on the
energy and charge-transfer processes and possible influences due
to applied electric fields. Moreover we aim at experimental proof for
the theoretically postulated charge-transfer character of the
fluorescent lowest excited state at the keto defect site, which should,
due to this charge-transfer character, show a strong response to
field-modulated spectroscopy.
For this we have utilised fs pump-probe spectroscopy and field
induced pump-probe spectroscopy of both highly pure PF and of PF
copolymers with a well defined keto ratio of 5%. Both pump-probe
spectra over the whole visible range as well as temporal dynamics at
chosen wavelengths have been recorded.
A comparison of the results for the two polymers shows distinct
differences in the temporal evolution in the dynamics of the different
neutral and charged excited states (singlet excitons and polarons).
Moreover a strong influence of the applied electric field on the
formation of polarons and the dissociation of the singlet excitons is
observed. The clear differences in the field-induced dynamics
between the polymers with different keto defect concentration
indicates a different dynamics of the singlet dissociation. We

examine the role of energy transfer in this process. The charge
transfer character of the lowest excited state on the keto site,
postulated from quantum chemical calculations is not directly
reflected in a derivative-shaped field-induced pump-probe spectrum.
We discuss the implication of this finding on the interpretation of the
spectra.

6192-128, Session 3a
Ink-jet printed conjugated polymer light emitting devices
G. Mauthner, Technische Univ. Graz (Austria); K. Landfester, MPI
fuer Kolloid- und Grenzflaechenforschung (Germany); S. Psutka,
Technische Univ. Graz (Austria); A. Koeck, Wr. Neustaedter
Bildungs-und Forschungsg.m.b.H (Austria); C. Stepper, Infineon
Technologies AG (Germany); E. J. List, Technische Univ. Graz
(Austria)
Inkjet printing as a means of creating electronic devices such as
polymer light emitting diodes (PLED) or light emitting electrochemical
cells (LEC) was investigated. In particular a wide variety of conju-
gated light emitting polymers dissolved in several different solvents
have been studied with respect to the jet ability and operation
properties. The processes of wave propagation, droplet formation
and drop impact at different parameters such as temperature,
frequency and molecular weight of conjugated light emitting
polymers were studied to improve the performance of the jetting
process itself as well as of the fabricated devices. To study the
influence of ink-jet printing on the conjugated polymer, photolumi-
nescence quantum yield measurements on printed solutions were
performed and analysed.
Furthermore printed LECs and PLEDs have been fabricated by
means of inkjet printing in surface cell geometry using regular
conjugated polymers as well as semiconducting polymer
nanospheres (SPNs) dispersed in water that were fabricated by a
miniemulsion process. The performance of such printed devices is
compared in detail with devices fabricated by spin coating.

6192-131, Session 3a
THz oscillations from organic microcavity laser emission
M. Swoboda, R. Gehlhaar, M. Sudzius, V. G. Lyssenko, M.
Hoffmann, K. Leo, Technische Univ. Dresden (Germany)
We investigate the ultrafast dynamics of an organic Alq3:DCM
VCSEL optically pumped with subpicosecond pulses. We observed
two perpendicularly polarized modes in the laser emission because
of anisotropy in the distributed Bragg-reflector (DBR) mirrors. This is,
to our best knowledge, the first observation of simultaneous
emission from perpendicularly polarized laser modes which are
phase-coupled.
The DBRs are deposited using reactive electron beam evaporation of
silicon dioxide (SiO2) and titanium dioxide (TiO2). The active material
is the organic guest:host system tris-(8-hydroxy quinoline) aluminium
(Alq3 - 98%) as host and the laser dye 4-(dicyanomethylene)-2-
methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM - 2%) as guest. It
was deposited by thermal co-evaporation. Using the frequency-
doubled output of a Ti:Sapphire regenerative amplifier as pump light
(70  µJ/pulse, 200 fs duration), laser emission is observed from the
sample. By overlapping these microcavity laser pulses in a BBO
crystal with a gate beam and recording the sum-frequency signal
over the gate delay, we obtain a temporal resolution of 400 fs.
Spectrally resolved polarization dependence of microcavity laser
emission has shown two modes which have an energy difference of
∆λ = 0.24 nm and are perpendicularly polarized to each other. We
ascribe this effect to oblique columnar structures in the dielectric
layers of the DBR mirrors, resulting from oblique material incidence
during layer deposition [1]. The columns induce an in-plane optical
anisotropy dependent on the deposition angle. This leads to the
formation of two cavity modes even for exactly perpendicular wave
vector. Both cavity modes result in laser emission. The linewidth of
each of the laser modes is on the order of our spectral resolution.
If only one laser mode is selected for up-conversion, we find a pump
intensity dependence of pulse arrival and peak intensity that can be
modeled by rate equations [2]. On the other hand, using both modes
and rotating the polarization of each mode by 45o with respect to the
gate beam, we observe an oscillating behaviour with a time period of
5.5 ps (180 GHz). The reproducibility of the oscillation phase allows
us to call the modes phase-coupled, as measurement data are
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obtained from averaging a large number of pulses. We have
extended our model of rate equations [2] in order to explain these
results. The extended model very well explains the oscillating
behaviour and allows understanding this process as polarization
interference of two light pulses of different frequency and constant
phase relation.
The constant phase is a result of mirror anisotropy. Indeed our
microcavity DBRs form a Solc-filter-type medium resulting in mode
coupling. The plane of polarization of a given mode is constantly
rotated during propagation through the DBRs allowing periodic
amplitude modulation and thus energy transfer between both modes.
Our estimations of coupling constant versus phase-mismatch show
that contradirectional coupling in the Solc-medium is likely to be
responsible for the observed phase-coupling.
References
1. R. Gehlhaar et al, Appl. Phys. Lett. (to be published).
2. M. Koschorreck et al, Appl. Phys. Lett. 87 (2005) 181108.

6192-55, Poster Session
Blue and white organic light-emitting devices employing
dimeric trimeric phenylenvinylene derivative as single-
emitting component
Y. Duan, W. Jiang, Jilin Univ. (China)
Abstract
Two dimeric trimeric phenylenvinylene derivative 2, 5, 2', 5'-tetrakis
(4'-fluorostyryl) biphenyl (P-F-TSB) and 2, 5, 2', 5'-tetra (p-
trifluoromethylstyryl)-biphenyl (TFM-TSB) have been synthesized as
new electroluminescent (EL) materials. P-F-TSB exhibits good color
purity, high luminance of blue light-emission in organic light-emitting
devices. Maximum brightness and luminous efficiency are of 1828
cd/m2 and of 1.92 cd/A. CIE coordinates are x=0.20 and y=0.22.
Interestingly, we can fabricate single layer white light-emitting device
using TFM-TSB as emitting layer. The broad electroluminescence
emission band may attribute to long-wavelength excimer and
electromer emission in addition to the blue component from singlet
excited state of individual TFM-TSB molecule. Furthermore, white-
light emission can also be obtained with a typical three-layer
structure of ITO/ NPB (50 nm)/ TFM-TSB (50 nm)/ Alq3 (30 nm)/LiF/Al
device. The maximum brightness of this device is 809 cd/m2 at 217
mA/cm2 and 13V, and the maximum luminous efficiency is 1.49 cd/A
at 11 mA/ cm2 and 8V.

6192-56, Poster Session
Light responsive ambipolar organic field-effect transistor
based on amorphous thin films of spiro-linked compound
T. P. Saragi, I. Suske, K. Onken, T. Fuhrmann-Lieker, J. Salbeck,
Univ. Kassel (Germany)
Organic semiconductors are of interest for low-cost applications
such as organic light  emitting devices (OLEDs), organic solar cells,
and organic field-effect transistors. Integrated circuits based on
organic semiconductors have been reported earlier, opening the field
of flexible electronic devices. One important class of functional
materials for those applications is based on the spiro concept.
Joining two functional moieties with a spiro carbon atom achieves
the task of raising the glass temperature (Tg), because the increased
steric demand of the resulting spiro-linked compound effectively
hinders crystallization. The perpendicular arrangement of the two
functional chromophores in spiro-linked compounds is expected to
give only relatively weak electronic interaction of the molecular
halves. Generally, spiro-linked compounds are known as glass-
forming compounds with high Tg and good morphological stability,
which makes them well suitable for organic devices such as organic
solar cells, OLEDs, (photo) unipolar field-effect transistors, and
lasers.
In this contribution we demonstrate an ambipolar behavior of new
spiro-linked compound. We used a field-effect transistor method to
show the ambipolar behavior. Both p- and n-type transistor
characters can be observed in our experiment. Surprisingly, both
transistor characteristics are significantly enhanced as light used as
additional control parameter. This effect makes the material is
interesting for organic solar cells application. The change of Ids-Vds
and Ids-Vg curves under illumination are presented and discussed as
well. The optical, thermal, surface morphology and electrochemical
properties are also presented and discussed.

6192-59, Poster Session
Applications of admittance spectroscopy in determining
carrier mobilities and transport parameters in organic
electronic materials
S. K. So, S. W. Tsang, Hong Kong Baptist Univ. (Hong Kong China)
Admittance spectroscopy (AS) and susceptance analysis have been
used to determine charge carrier mobilities and transport parameters
in small molecular organic transporting materials. Via computer
simulation, we found that a plot of the negative differential
susceptance vs frequency yields a maximum at a frequency f_max.
The position of the maximum frequency is related to the average
carrier transit time t by  f_max=0.56/t. Thus knowledge of f_max can
be used to determine the carrier mobility in the material. Devices with
the structure anode/4,4',4"-tris{N,-(3-methylphenyl)-N-phenylamino}
triphenylamine (m-MTDATA)/Ag have been designed to investigate
the validity of the susceptance analysis in the hole mobility determi-
nation. The extracted hole mobility data from the susceptance
analysis is further analyzed by the Gaussian Disorder Model (GDM).
The GDM disorder parameters are in excellent agreement with those
independently extracted from time-of-flight (TOF) technique. In
addition, different hole transporting materials, with different energy
levels of highest occupied molecular orbital (HOMO), are further
examined in order to study the injection barrier effect on the
extracted mobility by AS. We found that the nature of the carrier
injection contact is very important in the delineation of the mobility
data in AS. In the case an Ohmic hole contact (e.g. ITO or Au /m-
MTDATA), the mobility data is good agreement with TOF results.
However, in the case of non-Ohmic contact, the extracted mobility
appears to be smaller. Thus AS can be used a means of evaluating
the quality of electric contact between the injection electrode and the
organic material.

6192-63, Poster Session
Elaboration of transparent conductive oxide films for
flexible organic electroluminescent devices
B. Lucas, Univ. de Limoges (France)
The development of organic optoelectronic components (such as
organic light-emitting diodes or solar cells) on plastic substrates is
rapidly growing and represents one of the important stakes in the
thin layers technology. Thus, we realised flexible polymer optoelec-
tronic devices; to do so, we optimised a technique of deposition of
indium tin oxide (ITO) on organic substrates such as polyethylene
terephtalate (PET), in soft low temperature conditions and which
corresponds to the requirements of the component fabrication
processes: a high transmittance (~90% between 400nm and 800nm),
a low resistivity (~10-3Wcm), a surface roughness lower than 2nm.
To deposit ITO layers, we chose IBS (Ion Beam Sputtering) technol-
ogy which seems well adapted to us to adjust the conduction level of
the interface films to the one of the various organic materials making
up the fabrication processes of the organic optoelectronic compo-
nents; moreover this technique does not require a high substrate
temperature or an annealing after ITO deposition on polymer
substrate. Because of the great number of deposition parameters
used by the IBS technology, playing interdependent roles and
strongly influencing the electrical and optical properties of the layers,
first of all we will show the effects of these various parameters
separately by using electrical characterizations, optical characteriza-
tions as well as roughness measurements  by AFM. Then we will
present the performances of flexible organic light-emitting diodes
(FOLEDs): the best results gave a luminance of 4500 cd/m(c)˜ for a
15V voltage. These values are comparable to the ones of a conven-
tional organic light-emitting diode realised on glass substrate and
according to the same device configuration.

6192-69, Poster Session
Observation of significant electron mobility in NPB
S. Tse, S. So, Hong Kong Baptist Univ. (Hong Kong China)
N,N’-diphenyl-N,N’-bis(1-naphthyl)(1,1'-biphenyl)-4,4’diamine (NPB),
an important organic hole transporter for organic light-emitting
diodes (OLEDs), is found to possess a significant electron mobility.
From time-of-flight (TOF) measurements, the electron mobility has a
value of 6 to 9x10-4 cm2/Vs at 290K under an applied electric field
of 0.04 to 0.2 MV/cm. At low electric field, the TOF time transient has
a well-defined plateau characteristic of non-dispersive charge
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transport. An increase in the electron mobility can be observed as
the electric field is reduced below 0.09 MV/cm. The electron mobility
of NPB exceeds that of Alq3, a common electron charge transporter.
To demonstrate the electron-transporting (ET) capability of NPB in
thin film OLED structures, a device was fabricated with a configura-
tion of ITO/BCP(20nm)/NPB(200nm)/Ca. (BCP = bathocupronine).
Hole-blocking BCP prevents hole injection from ITO. On the other
hand, Ca has a work function of 2.87eV while the lowest unoccupied
molecular orbital (LUMO) of NPB is about 2.45eV. Appreciable
electron injection was observed from the Ca cathode into the LUMO
of NPB. Making use of ET property of NPB, we also made OLEDs
that employed NPB both as the HTL and the ETL. The OLED had a
structure of ITO/CuPc(15nm)/NPB(45nm)/BCP(20nm)/ NPB(40nm)/
Ca. Electroluminescence (EL) was observed with a spectrum that
matches the emission of NPB. A maximum luminance of about 80cd/
m2 was observed. The urrent efficiency was 0.38cd/A. The mecha-
nism of electron conduction in relation to the molecular structure of
NPB will be discussed.

6192-70, Poster Session
Dopant effect on the charge injection, transportation, and
device efficiency in electrophosphorescent polymeric
light-emitting device
H. A. Al Attar, A. P. Monkman, Univ. of Durham (United Kingdom)
Abstract
We have studied the dopant effect of heavy metal complexes on the
charge injection, transportation and device efficiency in
electrophosphorescent polymeric light emitting devices. Two types
of polyfluorene were used as the host medium and different types of
Ir-complexes were used as dopants. The current density-voltage J-V
characteristics were analysed at different dopant concentrations.
Four regions were indicated in the J-V characteristics, with each
region controlled by a different process depending on the device
configuration and applied field. The effect of the dopant concentra-
tion on the interface potential barrier was estimated using the
Fowler-Nordheim (FN) model. It is found that the Ir-complex may
alter the potential barrier between the highest occupied molecular
orbital (HOMO) energy level of the host polymer and the adjacent
layer work function. We show that the dopant reduces the potential
barrier for hole injection into the polymer thus reducing the turn-on
voltage. Our results are compared with those of other authors who
have observed an increase in the turn-on voltage with increasing
dopant concentration. The effect of Ir-complexes on the electron
transport and exciton formation is significant; the dopant increases
the free electron density and enhances electron mobility by reducing
the characteristic energy of the electron trap Et. At high-applied field
the electron transport mechanism is controlled by space charge
limited current (SCLC) with high concentration exponentially
distributed intrinsic deep trap states for the electron. The character-
istic energy of the trap, Et, and the power factor, m, have been
determined as a function of dopant concentration. The effect of the
Ir-complex dopant on the external quantum efficiency (EQE) and
luminance intensity (Cd/m2) depends on whether the dopant acts to
balance carrier (electron and hole) injection and transport or disturb
the existing balance. For PF2/6am4 polyfluorene the dopant
concentration at 2% balances the electron-hole mobility and
enhances the EQE while for PSBF:TAD the EQE collapses due to the
large shift in electron mobility, upsetting the existing balance of the
carrier injection and transport. Balancing carrier injection and
transport and confine the injected carriers inside the active layer are
the key issues for high power and external quantum efficiency and
not simply the energy transfer mechanisms alone

6192-72, Poster Session
A green organic light-emitting diode based on a rare-
earth terbium complex
A. M. C. Ng, A. B. Djurisic, C. H. Cheung, W. K. Chan, The Univ. of
Hong Kong (Hong Kong China)
Tris(8-hydroxyquinoline) aluminum (Alq) has been widely used as the
electron transporting layer as well as the green emitter layer in
organic light emitting diodes (OLEDs) since it is thermally and
morphologically stable to evaporate into thin films. Alq exhibits
strong green emission but its spectrum is broad (~85 nm FWHM)
which results in inferior colour purity. On the other hand, rare-earth
metal ions exhibit sharp spectral band which corresponds to 5Dx-

7Fx transitions. In the case of terbium, this results in a sharp
emission in green.
In this work, organic light emitting diodes based on a rare-earth
metal complex [Tris(3-methyl-1-phenyl-4-trimethyl-acetyl-5-
pyrazoline) terbium III] were fabricated by thermal evaporation. The
basic device structure is indium tin oxide(ITO)/4,4'-N,N’-dicarbazole-
biphenyl(CBP)/2,9-dimethul-4,7-diphenyl-1,10-phenanthroline(BCP)/
tris(8-hydroxyquinoline) aluminum(Alq)/Lithium Floride(LiF)/
Aluminium(Al). The terbium (Tb) complex was doped into the hole
transporting material (CBP) and the electron transporting material
(Alq3) to investigate the effect of dopant in different layers on the
device performance. The effects of different dopant concentration on
the photoluminescence (PL) and electroluminescence (EL) emission
spectra were also investigated. Sharp emission in green (545 nm)
was observed in both spectra under optimum doping concentration.

6192-74, Poster Session
Study on carrier transport of thick OLEDs
Y. Cheng, National Tsing Hua Univ. (Taiwan)
Waveguide may be used for future organic laser diode. To avoid
optical mode touching the contacts, thicker organic layers are
required for better confinement. In this study, we use thick OLEDs to
characterize the influence of layer thickness on electrical and optical
properties. The OLED layer structure comprises ITO/ CuPc(15nm)/
NPB(40nm)/ Alq3(50nm)/ Mg:Ag. Thick OLEDs are simply made by
magnifying the thickness of standard hole and electron transport
layers, i.e., NPB and Alq3. Three OLEDs with total thicknesses,
105nm, 285nm and 555nm, were fabricated for comparison. Carrier
transport theory was then used to explain the IV, EL and LI measure-
ment results, showing that the threshold voltage is directly propor-
tional to the total thickness of NPB and Alq3 layers. In addition, EL
results revealed that 22nm red shift was incurred for 555nm thick
device. Further analysis was done to understand the red shift
phenomenon in thick OLEDs.

6192-75, Poster Session
Highly efficient blue phosphorescent OLEDs using large
bandgap host materials
K. Wong, F. Fang, National Taiwan Univ. (Taiwan)
Phosphorescent emitters containing transition metals are of
substantial interest for highly efficient organic light emitting diodes
(OLEDs) in recent years. In phosphorescent OLEDs, to reduce
quenching assoicated with relatively long excited-state lifetimes of
triplet emitters and triplet-triplet annhilation etc., triplet emitters of
heavy-metal complexes are normally used as emitting guests in a
host material, and thus effective host materials are of equal impor-
tance for efficient phosphorescent OLEDs. The development of
effective host materials for triplet emitters, especially for blue ones,
imposes some challenges to molecular designs. In this communica-
tion, we report the molecular design and syntheses of large band-
gap host materials for blue phosphorescent devices. Devices with 9-
(4-tert-butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole (CzSi) as host
for the blue phosphorescent dopant iridium(III)bis[(4,6-
difluorophenyl)-pyridinato-N,C2']picolinate (FIrpic) show a maximum
external quantum efficiency of ~16% (30.6 cd/A) and a maximum
power efficiency of 26.7 lm/W, with a maximum brightness of
~59000 cd/m2. In addition to achieving a high external quantum
efficiency, the power efficiency was promoted to twice of those of
previous works. This is attributed to excellent exciton confinement
and highly-efficient carrier injection and transport in the emission
layer, giving rise to a dramatic improvement in device performances.

6192-77, Poster Session
Organic solar cells with low molecular weight molecules
showing high-temperature stability
R. Lessmann, M. Pfeiffer, K. Leo, Technische Univ. Dresden
(Germany)
Many groups are currently investigating organic solar cells to find
efficient device configurations. However, little work has been
published up to now concerning degradation processes and stability
of vacuum deposited devices. To get thermally stable devices, one
must use materials with a high glass transition temperature Tg to
avoid any morphology change during the operation of the device.
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Non-polymeric organic materials that fulfill this requirement are e.g.
phtalocyanines, fullerene C60 and large triarylamine compounds.
To prevent degration by oxygen, the electron transport layers and
base metal contacts must be protected. However, in the MIP
configuration(metal-intrinsic-p-doped) proposed by Drechsel et al.
(Organic Electronics 5 (2004) 175), top contact is gold and the layer
directly below is a p-doped layer. The latter is hardly affected by
oxygen because the organic p-dopant used is a much stronger
acceptor than oxygen and thus completely dominates the behaviour.
Here, we present an efficient MIP solar cell with p-doped layer using
organic dopants that shows only low degradation upon 100 hours
irradiation with a full sun at 80 °C and even withstands heating to
105 °C for some hours.
The active layer is formed by a blend of buckminsterfullerene (C60)
and zinc-phthalocyanine (ZnPc); for the hole transport layer, a large
triarylamine-based amorphous wide gap material with high glass
transition temperature(NPD2)is used. The device structure is ITO /
C60 (5 nm) / C60 : ZnPc [2:1] (30 nm) / NPD2 (5 nm) / p : NPD2 (40
nm) / p : ZnPc (10 nm) / Au (30 nm). The organic p-dopant was
provided by NOVALED GmbH. It is used instead of the widely used
F4TCNQ because of its better thermal stability.
Devices with good performance and high fillfactors up to 53% are
obtained when grown with substrate temperature of 110 °C for the
active layer and 40 °C for the p-doped layer. Here, the power
efficiency is around 1.5%. However, samples made with substrate at
100°C during the deposition of the p-doped layer do not work well.
Capacitance versus frequency measurements show that the parallel
resistance is more than 2 orders of magnitude lower than for devices
made without heating the p layer during evaporation which reduces
the fill factor and the open circuit voltage.
After the device preparation, the solar cells can be heated to 80 °C
and maintained under simulated sunlight (127 mW/cm(c)˜) for 100h
showing only 15% of loss in the power conversion efficiency. The
most significant degradation occurs within the first 30h while no
further degradation is observed between 40 and 100 h. The initial
decay concern only the fill factor and  the open circuit voltage. The
short circuit current, however, remains constant which indicates that
the degradation rather occurs in the transport layers or the contacts
while the active layer is essentially stable.
Acknowledgment to CAPES / Brazil for the scholarship.

6192-83, Poster Session
Low-bandgap poly(thienylene vinylene) for organic solar
cells: photophysics and photovoltaic performance
L. H. Nguyen, S. Günes, H. Neugebauer, N. S. Sariciftci, Johannes
Kepler Univ. Linz (Austria); F. Banishoeib, Univ. Hasselt (Belgium); A.
Henckens, L. J. Lutsen, IMEC (Belgium); D. J. M. Vanderzande, Univ.
Hasselt (Belgium) and IMEC, IMOMEC division (Belgium)
Photophysical studies and photovoltaic performance of a low band
gap, high hole mobility Poly(Thienylene Vinylene) (PTV), prepared
from a soluble precursor polymer synthesised via the “dithiocarbam-
ate route” are reported. The observation of photoinduced absorption
(PIA) together with photoluminescence (PL) quenching indicates that
the interaction of the photoexcited PTV with soluble fullerene
derivative (PCBM) leads to charge creation and transfer. The
photovoltaic performance of the PTV with PCBM in bulk
heterojunction concept showed short circuit currents under AM1.5
irradiation of about 4 mA/cm2. These results are relatively high as
compared to recent reports for PTVs [ 1,  2] and for other low
bandgap polymers.[ 3, 4 ]  The photocurrent spectrum of the
photovoltaic device shows an onset of the photocurrent at about
1.65 eV (750 nm).
References:
[1]  A. Henckens, M. Knipper, I. Polec, J. Manca, L. Lutsen, D.
Vanderzande, Thin solid Films 2004, 451-452, 572.
[2]  A. P. Smith, R. R. Smith, B. E.Taylor, M. F. Durstock, Chem.
Mater. 2004, 16, 4687.
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R. A. J. Janssen, Adv. Func. Mater. 2001, 11, 255.

6192-84, Poster Session
Polymer-based devices with adaptable infrared reflection
and transmission
C. M. Nilsson, E. H. Karlsson, H. M. Kariis, Swedish Defence
Research Agency (Sweden)
Components based on electrochromic materials are widely used for
switching of their optical properties upon an application of a voltage.
Reversible switching of a material from a coloured to a transparent
state in the visible spectrum has been investigated for many years.
Surfaces with adaptable reflection also in the infrared region are
interesting in a wide range of applications, such as temperature
control, military camouflage or space applications. Here the whole
wavelength region 3-20 µm is of interest.
Two cells with different composition were completed for transmis-
sion and, reflectance measurement respectively. In these compo-
nents the conducting polyer PEDOT (poly (3, 4- ethylenedioxy
thiophene)served as the electrochromic material. PEDOT was
combined with the oligomer PSS (polystyrensulfonate) for improved
processability.
Device construction
Cell with adaptive reflectivity
One problem with construction of IR reflective device is the black-
body radiation from the outermost surface. Therefore no other
material such as an electrode can be situated on the top of the active
layer. We have overcome this problem by constructing a device with
the active polymeric layer on top of a netshaped metallic electrode,
which permits ion migration thorough the net.
The front (working) electrode is based on PEDOT:PSS which is the
active top layer. Between the top layer and the electrolyte there is a
metallic net. The back (counter) electrode is based on a metal in
contact with an conducting ion storage layer. It could be a conduct-
ing polymer. PEDOT:PSS is chosen because of its advantage above
and its high availability. Between the two electrodes there is
polyethylene oxide doped with Li+ ions as a solid electrolyte.
Cell with adaptive transmission
The issue for this type of cell, is that all the layers in the device must
be transmissive in the whole relevant wavelength range.
The developed cell is of sandwich structure, comprised of all
conducting layers. Low doped silicon wafer were used as substrates
for the device, prepared with a layer of conducting polymer
(PEDOT:PSS), a layer of solid electrolyte (polyethyleneoxide and
lithium perchlorate), and is completed with a ion storage layer of Li+-
doped VOx.
Results
Both the transmission and the reflectance measurements were
carried out with a Bruker IFS55 spectrometer. The spectrometer can
measure both transmission and reflection, both specular and diffuse.
With an applied voltage of 0-30 V on the reflective device, a
difference of the reflection could be identified in part of the interest-
ing wavelength range. By applying a negative voltage on the device
the reflectance increased, with at least a factor of two.
For the transmission device, diffuse transmission measurements in
the IR spectrum were carried out with a negative voltage applied to
the polymer. The IR transmission of PEDOT:PSS increases by
applying a moderate negative voltage between the polymer and a
counter electrode.  The modulation in transmission is efficient all
over the infrared spectrum (2-10 µm), except for some strong
absorption band. Factors that effect the cells transmittance
properties are the thicknesses of the constituent layers, voltage, age,
ion concentration, doping level, and conductivity.  A higher transmis-
sion was observed for higher negative voltages for the polymer. The
process was reversible, and stable for at least three days in air at
room temperature.
The reflection/transmission changes is due to the Li-doping, which
produces new electronic states in the bandgap of the conjugated
polymer. As the surfaces of the device is switched from neutral to a
p-doped state the reflection increases.
By measuring on the same polymeric system in the two different
devices a complete understanding of the complex refractive index as
a function of the doping level can be achieved.
Summary
We have shown that the optical properties in the infrared spectrum
of a conducting polymer can be controlled by changing the doping
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state. Devices have been constructed to change the doping by
applying a voltage on the electrochromic material. Transmission and
reflection changes of the devices have been measured in real time.

6192-86, Poster Session
The influence of doping on the performance of organic
bulk heterojunction solar cells
M. J. Glatthaar, Albert-Ludwigs-Univ. Freiburg (Germany); N.
Mingirulli, Fraunhofer-Institut für Solare Energiesysteme (Germany);
B. Zimmermann, Albert-Ludwigs-Univ. Freiburg (Germany); F.
Clement, Fraunhofer-Institut für Solare Energiesysteme (Germany);
M. K. Riede, Albert-Ludwigs-Univ. Freiburg (Germany); B. van der
Wiel, M. Niggemann, A. Gombert, Fraunhofer-Institut für Solare
Energiesysteme (Germany)
The light absorber of organic bulk-heterojunction solar cells is made
of an organic blend of two different materials, which form two
interpenetrating networks. One network usually consists of an
optically active polymer, which can donate excited electrons to the
other network, which consists of an electron accepting molecule.
The remaining vacancy (hole) on the donor-network and the electron
on the acceptor-network are able to move like free charge carriers
via hopping transport. The respective transport-levels for electrons
and holes are comparable to the valence band edge and the
conduction band edge in an inorganic semiconductor. Hence, the
organic blend is regarded as one effective semiconductor in the
following. The simplest approach to realise a solar cell is to sandwich
a semiconductor layer between two electrode layers. Under
illumination one electrode should match with its Fermi-level the
quasi-Fermi-potential of the holes, the other the quasi-Fermi-
potential of the electrons. In the dark and without bias voltage there
is an electrical potential drop across the semiconductor which
compensates the Fermi-level difference of the two electrodes.
For an undoped semiconductor  the electrical potential drops linearly
across the semiconductor because there are very few charges within
the semiconductor. For organic bulk-heterojunction solar cells based
on poly(3-hexylthiophene) (P3HT, donor) and [6,6]-phenyl C61-
butyric acid methyl ester (PCBM, acceptor) it is commonly assumed
that the doping level is sufficiently low for this approach [1].
Our investigations by electrical impedance spectroscopy strongly
indicate that this is not true. At the Bode-plot a significant peak of
the phase in the low frequency region was observed. At the
modulus-plot a strong neck was observed, dividing the graph into
two subsequent semicircle-like objects. Both plots indicate that the
semiconductor is divided into two regions of  different conductivities.
For increasing reverse-bias voltage an expansion of the low
conductivity region was observed, like expected for a depletion layer
in a semiconductor close to a Schottky-like contact.
It is known from literature, that annealing leads to drastic improve-
ment of the photovoltaic performance [2,3]. We compared the
impedance spectra before and after subsequent annealing steps.
After the annealing an expansion of the depletion region was
observed, indicating that volatile dopants , e.g. oxygen, are
evaporated out of the absorber during the annealing steps. This
might contribute to an improved photovoltaic performance as the
separation of the generated charges in the depletion region is more
efficient than in the non-depleted region.
Also the influence of the solvent on the doping level is investigated
by impedance spectroscopy. This is of special interest as devices
processed from the solvent tetralin do not necessarily need to be
annealed to reach a good photovoltaic performance like devices
processed for chlorobenzene solution.
References
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Films 451-52, 503 (2004)
[2] F. Padinger, R.S. Rittberger, N.S. Sariciftci, Adv. Func. Mat. 13,
85 (2003)
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Durrant,
Appl. Phys. Lett. 86, 063502 (2005)

6192-87, Poster Session
Electroabsorption studies on working organic
semiconductor devices with various intermediate layers
C. Lungenschmied, G. Dennler, Johannes Kepler Univ. Linz (Austria);
E. A. Ehrenfreund, Technion - Israel Institute of Technology (Israel);
H. Neugebauer, S. N. Sariciftci, Johannes Kepler Univ. Linz (Austria)
Electroabsorption spectroscopy in reflection/absorption geometry
was used to probe the electric field induced changes in the transmis-
sion of thin organic semiconducting films sandwiched between
asymmetric contacts. The photoactive layer of the investigated
devices consisted of a soluble polyphenylene vinylene derivative,
namely poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1-4-phenylene
vinylene] (MDMO-PPV), spin cast on indium tin oxide (ITO) coated
glass substrates and covered with an aluminum layer as a top
electrode.
The change in the transmission (DT) due to the Stark effect was
monitored using a phase sensitive modulation technique at various
applied DC voltages (VDC). It is observed, that |DT| goes to zero at
positive VDC (ITO is +), showing the existence of an internal electric
field (Vint) is cancelled by the externally applied field.
Vint thus obtained, was found to change by introducing intermediate
layers. While it was independent of introducing a layer of poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulfonate)
(PEDOT:PSS) between ITO and MDMO-PPV, a thin layer of LiF
between MDMO-PPV and Al shifts this voltage up to ~ +2 V.
When using the same device setups in photovoltaic studies, the
maximum open circuit voltage (VOC) qualitatively follows the same
trend: by introducing LiF, VOC rises significantly.
However, this picture can only be observed for samples cooled with
liquid nitrogen to temperatures low enough to freeze out the injection
current through the device. At room temperature the spectral
features attributed to the Stark effect are dominating for samples
without PEDOT:PSS, whereas those with this intermediate layer
exhibit strong spectral features attributed to charge modulation.
Furthermore only a reduced internal electric field is observed, largely
independent of the use of LiF. We ascribe this phenomenon to a
screening of Vint by persistent charges at the PEDOT:PSS/MDMO-
PPV interface.

6192-88, Poster Session
Influence of solvents and substrates on the morphology
and performance of low-bangap polyfluorene: PCBM
photovoltaic devices
C. M. Björström, S. Nilsson, K. O. Magnusson, E. Moons, Karlstad
Univ. (Sweden); A. Bernasik, AGH Univ. of Science and Technology
(Poland); J. Rysz, A. Budkowski, Jagiellonski Univ. (Poland); F.
Zhang, O. Inganäs, Linköpings Univ. (Sweden); M. R. Andersson,
Chalmers Tekniska Högskola (Sweden)
Introduction
Photovoltaic cells made of thin films of conjugated polymers blended
with fullerene derivatives, have reached a conversion efficiency of
2.1%, using a blend of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-5,5-
(4´,7´-di-2-thienyl-2´,1´,3´-benzothiadiazole)] (APFO3) and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) spincoated from a
chloroform solution[1]. This blend contains four times more PCBM
than APFO3 in the bulk.
In this study, we focus on the morphology in thin films of this blend.
In previous studies we have shown by tapping-mode atomic force
microscopy (AFM) that the APFO3:PCBM (1:4) blend displays a
homogeneous surface topography, when spincoated from chloro-
form solution [2]. However, in depth-profiles measured by dynamic
secondary-ion mass spectroscopy (SIMS), we recently observed a
vertical compositional variation consisting of multilayers of polymer-
rich and PCBM-rich domains [3]. The difference in surface energies
of the blend components induces spinodal waves which give rise to
vertical phase-separation in these thin films, with the polymer
segregating to the free surface and the PCBM enriching the near-
substrate region. Here we present results from SIMS studies as well
as AFM images of thin films of APFO3:PCBM, spincoated from
different solvents and solvent mixtures onto various substrates.
Results
In thin films of APFO-3:PCBM (1:4) spin-coated onto different
substrates, we observe that the component with the higher surface
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energy, PCBM, enriches at high surface energy substrates, such as
silicon and PEDOT:PSS on ITO. However, an excess of the APFO-3
polymer is observed at the interface with gold substrates, despite the
high surface energy of gold. This can however be explained by a
specific interaction between APFO-3 and gold via the thiophene
groups, making it favourable for the APFO-3 to be at the gold
substrate. The region near the free surface is not influenced by the
change of substrate even for films as thin as 70 nm.
The conversion efficiency of the APFO-3:PCBM solar cell has
recently been reported [4] to increase when a small amount (1%) of a
low-vapour pressure solvent, chlorobenzene, is added to the
chloroform-based blend solution before spin-coating. This increase
is due to an increase in the short-circuit current. To understand the
origin of the effect of addition of chlorobenzene in devices we
analysed the lateral and vertical morphology of thin films of the
blend, spin-coated from chloroform/chlorobenzene solvent mixtures
by AFM and SIMS. Structural variations in the films were observed
upon addition of a low-vapour pressure solvent. The variations due
to addition of chlorobenzene can be correlated to the evaporation
rate/s of the solvent/s. However, when low vapour pressure solvents
that are chemically different from chloroform, such as xylene or
toluene, are added, other parameters have to be taken into account.
In a simple picture of a bulk heterojunction solar cell a vertical
structure with an enrichment of the electron donor material, here
APFO-3, at the hole-collecting PEDOT:PSS/ITO contact would be
favourable for transport, as would be an excess of the electron
acceptor material, PCBM, at the free surface, onto which the
electron-collecting top contact is later evaporated. The structure
observed here for the APFO-3:PCBM solar cell prepared from
chloroform is different and could be considered less favourable for
transport, despite of its relatively high conversion efficiency. We
show here that the addition of chlorobenzene, which improves the
short-circuit current, alters that vertical structure of the film to a more
favourable one for solar cells. We expect that by tuning surface
energies of the blend components and the substrate, efficiencies of
bulk heterojunction solar cell can be improved even further in the
future.
References
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6192-90, Poster Session
Comparative studies on solar cell structures from Zn-
Phthalocyanine and Fullerenes
M. Egginger, R. Koeppe, F. Meghdadi, Johannes Kepler Univ. Linz
(Austria); P. Troshin, R. Lyubovskaya, Institute of Chemical Physics
(Russia); D. Meissner, S. N. Sariciftci, Johannes Kepler Univ. Linz
(Austria)
Comparative studies on solar cell structures from Zn-Phthalocyanine
and Fullerenes
M. Egginger(a), R. Koeppe(a), F. Meghdadi(a), P. A. Troshin(b), R. N.
Lyubovskaya(b), D. Meissner(a,c), N.S. Sariciftci(a)
(a) Linz Institute for Organic Solar Cells (LIOS), Physikalische
Chemie, Universität Linz, Altenbergerstr. 69, 4040 Linz, Austria
(b) Institue of Problems of Chemical Physics of RAS, Chernogolovka,
Moscow region, 142432, Russia
(c) OET, University of Applied Sciences, Stelzhamerstr. 23, A-4600
Wels, Austria
We compare different structures of organic solar cells with Zn-
Phthalocyanine and Fullerenes as electron donor and acceptor
materials, respectively. Bilayers are fabricated and charcterized by
current-voltage and spectrally resolved photocurrent measurements.
For the first time the voltage dependence of the spectrally resolved
photocurrent is investigated.
Coevaporated bulk heterojunction mixed-layers are introduced
between the single layers, thus short circuit currents up to 13 mA /
cm(c)˜ are observed.

In a novel approach the Zn-Phthalocyanine was combined with
soluble fullerene derivatives. With a pyrrolidino fullerene bearing
chelating pyrridyl-groups we observed a complexation between
donor and acceptor molecules. This leads to a significant enhance-
ment of solar cell performance due to a favorable structuring of the
donor-acceptor interface.
References:
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Sol.En.Mat.Sol.Cells 61, 2000, 1 - 8
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6192-92, Poster Session
Highly efficient OLEDs on ITO-free polymeric substrates
K. Fehse, K. Walzer, G. He, M. P. Pfeiffer, K. Leo, Technische Univ.
Dresden (Germany); A. Elschner, W. Lövenich, H.C. Starck Inc.
(Germany)
Standard organic light emitting diodes (OLEDs) are usually bottom-
emitting, i.e. they emit light through a transparent and electrically
conductive substrate. Usually, indium tin oxide (ITO) is used for this
purpose. However, indium is a very expensive metal; replacing it is of
vital interest for OLED mass production. We suggest the use of a
polymer instead, which carries out both hole transport and injection.
The OLED itself is based on a stack of small molecules with doped
transport layers.
We use a new highly conductive formulation of PEDOT:PSS, called
Baytron PH 500, with a conductivity of 500 S/cm, that provides a
smooth and electrically suitable substrate for the OLED stack. The
use of such a polymeric injection layer and a doped small-molecule
OLED stack result in a low operating voltage of the devices. The
charge transport layers of the OLED consist of MeO-TPD (N,N,N’,N’-
tetrakis(4-methoxyphenyl)-benzidine) doped with a low percentage
of F4-TCNQ (2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-quinodimethane)
for the hole transport layer and of Bphen (4,7-diphenyl-1,10-
phenanthroline) co-evaporated with caesium for the electron
transport layer. We demonstrate both fluorescent and phosphores-
cent monochromic OLEDs based on Baytron PH 500 which achieve
good efficiencies. The OLEDs made on Baytron PH 500 will be
compared with devices of similar stack on ITO. Although the polymer
possesses a somewhat lower conductivity than ITO, efficient devices
can be fabricated.  For example, using the blue emitter Spiro-DPVBI
(2,2',7,7'-tetrakis(2,2-diphenylvinyl)spiro-9,9'-bifluorene) we achieve
an efficiency of up to 4.13 cd/A. As another example, we will discuss
green OLEDs based on the triplet emitter Ir(ppy)3 (fac tris(2-
phenylpyridine) iridium) doped in a wide gap material in view of the
device performance and device structure.

6192-95, Poster Session
Optimization of electron transport and cathode materials
for efficient organic solar cells
A. Colsmann, J. Junge, T. Wellinger, C. Kayser, U. Lemmer, Univ.
Karlsruhe (Germany)
In this work we present organic solar cells based on a P3HT:PCBM
(Poly(3-hexylthiophene-2,5-diyl) : C61-butyric acid methyl ester)
blend combined with various electron transport materials and
different cathodes. We were able to utilise the good charge carrier
transporting properties of the P3HT:PCBM blend together with the
flexibility of evaporated heterostructures. The systematic use of
different cathodes featuring Calcium, Aluminium/Lithiumfluoride and
other materials resulted in higher filling factors and open circuit
voltages compared to simple Aluminium cathodes. Thus this lead to
a significant increase of power conversion efficiency. Further we
studied the influence of additional layers of some common electron
transporting materials like C60, PBD (2-(4-biphenyl)-5-(4-tert-buthyl-
phenyl)-1,3,4-oxadiazole) and BCP (2,9-dimethyl-4,7-diphenyl-1,10-
phenantrolene) on the cell properties. Using all these advantageous
assemblies various solar cells with a power conversion efficiency of
more than 3% have been investigated.

Conference 6192: Organic Optoelectronics and Photonics II



An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe 309

6192-97, Poster Session
Comparative study of optoelectronic properties of various
Europium complexes used in organic electroluminescent
structures
M. Chakaroun, R. Antony, Univ. de Limoges (France); R. Demadrille,
CEA Grenoble (France); A. Moliton, Univ. de Limoges (France)
In order to obtain a red emission with an organic electroluminescent
device, we realized multilayer structures using various Europium
complexes as the emitting layer. The multilayer structures were
obtained with a ITO substrate, a poly-3,4-ethylenedioxythiophene
doped with poly(styrenesulfonate) (PEDOT-PSS) layer as hole injection
layer, the emitting layer, a 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) layer as hole blocking layer and a tris-(8-
hydroxyquinoline) aluminium (Alq3) layer as electron transport layer.
Cathode of the devices was realized with a calcium layer covered with
an protective aluminium layer.
Three different europium complexes have been tested:
*  Eu (NTA)3 (Phen) (NTA = 2-naphtoyltrifluoroacetone, Phen = 1,10-
phenanthroline),
*  Eu (TTA)3 (Phen) (TTA = thenoyltrifluoroacetone),
*  Eu (DTP)3 (dipphen) (DTP = 1,3-di(2-thienyl)propane-1,3-dione,
dipphen = 4,7-Diphenyl-1,10-phenanthroline)
The Europium complexes were inserted in a poly-9-vinylcarbazole
(PVK) matrix and the “spin-coating” process was used to obtain the
emitting layers.
The emission maximum of the OLEDs are centered  arround 610 nm
according to the   transition of the rare earth. Absorption spectra of
europium complexes in chloroform and electroluminescence spectra
are presented. Current-voltage and luminance-voltage characteristics
are also presented and we discuss about the results obtained with
various molar concentration of Europium complexes in the PVK
matrix..

6192-98, Poster Session
Organic solar cell encapsulation by vapor deposition
polymerization of parylene
B. Brousse, CEA Saclay (France); W. Hojeij, R. Radbeh, B. Ratier, A.
Moliton, Univ. de Limoges (France)
Although organic solar cells are intensively studied as an alternative to
inorganic devices and that recently 5 % power conversion efficiencies
have been reached both in the case of polymer [1] [2] or small
molecule [3] bulk heterojunction cells, life time of these devices steel
remains the critic problem, so that intensive efforts have to be done in
this topic.
We have recently presented a new concept of planar Donor-Acceptor
heterojunction device where the acceptor layer was obtained by vapor
deposition polymerization of a polyimide based on perylene derivative
[4]. This layer was assumed to play both the role of active layer
(acceptor layer) and encapsulation of the CuPc donor layer. The
concept has been validated in the case of the active layer property, but
the encapsulating properties are steel to by demonstrated.
In this study we present the evolution in the time of photovoltaic
parameters of this hybrid (small molecule-polymer) solar cell. We will
emphasize the design of each layer that has to be suitable with the
encapsulation concept. At least, an organic encapsulation based on
vapor deposition polymerization of chlorinated parylene is discussed.
[1] Wanli Ma, Cuiying Yang, Xiong Gong, Kwanghee Lee, Alan Heeger,
Adv. Func. Mater., 2005, in press
[2] Marisol Reyes-Reyes, Kyungkon Kim, David L. Carroll, Appl. Phys.
Letters 87, 2005, 083506
[3] Xue J., Rand B. P., Uchida S., Forrest S. R., Adv. Mater., 17, n° 1,
2005,  pp 66-71.
[4] Brousse B., Ratier B., Moliton A., ERPOS05, Workshop on Electrical
and Related Properties of Organic Solids and polymers, July 2005

6192-99, Poster Session
Photovoltaic properties dependance on the active layer
morphology of small molecule organic solar cells
B. Brousse, CEA Saclay (France); W. Hojeij, R. Radbeh, B. Ratier, A.
Moliton, Univ. de Limoges (France)
Organic solar cells are intensively studied as an alternative to inorganic

devices and recently the 5 % power conversion efficiency challenge
has been reached both in the case of polymer [1] [2] or small
molecule [3] bulk heterojunction cells. In these studies is mainly
emphasized the key role of nanoscale range morphology of the
donor (D) and acceptor (A) domains of the active layer.
In our laboratory organic solar cells based on small molecules are
obtained by physical vapor deposition. We have shown in the case
of CuPc-C60 DA couple that an alternative way to control the size
and the morphology of the bulk heterojunction donor and acceptor
domains consists in operating subsequently very thin DA bilayers
that give rise to an effective interpenetrated DA network provided
evaporation parameters (growth rate) and architectural parameters
(number of bilayers, thickness of unit cell) are observed [4].
In this presentation we will focus our study on two DA couples,
CuPc-C60 and CuPc-perylene, and we will show that a compromise
has to be obtained between high growth rates which enhance the DA
interface surface, giving rise to a better external quantum efficiency,
and low growth rates which allow a control of the molecule aggrega-
tion in each domain, in favor of better absorption and carrier
transport. At least the annealing effect on the morphology of the
active layer will be discussed, where conventional and flash
annealing will be compared.
[1] Wanli Ma, Cuiying Yang, Xiong Gong, Kwanghee Lee, Alan
Heeger, Adv. Func. Mater., 2005, in press
[2] Marisol Reyes-Reyes, Kyungkon Kim, David L. Carroll, Appl.
Phys. Letters 87, 2005, 083506
[3] Xue J., Rand B. P., Uchida S., Forrest S. R., Adv. Mater., 17, n° 1,
2005,  pp 66-71.
[4] Hojeij W., Radbeh R., Brousse B., Ratier B., Moliton A.,
ERPOS05, Workshop on Electrical and Related Properties of Organic
Solids and polymers, July 2005

6192-100, Poster Session
Optical properties of cross-linkable fluorene copolymers
J. Morgado, A. Charas, H. Alves, L. Alcacer, Instituto Superior
Técnico (Portugal); O. Fenwick, F. Cacialli, Univ. College London
(United Kingdom)
The development of electroluminescent polymers applications
depends on the molecular control of their properties and the ability
to fabricate structures with adequate dimensions and shapes from
their solutions. Within this context, we have been involved in the
preparation of new materials and the relation between their molecu-
lar structures and their bulk properties [1]. More recently we have
been synthesizing and characterizing new copolymers which, aside
the molecular control of their properties, a second functionality was
introduced: the ability to be converted into insoluble polymeric
networks upon UV irradiation, while retaining their optical and
electroluminescent properties. In particular , in this communication,
we report on the optical and electroluminescent properties of three
fluorene-based copolymers  containing a comonomer, which
essentially controls their optical and electrochemical properties, and
another comonomer which possesses oxetane side groups, able to
undergo a polymerisation reaction leading to the formation of a
network. This network is formed upon UV irradiation, when a
photoinitiator is dispersed within the polymer film, which allows the
use of optically-induced patterning.
In the first part of this communication we compare the optical and
electroluminescent properties of these three copolymers before and
after the network formation.
In a second part we address their use in the formation of various
patterns. The use of a shadow-mask technique is used to form sub-
millimetre size structures. This approach was previously shown to be
adequate to fabricate pixelated full colour displays[2], constituting an
alternative approach to inkjet printing and screen printing. We are
currently exploring the use of UV-assisted scanning-near field optical
lithography [3] to explore the fabrication of organic semiconductors
nanostructures.
Acknowledgments- This work is partially funded by FCT-Portugal
and POCTI. The cooperation between IST and UCL is supported by
a British Council - CRUP bilateral agreement.
References:
[1] A. Charas,  J. Morgado,  J. M. G. Martinho,  L. Alcácer,  S. F. Lim,
R. H. Friend and F. Cacialli, Polymer 44, 1843 (2003)
[2] C. D. Müller, A. Falcou, N. Reckefuss, M. Rojahn, V. Wiederhirn,
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P. Rudati, H. Frohne, O.  Nuyken, H.  Becker and K.  Meerholz
Nature 421, 829 (2003).
[3] R. Riehn, A. Charas, J. Morgado and F. Cacialli, Appl. Phys. Lett.
82, 526 (2003).

6192-101, Poster Session
How stable are polymer/PCBM bulk heterojunction solar
cells?
S. Bertho, I. Haeldermans, A. Swinnen, J. D’Haen, J. V. Manca, D. J.
M. Vanderzande, Univ. Hasselt (Belgium)
Organic bulk heterojunction solar cells have been considered during
the last decade as very promising for future renewable energy
generation. At this moment polymer/fullerene bulk heterojunction
solar cells have been reported with power conversion efficiencies
around 5% and therefore start to become really useful for introduc-
tion in real life applications.  The two main issues that are being
addressed in this field are improvement of performance and
improvement of stability. Concerning this latter, the use of organic
solar cells in real life applications requires at least lifetimes in the
order of several thousand working hours. An important environmen-
tal parameter related to stability and degradation is temperature.
Especially for outdoor application where solar cells operate in full
sunlight, they have to resist fairly high temperatures. This paper
investigates the effects of thermal treatment on the stability of
organic bulk heterojunction solar cells, with a special focus on the
effect of thermal ageing on both photovoltaic parameters and
morphology of the active layer.
The specific approach followed here is to prepare a set of bulk
heterojunction solar cells and to investigate systematically the
influence of annealing on both the photovoltaic parameters (IV-
characterisation) and the bulk morphology (TEM).  The sensitivity of
the various photovoltaic parameters towards thermal ageing is
investigated and discussed.  The degradation kinetics of the PV-
parameters are analysed in order to obtain an accelerated ageing
model to predict lifetime.  The investigated material systems are the
reference systems MDMO-PPV/PCBM and P3HT/PCBM.
The effect of a thermal treatment on the performance of MDMO-
PPV/PCBM (1:4) solar cells was studied by using various annealing
temperatures. Solar cells based on this material system showed
large efficiency decays when a thermal treatment was applied. The
short circuit current resulted to be more sensitive than the open
circuit voltage. For an annealing temperature of 100°C, the short
circuit current dropped to 75% of its initial value after 16 hours of
annealing. For an annealing temperature of 110°C, it even dropped
to 55% of its initial value after 16 hours of annealing. The application
of the Arrhenius equation on these results yielded an activation
energy of 1eV meaning an acceleration of degradation with a factor 2
for every 10°C of temperature increase.
The morphology of the active layers of the annealed solar cells was
studied using a.o. Transmission Electron Microscopy. The thermal
treatment of both reference systems resulted in significant changes
in the morphology of the active layer as reported by several other
authors. The important result from the present combined study is
that morphological stability is a key issue in the overall stability of
polymer/PCBM based solar cells.  Based on these results,  possible
improvements for the thermal stability of the active layer will be
discussed.

6192-103, Poster Session
UV sensors based on liquid crystals mixtures
A. Chanishvili, G. Petriashvili, G. S. Chilaya, Georgian Academy of
Sciences (Georgia); R. Barberi, M. P. De Santo, M. A. Matranga, F.
Ciuchi, Univ. della Calabria (Italy)
The Erythemal Response Spectrum (ERS) is a scientific expression
that describes the sensitivity of the skin to the ultraviolet radiation
(250-400nm) and it is classified in the Australian and New Zealand
standards [1]. The skin sensitivity strongly depends on the UV
wavelength, a long exposure to UV radiation causes erythema once
a threshold dose has been exceeded. In the past years several
devices have been developed in order to monitor the UV exposure,
most of them are based on inorganic materials that are able to mimic
the human skin response to the UV radiation.
We present a new device based on liquid crystals technology. The
sensor is based on a liquid crystal mixture that absorbs photons with

a small wavelength and emits them at a longer wavelength. This
system presents several innovative features: the absorption range of
the mixture can be varied to be sensitive to different wavelengths,
the luminescence intensity can be tuned,  the system can be
implemented on flexible devices.
The system is based on the optical effect of a liquid crystalline
photoluminescent mixture that can be either nematic or cholesteric
prepared using cyanobiphenyl materials. The fluorescent behaviour
of these liquid crystals has been extensively studied in pure materials
and their emission peaks are at 330 nm as well as at 400nm [2,3].
To prove the effect, several mixtures were prepared using different
nematic hosts and chiral dopants. The mixture was placed in a
sandwich cell, between two quartz or glass plates with a thickness in
the range between 1 and few tenths of microns. The internal surfaces
of the cell were treated in order to obtain planar anchoring (using
rubbed polymers).
In the studied mixtures the nematic material was used to control the
transition temperature from nematic to isotropic while the chiral
component was used to enhance the emission efficiency. A fiber
optic spectrophotometer and a combined Halogen-Deuterium lamp
were used for absorption measurements together with a heating
stage for optical bench to investigate the stability of these mixtures
at increasing temperatures. For photoluminescence measurements
the standard set up was used with a Mercury lamp, that emits UV
light, as light source.
We found that varying the concentration of the photoluminescent
material as well as the thickness of the cell it was possible to obtain
an absorption spectrum extremely close to the ERS with optimized
emission properties. It was also shown how the absorption spectrum
of the mixture does not depend on the temperature and how the
system properties do not depend on the light angle of incidence.
1. Mckinley A.F. and Diffey B.L. “A reference spectrum for ultraviolet
induced erythema in human skin”, CIE JOURNAL, 6, 17-22, 1987
2. R. Subramanian, L.K. Patterson, H. Levanon, “Luminescence
behaviour as a probe transitions and excimer formation in liquid
crystals: dodecylcyanobiphenyl”, CHEM. PHIS. LETTERS, vol. 93,
No 6, 24-31, 1982.
3. T. Ikeda, S. Kurihara, and S. Tazuke “Excimer formation kinetics in
liquid-crystalline alkylcyanobiphenyls” J. PHYS. CHEM., 94, 6550-
6555, 1990.

6192-106, Poster Session
High-brightness polymer light-emitting devices with
thermally conductive substrates
S. h. Choi, H. k. Baik, Yonsei Univ. (South Korea)
We fabricated that high-brightness polymer light emitting devices
with thermally conductive sapphire substrates to improve both the
heat dissipation and brightness. The device structure is sapphire
(glass) substrate/ITO/poly (styrene sulfonate)-doped poly (3,4-
ethylene dioxythiophene)/poly (9,9-dyoctilfluorene)/LiF/Al. The
maximum current density and brightness of the glass substrate-
polymer light emitting devices (PLEDs) are 885 mA/cm2 and 178802
cd/m2, respectively. In contrast, the current density and brightness
of the sapphire substrate-PLEDs are 1760 mA/cm2 and 317635 cd/
m2, respectively. It is found that the enhanced current density of
sapphire substrate-PLEDs is related to heat dissipation and heat sink
of the thermally conductive substrate.

6192-107, Poster Session
Energy level alignment of C60/Co using x-ray and UV
photoelectron spectroscopy
J. Seo, S. J. Kang, C. Y. Kim, S. W. Cho, C. N. Whang, Yonsei Univ.
(South Korea)
The energy level alignment at the interface between the fullerene
(C60) and Co has been determined by x-ray and ultraviolet photo-
electron spectroscopy. To investigate the interfacial electronic
structure, the C60 layer was deposited on a clean Co foil in a
stepwise manner. The measured onset of the highest occupied
molecular orbital energy level was 1.54 eV from Fermi level of Co.
The vacuum level was shifted 0.41 eV toward lower binding energy
with the additional C60 layers, which means an interface dipole
exists at the interface between C60 and Co. The C 1s spectra show
that band bending exists at the interface between C60 and Co.
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These results indicate that the barrier height of electron injection
from Co to C60 is 0.56 eV, which is smaller than that of hole injection
(1.14 eV).

6192-109, Poster Session
Low-operating voltage organic thin-film transistors with
multilayer as gate dielectric materials
K. Changsu, K. W. Jin, J. S. Jin, H. k. Baik, Yonsei Univ. (South
Korea)
In this work, we have demonstrated here that a manufacturing
process for TFTs with CeO2-SiO2 composite and thin PVP multilayer
as gate dielectric materials. These dielectric films are readily
deposited and the key performance advantage is high capacitance
with low leakage current. The resulting OTFTs operate with supply
voltages of less than 2V. These results should therefore increase the
prospects of using OTFTs in low power applications (such as
portable devices).

6192-111, Poster Session
Charge carriers mobility in CBP films doped with
Ir(ppy)_3
M. Parshin, M. Van der Auweraer, Katholieke Univ. Leuven (Belgium)
A high quantum efficiency of electroluminescence in organic light-
emitting diodes (OLEDs) using a 4,4'-N,N’-dicarbazole-diphenyl
(CBP) layer doped with a triplet-emitter material tris(2-phenylpyridine)
iridium (Ir(ppy)_3) has been reported in 1999 [1]. However only a few
works have been done to study the mobility of charge carriers in
doped and pure CBP films [2,3,4]. In this work we present the results
of charge carriers mobility measurements in CBP films doped with 1
mol% and 10 mol% Ir(ppy)_3 using the time-of-flight (TOF) method.
The measurements have been done in a wide range of electric fields
and at different temperatures from 20 °C to 80 °C.  In this tempera-
ture range the measured field dependence of the mobility follows the
Poole-Frenkel relationship. The observed temperature dependence
of the mobility and the electric field dependence at different
temperatures can formally be well described in the framework of the
Bässler’s disorder formalism [5]. Apparent values for the energetic
disorder parameter (describes the spread of energy levels associated
with transport) is 170 meV and for the positional disorder parameter
(describes the fluctuation of intersite distances and coupling
between sites) is 5 for the hole mobility in CBP film doped with 1
mol% Ir(ppy)_3. We will discuss probable mechanisms for charge
carriers transport.
[1] M. A. Baldo, Appl. Phys. Lett. 75, 4 (1999).
[2] S.B. Lee et al., Mol. Cryst. Liq. Cryst. 405, 67 (2003).
[3] N. Matsusue et al., Appl. Phys. Lett. 85, 4046 (2004).
[4] H. Matsushima et al., Curr. Appl. Phys. 5, 305 (2005).
[5] H. Bässler, Phys. Status Solidi B 15, 175 (1993).

6192-113, Poster Session
Growth and characterisation of all-organic
heterostructures
M. Campione, S. Caprioli, M. Moret, S. Tavazzi, A. Sassella, Univ.
degli Studi di Milano-Bicocca (Italy)
The studies undertaken in the field of organic opto-electronic
devices reveal that their performances are largely improved when the
active layer presents a high degree of order, purity, and crystallinity.
Among the growth techniques employed for preparing the active
organic layer, ultra-high vacuum ones have permitted to achieve the
best results in terms of control of thickness of the layer, purity, and
for the possibility to modulate its morphological and structural
properties by employing different growth conditions (substrate type
and temperature, vacuum level, deposition rate). Now, organic
molecular beam epitaxy (OMBE) represents a natural choice for the
fabrication of high quality field effect transistors especially when
small conjugated oligomers are used as the active material.
In spite of the advantages of OMBE, the intrinsic properties of
molecular materials (high diffusivity, weak interaction with most
substrates, strong tendency to desorb, etc.) hinder the possibility to
achieve a stable layer-by-layer growth. Nonetheless, this growth
mode is on the basis of the technological development of inorganic
devices and represents a fundamental requirement for controlling the

morphology and structural order of the active layer and for combin-
ing in a controlled manner different materials in order to accomplish
improved performances or new physical properties.
Here, we show how the problem can be addressed and solved: by
using properly prepared organic single crystals as substrate, a stable
layer-by-layer epitaxial growth of organic semiconductors with the
OMBE technique is demonstrated, exploiting solely the weak van der
Waals interactions between substrate and overlayer. With this
method, organic heterostructures of oligothiophenes and oligocenes
are shown to be easily grown with a control at the monolayer level,
through the discussion of a detailed morphological and optical
characterisation.
These results represent the starting point for the development of a
technology based on all-organic nanostructures.

6192-114, Poster Session
Deposition of organic molecules with vinyl group on
hydrogen-terminated Si(100)
S. Trabattoni, M. Campione, M. Moret, A. Papagni, Univ. degli Studi
di Milano-Bicocca (Italy)
The deposition of molecular films on inorganic substrates has been
the aim of many studies in the last decades. Organic
functionalisation of semiconductors is emerging as an important
growth area in the development of new semiconductor based
materials and devices. The well known features of inorganic
semiconductors, combined with versatility of molecular films make
this field very promising and interesting for different applications
such as microelectronic and molecular electronic applications
including organic based transistors, light emitting diodes and
chemical sensors. Organic modification provides new functionality to
the semiconductor surface by depositing layers of organic molecules
at the surface using either wet chemistry or vacuum based methods.
The main advantage in using organic molecules is the possibility to
tailor surface properties modifying the organic materials employed
by tuning the nature of organic groups.
Depositing a monolayer of molecules on the most important
technological material, i.e. silicon, in order to obtain hybrid
heterostructures is the main goal of this work. To provide an ordered
film maintaining molecular features, molecules have to be covalently
attached to surface; this means working under UHV conditions or
with a wet chemical method. We have preferred the last one because
is easier, faster and cheaper than the first one although UHV
conditions provide a good surface and film quality guaranteeing
cleaning and structural order. In our opinion the best way to
anchoring molecules on silicon is by a vinylic group that reacts with
hydrogenated silicon atoms at the surface by a radical reaction
promoted by light or heat. In this manner the molecular grafting
occurs through the vinylic function maintaining the molecular
structure and the molecular properties. Molecules studied are
constituted of an heteroaromatic moiety with semiconducting
behaviour, like oligothiophenes, oligocenes and oligophenylenes,
with a vinylic group that represents the molecule’s reactive part.
After depositing the organic materials the sample is studied with
AFM in order to verify the covering level and the film thickness that
has to be consistent with the molecule length. The deposition
conditions are modified to improve the covering level verifying at the
same time the formation of a single molecular layer.

6192-115, Poster Session
Degradation of organic light-emitting diode
S. Caria, R. Zamboni, M. Murgia, Istituto per lo Studio dei Materialo
Nanostrutturati (Italy); P. Melpignano, V. Biondo, Ctr. Ricerche Plast-
Optica (Italy); L. Gregoratti, M. Kiskinova, A. Barinov, Sincrotrone
Trieste S.C.p.A. (Italy)
Since the first observation of efficient electroluminescence from
organic thin films Organic Light Emitting Diodes (OLEDs) have
attracted a great deal of attention as promising candidates for low-
cost, highly innovative flat panel displays. This promise has already
been fulfilled and small size displays using OLEDs as the active
element are actually on the market. However, there are still unsolved
problems, both fundamental and technological, in the full exploitation
of the unique properties of organic systems as light sources. In order
to tailor the performance and the stability in time of such devices, it
is necessary to understand the degradation processes occurring
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during the devices functioning, causing a short devices’ lifetime. We
focused our interest in the delamination processes occurring, during
the operation, at the cathode/organic interface that gives rise to a
decrease of device’s light emitting efficiency together with the
formation of dark spots on the emitting area.
We used chemically sensitive x-ray photoelectron spectroscopy to
investigate the delamination mechanism in a OLED fabricated with a
standard architecture (ITO/α-NPB/Alq3/Al). The formation of
domelike structures, caused most probably by gases formation,
followed by explosions disrupting Al cathode has been observed.
Indium containing species at the  Al-cathode surface have been
identified and analysed. The Al 2p and In 3d maps suggest that the
origin of the gas release, causing the swelling of volcanic-like
eruptions, should be local decomposition of the ITO/organic
interface.

6192-120, Poster Session
Thickness dependence of the efficiency of MDMO-
PPV:PCBM solar cells
M. Lenes, V. D. Mihailetchi, P. W. Blom, Rijksuniv. Groningen
(Netherlands)
One of the most studied systems in the field of organic photovoltaic
devices are bulk heterojunction solar cells based on poly[2-methoxy-
5-(3',7'-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) as
electron donor and methano[60] fullerene [6,6]-phenyl C61 butyric
acid methyl ester (PCBM) as electron acceptor. A striking feature of
these types of solar cells is that at the optimal device thickness of
typically 100 nm only 60% of the incident light is absorbed [1]. It is
evident that the absorption can be enhanced by increasing the
thickness of the active layer. However, in spite of an increased
absorption the overall power conversion efficiency shows a negative
trend when increasing the device thickness beyond 100nm. This
performance decrease has been attributed to an increasing series
resistance, although its physical meaning is not clear for solar cells
where charge carriers are generated throughout the device. From
device point of view the reduced performance with increasing
thickness mainly originates from a decrease of the fill factor. We
demonstrate that this fill factor decrease is a result of the formation
of space charges in thick devices. At the optimum thickness of 100
nm the photogenerated current in MDMO-PCBM devices is still
slightly below the space-charge limit. With increasing thickness the
space-charge limited photocurrent [2], characterized by a square-
root dependence on voltage, sets in, leading to a reduction of the fill
factor. The way to overcome this problem is to enhance the transport
of the slowest charge carriers, in this case the photogenerated holes
in MDMO-PPV.
[1] C.J.Brabec et al., Adv. Fuct. Mater. 11, 15 (2001)
[2] V.D. Mihailetchi et al., Phys. Rev. Lett. 94, 126602 (2005)

6192-121, Poster Session
Tuning electron-hole mobility and electroluminescence in
ambipolar organic light-emitting transistors by bulk
hetero-junction engineering
M. A. Loi, Istituto per lo Studio dei Materialo Nanostrutturati (Italy); C.
Rost-Bietsch, IBM Zürich Research Lab. (Switzerland); M. Murgia,
Istituto per lo Studio dei Materialo Nanostrutturati (Italy); S. Karg, W.
Riess, IBM Zürich Research Lab. (Switzerland); M. Muccini, Istituto
per lo Studio dei Materialo Nanostrutturati (Italy)
The advancement in organic optoelectronics is witnessed by the
performances of organic LEDs and FET, which are now close to the
market requirements. The possibility to combine in a single device
the electrical switching and light emission properties increases the
number of applications of organic semiconductors and can be
considered as a step towards realizing the idea of completely
integrated organic optoelectronics. Recently, such a multifunctional
device, namely ambipolar light-emitting field-effect transistors (LET),
was reported [1]. Ambipolar charge transport is crucial in light-
emitting transistors as it enables to maximize exciton formation and
recombination through electron-hole balance.
Bulk hetero-junction engineering is demonstrated as a novel
approach to produce ambipolar organic light-emitting field-effect
transistors [2] with tunable electrical and optoelectronic characteris-
tics. The electron and hole mobilities of a bimolecular mixture
consisting of a-quinquethiophene (T5) and N,N’-ditridecylperylene-

3,4,9,10-tetracarboxylic-diimide (P13) are varied over two orders of
magnitude in the range 10-2-10-4 cm2/Vs by changing the relative
fraction of the hole and electron transport material. The highest EL
efficiency is obtained in the samples with equal concentrations of T5
and P13, which also exhibit the most balanced electron and hole
mobilities. A higher concentration of T5 results in non-emitting but
still ambipolar FETs.
Time-resolved PL spectroscopy reveales that light emission is
quenched in devices with an excess of T5 owing to the dissociation
of P13 excitons upon interaction with T5 molecules. On the other
hand, a lower concentration of T5 results in unipolar n-channel FETs,
which are still light-emitting. This is a result of T5 cluster formation
that is revealed by laser scanning confocal microscopy. By this
technique the relative concentration and phase segregation of the
structure components are imaged and correlated with the ambipolar
transport and electroluminescence emission of the bulk hetero-
junction LET device. The electroluminescence emission appears to
be a trade off between the microscopic structure of the bulk hetero-
junction and the electronic levels of the component materials.
The results presented show that the bulk hetero-junction approach,
which is widely used in organic photovoltaic cells, can be success-
fully employed to select and tailor the functionality of field-effect
devices, including ambipolar charge transport and light emission.
Finally, we highlight that by carefully choosing the electronic
properties of the molecular systems used to form the bulk hetero-
junction, their main functionality can be selected to be either
photovoltaic or light-emitting.
[1] C. Rost, S. Karg, W. Riess, M. A. Loi, M. Murgia, M. Muccini,
Appl. Phys. Lett., 85, 1613 (2004).;
[2] M. A. Loi, C. Rost-Bietsch, M. Murgia, S. Karg, W. Riess, M.
Muccini, Advanced Functional Materials (in press).

6192-122, Poster Session
Light intensity dependence of open-circuit voltage and
short-circuit current of polymer/fullerene solar cells
L. J. A. Koster, V. D. Mihailetchi, R. Ramaker, H. Xie, P. W. Blom,
Rijksuniv. Groningen (Netherlands)
The open-circuit voltage (Voc) of polymer/fullerene bulk
heterojunction solar cells is investigated as a function of light
intensity for different temperatures. Devices consisted of a blend of a
poly(p-phenylene vinylene) (PPV) derivative as hole conductor and
6,6-phenyl C61-butyric acid methyl ester (PCBM) as electron
conductor. The observed photogenerated current and Voc  are at
variance with classical p-n junction-based models. The influence of
light intensity and recombination strength on Voc is consistently
explained by a model based on the notion that the quasi-Fermi levels
are constant throughout the device, including both drift and diffusion
of charge carriers.
The light intensity dependence of the short-circuit current density
(Jsc) is also addressed. A typical feature of polymer/fullerene based
solar cells is that Jsc does not exactly scale linearly with light
intensity (I). Instead, a power law relationship is found given by Jsc =
constant I^a, where a ranges from 0.9 to 1. In a number of reports
this deviation from unity is attributed to the occurrence of  bimolecu-
lar recombination. We demonstrate that the dependence of the
photocurrent in bulkheterojunction solar cells is governed by the
build-up of space charge in the device. The occurrence of space-
charge stems from the difference in charge carrier mobility of
electrons and holes. In blends of poly(3-hexylthiophene) and PCBM
this mobility difference can be tuned in between one and three
orders of magnitude, depending on the annealing conditions. This
allows us to experimentally verify the relation between space-charge
build-up and intensity dependence of Jsc. Model calculations
confirm that bimolecular recombination leads only to a typical loss of
1 % of all free charge carriers at Jsc for these devices. Therefore,
bimolecular recombination plays only a minor role as compared to
the effect of space-charge in the intensity dependence of Jsc.

6192-124, Poster Session
Charge transport in white-light-emitting polymers
H. Nicolai, Univ. of Groningen (Netherlands)
Polymer light emitting diodes (LED’s) are considered as interesting
candidates for future lighting applications, due to their potential of
high efficiency and cheap fabrication. The use of polymers for LED’s
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opens up promising new opportunities, such as flexible displays and
large area lighting applications. The key element in optimizing the
performance of polymer LED’s is the understanding of the device
mechanisms, one of which is the charge transport.
Polymer LED’s for lighting applications require copolymers to emit
light in different wavelengths, resulting in visible white light. This
introduces different energy levels in the device, and thus complicates
the charge transport. The influence of dyes has been investigated
using three polymers, supplied by Merck OLED Materials GmbH.
These polymers are spirobifluorenes. One of the polymers is a blue
emitting polymer, the other two are co-polymers consisting of the
blue back-bone with one or two added dyes. The charge transport
was investigated by current-voltage measurements.
To investigate the influence of these dyes, LED’s and single carrier
devices were fabricated. As a first result, it was found that the
cathode material and evaporation method influenced the current-
voltage characteristics of the hole-only devices. When gold was used
as a cathode, a low evaporation rate resulted in a higher current than
when a high evaporation rate was used. An even higher current was
obtained when palladium was used as cathode. This effect has not
yet been explained and is not seen in PPV’s.
The Current-voltage measurements show that the LED current
decreases with the addition of dyes. This suggests that the dyes
function as traps to either the holes or the electrons.
To disentangle the charge transport of both electrons and holes,
single carrier devices were fabricated and characterized. Measure-
ments showed that the current-voltage characteristics of hole-only
devices were roughly the same for all polymers. Thus, we can
conclude that the dyes do not function as traps and are therefore
likely to be electron-traps.

6192-129, Poster Session
White light electroluminescence and temperature
dependence of photoluminescence and
electroluminescence defect emission intensity in
polyfluorenes
M. Graf, F. Grasse, E. J. List, Technische Univ. Graz (Austria); F.
Galbrecht, U. Scherf, Bergische Univ.-Gesamthochschule Wuppertal
(Germany)
Among polyphenylene-based materials highly emissive polyfluorenes
(PFs) have received particular attention during the last decade as a
promising class of conjugated polymers, which can be used as blue
light emitting materials in PLEDs. In recent years it was shown that
polyfluorene may be affected by the formation of KETO defect sites
and consequently yield a broad low energy green emission band.
The fact that the defect emission intensity is much stronger in
electroluminescence than in photoluminescence has been assigned
to charge trapping at the KETO defects. While being unwanted for
attaining blue emission in PLEDs, , the intense green defect emission
can together with remaining the blue polyfluorene emission result in
white light electroluminescence if being in the right proportion.
In our study we first discuss the possibility to obtain highly stable
and highly efficient white light electroluminescence from one
polymer. We investigated polyfluorene - fluorenone copolymers with
different fluorenone contents to find the accurate mixture for white
light electroluminescence by characterising standard ITO/
PEDOT:PSS/POLYMER/CaAl organic light emitting devices.
Furthermore we present a study of defect emission intensity
temperature dependence with main focus on the case that electrolu-
minescence KETO defect emission disappears at low temperatures.
This provides strong evidence that charge trapping is not the main
mechanism causing the difference between photoluminescence and
electroluminescence defect emission intensity. Moreover our findings
demonstrate that the electroluminescence defect emission intensity
can be triggered by ohmic heating with high current densities. For
the experiments at low temperatures a copolymer with a fluorenon
content of 0.1% was used and devices made of these were driven in
liquid nitrogen and heated with different current densities.

6192-14, Session 4
Spatial control of the recombination zone in ambipolar
light-emitting polymer transistors
J. Zaumseil, C. L. Donley, J. Kim, R. H. Friend, H. Sirringhaus, Univ.
of Cambridge (United Kingdom)

Ambipolar organic field-effect transistors (FETs) are interesting as
building blocks for low power complementary circuits and give
further insight into the charge transport properties of organic
semiconductors.  An intriguing feature of ambipolar FETs with
simultaneous hole and electron accumulation is the recombination of
opposite charge carriers within the channel, and thus light-emission.
We have recently demonstrated that ambipolar charge transport is a
generic feature in a wide range of solution-processable conjugated
polymer when appropriate injecting electrodes and trap-free
dielectrics are used. Among these semiconducting polymers are
those that are generally used in light-emitting diodes (LEDs) and thus
show high photoluminescence efficiencies in the visible.
Here we demonstrate ambipolar light-emitting field-effect transistors
based on PPV and polyfluorene derivatives in both bottom-gate/top-
contact and bottom-contact/top-gate configurations with balanced
hole and electron mobilities. To ensure efficient injection of both
charge carriers we use asymmetric electrodes of high and low work
function metals or composite electrodes. Electrons and holes are
thus injected simultaneously from either electrode. The thus formed
accumulation layers meet and charges recombine radiatively within
the transistor channel. This leads to visible light emission in a narrow
emission zone, which can be spatially resolved and observed.
We actively control the position of the recombination zone through
the applied gate and source-drain bias in both constant and variable
current mode and thus move the emission zone from the source
through the channel to the drain electrode and vice versa. The
intensity of light emitted from the channel is proportional to the drain
current with quantum efficiencies comparable to those of LEDs.
We propose a simple model of adjunct saturated electron and hole
channels, which can reproduce the position of the recombination
zone within the channel at given bias conditions.

6192-15, Session 4
High ambipolar mobility in organic light-emitting
transistors
F. Dinelli, R. Capelli, M. A. Loi, M. Murgia, M. Muccini, Istituto per lo
Studio dei Materialo Nanostrutturati (Italy); A. F. Facchetti, T. J.
Marks, Northwestern Univ. (USA)
Electronics and optoelectronics based on organic materials are
research fields that have recently attracted a considerable interest. In
particular they benefit from low fabrication costs and the possibility
of applications on flexible substrates with large area coverage, such
as flat panel displays. [1] However there are still several problems to
be solved before these new technologies could reach the needed
maturity for their definitive introduction into the market.
Recently developed Organic Light Emitting Transistors (OLETs) could
open novel perspectives in organic optoelectronics, as they could
constitute the basic units for many applications. The first OLET
prototypes were unipolar transport devices. [2] Recombination was
taking place at the drain electrode where efficiency-depleting exciton
quenching might also occur. To avoid this important deficiency and
to generate EL nearer the center of the channel, OLETs with
balanced ambipolar charge transport would be highly desirable.
Moreover, efficient ambipolar conduction is crucial in OLETs for the
purpose of maximizing exciton recombination through efficient
electron-hole balancing. Various configurations have been since
proposed to achieve these goals: single ambipolar materials, [3] and
two-component coevaporated [4] or layered structures. [5] In
coevaporated films, two materials are simultaneously sublimed to
form bulk heterojunctions. This approach has been proved success-
ful to fabricate ambipolar OLETs. However, carrier transport is
typically unbalanced and the absolute mobility values are invariably
as low as 10-3 cm2/Vs. [4]
In order to realize high mobility OLETs with simultaneous and
balanced transport of positive and negative charges, we have
adopted a bi-layer structure. Pentacene and p-(?,?)-dihexyl-
quaterthiophene (DH-4T) molecules have been employed for hole
transport, N,N’-ditridecylperylene-3,4,9,10-tetracarboxylic diimide
(PTCDI-C13H27) for electron transport. These materials have been
chosen as, in single layer top/contact transistors, they show some of
the highest values for hole and electron mobility. By exchanging the
deposition sequence of the two films, we can obtain organic bi-layer
configurations with the hole transport either at the bottom or at the
top.
Ambipolar OLET devices with balanced ambipolarity and high charge
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mobilities (?e = ?h = 3 10-2 cm2 V-1 s-1) have been obtained for the
DH-4T/PTCDI-C13H27 combination with DH-4T placed in contact
with the dielectric. This result is extremely well competitive with
respect to the best ambipolar organic devices reported in the
literature. No such a balance is obtained with the other combina-
tions. The optimum performance is thus not necessarily achieved by
employing the materials with the highest mobility values in single
layer transistors. From analysis of the electrical output characteris-
tics and film morphologies, it is found that the upper layer growth
plays a major role in the determination of the device performances.
Ultimately, ‘growth’ compatibility is required in order to form a
continuous interface between the two organic layers. This compat-
ibility is crucial to controlling the quality of the resulting optoelec-
tronic properties of the OLETs.
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6192-16, Session 4
Light-emitting organic field-effect transistors using an
organic heterostructure inside the transistor channel
S. De Vusser, S. Steudel, S. Verlaak, J. Genoe, IMEC (Belgium); W.
Oosterbaan, L. J. Lutsen, D. J. Vanderzande, Univ. Hasselt (Bel-
gium); P. L. Heremans, IMEC (Belgium)
Organic semiconductors have been incorporated in a number of
devices, such as organic thin-film transistors (OTFT’s) and circuits,
organic solar cells and organic light-emitting diodes (OLEDs). Display
applications are a particularly important driver for the further
development of this organic technology. Light-emitting organic field-
effect transistors (LEOFETs) may become an interesting structure, as
they combine the optical output of an OLED and the gate control of
an OTFT.
The first LEOFET was published by Hepp et al. in 2003 [1]. Ever
since, other research groups have published results on tetracene-
based LEOFETs [2, 3]. Electroluminescence in tetracene-based
LEOFETs occurs close to the electron injecting metal electrode.
Therefore, these devices suffer from exciton quenching at the metal
electrodes.
Zaumseil et al. very recently reported on a LEOFET using a single
ambipolar material [4]. It was demonstrated that this method offers
spatial control of the electron-hole recombination zone.
Rost et al. reported on a LEOFET in which the active layer was
formed by a heterostructure of a p-type and an n-type organic
semiconductor [5, 6]. The presence of an n-type and p-type
semiconductor is a clear advantage in comparison to tetracene-
based LEOFETs. However, as neither of the semiconductors is
patterned, there is little control over the position in the channel where
the light is emitted.
In this manuscript, we propose a structure in which excitons are
generated at the interface of an n-type and a p-type semiconductor.
However, in contrast to previously published heterostructure
LEOFETs, the location of the overlap between the semiconductors is
defined by lithography.
Devices were processed on a highly doped n++ Si wafer, acting as
the substrate and the gate electrode. The gate dielectric is formed by
thermally growing 100 nm of SiO2 on top of the Si substrate. Source
and drain electrodes consist of a layer of 20 nm Au, patterned by
optical photolithography and lift-off. On top of this structure, we
pattern a 5 um thick layer of photoresist by optical photolithography,
creating an integrated shadowmask. After a cleaning step, 2,5-
dioctyloxy-1,4- bis((4?,4??-bisstyryl)styryl-benzene, (dioctyloxy-
OPV5), an oligo(phenylene vinylene) derivative (HOMO=5.2 eV,
LUMO=2.7 eV) is evaporated as the organic p-type semiconductor,
while the substrate is tilted in a +45º angle relative to the particle
flux. Because of the tilted deposition through the integrated

shadowmask, the p-type semiconductor is covering one metal
electrode completely, as well as part of the channel. The other metal
electrode is in the shadow of the integrated shadowmask during the
evaporation, hence no p-type material is deposited there. Subse-
quently, the n-type semiconductor N,N’-ditridecylperylene-3,4,9,10-
tetracarboxylic diimide (PTCDI-C13H27, HOMO=5.4 eV, LUMO=3.4
eV) is evaporated, while the substrate is kept in a -45º angle relative
to the flux. Correspondingly, the n-type semiconductor is covering
the previously uncovered metal electrode, as well as part of the
channel. The metal electrode that was already covered with the p-
type material is in the shadow of the shadowmask during the n-type
deposition.
By a careful design of all dimensions of the substrate, it is possible
to create a region inside the channel where the p-type and the n-
type material are overlapping. More importantly, this overlapping
region is relatively far (in the order of a few um) from the metal
electrodes, thus reducing the exciton quenching probability. The
width of the overlapping region, as well as the distance between the
metal electrodes and the overlapping region, can be freely chosen
within certain limits by adjusting the dimensional parameters of the
design. For example, in a device with channel length L=10 um, we
have created an overlapping region of 4 um width at a distance of 3
um from both metal electrodes.
We have experimentally demonstrated that by applying an appropri-
ate bias to the gate, source and drain electrodes, equal currents of
electrons and holes are injected from the source and drain contacts
into the organic semiconducting films. In the overlapping region,
excitonic recombination of electrons and holes occurs. The intensity
of the light can be modulated by changing the biasing conditions.
While quantitative data are underway, the generated light appears
much brighter than in the case of the tetracene-based LEOFETs. The
light is emitted by the p-type dioctyloxy-OPV5. Furthermore, results
from a 2-dimensional device simulator qualitatively confirm the
experimentally measured electrical characteristics of the device.
This work is partially supported by the European-funded Research
Projects MOLYCELL (Contract No. 502783) and BIOPOLTRONIC
(Contract No. 509233).
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6192-17, Session 4
Study of vertical-type organic light-emitting transistor
using ZnO
H. Iechi, Ricoh Co., Ltd. (Japan); Y. Watanabe, Optoelectronic
Industry and Technology Development Association (Japan); K. Kudo,
Chiba Univ. (Japan)
In recent years, electronic devices using organic materials have
much attention for flexible, a low cost large area displays, so we
propose vertical type organic light-emitting-transistors (OLET) [1-2]
with static induction transistor (SIT) structure [3]. It is known that the
SIT is a promising device because of the high-speed and high-power
operation device due to the short channel length than that of lateral
type transistor. On the other hand, transparent electrodes are
indispensable to realizing organic light-emitting-diode (OLED) of flat
panel displays and sheet displays. It is also well known that a tin
doped indium oxide (ITO) [4], tin oxide system [5], and zinc oxide
(ZnO) system can be used as a transparent electrode. Furthermore,
ZnO is relatively low cost and has some unique characteristics, such
as high transparency in visible light region, controllability of n- and p-
type semiconducting properties by impurity doping. Therefore, ZnO
is expected not only to use as a transparent cathode electrode but
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also to form a p-n junction with organic semiconductors [6-10]. We
propose here to employ ZnO thin film as a transparent electron
injection layer in organic display devices. For example, OLET using
ZnO layer have a double hetero-junction (DHJ) and are expected to
show high performance such as high luminance efficiency and high
response time.First, we describe basic characteristics of OLED using
ZnO thin film electrode as an electron injection layer, and the
fabrication and characterization of SIT using ZnO film. Excellent
luminance of LED was as high as 500cd/m2. Second, we have
obtained typical characteristics of ZnO-SIT for the first time. Third,
we are also presented here about OLET using pentacene and ZnO
film. The results obtained here demonstrate that the OLET is
expected as a key element for flexible sheet displays.
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6192-18, Session 5
Nature and dynamics of electronic excitations in
conjugated polymers
D. Beljonne, Univ. de Mons-Hainaut (USA)
D. Beljonne, E. Hennebicq, J. Cornil and J.L. Brédas
Conjugated polymers are extensively exploited as active materials in
a wide range of opto-electronic devices, including light-emitting
diodes, solar cells and field-effect transistors. From the working
principle of these devices, it turns out that the dynamics of charge
and energy carriers are key aspects that need to be optimised for the
design of improved materials and device architectures. Energy
transfer is also involved in polymer-based (bio)chemical sensors
relying on dramatic changes in the polymer luminescence properties
in presence of a minute quantity of an analyte. The sensitivity of such
polymer sensors is strongly increased with respect to the corre-
sponding molecular structures, indicating fast excitation transport
along and/or between the conjugated chains.
We have applied quantum-chemical approaches to study the
geometric and electronic structures of conjugated polymers and
molecules in their ground and excited electronic states, and how this
is affected by the presence of conjugation defects. Based on such
an input, microscopic models taking into account the detailed
chemical structure of the conjugated chains have been applied to
investigate the dynamics of excitation motion in model systems.
According to these calculations, the conjugated polymer chains
should be viewed as ensembles of interacting chromophores
resulting from the presence of chemical/structural defects and self-
localization induced by coupling to vibrations. In the limiting case of
weak interactions between the chromophores, transport then takes
place via a sequence of incoherent hopping events between
conjugated segments. We will show examples of incoherent
transport in conjugated polymers and highlight the influence of
structural organization and low-frequency vibrational modes on the
hopping rates. Generalization of the model to account for excitation
delocalisation among chromophores will also be briefly discussed.

6192-19, Session 5
Exciton quenching and charge photogeneration in doped
conjugated polymers
V. I. Arkhipov, P. L. Heremans, IMEC (Belgium); E. V. Emelianova,
Katholieke Univ. Leuven (Belgium); H. Baessler, Philipps-Univ.

Marburg (Germany)
Excitonic approach to photophysics of conjugated polymers suggests
the following scenario of free carrier photogeneration. Excitation of a
conjugated polymer by light within the absorption band creates either
vibronically relaxed or ‘hot’ Frenkel-type singlet excitons with the
binding energy of around 0.5 eV. Upon relaxation of a hot Franck-
Condon state through a vibronic progression, the excess photon
energy is transferred into intra-segmental vibronic excitations and the
exciton occupies a hot segment. Fast dissociation of such excitons
into pairs of free carriers is feasible even at moderate external electric
fields while the field-assisted intrinsic dissociation of a relaxed exciton
would require fields in excess of 5 MV/cm. However, a relaxed singlet
exciton can be quenched and dissociate into a (geminate) pair of
charges at a charge transfer (CT) center. Typical CT center in a
conjugated polymer consists of a conjugated segment and an
adjacent electron scavenger (deep electron trap). Exciton dissociation
at a CT center is possible if the electron affinity of the scavenger is
large enough in order to at least compensate for the exciton binding
energy.
However, exciton quenching at a CT center does not yet yield free
carriers. Instead, a strongly coulombically bound geminate pair of
charges is generated. The respective Coulomb binding energy can be
estimated as 0.5 eV for a distance between the conjugated segment
and electron scavenger of 1 nm and the dielectric constant of 3.
Remarkably, it turns out that the charges in a geminate pair are bound
not weaker than in a vibronically relaxed singlet exciton. This notion
explains the notorious difference between the photoluminescence (PL)
quenching efficiency and the carrier photogeneration yield in doped
conjugated polymers. While the PL intensity drops to almost zero at
the quencher concentration of 1% the onset of photoconductivity
typically requires a doping level in excess of 10% i.e. efficient
photogeneration of free carriers is possible in donor/acceptor blends
rather than in homogeneously doped polymers.
Two effects can be responsible for the higher charge photogeneration
yield at high dopant concentrations: (i) the formation of interpenetrat-
ing percolation networks for (hopping) transport of both electrons and
holes as well as (ii) the onset of full or partial separation of donor and
acceptor phases which allows for exciton dissociation at the devel-
oped donor/acceptor interface. Bipolar transport is obviously a must
for full charge collection but it cannot provide high photovoltaic yield
without efficient exciton dissociation as a first step of light harvesting.
Full harvesting of excitons at the interface is essential for efficient
carrier photogeneration, which is possible only if the exciton diffusion
length is larger than or, at least, comparable with the maximum
distance an exciton has to cross in order to reach the nearest
interface. This condition can be fulfilled in optimized planar multilayer
photovoltaic devices by controllable deposition of individual layers.
The control of morphology in bulk heterojunction donor/acceptor
systems is much more difficult.
Experimentally, it has been established that the charge
photogeneration yield in these systems normally reaches maximum at
the donor content that is much larger than the thresholds of both
electron percolation and phase separation. Furthermore, it has been
recently shown that most efficient polymer/C60-derivative blends do
not reveal full phase separation on the polymer side: such blends
consist of pure C60-derivative phase and approximately 1:1 polymer/
C60 mixture as ‘donor’ phase. Although it is not yet clear whether or
not this mixture is really homogeneous on 2...5 nm scale, a high
density of strong electron acceptors should anyway dramatically
reduce the exciton lifetime and, concomitantly, the exciton diffusion
length. If so, this observation challenges the essential role of the
interfacial exciton dissociation in efficient charge photoproduction in
polymer/acceptor blends.
In the present work we formulate a model of the dopant-assisted
charge photogeneration in the bulk of a conjugated polymer doped
with strong electron acceptors. The model is based on the scenario
that includes exciton dissociation into short geminate pairs as an
intermediate step in the potogeneration process. It also suggests that
the on-chain hole becomes ‘hot’ due to ultra-fast structural relaxation
that immediately follows exciton dissociation at a CT center. Subse-
quent separation of the trapped electron and on-chain hole proceeds
as described by the model of hot exciton dissociation.
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6192-20, Session 5
Charge transport in conjugated materials: from the
molecular to the macroscopic vision
Y. Olivier, J. P. Cornil, Univ. de Mons-Hainaut (Belgium)
Since the discovery of high electrical conductivity in organic
conjugated polymers, a growing interest has been dedicated to
conjugated materials for applications such as field-effect transistors
(FETs), light-emitting diodes (LEDs) and solar cells. Organic FETs are
made of three metallic contacts (gate, drain, and source); their
operation consists in modulating the current flowing from the source
to the drain across the organic layer by means of a voltage applied at
the gate. Organic solar cells and LEDs are built by sandwiching an
organic layer between two electrodes and aim at converting a light
into charges and at creating light upon charge injection, respectively.
In order to optimize the performance of these devices, it is important
to maximize the mobility of the charge carriers in the organic layer to
allow for a high ON/OFF ratio and a fast switching time in FETs, an
efficient charge recombination in LEDs and charge collection in solar
cells.
In the early nineties, Bässler and co-workers have developed Monte-
Carlo methods to simulate charge transport within a hopping regime
in a model cubic lattice. This approach is based on effective
parameters such as the cubic lattice constant (which is the average
distance between adjacent sites) and the average hopping frequency
derived from the theory of Miller-Abrahams that does not take into
account exact chemical structures.
In the recent years, we have developed a quantum-chemical
approach allowing for a better understanding of the hopping
processes at the molecular scale [1,2]. In this work, the hopping rate
is expressed within the semi-classical Marcus theory that implies the
passage through a transition state going from the reactants (R) to the
products (P). Transfer integral (t) and the reorganization energy (λ)
parameters that appear in the Marcus formula were estimated from
quantum-chemical calculations.
In this contribution, we will present our recent advances in modelling
charge transport in a hopping regime. On the one hand, we have
now extended the previous work by adopting the Marcus-Levich-
Jortner (M-L-J) formalism that describes possible tunnelling effects
across the barrier by treating an effective vibrational mode at the
quantum-mechanical level. A driving force DG° has also been
introduced to depict the influence of the applied electric field [3].
On the other hand, we have developed a Monte-Carlo approach to
estimate charge mobilities on the basis of rates obtained via the M-
L-J formalism for each pair of interacting molecules. This approach is
based on a random choice of the charge propagation direction for
each hop and on acceptation conditions for the transfer rates to
induce the charge migration. We have thus in hand an unique tool to
link the transfer rates at the molecular level to charge mobilities at
the macroscopic level. For sake of illustration, this approach is
applied here to a model system made of a one-dimensional stack of
pentacene molecules. We will describe among others the way the
charge mobility is affected by the amplitude of the electric field, by
molecular disorder, and by the presence of energy traps [4].
Preliminary results obtained for actual crystalline structures with a
two-dimensional charge transport will also be presented.
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6192-21, Session 5
Measurement and modeling of carrier transport and
exciton formation in blue polymer light-emitting diodes
R. Coehoorn, Philips Research Labs. (Netherlands) and Eindhoven
University of Technology (Netherlands); S. Vulto, S. van Mensfoort, J.
Billen, M. Bartyzel, Philips Research Labs. (Netherlands)
The electroluminescence of organic light emitting diodes (OLEDs)

results from a complex interplay between bulk transport, carrier
injection, trapping and recombination. Understanding this interplay is
most difficult for blue OLEDs, where injection is limited by Schottky
barriers. At the same time, understanding the device physics of blue
LEDs is strongly relevant for lighting and display applications, in view
of the use of blue host materials in electrophosphorescent host-
guest triplet-emitter systems. Also, blue organic semiconductors
tend to be more strongly susceptible to degradation processes than
green or red emitting materials. Here, we focus on polymer LEDs,
containing a single blue-emitting semiconducting layer. In spite of
the application-relevance, no full device model for such devices has
been reported so far. One of the difficulties is that the requirement
that a convincing model should be based on successful models of
the transport and injection in separately studied single-carrier (hole-
only and electron-only) devices has so far not been met. In particular,
it is difficult to make electron-only devices containing a low-
workfunction anode that does not give rise to hole injection up to
sufficiently high voltages. As a result, electron transport has been
studied less intensively than hole transport, for which a successful
model is now available for the intensively studied class of poly-
phenylene-vinylene (PPV) materials [1].
In this paper, we show from an extensive experimental and modelling
study of the devices physics of blue polymer LEDs that their current-
voltage-luminance curves can consistently be understood on the
basis of transport parameters as deduced from analyses of experi-
ments on single-carrier devices. Crucial steps were the use of a
novel process for making electron-only devices, and the application
of a recently developed model for the carrier mobility in a Gaussian
density of states (DOS) [1,2] to holes and electrons. The emissive
layer was based on polyfluorene, copolymerized with hole-transport-
ing units in order to improve the hole-injection rate.  The peak
emission from this polymer was at a wavelength of 465 nm. For hole-
only and double-carrier devices the anode was PEDOT:PSS, and for
electron-only and double-carrier devices the cathode was Ba(5 nm)/
Al(100 nm). For hole-only and electron-only devices the cathode and
anode was Au and Al, respectively. The process used to create Al
anodes led to an effective Fermi-level energy of 3.3 eV below the
vacuum level, high enough above the HOMO states of the hole
transporting units, at about 5.2 eV, in order to prevent significant
hole injection up to a bias voltage of 10 V. Most likely, the Al anode is
slightly oxidized. For all types of devices a wide organic layer
thickness range was studied, in order be able to discriminate
between bulk and interface effects. All transport studies were carried
out at a wide range of temperatures (170 K - 320 K), in order to be
able to discriminate between several transport models. The build-in
voltages of all devices were determined using impedance,
photoconductance and electroabsorption measurements.
Hole transport could be described almost equally well using a
conventional transport model, involving a temperature dependent
mobility that is enhanced by a field-dependent Poole-Frenkel factor,
as using the recently developed model for the mobility in a Gaussian
DOS, involving a carrier concentration dependent mobility [1,2].
However, the electron transport could only be described by the latter
model. The resulting effective widths of the Gaussian hole and
electron DOS are 0.15 eV and 0.22 eV. A present, we do not have a
microscopic model that can explain the rather wide HOMO and
LUMO DOS. As electron transport is expected to take place via
fluorene-derived LUMO states, the widths not expected to be equal.
We emphasize that (correlated) disorder due to random dipoles
should be equal for electrons and holes. The fact that we find
unequal widths indicates that another or an additional mechanism
must play a role. The slopes of the log(current)-log(voltage) curves
for electron-only devices are quite high, and increasing with
increasing voltage. This is consistent with the model presented in
[1,2], but inconsistent with a trap limited mobility model. Our results
thus suggest that the electron mobility is an intrinsic, rather than an
extrinsic property. The polymer/Ba-Al electron injection barrier is
0.50 eV. We found that a model that takes electron injection in the
tail of the Gaussian DOS [3] into account cannot explain the data.
That might indicate that the degree of disorder is smaller at the
interface than in the bulk.
The current-voltage characteristics of double carrier devices were
found to be excellently described using a device model based on the
separately measured hole and electron mobilities and the electron
injection barrier, with only a slight (factor ~2) temperature indepen-
dent adjustment of the hole mobility. Langevin (bimolecular)
recombination was assumed. For devices containing 80 nm blue
polymer layers, the calculated recombination efficiency, defined as
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the number of excitons formed per square meter and per second,
divided by the number of electrons that passes per square meter and
per second, was found to increase strongly to a maximum at about 8
V above the built-in voltage. This prediction is fully consistent with
the observation that the luminous efficacy (in cd/A) is highest at the
same voltage. The increase of the efficacy with increasing voltage is
therefore not an effect of a shift of the recombination zone, leading
to a decrease of the quenching near the cathode when the zone
shifts to the anode when the bias voltage is increased (as is often the
case for red PPV-based devices [4]). Instead, we find that the effect
is a more subtle result of the balance between hole and electron
currents, whereas the recombination takes place more closely near
the anode. Optical modelling was used to quantitatively analyze the
efficacy, using the calculated shape of the emission zone.
In conclusion, we have demonstrated that is is possible to build a
consistent model of the electron and hole transport and recombina-
tion processes in double carrier blue emitting polymer LEDs, based
on a systematic study of single carrier devices. The modelling of the
electron mobility suggests it can be viewed as an intrinsic property,
resulting from hopping in a relatively wide Gaussian DOS. These
results provide support for the novel mobility model developed in [1]
and [2], and may stimulate the development of more microscopic
models that explain the shapes of the HOMO and LUMO densities of
states.
[1] W.F. Pasveer et al., Phys. Rev. Lett. 94, 206601 (2005).
[2] R. Coehoorn et al., Phys. Rev. B (accepted).
[3] V.I. Arkhipov et al., J. Appl. Phys. 48, 848 (1998).
[4] P.W.M. Blom et al., Appl. Phys. Lett. 77, 2057 (2000).

6192-22, Session 6
Highly efficient OLED for diplays and lighting
K. Leo, Technische Univ. Dresden (Germany)
In this presentation, I will discuss some of our recent progress in the
field of highly efficient organic LED. In particular, I will present recent
results from our work in Dresden on OLED with doped transport
layers: Using such layers, the voltages of OLED can be reduced
close to the quantum limit, virtually independent of contact materials
and device configuration (top or bottom emitting). Additionally, we
have developed a novel double emitter structure which allows high
quantum efficiencies even at high brightness. These efforts have
helped to obtain green OLED with efficiencies well above 100
Lumen/Watt; i.e. much better than the best green nitride LED
available today. With doped transport layers, it is actually possible to
achieve top-emitting OLED which are more efficient that bottom
emitters. This is important for both lighting and display applications.
Finally, I will briefly discuss how this OLED work can be used to
manufacture high-efficiency low-cost OLED which are particularly
suitable for lighting applications. One of the challenges here are to
find low-cost ITO-free substrates which can be coated in an efficient
manner. I will report about significant progress we have recently
made in developing such a technology.

6192-23, Session 6
High-efficiency white organic-light-emitting devices
combining fluorescent and phosphorescent emitter
systems
G. Schwartz, K. Walzer, M. P. Pfeiffer, K. Leo, Technische Univ.
Dresden (Germany)
Light sources suitable for lighting applications need to combine a
high power efficiency at high brightness, good color rendering as
well as color coordinates matching those of one of the reference
illuminants. We demonstrate white organic light emitting devices
combining a blue fluorescent dye with red and green Iridium based
phosphorescent dopants in separate host materials which are
competitive with the best reported phosphorescent only devices
fulfilling the mentioned requirements.
In our devices, we could simultaneously achieve a power efficiency
of 13.7lm/W at a brightness of 1000cd/m(c)˜, a color rendering index
of 85 and color coordinates of (0.47/0.42), which is a color very close
to the standard illuminant A. Crucial features of the devices are the
use of electrically doped transport layers (p-i-n concept) which leads
to low driving voltages, and a thin additional layer separating the
fluorescent dye from the two phosphorescent emitter systems to

prevent Dexter type quenching of the phosphorescent emission. We
studied the influence of thickness and doping ratio of the different
layers on the electroluminescence spectrum and on the current-
voltage characteristics to understand the charge carrier balance and
mechanisms of exciton generation inside the devices.

6192-24, Session 6
The dynamics of the triplet exciton transfer between
conjugated host polymers and phosphorescent iridium
(III) guest emitters
C. Rothe, A. P. Monkman, S. M. King, Univ. of Durham (United
Kingdom)
Phosphorescent iridium complexes have been widely investigated
and used to increase the efficiency of organic light emitting diodes
by harnessing the otherwise non-emissive triplet excitons.1 Here, we
systematically studied the triplet exciton transfer dynamics between
phosphorescent guest emitters and conjugated host polymers by
means of fac-tris[2-(2-pyridinyl-kN)(5-(3,4-bis(2-
methylpropyloxy)phenyl) phenyl)-kC]-iridium(III) [Ir-SC4] blended into
three novel conjugated host polymers2 featuring higher, lower and
resonate triplet levels compared to the phosphorescent emitter,
respectively. Using nanosecond gated spectroscopy, the guest
emission decay was measured over seven orders of magnitude in
intensity after both optical and electrical excitation. Strongly
dispersive decays are observed if the guest triplet energy level
exceeds that of the host, thus, no single rate governs the triplet
energy transfer from the guest to the host. We attribute this
observation to a guest host distance distribution that influences the
triplet exciton back transfer rate. Consequently, using bulky
phosphorescent guest emitters it is possible to suppress triplet
energy back transfer and we will also present data of such an
advanced phosphorescent host-guest system. Considering the
reverse situation, i.e. the guest triplet level is lower than that of the
host, almost no lifetime quenching of the guest emission is observed,
but there is an additional delayed emission contribution of order 10-
5. Several experimental findings, such as electric field quenching
experiments and decay kinetics, indicate a charge transfer state
between the guest metal and the host polymer rather than the late
arriving of host polymer triplet excitons at the dopant sites as origin
of this novel delayed luminescence.
This work provides a new and detailed insight into the operation
mechanism of heavy metal doped conjugated polymers. Moreover,
design rules emerge that shall lead to the next generation of highly
efficient electroluminescent organic guest host systems.
1 M. A. Baldo, D. F. O’Brien, Y. You, A. Shoustikov, S. Sibley, M. E.
Thompson, and S. R. Forrest, Nature 395, 151 (1998).
2 A. van Dijken, J. J. A. M. Bastiaansen, N. M. M. Kiggen, B. M. W.
Langeveld-Voss, C. Rothe, A. P. Monkman, I. Bach, P. Stößel, and K.
Brunner, J. AM. CHEM. SOC. 126, 7718 (2004).

6192-25, Session 6
Measurement of the triplet-singlet exciton formation ratio
in a working polymer light emitting diode
A. P. Monkman, C. Rothe, S. M. King, Univ. of Durham (United
Kingdom)
Using a range of time resolved spectroscopies, including
phosphorimetry and a newly developed sub nanosecond triplet
pump probe spectrometer, the dynamics of triplet excitons has been
elucidated in working PLEDs. By the use of comparative measure-
ments of the dynamics of singlet excitons in the same devices and
making simultaneous optical and electrical measurements, a value
for the ratio of triplet to singlet production during charge recombina-
tion in the working device has been found. In this work, special
attention had to be given to triplet migration and annihilation
phenomena and the temperature dependent behavior of dispersive
triplet migration1. From this it was possible to construct an appropri-
ate model of device operation to obtain accurate values for the
production ratio.
To obtain an absolute value for the triplet-singlet formation ratio, an
accurate method to measure the intersystem crossing rate had also
to be devised. We have developed a methodology based on ground
state recovery to obtain values in films at low temperature. Using
near state-of-the-art devices based on polyspirobifluorine, manufac-
tured by Philips, we have obtained a value of the triplet-singlet
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production ratio of 1:1, not the expected value of 75:25. We shall
show how triplet triplet annihilation rapidly quenches the triplet
population in devices such that measurements of the absolute triplet
number are very difficult to obtain. However, given that Philips have
achieved very high efficiencies and brightnesses from their blue
polymer devices the figure we determine here seems appropriate.
References
[1] C. Rothe, A. P. Monkman, Physical Review B 68, 075208 (Aug 15,
2003).

6192-26, Session 6
Novel triplet host materials with high-energy gap and
thermal stability for organic electrophosphorescent
devices
J. Qiao, L. D. Wang, Y. Qiu, Tsinghua Univ. (China)
Organic light-emitting diodes (OLEDs) have attracted a great deal of
attention in view of both academic interest and technological
applications for full-color, flat-panel displays and lighting. A
particularly appealing solution to achieve full-color OLEDs is energy
or charge transfer from host molecules to emissive guest molecules.
This is because a single host material with optimized transport and
luminescent properties may be used together with a variety of highly
fluorescent guest dopants leading to emission of desirable hues with
very high efficiencies. This doping principle has recently been
successfully extended to the exploitation of highly phosphorescent
materials leading to nearly 100% internal quantum efficiency. In
these cases, high efficiencies were obtained by energy transfer from
both the host singlet and triplet states to the phosphor triplet, or via
direct trapping of charge on the phosphor, thereby harvesting up to
100% of the excited states.
The design of highly efficient phosphorescent OLEDs (PHOLEDs)
often begins with the selection of a material combination that allows
for exothermic energy transfer between conductive host and
phosphorescent guest molecule. The host for such phosphorescent
or triplet emitters has to fulfill the preferential condition that the triplet
energy of the host has to be higher than that of the guest, besides
the customary requirements known already from the use of fluores-
cent emitters. The most common host used in PHOLEDs, 4,4'-bis(9-
carbazolyl)-2,2'-biphenyl(CBP) has worked reasonably well fro
phosphorescent green- and red-light triplet dopants. However, the
triplet-energy of CBP (2.56eV) is too small to yield highly efficient
devices with blue triplet emitters so that the hosts with even higher
triplet-energies (  * 2.7 eV) are desired. Much effort is directed toward
finding alternative carbazole derivatives with disirable triplet-energy.
Later, structurally modified host molecules 1,3-bis(9-
carbazolyl)benzene(mCP), N,N’-dicarbazolyl-1,4-dimethene-
benzene(DCB), 4,4'-bis(9-carbazolyl)-2,2'-dimethyl- biphenyl(CDBP),
and 3,5-bis(9-carbazolyl)tetraphenyl silane (SimCP), et al.  have been
developed.  Even for deep blue PHOLEDs, ultrahigh energy gap
organosilicon compounds such as diphenyldi(o-tolyl)silane(UGH1)
and p-bis(triphenylsilyl)benzene(UGH2) were also designed. In
addition to increase the triplet-state energy of these host materials,
the traditional factors (e.g., glass transition temperature, ionization
potential, and sublimation temperature properties) should be also
considered. It was found that the thermal and morphological
instabilities of host materials may shorten the operational lifetime of
devices. For example, the glass transition temperature of mCP is
only 65 oC and the organic emissive layer is easy to crystallize.
Furthermore, the maximum operation current density is only 100mA/
cm2 and the higher driving current will damage the devices.
Herewith we report a novel host material, 5,5-di(4'-carbazol-5"-
ylphenyl)fluorine (CPF), in which two carbazole rings are connected
by a spiro-bridge. Its structure was determined by single-crystal X-
ray diffraction. The introduction of a spiro-linkage greatly improves
the triplet-energy as well as the thermal stability. This spiro molecule
processes not only higher singlet (3.5 eV) and triplet (2.87 ev)
energies, but also much higher glass transition temperature (Tg=165
oC) and melting point (Tm=405 oC) and wide separation (80 oC)
between sublimation temperature and decomposition temperature
(Td=508 oC). By using CPF as the host material, the blue and green-
emitting phosphorescent devices with a configuration of indium tin
oxide/ N, N'-diphenyl- N, N'-bis(1,1'-biphenyl)-4,4'- diamine (NPB)/
CPF: bis[(4,6-difluorophenyl)-pyridinato- N,C-2']picolinate (FIrpic) or
tri-(2-phenylpyridinato-N,C2')iridium (Ir(ppy)3/ 4,7-diphenyl-1,10-
phenanthroline (Bphen)/Mg:Ag have been fabricated. The CPF
devices exhibited much higher efficiency and longer lifetime,

compared with the cases of CBP as the host. These distinguishing
properties further confirm that CPF has great potential as an
excellent host material for high-efficiency and durable PHOLEDs.

6192-27, Session 7
OLEDs for lighting
H. Boerner, Philips Research Labs. (Germany)
During the last three years, interest in the application of OLED
technology for lighting appli-cations has been increasing steadily;
along with the rising use of inorganic LEDs in the light-ing market.
Compared to displays, lighting applications have considerably
different require-ments. For this reasons, there have been only a few
reports on white emitting OLEDs suitable for lighting applications.
This talk will first review the requirements in terms of performance,
price, light quality and application related issues.
To obtain white light, a number of options exist for color mixing.
These include one, two, three or more color devices. The implica-
tions from the options of color mixing are explained, together with
possibilities of how to incorporate these into OLED designs. The
OLED designs include individual color patches, stacked OLEDs,
combined single OLED designs and exter-nal color conversion.
Selected results for white OLEDs along some of these design lines
will be presented.
Trying to judge the potential of the different design approaches is
rather difficult.
The simplest approach is certainly the blue OLED with external
conversion, but this requires efficient and stable blue emitters, which
unfortunately are not available yet. So far, the other routes appear
equally promising, considering the various trade-offs between
simplicity, price and performance.
Research areas critical for OLEDs for lighting center around the
lifetime-luminance tradeoff. For lighting, luminance values in excess
of 1000 cd/m2 would be preferable, but these come at a much-
reduced lifetime. Here more fundamental work on materials and
device layout is re-quired.
Generally, it can be said that OLEDs for lighting will start to appear in
niche markets, where their unique features give them a competitive
advantage. The future will depend on how fast prices can be lowered
and efficiencies and lifetime can be raised in a large-scale produc-
tion.

6192-28, Session 7
Light extraction and customized optical distribution from
plastic micro-optics integrated OLEDs
P. Melpignano, G. Rotaris, V. Biondo, S. Sinesi, Ctr. Ricerche Plast-
Optica (Italy); M. T. Gale, S. Westenhöfer, Ctr. Suisse d’Electronique
et de Microtechnique SA (Switzerland); M. Murgia, S. Caria, C.
Zamboni, Istituto per lo Studio dei Materialo Nanostrutturati (Italy)
Efficient light extraction and optical beam shaping have been
combined to form an integrated, flexible illuminator for automotive
applications; it is based on organic light emitting diodes (OLEDs).
Refractive micro-optics have been produced applying a cost-
effective UV-casting technique onto a transparent flexible substrate.
The required Gaussian distribution of the electro emission has been
achieved adopting an OLED implemented as a 50 micron pixel
matrix. The integrated micro-optics OLED source has been modelled
using a standard software package for ray tracing, considering also
the spectral distribution of the emitted light. The implemented optical
device, namely a ceiling light illuminator, shows an improvement of
the 70% of out-coupled emission, measured in the far field. Such a
result corresponds to the theoretical prediction for isotropic emitting
sources. A comparison between optical performances of the same
OLED integrated with refractive or diffractive micro-optics will be
presented as well.

6192-29, Session 7
Polymer light-emitting devices for large-area lighting
C. Gärditz, D. Buchhauser, R. Pätzold, O. Weiss, Siemens AG
(Germany); A. Winnacker, Friedrich-Alexander-Univ. Erlangen-
Nürnberg (Germany); J. Wecker, Siemens AG (Germany)
OLEDs gain more and more interest in the field of lighting applica-
tions. The OLED technology provides striking advantages and cover
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completely new application fields offering a new freedom in design
for applications of next generation lighting. Large area OLEDs might
act as a 2-dimensional light source which is thin, flat and lightweight
generating diffuse, non glaring illumination.
Compared to existing organic displays OLEDs for lighting need to be
optimized to quite different requirements. The main differences
between pixelated displays and OLEDs for lighting are as follows:
Passive matrix displays are AC driven at a frequency in the range of
100 Hz and an average luminance of 100 cd/m2. Active matrix
displays are used under DC conditions at typically 300 cd/m2. The
active area of a single pixel is for both types in the order of 10-3
cm2. In contrast OLEDs for illumination need an operation point with
a brightness of 1000 cd/m2 and an active area in the order of tens of
cm2.
Such large active areas provoke challenges in terms of homogeneity
in brightness and colour. This mainly occurs due to a variation in
current density over the active area as a consequence of the voltage
drop along the electrodes. Furthermore a different current density
leads to different aging of the emitter over the active area. As a new
effect this phenomenon need to be carefully analyzed and the
influence of electrode design has to be investigated. In addition,
defects more likely occur on large areas. They can originate from
particles on the substrate during processing, from ITO spikes and
coating inhomogeneities of the organic layers. Defects are generally
are not acceptable and can effect the lifetime of the devices.
Concerning lifetime heat generation and dissipation maybe consid-
ered as well leading to the determination of the ideal size and
geometry of a lighting tile. Moreover lighting tiles are believed to be
driven at constant current and should have a high filling factor which
gives additional input to an increased device temperature.
Within our contribution we present results on OLEDs for lighting
applications based on light-emitting polymers. Performance and
characteristics are investigated with regard to the topics mentioned
above. Furthermore possible pathways for technical solutions are
presented.

6192-30, Session 8
Formation of organic interface barriers: the message
from non-metallic contacts
A. L. Kahn, Princeton Univ. (USA)
Understanding and controlling the electronic structure of interfaces
of organic materials is exceedingly important for the development of
efficient devices like OLEDs or PV cells.  This talk begins by
contrasting organic interfaces formed on ultra-clean metal surfaces
prepared in ultra-high vacuum with recently studied, commercially
more “relevant”, interfaces formed on contaminated metal surfaces,
ozone-treated metal surfaces or non-metallic conductors, like the
widely used doped polymer PEDOT:PSS. The former type of
interfaces generally exhibit a large interface dipole and much larger
injection barriers than expected based on metal work function and
organic electronic structure, while the latter interfaces approach the
limit of vacuum level alignment between non-interacting materials
and, surprisingly, lead to better injection barriers.  A model based on
induced density of interface states that considers the importance of
the metallic interface density of states and intimate organic/metal
contact in the formation of the barrier is examined to explain these
differences. Implications for interfaces of devices built for commer-
cial production is considered. A number of new organic-organic (OO)
heterojunctions recently investigated in our laboratory are reviewed
next.  The majority of OO heterojunctions is seen to follow more
closely vacuum level alignment across the interface, although a
significant number of deviations, marked by the formation of
significant interface dipole barriers, have now been noted and
investigated.  We show how general trends in molecular level
alignment at OO heterojunctions can now be predicted.

6192-31, Session 8
Al/LiF contacts in organic optoelectronics
S. K. Jönsson, International Univ. Bremen GmbH (Germany); W. R.
Salaneck, M. Fahlman, Linköpings Univ. (Sweden)
Organic electronics is based on conjugated organic materials,
ranging from small molecules to polymers. The organic materials are
multifunctional in that they can e.g. provide electronic and optical
functionality combined with desirable structural (self organizing)

properties. Two of the more interesting organic electronics applica-
tions are organic light emitting devices (OLEDs) for flat panel
displays and organic solar cells. One of the most frequently used
materials in OLEDs is aluminum tris(8-hydroxyquinoline) (Alq3), since
it can function both as an electron transporter in the ETL and as a
(blue-green) light emitter in the EL.  Alq3 can exist as two geometri-
cal isomers, one called facial (fac-Alq3) where the three oxygen and
the three nitrogen atoms are located on opposite faces of the
(distorted) octahedron; and one called meridianal (mer-Alq3) where
only one oxygen atom has a nitrogen atom at the opposite position.
The two isomers have different electronic structures. Hence, the
charge injection, luminescence and transport properties of Alq3 films
can be expected to differ depending on which isomer is dominant.
The mer-isomer is predicted to be the energetically more favorable
and almost all reports in literature show experimental evidence only
of this isomer in films.
Organic solar cells operate on the basis that light absorption by the
organic materials creates bound electron-hole pairs (excitons) that
then can dissociate and be collected by electrodes. Typically the
dissociation occurs by using two organic materials, one that absorbs
the light, the other accepting the electron from the exciton formed.
The most successful method to date is to blend (visible light
absorbing) conjugated polymers with electron accepting C60
molecules or C60 derivatives. Polymer/C60 interpenetrating
networks greatly enhance both exciton conversion into free charge
carriers and facilitate the transport of charges to the electrodes.
Such devices can reach power conversion efficiencies of more than
2% under AM 1.5 illumination [1,2].
Enhancing the efficiency of the low work function contact of OLEDs
and solar cells has been one of the key design issues and Al/LiF
contacts have proven to be very effective in improving device
performance. In fact, the use of Al/alkali halide contacts in organic
electronics is quite common though the proposed mechanisms for
the increased efficiencies vary and include:
(i) The alkali halide layer acts as a buffer, reducing the Al-bonding-
induced degradation of the organic layer [3].
(ii) Dipole formation due to deposited alkali halide films [4].
(iii) Dissociation of alkali halides resulting in doping of the organic
layer and/or alloying of the metal cathode [5].
The purpose of this paper is to obtain further insights on the
interfaces of these two organic molecules with Al and LiF/Al.
Monolayers of Alq3 and C60 have thus been deposited and
characterized on Al and LiF/Al substrates using photoelectron
spectroscopy techniques. The evolution into thick organic films was
monitored and comparison between the monolayers and the thick
films were made. We show the occurrence of interfacial dipoles at
C60/LiF/Al interfaces and confirmed interfacial dipoles at Alq3/Al,
C60/Al and Alq3/LiF/Al interfaces through vacuum level shifts. There
is strong interaction with the substrates in all cases. There is
evidence of covalent interaction between both Alq3 and C60 films
with the Al substrates. The added LiF layer (between Al substrate
and the organic film) prevents the covalent bonds from forming and
the LiF does not dissociate in any case, unlike what is found in
literature for the reverse order of deposition. For both Alq3 and C60
there is charge transfer from the Al substrate to the organic film
through the LiF layer. However, if the thickness of the LiF layer
exceeds 25 Å this charge transfer is blocked. The evolution of the
electronic structure upon n-doping of the first Alq3 monolayer
observed here is different from previous studies of n-doping mer-
Alq3, indicating that there is preferential deposition and/or formation
of the unusual facial isomer of Alq3 on the LiF/Al substrate.
1. S. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T.
Fromhertz and J. C. Hummelen, Appl. Phys. Lett., 78, 841 (2001).
2. O. Inganäs, M. Svensson, F. Zhang, A. Gadisa, N. K. Persson, X.
Wang and M. R. Andersson, Appl. Phys. A, 79, 31 (2004).
3. G. Greczynski, M. Fahlman and W. R. Salaneck, J. Chem. Phys.,
113, 2407-2412 (2000).
4. C. J. Brabec, S. E. Shaheen, C. Winder, N. S. Sariciftci and P.
Denk, Appl. Phys. Lett., 80(7), 1288-1290 (2002).
5. M. G. Mason, C. W. Tang, L.-S. Hung, P. Raychaudhuri, J.
Madathil, D. J. Giesen, L. Yan, Q. T. Le, Y. Gao, S.-T. Lee, L. S. Liao,
L. F. Cheng, W. R. Salaneck, D. A. d. Santos and J. L. Bredas, J.
Appl. Phys., 89, 2756-65 (2001).
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6192-32, Session 8
Electronic structure at the organic/metal interface
P. Sehati, C. Tengstedt, W. Osikowicz, W. R. Salaneck, M. Fahlman,
Linköpings Univ. (Sweden)
One of the crucial concepts in the OLED’s is the electronic structure
at the organic/substrate interface, which determines the charge
transfer properties. Photoelectron spectroscopy has been used to
map out energy level alignment of spin- coated conjugated polymers
at various organic-organic and hybrid interfaces. Specifically, the
hole-injection interface between metallic substrates (organic and
inorganic) and light-emitting conjugated polymers was investigated.
Two different alignment regimes were observed: (i) vacuum level
alignment, which corresponds to the lack of vacuum level offsets
(Schottky-Mott limit) and (ii) Fermi level pinning, where the substrate
Fermi level and the positive polaronic level of the polymer align.1 The
observation was rationalized in terms of spontaneous charge transfer
whenever the substrate Fermi level exceeds the positive polaron/
bipolaron formation energy per particle. The charge transfer leads to
the formation of an interfacial dipole, and the Fermi level is pinned to
the positive polaronic level. The interfacial dipoles can be as large as
2.1 eV and the polaronic relaxation energies range between 0.4 eV to
0.7 eV. Theoretical models are used to shed further light on this
mechanism. We model versions of two different polymer interfaces
with different substrates: poly (3-hexylthiophene) (P3HT, IP = 4. 5 eV)
and poly (dioctylfluorene- co- N- (4- butylphenyl) diphenylamine)
(TFB, IP = 4.7 eV), with specific emphasis placed on determining the
polaron and bipolaron energies and relate them to the experimental
data. In analogy with our results, it is expected that the same
mechanism should hold true at electron- injecting polymer on metal
interface, i. e., pinning of the Fermi level to the negative polaron/
bipolaron level of the ELP when the metal work function is smaller
the negative polaron/bipolaron formation energy.
1)C. Tengstedt, W. Osikowicz, W.R. Salaneck, I.D. Parker, C-H. Hsu
and M. Fahlman, submitted

6192-33, Session 8
Effect of ionic charge density on charge injection in
solution processable OLED devices
H. J. Bolink, E. Coronado, I. Recalde, L. Cappelli, Univ. de València
(Spain)
Organic materials based light emitting devices have been in the
spotlight of research ever since the discovery of the effect in 19901.
This has resulted in the industrialization of displays based on OLED
technology. Nevertheless, several basic functions of the operation of
these devices are not fully understood. One of those is the role of the
charge injection layer used in most OLED devices. According to
several recent studies the formation of very thin interface layers at
the organic layer- cathode interface is presumed to play an important
role in the injection process2.
Using a variety of solution processable organic light emitting
materials in combination with charged conductive layers the
performance of the OLED devices is investigated.
In this study we show the control of light emitting devices, emitting
blue and yellow light, by changing the oxidation level of a charge
transporting polymer. We reach efficiencies up to 3.5 cd/A for a blue
emitting device at a brightness of 5000 cd/m2. However, we show
that by changing the oxidation levels, the device limitation changes
from a hole limited to a charged balanced up to an electron limited
device.
Additionally, using impedance spectroscopy, the effect of the
amount of oxidant on the inductance of the device is analyzed in
view of a new model describing charge injection determined by
interfacial states.
References:
1) J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K.
Mackay, R. H. Friend, P. L. Burns and A. B. Holmes, Nature, 1990,
347, 539.
2) M.A. Baldo and S.R. Forrest, Physical Review B 64 (2001) 085201

6192-34, Session 8
Large Magnetoresistance in OLEDs and its Application in
Displays
M. Wohlgenannt, O. Mermer, G. Veeraraghavan, The Univ. of Iowa
(USA); T. L. Francis, OMR Sensors, Inc. (USA); Y. Sheng, D. T.
Nguyen, The Univ. of Iowa (USA)
Organic conjugated materials have been used to manufacture
promising devices such as organic light-emitting diodes (OLEDs),
organic field-effect transistors (OFETs) and photovoltaic cells.
Interest in magnetoresistive properties of these materials, however
has only appeared very recently. We recently discovered a large and
intriguing magnetoresistance (MR) effect in semiconducting polymer
(polyfluorene) and small molecular OLEDs. We dubbed the effect
Organic Magnetoresistance (OMAR). Its magnitude equals up to
10% at room temperature for magnetic fields, B = 10mT. This MR
effect is therefore amongst the largest of any bulk material. The
polymer devices we describe can be manufactured cheaply on
flexible substrates, and can be transparent. Our devices therefore
hold promise for applications where large numbers of MR devices
are needed, such as magnetic random-access-memory (MRAM); and
applications related to OLED display screens such as touch screens
where the position of a magnetic stylus is detected (patent pending).
Our devices do not require ferromagnetic electrode materials
resulting in a flexibility in material choice not achievable for other MR
devices.
We report on a comprehensive magnetoresistance study on a set of
organic semiconductor sandwich devices made from different pi-
conjugated polymers and small molecules. The study includes a
range of materials that show greatly different chemical structure,
mobility, and spin-orbit coupling strength. We study both hole and
electron transporters at temperatures ranging from 10K to 300K. We
observe large negative or positive magnetoresistance (up to 10% at
300K and 10mT) depending on material and device operating
conditions. We discuss our results in the framework of known
magnetoresistance mechanisms and find that none of the existing
models can explain our results.
We determined the basic properties of OMAR: The effect can be
either positive or negative, depending on operating conditions. The
effect is independent of the sign and direction of the magnetic field,
and is only weakly temperature dependent. Our experiments show
that OMAR is a bulk effect related to the majority carrier current. In
polyfluorene, the OMAR effect can be described phenomenologically
by a parallel translation of the current-voltage (I-V) curve to lower
voltages as the magnetic field is applied. We also studied RR-P3HT
and RRa-P3OT pi-conjugated polymers to observe the effect of
order/disorder, and therefore varying mobility, on OMAR. We found
that the magnitude of the OMAR effect in the RRa-P3OT devices
were consistently greater than that of the RR-P3HT devices.
Therefore low disorder/large mobility is not a necessary prerequisite
for large OMAR response. We also studied PPE and Pt-containing
PPE polymers to check for a possible interrelation between spin-
orbit coupling and the OMAR effect as a first step towards deciding
whether OMAR is an orbital or spin effect. We found that spin-orbit
coupling has apparently little effect on OMAR. This result excludes
mechanisms based on processes that both involve the electron-spin
and that occur at timescales greater than 1 ns. In particular,
processes involving intersystem crossing in excitons are excluded.
We also extended our study to small molecular devices. We
observed a large OMAR effect in Alq3 devices that is similar in size
to that in the polyfluorene devices. Since the current-voltage
characteristics of the Alq3 devices are typical of space-charge
limited current, this implies that OMAR is not related to a magnetic
field effect on the carrier injection. Similar to polyfluorene, in PEDOT/
Alq3/Ca devices the OMAR effect can be described phenomenologi-
cally by a parallel translation of the I-V curve to lower voltages as the
magnetic field is applied. We found that the shift in voltage is quite
insensitive to the temperature and that it increases proportionally
with the device thickness. Strikingly, we found that the functional
dependence of the OMAR effect on B was very similar in all devices
we studied. We show that the set of empirical laws, DR/R ~ (B/(B +
B0))^2 and DR/R ~ B^2/(B^2 + B0^2) fits the experimental data well
over almost three orders of magnitude in magnetic field in devices
with “weakly saturated” and “fully saturated” behavior, respectively.
However, close to the regions in parameter space where a transition
from negative to positive OMAR occurs, these functions fail to fit the
data and a more general expression must be found. The universality
may point to the involvement of nuclear spin. To the best of our
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knowledge, OMAR is not adequately described by any of the
magnetoresistance mechanisms known to date. It may therefore be
related to the peculiar mode of charge transport in organic semicon-
ductors, a field that still relatively little is known about. If one could
find an explanation for this effect, this may lead to a breakthrough in
the scientific understanding of organic semiconductors.

6192-35, Session 9
Organic nonlinear Kerr materials for ultrafast all-optical
switching
S. Jochim, N. Moll, A. Jebali, S. T. Gulde, R. F. Mahrt, B. J. Offrein,
IBM Zürich Research Lab. (Switzerland); M. Murgia, R. Zamboni,
Istituto per lo Studio dei Materialo Nanostrutturati (Italy)
Combining organic films with high Kerr-nonlinearities and resonant
photonic nanostructures could lead to new fast switching elements.
The most generic resonant structures are Fabry-Perot cavities. We
fabricate such cavities by incorporating an organic material between
two dielectric mirrors. We developed a reliable method to determine
the nonlinear coefficients of the materials studied. In the same setup,
these cavities can also be used to demonstrate a switching behavior
with a suitable nonlinear material.
For the nonlinear characterization of our cavities we use
femtosecond pump and probe spectroscopy. We spectrally resolve
the nonlinear transmission of pulses that are spectrally broader than
the cavity. These signals are then compared to numerical simulations
to deduce the nonlinear coefficients.
We characterized the nonlinear properties of our hybrid 1-D photonic
band gap structures for various organic materials. Promising
materials are C60, C70 and MEH-PPV. It turns out that in the
spectral region between 780 nm to 880 nm the nonlinear absorption
dominates the signal. However, for wavelengths around 1300 nm to
1500 nm refractive nonlinear effects dominate the signal.

6192-36, Session 9
Electrooptic microwave antenna using organic poled
polymers
A. Gardelein, E. Tanguy, Univ. de Nantes (France); N. Breuil, Thales
(France); T. Razban, Univ. de Nantes (France)
We propose a new electrooptic antenna design using organic
polymer to receive microwave signals. In this paper we present the
characterization of an electrooptic organic polymer. The character-
ization is done at microwave and optical wavelength. To obtain
maximum microwave and optical interaction, a novel approach
based on Fabry-Prot is proposed.
Introduction.
Fiber optic is well suited to transmit high bit rate between country
long hall or between two cities medium hall, but fiber optic is an
expensive channel to connect every building. Microwave communi-
cations, through LMDS channel, is a relevant approach to transmit
data to the home. Optoelectronic Transmitter and receiver are
expensive to produce and present high electrical power consump-
tion, we propose a new approach based on a low cost polymer
electro-optic antenna to receive radiofrequency signal at 5 GHz (Wi-
Fi). Thus the purpose of the device is to enhance sensitivity by using
resonant phenomena both in microwave and optical domain. Our
current researches focus on the receiving part of the antenna, the
microwave to optical part. The purpose is to transfer the information
carried out on microwave signal directly to optical one. The free
space radiofrequency signal is captured and condensed inside the
device.
The latter uses the Pockels effect in materials : the electrically-
induced index modulation. The indices’s change modifies the
propagating optical waves speed, then results in a variation of the
polarization. The polarization modulation can be converted in
amplitude modulation by using polarizer or other means.
Two electrooptic-enabled materials are under interest. The older one
is lithium niobate, which presents high electrooptic coefficient (35
pm/V at 1550 nm), but high dielectric constants (Er ~ 43 and 28) and
indices (n ~ 2.2), and has a high production cost. Nevertheless
electrooptical modulator with lithium niobate have been proven to
work up to 40 GHz. By the way, the bandwidth of this kind of
modulator is limited due to the high velocity mismatch between
optical and radiofrequency waves. Poled polymers are promising
electrooptical material. The low permittivity (Er ~ 3) and optical index

(n ~ 1.6) reduce the velocity mismatch inside the material, thus
providing a bandwidth up to 102 GHz. Whereas actually
electrooptical polymer properties and stability are lower than lithium
niobate ones, the gap between those technologies is decreasing.
The first polymer we use in this work is a PMMA backbone,
associated with a DR1 side chain chromophore with epoxide cross-
linkingable function. This polymer has the advantage to combinate
the well-known PMMA/DR1 electrooptic properties with long-term
stability provided by cross-linking.
The optimal size of the device depends mainly on the electrooptic
and dielectric polymer’s properties. In the following, we will present
the electrooptic and micro-wave frequencies characterizations of the
material, and an overview of the probe design.
Electrooptical characterization.
Since poled polymer films have uniaxial anisotropy, and by symetry
considerations, we need to know only the r31 and r{33} elements of
the electrooptical tensor. We use a reflexion technique, first
proposed by Teng and Mann. The goal of this free-space method is
to quickly provide an estimation of the final electrooptic coefficient.
Among other assumptions, this technique states that r33 = 3 r31 and
there are no other reflexion than the one at the top electrode. By the
way it has been shown that the factor would be between 3 and 6
rather than 3.
The samples were prepared by spin-coating a polymer solution on a
ZnO glass subtrate, and then poled by corona effect, by applying 5
kV over 1 cm between the pin and the ground electrode and
warming the sample up to the glass transition temperature and then
cross-linking temperature. Thereafter, the top electrode was
deposited. We measured the electrooptic coefficent r33 at three
wavelength. We used a 1 kHz modulation signal, 10 V amplitude. The
values of electrooptic coefficient (2.59 +/- 0.37 pm/V at 833 nm) are
lower than expected. We are planning another series of measure-
ments, changing some parameters of the poling sequence (voltage,
duration).
Microwave characterization.
We use a two-steps method to get the relative dielectric constant.
First we determine an approximation of the low frequency dielectric
constant, and this value is then used to size an high-frequency
characterization structure. We first use a capacitance method to
measure the low frequency dielectic constant. The polymer is
deposited on an aluminium layer over a glass substrate, and then
electrodes are evaporated on the polymer layer. Then we measure
the capacitance at 1 MHz, and deduce the relative permittivity using
an approximation for the polymer layer thickness. Using this value,
we design a microwave frequency structure. This is a patch
resonator, which is made through the same process as the capaci-
tors, but the top electrode has a rectangular shape. Analysing the
resonant frequencies of the structure, we get the final value of the
microwave dielectric constant.
This work is currently under development, results will be presented in
the final paper.
The electrooptic antenna.
We consider the Teng and Mann experimentation as a first
electrooptic antenna. Indeed, the top electrode can be a conformal
antenna, and could receive radiofrequency signals. To enhance the
performances, the idea is to increase interaction between the
microwave signal and the optical beam inside the structure. The
patch resonator is then used to concentrate the microwave signal,
whose magnification depends on the quality factor of the structure.
Since the electrooptical effect depends on the optical path length
inside the device, we want to incresase significantly the microwave
and optical interaction length. We then propose a new microwave E-
Field electrooptical antenna based on Fabry-Perot planar resonator
design. There, the beam will be multiple-times reflected incidently
increasing the optical path length. This method will let us expect a
one order of magnitude gain over the sensitivity.
We are currently working on a quantification of this structure. Later,
the antenna would be pigtailed to build an high-sensitivity
electrooptic E-field sensor.
Conclusion.
In this paper we focused on the characterization of organic polymer.
Both electrooptic and dielectric properties were measured, but
dielectric results are still under analysis. We also showed the
purpose of the work, an electrooptical antenna. The performances of
the antenna are enhanced by using simultaneously optical and
microwave cavities.
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6192-37, Session 9
Fluorinated polymers for quadratic nonlinear optics
J. A. Delaire, M. K. Aljoumaa, E. Ishow, École Normale Supérieure de
Cachan (France); J. Ding, M. Day, National Research Council Canada
(Canada)
Two types of fluorinated polymers have been elaborated for which
replacement of  C-H bonds with C-F ones is known to reduce
drastically the optical losses undergone at the telecommunication
wavelength (1.55µm). Fluorinated polyethers (Fluorinated
Poly(arylene ether ketone) and Fluorinated Poly(arylene ether
sulphone)) have been synthesized by polycondensation. These
polymers displayed excellent thermal stability, physical strength, and
optical properties. The film refractive index and birefringence
measured at 1.55µm have been found equal to 1.502 and 2.5 10-3,
respectively.1,2
Different types of NLO-active chromophores have been synthesized
and attached to the backbone of the polymers described previously
in order to reach higher efficiency in NLO activity and get efficient
waveguide-based integrated optical systems. The glass transition
temperatures of these copolymers have been found to vary between
163 °C and 197 °C (Table 2). Solutions (10% w/w) from these
copolymers in cyclohexanone were prepared and spin-coated on
glass slides; the resulting films were dried for two hours at 100 °C,
and oriented by corona poling with a 5 kV voltage and a 1 cm
distance of the needle from the film surface.
The SHG coefficients (d33) of several poled polymer films at the
1907 nm fundamental wavelength have been estimated to about 14
pm.V-1 . By measuring the thermal relaxation of the second
harmonic generation, the dipole orientation has been proved highly
thermally stable until 130 °C.
Through in situ SHG measurements in the course of the poling
process which consisted of heating the films close to Tg while
applying an external static electric field, and freezing the dipole
orientation by cooling down the films to room temperature, reversible
drop of the SHG intensity during cooling has been observed at
around 120°C for all films. Different experimental factors which could
explain this sharp drop have been investigated such as centrosym-
metric nanocrystallite formation or disordering sub-glass transition
appearance. However no crystallisation has been evidenced by small
angle X-ray scattering measurements and neither sub-glass nor
liquid crystal transitions have been observed by thermal analyses in
the same temperature range. The actual reasons for this drop are still
unclear. In order to stabilize the oriented dipoles in these copoly-
mers, cross-linking of chemically modified chromophores to
introduce thermo- and photoreactive moieties is under study.
 References:
1. J. DING, F. LIU, M. LI, M. DAY, M. ZHOU; J. Poly. Sci.: Part A:
Poly. Chem. 2002, 40, 4205-4216.
2. Y. QI, J. DING, M. DAY, J. JIANG, C. CALLENDER; Chem. Mater.
2005, 17, 676-682.

6192-38, Session 9
Imaging by second-harmonic generation and
fluorescence for the development of optical devices
based on functionalized organic materials
A. Barsella, D. Gindre, S. Klein, G. Taupier, J. Vola, K. D. Dorkenoo,
A. F. Fort, Institut de Physique et Chimie des Matériaux de
Strasbourg (France)
We report results on 3D imaging through second harmonic genera-
tion (SHG) and two-photon induced fluorescence performed on
polymer micro-structures.  We have developed these techniques of

imaging, already used in biology to obtain high resolution imaging of
tissue samples for two specific applications of particular interest in
organic integrated optics.  On one side, for obtaining a 3D map of
the density of two-photon initiator molecules remaining after
polymerization processing, on the other, for detecting the local
orientation of quadratic non linear optical (NLO) chromophores
frozen in a polymeric matrix. For the first application, we used
fluorescence imaging to investigate the characteristics of optical
integrated circuits inscribed in a polymer resin by
photopolymerization induced through a two-photon absorption
process. We presented in the past results on the inscription of
optical waveguides.  In order to model the guiding properties of
these guides, we need to know the dependence of the refractive
index on the position along a guide cross-section.  We assume that
the refractive index is directly related to the degree of polymerization,
or equivalently, related to how much photoinitiatior molecules has
been used up at each point.  Since the two-photon initiatior molecule
is fluorescent, by performing a fluorescence image on a vertical
plane crossing a guide, we can measure the concentration of
photoinitiatiors remaning after the polymerization process.  From this
image and from the measurement of the refractive index contrast, we
can deduce the gradient of the refractive index of the waveguide. For
the second application, our interest in performing two- or three-
dimensional SHG image is twofold.  First, in the same circuits
studied above, oriented quadratic push-pull chromophores are
needed to provide active functionalities for electro-optical devices.
We are currently developing a Mach-Zehnder interferometer, where
the modulation of the refractive index relies on the presence of
oriented chromophores in the guide.  Optimization of the device
requires to know the degree of orientation present in the two arms of
the interferometer.  This eessential parameter can be determined by
SHG imaging of the arms.  We have developed a system which
allows to both measure fluorescence and SHG signals simulta-
neously, allowing us to fully characterize the microstructure.
Second, a 3D storage system, which encodes bit data in the local
orientation of chromophores by spatially-selective
photopolymerization.  We will report on the problems encountered in
using two-photon polymerization in the creation of oriented micro-
volumes in the bulk of polymer resins.  In this case, SHG imaging is
the quadratic process, with again the required high spatial selectivity,
needed to read the data stored in the device.

6192-39, Session 10
Light-harvesting host-guest antenna materials for
photonic devices
G. A. Calzaferri, Univ. Bern (Switzerland)
to be announced

6192-40, Session 10
Energy transfer in dye-loaded zeolite L host-guest
materials
K. Lutkouskaya, G. A. Calzaferri, Univ. Bern (Switzerland)
Zeolite L is a crystalline aluminosilicate with hexagonal symmetry. Its
anionic framework consists of one dimensional channels running
through the whole crystal, with a largest free diameter of about 12.6
Å and a unit cell length of 7.5 Å. Each individual channel can be filled
with successive chains of various electronically noninteracting joined
dye molecules, forming a highly organized host-guest material. Due
to geometrical constraints no dimers can be formed in zeolite
channels and concentrations much larger than in solutions can be
achieved. For instance, for relatively small dyes of 11.3 Å the
maximum concentration is about 0.38 mol/L.
Photonic antenna systems by analogy with natural antennae can be
built by loading zeolite L with two kinds of dye molecules, donors
and acceptors. Donors perform light harvesting and radiationless
transport to reaction centres (acceptors) by means of energy
migration. Acceptors trap or inject electronic excitation energy. Both
kinds of photonic antennae can be prepared: where harvesting
happens in the centre of the crystal and energy is transported to its
ends, or where energy is transported from the ends to the centre of
the crystal. [1]
The key process in our photonic antenna is Förster type radiationless
energy transfer from donor to acceptor. Here we present results on
exploring this phenomenon. For this we used pyronine,oxonine-
loaded zeolite L material where pyronine works as a donor (abs./em.
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510 nm/517 nm) and oxonine - as an acceptor (abs./em. 600 nm/609
nm). Donors and acceptors are randomly distributed inside of zeolite
channels. We investigated series of samples were the ratio of the
number of donor and acceptor molecules is constant (1:1) but mean
distance between them is decreasing. By selectively exciting
pyronine at 460 nm, bands from both dyes can be observed, which
means that energy transfer from pyronine to oxonine takes place.
The higher the loading of the sample, the smaller the donor-acceptor
distance, the higher the rate of energy transfer. For steady-state
measurements this means an increasing ratio of acceptor to donor
fluorescence intensity.
In time resolved measurements fluorescence intensity decays of
both donor and acceptor identify energy transfer. The acceptor
intensity is first built up before it starts to decay. This intensity
increase becomes faster with increasing loading. For the intensity
decay of the donor, it decreases faster with increasing loading. As
we perform measurements on multiple crystals the intensity decay of
the donor should follow stretched-exponential model, regarding to
Förster theory. This is the case for our system. Parameter δ in
stretched-exponential model (or parameter β in Klafter-Blumen
formalism) is the parameter of dimensionality. It is equal to 1⁄2, 1/3
and 1/6 for three, two and one dimensions correspondingly. The
admirable fact in our series is that δ is decreasing from 0.46 (the
lowest loading) to 0.23 (the highest loading) which means that in the
packed sample energy is transported mostly in one direction, along
the channel, and almost not between the channels. This is a big
advantage for photonic antennae, as anisotropic transport of the
electronic excitation energy is important for efficient energy
migration. Fast energy migration is crucial, since acceptor dye is to
be reached before other processes, such as spontaneous emission
or radiationless decay, will take place. [2]
References:
[1] D. Brühwiler, G. Calzaferri, Molecular sieves as host materials for
supramolecular
organization, Microp. Mesop. Mater., 2004, 72, 1-23.
[2] K. Lutkouskaya, G. Calzaferri, manuscript in preparation

6192-41, Session 10
Organic nanofibers as new media for lasing,
waveguiding, and field enhancement
F. Quochi, F. Cordella, A. Mura, G. Bongiovanni, Univ. degli Studi di
Cagliari (Italy); V. G. Bordo, General Physics Institute (Russia); R.
Frese, H. Rubahn, Syddansk Univ. (Denmark)
Recent experimental results showed optical waveguiding [1] and
low-threshold random laser action [2] in self-assembled mesoscopic
structures, i.e. needle-like structures [3-5] with a cross section of a
few hundreds times some tenth of nanometers and an elongation up
to several hundred micrometers.  These structures, called ‘organic
nanofibers’, are made of differently functionalized molecules and
accordingly possess characteristically different morphological
shapes and electronic properties [6].
In this contribution, combined atomic-force microscopy (AFM) and
lasing micro-spectroscopy on single organic nanofibers are used to
determine the correlation between the nanofibers’ structure and
nonlinear optical properties. The experimental results show that thin
fiber breaks give origin to distributed optical feedback along the
needle axis, from which we infer that random lasing in single
nanofibers is one-dimensional [7]. This determination is supported by
the results of simulations of coherent light propagation in the
nanofibers using a transfer-matrix approach. Moreover, by selecting
breakless nanofibers it is possible to eliminate the optical feedback
responsible for coherent oscillation and single out the process of
waveguide amplification of spontaneous emission (ASE). From ASE
measurements, modal gain values as large as 10^3 cm-1 are
deduced in para-sexiphenyl single nanofibers [8].
We also present numerical calculations that estimate the guided
modes and confinement within the needles. The cross section for the
simulation is obtained from morphology measurements of the
structures itself by AFM microscopy. We discuss cross-coupling of
two spatial separated structures, up to a case of rigid coupling,
where the system acts like a single waveguide. Certain molecular
basis units result in nanofibers that are triangularly shaped - the
numerical calculations suggest a strong field enhancement which
might be used for future surface enhanced Raman scattering
measurements on nanoaggregates [9]. The numerical results are

compared with the results from a newly developed analytical theory,
which predicts linear optical phenomena in a single nanofiber, placed
on a substrate or immersed in liquid, as well as arrays of nanofibers
on a substrate. The analytical theory is focused on scattering of light,
excitation of waveguiding modes and photoluminescence [10].
[1] F. Balzer et al., Phys. Rev. B 67 (2003) 115408.
[2] F. Quochi et al., Appl. Phys. Lett. 84 (2004) 4454.
[3] H. Yanagi, and T. Morikawa, Appl. Phys. Lett. 75 (1999) 187
[4] A. Andreev et al., Adv. Mater. 12 (2000) 629.
[5] F. Balzer, and H.-G. Rubahn, Appl. Phys. Lett. 79  (2001) 3860.
[6] F. Balzer, and H.-G. Rubahn, Adv. Funct. Mater. 15 (2005) 17.
[7] F. Quochi et al., J. Phys. Chem. B, in print.
[8] F. Quochi et al., to be published.
[9] R. Frese et al., to be published.
[10] V.G. Bordo et al., to be published.

6192-42, Session 10
Long-lived charged states in single-walled carbon
nanotubes
C. Gadermaier, Politecnico di Milano (Italy); E. Menna, M.
Meneghetti, Univ. degli Studi di Padova (Italy); J. W. Kennedy, V. Z.
Vardeny, Univ. of Utah (USA); G. Lanzani, Politecnico di Milano (Italy)
Single-walled carbon nanotubes are elongated members of the
fullerene family that are currently the focus of intense
multidisciplinary study because of their unique physical and chemical
properties and their prospects for practical applications. Depending
on tube diameter and chiral wrapping angle describing its construc-
tion from a graphene sheet, SWNTs can be either semiconducting or
metallic. Recent improvements in sample preparation led to the
discovery of fluorescence in isolated semiconducting SWNTs and to
solid evidences on the role of electron-electron correlation and the
existence of excitons. In particular, it is clear that they are respon-
sible for the measured fluorescence, and that the tight binding
approximation to calculate the electronic band structure is insuffi-
cient for describing the features seen in the optical absorption
spectrum of SWNTs.
We present the first study of photoexcitation dynamics on the ms
time scale, pointing out the presence of long-lived charged states,
which modulates the absorption spectrum. Trapping of charges is
typical of disordered materials, such as amorphous semiconductors
and conjugated polymers. Our findings demonstrate that a fraction of
the initially neutral photoexcitations created in semiconducting
SWNTs dissociates into charged states.
We studied samples of SWNTs grown by the high pressure carbon
monoxide procedure (HiPco). Purified HiPco tubes from Carbon
Nanotechnologies Inc were functionalized with poly(ethylene glycol)
(PEG) chains to improve dispersion in a polymer matrix. The
derivatization was achieved trough amidation of nanotube-bound
carboxylic acids with PEG-amine. The functionalized SWNTs were
embedded in polymethylmethacrylate (PMMA) films that were cast
on glass cover slips.
The PA spectrum a SWNT/PMMA blend with most tubes entangled
into bundles shows a series of narrow positive and negative peaks,
which is typical of a modulation, i.e. the result of small changes in
lineshape and position of the spectral features. Based on the
comparison with previously studied conjugated polymers however,
we suggest that  electroabsorption (EA) is responsible for our
spectra. The peak positions of the PA and EA spectra are in good
agreement, but their relative intensity is different, pointing towards
different contribution by the individual nanotube chiralities. More-
over, the EA signal extends towards higher energies, i.e. beyond 1.2
eV, where PA is essentially zero. that the higher transition energy
tubes of the ensemble do not contribute to the signal. The spectra
hint towards a strong migration of singlet excitons and/or the
charges created from them due to the entanglement of the
nanotubes into bundles. This migration is preferentially downhill in
energy, leading to an efficient population of the lower energy tubes.
On the other hand, the regular EA signal shows a much larger
contribution by the higher transition energy tubes, since there the
field is applied externally and not biased by an accumulation of
charges at low energy tubes.
The occurrence of an electroabsorption signal upon photoexcitation
can be rationalised if one assumes that after excitation charge states
are formed - via dissociation of excitons, as indicated by photocon-
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ductivity studies - diffuse and get trapped in the sample, generating
strong local electric fields, which modulate the absorption. Such a
phenomenon has also been observed in conjugated polymers.  We
find a lifetime of the trapped charges in the range of 40 ms.
Excitation at two different photon energies, likely reaching different
sets of nanotubes, leads to the same spectra. The lack of selectivity
in the excitation points to an efficient migration of the photoexcited
states, either the singlet excitons or the charges resulting from their
dissociation. The modelling of the PA spectra is consistent with this
idea, describing EA as due to modulation of only the lower gap tubes
which act as excitation traps.

6192-43, Session 11
Pinpointing single excitons in polymeric semiconductors
J. M. Lupton, Ludwig-Maximilians-Univ. München (Germany)
The photophysics of conjugated polymers is dominated by excitonic
effects. Due to the vast level of inhomogeneous broadening,
intermolecular interactions and inter- and intramolecular energy
transfer, it is often hard to access the intrinsic properties of the
elementary photoexcitations in these highly complex macromolecu-
lar semiconductors. We have recently pursued the technique of low
temperature single molecule spectroscopy to gain insight into
electronic excitation and relaxation pathways of single excitations
[1]. We are able to identify individual subunits on the polymer chain,
which exhibit a marked temporal dynamics in terms of both
fluorescence intensity as well as emission wavelength [2]. Compari-
son of different materials on the single molecule level reveals
surprising coincidences in terms of the spectral properties, which are
masked in the ensemble. By comparing oligomeric model com-
pounds with short and long polymers the transition from a monomo-
lecular excitation to a macromolecular exciton can be probed directly
[3]. This allows a counting of chromophores in frequency space on
the polymer chain. Single molecule spectroscopy is a versatile
technique which can be applied right up into the near UV spectral
region. This allows us to probe the different conformational phases
of the complex material polyfluorene, which impact very strongly on
the photochemical reactivity of the polymer backbone [4]. Further-
more, energy transfer along the polymer chain to energetic sinks
such as dye molecules or fluorenone defects can be probed directly.
The ultimate goal of the research is to unravel the elementary steps
occurring on the single molecule level in molecular semiconductor
devices. Progress in this direction was achieved by studying the
response of the fluorescence of single molecules to external electric
fields. The linear Stark effect observed reveals the presence of a
permanent polarization on the polymer chain, which can be thought
of in terms of permanent charges or doping. Such a polarization
naturally influences both charge and energy transfer in the bulk
device.
[1] J. Muller et al., PRL 91, 267403 (2003).
[2] F. Schindler et al., PNAS 101, 14695 (2004).
[3] F. Schindler et al., Angew. Chem. 44, 1520 (2005).
[4] K. Becker et al., JACS 127, 7306 (2005).

6192-44, Session 11
Exciton dispersion in pentacene
M. Knupfer, Fraunhofer-Institut für Werkstoff- und Strahltechnik
(Germany); H. Berger, École Polytechnique Fédérale de Lausanne
(Switzerland)
Molecular solids based upon \pi conjugated molecules have received
a lot of attention in basic as well as applied research. A large number
of research activities has been devoted to the application of these
materials in organic (opto-)electronic devices. One focus of many
experimental and theoretical studies has been, and still is, the
determination of the electronic excited state properties as they are
closely connected to the applicability of the material under investiga-
tion in devices such as organic light emitting diodes or organic
photovoltaic cells. Pentacene is one of the materials that is studied
and applied in the context of organic devices. The dispersion of the
lowest lying singlet electron-hole excitation of pentacen along
different reciprocal lattice vectors has been studied directly using
electron energy-loss spectroscopy. This exciton shows a clear
dispersion along the directions with a band width of the order of 100
meV. Moreover, the translational symmetry indicated by the exciton
band structure does not agree with that reported from diffraction

studies. This might be related to the interaction responsible for the
dispersion which is of next nearest neighbor type only.

6192-45, Session 11
J-aggregation in alpha-sexithiophene sub-monolayer
films on silicon dioxide
E. Da Como, M. A. Loi, F. Dinelli, M. Murgia, R. Zamboni, M. Muccini,
Istituto per lo Studio dei Materialo Nanostrutturati (Italy)
The supra-molecular organization in organic semiconductors thin
films is crucial in order to tune the optical properties and conse-
quently the functioning of opto-electronic devices. In particular, the
possibility to obtain a head to tail organization of chromophores can
lead to J-aggregates that have appealing optical properties like giant
oscillator strength and superradiance.
By confocal laser scanning microscopy (CLSM) and photolumines-
cence (PL) spectroscopy we studied the supra-molecular organiza-
tion in ultra-thin films of a prototype organic semiconductor: alpha-
sexithiophene (T6). We demonstrate the presence of J-aggregates in
T6 sub-monolayer films on silicon dioxide, that is a ubiquitous
substrate for photonic and opto-electronic technology.
Spatially resolved PL spectroscopy reveals that J-aggregates are
formed by molecules lying flat on the substrate [1]. Excitation energy
dependence of PL shows a red shifted absorption with respect to
isolated molecules and a negligible Stokes shift. J-aggregates PL
spectrum is characterized by a well resolved Franck-Condon
progression reflecting a pronounced structural ordering and an
allowed electronic transition. From time resolved and low tempera-
ture PL experiments we infer a quantum yield of the J-aggregates
between 0.6 and 1 [2].
In multilayer films the T6 molecules are aligned vertically with respect
to the substrate and form H-aggregates, which are characterized by
poor emissive properties [1].
These observations show that it is possible to achieve control on the
nature of the aggregation and therefore to tune the optical proper-
ties. Furthermore, the demonstration of spontaneous formation of J-
aggregates of pi-conjugated systems on amorphous silicon-based
substrates can be relevant for the development of organic-inorganic
hybrid photonic devices.
References
[1] M. A. Loi, E. Da Como, F. Dinelli, M. Murgia, R. Zamboni, F.
Biscarini and M. Muccini, Nature Mater. 4, 81 (2005).
[2] E. Da Como, M. A. Loi, M. Murgia, R. Zamboni and M. Muccini,
(submitted)

6192-46, Session 12
Organic thin-film optoelectronics devices
T. B. Singh, N. Marjanovic, H. Neugebauer, N. S. Sariciftci, R.
Schroediauer, S. Bauer, A. M. Ramil, H. Sitter, Johannes Kepler Univ.
Linz (Austria); A. Y. Andreev, Montan Univ. Leoben (Austria)
Organic Thin-Film Opto-Electronic Devices
Thokchom Birendra Singh1, Nenad Marjanovi´c1, Helmut
Neugebauer1,
Niyazi Serdar Sariciftci1, Reinhard Schwödiauer 2, Siegfried Bauer2 ,
Alberto M. Ramil3, Helmut Sitter3 and Andrei Andreev3,4
1Linz Institute of Organic Solar Cells (LIOS), Johannes Kepler
University Linz, A-4040 Austria; 2Soft Matter Physics(SOMAP),
Johannes Kepler University Linz, Austria; 3Semiconductor Physics,
Johannes Kepler University Linz, Austria;
Most reports on organic field-effect transistors (OFETs) are by
growing the organic semiconductor on surface treated or untreated
inorganic SiO2 or Al2O3 dielectrics. Because of the very different
physical nature of the two media, this deposition technique may
result in a highly disordered interface. In field-effect devices, the first
few monolayers close to the dielectric interface dominate the charge
transport in the organic semiconductor layers.[1] We have fabricated
OFETs by growing organic semiconductor layers on top of various
types of organic insulators and studied the structure-performance
relationship, connecting nanoscale morphology with transport
properties. Hot wall epitaxy (HWE), is used for growing highly
ordered organic thin films, such as C60 films. Especially HWE grown
C60 based n-channel OFETs exhibit electron mobilities of 1 cm2/Vs
with on/off ratio \>105.[2] At high substrate temperature the resulting
semiconductor thin-films are found to be more ordered. This results
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in improved mobility up to 3 cm2/Vs. In comparison, a solution
processed methanofullerene [6,6]-phenyl C61-butyric acid methyl
ester (PCBM) OFET shows mobilities up to 0.2 cm2/Vs.
Devices with another polarizable polymeric electret as gate dielectric
show a large meta-stable hysteresis in their transfer characteristics.[4]
(NO FIGURES!) The observed hysteresis is found to be temperature
dependent. We demonstrate a memory element with write/read/erase/
read cycles and write/erase pulses using positive and negative gate
voltages, respectively.
Growing organic semiconductors on dielectrics with different surface
energy and dielectric constant results in striking changes of the
semiconductor film morphology. Ambipolar transport is observed in
pentacene transistors on a polyvinyl alcohol gate dielectric. The
current-voltage transistor characteristics correlate with capacitance-
voltage investigations on metal-insulator-semiconductor structures.
These ambipolar OFETs show field-effect mobilities of 0.5 cm2/Vs and
0.05 cm2/Vs for electron and hole, respectively. Ambipolar type
complementary-like inverters employing these ambipolar pentacene
transistors operate with voltage inversion gain of ~12 and operating
frequency of 100 kHz.
Photoresponsivity of organic field effect transistors (photOFETs) is also
interesting since it is the basis for light sensitive transistors.
PhotOFETs can be used e.g. for light induced switches, light triggered
amplification, detection circuits and, as photOFET arrays, for highly
sensitive image sensors. We report photOFETs based on conjugated
polymer/fullerene blend (MDMO-PPV: PCBM) as the photoactive
semiconductor layer and divinyltetramethyldisiloxane-
bis(benzocyclobutene) (BCB) as a highly transparent polymeric gate
dielectrics. Top source and drain metal contacts are evaporated in
vacuum through a shadow mask. Devices are characterized in dark
and under monochromatic (514 nm) Ar-laser light and AM1.5 illumina-
tion. The device performance was studied with different illumination
intensities resulting in phototransistor behaviour. The BCB-based
photOFETs shows light memory behaviour.
References:
[1] F. Dinelli, M. Murgia, P. Levy, M. Cavallini, F. Biscarini and D. M. de
Leeuw, Phys. Rev. Lett. 92, 116802 (2004).
[2] Th. B. Singh, N. Marjanovi´c, G. J. Matt, S. Günes, N. S. Sariciftci,
A. Montaigne Ramil, A. Andreev, H. Sitter, R. Schwödiauer and S.
Bauer, Organic Electronics  6, 105 (2005).
[3] Th. B. Singh, N. Marjanovi´c, G. J. Matt, N. S. Sariciftci, R.
Schwödiauer and S. Bauer, Appl. Phys. Lett. 85, 5409 (2004).
4Present address: Institute for Physics, University Leoben, Franz-
Josef-Str. 18, A-8700 Leoben, Austria.

6192-47, Session 12
A perspective on organic thin-film transistors for
molecular assay
L. Torsi, Univ. degli Studi di Bari (Italy)
The availability of reliable systems for selective, on-line chemical and
biological assays is an actual need for applications in a variety of fields
including health care, environmental analysis and bioprocess control.
Desirable is also the advent of miniaturized integrated analytical tools
capable of fast, high-throughput and cost-effective multiplex samples
screening. Currently, big academic and industrial research efforts are
directed toward the development of analytical systems for organic
vapor/gas detection and in-fluid biotech assays. In the future the birth
of bionic systems capable of bi-directional communication between
electronics and biology is foreseen. In this scenario a key role can be
played by organic thin film transistors (OTFTs). Their first use as
chemical sensors can be traced back to the late eighties, almost
contemporarily to their appearance as electronic devices. Despite
such an early manifestation, a systematic investigation of OTFTs as
chemical sensors started much later. In this presentation the field of
OTFT sensors will be reviewed, highlighting the advantages of an
OTFT based sensing platform. OTFT sensors performance level will be
addressed, showing the extremely high repeatability of their response,
the large possibilities to tailor their chemical and possibly biological
selectivity adopting innovative synthetic strategies of the organic
sensing layer. Important is also the possibility of integration between
organic electronics and aqueous microfluidics. Last but not least, it will
be shown that their sensitivity can be modulated, and in specific case
even enhanced, by properly choosing the device operating gate
voltages. A perspective for future integration of OTFTs in fast
developing fields such as those of “e-noses” and “biochips” will be
presented.

6192-48, Session 12
Pentacene organic field-effect phototransistor with
memory effect
M. Debucquoy, S. Verlaak, S. Steudel, S. De Vusser, J. Genoe, P. L.
Heremans, IMEC (Belgium)
With the growing maturity of organic thin film transistor technology,
high performance organic photodetectors are the missing link
towards full organic photosensitive sensor arrays, needed for the
realization of applications like organic scanners or organic cameras.
In the borderline of the research in organic solar cells, research in
organic photodetectors has mainly been limited to organic photo-
diodes [1, 2, 3]. However, phototransistors offer the possibility to
reach higher sensitivities, thanks to the internal current gain of a
transistor structure [4].
This work focuses on organic field-effect phototransistors (OFPTs),
where illumination can be used as a second gate [5]. We will present
an experimental description of pentacene OFPTs under quasi-static
broadband illumination.
Two simultaneous effects of the light on the transistor characteristics
of the OFPT can be distinguished. The first is a direct photocurrent
by mobile photoinduced holes, measurable by the increased drain-
source current in the cut-off region. The second is a shift in threshold
voltage by the gradual build-up of trapped photoinduced electrons.
Mobility and subthreshold slope of the OFPT are not significantly
influenced by illumination.  The increase of the drain-source current
in the triode and saturation region can be described by the combina-
tion of the two above effects. As a result, the photoresponse and
sensitivity are maximized around the pinchoff voltage.
When switching off illumination, the direct photocurrent disappears
instantaneously. However there is a memory-effect [6] in the slow
return to equilibrium of the threshold voltage after illumination. In this
way the pentacene OFPT does not only act as a light detector but
also as a memory element, capable to store information about
illumination power and duration.
[1] Someya T., Iba S., Kato Y., Sekitani T., Noguchi Y., Murase Y.,
Kawaguchi H. and Sakurai T.  A large-area, flexible, and lightweight
sheet image scaner integrated with organic field-effect transistors
and organic photodiodes. Technical Digest IEEE International
Electron Devices Meeting 2004, 2004.
[2] Yu G., Srdanov G., Wang J., Cao Y. and Heeger A.J.  Large area,
full-color, digital image sensors made with semiconducting poly-
mers. Synthetic Metals, 2000.
[3] Peumans P., Yakimov A. and Forrest S.R.  Small molecular weight
organic thin-film photodetectors and solar cells. Journal of Applied
Physics, 2003.
[4] Sze S.M.  Physics of semiconductor devices. Wiley New York,
1969.
[5] Hamilton M.C. and Kanicki J.  Organic polymer thin-film transistor
photosensors. IEEE Journal of Selected Topics in Quantum
Electronics, 2004.
[6] Dutta S. and Narayan K.S.  Gate-voltage control of optically-
induced charges and memory effects in polymer field-effect
transistors. Advanced Materials, 2004.

6192-49, Session 12
Photo-fluids as optical sensors and data storage
materials
P. Karageorgiev, Ctr. of Advanced European Studies and Research
(Germany) and Univ. Potsdam (Germany); D. Neher, B. Schulz, Univ.
Potsdam (Germany); M. Giersig, Ctr. of Advanced European Studies
and Research (Germany)
An increase in stochastic molecular vibrations of a solid due to
heating above the melting point leads to a decrease in its long-range
order and a loss of structural symmetry. Therefore conventional
liquids are isotropic media. We report on a light-induced isothermal
phase transition of polymer materials from an isotropic solid to an
anisotropic liquid state in which the degree of mechanical anisotropy
can be controlled by light. Whereas during irradiation by circular
polarized light the materials behave as an isotropic viscoelastic fluid,
they display considerable fluidity only in the direction parallel to the
light field vector under linear polarized light. In this case the polymers
behave visually as a liquid along one direction and as a solid in
others (one-direction liquid-state), demonstrating thus extraordinarily
anisotropic mechanical properties. The fluidisation phenomenon is
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related to photoinduced motion of azobenzene-functionalised
molecular units, which can be effectively activated only when their
transition dipole moments are oriented close to the direction of the
light polarization. We also show that the selective excitation of
chromophores orientated parallel to the light polarization not only
has great influence on the anisotropy of the mechanical properties of
the materials, but also induces an anisotropic expanding force,
which can be used for polarization-selective opto-mechanical
actuators and sensors. Moreover, since the molecular motions can
be induced also by spatially confined non-propagating optical fields,
we are able to manipulate the state and position of nanoscopic
elements of matter using optical near-field approaches. The optical
nano-manipulation method allows the producing of high-density
optical storage devices in simple way.

6192-50, Session 12
3D optical data storage with multilayer two-dimensional
arrays of organic nanocrystals
P. L. Baldeck, Univ. Joseph Fourier (France); E. Botzung-Appert, N.
Sanz, A. Ibanez, Ctr. National de la Recherche Scientifique (France)
Organic crystals have unique optical properties through the high
polarizability of  their  * -conjugated molecules.  We have developed
a new type of hybrid organic-inorganic materials constituted of
organic nanocrystals embedded in silicate matrices. They are
prepared by a generic process based on the confined nucleation of
molecular crystals in the pores of sol-gel matrices, bulk or thin
films1-3. In this study, we control the spatial distribution of organic
nanocrystals in sol-gel thin films prepared by spin-coating. This
spatial control of nucleation is obtained by assisting the
nanocrystallisation process through nanostructured substrates4. We
demonstrate permanent optical data storage by fluorescence
photobleaching, and reversible optical data storage by absorption
and fluorescence photoswitching.
The preparation of organic nanocrystals in sol-gel glasses is based
on the control of nucleation and growth kinetics of the dye confined
in the pores of the dense gels. Nucleation and growth of the organic
phase begin in the viscous sol at the first stage of the coating
process, when drops of solution are spread onto the substrate. A
fast solvent evaporation induces an instantaneous high supersatura-
tion of the dye which is associated with the inorganic polymerization
of the gel film. The nucleation and organic particles growth occur
simultaneously with the formation of the silicate network which
avoids problems of aggregate coalescence. Well dispersed
nanocrystals can be prepared with narrow size distributions in the
100-1000 nm range, depending on the experimental parameters. We
have controlled the nanocrystals spatial distribution using micro-
patterned silicon and poly(methyl methacrylate) substrates. In order
to demonstrate the generality of this process we have carried out
nanocrystallisations for two different dyes: DEANST and rubrene.
To prepare multiple layers we used poly(methyl methacrylate)
substrates. Spin-coating conditions were first adjusted to obtain
15µm-thick films of PMMA on silicon wafers through a single
coating, glasses, polycarbonate or other basic substrates can be
also used to support this PMMA layer. Then, regular 2-D patterns of
0.9x0.9x0.7 µm3 wells were made on PMMA by nanoimprint
lithography. On these as-prepared substrates, 2-D arrays of rubrene
nanocrystals have been obtained. On these nanocomposite layers,
15µm-thick PMMA coatings were deposited and embossed again at
150°C to obtain a second similar textured substrate. This process
preserves the first layer of the buried 2-D patterns of rubrene
nanocrystals which are stable over 200°C. Finally, second 2-D arrays
of rubrene nanocrystals were made to obtain two layers of 2-D
arrays of fluorescents nanocrystals. These double layers were
observed by scanning in the depth the samples by optical confocal
microscopy. This process can be repeated several times to obtain
multi-layered samples.
3D optical storage could be one of the most interesting application
of this new material. In comparison to dispersed dyes, using
nanocrystals would greatly improved the spatial contrast, the
fluorescent intensity and the fatigue resistance. In this work and for
simplicity, we have demonstrated a data writing by fluorescence
photobleaching using a 10 mw diode laser at 420nm. In future
applications, permanent data could also be stored directly by
embossing the polymer substrate. We have also demonstrated
rewritable data storage by using the modulation of fluorescence and
absorption observed with selected photochromic crystals.

In conclusion, we have used the buried nucleation of organic crystals
in sol-gel films to control their spatial distribution with micro-
patterned silicon and poly(methyl methacrylate) substrates. Large
and homogeneous two-dimensional arrays of nanocrystals have
been obtained with fluorescent DEANST and rubrene molecules, but
this process is generic and could be adapted to other organic
molecules. The multi-layers of 2-D nanocrystal arrays could open a
new alternative for the fabrication of high-density optical data
storage material.
REFERENCES
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Mater. 10 (1998) 1540.
2.  N. Sanz, A. C. Gaillot, P.L. Baldeck, A. Ibanez, J. Mater. Chem. 10
(2000) 2723.
3.  J. Zaccaro, N. Sanz, E. Botzung Appert, P.L. Baldeck, A. Ibanez,
C.R. Physique, 3 (2002) 463.
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6192-51, Session 12
Organic nanocrystals grown in sol-gel thin films for
ultrabright chemical and biological sensors
V. Monnier, N. Sanz, Ctr. National de la Recherche Scientifique
(France); R. Pansu, École Normale Supérieure de Cachan (France); A.
Ibanez, Ctr. National de la Recherche Scientifique (France)
Recently, we have engineered new hybrid organic-inorganic
materials through a simple and generic preparation of stable organic
nanocrystals grown in sol-gel thin films prepared by spin-coating [1-
3]. This process is based on the confined nucleation and growth of
dyes in the pores of the sol-gel network. The aim of this work is to
design a new type of fluorescent chemical or biological nanosensors
with sensitivity 100 to 1000 times higher than those now available.
Indeed, the signalization function is based on polyaromatic
nanocrystals which exhibit higher photostability and luminosity than
isolated molecules dispersed in solutions or in solid matrices
because the fluorescence emission is spread around an assembly of
chromophores (105-106 molecules). Moreover, crystallinity of the
nanometer sized particles favors the excitation delocalization leading
to a nanocrystal behaviour as a single fluorescent transmitter.
Nanocrystals fluorescence can be strongly quenched through the
adsorption of probe molecules on their surface which play the role of
the detection function. This is due to the delocalization of the initial
excitation in the whole nanocrystal which can reach the quenching
site i.e. a probe molecule adsorbed at the nanocrystal surface.
For preparation of hybrid nanocomposite thin films, we start from
solutions containing a solvent, the organic dye, silicon alkoxides and
water, which are inserted in airtight flasks. In order to specify the role
of the host sol-gel matrix, several alkoxide precursors have been
used in this work. Tetrahydrofuran (THF) has been generally used to
dissolve dyes, and to mix hydrolysis water with alkoxide precursors.
A heating at 80°C allows to rapidly dissolve the organic powder and
to enhance hydrolysis and condensation kinetics, leading to the
formation of silicate chains dispersed in solution. This sol ageing is
necessary to control its viscosity, around 10-20cps, to obtain high
quality films, to ensure the control of particle growth and to avoid
crystal coalescence. Resulting sols, which are stable during several
weeks, are deposited at room temperature by spin-coating onto
microscope slides with a rotation speed of 4000 rpm. Thus, films of
around 0.5 µm thick have been prepared. These nanocomposite
coatings are then stabilized by annealing at 100°C.
The fluorescence extinction of nanocrystals by molecular probes is
characterized by time-resolved fluorescence spectroscopy. Indeed,
the information transduction from the adsorbed molecular probe to
the nanocrystals is carried through an energy transfer of excitation
around the nanocrystal towards the surface where it jumps to the
non fluorescent indicator depending on its absorption band. So the
energy transfer modifies the fluorescence lifetime of the nanocrystals
which can be seen on its fluorescence decay in presence of a
molecular probe so depending on the chemical or biological
environment. On the other hand, the open porosity of the sol-gel
coatings can be modulated from around one nanometer
(microporosity) to several tenths nanometers (mesoporosity). This
porosity adjustment at the nanometer-scale would allow protecting
these nanosensors against unwanted interactions, the silicate matrix
playing thus the role of a filter in size, charge and polarity. To
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modulate the size of the open porosity, different sol-gel precursors
have been used. Sol-gel thin films were first prepared using an
equimolar alkoxide mixture of Si(OCH3)4 (TMOS) and CH3-
Si(OCH3)3 (MTMOS) under acid catalyzed conditions (HCl 0,1M,
pH=1). We have used as molecular probes several coloured
indicators dissolved at a 1 mmol/L concentration in aqueous
solutions spread onto sol-gel films. Our first results did not show a
different decay for nanocrystals with addition of aqueous solutions
containing for example Cibacron Blue (CB) as indicators. Therefore,
the porosity of the sol-gel matrix was evaluated indirectly under the
size of CB molecule, i.e. with pores diameter lower than 1 nm. Then,
we used a new synthesized [4] alcoxide precursor containing a rigid
organic spacer group: (CH3O)3Si-(CH2)2-Si(OCH3)3 (DM) in order to
enhance the porosity. Sol-gel thin films were prepared using a
mixture DM/2TMOS (i.e. 1 mole of DM for 2 moles of TMOS). TMOS
was used as reticuling co-reagent to avoid densification of the matrix
by homopolymerization of DM. Spectroscopy results show a strong
effect of fluorescence quenching in presence of CB for nanocrystals
embedded in this type of matrix.
Then, a first step of nanosensing was done with Methylene Blue (MB)
as detection function. In fact, MB is a redox indicator which is blue in
presence of oxygen and colourless in presence of a reducing sugar.
When nanocrystals are in presence of MB (probe molecule) under its
oxidized form (blue), an energy transfer occurs between the probe
and the nanocrystal. This leads to a significant change of fluorescent
decay curve. When MB is reduced (colourless form) by glucose
(target molecule), the energy transfer between the probe and the
nanocrystal does not occur. Thus the initial fluorescence decay of
nanocrystals is recovered, illustrating a reversible sensing behaviour
[5].
On the other hand, we have optimized the nanocrystallization
conditions (crystallinity, size and distribution of the particles).
Organic nanocrystals were first visualized through fluorescence
confocal microscopy (FCM) excited by the 488 nm beam of an Argon
Laser. Well-dispersed and embedded nanocrystals in the silicate
coating were observed. However, we are limited in FCM by the weak
resolution of this technique: around 200 nm in the x-y plane and 500-
600 nm in the thickness, z. For this reason, we have also character-
ized the particles by transmission electron microscopy (TEM). Thus,
we have observed well-defined molecular crystals with a spherical
shape and a narrow size distribution. We have also used TEM in the
diffraction mode to prove the crystallinity of the particles. During the
observation, samples are cooled at 102 K with liquid N2 to stabilize
nanocrystals. These “low-dose” conditions of irradiation avoid
decomposition of the organic aggregates. The same symmetry of
diffraction patterns were observed for recrystallized powder in free
solutions and for nanocrystals in sol-gel thin films. On the other
hand, the crystalline structure of the single-organic nanocrystal was
also characterized by polarization-resolved spectroscopy [6]. Our
objective is to find more relationships between nanocrystallization
conditions and luminescence properties. In fact, the shape of the
fluorescence decay (mono or multiexponential) depends strongly on
the crystalllinity of the nanoparticles and also on their size and size
distribution inside the sol-gel matrix. Moreover, more simple
fluorescence signatures have been obtained for well crystallized
particles exhibiting narrow size distributions.
Finally, works are in progress to open significantly the pore size of
the nanocrystals matrices to optimize the diffusion of biological
molecules towards the nanocrystals. Indeed, our current process
generates nanocrystals embedded below the surface layer of the
deposited film, leaving them inaccessible for functional grafting or
interaction with a biological environment. Our first promising results
were obtained by stripping the surface of the sol-gel thin film, hence
exposing the organic nanocrystals. Indeed, atomic force microscopy
images shows nanocrystals emerging to a height of 30 nm above the
underlying film after 24h of chemical attack by NaOH. Another way is
to proceed directly nanocrystallization in macroporous substrates.
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6192-54, Poster Session
Connections of the laser-pump-induced stimulated
emission and transitions of reabsorption spectra and
with of the spectral-luminescence properties of singlet
and triplet excited states in the laser-active molecules
A. E. Obukhov, Sr., Moscow Mining Institute (Russia)
Physical principles of the simulating of structure, spectral-lumines-
cence, and lasing properties of complex N, O, S heteroaromatic
molecules approaches are considered.
The principles of applying quantum mechanics to the computation of
the spectral parameters of laser molecular systems, such as
fluorescence and phosphorescence quantum yields and lifetimes ( ),
stimulated emission cross sections ( ), cross sections of
reabsorptions through the   ( ) and   ( ) transitions at pumping and
lasing wavelengths, and the ultimate duration ot the pumping pulse
when lasing is still possible in a laser active element, are discussed.
The principles of control of the molecular structure; the properties of
the excited singlet ( ) and triplet ( ) states; and the parameters of the
,  ,  ,   and   transitions aimed at the selection of organic
luminophores with preset properties for specific scientific and
technical applications are demonstrated.
Specific examples are considered, and new UV laser-active
molecules with improved optical parameters (compared with the
catalogued molecules) are reported.
In the report the following questions will be considered:
• The Physical Principles of Simulating the Structure and Photo-
physical Properties of Complex Hetero-aromatic Compounds by
Means of the LCAO-MO SCF Methods.
• Regularities of Variation in Spectral-Fluorescence and Properties
and the Nature of Intra-molecular Interaction in N, O, S Series of
Heterocyclic Azoles in the UV Range of Optical Spectrum.
• Excited states, and structure transitions of the mono-, and bi-cyclic
hetero-atomic organic molecules.
• LCAO-MO CSF CI INDO/S Quantum-Chemical Calculations of
Characteristics of Electronic Transitions Involving Excited States in
UV Absorption, Stimulated Emission, and Pump-Induced Reabsorp-
tion Spectra in N, O, S Series of Hetero-aromatic Molecules.
• The Structure of Spin-Orbital Transitions in N, O, S aromatic
Molecules with Allowance for High-Lying Singlet and Triplet States
Populated with a Pump in LCAO-MO CSF CI INDO/S Models.
• Localizations Spin-Orbital Interactions and Transitions in the Pump
Spectrum Reabsorptions in the Excited Singlet and Triplet States of
the Laser-Active Molecules in the LCAO-MO CSF CI INDO/S and
PPP/S Methods.
Wide application of organic luminophores in science and technology,
specifically, as laser-active media (vapors, solutions, crystals, and
polymers), liquid-crystal systems, medical and biological prepara-
tions, etc. is based on unique optical and magnetic properties of
these molecules. The spectral parameters of a new hypotetical multi-
atomic systems should be reliably estimated before the synthesis to
provide the selection of compounds with preset properties for
specific applications. For example, the information on UV absorption
and lasing wave-lengths and lasing threshold is necessary for laser
systems.
To save such a fundamental problem, one has to reveal general
relationships between the spectral structure of excited electronic
states and transitions of different spin and orbital nature and photo-
physical properties of organic molecules.
In LCAO MO CSF CI methods, the wave function of the quantum
systems contains the information on each atom and spectral
parameters of atoms. The ionization potential and the electron
affinity are taken from the gas-phase experiments.
Basing on experimental-theoretical spectroscopic data (NMR 1H and
13C, IR, UV, fluorescent and lasers spectroscopy) spatial and
electronic structures of organic compounds were refined by
quantum-chemical LCAO-MO CSF CI PPP/S and INDO/S methods
and regularities of changes in orientation of their electro-philic
substitution reactions obeying addition-elimination pattern on going
from free bases to their protonated forms were analyzed.
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According to the main principle of quantum mechanics, the excited
singlet and triplet states with the minimal energy of the molecule are
the most probable ones. The electron-nucleas configuration of the
molecule (the change of symmetry in series, bond lengths, angles,
hybridization of atoms, etc.) should meet this principle in case of
transitions to excited states of different spin and orbital nature.
Complex organic molecules consist of different groups of atoms,
bonds of different types (structural subsystems).
The excitation under these conditions involves a subsystems with a
minimum energy difference ( ) between the ground and the lowest
excited electronic energy levels:  . Where   and  are the energies of
the lowest electronic states of the electron-vibrational levels involved
in the considered transition, h is the Planck constant, and   is the
frequency of the 0-0 transition.
Thus, the energy of the 0-0 transition (  and  ) calculated with the
help of the LCAO MO SCF CI CNDO/S, INDO/S, PPP/S, and AM-1
methods is expressed in terms of the contributions of oscillation
frequencies of only those subsystems in a molecule where the main
percentage of electron-vibrational excitation in the lowest   and
excited states is localized rather that in terms of the contributions of
oscillation frenquencies of all active subsystems in a molecule.
The excitation of bi-, tri-, quatro-, penta-, or quinquicyclic poly- and
heteroaromatic compounds containing benzene, furan, thiofene,
oxazole, or oxadiazole cycle or chromophore    ,    , etc. groups
chemically coupled by single carbon bonds is accompanied by the
strengthening of elecron-vibrational coupling of these structural
subsystems and collectivizations of their   electronic systems, which
remain quasi-independent in the ground state.

6192-57, Poster Session
Polymer chain conformation and chromophores in MEH-
PPV: a theoretical picture
C. De Leener, D. Beljonne, Univ. de Mons-Hainaut (Belgium)
Conjugated polymers aroused a considerable interest recently
because of their potential as active materials for promising techno-
logical applications, such as electroluminescent diodes, solar cells or
biosensors. In the working principle of these devices, the process of
electronic excitation migration between conjugated chromophores
making up the polymer chains plays an essential role. In particular,
polymer-based (bio)chemical sensors are based on a reversible and
extremely sensitive quenching of the polymer photoluminescence in
the presence of a very small quantity of the species to detect. In
order to understand the mechanisms of the energy migration
process involved in the quenching mechanism, the relationships
between the conformation of these chains and their electronic
structure must be established. This is the focus of our work. More
especially, the influence of the presence of structural defects
(torsions and cis double bonds in the vinylene linkage) on the
conformation of chains of poly(2-methoxy-5-(2'-ethylhexyl)oxy 1,4-
phenylene vinylene) (MEH-PPV) has been studied. The choice of this
polymer is dictated by its important exploitation in plastic electronics
as well as the large number of experimental investigations carried
out for both the isolated molecules, in solution and on thin films.
The modeling of the supramolecular organization of polymer chains
requires taking into account several hundreds even thousands of
atoms. We thus chose to use the methods of molecular mechanics in
our investigation of polymer chains conformations. Such an
approach is not only affordable from a purely computational point of
view but is also adapted to the simulation of the intermolecular
interactions which govern the arrangement of conjugated molecules
in the condensed phase.
The conformational study of MEH-PPV chains including ten and
thirty monomer repeat units, and with a growing number of structural
cis defects, has been carried out by means of Monte Carlo simula-
tions and Molecular Dynamics. These allow exploring the potential
energy surface and unraveling the stable structures. In particular, we
have identified structural arrangements in which a compromise
between the conjugation of the p electrons along the chain and the
steric repulsion between the  alkoxy side groups is achieved for
torsion angles around the single C-C bonds of the vinylenes units
oscillating around 45° and 135°. The introduction of cis units leads to
an increase in these torsion angles in the proximity of the defects,
thus reducing the p-conjugation along the chains, and resulting in
chopping of the chains into chromophores. Moreover, the equilib-
rium structures obtained are characterized by a folding up of the
chains on themselves driven by the Van der Waals interactions

between nonbonded atoms and display a more globular form. These
morphological characteristics turn out to play a crucial role in the
mechanism of electronic excitation migration with close contacts
between chromophores. Besides cis defects, the simulations have
also highlighted another origin for breaking of the conjugation along
the chains: two successive cycles can indeed lie either in parallel or
in orthogonal planes, depending on the sign of two successive
rotations around a single bond. These conjugation defects arise with
a rate of ~20% in all-trans chains.
Using quantum-chemical techniques (INDO/SCI), we have explored
the influence of these conformational changes on the nature of the
lowest electronic excited states in chains ranging in size from 10 to
30 units. These calculations clearly suggest that such conformational
defects lead to a portioning of the chain into finite conjugated
segment and allow quantifying the length of the resulting chro-
mophores.
The introduction of cis defects leads to a redistribution of the
intensities between several electronic transitions on the optical
absorption spectra and a concomitant spectral widening of the
absorption band. For small concentrations of cis defects, a red shift
of the dominant electronic transition is observed. The evolution of
these optical properties can be rationalized on the basis of a detailed
analysis of the excited states involved in the optical transitions. The
description of these excited states indicates a significant electronic
coupling between neighbor chromophores facing each other allowed
by the folding up of the chain induced by the cis defects. This
delocalization between chromophores is responsible for the
calculated bathochromic shift.
The interactions between distinct conjugated segments induced by
the coiled shape of the polymer chains could lead to a situation
where all chromophores behave as a single entity, thereby explaining
the enhanced sensitivity of polymers used for biochemical sensoring
in comparison to the corresponding molecules. However, detailed
studies must be carried out first to confirm this assumption and are
currently underway.

6192-60, Poster Session
Synthesis and electrochemical investigation of novel
ambipolar organic semiconductors based on spiro-linked
compounds
I. Suske, K. Onken, M. Fetten, T. P. Saragi, T. Fuhrmann-Lieker, J.
Salbeck, Univ. Kassel (Germany)
In this contribution we report on the synthesis and electrochemical
characterisation of novel ambipolar organic semiconductors based
on spiro-linked compounds. The main idea is based on the spiro
concept, in which two different functional chromophores are
orthogonally linked by a spiro atom. Different classes of novel
organic semiconductors and their characterisation are described and
discussed as well. The electrochemical properties and the energy
level of the corresponding materials are investigated by cyclic
voltammetry (CV) and spectroelectrochemical methods. The CV
measurements of all compounds show reversible oxidation and
reduction processes. The smallest HOMO-LUMO energy gap of 1.2
Volt can be obtained. The detail synthesis, optical, thermal and
electrochemical properties would be presented and discussed as
well. The novel ambipolar organic semiconductors based on spiro
concept are potential materials for application in photodetecting or
solar cell due to their energy gap, broad visible light absorption and
high thermal stability.

6192-61, Poster Session
Polymer poling characterization using second harmonic
generation (SHG)
G. Tellier, D. Averty, C. Y. Boisrobert, H. Gundel, D. Leduc, S. Le-
Tacon, C. Lupi, R. Seveno, Univ. de Nantes (France)
Several polymer molecules have structures which are suitable for the
non-linear optic applications. We report on the design and fabrica-
tion of a high performance electro-optic modulator made of
polymeric thin films.
The polymer we study contains an azo-chromophore, based on
Disperse Red one (commonly used in non-linear optic applications)
and functionalized by a carboxylic acid on the electron withdrawing
group. This chromophore is covalently grafted into an epoxy-
containing methacrylic host-matrix. The polymer materials are
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deposited in thin layers on a glass substrate by chemical solution
deposition, either by spin-coating or dip-coating. Their control
parameters are respectively the speed rotation and the withdrawing
speed. Different film thickness can be obtained using any of these
two techniques. The thickness of the films are ranging from a
hundred nanometers to several micrometers.
The polymer molecules are randomly oriented and the films are
isotropic, which means that the orientation distribution of the NLO
chromophores is random. In order to break the symmetry and align
the chromophores, the films are submitted to a high electric field. As
a result, their structure become non-centrosymmetric and their
second-order susceptibility is no longer reduced down to 0. The
method used for the poling of the thin films is the corona poling,
under high electric field between two electrodes: a needle electrode
and a metal disc. The corona needle electrode is connected to a high
voltage source. The metal disc is connected to ground and main-
tained under thermal regulation to control the poling temperature of
the films.
During the poling process, a chemical reaction (cross-linking) can be
performed to stabilize the polymer. The thin films are heated up to
150°C, in order to perform the cross-linking reaction. This reaction
between the carboxylic acids and the epoxy groups of the matrix
creates new links which freeze the orientation of the chromophores
in the matrix.
This is part of the procedure we propose to obtain a polymer
molecular structure as stable as possible. The orientation of the
chromophores and the stability of the system is tested with a
Second Harmonic Generation setup in the Makers fringes configura-
tion.
We characterize the orientation, induced by electric field, of the
chromophores in the polymer with a SHG experimental setup using
the Makers fringes technique. The light source is a ND:YAG laser
operating at 1064 nm. The laser light is linearly polarized and shines
on the polymer sample standing on a horizontal rotation stage. The
second harmonic signal is filtered and detected by a photomultiplier.
The results obtained with this setup lead to improve the poling
conditions. From the variations of the non-linear response of the
films in temperature, ranging from 30°C to 150°C, we can obtain the
optimal temperature of a 100°C which corresponds to the largest
number of oriented chromophores. We also studied the influence of
the distance between the corona point electrode and the sample, the
high voltage applied to this electrode, and the duration of the poling
process.
The most important point is to get a durable and stable orientation of
the chromophores in the thin films. The cross-linking thermal
treatment is supposed to freeze the orientation and therefore avoid
any relaxation of the oriented polymer. In order to compare the
relaxations of the films which were submitted to this thermal
treatment and those which were not, samples of both types have
been put in an oven and regularly tested, confirming the validity of
the reaction.
Another study has been carried out on the orientation homogeneity
in a poled film. The distribution of the orientation when poling by
corona discharge has a cylindrical symmetry. The point is to
measure the homogeneity improvement made by the insertion of a
grid between the point electrode and the sample in our poling
experimental setup.
These actions  lead to the control of the optimal parameters for a
proper poling of our polymer fims. The degree of stability, both
thermal and in time, of the orientation of the chromophores in the
thin films is a key factor for the future, requiring further investigations
for the realization of an high performance electro-optic modulator.

6192-62, Poster Session
Indolyl-based high-optical-gain photorefractive glass
films having indefinitely long shelf-life
A. Colligiani, A. Romano, Univ. degli Studi di Napoli Federico II (Italy);
F. Ciardelli, F. Greco, G. Ruggeri, Univ. di Pisa (Italy); M. Angiuli, E.
Tombari, Instituto per i Processi Chimico-Fisici (Italy)
Light amplifiers and renewable data and image recording devices
can be obtained when organic photorefractive materials are used as
substrates for glass films in electrooptical cells. The materials most
frequently employed have been blends in which both polymer and
monomer counterparts guarantee the necessary charge generation
photosensitivity, photoconductivity (in the presence of an electric

field E) and nonlinear optical (NLO) behaviour. In previous papers (1)
we had published the results obtained from the study of the
photoconductivity of different polymer derivatives of poly-N-
vinylindole (1,2).
We report here the synthesis of a derivative of 2-methylindole,
namely the 3-[2-(4-nitrophenyl)ethenyl]-1-(2-ethylhexyl)-2-
methylindole (NPEMI-E), that collects in itself both photoconductivity
and NLO characteristics. Furthermore, it is also able to give
inherently vitreous  materials having Tg temperature values well
lower than room temperature, as verified by DSC measurements.
The DSC results will be shown. Low Tg values guarantee the
morphological stability of the obtained optical films (thickness of
about 25 micrometer) without recrystallization providing the materials
with a low viscosity. This feature allows the reorientation of the NLO
molecule (having a very high value of the electric dipole moment)
under the influence of the applied E, so that a large birefringence
contribution to the photorefractivity can be expected when the
Asymmetric Two-Beam Coupling (ATBC) technique is employed
(Kerr effect). Furthermore, when the material is intrinsically able to
give thermally stable glass phases, the problem of possible recrystal-
lizations of the NLO moiety inside the photorefractive blend (with
subsequent opacization of the film) is definitely overcame (3). When
blends with poly-N-vinyl-2,3-dimethylindole (PVDMI) (2) are studied,
a sharp and remarkable maximum value of the order of 1,000 cm-1
of the optical photorefractive gain is obtained for a given percent of
NPEMI-E with respect to PVDMI. This behaviour seems to put
experimentally in evidence for the first time a cooperative important
contribution to the photorefractivity that recently has been theoreti-
cally studied (4).
References
1) C. Castè, V. Castelvetro, F. Ciardelli, A. Colligiani, A. Mazzotta, D.
Michelotti, G. Ruggeri, C. A. Veracini, Synth. Met., 138, 341 (2003)
2) R. Angelone, C. Castè, V. Castelvetro, F. Ciardelli, A. Colligiani, F.
Greco, A. Mazzotta, G. Ruggeri, e-Polymers, n. 075 (2004)
3) K. Meerholz, R. Bittner, Y. De Nardin, C. Brauchle, E. Hendrickx,
B. L. Volodin, B. Kippelen, N. Peyghambarian, Adv. Mater., 9, 1043
(1997)
4) F. Terenziani, A. Painelli, Phys. Rev. B, 68, 15405 (2003)

6192-64, Poster Session
Photoemission studies on CuPc:C60 blend film for
photovoltaic solar cells
L. Lozzi, S. Picozzi, M. Simeoni, Univ. degli Studi dell’Aquila (Italy); S.
La Rosa, Sincrotrone Trieste S.C.p.A. (Italy); S. Santucci, Univ. degli
Studi dell’Aquila (Italy)
Recently a strong research effort has been devoted to study the
application of organic-inorganic multiplayer films for the preparation
of photovoltaic devices. Generally these devices are composed by a
multilayer of an organic film which is the active layer, a charge
acceptor (to reduce the electron-hole recombination probability) and
the two metallic contacts to collect the charges (as ITO, Au and Al).
The most used compounds are Copper Phthalocyanine (CuPc), as
organic layer, and the C60, as electron acceptor. An improved
system, showing an higher efficiency, can be prepared depositing,
between the metallic contacts, a blend of active layer and charge
acceptor. With this design one of the most important parameter, the
exciton diffusion length (which is quite small in the organic systems),
becomes less important because it is obviously much higher then
the CuPc-C60 distance when these molecules are bonded. The
realization of these blend films determines the strong reduction of
the luminescence of the CuPc film, but it is not clear if in this blend
film there is the formation of bonds between CuPc and C60
molecules or if its electronic structure is simply the sum of the
electronic states of the two single compounds.
In this contribution we will show the results obtained using X-ray and
soft X-ray photoemission spectroscopy on CuPc:C60 blend films,
with different concentrations. These films have been deposited in
ultra high vacuum by thermal evaporation. A variation of the highest
occupied molecular orbital (HOMO) states, both of CuPc and C60, as
a function of the concentration ratio. The CuPc HOMO level moves
towards the Fermi level while the C60 HOMO level goes aways from
the Fermi level. The intensity and position of these levels are strongly
influenced by the CuPc:C60 ratio. The analysis of the core levels
indicates the effect of the interaction between the CuPc molecule
and the C60 mainly involves the CuPc central part (i.e. the copper
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and nitrogen atoms).
In order to confirm the experimental data, we have performed a
density-functional theory (DFT) calculation of the CuPc-C60 system
using the DMOL3 code. This simulation has confirmed these shifts,
which are the most important effects on the density of states (DOS).
The variation of the DOS is determined by a structural change of the
CuPc molecule, which partially bends around the C60 molecule.
These effects could influence the interface properties with the
metallic contacts, and, therefore, the electrical characteristics of
these devices.

6192-65, Poster Session
Dynamic studies of the orientation induced by all-optical
poling in polymer and hybrid organic-inorganic thin films
A. Quatela, Univ. degli Studi di Roma/Tor Vergata (Italy); W. Chan, J.
Nunzi, Univ. d’Angers (France); M. Casalboni, Univ. degli Studi di
Roma/Tor Vergata (Italy)
Second-order nonlinear optical (NLO) polymers are very attractive for
applications in optical communications and in high-density optical
data storage (1-3). In order to have second-order NLO properties in
polymer films, they need to be endowed with the required
noncentrosymmetry which is usually achieved by a so called ‘poling
technique’. Standard poling techniques, such as the mostly
investigated corona poling technique (4), involves an electric dipolar
coupling between molecules and an external static electric field. It
was demonstrated that using a purely optical excitation process it
was also possible to induce large second-order susceptibilities in a
poly(methyl methacrilate) polymer grafted with the azo-dye Disperse
Red 1 molecule (5-6).
A comparison of all-optical poling among guest-host polymers
(Disperse Red 1-doped poly(methyl methacrylate), poly(carbonate)
and poly(sulfone)), side-chain polymers (PMMA-co-Disperse Red 1
methacrylate) and hybrid organic-inorganic materials (Disperse Red
1-doped Zr/TMOS/Gly matrix) has been performed. The characteris-
tic kinetic of decay of the induced second-order susceptibility was
measured by Second-Harmonic Generation. All the observed decay
evolutions reflects the following two relaxation processes: the
thermal cis -to- trans back-reaction, which in different polymer
systems may vary from seconds to minutes, corresponding to the
faster decay component and the loss of the polar order of the trans
molecules by thermal diffusion, corresponding to the slower decay
component.
Both the time constants increase with the increase of the seeding
time for all the samples. Additionally the slower time increase with
the increase of Tg (for equal seeding times), while the first process is
not sensitive to the increase of temperature Tg.
Erasure of the photoinduced polar orientation with monochromatic
irradiation was observed and a comparison is shown between dark
and photostimulated relaxation processes in one of the polymer
system (poly(sulfone)).
Further, a relationship between the stability of poled order and the
glass transition temperature is discussed.
(1) R. Norwood, G. Khanarian, Electron. Lett. 26 (1990) 1265
(2) D. Burland, R. Miller, O. Reiser, R. Twieg, C. Walsh, J. Appl. Phys.
71 (1992) 410
(3) D. Girton, S. Kwiatkowski, G. Lipscomb, R. Lytel, Appl. Phys. Lett.
58 (1991) 1730
(4) F. Sarcinelli and M. Casalboni, Recent Res. Devel. Applied Phys.
6 (2003) 663
(5) F. Charra, F. Kajzar, J.-M. Nunzi, P. Raimond, E. Idiart, Opt. Lett.
18 (1993) 941
(6) C. Fiorini, F. Charra, J.-M. Nunzi, P. Raimond, Non-Linear Opt. 9
(1995) 339

6192-66, Poster Session
Trap formation and energy transfer in pheophorbide a-
DAB-dendrimers and pyropheophorbide a-fullerene C60
hexaadduct molecular systems
B. Röder, E. A. Ermilov, S. Hackbarth, Humboldt-Univ. zu Berlin
(Germany); M. Helmreich, N. Jux, Friedrich-Alexander-Univ.
Erlangen-Nürnberg (Germany)
Already years ago photodynamic therapy (PDT) was proposed to be

a powerful treatment against cancer and other diseases. The main
problem of PDT is to deliver sufficient amount of the photosensitizer
molecules selectively to the target cell. To solve this problem the
concept of modular drug delivery systems that comprises three
parts: drug (photosensitizer), addressing and multiplying units, was
proposed. We already demonstrated that dendrimers due to their
well-defined structure and the large number of functional end groups
can be used as powerful multiplying units in the above mentioned
modular carrier systems. Here we present the results of a compara-
tive study of photoinduced ultrafast energy transfer processes in
different dendritic systems.
DAB-dendrimers from 1st to 4th generation- all substituted with the
in maximum achievable quantity of pheophorbide a (Pheo) molecules
were studied in comparison with a novel hexapyropheophorbide a -
fullerene hexaadduct (FHP6) and a fullerene [6:0]-hexaadduct which
carries twelve pyropheophorbide a units (FHP12) using both steady-
state and time-resolved optical methods. The high local concentra-
tion of the linked dye molecules on the dendritic structures yields in
interactions between the chromophores within each complex. The
investigation of these interactions was the aim of this work. It was
found that neighbouring dye molecules covalently linked to one
DAB- or fullerene moiety due to the length and high flexibility of
carbon chains could stack with each other. This structural property is
the reason for the possibility of formation of two different types of
energy traps, which could be resolved experimentally. One of them is
formed via face-to-face stacking of two dye molecules with parallel
to each other direction of the transition dipole moments. The second
type of energy trap gives the dominant contribution to the fluores-
cence signal at registration wavelengths having the oblique geometry
or orthogonal direction of the transition dipole moments of the
interacting pyroPheo molecules. In any case the dipole-dipole
resonance Förster energy transfer between the dye molecules
coupled to one fullerene-dendrimer- or DAB - complex caused a very
fast and efficient delivery of the excitation to a trap. As result the
fluorescence as well as the singlet oxygen quantum yields of the
different complexes were reduced with increasing number of dye
molecules per complex.

6192-67, Poster Session
Studies of temporal stability of poled nonlinear optical
polymer films
F. De Matteis, A. Quatela, Univ. degli Studi di Roma/Tor Vergata
(Italy); M. Colombo, A. Zaopo, Pirelli Cable Corp. (Italy); S.
Schutzmann, M. Casalboni, Univ. degli Studi di Roma/Tor Vergata
(Italy)
Nonlinear optics is an important field of photonics whose technology
includes acquisition, storage, process, and transmission of photons
in signal generation and processing. Organic nonlinear optical (NLO)
materials provide strong potential advantages for the second
harmonic generation (SHG) and electro-optic (E-O) applications (1-2).
Particularly, poled polymeric systems have attracted remarkable
interest in recent years as promising candidates for application in E-
O and photonic devices (3-6). The second-order NLO polymeric
devices require that the poled order be quite stable on time of the
order of years and therefore studies on polar order relaxation
became more and more important for practical application.
We studied polyimide as host polymer and Disperse Red 19 as guest
chromophore oriented using a standard Corona Poling setup.
We show that the SHG decay times of these materials at room
temperature can be estimated from the Arrhenius plot based on data
at elevated temperatures. Poling stabilitiy has been obtained by the
extrapolation from the SHG decay using a bi-exponential function,
obtaining a lifetime greater than 50 year at 25°C.
This accelerated aging procedure is particularly important for testing
these materials that must meet extremely long time stability (i.e. only
10% of loss of efficiency in a time of 10 years) (7) in order to be used
as practical devices.
(1) A. Dhinojwala, GK. Wong, JM. Torkelson, J. Opt. Soc. Am. B. 11
(1994) 1549
(2) KD. Singer, LA. King, J. Appl. Phys.  70 (1991) 3251
(3) KM. White, EM. Cross, J. Appl. Phys.  77 (1994) 833
(4) Y. Shuto, M. Amano, J. Appl. Phys.  77 (1995) 91
(5) DM. Burland, RD. Miller, CA. Walsh, Chem. Rev. 94 (1994) 31
(6) F. Sarcinelli and M. Casalboni, Recent Res. Devel. Applied Phys.
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6 (2003) 663
(7) A. Suzuki and Y. Matsuoka, J. Appl. Phys. 77 (1994) 965

6192-68, Poster Session
Novel second-order nonlinear optical polymer materials
containing indandione derivativatives as a cromophores
M. A. Rutkis, A. Vembris, V. Zauls, A. Tokmakovs, E. Fonavs, Latvijas
Univ. (Latvia); V. Kampars, Riga Technical Univ. (Latvia)
Non-linear optical devices are expected to play a major role in the
new emerging field of photonics which is the analogue to electronics
in that it describes the technology in which photons instead of
electrons are used to acquire, store, transmit and process informa-
tion and images and has been labelled as the technology of the 21st
century. The advancement in this field depends very much on the
development and characterization of new class of materials
possessing high non-linear optical properties both at the molecular
and bulk levels and capable of forming organized noncentro-
symmetric molecular structures for device application. One of the
possibilities to create such a material is poled polymer film. They can
be host - guest systems, where chromophores are dispersed in
polymer matrix, or polymers with chromophores chemically attached
to polymer backbone. Optimisation of the polymer structure (matrix
or backbone), concentration of chromophore and poling conditions
are essential to reach our objective - high non- linear optical
susceptibility tensor values.
Two groups of chromophores have been investigated - one is based
on indandione-1,3 pyridinium betaine (IPB) and related compaunds,
another on dimethylaminobenzylidene 1, 3 ˇ indandione (DMABI). The
potential of indandione derivatives as chromophores for organic
materials with prospective usage in non-linear optical applications,
as well as success in the synthetic strategy and quantum chemical
calculation results has been described in review articles [1, 2].
Although the both classes of the molecules exhibit high molecular
non-linearity (for both IPB and DMABI b0~ 40 x 10-30 esu), formation
of bulk non-centro symmetrical materials with high non-linearity is
hard task. At the present paper we would like to review our achieve-
ments in the optimisation of the NLO polymer materials with the
indandione derivatives as a chromophores.
The corona poled polymer films (host - guest systems as well as
polymers with indandione derivative attached to polymer backbone)
on ITO glass slide were investigated by Maker fringe technique with
incident beam at 1064 nm.
The host - guest DMABI / PMMA polymer systems exhibit the SHG
susceptibility d33 = 35 pm/V at 1064 nm. Extrapolation to zero
frequency using the two-level model yields to d33(0) = 4.5 pm/V. For
the polyurethane polymer containing IPB units SHG susceptibility
d33 = 25 pm/V (d33(0) = 9 pm/V) have been measured.
1. E.A. Silinsh (1996) in “Photoactive Organic Materials. Science and
Applications”, Kluver Academic Publishers,  Dardrecht, Boston,
London,
2. O.Neilands, I.Muzikante (2003), in “Organic Nanophotonics,
Proceedings of the NATO Advanced Workshop”, NATO Science
Series II, Vol.100, Kluwer Academic Publishers, pp.447-462

6192-73, Poster Session
Polar photochomic monomeric glasses as efficient SRG-
forming materials: cross structural and photophysical
studies
E. Ishow, L. Galmiche, K. Nakatani, École Normale Supérieure de
Cachan (France); Y. He, X. Wang, Tsinghua Univ. (China)
Holography in organic media has regained peculiar impetus since the
simultaneous discovery by Natansohn et al. and Tripathy et al. in
1995 of bulk photoinduced mass transport within azo-based
materials when subjected to resonant interfering laser beams. Most
of the studies reported so far have dealt with complex systems like
side-chain functionalized polymers, sol-gels, liquid crystals or
Langmuir Blodgett, making the description of the azo-units’ behavior
rather difficult because of the need to consider the influence of the
surrounding matrices. Although numerous models such as the free
volume, field gradient, viscous mass flow and diffusion ones have
been put forward to explain the polarization-dependence and
surface-initiation of the surface relief grating (SRG) formation, the
actual mechanisms still remain unclear. Recently, a novel family of
materials based on small bulky molecules forming transparent thin

films, hence dubbed “monomeric” or “molecular glasses”, has raised
particular interest since it allows straightforward conclusions
regarding the structure-SRG forming-ability relationships. Surpris-
ingly, whereas studies in macromolecular materials involved push-
pull type azoderivatives whose Disperse-Red 1 is an archetype, only
“apolar” aminoazophenyl compounds have come into play in
monomeric glasses. Systematic comparison with polar polymeric
matrices appeared then controversial since polarity is known to
considerably influence the photoisomerization process at the origin
of the SRG growth.
Following these lines, we have elaborated a novel series of polar
photochromic azo-derivatives containing bulky groups. They
provided transparent monomeric glasses whose Tgs varying from 74
°C to 118 °C, were mainly ruled by the peripheral bulky groups while
the compound polarity exerted no influence on the thermal proper-
ties. All compounds were found to photoisomerize in solution and
thin films as well, with the latter undergoing a lesser photoconversion
because of more constricted surroundings. Thermal (Z)-(E) back
relaxation in solution and thin films occurred following
monoexponential and biexponential kinetics respectively with rate
constants increasing dramatically with polarity. Photoconversion in
solid state was found to be larger for matrices made of less polar
compounds and presenting higher Tgs. Accordingly, surface relief
gratings with higher amplitude and diffraction efficiency were
successfully obtained in monomeric matrices containing hindered
and less polar compounds.
These results point out the crucial role of free volume which permits
larger photoconversion and multiple photoisomerization (E)-(Z)
cycles. Monomeric glasses clearly behave differently from polymer
matrices for SRGs to be efficiently written. Such an unusual behavior
has been regarded as related to the larger free volume facilitating
independent rotation and migration of the chromophores once
subjected to the optical field gradient.

6192-76, Poster Session
Synthesis and characterization of iridium(III) phenyl-
triazole complexes with different phosphorescence
emission
K. Wong, T. Hwu, National Taiwan Univ. (Taiwan)
A series of cyclometalated Iridium(III) complex based on phenyl-
triazole skeleton have been synthesized. The iridium complexes have
two cyclometalated (C^N) ligands and a single monoanionic,
bidentate ancillary ligand. Systematic changes in the C^N ligands
(Ar= phenyl, 2,4-difluorophenyl, 4-methoxylphenyl, and 1-naphthyl),
complexes can be prepared efficiently which emit in different colors
ranging from sky blue to red. The strongly allowed phosphorescence
in these complexes is the result of significant spin-orbit coupling of
the Ir center. The synthesis, electrochemistry, photophysical
properties, and their appications in electrophosphorescence devices
will be discussed in detail.

6192-78, Poster Session
Combined quantum chemical DFT, spectroscopic
Raman, and UV-Vis-NIR study of fused a-oligothiophenes
with five and seven rings
R. Malavé Osuna, R. Ponce Ortiz, M. Ruiz Delgado, V. Hernández
Jolín, J. T. López Navarrete, Univ. de Málaga (Spain); X. Zhang, A. J.
Matzger, Univ. of Michigan (USA)
Oligothiophenes (multiple thiophene rings joined by single bonds) are
a leading class of organic semiconductors materials for new
technologies.1 In particular, a-sexithiophene and its derivatives have
been employed as the active layer in organic electronic devices.2
However, deviation from planarity may decrease conjugation in a-
oligothiophenes through torsion about single bonds or S-syn
defects. Chemists have been interested in making fused-ring analogs
with the idea that a more rigid structure will reduce defects and thus
improve conjugation for better charge-carrier mobility. The synthesis
of molecules consisting of as many as five fused rings
(pentathienoacene) has previously been reported.3 However, the
synthetic route resulted to be inefficient and not applicable to longer
thienoacenes because of the extremely poor solubility of the longer
oligomers. Some of us have recently reported on an improved
synthetic methodology designed to efficiently prepare
oligothienoacenes. This new route has allowed production of
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pentathienoacene in large scale and with improved yield, and also the
extension of the series to heptathienoacene (seven fused rings),
through the coupling of two brominated thienothiophenes (two fused
rings) or two dithienothiophenes (three fused rings), respectively, via a
sulfide bridge, followed by a ring-closing reaction at the sulfide bridge
to form the central fused ring. These oligothienoacenes have more
efficient molecular packing than oligothiophenes, since they adopt
face-to-face (p-stacked) packing motifs in contrast to the packing
arrangement of usual a-oligothiophenes (face-to-edge of herringbone
packing). Furthermore, oligothienoacenes have a larger band gap than
most semiconducting used in organic field-effect transistors (OFETs)
and therefore are expected to be stable in air.
Molecular spectroscopy is a fundamental tool to establish structure-
property relationships guiding the design of new and improved
molecular materials. In particular, Raman spectroscopy is very well
suited for the study of conjugated systems. Raman frequencies and
intensities are experimental observables emerging directly from the p-
conjugated structure which account for the most important electronic
signature of oligothiophenes. The effective conjugation coordinate
(ECC) model predicts two main trends for the Raman spectral profiles
of conjugated molecules: (a) selective enhancement of particular
scatterings associated with collective C=C/C-C stretching vibrations
of the conjugated path.4 (this phenomenon relates to the occurrence
of an electron-phonon mechanism which is at the origin of their
outstanding optical and electrical features) and (b) frequency
downshift of these intense bands upon relaxation of the skeletal
structure as the consequence of either greater p-electron conjugation
in the neutral state or quinoidization induced by ionization. When
these spectroscopic data are combined with quantum chemical
calculations it is possible to assess precisely relevant molecular
parameters which would be very difficult to evaluate by conventional
experimental techniques. First principles quantum chemical calcula-
tions in the framework of DFT theory are very well suited to model
extended p-conjugated systems due to implemented electron-
correlation effects.
In this contribution we use Raman spectroscopy to analyze the
conjugational properties of two fused a-oligothiophenes with five and
seven rings, and investigate their optical properties by means of UV-
Vis-NIR absorption spectroscopy. The whole set of experimental data
are interpreted with the help of DFT and TDDFT quantum chemical
calculations, at the B3LYP/6-31G** level, regarding the minimum-
energy molecular structure, equilibrium atomic charges distribution,
topologies and absolute energies of the frontier molecular orbitals
(OMs) around the gap, vibrational normal modes associated to the
most outstanding Raman scatterings, and one-electron vertical
excitations giving rise to the main optical absorptions. The process of
exploring the semiconducting properties of the materials in OFETs is
underway.
Keywords: Raman spectroscopy, oligothienoacenes, p-conjugation,
DFT calculations.
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6192-79, Poster Session
Excited-state dynamics and energy transfer in conjugated
polymer systems
S. M. King, C. Rothe, D. Dai, A. P. Monkman, Univ. of Durham (United
Kingdom)
Energy transfer within conjugated polymeric systems plays a crucial

role in the efficiency of polymeric light emitting devices; both
regarding the population of emissive dopants and the loss of
efficiency through undesirable energy transfer to defect induced trap
states. The use of phosphorescent dopants in polymer light emitting
diodes is important not only to increase efficiency through harness-
ing triplet excitons but also to produce the saturated emission
colours needed for production of a full colour display.
Many publications have previously been made demonstrating the
potential of electrophosphorescent devices and in films of blends of
polymer host and phosphorescent dopant steady state measure-
ments have been used to demonstrate that  energy transfer is taking
place. However, the formation of triplet excitons on both the
emissive dopant and polymer host following photoexcitation of the
host is a fast and efficient process, yet comparatively few studies of
the dynamics of the system have been made using ultrafast
techniques. In this paper well established femtosecond spectro-
scopic techniques have been employed to investigate the nature of
the energy transfer between host and acceptor moieties in a blend of
polyfluorene and the emissive dopant fac-tris(2-phenylpyridine)
iridium. In addition to this energy transfer the effect of unwanted
inter- and intramolecular energy transfer to keto defect sites on the
polyfluorene host is also considered. We aim to show quantitatively
the nature of these energy transfer processes with solid state
temperature dependant measurements using both femtosecond
pump-probe and fluorescence up-conversion spectroscopy.
Experiments were made at a variety of different acceptor concentra-
tions, in order to differentiate between Förster type dipole-dipole
interactions which characterise the energy transfer between singlet
states and the shorter range Dexter exchange interaction based
triplet - triplet energy transfer. From the dependence of the transfer
time on the concentration of acceptors, and hence the mean
distance between excited host polymer molecules and dopants, we
are able to calculate the interaction radius to quantify the Förster
type energy transfer mechanism; this value is compared with the
value calculated from the spectral overlap integral.

6192-80, Poster Session
Polymer-dye complexes: supramolecular route toward
functional optical materials
A. Priimagi, Helsinki Univ. of Technology (Finland); S. Cattaneo,
Tampereen Teknillinen Yliopisto (Finland); R. H. A. Ras, S. Valkama,
O. Ikkala, Helsinki Univ. of Technology (Finland); M. Kauranen,
Tampereen Teknillinen Yliopisto (Finland)
Organic dye-doped materials have numerous applications in
optoelectronics, including frequency conversion of light,
waveguiding, optical signal processing, and optical data storage,
and are also promising potential laser media. Compared to inorganic
materials, such systems have the advantage of being highly
processable, i.e., a system with desired properties can be tailored
with low fabrication cost. Typically, the response of the system to
optical fields increases with higher dye concentration. However, it is
essential to prevent the aggregation of the dye molecules as this
typically decreases the overall response of the system and increases
scattering losses. We show that non-covalent intermolecular
interactions between the polymer and the dye molecules can be
exploited to control molecular aggregation, thereby allowing dye
concentrations that are considerably higher than those achieved in
traditional guest-host systems.
Typically, the dye is incorporated in a polymer matrix as a dissolved
guest by simply mixing the constituents (guest-host system). Due to
their simplicity, such systems are very popular, but suffer from many
undesirable features that limit their usability in real-world applica-
tions. For instance, the lack of significant intermolecular interactions
between the guest molecules and the polymer host in such systems
limits the dye solubility to moderate values. To overcome the
problems of guest-host systems, the active molecules have been
covalently linked to the polymer backbone or chemically incorpo-
rated into the backbone itself. In such systems, the dye concentra-
tion can be significantly increased. However, covalently linked
systems are considerably less flexible than guest-host systems, as
complicated organic synthesis is required for each combination of
polymer and dye.
Non-covalent interactions offer a new way to link the dye molecules
to the polymer backbone. Such interactions occur spontaneously
with no need for chemical synthesis, and could thus be utilized to
combine the advantages of guest-host and covalently linked
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systems. Non-covalent interactions between polymer and dye are
widely exploited in supramolecular chemistry to prepare self-
assembled polymer systems. However, such interactions have only
rarely been investigated in studies of dye-doped polymer systems for
optoelectronics applications, which mostly concentrated on the
effect of dye-dye intermolecular interactions.
In this work, we studied the influence of dye-polymer intermolecular
interactions on the aggregation tendency of the guest molecules. To
do this, we incorporated a common azo-dye (Disperse Red 1; DR1)
into three polymers [polystyrene, PS; poly(4-vinylphenol), PVPh;
poly(styrenesulfonic acid), PSSA] with different functional groups.
The polymer-dye systems were studied by UV-Vis and IR spectros-
copy as a function of dye concentration. Our results show that by
carefully selecting the functional group of the polymer, the aggrega-
tion tendency of the dyes can be drastically reduced. Most of all, by
forming a polyelectrolyte-dye complex (DR1/PSSA), a dye monomer
can be attached to approximately each polymer unit, which has
typically required covalent bonding of dyes to the polymer. These
results indicate that polymer-dye complexes provide a facile route
for new type of optical materials, which could lead to applications in
various fields of optics and photonics.

6192-81, Poster Session
Perfluorination of tetracene: effects on the optical gap
and electron-acceptor properties: an electrochemical,
theoretical DFT, and Raman spectroscopic study
R. Ponce Ortiz, R. Malavé Osuna, M. Ruiz Delgado, J. Casado
Cordón, V. Hernández Jolín, J. T. López Navarrete, Univ. de Málaga
(Spain); Y. Sakamoto, T. Suzuki, Institute for Molecular Science
(Japan)
Recently organic thin-film transistors (OTFTs) using organic
semiconductors as an active layer are of great interest for their use in
lightweight, low-cost, large-area and flexible electronic products
such as flat-panel displays, smart cards, and radio-frequency (rf)
tags. OTFTs are more compatible with polymeric substrates than
conventional silicon-based transistors because they can be
fabricated by a low-temperature process. The performance of OTFTs
has been much improved in the last two decades through various
innovations such as the development of new organic semiconduc-
tors and the optimization of the deposition conditions to control the
ordering of the molecules.1
Acene materials, which consist of n-linked benzene rings (n=3:
anthracene; n=4: tetracene; n=5: pentacene), are promising
candidates for organic semiconductors because their planar shapes
facilitate crystal packing and the extended p-system over molecules
enables the intermolecular overlap of p-systems. Tetracence OTFTs
have shown a field effect mobility of 0.01 cm2/V s on an untreated
silicon dioxide (SiO2) gate insulator and 0.1 cm2/V s on chemically
treated SiO2. Of all the OTFT materials reported so far, pentacene
OTFTS fabricated on the octadecylchlorosilane (OTS) treated
substrates have achieved a maximum field effect mobility of 1.7
cm2/V s and a current on/off ratio of 108,2 values which are
comparable to those of amorphous silicon. When one considers
producing bipolar transistors and complementary circuits with
acenes, the n-type organic semiconductor should have similar
physical and electrical properties than the p-type semiconductor
except for the type of carriers.3 Some of us have previously
demonstrated that aromatic perfluorocarbons such as perfluoro-p-
sexiphenyl (C36F26) were efficient n-type semiconductors for the
electron-transport layer of organic-light-emitting diodes.4 Because
fluorine is the most electronegative of all the elements and relatively
small (hydrogen < fluorine < carbon), perfluorination is a straightfor-
ward way to convert a p-type organic semiconductor to a n-type
one, without changing the molecular size greatly.
Molecular spectroscopy is a fundamental tool to establish structure-
property relationships guiding the design of new and improved
molecular materials. In particular, Raman spectroscopy is very well
suited for the study of conjugated systems. Raman frequencies and
intensities are experimental observables emerging directly from the
p-conjugated backbone which account for the most important
electronic signature of oligothiophenes and related materials. The
effective conjugation coordinate (ECC) model predicts two main
trends for the Raman spectral profiles of conjugated molecules: (a)
selective enhancement of particular scatterings associated with
collective C=C/C-C stretching vibrations of the conjugated path.5

(this phenomenon relates to the occurrence of an electron-phonon
mechanism which is at the origin of their outstanding optical and
electrical features) and (b) frequency downshift of these intense
bands upon relaxation of the skeletal structure as the consequence
of either greater p-electron conjugation in the neutral state or
quinoidization induced by ionization. When these spectroscopic data
are combined with quantum chemical calculations it is possible to
assess precisely relevant molecular parameters which would be very
difficult to evaluate by conventional experimental techniques. First
principles quantum chemical calculations in the framework of DFT
theory are very well suited to model extended p-conjugated systems
due to implemented electron-correlation effects.
We report herein the synthesis of perfluorotetracene (C18F12) as a
potential n-type semiconductor for OFETs. The conjugational
properties of this new material are analyzed by means of FT-Raman
spectroscopy. We also perform a comparative study of the optical
and electrochemical properties of perfluorotetracene and tetracene
by using differential pulse voltammetry and UV-Vis-NIR absorption
spectroscopy. The whole set of experimental data are interpreted
with the help of DFT and TDDFT quantum chemical calculations, at
the B3LYP/6-31G** level, to assess information about the optimized
molecular structure, equilibrium atomic charges distribution, energies
and topologies of the frontier Molecular Orbitals (MO) around the
gap, vibrational normal modes associated to the most outstanding
Raman scatterings, and vertical one-electron excitations which give
rise to the main optical absorptions.
Keywords: Raman spectroscopy, tetracene, perfluorination, p-
conjugation, DFT calculations.
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6192-82, Poster Session
Photoinduced switching of electrical properties in thin
films of polar indandione type organic molecules
I. Muzikante, E. Fonavs, Latvijas Univ. (Latvia); L. Brehmer, B. Stiller,
Univ. Potsdam (Germany)
The optically induced switching of material properties is important for
investigations of optoelectronic effects. Organic materials with large
dipole moments for photonic applications contain chromophore
consisting of acceptor and donor groups bridged by a delocalized π-
electron system. Both calculations and experimental data show a
reversible highly dipolar photoinduced intra molecular charge
transfer in indandione derivatives accompanied by change of the
sign and the value of the dipole moment. To the contrary of
azobenzene molecule, photoinduced change of dipole moment of
indandione molecule does not need free volume in thin films.
The dipole moment of the ground and excited states of a molecule
are influenced by substituents. To modify the dipole moment and
also to optimise properties of film formation as well as the photo
oxidation in the film number of indandione derivatives were synthe-
sized in the Riga Technical University. The studies of N-(indan-1,3-
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dion-2-yl)pyridinium betaine (IPB) and dimethylaminobenzylidene 1,3
- indandione (DMABI) and its derivatives are reported. The study is
focused also on novel polar polymers with IPB as side groups. The
IPB monoester was transformed into an IPB oligomer. In other
polymer the IPB molecules are attached by covalent bonds to the
polyuretane backbone.
To understand photo response of these materials, their spectro-
scopic and electrical properties are studied. The morphology and
photoinduced surface potential switching of the self-assembled
monolayers and corona poled polymer films are investigated.
The experimentally observed changes of the surface potential on
irradiation is considerably higher in corona poled regions of the
greatest response of the surface potential is observed polymer film
with chemically attached IPB group.
Reversible switching of the surface potential of polymer films with
incorporated or chemically attached indandione molecules are
observed at irradiation in the 360-500nm spectral region, where
intramolecular charge transfer in indandione molecule takes place.
The main advantage from the point of view of photoinduced
switching effect is the fact that in the excited state molecule does
not change it geometry.
Photoinduced change of the surface potential of poled polymer films
observed in UV and visible spectral region has the maximum close to
the photoinduced intramolecular electron transfer of IPB or DMABI
molecules giving rise to a change of dipole moment of the polar
group and depends on orientation of the latter.
Due to photogeneration of charge carriers the maximums of surface
potential of poled and un-poled IPB oligomer films may arise at
longer wavelengths at 450nm. In this case the photogenerated
charge carries may influence the density of the surface charge. In
order to understand this process the further investigations are in
progress.
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6192-85, Poster Session
Evidence of refractive index anisotropy in hybrid sol-gel
slab waveguides deposited by spin-coating technique
P. Prosposito, S. Schutzmann, C. Palazzesi, M. Casalboni, Univ.
degli Studi di Roma/Tor Vergata (Italy)
Hybrid organic/inorganic materials synthesized by sol-gel method
have been extensively studied in the last years for the wide possibili-
ties to change easily physical parameters such as refractive index or
thickness, for the good optical and mechanical quality of the film
surfaces and for the low cost of fabrication [1]. In particular, these
advantages originate from the presence of organic modifiers in the
starting solution which, conferring high elasticity to the purely
inorganic sol-gel materials and filling the voids of the matrices, give
to the materials very good structural properties and allow deposition
of thick films in a single step.
In this work we report on hybrid organic/inorganic sol-gel based
optical waveguides in slab configuration grown both on glass and
silicon substrates by spin-coating process. The samples were
obtained using Zr(IV)-propoxide as inorganic precursor and 3-
glycidoxypropyltrimethoxisilane (GLYMO) as organic component in
molar ratio of 3:1. Acetic acid and water were added to promote the
hydrolysis of the precursors. Ethanol and/or 2-methoxyethanol  were
added to obtain the desired viscosity. After deposition, films were
cured at different temperatures ranging from 120°C to 170°C.
Refractive index determination for both transverse electric (TE) and
transverse magnetic (TM) polarizations at several wavelengths, in the

visible and near infrared spectral range, was carried out by m-line
method using a home-made experimental setup developed in our
laboratory.
Loss measurements were accomplished by scattering technique
using a vidicon infrared camera. Values ranging from 4 to 10 dB/cm
were obtained depending on wavelengths, polarization and mode
selected. Waveguide morphology and roughness have been
investigated by atomic force microscopy (AFM).
Refractive index measurements have evidenced a difference
between the in-plane and out-of-plane refractive index related to the
TE and TM modes, respectively. This optical anisotropy increases
with the increasing of speed deposition and with the increasing of
curing temperature. Similar effects have been reported on thin
polymeric films grown by spin coating technique [2,3]. In this case
the anisotropy was mainly attributed to effects related to the
orientation of the long polymeric chains during spinning process and
to the heat treatment.
We tentatively ascribe the optical anisotropy  to a preferential
orientation of the organic groups of the alkoxysilane precursor
(GLYMO) during spin coating deposition. The organic tails are
relatively free to move into the sol gel matrix since their crosslinking
with the glassy matrix is rather low due to the acetic acid present in
the starting solution. As reported in literature [4], in the case of
acetate solutions, the epoxy ring of the organic group  is not cleaved
during hydrolysis and as a result the crosslinking of the organic tails
with the glassy matrix is quite low. The effect can result in a different
distribution of the organic tails along the in-plane and out of plane
directions of the film with consequent optical anisotropy.
At present we are carrying on further measurements, modifying  the
organic/inorganic precursor molar ratios and the acid type in the
starting solutions, in order to check their effects on the film optical
anisotropy.
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6192-89, Poster Session
Planar polymeric multilayer structure for electrooptic
applications
A. D. Udvar, M. Casalboni, F. De Matteis, P. Prosposito, A. Quatela,
S. Schutzmann, Univ. degli Studi di Roma/Tor Vergata (Italy); S.
Simon, Univ. Babes-Bolyai (Romania)
In the last years nonlinear optical (NLO) materials have been
extensively studied for their technological importance related mainly
to possible use in high-performance integrated optics and for
fabrication of innovative optical devices [1,2]. In particular, the
organic NLO materials present many advantages over the traditional
inorganic crystal materials such as large nonlinearity, high thermal
stability, low costs and easy processability [3,4].
In this work we report on the fabrication and characterization of a
planar polymeric multilayer structure for electro-optic applications.
The structure is composed by three layers grown on a gold elec-
trode. The first film is the buffer layer, the second is the guiding and
the third one is the cladding. The whole structure is grown on a glass
substrate where the gold electrode of 250 nm thickness was
deposited using a sputter machine (Emnitech model K550X). Another
gold electrode was grown on the top of the entire structure in order
to apply a voltage modulating the optical properties of the guiding
layer.
The structure is totally based on polymeric materials. In particular,
buffer and cladding layers were synthesized using
polymethylmethacrylate (PMMA) dissolved in chloroform. The
guiding layer was composed by 95% of PMMA  and 5% of polycar-
bonate (PC) dissolved in chloroform, with nonlinear organic mol-
ecules of Disperse Red 1 (DR1) in a weight concentration of about
2.5%. This layer has a higher refractive index compared to the buffer
and cladding ones, since this is a fundamental condition for the light
propagation. The planar waveguides were produced by deposition of
the liquid  polymeric solutions on Corning microscope slide using
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spin coating technique in a clean room class 5000.
The optical characterization of the entire structure has been
accomplished by different measurements. The refractive index for
each layers was measured with the m-line and the Brewster angle
technique using polarized light. The characterization  was performed
at different wavelengths in the visible and near infrared spectral
region (639, 782, 1064, 1550 nm) and the data were fitted using the
Cauchy model. The film thickness was independently estimated with
a mechanical profilometer and it was approximately 2,5µm for each
layer. Optical loss measurements were accomplished by scattering
technique using an infrared camera. Values of the order of few dB/
cm were obtained depending on the layer, wavelength, polarization
and mode selected.
The structure has been characterised also by means of nonlinear
optical measurements. In particular, we used a static electric field
(corona poling) applying a high-voltage for 10 minutes at 80 °C to
align the NLO chromosphores DR1 in the guiding layer. The corona
discharge was generated under a nitrogen atmosphere by a gold
wire biased with 5 KV across a 1 cm gap normal to the polymer
films. In order to check the alignment of the organic molecules
Second Harmonic Generation (SHG) measurements in situ, immedi-
ately after the alignment, have been carried out. Before and after
orientation, the optical absorption of the film has been measured
using a spectrophotometer in the range 300 - 700 nm, in order to
check the amount of oriented chromophores.  We also followed the
temporal stability of the NLO material measuring, at regular time
interval, the SHG signal using a Q-switched Nd:YAG laser operating
at 1064  µm and the optical absorption [5].
In conclusion, the characteristics of the electro-optical polymer
waveguide device have been systematically analyzed. A complete
optical characterization based on absorption, refractive index and
optical losses has been accomplished. The polar orientation of the
molecules in the guiding layer has been analyzed and the relaxation
time for this structure has been checked. The results seem promising
for using this structure as possible modulator. On this regard we are
presently carrying on the characterization of light modulation. In this
case a polarized laser light is optically coupled with the guiding layer
and, applying an alternate voltage on the electrodes, the polarization
of the out coming laser light is checked as a function of the applied
voltage.
The authors gratefully acknowledge the financial support of the
Italian Ministero dell’Istruzione e della Ricerca through the COFIN04
(High performance chromophores and polymers for second order
nonlinear optics) and the European Commission through the ODEON
project within the sixth framework programme and through the Marie
Curie training site project  (Contract G 1RD-CT-2002-00747) .
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6192-91, Poster Session
STM-induced electroluminescence in polyfluorene-based
conjugated polymer blends
S. Selci, L. Ferrari, G. Latini, Consiglio Nazionale delle Ricerche
(Italy); L. J. Parrott, F. Cacialli, Univ. College London (United
Kingdom)
In the context of Organic Light-Emitting Diodes (OLEDs), it is crucial
to understand which factors in polymer film formation determine
luminescence efficiency and how these factors can be controlled.
We report an extensive scanning tunnelling microscopy (STM) study
of conjugated polymers thin films suitable for OLEDs. STM has been
used to characterize binary polymer blends not only in terms of
morphology of the samples surface by STM constant-current
images, but also recording the so-called apparent-barrier images
and maps of the STM-induced electroluminescence. In the latter
charge carriers injected by the STM tip are used to generate light

emission at the tunnelling spot that is in the nanometers range.
Here we propose the use of the combination of constant-current
STM with STL and barrier height measurements in order to correlate
several local properties of  (i.e., surface roughness, crystallinity,
aggregation or defects, charge recombination efficiency, chemical
composition) binary blend of conjugated polymers that are poly(9,9-
dioctylfluoren1e-alt-benzothiadiazole), F8BT, and poly(9,9-
dioctylfluorene-alt-bis-N,N’- (4-butylphenyl)-bis-N,N’-phenyl-1,4-
phenylenediamine), PFB, spun on ITO substrate from xylene
solutions, so as to obtain phase separation on micrometer and
nanometer lengthscales.
The combination of the three techniques provides a powerful tool for
the characterization of the topographical, chemical composition and
opto-electronic properties of organic materials at nanoscale.
In particular, by STM injection, charge carriers can decay radiatively,
producing light emission at the lowest LUMO-HOMO difference level
in the system. When the STM tip scans a thin layer of an electrolumi-
nescent polymer deposited on a conducting substrate it can induce
photon generation by acting as a very localized upper electrode of
an organic light-emitting diode (OLED). So STL is, in principle, a
powerful tool able to investigate the electroluminescence efficiency
with the resolution of few angstrom that is the width charge beam
from the STM tip to the sample surface.
However, many subtle effects can interfere with this straightforward
and simplistic picture: a) quenching effects due to the close
presence of the metal tip ; b) injection does not directly compare
with excitonic recombination, also if this comparison can be of
relevant interest; c) any nonradiative channel, e.g. surface defects or
impurities, is much faster and more efficient than the radiative one; d)
the STM tip can severely affects the recombination properties via the
induced field in the sample layer by charges separation, being the
effect more effective for sharp tips prepared for high resolution STM;
e) finally, the density of the tunnelling current is several order of
magnitude greater than generally accepted for low ageing of
electroluminescent polymers, resulting in a very fast quenching of
the observed emission.
Data examination shows very different behaviours in the topography/
barrier/photon polymer imaging. Very often a more fruitful compari-
son can be made, but it is quite difficult to notate all parts of images
that show a good correspondence. Moreover, a pure visual analysis
is not useful, while we want to deduce something more quantitative
hints from data analysis.
Therefore, we have used the following criteria:
a).for every image used in the shown analysis autocorrelation maps
and cross-correlation maps have been computed;
b).instead to compare computed images as described at the
previous point with topography and barrier data, average cross-
sections have been computed, allowing a more direct as well
quantitative comparison;
c).cross-sections have been averaged summing all scanning lines
(line average), summing all corresponding points of scanning lines
(column average), or making the square root of the previous ones
(diagonal average), for further averaging.
Detailed results of such analysis are shown is this work.

6192-93, Poster Session
Photoexcitation dynamics in long-chain polyenes
M. R. Antognazza, M. Bendin, D. Polli, Politecnico di Milano (Italy); R.
L. Christensen, Bowdoin College (USA); G. Cerullo, G. Lanzani,
Politecnico di Milano (Italy)
Linear polyenes are prototypical conjugated systems that attract
considerable attention, due to their simple structure, as model
systems and test banks for quantum chemistry. Naturally occurring
polyenes play crucial roles in photobiology, vision mechanisms and
photosynthesis; it’s known that they have an antioxidative function
against various diseases like cancer, atherosclerosis and macular
degeneration in humans; long polyenic chains appear also in
vitamins and antibiotics. Much effort, both experimental and
theoretical, has been made to understand their electronic properties,
state ordering and deactivation paths. Studies on simplest com-
pound have prompted interest in spectroscopy of longer polyenes,
due to important scaling phenomena, but a complete understanding
of how excited states change with the increase in the  * -electron
delocalization is still lacking. The long chain members of the class
are prototype semiconducting polymers. In these systems intrachain
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dynamics starts to have a distinct role, which can be described
within one-dimensional physical models. In the isolated state, long
conjugated chains behave like a natural “molecular-wire”.
Here we report measurements on a high molecular weight polymer of
diethyldipropargylmalonate (DEDPM). Samples were studied both in
solution and in solid state, using different spectroscopic techniques:
electroabsorption, continuous-wave photoinduced absorption,
probing photoexcitation in the ms time domain, and ultrafast pump-
probe with time resolution down to 10 fs. The later experiments used
broad-band optical pulses in the visible spectral range, generated by
non-collinear optical parametric amplifier (NOPA) with chirped mirror
compression stage. Longer time dynamics is probed using a
standard pump-probe set-up based on Ti:Al2O3 amplified laser
source.
In electroabsorption experiments we applied an electric field (from
1e5 V/cm to 8e5 V/cm) which modulates the electronic structure,
giving rise to changes in the absorption spectrum. Measurements
were performed in vacuum at 77K. Transmission difference spectra
clearly show the Stark shift of the main optical transition, at the
absorption edge. In addition a broad feature in the spectrum is
attributed to the presence of a dipole-forbidden transition between
ground state and excited Ag states, which is activated by symmetry-
breaking induced by the external electric field. We have successfully
modelled the EA spectrum using a least-squares fitting procedure
with the absorption and its first and second derivatives. From fitting
parameters it is possible to make an estimate of the change in
polarisability  between initial and final state.
To span a wide range of timescales, we have employed both
continuus-wave and transient (on femtoseconds and picoseconds
time scales) spectroscopies, so that we have been able to detect
primary photoexcitations and measure their relaxation dynamics. The
kinetic behaviour of the system was analyzed with a 3-level rate-
equation fitting procedure. Ultrafast internal conversion is observed,
with characteristic time in the order of 50 fs, populating the lower
lying dark state (S1). Results will be compared with those for shorter
chains polyenes or carotenoids, in order to extract a comprehensive
picture of photoexcitation dynamics.

6192-94, Poster Session
Luminescence quenching by oxygen of a ruthenium (II)
complex attached to a channel of zeolite L
R. Q. Albuquerque, A. Z. Ruiz, G. A. Calzaferri, Univ. Bern (Switzer-
land); L. De Cola, Univ. van Amsterdam (Netherlands)
The influence of the oxygen on the luminescence of a ruthenium (II)
complex (Ru-Ph4-TMS, [1]), partially encapsulated into the one-
dimensional channels of the zeolite L, has been investigated. This
complex has been used as a functional molecule called stopcock,
which is normally used to close the channel entrances of dye-loaded
zeolite L crystals, increasing the stability of such photonic systems
[2]. Since the stopcock molecule can also pump energy inside the
zeolite channels through energy transfer to the encapsulated dyes
[1], it is important to know the influence of the dissolved oxygen on
the luminescent properties of this molecule.
  Aiming at this purpose, luminescence lifetimes (t) at different
oxygen concentrations were measured for Ru-Ph4-TMS in a
dichloromethane solution and for the suspension of the supramo-
lecular complex (Ru-Ph4-TMS + zeolite L) in the same solvent. For
Ru-Ph4-TMS in solution, it was obtained t(N2) = 1316 ns and t(O2) =
171 ns, while for the supramolecular complex, t(N2) = 1501 ns and
t(O2) = 378 ns. Due to the high sensitivity of the lifetime with the Ru-
Ph4-TMS/zeolite L ratio, the same experiment was carried out using
densely packed zeolites, where only one extremity of the channels is
available. This can be obtained through the adsorption of zeolite L
crystals with small length-to-diameter ratios on a surface perpen-
dicular to the channel axis. This procedure helps to prevent the
entrance of oxygen molecules from one eventually empty extremity
of a channel and the further unwanted interaction with the encapsu-
lated part of Ru-Ph4-TMS on the other side.
  The experimental results, together with semiempirical calculations,
suggest that the triplet emitting state of Ru-Ph4-TMS is MLCT in
character and is mainly delocalized over the phenyl groups located
inside the zeolite L. The proposed experimental approach has also
shown to be a valuable tool to access the nature of excited states in
luminescent complexes.
[1] O. Bossart, L. De Cola, S. Welter, G. Calzaferri, Chem. Eur. J.

2004, 10, 5771.
[2] G. Calzaferri, S. Huber, H. Maas, C. Minkowski, Angew. Chem.
Int. Ed. 2003, 42, 3732.

6192-96, Poster Session
Amplified spontaneous emission in TPD-based
waveguides: thickness and TPD concentration
dependence
E. M. Calzado Estepa, J. M. Villalvilla, P. G. Boj, J. A. Quintana, M. A.
Diaz-Garcia, Univ. de Alicante (Spain)
In recent years organic materials, both molecular and polymeric,
have received much attention for their potential applications in
electronics and photonics.  The main advantage of organic materials
is that they can be fabricated onto almost any type of substrate
(including flexible ones) by inexpensive techniques, such as spin
coating, photolithography, ink-jet printing, etc., in contrast with the
sophisticated technology used with inorganic materials.  At present,
most of the device traditionally made with conventional inorganic
semiconductors (i.e., diodes, light-emitting diodes, field-effect
transistors, photovoltaic cells, etc.,) have already been demostrated
with semiconducting polymers and organic molecules and some of
them are being pushed towards comercialization.  Concerning
organic lasers, they have already been demostrated by optical
pumping.  However, the organic diode laser (electrically pumped is
still a goal to archive.
The thickness dependence of amplified spontaneous emission (ASE)
in optically pumped polystyrene films containing 15 wt%percent; of
the luminescent and hole-transporting organic molecule N,N’-bis(3-
methylphenyl)-N,N’-diphenylbenzidine (TPD) and the TPD concentra-
tion dependence of amplified spontaneous emission (ASE)  is
studied. It is observed that the position of ASE can be tuned
between 404 and 417 nm by changing the film thickness from 100 to
200 nm. By measuring and modeling the waveguide modes, we
demonstrate that the calculated cut-off thickness for the propagation
of one mode determine the thickness below which ASE disappears
although they do not perfectly correlate with the observed wave-
length shifts. Results show that the position of ASE depends on the
shape of the photoluminescence spectrum, that is composed of
various vibronic peaks whose relative intensities change with film
thickness due to the existence of the cut-off thickness. It is also
observed that both the position and the threshold of ASE depend on
the different confinement of the propagation modes due to thickness
variations.
Finally it is studied the TPD concentration dependence of ASE.  It is
observed that the position and the threshold of ASE depend on the
TPD concentration.

6192-102, Poster Session
Basic synthesis of 3-glycidoxypropyltrimethoxysilane-
TiO2 UV-sensitive waveguides
G. Della Giustina, G. Brusatin, M. Guglielmi, Univ. degli Studi di
Padova (Italy); S. Gardin, R. Signorini, Univ degli Studi di Padova
(Italy); R. Bozio, Univ. degli Studi di Padova (Italy)
Organic-inorganic hybrid materials, composed of inorganic oxide
structures cross-linked by organic polymers, are promising candi-
dates for photonic applications, combining the most important
glasslike and polymerlike properties.
Hybrid organic-inorganic sol-gel material based on 3-
(glycidoxypropyl)-trimethoxysilane (GPTMS) and titanium
isopropoxide Ti(OPri)4 has been synthesised. GPTMS is an organi-
cally modified alkoxide containing an epoxide ring in the organic
functional group; it is at the same time an inorganic and organic
network former: the epoxy group can be cross-linked to form a
polyethylene oxide (PEO) chain interpenetrating the silicon oxide
network. The presence of Ti alkoxide is important to enhance the
refractive index value and to improve the mechanical and physical
properties of our film.
A basic catalysis has been used to perform the hydrolysis/condensa-
tion reactions of the inorganic network and to preserve the epoxy
ring presence. The unopened epoxy groups in the final solid state
films are so available for the following  UV-photopolymerization
process. The photopolymerization allows to enhance the refractive
index and pattern the film directly.
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Films have been prepared by spin coating deposition on quartz,
soda-lime and silica substrates, showing good adhesion with all
substrates.
The modification of the hybrid sol-gel TiO2 matrix microstructure,
during the thermal treatment and the interaction with the UV light,
have been investigated by FT-IR, UV-Vis spectroscopy, DTA and
TGA thermal analysis. The sol-gel film thickness and roughness have
been analyzed by a profilometer, the films possess high optical
quality and well controlled thickness, ranging from 300 nm to 3  µm.
The refractive index of sol-gel thin films have been characterized by
Brewster angle determinations, by M-line and Ellipsometer tech-
nique. An enhancement of the refractive index in the range 0,02-0,1
have been achieved, depending on the UV irradiation dose.

6192-104, Poster Session
Fabrication of quasi-phase-matched structures for
frequency conversion in photopolymers doped with
push-pull chromophores
J. Bombenger, L. Mager, Institut de Physique et Chimie des
Matériaux de Strasbourg (France)
We present organic based quasi phase matching structures
designed for efficient second harmonic generation. The manufactur-
ing of these optical elements uses both photo- and thermo-
polymerization of resins composed of cross-linkable monomers
doped by push-pull chromophores.
The organic matrix is a trifunctional acrylate monomer tris[2-hydroxy
ethyl] isocyanurate triacrylate (SR368, Sartomer) sensitized to the
visible light by addition of bis(4-cylcopentadien-1-yl)-bis[2,6-difluoro-
3-(1H-pyrrol-1-yl)-phenyl]titanium (Irgacure 784, Ciba speciality). The
doping chromophore possessing non linear optical (NLO) properties
is a nitrostilbene derivative with two acrylate functions. The pattern-
ing of the optical properties is achieved by a spatially controlled
polymerization [1]. The material is prepared in 10 micrometer thick
layers by spin-coating deposition on borosilicate glass plates. The
sample is then placed into a nitrogen atmosphere to avoid the
inhibition of radicalar polymerization by atmospheric oxygen. At first,
a mask is imaged in the sample using actinic light. Under these
conditions, the huge viscosity of the illuminated areas freezes the
chromophores in a macroscopically isotropic configuration while the
dark regions remain unaffected. In a second step, an electric field is
applied to the sample via corona poling in order to orient the
chromophores in the dark areas. After, the mask is removed in order
to freeze these chromophores in the direction of the electric field. We
take advantage of the thermal initiating properties of Irgacure above
100°C to complete the polymerization by heating the samples at
140°C. This procedure increases the lifetime of the NLO properties
by improving the stability of the chromophore orientation. This two
step method allows the building up of a NLO grating with a periodic-
ity suitable for quasi phase matching conditions in a guiding
geometry.
Another solution to achieve a quasi phase matched structure is
based on a multilayer configuration which alternates NLO active and
inactive materials. The multilayer samples are fabricated by a
succession of thin films containing or not oriented chromophores.
The different layers are deposited by spin coating and both optically
and thermally polymerized, under applied static electric field for the
doped layers and following the process described above. The same
procedure is applied to every layer. The final structure presents
quasi-matching properties adapted to the frequency conversion of
free propagating beams.
Reference:
[1] GILLOT F., MAGER L., DORKENOO K.D., MERY S., CARRE C.,
FORT A., Chem. Phys. Letters, 379 (2003), 203-208

6192-105, Poster Session
Sterically hindered pyridinium phenolates as new
chromophores for quadratic optics
V. Diemer, H. Chaumeil, A. Defoin, Univ. de Haute Alsace (France); A.
J. Boeglin, A. F. Fort, Institut de Physique et Chimie des Matériaux
de Strasbourg (France); P. Jacques, C. P. Carre, Univ. de Haute
Alsace (France)
Polymers doped with non-linear optical (NLO) molecules are key
materials in the elaboration of organic NLO devices. Appropriate
materials can be customized by synthesizing new molecules,

functionalizing available ones, characterizing their physico-chemical
properties (absorption, solubility...), and tailoring the host matrix to
optimize the NLO efficiencies. For the elaboration of
photopolymerizable materials for quadratic optics (1), there is a
tremendous need for organic molecules with large dipole moments
and optical non linearities.
In our work, biphenyl chromophores bearing tert-butyl substituents
anchored on the two ortho positions of the phenoxide function are
considered. Such molecules may be obtained by introducing alkyl
groups of increasing sizes on the a positions of the inter-cyclic bond.
The combination of mathematical modelisations and some prelimi-
nary experimental measurements indicate that the NLO properties of
these molecules depend on the twist angle existing between the two
aromatic rings. Thus, in order to corroborate this structure/activity
relationship different sterically hindered pyridinium phenolates were
synthesized. The size of the R’ and R”-alkyl groups introduced in the
meta position of the phenol or the pyridine moieties governs the twist
angle between the two aromatic rings. Some of them have already
been the subject of theorical studies, but none has until now been
synthesized. The method used to synthesize these substituted
pyridinium phenolates is based on the Suzuki coupling reaction
involving a boronic ester and an aryl halide.
After synthesis of the molecules, their NLO properties must be
measured. Unfortunatelly, the NLO characterization of the first
synthesized pyridinium phenolates by the EFISH method cannot be
performed because of low solubilities in organic solvents and
chemical perturbations due to the low concentrations. These
features can be explained by the interaction existing between the
free phenolate ion and the solvating medium. This is why new
pyridinium phenolates protected by tertio-butyl groups in the ortho
position of the phenolate have been synthesized. In these molecules,
the interactions of the charged oxygen atom with the organic solvent
are limited because of the protection provided by the tertio-butyl
groups.
We compare the semi-empirical calculations, which predict a huge
hyperpolarisability with the increase of the twist angle, to the
experimental NLO results, in order to understand the interplay
existing between structure and NLO properties of these chro-
mophores. Simultaneously, we also intend to analyze the
solvatochromism of the substituted zwitterions in details (2).
1 F. GILLOT, L. MAGER, K.D. DORKENOO, S. MERY, C. CARRE and
A. FORT, “Patterning of the quadratic optical properties of doped
photopolymers”, Chem. Phys. Let., 379, 203-208 (2003).
2 V. DIEMER, H. CHAUMEIL, A. DEFOIN, P. JACQUES, C. CARRE,
“Synthesis of 4-[N-methyl-4-pyridinio]-phenolate (POMP) and
negative solvatochromism of this model molecule in view of
nonlinear optical applications”, Tetrahedron Lett., 46, 4737-4740
(2005).

6192-110, Poster Session
Supramolecular organization of conjugated polymers:
relationship between the microscopic morphology and
the optoelectronic properties
M. Surin, P. E. Leclère, Univ. de Mons-Hainaut (Belgium); A. C.
Grimsdale, K. Müllen, Max-Planck-Institut für Polymerforschung
(Germany); D. A. Moses, A. J. Heeger, Univ. of California/Santa
Barbara (USA); R. Lazzaroni, Univ. de Mons-Hainaut (Belgium)
Conjugated polymers open new opportunities as active materials in
optoelectronic devices, due to their easy-processability, low-cost,
mechanical flexibility and the possibility to easily tune their proper-
ties. Understanding and exploiting the morphology-optical and
electronic properties relationships is very important in order to
govern the device performances. In this context, we propose to
study the microscopic morphology in thin deposits of conjugated
polymers, by means of Tapping-Mode Atomic Force Microscopy; to
understand the morphological results in terms of supramolecular
organization, comparisons with molecular simulations are performed.
The impact of the assembly of the chains on the solid-state
luminescence properties (for polyfluorene) and the charge transport
in Field-Effect Transistors (for polythiophene) is discussed.
Polyfluorenes (PFs) are of special interest in order to fabricate full-
color display applications, since they emit in the blue region of the
color spectrum with a high quantum yield. Moreover, the easy
substitution on the bridging carbon allows for instance to control the
solubility and the film forming capability. In this respect, we study the
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microscopic morphology of a series of fluorene-based (co)polymers.
We show that the substitution pattern has a strong influence on the
self-asembly of the chains in the solid-state: linear alkyl substituents
allow the dense p-stacking of PF chains into fibrillar structures, while
aryl and branched alkyl substituents induce large steric hindrance,
hindering the p-p interactions and therefore leading to untextured
aggregates in the solid-state. We show that the solid-state photolu-
minescence (PL) properties are strongly influenced by the micro-
scopic morphology of the deposits: dense p-stacks lead to a red-
shift of the solid-state PL spectra (compared to solution) along with
the appearance of an unwanted long-wavelength band in the green
region, while disordered aggregates retain a pure blue emission of
single chromophores.
Recently, there has been a strong interest in using polythiophenes as
the active semiconductors in Field-Effect Transistors (FETs), because
of their good charge transport properties. Here we present the
results of a study on the relationship between the charge transport
properties of FETs (hole transport, accumulation regime) and the
microstructure of polythiophene within the FET channel. In order to
tune its microstructure, regioregular poly(3-hexylthiophene) is
deposited onto FET substrates using various solution-based
methods, including dip-coating, drop-casting and spin-coating from
different solvents. We show that the deposition method strongly
influences the assembly of the chains, which in turn affects the
device properties in terms of charge mobility and current on/off ratio.
For instance, a dense assembly of the chains into fiber-like
nanostructures strongly enhances the device performance, com-
pared to untextured, amorphous films, by providing both an efficient
path for charge transport and good contact with electrodes. Special
attention is also dedicated to the study of i) the morphology of the
interfaces between the active layer and the electrodes; ii) the nature
of the dielectric layer (gate insulator) on top of which the films are
deposited and iii) the effect of thermal annealing. Optimizing those
parameters allows to fabricate polythiophene-based FETs with high
performance, i.e., with values of 0.25 cm(c)˜.V-1.-s-1 and around 105
for the charge mobility and the on/off ratio, respectively.

6192-112, Poster Session
Refraction and self-waveguided light propagation in
anisotropic molecular solids
S. Tavazzi, M. Laicini, L. Raimondo, Univ. degli Studi di Milano-
Bicocca (Italy); P. Spearman, Kingston Univ. (United Kingdom)
In recent years, there has been a strong interest in organic materials
for their potential applications in transistors, light emitting diodes,
lasers, non-linear optics devices. Among them, conjugated mol-
ecules are widely discussed. For example, acene, phenylene, and
thiophene-based molecules in the crystalline form have been
recently taken into consideration for applications in organic solid-
state lasers. In these solids, molecules are typically aligned parallel
to each other in a herringbone arrangement in a direction almost
perpendicular to the crystal face, thus promoting maximum emission
in the crystal plane itself. Furthermore the small tilt angle of the
molecular dipoles induces internal total reflection of the emitted light
at each face of the crystal for most emitted photons, so that
fluorescence is expected at the edge of the crystals without emission
from inside at all, indicating self-waveguided fluorescent emission.
Therefore, the disposition of the transition dipoles optimizes this self-
waveguided amplified spontaneous emission, which can lead to
lasing under suitable conditions. Another intrinsic aspect of
molecular solids which is relevant for optimizing the device perfor-
mance is the strong directional dispersion in the absorption of light.
For example, when varying the angle of incidence on the accessible
crystal face of oligoacene or oligothiophene crystals, the absorbance
associated with the exciton transition polarized along the long
molecular axis may change by orders of magnitude. This further
indicates the importance in studying the intrinsic anisotropy of the
materials by means of polarization spectroscopy of the absorption
and emission along with knowledge of the dielectric tensor, the
direction of propagation of the exciting light after refraction at the
surface and the direction of propagation of the emitted light.
Considering its importance for emitting devices and for the study of
energy transport and linear and non-linear optical effects, here we
discuss the peculiarity of phase and energy propagation in molecular
solids with herringbone molecular arrangement and report the
example of quaterthiophene as representative of this class of
monoclinic materials. Both the refraction of light at the surface of the

crystal and the internal total reflection are discussed on the basis of
the known dielectric tensor. In the former case, we also outline the
possible negative refraction of the energy flow. The relatively simple
way to generate this negative refraction phenomenon may provide
experimental opportunities for examining this effect in such
molecular materials at near IR and optical frequencies. However, we
underline the difference between negative refraction of light where
the signal front is refracted to the same side of the normal to the
interface as the incident beam, and propagation of backward waves
when phase and energy velocities have opposite directions. In the
second case, its observation lies in the ability for the material to
exhibit a negative group velocity as a consequence of strong spatial
negative dispersion.

6192-116, Poster Session
Light scattering processes in nematic liquid crystals
without alignment control
M. Lepore, Seconda Univ. degli Studi di Napoli (Italy); B. Piccirillo, E.
Santamato, Univ. degli Studi di Napoli Federico II (Italy)
Light propagation in turbid media is an attractive field both from a
fundamental and an applicative point of view. In fact, new interesting
phenomena have been recently discovered as coherent backscatter-
ing and weak localization and important applications as medical
imaging and diffusing-wave spectroscopy are now largely investi-
gated. Recently, the study of light propagation has been extended to
anisotropic scattering media and nematic liquid crystals have shown
to be good candidates for these investigations. In particular,
anisotropic multiple scattering of light has been recently investigated
in monodomain nematic liquid crystals using static1 and dynamic2
experiments  and the complementary nature of these two different
experimental approaches has been evidenced. Furthermore these
experiments confirmed the strong diffusing properties of a nematic
monodomain due to fluctuations of nematic director. In the present
paper light scattering processes in unconfined nematic liquid crystals
have been investigated by means of time-resolved transmittance and
static light scattering techniques. In time-resolved experiments
sample temperature has been modulated and different modalities of
propagation has been probed. The results here obtained show that a
nematic polydomain liquid crystal exhibits scattering properties
strongly different from a nematic monodomain and it behaves as an
optically thin sample and so it can be used to test the theoretical
approaches proposed 3, 4 for describing light propagation in such a
situation.
Moreover, the angular dependence of scattering has been investi-
gated by static light experiment that indicated a preferential inward
direction. The two experimental techniques here adopted have
shown their complementary role in probing different scattering
regimes. The diffusion constant D has been determined by time-
resolved measurements an a comparison with results obtained in
monodomain nematic liquid crystals has been attempted. It is
worthwhile noting that the scattering properties of optically thin
samples are a very interesting topic since for many real samples in
biomedical optics and in environmental physics the use of diffusion
theory is not completely correct.
REFERENCES
1. M.H. Kao, K.A. Jester, A. Yodh and P.J. Collins, Phys. Rev. Lett.
77, 2233 (1996)
2. D. S. Wiersma, M. Colocci, R. Righini, and F. Aliev, Phys. Rev. B.
64, 144208 (2001)
3. M.C.W. van Rossum and T.M. Nieuwenhuizen, Rev. Of Mod. Phys.
61, 313 (1999)
4. J. Swartling, A. Pifferi, A.M.K. Enejder and S. Andersson-Engels, J.
Opt. Soc. Am. A 20, 714 (2003)

6192-118, Poster Session
Tuning light emission colour of AlQ3 through
oligothiophene substituents
F. Rodriguez, A. Yassar, G. Horowitz, J. Fave, Univ. Paris 7-Denis
Diderot (France)
Organic light-emitting devices (OLED) have received considerable
attention in recent years due to their potential application in light-
emitting devices and flat-panel displays. The most important
progress in luminescent organic material research was the discovery
of tris(8 hydroxyquinolinato) aluminium (III) (AlQ3) as an electron
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transport material with high quantum efficiency [1]. The construction
of OLED-based full-colour flat-panel displays requires the availability
of red/green/blue electroluminescent materials. One challenging
synthetic aspect of electroluminescent materials is to find a simple
route that allows the tuning of the emission colour of (AlQ3) through
simple molecular substitutions. It has been shown that the p-p*
transition in AlQ3 is localized in the ligands. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) are localized on the phenoxide and pyridyl rings
respectively [2]. As a result, an electron-withdrawing substituent at
the 5 or 7 position will induce a blue shift in the absorption spectrum
of the corresponding complexes, whereas an electron-withdrawing
substituent at the 4 or 2 position will cause a red shift. The direction
of spectral shifts will be reversed by electron-donating substituents
at the same positions. Therefore, one easy way to tune the emission
colour of AlQ3 is to vary the substituents on the 8-hydroxyquinoline
chelate. Our work is aimed at the design and synthesis of novel
hydroxyquinoline derivatives that meets the following properties:
formation of good amorphous film, high thermal stability, high
emission efficiency, and high carrier mobility.
In this presentation we report a new series of substituted 8-
hydroxyquinoline derivatives as well as preliminarily optical and
electroluminescence results. The substituted 8-hydroxyquinoline
chelates were prepared by two different approaches: (i) Suzuki or
Stille palladium-catalysed cross-coupling reactions; (ii) Knoevenagel
condensation between appropriate formyl-substituted
oligothiophenes and 2-methyl-8-quinolinol.
Luminescent lithium and aluminium complexes were successfully
prepared and characterized spectroscopically (IR, mass, absorption
and emission). They are amorphous and show good thermal stability.
In general they display absorption resulting from the combination of
hydroxyquinoline and thiophene moieties indicating, significant
electronic coupling. They are weakly to moderately fluorescents in
solution with emission wavelengths ranging from bluish-green to red.
Two types of light-emitting diodes were constructed: (I) ITO/
PEDOT:PPS/HTL/ Al(5TQ)3 /LiF/Al and ITO/PEDOT:PPS/HTL/Li-2TQ/
ITO where HTL is a hole transporting layer material, and Li-2TQ and
Al(5TQ)3 are metal oligothiophene-quinolate derivatives acting as
emitter and electron-transporting materials. These devices have very
promising performances. The optical properties and the performance
of the light-emitting diodes will be discussed in relation to the
molecular structures.
References:
[1] C. W. Tang, S. A. Van Slyke, Appl. Phys. Lett. 51, 913 (1987).
[2] C. H. Chen, J. M. Shi, Coord. Chem. Rev. 171, 161 (1998).

6192-119, Poster Session
Vibronic structure of electroabsorption spectra in
conjugated systems (Stand-by Oral Presentation)
E. A. Ehrenfreund, B. Shapiro, Technion - Israel Institute of Technol-
ogy (Israel); Z. V. Vardeny, Univ. of Utah (USA)
The electroabsorption spectra of many pi-conjugated systems show
resolved vibronic side bands. Occasionally, as in the photolumines-
cence or linear absorption spectra, the observed frequencies of
these side bands do not correspond to any of the system Raman
frequencies. In many cases, multi-vibration systems with rich Raman
spectrum show only a single apparent vibronic frequency. We offer a
simple way to account for the electroabsorption vibronic structure
using a time dependent model that specifically takes into account
the system multivibrational Raman spectrum. The time dependent
method requires considerably less efforts relative to the previously
utilized ‘sum over vibrational states’ approach. Our time dependent
approach equally accounts for the vibronic structure of the
electroabsorption spectrum for cases where the electroabsorption
profile follows the first and/or second derivative of the linear
absorption spectrum.
Electroabsorption spectroscopy proved valuable in studying even
parity excitonic levels in centro-symmetric pi-conjugated systems,
which could not be observed by linear absorption spectroscopy.
Electroabsorption measures the variations DA = A(E, F) - A(E) in the
linear absorption A induced by an applied electric field F, as a
function of the photon energy E. Due to the electrical Stark effect,
even and odd parity discrete states are mixed in the

electroabsorption spectrum facilitating  the observation of both even
and odd parity states. Since for all practically applied fields, the
Stark energy shift and the modification of transition matrix elements
caused by the field are very small, DA is often expressed in terms of
first and second derivatives of the absorption with respect to the
energy.  Therefore, unlike linear absorption spectra that are broad-
ened due to inhomogeneity, electroabsorption spectra are more
sensitive to fine structure and often show relatively sharp vibrational
structure. The vibronic structure in the electroabsorption spectra and
other non-linear optical spectra in pi-conjugated systems has been
dealt withusing the Frank-Condon approach and summation over
many vibrational states. However in pi-conjugated systems there are
often many (\>10) relevant vibrational modes, and therefore such an
approach amounts to cumbersome calculations involving the
diagonalization of relatively large matrices. For example, in
poly(diacetylne), where only 3 vibrational modes were taken into
account, the size of the matrix to be diagonalized is 57x57.  We
show that by using a time dependent method all the vibronic
structure details can be calculated without the need to diagonalize
large matrices. The method is based on time dependent analysis of
Raman processes, as applied recently to the vibronic structure of the
photoluminescence spectra of distyrylbenzene single crystals.
The calculation method is as follows. The electroabsorption
spectrum is calculated assuming a discrete level structure modified
by the applied electric field due to the Stark effect. Stark shift of the
energy levels gives rise to a first derivative like of the
electroabsorption spectrum. In non-centro-symmetric systems,
permanent electric dipoles may give rise to a second derivative
contribution. Mixing of even and odd parity states in centro-
symmetric systems and transition matrix elements modification due
to the electric field, allow the originally forbidden even-to-even state
transitions to be observed in the electroabsorption spectrum. Next,
we apply the time dependent analysis to include the vibronic
contribution using the experimentally measured Raman data as an
input, which solely determines the apparent frequency and intensity
of the vibronic side bands.

6192-123, Poster Session
Correlation of fluorescence lifetime/yields with structural
parameters for novel conjugated polymers
L. A. O’Neill, P. Lynch, M. McNamara, H. J. Byrne, Dublin Institute of
Technology (Ireland)
The photophysics of a number of novel PPV derivatives, is studied. A
concentration study was performed to find the optimum concentra-
tion for the analysis of isolated single molecules. Fluorescence
lifetimes of the polymers were determined. Comparison to absor-
bance and emission spectra are combined with stokes shift analysis
to indicate photon confinement in the novel polymers resulting in the
expected increase in fluorescence yield. The addition of alkyloxy
sidechains served to red shift the fluorescence emission as ex-
pected. The systematic conversion of phenyl to naphthyl units blue
shifted the emission considerably while reducing the Stokes shift.
Yield measurements are further correlated with stokes shift and
lifetimes.

6192-125, Poster Session
New family of silole derivatives: relation between
molecular arrangements, efficiency, and colour emission
P. Gerbier, L. Aubouy, Univ. Montpellier II (France); N. Huby, Univ.
Bordeaux 1 (France); G. Wantz, École Nationale Supérieure de
Chimie et de Physique de Bordeaux (France); L. Hirsch, Univ.
Bordeaux 1 (France); L. Vignau, École Nationale Supérieure de
Chimie et de Physique de Bordeaux (France)
Research on organic electroluminescence has burgeoned with the
advent of practical polymer and small molecule organic light-emitting
diodes (OLEDs). The synthesis and implementation of new bulk
charge transporting and emissive materials which has afforded much
fundamental information and has resulted in greatly enhanced
quantum efficiency, brightness and stability is therefore a very
interesting way to follow. With this in mind, we have designed a
series of emissive silole derivatives having both the required
electron- and hole-transporting properties. These molecules were
chosen since they intrinsically exhibit a good chemical stability along
with optoelectronic and electron-transporting properties originating
from an effective interaction between the  * *-orbital of the silicon
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atom and the  * *-orbital of the butadiene moiety. The missing hole-
transporting properties were added by just grafting arylamine side-
groups to the central silole ring. As a result, single layer OLEDs
based on these molecules show high performances,  that may be
improved again by the correction the charge balance afforded by an
additional hole transporting layer.
Since one can anticipate that chemical modifications of the silole ring
can dramatically change their properties, we will report the imple-
mentation of a series of molecules having incrementally varied
structures,  * -conjugation, and intramolecular overlap properties.
This last point being of the utmost importance since intermolecular
interactions are related to the stack of molecules in the solid state,
which is an essential parameter in organic electronic.  As a conse-
quence, the electrical properties of the diodes can be increased or
not depending on the nearest-neighbours interactions. In term of
absorption and emission spectra, we observed interesting modifica-
tions will deserve some discussions: the electroluminescence of the
new compounds family covers most of the visible spectrum: green,
blue and recently white domain (see above) has been obtained.

6192-127, Poster Session
Efficient second harmonic generation from a new class
of V-shaped benzo-thiophene based organic molecules
I. Rãu, P. Chollet, P. Armatys, F. Kajzar, CEA Saclay (France); G.
Barbarella, L. Favaretto, Istituto per la Sintesi Organica e la
Fotoreattivi (Italy); S. Caria, E. Da Como, M. Muccini, M. Murgia, R.
Zamboni, Istituto per lo Studio dei Materialo Nanostrutturati (Italy)
Organic systems have been largely studied in the past as promising
materials for nonlinear photonic devices. In particular, an intrinsic
requirement for second harmonic generation is a
noncentrosymmetric medium. Adding donor-acceptor groups to a
conjugated molecular system provide asymmetric charge distribution
and consequently noncentrosymmetric nonlinear molecules for large
ß. Nevertheless, in the solid states dipoles align antiparallel and give
rise to a centrosymmetric structure. In order to overcome this
problem, a variety of techniques such as electric field poling have
been applied but no real devices have been produced yet. We have
designed a different approach in order to overcome the
centrosymmetry problem of molecular organization in the solid state,
combined to high nonlinear optical susceptibility. Starting from a
basic unit of benzo[b]thiophene we have synthesized via the Stille
coupling a family of conjugated molecules with a V-shaped molecu-
lar structure instead of the more usual linear or rigid-rod like one. The
peculiar molecular structure, together with steric hindrance of
functional groups, avoid antiparallel arrangement of molecules in the
solid state. Moreover, the V-shaped systems may be tailored as
conjugated molecules and with asymmetric charge distribution.
In this report we show preliminary results on linear and nonlinear
optical properties of 2 members of the V-shaped benzo[b]thiophene
family: 1) 2,3-Bis-(3,3'-dicyclohexyl-[2,2']bithiophenyl-5-yl)-
benzo[b]thiophene 1,1-dioxide, and 2) 2,3-Bis-(2,2’bithiophen-5-yl)-
benzo[b] thiophene  1,1-dioxide. Both molecules can be processed
as high optical quality thin film by vacuum sublimation. Second
harmonic generation measurements have been carried out via Maker
fringes method. Preliminary results show a d value for the 2,3-Bis-
(3,3'-dicyclohexyl-[2,2']bithiophenyl-5-yl)-benzo[b]thiophene 1,1-
dioxide system as high as LiNbO3 single crystal (d=30 pm/V).

6192-130, Poster Session
Nonlinear absorption and refraction process of Fluorene-
based molecules via picosecond and femtosecond
measuring methods
R. Gvishi, L. A. Padilha, J. Fu, D. J. Hagan, E. W. Van Stryland,
College of Optics and Photonics/Univ. of Central Florida (USA); S.
Yao, K. D. Belfield, Univ. of Central Florida (USA)
The nonlinear optical performance of several Fluorene-based
molecules was studied using different measurement methods and
pulse durations. We used picosecond pulses at 532 nm and,
femtosecond pulses tunable from 532-810 nm for performing open
and closed aperture Z-scans, and we used femtosecond 570-930
nm pulses for two-photon induced fluorescence (2PF) spectroscopy.
The observed nonlinear losses were compared using the three
methods. The results exhibit much stronger nonlinear absorption
with picosecond pulses due to the additional excited-state absorp-

tion processes involved. Also the nonlinear refractive index was
found to be higher for the picosecond measurements. In addition
using a femtosecond white-light (WLC) pump-probe method we
showed that by proper tuning of pump and probe wavelengths a
resonance enhancement of the 2PA can be observed yielding the
same overall nonlinear absorption observed using picosecond
pulses. The measured effective 2PA cross sections,  *  *  for one of
these dyes (#206) measured with the various methods are summa-
rized in Table 1. The lower values of  *  were obtained using the 2PF
method with femtosecond pulses. The 2PF method measures a pure
2PA process, since the detection is via fluorescence. However, with
the femtosecond Z-scan we observed 10-20% increases of the
effective  *  values due to contributions of excited state absorption
(ESA). Moreover, with the picosecond Z-scans a much higher value
was obtained (~5x). This increase is partly due to ESA contributions
but mainly due to excited state resonance enhancement. This was
determined by using the femtosecond WLC pump-probe measure-
ments. We found that by tuning the pump to 532 nm and then tuning
the probe from 550 to 500nm, we get considerably larger nonlinear
losses. Such an enhancement of the 2PA was previously attributed
to resonance enhancement [1]. Therefore, we can assume that in the
picosecond Z-scan measurement, in addition to the ESA contribu-
tion, we have the additional contribution of  resonance enhancement
(RE). A similar trend was also obtained for the nonlinear refraction
coefficient.
Table 1: measured effective  *  values of dye #206 using various
measurements methods.
Measurements  *  (GM) at 532 nm process  *  (GM) at 730 nm
process
Femto 2PF   540 2PA
Femto Z-scan 1,200 2PA 650 2PA + ESA
Femto Pump-probe
Probe at 550 nm
Probe at 500 nm
1,400
5,700
2PA
2PA + ESA + RE
Pico Z-scan
3,700
6,400 2PA + RE
2PA + ESA + RE
1.  “Resonant Enhancement of Two-Photon Absorption In Substi-
tuted Fluorene Molecules”, Joel M.  Hales*, David J. Hagan, Eric W.
Van Stryland, K. J. Schafer, A. M. Morales, K. D. Belfield, Peter
Pacher, Ohyun Kwon, Egbert Zojer, Jean-Luc Bredas, Journal of
Chemical Physics 2004, 121 (7), 3152-3160.
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6193-01, Session 1
Strength-Probability-Time Diagrams using Power-Law
and Exponential Kinetics Models for Fatigue
M. J. Matthewson, Rutgers Univ. (USA)
Strength-Probability-Time (SPT) diagrams provide an intuitively
pleasing method for presenting reliability data based on extrapola-
tions from accelerated fatigue testing data.  If power-law crack
growth kinetics are assumed the calculations required to generate
the SPT diagram are particularly simple.  However, if exponential or
other more complex forms are used, this is not the case.  If the
accelerated data are for dynamic fatigue measurements (strength as
a function of stressing rate) the SPT diagram can only be determined
after numerical integration of the crack growth equations, followed
by non-linear regression to the fatigue data.  However, we have
developed software that to perform this task.  In this paper we
describe the methods used and show sample results of lifetime
predictions using SPT diagrams.  Also, the effect of using different
crack growth kinetics models on predicted lifetimes is discussed.

6193-02, Session 1
The mechanical reliability of optical fibre for long-term
applications
Y. M. El Shazly, S. N. Kukureka, The Univ. of Birmingham (United
Kingdom)
Optical fibre is often required for long-term applications in harsh
environments, i.e. underwater cables or aerial cables in snowy areas.
However, stress corrosion or the growth of cracks present on the
surface of the glass results in the failure of the fibres, especially if
they are to be deployed in humid areas and bearing a static stress.
The presence of a fatigue limit, a stress under which the crack does
not grow has not been established in pure silica glass, in contrast to
borosilicate and the soda-lime glasses. A method to check the
presence of a fatigue limit was developed by Gupta [1] by studying
the relation between the power and exponential laws of crack
growth.
Here, dynamic fatigue tests were carried out to estimate the fatigue
parameters. The limiting stress is found and is compared to the
static fatigue results carried out under hot water to accelerate the
corrosion process. The extrapolation of the static fatigue stress for a
time of 25 years predicts a failure stress that is higher than the
fatigue limit.
Reference
1. Gupta, P.K., “Relation between power and exponential laws of
slow crack growth”, Communications of the American Ceramic
Society, pp. C-163-C-164, 1982.

6193-03, Session 1
Mechanical reliability studies of optical fibres under high-
dose gamma radiation
M. Van Uffelen, SCK•CEN (Belgium); S. N. Kukureka, Y. M. El
Shazly, The Univ. of Birmingham (United Kingdom); P. Matthijsse, G.
Kuyt, Draka Comteq Fibre B.V. (Netherlands); F. Berghmans,
SCK•CEN (Belgium) and Vrije Univ. Brussel (Belgium)
After more than two decades of intensive research and even some
pioneering applications in space, optical fibres are now finding their
way in various radiation environments, including both fission and
future fusion nuclear-power plants, and high-energy physics
experiments. Fibre-optics can for example be used for data
communications during maintenance operations in the reactor vessel
of the future International Thermonuclear Experimental Reactor
(ITER), or for plasma diagnostics applications during operation of the
reactor. These maintenance and diagnostics tasks require the optical
fibres to withstand extremely high doses of radiation, up to MGy
dose levels and temperatures above 150°C.
The majority of accelerated radiation assessments have so far
focused on optical properties, such as wavelength-dependent
radiation induced attenuation and radio-luminescence. The relation
of these radiation effects with the fabrication methods and other
environmental parameters has been the subject of years of research.
Only a few results are available on the long-term evolution of

mechanical properties of irradiated optical fibres As a first step
towards understanding the long-term reliability of fibre-optic
composite cables in hostile radiation environments, we therefore
performed dynamic fatigue tests with different commercial-grade
optical fibres, both multi-mode and single-mode types.
We selected four standard G-652 type Ge-doped fibres, with
acrylate coatings from three different manufacturers, and one
acrylate-coated Ge-doped multi-mode fibre. Fibre samples of 50 m
were loosely coiled with a diameter of 60 mm and exposed during a
first experiment with a dose rate of 27 kGy/h up to a total dose of 15
MGy at an ambient temperature of approximately 55 °C. Weibull
plots reveal a strength reduction of about 50 % at these dose levels.
SEM images of the fibres samples (which were uncoated) after
irradiation further suggest that roughening of the outer glass surface
can explain this degradation.
During a second irradiation, we exposed three pristine samples from
one single-mode fibre at 55 °C with a dose rate of 1.7 kGy/h, 3.4
kGy/h and 17 kGy/h up to total doses of respectively 1.0 MGy, 2.0
MGy and 10.1 MGy. In parallel, we thermally aged an identical
pristine fibre sample in a climate chamber at 55 °C with a relative
humidity of 50 %. This complementary experiment was conducted in
order to distinguish between thermal ageing and combined radiation-
thermal ageing effects, while we also look for mechanical degrada-
tion mechanisms at intermediate dose levels.
In the final paper we also intend to evaluate the potential impact of
different protective coating materials on the Weibull results, including
hermetic amorphous carbon and polyimide coatings.

6193-04, Session 1
Effect of loading mode on the measurement of fatigue
parameters in optical fibers
Y. M. El Shazly, S. N. Kukureka, The Univ. of Birmingham (United
Kingdom)
The dynamic fatigue test is often more favoured than the static
fatigue test to measure stress corrosion parameters due to the short
time required to conduct tests. The results can be interpreted using
the power law or the exponential law for crack growth. However, the
results are usually interpreted using the power law which can be
analytically integrated in the dynamic fatigue form by contrast to the
exponential law which cannot be integrated analytically.
Nowadays, the two-point bend machine is used widely to carry out
dynamic fatigue tests. Two loading modes are available for this
machine: constant plate speed and constant stress rate. In the
constant plate-speed mode the mobile plate moves with constant
speed towards the other plate thus increasing the stress at the apex
of the bent fibre in a non-linear profile. The constant stress-rate
mode, which is the more advanced, requires that the mobile plate
moves at a variable speed to maintain a constant rate of stress
increase at the apex of the optical fibre.  In this paper we examine
dynamic fatigue tests on optical fiber in water at different tempera-
ture using both the constant stress-rate and the constant plate-
speed loading-profiles. Then we analyze the results using the power
law and the exponential law for crack growth. The parameters for
stress corrosion are then used to predict static fatigue behaviour of
the optical fiber and are compared with experimental results of static
fatigue carried out in two-point bend under water.

6193-05, Session 1
Strength after proof-testing: an impact of diffusion-
limited and thermo-fluctuation regions of the crack
growth
S. L. Semjonov, General Physics Institute (Russia)
Mechanical reliability of silica-based optical fibers is limited by the
fatigue effect. Estimating fiber lifetime consists of two important
steps:
- The determination of the minimum inert strength of the whole
length of the fiber;
- Calculation of time-to-failure for fiber with this starting strength and
subjected to stress in fatigue environments typical of fiber and cable
manufacturing, installation and in-service life.
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A minimum strength is often established through tensile proof
testing.  The fiber is loaded to a proof stress, held for a short period
of time and then unloaded. The problem is the growth of flaws in the
fiber, when the proof test stress is being applied and a finite time of
the stress unloading. Because of these factors the fiber inert strength
after proof testing can be much less than the proof test stress.
The results of calculation of both the least inert strength after proof
testing are very sensitive to the specific model of crack growth in
silica glass under stress. The most frequently used model is a simple
power law for the relation between the crack growth rate and both
the crack size and the applied stress. According to this model, the
minimum inert strength after proof testing is significantly lower than
proof test stress at any achievable unloading rates.
The aim of this work is to discuss the effect of diffusion-limited and
thermo-fluctuation regions of the crack growth (Region II and Region
III) on the determination of the minimum inert strength. It will be
shown that at some unloading rates achievable by standard proof-
testing equipment the minimum inert strength after proof testing can
approach to proof test stress.

6193-06, Session 1
Silica optical fibres’ behaviour at chemical etching in
hydrofluoric acid vapours
I. V. Severin, Univ. Politehnica Bucuresti (Romania); M. Poulain, R. El
Abdi, Univ. de Rennes I (France)
Reliability of standard single mode silica optical fiber and hermetic
coated fiber has been investigated through chemical exposure to
hydrofluoric acid vapours into a hermetic closed disposal in different
etching conditions. The standard single mode fibres exposure to HF
in gaseous phase was deployed for different etching durations
ranging between 15 to 150 min. The hermetic coated fibre was
subjected to longer etching durations ranging between 45 min and
139 hours. Some series of as-etched fibre packages were tested
immediately, others were dried in air in the laboratory environment
for 3-5 days prior testing and finally others were dried in oven at
180°C (±1°C) for 45 min, then subsequently subjected to dynamic
fatigue testing using a two-point bending testing device.
The stress to fracture applied to the fibre was calculated from the
distance separating the faceplates, using the Proctor and Mallinder
relation, improved by Griffioen. The failure stress was measured for
each fibre and then the results were treated through a statistical
approach using the Weibull theory.
Previous reported testing, carried on the same standard fibre
concerning etching into a fluorinated atmosphere (NH4HF in gaseous
phase), were considered as reference for the preliminary series of
experiments. So, following the preliminary etching trial, one might
notice that, for a 19 hours etching duration, the standard fibre was
quite severely etched, the glass core seemed even to reduce
drastically the diameter and the polymer probably changed the
composition, all alterations leading to the impossibility to perform the
dynamic fatigue testing and the fibre stripping into liquid methylene
chloride (normally quite effective).
The comparison of the three series of testing (etched tested
immediately, etched and dried in air prior testing, etched and dried in
oven prior testing, respectively) was synthesised in function of the
etching duration.
As already noticed during manipulations and testing, the etched
fibres dried into oven were much more brittle then the other ones
previously tested. The hypothesis of polymer viscosity change
associated to the cumulative effects of severe enough etching under
HF vapours and the heat may be noticed through the SEM observa-
tions.
In the case of standard fibres immediate tested after etching,
broader distribution of experimental results was noticed accompa-
nied by a drastic decrease of fracture stress. Drying prior testing of
etched standard fibres has led to a broader distribution of experi-
mental results as-compared to as-received fibres, but steeper in
comparison to etched fibres tested immediately, accompanied by a
slightly decrease of fracture stress. Drying in oven prior testing has
largely broaden the fracture stress, severely decrease to low values
and induced a lot of manipulation difficulties during testing, due to
excessive fibre brittleness.
Same etching testing have been implemented on the hermetic
coated fibre. Increasing step by step the etching duration into
hydrofluoric acid vapours of the hermetic coated fibre, no change of

Weibull distribution and fracture stress were registered until nearly 6
days of chemical exposure to HF vapours. So, the hermetic coated
fibre appeared much more resistant even to quite harsh chemical
damage, as compared to standard commercial fibre. Following
etching for longer durations (more than 42 hours until 6 days), the
fibre has presented a slightly increasing length of severely damaged
extremity, as noticed by SEM observations and, further, by naked
eye. Following the experimental investigation, the hermetic coating
may be considered quite effective even in harsh chemical damage
conditions.

6193-07, Session 2
Space Flight Requirements for Optical Fiber
Components; Qualification Testing and Lessons Learned
M. N. Ott, NASA Goddard Space Flight Center (USA)
“Qualification” of fiber optic components holds a very different
meaning than it did ten years ago.  In the past, qualification meant
extensive prolonged testing and screening that led to a program-
matic method of reliability assurance. For space flight programs
today, the combination of using higher performance commercial
technology, with shorter development schedules and tighter mission
budgets makes long term testing and reliability characterization
unfeasible.  In many cases space flight missions will be using
technology within years of its development and an example of this is
fiber laser technology.  Although the technology itself is not a new
product the components that comprise a fiber laser system change
frequently as processes and packaging changes occur.  Once a
process or the materials for manufacturing a component change,
even the data that existed on its predecessor can no longer provide
assurance on the newer version.  In order to assure reliability during
a space flight mission, the component engineer must understand the
requirements of the space flight environment as well as the physics
of failure of the components themselves.  This can be incorporated
into an efficient and effective testing plan that “qualifies” a compo-
nent to specific criteria defined by the program given the mission
requirements and the component limitations.  This requires interac-
tion at the very initial stages of design between the system design
engineer, mechanical engineer, subsystem engineer and the
component hardware engineer.  Although this is the desired
interaction what typically occurs is that the subsystem engineer asks
the components or development engineers to meet difficult
requirements without knowledge of the current industry situation or
the lack of qualification data.  This is then passed on to the vendor
who can provide little help with such a harsh set of requirements due
to high cost of testing for space flight environments.  This presenta-
tion is designed to guide the engineers of design, development and
components, and vendors of commercial components with how to
make an efficient and effective qualification test plan with some
basic generic information about many space flight requirements.
Issues related to the physics of failure, acceptance criteria and
lessons learned will also be discussed to assist with understanding
how to approach a space flight mission in an ever changing
commercial photonics industry.

6193-08, Session 2
Reliability studies of micro-optical components in NEMO
F. Berghmans, SCK•CEN (Belgium) and Vrije Univ. Brussel (Belgium);
S. Eve, Forschungszentrum Karlsruhe (Germany); C. Gorecki, Univ.
de Franche-Comté (France); N. Huber, Forschungszentrum Karlsruhe
(Germany); P. Kniazewski, Politechnika Warszawska (Poland); O.
Kraft, Forschungszentrum Karlsruhe (Germany); M. Kujawinska,
Politechnika Warszawska (Poland); M. Jozwik, L. Nieradko, Univ. de
Franche-Comté (France); L. A. Salbut, Politechnika Warszawska
(Poland); M. Van Uffelen, SCK•CEN (Belgium)
We discuss on-going reliability studies of micro-optical components
and assemblies as conducted in the EC FP6 Network of Excellence
on Micro-Optics NEMO. We focus on three case studies summarised
below :
- biaxial fatigue testing of micro-optical components ;
- reliability testing and quality control of MEMs ;
- micro-interferometric tomography for optical fibre refractive index
changes.
For each of these case studies we discuss the dedicated measure-
ment and characterization methods as well as preliminary results and
perspectives.
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Case study 1 : Biaxial fatigue testing of micro-optical components.
The aim of case study 1 is to characterise and to improve the long-
term stability of micro-optical components relying on metallic sub-
micron films deposited by PVD on hot-embossed polymer micro-
structures to implement mirrors, spectrometer-elements and
waveguides. The samples considered here consist of gold (Au) film
on PMMA (PolyMethylMethAcrylate) and PC (PolyCarbonate)
substrates. The stability of the interface between the metallic film
and the polymer substrate during thermal cycling and a proper
understanding of the relevant damage mechanisms are essential for
the prediction of the reliability of such systems. The different thermal
expansion coefficients and environmental temperature changes lead
to size mismatches between film and substrate, which need to be
accommodated primarily by the thin film. This causes cracking,
roughening and delamination of the film, which then reduces the
device lifetime.
As the prediction of the long-term stability of the micro-optical
components considered in this case-study is not possible through
thermal testing - because this test does not allow an independent
variation of the different parameters involved in the deformation
mechanisms - we replaced the thermal cycling by mechanical
cycling performed at room temperature and a single frequency. This
allows a significant acceleration of the fatigue testing and a
deconvolution of the mechanical and thermal loads. The first part of
this case study, conducted at Forschungszentrum Karlsruhe - Institut
für Materialforschung II (Germany), consisted in developing and
validating a new experimental setup, which allows for testing in an
equi-biaxial loading condition, as a thermal test would do. The
mechanical setup is completed by an in situ failure detection system,
especially designed for micro-optical components. It includes a
continuous observation of the optical reflectivity of the metal film,
which decreases when the film is damaged. In our experiments
mechanical fatigue testing is based on a strain amplitude corre-
sponding to a normalized thermal cycle (norm ISO 9022-2, - 40°C to
+ 55°C), which has been determined by 2D finite element calcula-
tions, using the commercial code ABAQUS.
Up to 1000 load cycles only initial local surface damage was visible
which can be considered to be a fabrication defect. After 1000
cycles surface roughening starts to develop on the film, whereas
above 1500 cycles cracks and/or extrusions appear. This has been
observed for all the samples. The number of cycles at which damage
occurs depends on the applied strain amplitude. A more complete
analysis of these findings will be discussed in the full paper.
Case Study 2 : Reliability testing and quality control of MEMs. The
objective of this case study are to contribute to the understanding
and analysis of micro electromechanical system (MEMS) failures, to
optimize the fabrication process, to model the reliability of MEM
components and to determine adequate qualification criteria.
Micro beams were fabricated at FEMTO-ST (France) on a 3", 380
µm, (100) oriented Si wafer. The top of the wafer is covered with a 1
µm-thick thermal SiO2 as insulating layer. A 15 µm membrane was
first formed by KOH etching, followed by a deposition of a 0.1 µm
Cr/Au layer on the front side of the membrane. The shape of the
bottom electrode is defined through a photoresist mask and wet
etching. The actuation of the beams is taken care of by a PECVD
deposited 2 µm-thick AlN piezoelectric layer. Two complete test
wafers with a set of micro beams were fabricated and diced to single
chips. The measurements were carried out with a multifunctional
station based on a Twyman-Green interferometer dedicated to the
characterisation of micro systems and their micromechanical parts
such as beams, bridges or membranes. In the static case the
measured features include shape and out-of-plane displacement.
Dynamic measurements rely on a stroboscopic method to identify
vibration modes and to measure transient shapes. Both types of
measurements rely on a temporal phase shift algorithm (5 interfero-
grams shifted with 90°).
The functionality of the beams was first tested on 700 µm long
samples. These appeared to be bended downwards from the start
evidencing that the deposition of the electrodes and of the AlN layer
introduces stress which induces an initial deformation. The average
value of this initial deformation was 800 nm. Dynamic measurements
were carried out as well. For three tested neighbouring micro beams
the following first vibration mode frequencies were obtained: 3833
Hz, 3848 Hz, and 3889 Hz. The small differences in resonance
frequency values can be explained by geometrical imperfections and
possibly other reliability issues that will be described in the full paper.
Case study 3 : Micro-interferometric tomography for optical fibre

refractive index changes. This case study first attempts to assess the
reliability of the use of optical fibres and more generally optical
materials in nuclear environments (for space and civil nuclear
applications) and second to demonstrate the capabilities of micro-
interferometric tomography for reliability studies. Additionally, it
contributes to the understanding of the mechanisms leading to
radiation induced refractive index changes in glass materials and the
possible exploitation of highly energetic radiation for the fabrication
of waveguides in glass.
The optical fibre considered here is standard Corning SMF-28 fibre.
Different samples of about 10 cm taken from the same fibre spool
were irradiated up to total doses of respectively 0.5 MGy and 5.0
MGy at SCK•CEN (Belgium). Refractive index profiles of the optical
fibres are then recorded using a micro-interferometric tomography
developed at the Warsaw University of Technology - Institute of
Micromechanics and Photonics (Poland) and compared to those
obtained on pristine fibre samples taken from the same fibre spool.
The refractive index profiles can be characterised at a wavelength of
632 nm with a spatial resolution of 0.12 µm and an uncertainty of 10-
4 on te refractive index value.The refractive index changes due to the
irradiation appear to be different for the core and cladding. This can
be explained by the difference in the core and cladding material. In
the core area the change of the refractive index after a dose of 0.5
MGy equals 0.0010, while after 5 MGy this change increases to
0.0013. In the cladding this change is smaller by one order of
magnitude, but seems still present. These changes are in agreement
with values published in open literature.

6193-09, Session 2
Strength prediction of microstructured optical fibers
S. S. Chakravarthy, W. K. S. Chiu, Univ. of Connecticut (USA)
The stress distribution in a microstructured optical fiber is  deter-
mined for a variety of microstuctures when the fiber is in tension and
in bending using both Finite Element Analysis (FEA) and analytical
techniques. The stress distribution obtained from FEA is compared
to that obtained from the analytical techniques. Approximate
formulas are obtained for the stress distribution as a function of the
position and various parameters, like diameter of the holes and
distance between the holes (pitch). Crack propagation in the cross-
section of the fiber is examined for simplified configurations and
mechanisms of crack arrest by the holes are determined as a
function of the parameters discussed above. The failure stress
(strength) is then predicted using the mechanisms of crack propaga-
tion. These mechanisms are then extended to fibers with complex
microstructures and qualitative remarks regarding the strength and
reliability are made.

6193-10, Session 2
Strength and fatigue of microstructured optical fibers
A. Kosolapov, S. L. Semjonov, General Physics Institute (Russia)
Microstructured optical fibers (also called as photonic crystal or
holey fibers) attract increasing interest due to the fact that a wide
variety of novel optical effects can be achieved by designing an
appropriate hole pattern in the fiber. In spite of huge number of
publications about this kind of fibers, there exist only few works
where mechanical issues are discussed.
From mechanical point of view, microstructured fibers have serious
drawback - holes. This means existence of additional surface that
can have its own defects. Technology regimes of the drawing of
such fibers require lower drawing temperature (respectively,
significantly higher drawing tension). In some cases, this is a reason
of additional defects and high stresses in holey structure that can
dramatically reduce lifetime of the fiber even in the absence of
external mechanical influence.
Polymer coating does not coat this surface. So influence of water
vapor from the atmosphere in the hole can be stronger. Moreover,
more and more publications consider now fibers with holes filled by
different substances (gases or liquids). Most of them could signifi-
cantly reduce mechanical properties of the fibers.
Thus, mechanical issues could be a serious problem for practical use
of microstructured fibers. In this report, we will present and discuss
results of our study of influence of technological and environmental
parameters on mechanical properties of microstructured fibers
fabricated in our Center.
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6193-11, Session 2
Overview of Fiber-to-the-premises (FTTP) product
requirements and qualification programs
O. S. Gebizlioglu, Telcordia Technologies, Inc. (USA)
No abstract available

6193-12, Session 3
Passive component reliability analysis of issues relating
to stoichiometric defects in glass
S. Kannan, Lucent Technologies/Bell Labs. (USA)
No abstract available

6193-13, Session 3
Annealing and temperature coefficient study of Type IA
fibre Bragg gratings inscribed under strain and no strain:
implications to optical fibre component reliability
K. Kalli, Higher Technical Institute (Cyprus); H. Dobb, G. Simpson,
Aston Univ. (United Kingdom); M. Komodromos, Frederick Institute
of Technology (Cyprus); D. J. Webb, I. Bennion, Aston Univ. (United
Kingdom)
Type IA fibre Bragg gratings have attracted interest within the sensor
community based on their unique spectral and physical characteris-
tics. They are readily identified by their spectral attribute of a large
red shift in the Bragg wavelength of the grating during inscription
that accompanies an increase in the mean core index. It is
recognised that this red shift is dependent on fibre type and
hydrogenation conditions, and for a highly doped fibre, such as B/Ge
codoped fibre, is typically 15-20nm. The maximum wavelength shift
translates to an increase in the mean index of up to 2x10-2. A strong
correlation between the growth of the OH absorption band formation
in the optical fibre during prolonged UV exposure and the increase in
the mean index change of the fibre grating has been reported. As a
result of this fundamental material modification Type I and Type IA
gratings have been written in the same fibre with a common phase
mask, yet with central reflecting peaks more than 14nm apart after
annealing. More importantly, this change in the mean index of the
fibre core results in their key physical attribute, that they exhibit the
lowest temperature coefficient of all grating types reported to date;
this makes them attractive for use in a temperature compensating,
dual grating sensor. Recent studies have shown that the degree of
hydrogenation modifies the thermal coefficients of both Type 1 and
Type 1A gratings.
Here we investigate the annealing properties of Type IA Bragg
gratings in order to examine their thermal stability and any similarities
to the annealing properties of other grating types, for example
conventional Type I and Type IIA Bragg gratings. Initial experiments
suggest that Type IA gratings are less robust than other grating
types. This has implications when using Type IA gratings in any
optical network and to their long-term stability, affecting the Type IA
lifetime characteristics. Fibre Bragg gratings are frequently used as
sensing elements, most often measuring temperature and strain
variations, and schemes have been developed to discriminate
between temperature and strain when both variables simultaneously
affect the Bragg grating. One potentially important scheme relies on
the use of sensor head incorporating adjacent Type I and Type IA
Bragg gratings, known as a Type I-IA grating sensor. Here perfor-
mance is related to wavelength stability, any change in spectral
characteristics would adversely impact the sensor. This holds for
telecommunications applications, where Bragg gratings are most
often used as narrow band optical filters in multi-wavelength
systems. Any change to the grating’s spectral response can affect
the filter performance, reducing the isolation between wavelength
channels, transmission properties and bandwidth.
We measure the transmission properties of several gratings held at
predetermined temperatures, recording the mean and modulated
wavelength component of the Bragg gratings from which the decay
characteristics can be inferred. Our data shows a vital result
concerning the high temperature stability of Type IA gratings, as they
undergo a drastic initial decay at 100°C which implies that they are
thermally unstable at this temperature, with an ensuing mean index
change that is severely reduced at this temperature However, the
results indicate that the modulated index change of IA gratings
remains stable at lower annealing temperatures of 80°C, and the

mean index change decays at a comparable rate to Type I gratings
at 80°C. These results show that the maximum temperature IA
gratings may be reliably used is less than 80°C.
As an extension of this work we have explored the thermal decay of
strained- and unstrained-Type IA fibre Bragg gratings written with
high, continuous wave, laser power at 244nm in heavily hydroge-
nated, boron-germanium codoped silica fibre is examined in terms of
reflectivity and change in the Bragg wavelength. We have inscribed
Type I and IA dual gratings in common pieces of fibre (Fibercore
PS1250/1500 B/Ge co-doped single mode fibre). The fibres have
been exposed to low temperature hydrogenation conditions for
extended time periods, resulting in very high hydrogen equilibrium
solubility at saturation. The Type IA gratings are inscribed following
pre-exposure of the fibre to blank-beam UV light under conditions of
strain and no strain. Under these inscription conditions the degree of
Type IA grating maturity is ascertained by monitoring the growth and
saturation of the characteristic 1400nm absorption band. It is shown
that the application of strain quite dramatically transforms the
temperature characteristics of the Type IA grating, modifying the
temperature coefficient and annealing curves, with the grating
showing a remarkable improvement in high temperature stability
compared with unstrained Type IA gratings. Whereas recent studies
have shown that Type IA gratings cannot exceed operating tempera-
tures of more than 100ºC without demonstrating serious decay, we
show that straining the fibre throughout the inscription process leads
to a robust grating that can survive temperatures exceeding 180ºC.
Under conditions of inscription under strain it is found that the
temperature coefficient is also modified increasing in value, but
maintained at a value significantly different to the Type I grating.
Therefore, the combination of Type I and IA (strained) gratings make
it possible to decouple temperature and strain over larger tempera-
ture excursions.

6193-14, Session 3
A comparison of the spectral properties of high-
temperature annealed long-period gratings inscribed by
femtosecond laser, UV, and fusion-arc
T. D. Allsop, H. Dobb, A. S. Main, A. Martinez, M. Dubov, Aston Univ.
(United Kingdom); K. Kalli, Higher Technical Institute (Cyprus); D. J.
Webb, I. Bennion, Aston Univ. (United Kingdom)
A series of long-period gratings (LPGs) were fabricated by a Near-
Infrared (800nm) femtosecond laser under different flux and influence
inscription conditions. A direct comparison is made with long-period
gratings fabricated by UV and fusion-arc. The gratings were all
fabricated in standard telecommunication single-mode optical fibre
and the periods chosen to produce the same attenuation bands. For
comparison purposes, the investigations were carried out on the
same cladding mode attenuation band in the different gratings. It
was found that the attenuation band associated with the
femtosecond inscription exhibited polarisation dependence; the
spectral separation between polarisation states varying from 2 nm to
40 nm depending upon inscription conditions. Negligible polarisation
dependence was found with the UV and fusion-arc LPGs. A range of
femtosecond LPGs along with an UV and fusion-arc LPG were
subjected to increasingly high temperatures and then cooled, in the
temperature range 100 °C to 850 °C. It was repeatedly found that the
induced birefringence of the femtosecond LPGs reduced steadily up
to a temperature of ~600 °C with values of dDeltaLambda/dT ranging
from -0.002 nm/°C to -0.009 nm/°C. For temperatures above 600 °C,
values of dDeltaLambda/dT dramatically increased typically by -
0.025nm/°C but this value varied dependent upon the inscription
conditions of femtosecond LPG. After cooling, the hysteresis effect
on the three different types of LPGs was observed. All the LPGs
produced blue wavelength shifts with the fusion-arc LPG having the
smallest coefficient of -0.002 nm/°C, the femtosecond LPGs ranging
from -0.013 nm/°C to -0.034 nm/°C and the UV LPG having the
largest coefficient of -0.076 nm/°C up to a temperature of ~600 °C.
After being heated to temperatures in excess of 600 °C and then
cooled, the femtosecond LPGs produced larger blue shifts typically -
0.2 nm/°C compared to observed red wavelength shifts for the UV
and fusion-arc LPGs. Some of the spectral behaviour of the
femtosecond LPGs is similar to femtosecond fibre Bragg gratings
that have been fabricated using the same conditions. Some
supporting theory is offered for the fabrication and annealing
processes occurring and the spectral behaviour observed.
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6193-15, Session 3
Optical fibre performance in hydrogen atmosphere at
high temperature
S. L. Semjonov, V. A. Bogatyrev, A. F. Kosolapov, A. S. Biryukov,
General Physics Institute (Russia); I. V. Nikolin, Schlumberger
Research & Development, Inc. (Russia); R. T. Ramos, V. Vaynshteyn,
A. H. Hartog, Schlumberger Sensa (United Kingdom)
Possible use of optical fibre in harsh environment can be limited by
many factors. Very important one is an increase of optical losses
related with hydrogen. There are several mechanisms of loss
increase. The types of loss can be selected into two main groups:
- losses due to molecular hydrogen;
- losses due to products of the reaction of hydrogen with defects in
light-guiding portion of a fibre (OH groups).
There were many publications about hydrogen-induced losses in
silica fibres. Carbon coating was suggested to successfully defend
the fibre from hydrogen penetration. Most investigations were
devoted to loss increase due to hydrogen in telecommunication
lines. So measurements at temperatures of 100-200oC were
considered as short-time accelerated tests.
New applications of optical fibres and fibre sensors (for example, in
oil and chemical industries) require long-term stability of the fibre
performance in hydrogen-containing atmosphere at temperatures up
to 300oC. Unfortunately, practically there are no reliable data in
literature about behaviour of the fibres in such environments.
The aim of this report is to present and to discuss results of
hydrogen testing of optical fibres at elevated temperatures. Samples
for testing were silica based optical fibres with different dopants in
the core hermetically coated with metal or carbon.

6193-31, Poster Session
Influence of fibre parameters on the performance of
SCM_QPSK transmission systems
M. J. Pontes, Instituto Militar de Engenharia (Brazil); A. P. Togneri, M.
E. V. Segatto, Univ. Federal do Espirito Santo (Brazil); M. T. M. R.
Giraldi, Instituto Militar de Engenharia (Brazil); J. C. W. A. Costa,
Univ. Federal do Para (Brazil)
To meet the rapid increasing demand for optical transmission
capacity, spectrum efficiency will become a key issue for the full
utilization of limited wavelength resources. A new generation of
technologies based on subcarrier multiplexing (SCM) offers the
potential for higher capacities of single-wavelength and multi-
wavelength systems, significantly reducing the cost per bit through
advanced modulation [1].
Common applications of SCM technology in optical communication
systems are analogue cable television (CATV) distribution, optical
wireless [1], label switch routing [2] and low-cost local area optical
networks. It is also demonstrated that when SCM is combined with
dense wavelength-division multiplexing (DWDM) technology,
aggregate data capacity and even transmission of hundreds of Gbit/
s is feasible. In this case there is the potential to reach 1-Tb/s
aggregate rates with a bandwidth-length product of 10 Tb/s km [3].
In this paper the performance of a high-speed digital fibre-optic
Subcarrier Multiplexing transmission system using QPSK modulation
is analysed. Our results will show that it is possible to increase the
system bandwidth by controlling the input optical power. The system
bandwidth increase was analysed in terms of fibre length and
dispersion considering different links, subcarrier spacing and optical
power. Eye opening and transmission bandwidth are the figures of
merit that enable the system performance’s analysis. Limitations
imposed by nonlinear distortions mainly due to interplay between
dispersion and self-phase modulation were verified as well.
As SCM implementation is relatively simple, this is a technique that
enables practical and reliable integration with already installed
systems.  Based on that premise, the performance obtained to the
SCM_QPSK transmission system such as the subcarrier channel
spacing, signal input power, available frequency bandwidth under
the fibre specifications and conditions will be analysed to be used in
a specific application. It means applying this technique after setting
the requirements necessary to the operation of an optical ground-
wire (OPGW) already installed system.
The basic concept that supports the subcarrier multiplexing comes
from the communications theory. In that case, multiple microwave

subcarriers are used to transmit multiple frequency channels or an
electrical frequency division multiplexing (FDM) over coax cable or
free space. The total bandwidth available in such electrical cables is
lower than 1 GHz. However, if the transmission medium is switched
to the optical fibre it means to have an electrical FDM that will
modulate the optical carrier. The signal bandwidth can easily exceed
10 GHz by using only one optical carrier.  Multiple optical carriers,
i.e. a wavelength division multiplexing (WDM) can be considered in
the SCM transmission system that has the potential to reach a
bandwidth superior than 1 THz. Such systems will configurate a
WDM_SCM scheme.
Optical SCM is a scheme where multiple signals are multiplexed in
the electrical domain and transmitted by a single wavelength in the
optical domain.
A significant advantage of SCM is that microwave devices are more
mature than optical devices, consequently, the stability of a
microwave oscillator and the frequency selectivity of a microwave
filter are much better than their optical counterparts. In addition, the
low phase noise of microwave oscillators makes coherent detection
in the electrical domain easier than optical coherent detection, and
advanced modulation formats can be easily applied.
It is also very attractive to consider alternative modulation formats,
such as quadrature phase-shift keying (QPSK) and quadrature
amplitude modulation (QAM), to improve the spectral efficiency of
the transmission scheme. The use of these more advanced modula-
tion formats, while being more spectrally efficient than two-level
signals, does require a larger signal-to-noise ratio (SNR) to allow a
given received sensitivity [3].
One of the major issues associated with the detection of the SCM
channel is the extraction of the subcarrier frequency and the
subsequent demodulation of the signal. This has been studied
extensively in coherent detection systems [4]. However, the receiver
required for such systems can be much more complicated, if
compared to the receiver used in a QPSK modulation scheme.
Therefore, a simpler receiver layout will make the entire system more
reliable, since it will become more robust to error disturbance,
maintenance is easier and system upgrades will be facilitated.
In conclusion, we have investigated the performance of SCM
systems. The frequency response was measured and computed. The
transmission bandwidth was studied in terms of fibre dispersion and
input optical power. The results shown an increase of the transmis-
sion bandwidth as the optical power increases.
The system performance was also analysed in terms of channel
spacing. For QPSK modulation, power penalties smaller than 1 dB
were obtained only for channel spacing higher than 1.2 multiplied by
the symbol rate.
References
[1] T. Ohtsuki, “Multiple-subcarrier modulation in optical wireless
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E. Dudley, S. D. Walker, R. V. Penty, I. H. White, “Toward terabit-per-
second capacities over multimode fiber links using SCM/WDM
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[4] P. M. Hill, R. Olshansky, M. Abdollahian, “Novel carrier and clock-
recovery circuit for multigigabit/second lightwave systems,” IEEE
Photon. Technol. Lett., vol. 5, pp. 96-98, 1993.
[5]  H. Sun et al., “Tunable RF-power-fading compensation of
multiple-channel double-sideband SCM transmission using a
nonlinearly chirped FBG,” IEEE Phot. Tech. Letters, vol. 12, no. 5,
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[6] M. Segatto et al.,”Use of fibre gratings for bit skew compensation
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6193-32, Poster Session
Strength recovery of indentation cracks by HF etching
M. J. Matthewson, C. R. Kurkjian, K. Castelino, Rutgers Univ. (USA)
Cracks produced by indentation have been used to model the
behavior of weak optical fiber. Optical fiber can suffer severe
strength degradation during connectorizing, handling, device
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fabrication, etc..  In this work we use indentation cracks to examine
the feasibility of HF etching to recover the strength of weak fiber.
The kinetics of strength recovery is examined as a function of
exposure time to HF and etchant concentration. Indenters of
different geometry are used to examine the influence of residual
stresses on the strength recovery and defect morphology. The
results are discussed with reeference to work previously reported on
strength degradation of pristine fiber by HF etching.

6193-33, Poster Session
Comparative study of the irradiation-induced degradation
in large diameter optical fibers
D. G. Sporea, A. Sporea, National Institute for Lasers, Plasma and
Radiation Physics (Romania)
Optical fibers are, along with mirrors and windows, passive optical
components of great interest for use in the future International
Thermonuclear Experimental Reactor (ITER) as they will be included
in: plasma diagnostics systems (i.e. light-guides), remote handling
assembles, distributed sensors and optical data communication
links. Optical guides (fiberscopes) are needed for plasma diagnostics
to pick-up the optical signal and to carry it to the diagnostics
instrumentation remotely located, through a noisy electromagnetic
environment, under high temperature, high gamma-ray total dose/
dose rate and high neutron fluences. When irradiated, the optical
fibers exhibit both a radiation-induced absorption (RIA) and
radiation-induced luminescence (RIL) or radioluminescence. The first
effect distorts the transmitted spectra to be evaluated, as in some
spectral bands the attenuation becomes radiation dependent. This
attenuation is dependent on the wavelength, the irradiation condi-
tions and the optical fiber type. Most of the investigations on this
phenomenon were performed up to now over the visible and near-IR
part of the spectrum (above 400 nm and below 2000 nm), targeting
both the optical communications applications and the development
of light guides in the visible spectral range. Under different irradiation
conditions, optical fiber can exhibit some recovery phenomena of the
radiation induced optical absorption (i.e. temperature related effects,
photobleaching). For this reason, in-situ measurements of the optical
absorption during the irradiation proved to be a useful tool in
evaluating the dynamics of the radiation induced color centers
responsible for the change in the absorption spectrum. Few on-line
investigations were carried out on the UV optical absorption of
irradiated optical fibers, as these optical fibers exhibit generally a
poor transmission in this spectral band (200 nm - 400 nm). As the UV
spectral band of the optical spectrum is of great interest for optical
fibers used in plasma diagnostics, our previous work focused on the
off-line evaluation of enhanced UV-response and solarization
resistant optical fibers, after they were subjected either to gamma-
ray or to neutron irradiation.
The present work presents a comparative study concerning in situ
measurements of the irradiation induced optical absorption in several
large diameter (400 microns to 1000  microns) optical fibers
subjected to gamma-ray, neutron and proton irradiation. The optical
fiber samples fall into two categories: optical fibers with an enhanced
UV transmission (high OH content core) and solarization resistant
optical fibers. They are all commercially available products, provided
by four manufactures. Some of them exhibit also a very good
resistance to temperature stress (up to 350 C).
An automatic setup for data collection was used, based on an
optical fiber spectrometer, a deuterium-tungsten light source, and an
optical fiber multiplexer. All the instruments were controlled by a
laptop by a specially designed software package based on the
LabVIEW graphical programming environment. Data, associated to
the 200 nm to 850 nm spectral range, are stored as Excel compatible
files with optical fiber sample and time/date identification for further
processing. The software automatically selects the acquisition
parameters in order to assure the maximum dynamic range of the
measurements and the best S/N ratio for each spectral interval over
which the measurements are performed.
Gamma-ray irradiation was done at the Department of Applied
Nuclear Physics facility of the “Horia Hulubei” National Institute of
R&D for Physics and Nuclear Engineering - Magurele. The irradiation
conditions were as follows: 60Co Gamma source, with a dose rate of
5.3 kGy/h +/- 5%, the fiber was coiled to a 12 cm diameter, length of
the irradiated optical fiber was 2 m, the irradiation was performed at
room temperature, in a hot-cell, in air. The maximum total irradiation
dose was 20.1 kGy.

The neutron irradiation was performed at the Cyclotron accelerator
facility of the National Institute of R&D for Physics and Nuclear
Engineering “Horia Hulubei”, Magurele, based  on the reaction 9Be +
d to n + X, using a   deuteron beam (13 MeV) and a thick beryllium
target of 165 mg.cm-2. To obtain the desired neutrons fluencies the
samples are located downstream at the distances from 10 to 40 cm
from the Be target.  The neutrons flux above 1 MeV is estimated with
a relative error of about 20 %.  The maximum neutron flux achievable
in our setup, at a distance of 10 cm from the target, is 2x10^9 n.cm-
2.s-1.uA-1, corresponding to a deuteron beam intensity of 10 uA. In
practice, a neutron fluence of 10^13 n.cm-2 can be obtained in
about 1-6 days of irradiation, depending on the position of the
samples in respect to the Be target. It is estimated that the neutron
flux was uniform over 10 cm of the optical fiber sample. For neutron
irradiation the maximum value for the fluence reached was 1.18
x10^13 n/cm2.
The proton irradiation was carried out at the Tandem facility of the
National Institute of R&D for Physics and Nuclear Engineering “Horia
Hulubei”, Magurele. Irradiation conditions were: proton energy - 15
MeV; current intensity - 1 nA; dose rate 200 Gy/s (5 x 10^9 protons/
s); irradiation zone - 2 mm; the irradiation was performed at room
temperature. The proton irradiation was performed in order to have a
higher dose rate per unit volume of the irradiated fiber. In the case of
irradiation with protons the maximum total irradiation dose achieved
was 4.32 MGy.
In the case of gamma irradiation, temperature recovery of the optical
attenuation was monitored at room temperature. In all cases, an off-
line investigation on the effect of the temperature stress (up to 250 C)
on the irradiation induced attenuation was studied.
Because both the irradiation and the temperature stress induce a
change in the spectral attenuation of the optical fibers (the peak
attenuation wavelengths are shifted to the right or to the left
according to the process applied to the optical fiber), the spectra
decomposing the overall absorption characteristics were considered
for different situations. The Gaussian deconvolution was performed
at several wavelengths corresponding to the optical absorption peak
wavelengths reported in the literature, for the UV spectral range: 215
nm colour centre; 230 nm colour centre; 240 nm colour centre; 250
nm colour centre; 280 nm (oxygen vacancy colour centre); 318 nm
(bound chlorine colour centre); 330 nm (molecular chlorine colour
centre). This approach makes possible the comparative evaluation of
the colour centres dynamics as function of the total dose and
temperature.
For the case of neutron and proton irradiations, an increase of the
optical attenuation with the total dose was observed until a satura-
tion level is reached. For gamma irradiation it was noticed that
besides the increase of the attenuation with the total dose, addition-
ally a broadening of the absorption spectrum occurs as new colour
centres are created. It can be said that the neutron and proton
irradiation can be associated to a “monochromatic” development of
colour centres in the UV range as compared to gamma irradiation
which has a broad-band effect.
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6193-34, Poster Session
Effect of the coating on the fatigue of optical fibres
Y. M. El Shazly, S. N. Kukureka, The Univ. of Birmingham (United
Kingdom)
Optical fibres are finding new applications such as strain sensors
based on Bragg gratings embedded in a structure. As the structure
is strained, the fibre is also strained. The production of the gratings
comprises stripping of the coating, exposure to UV radiation until the
gratings are formed and then recoating again to protect the glass
surface from any scratches. However, the thick viscoelastic coating,
(125 µm), may affect the stress transfer from the structure to the
fibre. Although it might be hazardous to use the fibre without
coating, however embedding the fibre directly after production might
be beneficial.
To study the effect of the coating on static fatigue, optical fibre was
tested in two-point bending under water in both dynamic and static
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fatigue. The fibre was polyacrylate coated, or stripped with the hot
sulphuric acid technique. The results were analyzed using the power
law and the exponential law for crack growth to predict the long term
behaviour of the stripped and coated optical fibre.

6193-35, Poster Session
Weibull fracture probability of hollow optical fibers
G. M. Camilo, Univ. Federal de Goias (Brazil)
For commercial silica optical fibers the mechanical simplification of
the structure reduces the fracture study to a homogeny cylindrical
solid under stress. In the case of the hollow fibers with layers of
different glasses the study turns much more complicated. The
compatibility of the glasses present in the structure can simplify a lot
the calculations: no generation of flaws in the glasses interfaces.
In this paper it is analyzed the fracture probability and the strength of
a hollow fiber under uniform tensile stress mode. Tensile stress is the
most common event for the optical fiber during the manufacture
process, installation, and use. Later will be analyzed the cases for
bending, torsion, and combined stresses. It is proposed some
experimental tests in order to confirm the validity of such formula-
tions.
It is important to observe that once it is known the fracture risk
probability, the fatigue parameter (n) and the “low stress break flaw
distribution” of the hollow fibers, it is possible to access the fiber
reliability for the fibers in the field.
It was shown recently that the applied force on a composite
cylindrical structure (optical fiber) is distributed among the different
components in a particular way. The force concentration in each
component depends on its sectional area and on its elastic modulus.
Considering that all components have the same sectional area the
less elastic material (higher elastic modulus) holds higher portion of
the applied force.
Another important consideration to understand the mechanical
behavior of the composite optical fibers (hollow or not) is about the
“Fracture Risk Probability”. Once it is known the mechanical
behavior of each component it is possible to calculate the fracture
risk probability for the composite being tested.
In 1939, Weibull’s establishment of statistical mechanics of fracture
for brittle bodies has introduced a new element as concerns fracture
analysis. Statistical mechanics of fracture states that for samples of
a given material manufactured in a similar way, there preexist cracks
randomly distributed as to orientation, size, and number. For a given
stress there exists a certain probability for such a crack to become
critical and to propagate in a catastrophical fashion, thus fracturing
the body. Failure origin is not necessarily located at the highest-
stress zone but it depends on stress-level, size, orientation, and
number of cracks; accordingly a specimen may fail under different
loads.
For commercial silica optical fibers the mechanical simplification of
the structure reduces the fracture study to a homogeny cylindrical
solid under stress. In the case of the hollow fiber with layers of
different glasses the study turns much more complicated. The
compatibility of the glasses present in the structure can simplify a lot
the calculations: no generation of flaws in the glasses interfaces.
In this paper it is analyzed the fracture probability and the strength of
a hollow fiber under uniform tensile stress mode. Tensile stress is the
most common event for the optical fiber during the manufacture
process, installation, and use. It is proposed some experimental
tests in order to confirm the validity of such formulations.
It is important to observe that once it is known the fracture risk
probability, the fatigue parameter (n) and the “low stress break flaw
distribution” of the hollow fibers, it will be possible to calculate the
fiber reliability for the fibers in the field.

6193-36, Poster Session
Optimal design for narrowband low-dispersion fiber
Bragg grating based filter by local particle swarm
optimization algorithm
Y. Liu, Z. Yu, Jr., Beijing Univ. of Posts and Telecommunications
(China)
Due to the decreasing of the channel interval in the DWDM system,
the channel spacing of two adjacent channels has been as small as
100 or 50 GHz, and even to 25GHz in the future. So it is necessary to
build the narrow-band low dispersion or dispersion-free filter to

satisfy the demand of high-speed (\>10Gbit/s) optical communica-
tion systems. Using the Fiber Bragg grating to realize low-dispersion
narrow-band filter is a competitive candidate. In this paper, we
presented a new iterative method for designing fiber Bragg gratings
based on particle swam optimization algorithm. The synthesis of
fiber Bragg grating based narrow band low-dispersion filter can be
treated as a complex bi-objective optimization problem. The
proposed method, especially the local particle swarm optimization
algorithm (LPSO) can efficiently search the optimal solutions in the
solution space. We used two kinds of topology structure of particles
swarm, which ensures the balance of convenience speed and the
ability of searching. To prove the ability of LPSO, in designing the
dispersion-free filter, we divided the grating into 80 sections. This
can assure the smooth index modulation for designing complex filter.
Unlike dividing the grating into 20 sections, which make the
optimized the index modulation is an obviously stepped function and
difficult to fabrication. In simulation, there are 20 particles in each
swarm and five swarms are used. The optimized results showed that
the optimized amplitude and phase response using the LPSO
algorithm after 500 generations can good agreement with the design
target. The first side band is less than -25dB,and the in-band delay
ripple is less than  ps. We gave a detailed comparison with the
results by the genetic optimization algorithm and layer-peeling
algorithm. We found that the results obtained by LPSO are better
than these methods both in the aspects of amplitude and phase
response. Otherwise, the LPSO method can also be used for other
synthesis problem, especially for photoelectronic devices

6193-37, Poster Session
Analysis and fabrication by electric-arc technique of
high-performance bandpass filters based on phase-
shifted long period fiber gratings
A. Malki, Univ. de Rouen (France); G. J. Humbert, Univ. of Bath
(United Kingdom)
Long-period fiber gratings (LPFGs) have potential applications as
spectral filters and sensors. They are based on the coupling from
fundamental mode to forward propagating cladding modes at the
resonance wavelengths of the grating. Recently, there has been
interest in introducing phase-shifts into LPFGs in order to tailor
spectral response that suits specific filtering applications, such as
EDFA gain flattening. In particular, by introducing a p-phase- shift in
the centre of an LPFG, the destructive mode coupling is converted to
constructive mode coupling and a bandpass filter is obtained. The
maximum of all rejected band of the grating becomes a minimum
surrounded by two lateral rejected bands. Due to their low insertion
loss, their large bandwidth with high isolation, and their very low
back-reflection, p-shifted LPFGs can offer new features and should
find applications as fiber-based filters as applied in actively
modelocked erbium ring fiber lasers. These all-fiber bandpass filters
can also be used as building block for all optical communications.
Their low cost of fabrication make these bandpass filters as good
candidates for widely spaced WDM technologies.
The idea of introducing a phase-shift to design a specific transmis-
sion spectrum, was first demonstrated and performed by introducing
the phase-shift in a periodic structure made of InGaAsP/InP
waveguide. It consisted of etching a larger spacing at the center of
the grating, and therefore constructing a single mode semiconductor
DFB laser.
Similar devices have been constructed in optical fibers Bragg
gratings by means of different techniques. The extension of the
phase-shift to long period fiber gratings (LPFGs) was first realized by
using UV photo-inscription technique and a special-amplitude mask
to introduce a p-phase-shift in the center of the LPFG.
Indeed, LPFGs and phase-shifted LPFGs are classically fabricated
by exposing the optical fiber to irradiation of an UV-light laser
through an amplitude-mask. However, the value of the phase-shift
cannot be modified after the fabrication of the amplitude-mask and a
large number of amplitude-masks with different periods, phase-shift
are required for specific applications. Moreover, hydrogenation of the
fibers is needed before grating writing, and the annealing process
should be done after fabrication.
In our previous work, we have reported the first fabrication of phase-
shifted LPFG bandpass filters by exploiting the flexibility of the
electric-arc technique. We also have reported what is believed to be
the first fabrication of bandpass filters with a high isolation of the two
lateral rejected bands. The low isolation of the two lateral rejected
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bands is indeed the main drawback of these filters, since it is lower
than 10 dB. Furthermore, to increase the passband bandwidth, other
p-phase-shifts are introduced into the LPFG, but the isolation of the
two lateral rejected bands is diminished.
In the present work, two complementary parts will be presented. The
first part is a concise theoretical development, though many of the
concepts developed here are available in the literature. We have
derived analytical expressions of the conditions to obtain maximal
bandwidth and maximal rejected bands of a phase-shifted LPFG
filters. By using the coupled mode theory associated with the F-matrix
method, we have shown that increasing the grating length can
increase the isolation of the lateral rejected bands. This issue is
particularly well suitable for  point to point grating inscription process
such as the electric-arc technique. So the phase-shift has to be
introduced in the grating when the transmission at the resonance
wavelength is equal to -6.9 dB to end up with maximal isolation of the
two lateral rejected bands of the bandpass filter.
The second part is the experimental realization of theses filters; it is
what we believe the first fabrication of high performance phase-shifted
LPFG bandpass filters by exploiting the electric-arc technique. We
have fabricated the first bandpass filters that have lateral rejected
bands with isolation higher than 20 dB. We also have fabricated very
high performance bandpass filters with very large bandwidth (FWHM
=19.5 nm) around 1538 nm peak. All fabricated filters are character-
ized by a very low insertion loss (<0.5 dB).
This study shows the efficiency of this point to point grating inscription
process based on electric-arcs to fabricate high performance
bandpass filters.

6193-39, Poster Session
Fiber optics combinational system for transmission of
high-power laser radiation
Y. V. Sorokin, V. V. Valuev, State Unitary Enterprise (Russia)
An analysis of  the laser beam transmission effects in high power
optical fiber with plating of surface was made in this  work. New
optical experimental fiber with plating of surface allows to  increase a
range of using an optical fiber and raise field- performance character-
istics of the communication links and networks on the base of optical
fiber cables.
New optical experimental fiber with plating of surface (Y. V. Sorokin, V.
V. Sorokin  * Optical fiber, Patent Russia,  *  2060520, 01.04.1994)
allows to increase a range of using an optical fiber and raise field-
performance characteristics of the communication links and networks
on the base of optical fiber cables. Optical fiber was  produced  by
stretching  from stocking  in  the vacuum. Then the  metallic  film  was
deposited on  the  fiber  surface in  vacuum. Vacuum technology with
plasma evaporation of metallic film used for the fabrication of fiber
allows to use high clean material, exclude an absorption of water
vapors by the material of light guiding core and to use new material
with the window of transparency within the range of 2,1- 2,5; 3-4 mkm
and losses less. Metallic film deposited on the surface of quartz fiber
has high adhesiveness and toughness to break loads, good radiation
stability and chemical stability to aggressive ambiences, temperature
stability defined by characteristics of metal and possible adapt a fiber
to given warm-up conditions.
Optical fiber with the metallic film on  surfaces has high temperature
stability, good mechanical toughness and allows  to  protect   from
unauthorized information acceptance. Special refraction  index
sharing allows to  increase  the  numerical aperture  and the   transmit-
ted   radiation  power.
High power Nd:YAG- laser and fiber laser can be used in the such
system as the radiation sources. An optimization procedure in 3- axis
space: effective  *  reliability - prize was made in this work.

6193-40, Poster Session
Efficient pump beam coupling in EDFA with two mutually
phase conjugate mirrors
S. Kano, A. Okamoto, Hokkaido Univ. (Japan); Y. Takayama, Japan
Aerospace Exploration Agency (Japan); K. Sato, Hokkai-Gakuen Univ.
(Japan); H. Kaseda, Hokkaido Univ. (Japan)
Erbium-Doped Fiber Amplifiers (EDFA) now play an important role in
optical fiber communication networks.  Efficient coupling between the
pump light source and the fiber is a critical issue for implementing of
EDFA systems.  To couple efficiently, it is necessary to match the

modes between the pump beam and the fiber.  But, in general, large
coupling loss arises because the spatial mode of a laser diode (LD)
as a pump light source is different from the propagation mode of the
fiber.  Therefore, the efficiency to couple the pump beam to the fiber
(coupling efficiency) is very low.  In order to solve the issue, many
techniques to increase the couple efficiency have been actively
researched.  Now, coupling efficiency of about 60% is achieved by
use of a high precision lens, a wedge shaped or a hemi-cylindrical
shaped lensed fiber.  However, these passive coupling devices need
to be specifically fabricated to meet the specific LD and fiber, and
the coupling efficiency drops down even when little misalignment of
optics or mode change of the LD happens.  In addition, when the LD
or fiber is exchanged due to failures, a precise readjustment is
required because the mismatch of modes between the LD and the
fiber is arisen again.
In this paper we propose a method to couple between the pump
light source and the fiber using active devices, mutually pumped
phase conjugate mirrors (MPPCMs).  MPPCM is one of the applica-
tions unique to photorefractive effect.  When two laser beams are
incident into photorefractive crystals (PRC) with high nonlinear gain,
the incident beams can be automatically coupled by the light-
induced index grating, and each of them is diffracted toward their
counterparts as phase conjugate beams. The phase conjugate
diffracted pump beam converges to the fiber, keeping precisely the
same wave front of the beam from the fiber.  In our system,
therefore, the mode of the pump beam is automatically determined
to meet the propagation mode of the fiber by using MPPCMs.  As a
result, the efficient coupling of the pump is realized without any
difficult adjustments.  Moreover, as an advantage of MPPCM, it is
possible to deal with the change of the mode because the grating
inside the PRC is dynamically rewritable in the same time as time
constant.  According to this property, even if some differences in
alignments or properties of respective elements occur, these
differences are compensated by MPPCM.  In other words, even if the
modes between the LD and the fiber change, the readjustment of
optical elements is not required.  Furthermore, some errors about the
incident angle, the mismatch of modes and so on are allowed
according to phase conjugate property of MPPCM.  Therefore, it can
be expected to contribute to the improvement of mean time between
failures, mean time to repair and utilization etc in this system.  The
optical setup in our system is composed of two LDs that are pump
light sources, two PRCs, EDF, two WDM couplers and the fibers at
the end of each WDM coupler.  In EDFA, 0.98 or 1.48 µm band is
generally used as the pump beam.  But, these bands are not
sensitive in the BaTiO3 crystal that can obtain the high diffraction
efficiency of MPPCM.  In contrast, the pumping bands of 0.5, 0.6
and 0.8 µm are sensitive in the BaTiO3 crystal.  The gain using these
bands as the pump beams falls by about 1 digit per 1mW compared
with that of using 0.98 or 1.48 µm bands.  But, it is expected to
increase the total gain by using high output LD in these bands.  In
this paper, we use the BaTiO3 crystal as the PRC and 0.5 µm band
as the pump beam.
We analyze the coupling efficiency in our system, and conduct the
fundamental experiments to realize our system and confirm the
system operation capabilities.  The result of analysis shows 60% of
the coupling efficiency is obtained in using BaTiO3 crystal and
514.5nm pump beam.  Then, in the fundamental experiment, under
the condition that we use the pump beam whose wavelength is
514.5nm and the multimode fiber, about 35 % of coupling efficiency
can be achieved.  Then, the result shows the coupling efficiency with
a MPPCM is nine times higher than that without a MPPCM.  The
coupling efficiency of this result is smaller than that of the high
precision lens, the wedge shaped or a hemi-cylindrical shaped
lensed fiber.  But, the 60% of the coupling efficiency can be
expected by improvement of the pump beam intensity, incident
angle and so on.

6193-41, Poster Session
Internal defect localization in 980-nm ridge waveguide
lasers
L. C. Diaz, H. J. Eichler, Technische Univ. Berlin (Germany); K. D.
Weich, Siemens AG (Germany); A. Klehr, U. Zeimer, Ferdinand-
Braun-Institut für Höchstfrequenztechnik (Germany)
“Sudden random failures” of double quantum-well (QW) InGaAs 980
nm high power ridge waveguide (RW) lasers have been investigated
to recognise internal damages of laser diode structures. The 14-pin
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butterfly pump laser modules are fabricated for terrestrial Erbium
Doped Fiber Amplifiers (EDFAs). The examined lasers were in use for
three to five years in these optical systems as pump sources.
Interesting for us is to identify the exactly failure mechanism.
The investigated RW lasers are 800 µm long and have a ridge width
of about 4 µm. The front and rear facets have AR and HR coating
layers of 5% and 95% respectively. The maximum output power of
the investigated lasers is 150 mW at around 200 mA. The maximum
forward current is 500 mA at a voltage less than 2.5 V. The lasers
were mounted p-side up on ceramics (1.5mm ´ 1mm) and coupled
with a fiber.
For the inspection of the external and internal status of the devices
we used optical spectrum modulation experiments, electrolumines-
cence measurements, scanning electron microscopy and
cathodeluminescence (CL) investigations.
To find out and prove internal damages of laser structures the non-
destructive optical spectrum modulation method [1,2] is used. Here,
the longitudinal mode spectra below laser threshold of undamaged
and damaged laser diodes have been measured. Defects and their
positions inside the cavity of semiconductor lasers can be seen with
a Fourier Transformation of the mode spectra. We found, that
spectrum modulation produces reliable results for defects at least
100 µm away from the facets.
To investigate defects in the facet region (up to 10 µm away from the
facet) the laser were biased with a small current and the electrolumi-
nescence from the facet was measured with a high resolution optical
microscope.
These two methods are non-destructive and can be used before and
after degradation of the lasers.
To analyze the structure and the behavior of the defects (CL) was
used. This destructive method is applicable to the observation of
defects in the active zone. CL is emitted from a semiconductor
material under electron irradiation, and is a result of the recombina-
tion of the electrons and holes induced by the irradiation. For the CL
images, the laser diode chip is soldered out of its ceramic carrier and
mounted p-side down with contact glue to a new submount. Then
the substrate is removed by a combination of grinding and wet
chemical etching in order to allow for excitation of the QW by the
electron beam.
Results of the defect analysis
We found, that the examined lasers were in use only for three to five
years, the occurring failure mechanisms are „sudden random
failures”. Two different “sudden random failures” were found:
“catastrophic optical damage” (COD) and “dark line defects” (DLDs).
COD is initiated by absorption of the laser light at the facet. COD is
caused by different failure mechanisms processes (e.g. electrical
overstress or coating layers problems).
DLDs can appear under normal operating conditions and are related
to centers of non-radiative recombinations in the waveguide. This
failure mechanism is directionally dependent on the crystal structure.
The undamaged lasers show no abnormalities in the waveguide.
There is general agreement, that damaged lasers have dark areas in
the waveguide. Our CL images show that the defect density varies
along the laser waveguide.
These dark areas are attributed to zones with high defect density.
We observed in different lasers locally, homogeneously or
inhomogeneously dark areas along the waveguide.
The position of the DLDs defects depend on their spatial origin. We
found 2 different conditions for defect propagation:
1. Defects emerge from the laser facet and propagate inside the
active region
2. the damage starts at centers of non-radiative recombinations
Finally, it will be shown that the defect positions obtained from the
non-destructive optical spectrum modulation method and cathode
luminescence investigations are similar.
References
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J. Sebastian, H. Wenzel, G. Tränkle, „Defect recognition via
longitudinal mode analysis of high power fundamental mode and
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6193-42, Poster Session
A novel dynamic grooming model using immune
operators for IP over ASON network
T. Xie, Univ. of International Business and Economics (China)
As the growth of bandwidth demand for data traffic drives the
evolution of the current transport networks towards the introduction
of the Automatic Switched Optical Network (ASON), traffic grooming
in IP over ASON networks becomes an extremely important research
problem. ASON facilitate setting up or tearing down end-to-end
lightpaths dynamically. Grooming policies are the ensemble of
algorithms and protocols that takes the decisions regarding possible
changes of the current logical topology each time a data-layer
request arrives or leaves the network. Due to the large granularity of
lightpaths, dynamic grooming policies must be perfectly solved to
mediate the IP layer and the Optical layer. This paper addresses a
novel adaptive grooming model, incorporating simple immune
operators abstracted from transcendental knowledge to make
information exchange efficiently between both layers, and allowing
optical flexibility to reconfigure the logical IP topology in order to
cope with changing traffic demands. We also evaluate the model in
an IP over ASON network field trial based on GANCLES simulation
package. Our result shows that using the dynamic grooming model
can optimize the configuration of logical topology and network
resources for IP over ASONs.

6193-43, Poster Session
Configure GMPLS with shared protection in survivable IP
over optical networks
T. Xie, Univ. of International Business and Economics (China)
The convergence of IP and optical network through the GMPLS
common control plane in IP over Optical networks challenges the
paradigm of network management and maintenance, in which
multiple network layers cooperate to make the most use of available
network resources. Configure GMPLS control plane with efficient
protection policies become a key issue towards intelligent survivable
networks, including network recovery and restoration. Current
different algorithms for configuration of multi-layer networks consist
of both dedicated and shared protection. This paper first presents
and analyzes requirement and actuality of protection strategies in
GMPLS application. Then we propose a shared protection policy for
configuring survivable IP over Optical networks. The policy is hosted
on the common Control Plane of GMPLS protocol and uses an
iterative algorithm as a core of protection strategy. We evaluate it in
differentiated networks and prove it applicable to 3 protection
schemes: Protection at the Optical Layer, Protection at the IP Layer,
and Protection at Both Layers. Our result shows that the network
with this shared protection improved great levels of efficient
bandwidth utilization, compared to the network without protection.

6193-44, Poster Session
The analysis of reliability problem in multi-failure case
X. Lu, Z. Wang, L. Wosinska, Kungliga Tekniska Högskolan (Sweden)
Abstract:
Optical transport networks carry an increasing amount of traffic due
to the rapid growth of IP and multimedia services. Therefore the
impact of network failures on this traffic and thus user services is
growing very fast. In addition, e-commerce and e-business are
heavily dependent upon the availability of communication resources.
As more and more mission-critical business users are involved
connection availability requirements for these users are of the order
of 99.999 percent or higher, which corresponds to the downtime of
roughly 6 min/year on average. Consequently, network operators
have to deal with the steadily growing demand on connection/
network availability. On the other hand, minimizing the investment
and management costs (Capital expenditure CAPEX and Operating
expenditure OPEX) has become very crucial due to the hard
economical situation that we experience on the market today.
Providing reliable communication is expensive, as additional spare
resources must be provisioned in the network. On the other hand,
however, costs related to the network downtime can also be very
high.
In order to find an economical solution we propose to provision the
strictly necessary redundancy of spare resources in the network to
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achieve a “satisfactory” reliability level. It means to provide higher
reliability to the more important services and lower reliability to the
less important services.  Another factor must be taken under
consideration is that the WDM layer may support multiple kind of
services such as IP, ATM, SONET etc, which in turn may need
different level of reliability. In order to provision different degree of
reliability to the users depending on they needs we adopt the
differentiated reliability concept (DiR). This concept is described in [1]
for a single failure scenario with shared path protection (SPP)
scheme. Typically, the probability of the multi-failure states of the
network is neglect and single failure assumption is widely adopted in
the analysis of the network. However, the recent research work [2]
shows that the probability of the multi-failure network states in many
cases can not be neglected. In this respect it is necessary to
establish an analysis model to cope with the multiple failure scenario.
In this paper we apply the DiR concept to calculate the unavailability
of a given demand which have several shared protection paths.
Thus, we cope with the optimization problem of the DiR mentioned
above in the multi-failure scenario. We are going to present a fast
algorithm to calculate the unavailability of each demand with the
following assumptions:
 *  The WDM network with mesh topology is adopted.
 *  Several faults can occur at the same time in the network.
 *  Wavelength conversion is not adopted, which means we must
abide the wavelength continuity constraint.
 *  A connection demand may consist of one or more lightpaths. A
lightpath requires one wavelength on each link along the path.
Splitting the lightpath belonging to the same demand is not allowed.
 *  Several protection paths are given to each demand besides the
working path. Any protection path is route-disjoint to both the
working path and the other protection paths of the corresponding
demand.
 *  The network optimization will be performed using differentiated
reliability (DiR) concept in the shared path protection scheme (SPP).
Then different demands can share the same resource to achieve
different reliability requirement of them.
Simulation results will also be shown is this paper to verify the
performance of the proposed algorithm.
References:
[1] Differentiated Reliability in Optical Networks: Theoretical and
Practical Results,
Marco.T, Andrea F, etc, JOURNAL OF LIGHTWAVE TECHNOLOGY,
VOL. 21, NO. 11, NOVEMBER 2003
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6193-45, Poster Session
Evaluation of higher order PMD effects using Jones
matrix analytical models: a comparative study
M. F. Ferreira, Univ. de Aveiro (Portugal)
The phenomenon of polarization-mode dispersion (PMD) is now
considered to be one of the main limiting factors for high-speed
long-haul lightwave transmission systems, especially for systems
with bit rate of 40 Gb/s per channel and beyond (1,2). PMD causes a
broadening of the transmitted optical pulse, which depends on the
input field polarization and exhibits a stochastic behaviour. PMD may
be usefully described by means of the fiber Jones matrix, which
relates the input and output electric fields. Alternatively, PMD may be
characterized in the Stokes space by means of the dispersion vector
(3).  The evaluation of the Jones matrix provides a useful theoretical
means of predicting the overall distortion of the transmitted signal,
but the statistical characterization of its coefficients is not known. On
the other hand, the statistical behaviour of the dispersion vector and
its frequency derivative (4) are known, but, working in the Stokes
space, only the broadening factor of the optical signal can be
evaluated. As a consequence, the knowledge of the analytical
relationship between the Jones matrix and the dispersion vector is
mandatory. In literature, several analytical models have been
developed to extend the PMD representation in Jones apace beyond
first order. In particular, the model of Bruyère (5) that seemed to be
simple and effective, has been corrected by Kogelnik at al. (6) and by
Penninckx et al. (7). A description of high-order PMD based on an

exponential expansion of the Jones matrix has been proposed by
Eyal et al. (8). On the other hand, an exact Taylor expansion of the
Jones matrix with any order PMD has been recently presented by
Orlandini et al. (9).
In this paper a comparative analysis among the Jones matrix
analytical models with high-order PMD is done investigating about
their precision, both in the Jones and Stokes space. An accurate and
stable tool for the system impairment calculation has been identified
in the model that describes the dispersion vector as rotating on a
circumference in the Stokes space. This model, which needs only
two PMD parameters, i.e., the differential group delay an the
principal states of polarization (PSP) depolarization rate, is exploited
to calculate the analytical expression of the pulse broadening and its
statistics, giving a significant means of evaluating the system
penalties. Moreover, the model can be applied in the calculation of
system performance in terms of outage probability on the sensitivity
penalty. In spite of its simplicity, the results obtained with this model
compare very favourably with those obtained with other analytical
models proposed in the literature and to those obtained by numerical
simulations.
(1) - H. Sunnerud et al., J. Lightwave Technol., vol. 20, 2204 (2002)
(2) - M. F. Ferreira et al., Fiber and Integrated Optics, vol. 24, 261
(2005)
(3) - D. Andresciani et al. Opt. Lett., vol. 12, 844 (1987)
(4) - G. J. Foschini et al., IEEE Photon. Technol. Lett., vol 12, 293
(2000)
(5) - F. Bruyère, Opt. Fiber Technol., vol. 2, 269 (1996)
(6) - H. Kogelnik et al., Opt. Lett., vol. 25, 19 (2000)
(7) - D. Penninckx et al., Opt. Lett., vol. 24, 875 (1999)
(8) - A. Eyal at al., Electron. Lett, vol. 35, 1658 (1999)
(9) - E. Forestieri et al., J. Lightwave Technol., vol. 19, 1898 (2001).

6193-46, Poster Session
Upgrading the transmission capacity of local area
networks by improving the receiver performance
D. N. L. Fortes, M. J. Pontes, M. T. M. R. Giraldi, Instituto Militar de
Engenharia (Brazil)
The existing voice and data traffic operating at high bit rates in a
broadband communication network are bringing a dramatic growth
to the traffic concentration nodes [1]. As a consequence, compo-
nents such as hubs that concentrate most of the traffic and are
connected to other few core nodes are arriving closer and closer to
the local customer access network [2]. In addition, the search for
higher bandwidths is coming together with the expansion of the
number of channels and bit rate as well [3]. It gives rise to WDM
transmission systems that support both long haul and metropolitan
network backbones [4]. As multi-channel 10 Gb/s solution is getting
sufficiently mature to the current backbone demands along the
years, a 40 Gb/s long haul WDM commercial link should also happen
in a near future [5].
A suitable immediate application for 40 Gb/s in this scenario is in
local area networks in very short reach spans, which seems to be an
excellent solution to core nodes interconnection, as soon as those
nodes are supposed to be in a restricted urban area within a few
kilometers radius and require a high traffic load.
Among the main advantages of 40 Gb/s short links used in local area
networks from 4 x 10 Gb/s or 16 x 2.5 Gb/s [6], it can be mentioned
the fact it is easier to manage a single high bit rate if compared to a n
´ lower bit rate link. An important issue regards the equipment size
reduction and consequently, less physical space requirement. It is
still possible to mention a higher scalability can be achieved that
means less frequent upgrades.
In this paper we analyze by simulation a measured amplified single
channel 40 Gb/s communication system composed by standard
fiber used in local area networks. Two different commercial simula-
tion tools are used to perform the calculations. Experimental results
were reproduced in such distinct simulation environments that
allowed calibrating and predicting the system performance when
new parameter settings are taken into evaluation. The simulation
results indicate that at least 10 dB less power is required to achieve
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the same BER simply using an optimized receiver. Fiber spans as
short as lengths that eliminate the dispersion compensation have
been considered.
The first part of the present work consists in simulating a reported
measured 40 Gb/s NRZ experimental setup. An Erbium Doped Fiber
Amplifier (EDFA) operating as a booster is included in 1.38 km and
2.6 km G.652 (Standard Fiber - STD) links [7].
Considering the simulation tools are important resources on the
system design, since they allow the designer to study many
scenarios in a cost efficient way, the simulations are performed using
two commercial software: Transmission & Component Maker from
Virtual Photonics Inc. and OptiSystem 3.1 from Optiwave Corpora-
tion. The main point of the first part of such simulations is to adjust
the calculated results to be as close as possible to the measured
ones.
Once the simulation parameters were properly adjusted, in the
second part of this paper we propose a new system configuration
that includes a photodetector, which characteristics were selected
mainly attracted by its superior reported performance [8]-[9]. The use
of such photodetector enabled to have a 10 dB less optical power at
the receiver keeping the same BER. That result also allowed
removing the EDFA. Since one device such as an EDFA could be
eliminated of the layout, with less optical power being required in the
receiver, the system becomes more reliable. By considering a
simplified receiver project where less elements and lower optical
power are necessary to the system operation, it becomes less
sensitive to defects and consequently fewer maintenance or repairs
will be required. We will rely on those main features to increase the
system reliability.
The layout of the discussed optical systems as well as both
simulators characteristics and main parameters will be described in
details. The simulation results from both simulators will be compared
to the experimental results.
The calculated results presented acceptable accordance with the
measured ones. A receiver optimization, by using a higher perfor-
mance PIN, was evaluated and simulation results indicated a 10 dB
less optical received power requirements, with no optical amplifica-
tion needed.
To fiber lengths longer than 4 km, the results for calculated fiber
propagation indicate that dispersion compensation becomes
necessary, since bit rate of 40 Gb/s is being considered.
Despite of the obtained results concern to single channel transmis-
sion systems, this technique can be extended to WDM channels
increasing the overall capacity of local area networks.
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combination”, IEEE Microwave and Wireless Components Letters,

vol. 13, no. 06, pp. 208-210, 2003.

6193-47, Poster Session
Hybrid approaches for the design of mesh and
hierarchical ring optical networks
M. E. Segatto, M. O. Lima, R. T. R. Almeida, E. Oliveira, Univ. Federal
do Espirito Santo (Brazil)
This paper discuss some novel strategies to tackle the difficulty
problem of finding a good logical network topology and minimize its
congestion traffic load. We show our strategy being used for two
typical topologies structures: the Mesh and the Self-Healing Rings.
The typical strategies for solving the design topology problem for
both structures are those based on the use of mixed-integer linear
programming. However the literature shows that these approaches
can be frustrating, time consuming and costly. As an alternative to
these strategies, our approach combines the capability of the meta-
heuristics of finding good solutions in a very short computational
time and provides the mixed-integer linear programming with good
upperbounds in order to pruning great chunk of the searching space.
In this work we show that our approach is promising as we are able
to solve large problems in a reasonable amount of time for both type
of topologies we studied.

6193-48, Poster Session
Improving the response of a SOA wavelength converter in
the counter propagating mode using a fiber Bragg
grating
M. Pinho Alho, Jr., M. T. M. R. Giraldi, Instituto Militar de Engenharia
(Brazil)
In this paper we analyze by simulation the improvement of the
frequency response of a  wavelength converter based on cross gain
modulation in semiconductor optical amplifier in the counter
propagating mode using a fiber Bragg grating. The simulations
results shows that, with the fiber Bragg grating in the output of the
converter the pattern dependence of the converted signal is strongly
reduced [3].
Wavelength converters based in semiconductor optical amplifiers
(SOA’s) become attractive because they are compact, cascadable,
and can operate at low power. Wavelength conversion using SOA´s
can be attained through the non-linear effects of cross phase
modulation (XPM) with two amplifiers placed in an interferometer,
cross gain modulation (XGM), four wave mixing (FWM) and differ-
ence frequency generation (DFG) with a single amplifier. The non-
linear effect of cross phase modulation presents higher performance
than XGM for wavelength conversion due to its larger conversion
efficiency and because it requires lower optical power [2]. On the
other hand, it also needs the integration of two amplifiers in an
interferometer, what is quite complex to assemble. FWM and DFG,
although being the techniques with the largest conversion transpar-
ency, they present a complicated assembly due to phase matching
that is needed for these techniques to operate properly[1].
The technique of cross gain modulation in a semiconductor optical
amplifier is the simplest one for wavelength conversion. However, for
high bit-rates, the finite gain recovery time of the amplifier causes
distortions and pattern dependence of the output converted signal,
since the amplitude of the bits 1’s and 0’s vary with the preceding
bit[3].
Filtering the converted signal with the transmission edge of a fiber
Bragg grating (FBG) can reduce and even eliminate the pattern
dependence of a NRZ signal [4]. The fiber Bragg grating transforms
the output converted signal frequency modulation into an amplitude
modulation which is appropriate for the correction of the distorted
signal. It improves the shape of the pulse, and thus recovers the
apparent frequency response of the converter, increasing the error-
free bit-rate of operation [3].
Wavelength converters based on cross gain modulation in semicon-
ductor optical amplifier operating in the counter propagating mode
have advantages and disadvantages. The main advantage of this
technique is that it does not need an output filter. One disadvantage
is that this scheme may introduce crosstalk in WDM systems, due to
the residual facet reflectivities of the SOAs [6].
In the present work, the simulation is developed using two commer-
cial software: Optisystem 3.1 from Optiwave Corporation and VPI
Transmission&Component Maker 6.0 from Virtual Photonics Inc. The
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results utilizing both software show a reduction on the pattern
dependence of the converted signal using a fiber Bragg grating at the
amplifier output, and consequently, the improvement in the shape of
the output signal in the time domain which will be used as the figure of
merit of this work. The simulations were developed for the bit-rate of
10 Gbit/s. With the use of the hybrid device SOA+FBG, a great
improvement in the modulation bandwidth of the wavelength converter
is achieved.
The simulations of the wavelength converter were made in the co
propagting and counter propagating modes, with and without the fiber
Bragg grating. The results were compared and show that the reliability
of the system is improved when the fiber Bragg grating is introduced in
the wavelength converter output. Using the fiber Bragg grating the
system can operate in high bit-rates (\>10Gbit/s), with a great
improvement in the shape of the signal for such high bit-rates.
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6193-49, Poster Session
Improvement of radiation resistance of multimode silica-
core holey fibers
A. F. Kosolapov, S. L. Semjonov, A. L. Tomashuk, General Physics
Institute (Russia)
Multimode silica-core holey fibers hold much promise for applications
in the nuclear industry in strong radiation fields, in particular, in plasma
diagnostic systems in the future ITER thermonuclear reactor. High
aperture of such fibers can partly compensate for radiation-induced
loss, whereas the elimination of the POD-process (plasma outside
deposition of fluorinated silica cladding) from the preform fabrication
procedure is expected to lead to a much lower concentration of
radiation-induced non-bridging oxygen hole center (NBOHC) absorb-
ing near 630 nm. In addition, the perform fabrication process of such
holey fibers is potentially cheaper than the POD-process, and the
longitudinal holes can be used to deliver molecular hydrogen to the
irradiated fiber sections to strongly suppress radiation-induced
absorption in the course of fiber operation under radiation.
However, we present experimental results demonstrating that NBOHC
is inherent in silica-core holey fibers in the form of both drawing-
induced and radiation-induced defect. Previously we supposed the
drawing induced NBOHC and the precursors of radiation-induced
NBOHC in silica-core holey fibers to result from a high cooling rate of
such fiber during drawing. However, based on our latest results, we
argue NBOHC and its precursors to arise owing to drilling of holes in
silica. Nevertheless, we succeeded in modifying the fiber drawing
process to fully suppress the drawing-induced NBOHC and to partially
suppress the radiation-induced NBOHC: after gamma-irradiation to ~
0.3 MGy, its concentration in a holey fiber made from high-OH KU-1
silica was found to be two times less than in a POD-fiber made from
the same silica.
Finally, we report, for the first time, experimental results on improve-
ment of radiation-resistance of silica-core holey fibers by ‘in-situ’ filling
the holes with molecular hydrogen in the course of fiber gamma-
irradiation.

6193-50, Poster Session
Radiation-induced loss predictions for pure silica core,
polarization-maintaining fibers
M. J. LuValle, OFS Fitel Lab (USA); F. V. DiMarcello, Lucent
Technologies (USA); E. M. Monberg, Lucent Technologies/Bell Labs.
(USA); P. W. Wisk, Lucent Technologies (USA); M. F. Yan, OFS Labs.
(USA)
No abstract available

6193-16, Session 4
Reliability of fibre Bragg gratings in polymer optical fibre
H. Dobb, K. Carroll, D. J. Webb, Aston Univ. (United Kingdom); K.
Kalli, Higher Technical Institute (Cyprus); M. Komodromos, C.
Themistos, Frederick Institute of Technology (Cyprus); G. D. Peng,
Univ. of New South Wales (Australia); A. Argyros, M. C. J. Large, M.
A. van Eijkelenborg, The Univ. of Sydney (Australia)
There is growing interest in the potential applications of fibre Bragg
gratings recorded in polymer optical fibre (POF). Whilst there is
scope in POF based communication systems for grating based
filters, we feel that there may be significant applications in the area of
optical fibre sensors due to the unique properties of plastic fibre: its
high thermal sensitivity, its ability to survive very high strains, its
inherent biocompatibility and the inherent material flexibility provided
by organic chemistry.
Whilst the first POF FBG was recorded a few years ago, the field is
still very much in its infancy in comparison to the silica technology. In
terms of the reliability and repeatability of POF FBGs, there is a
considerable amount of fundamental research that needs to be
done. As examples, there are very little data available that provide
confidence in the long-term stability of the strength and Bragg
wavelength of such gratings and little has been done to characterise
the effect of temperature on the long term grating properties.
In this paper we will discuss the various factors affecting the
reliability of POF FBGs and report on our current research in this
area. We have been focussing on the effects of temperature on the
long term grating properties in a study which, in order to provide
some generality, involves both step-index POF manufactured at the
University of New South Wales, Australia and microstructured POF
produced at the University of Sydney, also in Australia. For FBGs
recorded in both types of fibre, we have observed hysteresis in the
temperature dependence of the Bragg wavelength shift, which
seems to be symptomatic of a thermal annealing process.
Newly recorded gratings demonstrate a repeatable and approxi-
mately linear negative wavelength shift with temperature from room
temperature up to around 60-70°C. Beyond this point, the Bragg
wavelength decreases much more rapidly with wavelength up, in
some cases to around 100°C. Reducing the temperature from this
second region reveals a permanent negative shift in the room
temperature Bragg wavelength, which can be as much as 20 nm.
Following this annealing process the temperature sensitivity is once
more approximately linear with a similar sensitivity to the initial
measurements but now with a much-extended linear range. We have
also demonstrated that gratings can be recorded in the fibre after it
has gone through this annealing process.

6193-17, Session 4
Effect of optical fiber coating abrasion on aging behavior
E. A. Lindholm, OFS Fitel, LLC (USA)
Optical fibers with different protective coatings were abraded then
exposed to zero-stress aging conditions.  The strength of the fiber
was tracked over time with tensile strength testing.  The susceptibil-
ity of a fiber coating to the effects of abrasion and the subsequent
strength degradation from moisture are discussed.

6193-18, Session 4
Thermal and chemical removal of hermetic carbon
coatings from silica optical fiber
C. R. Kurkjian, Rutgers Univ. (USA)
Data are presented for the rates of removal of carbon coatings from
silica lightguide fibers by both thermal and chemical means.  It is
shown that while thermal removal results in a substantial strength
reduction, chemical removal does not.  This apparently results from
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differences in the uniformity of the removal processes in the two
cases.

6193-19, Session 4
Hybrid glass coatings for optical fibers: effect of coating
thickness on strength and dynamic fatigue
characteristics of silica fibers
A. B. Wojcik, Hybrid Glass Technologies, Inc. (USA); J. Wojcik, A.
Walewski, Univ. Marii Curie-Sklodowskiej (Poland); M. J.
Matthewson, Rutgers Univ. (USA)
Specialty optical fibers operating in harsh aerospace environment
are typically exposed to high temperatures and elevated humidity.
This calls for better performing protective coatings. Recently
developed sol-gel derived inorganic-organic hybrid materials called
hybrid glass offered improved protective performance as compared
to standard dual polymer coated fibers.   In this paper we examine
the effectiveness of online UV curing on protective ability of hybrid
glass coatings.   For this purpose the two types of UV-curable hybrid
glass candidates representing various ratios of acrylate polymer and
SiO2   were applied online on silica fibers as single and dual coats.
Samples of single coated were either 25 µm or 50 thick whereas the
overall thickness of dual coated fibers was either 125 or 150 µm.  To
evaluate the coating protective performance on fibers the dynamic
fatigue testing by two -point bending was performed and the stress
corrosion parameter n - as well as the strength of the fibers were
determined.
It was found that the strength of the fibers as well as n parameter
depends strongly on the polymer to SiO2 ratios as well as coating
thickness. Thinner coatings of either one or two layers resulted in
higher fiber strength that can be explained by higher crosslinking
rate of the inorganic component of the hybrid glass coatings.

6193-20, Session 4
Reliability of hard plastic clad silica fibers
B. J. Skutnik, CeramOptec Industries, Inc. (USA); S. B. Spaniol,
CeramOptec GmbH (Germany)
New formulations of cladding materials have become available in
recent times for Hard Plastic Clad Silica (HPCS) fibers. Initial data
showed gains in some properties, particularly dynamic strength,
especially for high numerical aperture (NA) fibers. A systematic study
has been undertaken to determine the full strength and fatigue
behavior of these HPCS fibers and to make comparisons to earlier
HPCS fibers. Preliminary results continue to show improved median
dynamic strength and higher Weibull slope. Full results will be
presented in the talk and will include fatigue behavior and optical
properties. These fibers have many applications and benefits in the
high power laser delivery and medical laser applications as high-
lighted below.
High power diode laser systems with their laser diode bars and
arrays not only require special fibers to couple directly to the diode
emitters, but also require special fibers to couple from the laser to
application sites. These power delivery fibers are much larger than
the internal fibers but still must be flexible, and have not only good
strength but also good fatigue behavior. This is particularly important
in industrial systems using robotic arms to apply the high power
laser energy at a treatment site. The optical properties of HPCS
fibers are well suited for the needs of the delivery of high power from
diode laser bars and arrays to an application site. Benefits of strong
median dynamic strengths and tighter flaw distributions in such
cases will be discussed.
Many medical applications, especially endoscopic ones, can benefit
from the use of highly flexible, high NA, cost effective, HPCS optical
fibers. Benefits of high strength and good fatigue behavior for such
fibers in endoscopic procedures, including laser surgery, will be
discussed including implications for mechanical reliability in medical
settings.

6193-21, Session 5
Improved understanding of high-power damage
phenomena at fibre bends through analytical temperature
mapping
J. V. Wright, E. Sikora, D. J. McCartney, K. Farrow, BT Exact Co.
(United Kingdom)

INTRODUCTION:
There is now clear experimental evidence that high optical power at
a fibre bend can cause catastrophic damage in coated optical fibres
[1-2].  Three distinct damage regimes have been observed depend-
ing on the power level and the type of fibre and coating.
1. Catastrophic failure of the fibre.
2. Catastrophic damage to the fibre coating.
3. Accelerated ageing of the coating.
Optical power lost at the bend is absorbed by the coating, increasing
its temperature and so inducing changes in the coating that over
time lead to a further increase in the absorption and temperature
until failure takes place.  This paper demonstrates that key features
of the phenomenon are amenable to calculation by two separate
procedures.  Firstly the power distribution in the coating is evaluated
which allows the identification of those fibre cross-sections with very
high absorption.  Secondly the equilibrium temperature distribution is
then evaluated for those cross-sections.  The predicted temperature
increase, hundreds of degrees above ambient, is not evenly
distributed as it is driven by localised hot-spots in the coating. The
results give important insights into the sensitivity of different fibre
and coating types to high power damage.
OPTICAL POWER LOSS:
Our high power damage work has used a two-point 180° bend
configuration.  The fibre takes up an elliptical shape with the major-
axis A = 1.669B where 2B is the two-point separation [3].  It is
difficult to model the optical power flow in this configuration using
purely analytical techniques, since the usual simplifying assumptions
of an infinite cladding or constant curvature necessary to make the
analysis tractable are not appropriate.  Consequently the beam
propagation method (BPM) [4] was chosen to model a coated optical
fibre in an elliptical bend.
The cross section of the fibre was represented on a 256Å~256
computational grid.  For example, with a step-size of 1 µm and a
two-point bend diameter of 10mm (B = 5mm), 21300 steps are
required to propagate the optical field halfway round the ellipse of
the two-point 180° bend.  The bend is modelled by transforming the
bent fibre into an equivalent straight fibre by a modification to the
refractive index in the transverse direction [5].  As the optical field
propagates around the bend, power is lost into the cladding and
coatings, with the coatings acting like a waveguide.  The loss of the
bend is calculated from the overlap integral between the optical field
and the fundamental mode of the straight fibre.  However this results
in higher losses than is observed in practice, at all bend diameters.
PHOTOELASTICITY:
The bent fibre is under a radially varying stress which produces a
change in refractive index via the photoelastic tensor.  The fibre may
be treated as an isotropic material that has two independent
photoelastic coefficients [6].  Although the greatest stress is in the
axial direction, the greatest change in refractive index is in the
transverse direction.  The index change here is of the same func-
tional form as that required for the equivalent straight fibre but with
the opposite sign.  The impact of the bend is therefore reduced by
the photoelastic index change resulting in lower losses.  The
agreement with measurements is now considerably better.
BPM clearly shows the impact of complex wave-guiding effects
caused by the coating/air, coating/coating, and coating/cladding
interfaces, and how power lost from the guided mode in the initial
part of a bend can couple back further along the bend.  Optical
power maxima at points within the inner and outer coatings can be
readily seen where power is absorbed by the coating materials to
produce local hot-spots.  As the absorption of the coating material is
considerably larger than that of silica, the relatively low power levels
in the coating can produce significant temperature rises.
THERMAL CONDUCTION:
Optical power lost from the core is absorbed at all points within the
coating.  The temperature then rises until an equilibrium temperature
distribution is achieved whereupon heat is removed by thermal
conduction as fast as it is absorbed.  This is described by the
thermal conduction equation with a source term [7].  The source or
heating term is directly related to the loss of the coating and the
optical power density at that point.  This equation can be solved
numerically using the thermal data of the fibre and coatings together
with the optical power in the fibre cross-section derived by BPM.  As
an example, we have estimated the temperature distribution of the
fibre cross-section at an identified coating hot-spot at z =
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10.236mm, for B = 5mm, with an input power level of 500mW.  Here
the source term can obtain a value of 0.2mW/ µm2 with a corre-
sponding heating rate of 7°K/ms.  Thus the source term is respon-
sible for a very rapid initial temperature rise, albeit within a small
(micron sized) cell.  Thermal conduction limits the ultimate tempera-
ture rise, with equilibrium being achieved in about 0.5s.  The
maximum temperature will depend on the input power, the coating
loss and the boundary conditions at the surface of the fibre.  The
minimum temperature rise occurs with an isothermal boundary.  Here
the temperature rise is a modest 6°K.  However a more realistic
practical boundary condition is a combination of natural convection
and thermal radiation from the outer surface of the coating.  In these
circumstances the temperature at the coating hot-spot reaches
283°K above ambient, the surface temperatures being 2-15°K lower.
CONCLUSION:
This paper describes a number of important results.  We show that
photoelasticity has an important role in reducing the loss of a bent
optical fibre.  In addition, BPM with the appropriate coating properties
and boundary conditions has been used to determine the location
and magnitude of hot-spots in the fibre coating.  Thermal conduction
generates an equilibrium temperature distribution within 0.5s.  The
estimated temperature difference between one or more hotspots
within the coating and the fibre surface temperature has important
implications for fibre temperature measurement as part of a standard
qualification threshold.
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6193-22, Session 5
Optical discharge in silica-based fibers: high-speed
propagation under kW-range laser radiation
A. A. Frolov, I. A. Bufetov, General Physics Institute (Russia); V. P.
Efremov, Institute for High Energy Densities (Russia); M. Y. Schelev,
V. I. Lozovoy, General Physics Institute (Russia); V. E. Fortov, Institute
for High Energy Densities (Russia); E. M. Dianov, General Physics
Institute (Russia)
Optical discharge (OD) supported by laser radiation in silica-based
fibers is a plasma formation of solid-state density. Laser intensity of
\> 1MW/cm^2 is sufficient for propagation of OD in a standard
communication fiber with a velocity of ~1 m/s towards the laser
source. Thermoconductivity is a phenomenon responsible for OD
propagation at these intensities as in the case of slow combustion.
Chemical combustion can switch to detonation in the case of high
energy-release in the material. In a similar manner, in gasses OD
propagates as a light-detonation wave already at I=5 MW/cm^2 (in a
silica tube). We have tested OD propagation in optical fibers at the
laser intensities up to 4GW/cm^2. Velocity measurements and
photography of the destruction tracks have been performed for
single-mode silica-based fibers with a GeO2-doped core. As sources
of radiation a CW Yb fiber laser and a Q-switched CW-pumped
Nd:YAG laser were used. The pulse repetition frequency was 5 kHz,
pulse duration - 250 ns (FWHM), pulse energy - in the range 0.36-0.6
mJ. In all experiments OD was initiated by the contact of the fiber
output endface with a metal surface.
OD velocity is growing from 0.27 m/s to 11 m/s with the laser
intensity increase in the range I=(0.017-3.0) W/mkm^2 as V[m/
s]=5.6*I^(0.635)[W/mkm^2] under the CW radiation of the fiber laser.
This corresponds to a slow mode of OD propagation. Slow OD
resulted in microbubble formation in the core on a thermal relaxation
stage of the core domain melted by OD. At higher intensities (~30W/
mkm^2) 3 km/s velocity of the plasma front (fast OD) was observed
with the Q-switched laser as a radiation source. Fast OD arose at
I~20 W/mkm^2 and moved with a velocity of more than 2 km/s, until
a pulse intensity dropped to 15 W/mkm^2. The next pulse initiated
OD due to laser radiation absorption at stopping point irregularities,
and the process repeated. The OD propagation distance per pulse
was in the range 400-700 mkm. Radial cracks were formed in the
core region with a diameter of about 25 mkm around the central
fused track (core). Larger cracks (diameter of about 120 mkm) were

formed at the star-stop points. The destruction of the fiber was far
stronger in the case of fast OD propagation in comparison with slow
OD.
The fast OD has approximately 30 times higher velocity than the
velocity of slow OD extrapolated to the same laser radiation
intensity. This and quite different picture of fiber damages enable
one to conclude that fast OD has different principal mechanism of
propagation in comparison with slow OD. In the last case it is
thermal conductivity. Detonation is a faster process than slow
combustion. But usually detonation wave propagates with the speed
of sound or faster. In our case, the fast OD velocity is of the same
order but lower than the longitudinal sound velocity in solid silica
(~6km/s). So, fast mode of OD propagation can not be considered
using the model of ordinary light-detonation wave. But the transverse
sound velocity in solid silica and the sound velocity in melted silicate
glasses (at T=2500C) are around 3 km/s.
In conclusion, for the first time the high-speed propagation of OD
was observed in silica-based optical fibers under optical radiation of
about 3 kW power. The proper model for fast OD is a question for
additional investigations.

6193-23, Session 5
Single-mode fiber for high-power applications with small
bend radii
G. S. Glaesemann, M. J. Winningham, S. R. Bickham, Corning Inc.
(USA)
The need for higher bandwidth in telecommunication systems is
driving the development of higher power amplifiers, both in EDFAs
and Raman systems.  For example, in a Raman-assisted transmis-
sion system, more than 1W of optical power may be required from
pump lasers in the 1400-1500 nm wavelength range.  With the
increased demand for ever smaller optical devices and deployment
space, there is concern that fiber will be at risk for this high power
failure mode in the field.  In addition to high power levels, fiber in
EDFAs, Raman amplifiers and associated jumper cables experiences
more handling during device manufacturing, installation and
maintenance than standard telecom fiber.  For example, fiber used in
pigtail applications is typically cut into short lengths by hand and
routed and threaded through devices during manufacturing.  A fiber
design is proposed that addresses both high power and handleability
concerns for fibers in high power devices and associated pigtails.  If
bending is tight enough to leak significant amounts of power out of
the core and into the glass cladding, a coating with a sufficiently low
index traps this potentially dangerous power in the cladding.  The
coating is also designed to keep cladding power from damaging
downstream devices and terminations.  Over the high power coating
is a thick layer of a toughened polymer coating which provides a
significant increase in mechanical protection.

6193-24, Session 5
Spectral modification of type IA fibre Bragg gratings by
high-power near infra-red lasers
K. Kalli, Higher Technical Institute (Cyprus); G. Simpson, K. Zhou, L.
Zhang, D. Birkin, T. Ellingham, I. Bennion, Aston Univ. (United
Kingdom)
We report the first experimental measurements on the spectral
modification of Type IA fibre Bragg gratings, incorporated in an
optical network, which result from the use of high-power, near
infrared lasers. The fibre grating properties are modified in a
controlled manner by exploiting the characteristics of the inherent
1400nm absorption band of the optical fibre, which grows in strength
during the Type IA grating inscription. When the fibre network is
illuminated with a high power laser, having an emission wavelength
coincident with the absorption band, the Type IA center wavelength
and chirp can be modified. Furthermore, partial grating erasure is
demonstrated. This has serious implications when using Type IA
gratings in an optical network, as their spectrum can be modified
using purely optical methods, and to their long-term stability as the
grating is shown to decay. Conversely, suitably stabilised gratings
can be spectrally tailored, for tuning fibre lasers or edge filter
modification in sensing applications, by purely optical means.
Selective heating and spectral modification of the grating character-
istics are implemented using two different laser sources operating in
the near infrared. The first laser source has a low power but
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coincides with the absorption peak of the characteristic 1400nm
fibre absorption band, and induces small but significant wavelength
shifts of approximately 100pm at 10mW power. The second laser
operating at 1425nm and far from the absorption peak induces
wavelength shifts in excess of 600pm and a 30% increase in FWHM
for a pump power of 350mW. We have induced reversible wave-
length shifts, chirp and controlled permanent grating decay (anneal-
ing). These spectral changes result from a process within the optical
fibre, no external heating source acts on the fibre.
Fibre Bragg gratings are frequently used as sensing elements, most
often measuring temperature and strain variations, and schemes
have been developed to discriminate between temperature and
strain when both variables simultaneously affect the Bragg grating.
One potentially important scheme relies on the use of a sensor head
incorporating adjacent Type I and Type IA Bragg gratings. Here
performance is related to wavelength stability and any change in
spectral characteristics would adversely impact the sensor. This
holds true for telecommunication applications where Bragg gratings
are most often used as narrow band optical filters in multi-wave-
length systems. Any change to the grating’s spectral response can
affect the filter performance, reducing the isolation between
wavelength channels, transmission properties and bandwidth.
We note that the use of high power lasers in optical networks is
increasing and our study may have greater implications to all grating
types, as laser powers and the useable wavelength spectrum
increase. This may result from the presence of absorption bands in
the visible and near infra-red that are produced due to the fibre being
pre-conditioned, prior to grating inscription (as in this case).
Absorption features are notable by their presence at shorter
wavelengths for conventional Type I gratings inscribed in hydroge-
nated fibre. Whereas these absorption features are not typically
considered to be of consequence to grating lifetime their impact has
yet to be conclusively established. This is being examined as an on-
going activity of the COST270 action “Reliability of Optical Compo-
nents and Devices in Communications Systems and Networks”.
Conversely, there are applications where suitably stabilized Type IA
gratings can be spectrally tailored, for tuning fibre lasers or edge
filter modification in sensing applications. The latter results from the
non-uniform absorption of the pumping laser source at it traverses
the Type IA grating. The fact that this type of spectral tuning can be
realized through the use of an additional laser source can be
advantageous as no special coatings to the fibre are necessary, and
all degrees of tuning can be set during the grating manufacturing
process thereby offering great flexibility at the design stage. Since all
grating types can be written in a section of pre-exposed fibre this
method of optical tuning could be used for all existing Bragg grating
applications making the technique invaluable to a multitude of
applications. Finally we note that it is possible to tailor the absorption
of the pre-exposed section to mirror the decay in intensity resulting
in a uniform heating of the grating. However, this would alter the
mean fibre index along the pre-exposed section, inducing a
potentially large (up to 20nm) chirp across the grating.

6193-25, Session 5
Implications of losses at high optical powers in Bragg
gratings written by femtosecond laser pulses in coated
fibre
K. T. O’Mahoney, Waterford Institute of Technology (Ireland); A. S.
Main, A. Martinez, D. J. Webb, Aston Univ. (United Kingdom); D. A.
Flavin, Waterford Institute of Technology (Ireland)
We report on high power issues related to the reliability of fibre
Bragg gratings inscribed with an infrared femtosecond laser using
the point-by-point writing method. Conventionally, fibre Bragg
gratings have usually been written in fibres using ultraviolet light,
either holographically or using a phase mask. Since the coating is
very absorbing in the UV, this process normally requires that the
protective polymer coating is stripped prior to inscription, with the
fibre then being recoated. This results in a time consuming fabrica-
tion process that, unless great care is taken, can lead to fibre
strength degradation, due to the presence of surface damage. The
recent development of FBG inscription using NIR femtosecond
lasers has eliminated the requirement for the stripping of the coating.
At the same time the ability to write gratings point-by-point offers the
potential for great flexibility in the grating design. There is, however,
a requirement for reliability testing of these gratings, particularly for
use in telecommunications systems where high powers are increas-

ingly being used in long haul transmission systems making use of
Raman amplification.
We report on a study of such gratings which has revealed the
presence of broad spectrum power losses. When high powers are
used, even at wavelengths far removed from the Bragg condition,
these losses produce an increase in the fibre temperature due to
absorption in the coating. We have monitored this temperature rise
using the wavelength shift in the grating itself. At powers of a few
watts, various temperature increases were experienced ranging from
a few degrees up to the point where the buffer completely melts off
the fibre at the grating site. Further investigations are currently under
way to study the loss mechanism in order to optimise the inscription
mechanism and minimise such losses.

6193-26, Session 5
Power transmission limits of different glass fibers with
antireflective coating
S. Meister, C. Theiss, C. Scharfenorth, H. J. Eichler, Technische
Univ. Berlin (Germany)
We have investigated the transmission limits of different optical
fibers. To minimize reflection losses, antireflective coatings have
been deposited on the fiber end faces. For the coated and uncoated
fibers, the transmission, the stimulated Brillouin scattering (SBS)
threshold and the laser-induced damage threshold (LIDT) were
determined.
Five types of multimode fibers have been investigated. Four fibers
had a core diameter of 200 um.  In particular, we used: 1. step index
fibers with a pure fused silica core and very high transparency in the
IR region and a numerical aperture of NA = 0.22, 2. step index fibers
with a germanium doped core (NA = 0.4), 3. graded index fibers with
a germanium doped core (NA = 0.28) and 4. step index fibers with
hard plastic cladding (NA = 0.37). In addition, a step index fibers with
a 50 um core (125 um cladding) with a pure fused silica core was
investigated.
The fibers end faces were cleaved by commercial cleaving devices.
Because of the different materials of the fibers, the cleaving
parameters were optimized to achieve mirror like fiber end faces. The
quality of the cleaved end faces were investigated by means of
optical interference microscopy as well as atomic force microscopy.
The end faces of the fibers were coated with a two-layer-system
consisting of Ta2O5 and SiO2. The antireflective coatings were
deposited by electron-beam evaporation. Before coating the fiber
end faces were subjected to a multi-step cleaning procedure. The
cleaning procedure were optimized in order to achieve high quality
layer systems with highest laser-induced damage threshold. The
LIDT and the adhesion were also improved by deposition of a buffer
layer on the fiber surface.
For the transmission as well as the LIDT measurements we used a
Q-switched Nd:YAG laser to produce 24 ns pulses at 1064 nm. The
laser provides a maximum pulse energy of 10 mJ. The laser could be
operated with a repetition rate of 200 Hz or in a single-shot mode.
The beam quality was close to TEM00 with M(c)˜ ≈ 1.2.
The fibers with 200 um core diameter and antireflective coatings
show a maximum transmission of ≤ 99.5% for optimal laser beam
coupling. Thus, the Fresnel-losses are almost eliminated by the
antireflective coating on  the fiber end faces.
If a single frequency laser is used and thus the coherence length of
the laser pulses is in the range of the pulse length, stimulated
Brillouin scattering occurs in the fibers. SBS reduces the fiber
transmission when the pulse energy and hence the pulse-peak-
power are increased beyond a certain value. The SBS losses are
investigated for the different fibers.
We performed a N-on-1 test procedure for single- and multi-shot
laser-induced damage measurements. During the single-shot test
procedure, the fiber entrance-face is irradiated with a single laser
pulse at low fluence, which is increased until laser-induced damage
occurs. A similar procedure was used for the multi-shot damage
measurements. Here, instead of a single pulse, the fiber face were
exposed to 100, 1000, etc. pulses with a repetition rate of 200 Hz.
The multi-shot damage measurements are suitable for an approxi-
mation of the laser-induce damage threshold of the fibers for a
infinite number of pulses.
In our damage measurements we used a multi-line laser to avoid
back reflections due to SBS in the fiber. The laser beam was focused
to a 30 um spot on the front face of the fibers. The tightly focused
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beam on the 200 um fibers prevents the uncoated fibers from rear
face damage due to the constructive interference between the
incident and Fresnel-reflected field at the exit face.
The laser-induced damage behavior of the different fibers was
investigated. The 200 um fibers with a pure fused silica core and no
antireflective coating show the highest damage threshold of 127 J/
cm(c)˜. Rear face damage occurs always for the fibers with the 50 um
core diameter. For these fibers the maximum pulse energy which
could be transmitted without rear face damage was 1.1 mJ.
The inspection of the irradiated fiber surfaces was performed using a
Nomarski-Microscope with magnification up to 500. An atomic force
microscope was used for a detailed characterization of the morpho-
logical changes in the laser-modified region. In addition, fiber end
faces were imaged and analyzed by means of  scanning electron
microscopy. The damage morphology provides information to
determine potential initiation mechanisms. This studies was used to
improve the fiber preparation and the deposition process for the
antireflective coatings.
The laser-induced damage thresholds of the fibers with antireflective
coating were measured and compared to the damage threshold of
the uncoated fibers. We found that the laser-induced damage of the
antireflective coated fibers depends strongly on the preparation of
the end faces before the coating process and the coating design.
With the best cleaning procedure and an additional buffer layer, a
high laser-induced damage threshold of the antireflective coated
fibers could be achieved, which was only about 30% lower then for
the same kind of uncoated fibers.

6193-27, Session 6
Optimization of path availability of span-restorable
optical networks
L. Zhou, M. Held, EMPA (Switzerland)
High availability tops the list of features desired for building a
network. The availability of a specific service path is cared by not
only customers but network planners or service providers. High path
availability can ensure credible availability guarantees in a service
level agreement. Service providers can thus attract more customers
and have great potential to increase revenue. Path availability can be
improved normally by installing reliable equipment and operation
software, reducing mean time to repair and implementing regular
monitoring and maintenance. The problem of improving availability
was, however, seldom discussed from the standpoint of network
design, such as capacity allocation and network redundancy, when
all the physical equipment for a network has been given. Network
planners can, in effect, make wise design choices for path availability
improvement early in the development cycle and later when
additional investment is planned.
Various factors influencing path availability of optical networks under
span restoration are investigated. Network redundancy, number of
backup routes, dual span failure restorability can have important
effects on path availability. A formulation to optimize average path
availability of a network is developed and realized by Integer Linear
Programming software. We also propose a method to optimize spare
capacity and path availability of a network at the same time. A case
study analyzes how much average path availability can be improved
with a long haul network under span restoration. Conclusions
deduced from the computational and analytical results can help
network planners to design a network with high performance and low
cost.

6193-28, Session 6
Performance and reliability predictions of 1550-nm WDM
optical transmission links using a system simulator
L. Bechou, L. Mendizabal, Univ. Bordeaux 1 (France); C. Aupetit-
Berthelemot, Ecole Nationale Supérieure d’Ingénieurs de Limoges
(France); Y. Deshayes, Univ. Bordeaux 1 (France); J. Dumas, Ecole
Nationale Supérieure d’Ingénieurs de Limoges (France); D. Laffitte, J.
Goudard, Avanex France S.A. (France); Y. Danto, Univ. Bordeaux 1
(France)
High-rate 1310-1550 nm optical telecommunication system
performances are strongly related to the micro-optoelectronic device
parameter inserted into the transmitter and receiver blocks. These
blocks contain InP photonic and GaAs or InP electron devices. It has
been previously demonstrated that hybrid or monolithic integration

used to assemble these devices (in OEICs) suffers from various
intrinsic and process dependent parasitic effects. Lifetime prediction
is defined as the time at which a parameter reaches its maximum
acceptable shift still stays the main result in terms of reliability
estimation for a technology. For optoelectronic emissive compo-
nents, selection tests and life testing are specifically used for
reliability evaluation according to Telcordia GR-468 CORE require-
ments. This approach, based on physics of failure, is focused on
extrapolation of degradation laws of electro-optical parameters,
allowing both strong test time reduction and long-term reliability
prediction [1].
But actual levels of reliability regarding long time to failure and very
low failure rates lead to a dramatic increase of difficulty for experi-
mental evaluation and time to market availability. During ageing,
gradual changes of several parameters (bias current, output optical
power, central wavelength...) are monitored and then described by
analytical power laws, thermally activated, in order to extrapolate
classical prediction of MTTF and median life or whole lifetime’s
distribution of the products. From these equations, the time to failure
can be evaluated and is strongly dependent on a failure criterion,
which is basically determined as a function of operating conditions.
Due to the various interactions between components, system
reliability cannot be taken as the reliability of the less reliable
component. The chosen failure criterion may not be representative of
the operating conditions of the component within the system.
Moreover, the failure criterion must be adapted as a function of the
component position in the transmission link. A solution would be to
apply ageing tests on the entire system, but it is time-consuming and
high-cost regarding times to market shrinkage. In recent papers, JL
Goudard and al. have reported that the use of Telcordia recommen-
dations may reveal several drawbacks. In particular, tests applied
might not be representative of the real environmental or functional
conditions of the devices. Another problem concerns some inconsis-
tencies or imprecision between the recommendation documents.
Furthermore, in the case of mature technology, there is a growing
complexity to calculate average lifetime and failure rates (FITs) using
ageing tests in particular due to extremely low failure rates. To face
actual qualification challenges, a new qualification approach is
proposed focusing on the reliability concerns at the early stage of the
product development [2]. This method has already shown a great
importance and the results should help to implement component
design rules based on physics of failure knowledge. This new
approach can also integrate statistic computations to extrapolate
lifetime distributions and failure rates in operating conditions from
physical parameters of experimental degradation laws. In a last
paper presented in SPIE Photonics Europe 2004, reliability of 1550
nm Distributed Feedback single mode laser diodes (DFB) working at
2.5 Gbit/s transfert rate have been studied. Cumulative failure rates
and lifetime distributions have been computed using statistic
calculations based on a Monte-Carlo approach and equations of drift
mechanisms versus time fitted from experimental measurements [3].
Another attractive approach, associated with the concept of
reliability modelling, consists in analysing the impact of components
malfunctioning on the optical link performances taking into account
the network requirements and experimental degradation laws. Some
papers have already reported analytic modelling for performance
analysis of WDM transmission links using different levels of complex-
ity for the models of component [4]. These results allow to determine
the system limits of various transmission links but not really offered
any reliability predictions regarding operating conditions.
Thus the main goal of this paper is to report simulation results of
transmission performances after introduction of DFB laser diode
parameters variations versus time (power-dependent). These
variations are extracted through experimental measurements before
and after ageing tests monitored both at AVANEX-France and IXL
Laboratory. Simulations are performed using a system simulator to
study the consequence of degradations of the laser diode on system
performances (eye diagram, quality factor and binary error rate -
BER). These simulations have been carried out with COMSIS
software, developed by a French society named IPSIS. COMSIS is
interactive software for modelling, simulating, and analysing a
complete optical or radio communication system. This software
offers a global vision of the whole system, but, with a description
going until the component level, allows to change system or physical
parameters [5].
The purpose of our study considers a 10 Gbits/s four-channels WDM
link (2.5 Gbits/s per channel) equally spaced by 100 GHz (0.8 nm)
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around the 1550 nm central wavelength as recommended by ITU-T
G 692 standards. The laser diodes are directly modulated by a
pseudo-random binary sequence and enter into a 120 km fiber,
neglecting non-linear effects, by means of a 75 GHz bandwidth
multiplexer. The thermal noise of each photodetector is set to 2 pA/
Hz1/2 at 2.5 Gbits/s.
In this study, we assume that only one channel is degraded and the
other channels are not degraded. Simulation results clearly show that
variation of fundamental parameters such as bias current or central
wavelength induces a penalization of dynamic performances of the
complete WDM link. In particular, consequences on the adjacent
channels are pointed out underlying the relation between the
variations of eye diagram parameters (height, noise, cross-talk, jitter)
and the Q-factor decrease. Variations of optical spectrum density at
the output of the demultiplexer are also analysed showing penalties
on the cross-talk of each channel. Different degradation rates versus
time of aged laser diodes from a same batch have been imple-
mented to build the final distribution of Q-factor and BER after 20
years demonstrating the impact of such variations. In contrast,
linewidth enlargement and RIN variations of the laser diode appear to
be less predominant on final performances. The strong interest of
such an approach is to evaluate the robustness of a dedicated-
technology and to be a complementary tool of actual life-testing
methods and physics of failure in the context of a reliability modelling
approach.
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6193-29, Session 6
Improving restoration time in optical networks
A. Muchanga, L. Wosinska, F. Orava, Kungliga Tekniska Högskolan
(Sweden)
Abstract.
Optical WDM networks are able to transport hundreds of wave-
lengths through a single optical fiber, with say 10 Gbit/s at each
wavelength. Advanced cabling technologies group several hundreds
of optical fibers, stacked on ribbons, in a single cable. As a result a
single cable brake may cause the interruption of a huge number of
digital connections. Reliability in optical networks has therefore
become a crucial problem. Several events can lead to link failures.
The common type of link failures are associated with fiber cut, failure
of active components inside a network element such as transmitters,
receivers or controllers, failure of the nodes and failures due to
maintenance or upgrade actions.
In order to meet Service Level Agreement (SLA), appropriate
connection availability has to be guaranteed. As more and more
mission-critical business users are involved, the 99.999% (5 nines)
uptime of services for those users is a must. As such, how to provide
uninterrupted services to these users, and reduce the loss of service
to a minimum if interruption is inevitable, becomes a critical design
issue. That is, network survivability must be considered in designing
the optical communication network to provide uninterrupted service
to users in the presence of node/link failures. However, survivability
can be implemented in several network layers. These layers can take
actions independently from each other. Therefore, we argue that a
communication mechanism between layers will ensure the optimal
recovery time at all the network layers.
As mentioned before, survivability mechanisms can be performed at
optical layer, client layer (e.g., SONET/SDH, ATM, Fiber channel etc)

and network layer (e.g. IP layer). Typically the pre-provisioned
protection mechanisms are implemented in the optical layer while
higher layer try to restore the connection upon failure occur.
Our argument is that the speed at which a connection is restored can
be improved by implementing appropriate communication between
layers, rather than live up to the layer to detect the failure and take
independent action. What, usually, requires an upper layer to hold off
enough time until the lower layer protection time has elapsed.
The idea of intercommunication between optical layer and upper
layers protocols for faster and efficient protection and restoration is
not new.
For example, in [1] authors raised the issue that optical layer
restoration can occur faster than the SONET/SDH reaction.
Also, several solutions to this problem have been suggested over the
years and some of the potential solutions to the SONET/SDH-Optical
protection layer inter-working problem include:
· Do nothing (e.g., allow both the SONET/SDH & Optical & perhaps
even other layers to react to the failure), this is not however an
attractive approach because it leads to an unpredicted state if some
failure is detected.
· Implement appropriate hold off time in one or more of the layers,
again not efficient as it delays restoration if the failure actually occurs
at that layer, in addition the hold off times get progressively longer in
the higher layers.
· One approach of Inter-layer signaling is suggested in [2]. It is an
elegant solution, but never gained popularity due to the constraints
associated with inter-layer signaling.
· To avoid direct overlay of survivability schemes with similar
restoration time-scales tends to be what is done in practice.
· Coordinate protection layer interworking via a common control
plane across all the network layers as suggested in GMPLS, and
discussed briefly in Sec 3.2.3 of the Internet Draft [3] and [4] and [5].
In second-generation optical networks the optical layer is a server
layer for a variety of technologies. They range from SONET/SDH,
Ethernet, Fiber channel and ESCOM. On top of them we can have
other technologies such as ATM, IP. Until recently it was common to
have IP over ATM over SONET/SDH over optical network architec-
ture for the services that require QoS guarantees. ATM was and is
being used to offer the quality of service that cannot be guaranteed
by the best-effort IP.
Recent developments make it possible to run IP over optical layer.
For that to happen the optical layer control plane is being changed in
the form of GMPLS.
When the optical layer detects a failure the affected demands have
to be rerouted around the failure. Ideally the recovery at the optical
layer is performed before the network layer detects that there was a
failure at the optical layer.
However, if the failure cannot be resolved by the optical layer or the
optical layer cannot detect the failure (e.g. in the case of router
failure) the upper layer should react to the failure and re-route around
the failure.
The time it takes to detect a failure, signal toward the source, switch
to alternative path or provision another connection is called
restoration time and it is important to be kept as small as possible so
that small glitches in the network do not result in disruption of
communication between upper layers.
If we let the network layer wait until the optical layer restoration time
has elapsed, it will result in delays that could have been avoided.
Restoration at a network layer for best-effort Internet was not
perceived as critical, but with fast interfaces (such as 10Gbps) that
are available today a restoration delay of a few seconds can result in
loss of gigabytes of data.
This is the rationale to provide a multi-layer communication in order
to restore the affected traffic in the shortest possible time.
We propose to assign an error number to the common or well-known
failures (i.e. connection, link or network failures). The error number
would inform, which layer should handle this failure. When a lower
layer, for instance the optical layer, detects a failure, it will check the
error number and see whether it should be resolved at the optical
layer. If not it should send a request to the relevant upper layer to
immediately start the recovery.
Assume that t1 is the time it takes for the optical layer to detect a
failure and σt1 is the time it takes for this layer to recover from the
failure. Further assume that t2 and σt2 is the time it takes for one of
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the client layers (e.g., Ethernet, Fiber channel, etc) to detect and fix
the failure respectively and finally t3 and σt3 the time for IP layer
restoration. With inter-layer communication and for failures that
require intervention of an upper layer it will take in the best-case
t3+σt3 to restore an IP connection.
In contrast, with current schemes, such restoration would be in the
best-case take t1+σt1+t2+σt2+t3+ σt3.
In this paper we propose to classify the common failures and
assigned an appropriate error message number. Each level would
use this error message number to decide if it is the right layer to deal
with this particular failure. The layer that sees the failure first should
communicate to the layer that is regarded to start the recovery
process.
In this way the faster restoration of the network, with time magni-
tudes that are significantly lower than seen in today restoration
mechanisms can be obtained.
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6193-30, Session 6
Necessity of optical power in the fiber optics ring
networks
C. M. Jadhao, G.S. College of Khamgaon (India); D. Dhote, Brijlal
Biyani Science College of Amravati (India)
The present paper is to provide the power budget to ensure that
enough power will reach the receiver to maintain reliable perfor-
mance during the entire system lifetime. In order to estimate the
maximum fiber length, it should specify the output power of the
transmitter and receiver sensitivity. Also specify a system margin.
The purpose of paper to provide a power budget of system design to
provide a certain amount of power to additional sources of power
penalty that may develop during the system lifetime.
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6194-01, Session 1
Joint European research projects in millimeter-wave and
THz photonics
B. Cabon, École Nationale Supérieure d’Electronique et de
Radioélectricité de Grenoble (France); D. Jäger, A. Stöhr, Univ.
Duisburg-Essen (Germany)
From pioneering experiments in the 70s covering mainly microwave
applications, the interesting frequency range has extended today up
to millimeter-waves and sub-millimeter-waves or THz frequencies.
Millimeter-wave and THz photonics today is a challenging and
multidisciplinary field combining microwave techniques, ultrafast
electronic and photonic technologies. It is an enabling technology for
new applications and services such as mm-wave broadband
wireless access, THz-imaging and spectroscopy, radioastronomy or
intelligent mm-wave transport systems. Technological functions in
this field include optical mm-wave and THz signal generation,
detection, amplification, conversion, processing and the distribution
and transmission of high-frequency signals by optical means. This
presentation will provide an overview of European research networks
(ISIS) and projects in this interesting field of reserach.

6194-02, Session 1
Demonstration of overlay UMTS signal transmission on a
gigabit passive optical network
H. Le Bras, D. Schumacher, M. Moignard, France Télécom (France)
FTTH deployment is getting widespread to provide wide bandwidths
to subscribers. Among various technologies, the PON (Passive
Optical Network) is emerging as a low cost solution because it is an
optical point to multipoint solution, which allows sharing infrastruc-
ture and equipment between many users. At the same time, the roll
out of 3G technology for mobile networks induces modifications in
the Telecom operator network because the evolution from 2G to 3G
means an increase of the data bit rates and of the radio frequency
carriers, which induces a decrease in cell sizes. In this context,
integration on physical layer of radio and optics with Radio over
Fibre (RoF) technologies may be an attractive alternative to conven-
tional wiring for operator. In this article, we present a UMTS signal
distribution on a PON. We study parameters like Error Vector
Magnitude (EVM), Signal to Noise Ratio (SNR) for UMTS signal, and
Binary Error Rate (BER) for a PON signal at 1.25Gbit/s for up-link and
down-link. For down-link, at the Optical Line Terminal (OLT), NRZ
Binary signal at 1.25Gbit/s and UMTS signal at 2.16GHz frequency
are combined to directly modulate a DFB Laser at 1.553µm. This
signal is then transmitted on the optical fibre and is split between 32
Optical Network Units (ONU). For reception, a low pass filter is used
to receive NZR binary signal at 1.25Gbit/s and a band pass filter at
2.16GHz is used to extract UMTS signal. For up-link, we use the
same scheme but optical wavelength is at 1.3µm and UMTS up-link
frequencies are in range between 1920-1980MHz. We use vector
signal analyzer and BER tester to analyze both signals. We study
several architectures combining solutions with one or two fibers in
order to characterize the impairments due to the bidirectional
transmission in the PON scheme. Finally, a 1x32 PON architecture
over 20km combining UMTS signal and binary signal at 1.25Gbit/s
has been demonstrated.

6194-03, Session 1
Microwave photonic cross-connect repeater for
telecommunication satellites
B. Benazet, Alcatel Alenia Space (France); M. Sotom, Alcatel Alenia
space (France); M. Maignan, Alcatel Alenia Space (France); J. M.
Perdigues Armengol, European Space Research and Technology
Ctr. (Netherlands)
Future broadband telecom satellites on geo-stationary orbit will
receive and re-transmit hundreds of radio-frequency (RF) channels
over tens of antenna beams; they will require flexible payloads in
order to cross-connect or switch signals, and outperform conven-
tional “bent pipe” repeaters [1]. Photonic technologies may offer
major benefits in the development of such payloads with broader
bandwidth, wider connectivity, and enhanced routing  flexibility at
ever lower mass and smaller size [2]. We report on the proof-of-
concept demonstration of an advanced payload concept making
extensive use of optical technologies for supporting broadband,
transparent, and flexible cross-connectivity in future telecom

satellites with multiple antenna beams.
Such a payload architecture is based on conventional microwave
low-noise receive and high-power transmit sections, and incorpo-
rates optical technologies in the centre section to distribute
microwave local oscillators (LO), perform frequency down-conver-
sion, and achieve channel routing. All the LO’s are transferred on
optical carriers within a centralised unit, and delivered to electro-
optical mixers with one microwave and one optical input, and one
optical output.
Each microwave telecom signal received from an up-link antenna
beam is transferred onto an optical carrier at the electro-optical
mixer. As the mixer is fed by an optical LO, the input RF frequency is
down-converted to an intermediate frequency (IF). Once under
optical form, the signals are amplified and routed through an optical
cross-connect made of splitters and switching matrices. Opto-
microwave receivers convert the signals back into microwave ones
at IF, so that RF channel filtering is achieved by conventional
microwave means.
Such a flexible repeater enables to cross-connect a large number of
channels with antenna access and frequency band interchange. It
compares favourably with microwave implementations in that, at
identical system functionality and scale, it may bring drastic mass
savings, and could grow up to larger connectivity (10’s of beams).
Other benefits arise from transparency to RF frequency bands, full
RF isolation, suppression of EMC/EMI issues, that, at the end, may
shorten the design-to-integration cycle.
A system demonstrator was assembled in order to prove the
concept and assess the performance of such opto-microwave
repeaters. It is a sub-populated repeater breadboard, representative
of an end-to-end opto-microwave path. It has inputs in Ka band (28-
31 GHz) and outputs in so-called C band (3-5 GHz), and includes all
the four key blocks :
- Optical Local Oscillator source,
- Electro-optical mixer,
- Optical cross-connect,
- Opto-microwave receiver.
The optical LO source is based on double side-band modulation with
carrier suppression (DSB-CS); it makes use of a continuous-wave
DFB laser at 1547 nm and a Mach-Zehnder optical modulator (MZM)
biased for minimum transmission. The MZM is driven by a high-
purity sinus-wave signal at fLO/2 frequency, so that the optical
spectrum of the output signal mainly consists of the first two side-
bands. Optical heterodyning at the receiver generates a high-purity
microwave signal at fLO frequency. The assembled optical LO
source delivers an optical LO at any frequency up to 30 GHz with
+18 dBm optical power, and a relative intensity noise level below -
155 dB/Hz.
The opto-microwave mixer consists in a broadband MZ modulator
with bandwidth in excess of 30 GHz and 4 dB optical loss. Effective
half-wave voltage (Vpi) and third-order intercept respectively of 12.5
V  and +30.5 dBm were measured at 30 GHz.
The opto-microwave receiver is a band-pass receiver with flat
response from 3 to 5 GHz perfectly fitting the C band. The equivalent
input noise current density was measured below 8 pA/(Hz)1/2. With
more than 20 dB rejection above 10 GHz, the receiver further lowers
unwanted frequency compounds and completes frequency down-
conversion.
After down-conversion from 30 GHz to 4 GHz with a LO at 26 GHz,
residual LO and RF frequency compounds are respectively -25 and -
30 dB below the IF signal, and would be suppressed through the RF
channel filters.
The optical cross-connect, that is to distribute and route the signals,
incorporates a low-consumption optical amplifier with +17 dBm
output power and 4.5 dB noise figure, an optical splitter, and a 4x4
MEMS optical switch configured through a PC controller. The optical
path also includes variable attenuators in order to create the losses
corresponding to larger scale repeater implementations.
RF gain higher than -25 dB and noise figure lower than 47 dB have
been obtained for optical losses as high as 18 dB.
As this optical section is to be preceded by, and is compatible with a
microwave low-noise amplifier chain with high gain (e.g. 55 to 60
dB), the overall gain and noise figure performance will keep
compliant with the overall system requirements.
The concept of a microwave photonic cross-connect repeater for
telecom satellites making use of optical technologies to distribute LO
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‘s, perform frequency-conversion and RF channel cross-connection,
has been assessed. Test results show that the RF performance can
be compatible with the implementation of such repeaters at large
scale with an attractive number of beams.
This work is being supported by the European Space Agency under
the contract 15695/01/NL/ND - Optical Handling of Microwave and
Digital Signals. The authors are grateful to their colleagues at Thales
(F), University College of London (UCL), Contraves Space AG (CH),
Photline (F) and Sercalo (CH).
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6194-04, Session 1
Data transmission using a spectrum sliced radio over
fibre link
J. E. Mitchell, Univ. College London (United Kingdom)
Radio over Fibre (RoF) techniques have received a great deal of
interest in recent years with a number of manufactures now offering
production RoF systems. However, in many cases component cost
is still a critical limiting factor.
This paper investigates the use of optical spectrum slicing tech-
niques for radio over fibre networks. We evaluate the performance of
Wavelength Division Multiplexed (WDM) RoF links constructed using
a spectrum sliced broadband source as the optical transmitter.
Spectral slicing of a broadband source offers potential cost benefits
and will enable widespread deployment if the technology can be
improved to meet the required performance objectives. We report
that the technique for the transport of radio signals in the 18 GHz
band has been achieved, which covers the spectral region that has
potential for use with WiMAX 802.16a and LMDS. Optical spectrum
slicing (OSS) has the advantage of using a single incoherent light
source to create a number of wavelength channels by optically
filtering the broad spectrum into ‘slices’ which can then be individu-
ally or collectively modulated.
Spectrum slicing has been discussed in the past as a possible
technique for realising wavelength division multiplexing (WDM) for
digital transmission applications, although it has not been developed
to the point of commercial uptake. In the main, this is due to
potential noise impairments associated with the technique for digital
transmission. However, this large excess noise penalty arises
because of the large signal bandwidth requirement of high-speed
data transport. For most wireless access applications, although the
carrier frequency is high and therefore difficult to transport by
electrical means, the actual signal bandwidth is relatively low due the
spectral constraints on the radio transmission channel. It is this lower
bandwidth requirement that in part suggests the feasibility of
spectrum slicing since, to a first approximation at least, the noise
level is proportional to the electrical bandwidth required.
It has been shown by Lane and Kitayama, that a narrow spectral
slice from an incoherent source can be used to transport an RF
carrier at 30GHz with minimal noise penalty over 25km of standard
single mode fibre. However, it provided only limited information on
the quality of signals transported as only a carrier and a single slice
width was considered.
The main limitation in spectrum sliced system is the excess beat
noise produced by the incoherent nature of the optical source. For
digital transmission links this has a severe effect on the achievable
transmission bit rate as the signal to noise ratio of such limits is
approximately the ratio of the optical slice bandwidth to electrical
bandwidth. In radio over fibre systems, due to the relatively
narrowband nature of most radio signals, it is common that although
the radio signal may be at a high frequency, its electrical bandwidth
is relatively narrow allow for an acceptable SNR to be achieved with
relatively narrow optical slice widths.
We show that the transmission of complex-modulated data is
possible by directly modulating a Super-luminescent Light Emitting
Diode (SLED) with an Intermediate Frequency (IF) signal. This signal
can then be up-converted to a higher frequency using a Mach-
Zehnder modulator. This has the advantage that a number of WDM
channels can be up-converted using a single device. It is seen that
the intensity noise of the source and of the required optical amplifi-

cation stages degrades the signal by introducing intensity noise on
the received signal. We detail the achievable performance of such a
system with the potential to be used with multiple WDM channels
and discuss the implementation of noise reduction techniques.

6194-05, Session 1
Optical carrier proccessor of microwave/millimeter-wave
photonic signals by using a fiber Bragg grating in
transmission
M. J. Erro, R. Hernández, A. Loayssa, Univ. Pública de Navarra
(Spain); J. Mora, Univ. Politècnica de València (Spain); D. Benito,
Univ. Pública de Navarra (Spain)
Abstract: We propose and demonstrate the use of a fiber Bragg
grating operated in transmission to build a simple, low-cost and
efficient optical carrier processor that permits to enhance the fiber-
optic transmission of RF signals. It simultaneously achieves an
improvement in the detected electric power level and the capability
of reconfiguring the link frequency response avoiding the carrier
supression effect due to chromatic dispersion.
Hybrid fibre-radio architectures are considered as a promising
alternative to provide broad-band access due to their fast and cost-
effective installation. In these systems, the central control office and
the base station are connected via optical fiber links along which the
RF-modulated optical carriers travel. One of the challenges in these
microwave/millimeter-wave fiber optic links is to combine a
reasonably good linearity with a large dynamic range. On the one
hand, the system loss is high due to the poor conversion efficiency
of the electrooptic modulation process. This limitation can be
compensated increasing the optical power that reaches the
photodetector (PD). However, the power that high-frequency PDs
can handle is also limited [1] by the appearance of effects such as
nonlinear distortion generation, response reduction and permanent
damage to the device. On the other hand, if the modulation depth is
increased to raise the RF output power, the inherent nonlinearity of
optical modulators generates high-order harmonics that introduce
crosstalk. Carrier suppression has been demonstrated to increase
the effective modulation depth by reducing the optical carrier power
while maintaining the linearity, thus improving the dynamic range, if
the total optical power is increased to compensate for the reduction
in average level due to carrier attenuation [1]. Carrier suppression
can be implemented using a notch filter [1] or with special biasing of
optical modulators [2].
Another source of loss in microwave/millimeter-wave fiber optic links
that employ the conventional and most commonly used intensity
modulation (double sideband, DSB) is the signal fading or electrical
carrier suppression effect. The two sidebands experience different
phase shifts when transmitted through a fiber because of the
chromatic dispersion, and this phase difference results, for some
frequencies and link lengths, in a complete cancellation of the RF
signal after quadratic detection in the PD. To avoid this effect single
sideband (SSB) modulation can be used. The SSB signal can be
generated with special optical modulations [3], but by using this
scheme, that require more electrical components, the complete
cancellation of one of the sidebands is not feasible. By using an
optical filter to suppress one of the bands generated by standard
modulation, SSB signals can also be obtained [4]. However, this
technique requires a previous shaping of the spectrum if it is not to
be limited by practical filters characteristics [5].
We propose and demonstrate an Optical Carrier Processor (OCP)
that is a new simple and cost-effective approach that allows to
simultaneously achieve optical carrier suppression and avoid the
power fading of the RF signal caused by chromatic dispersion. This
proposal can be considered as a low cost alternative to amplitude
and phase control of the optical carrier using the SBS effect [6], that
maintains the advantage of being independent of the optical
transmitter and the modulation format employed. The new Optical
Carrier Processor takes advantage of the filtering characteristics of
an uniform Fiber Bragg Grating (FBG) in order to selectively modify
the optical-carrier amplitude of a RF-modulated optical wave
achieving in this way the carrier-suppression. But the key concept, in
which the simplicity of this OCP relies, is that the RF fading caused
by the fiber-optic dispersion can be fought against with the same
device -the uniform FBG- by making use of its phase response and
conveniently altering with it the phase of the optical carrier. More-
over, the uniform FBG is operated in transmission, therefore there is
no need to introduce a circulator or coupler, resulting in a very
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simple and cost-effective proposal. The frequency-selective FBG
response is centered at the optical carrier frequency so that the FBG
loss attenuates the carrier power and the FBG phase characteristic
alters the phase difference between the optical carrier and the two
signal sidebands. Due to the symmetry of the FBG frequency-
response, if the optical carrier is not exactly situated in the middle of
the FBG rejected band, the phase difference between the carrier and
the upper band is not the same as the phase difference between the
carrier and the lower band. In this way, by controlling the detuning
between the optical carrier and the Bragg wavelength of the FBG,
this phase shift between both sidebands can be made opposite to
the phase shift induced by the fiber link chromatic dispersion,
overcoming the deleterious electrical carrier suppression effect.
The performance of the OCP has been studied theoretically, showing
that the increase in the effective modulation index, produced by the
attenuation of the optical carrier, results in an higher received
electrical power, if the optical power at the detector input remains
constant. If the reduction in the optical power made by the OCP is
compensated by raising the power emitted by the laser source, the
higher electric power is accompanied by an enhancement in the
CNR value (Carrier to Noise Ratio). If the compensation is achieved
by the introduction of an EDFA, the theory predicts that the CNR is
only improved for a minimum value in the optical carrier reduction
made by the OCP that depends in the specific characteristics of the
elements present in the link. The results predicted by theory have
been confirmed both by numerical simulations with the commercial
software OptSim and by experimental measurements for a link of 26
km-long standard single-mode fiber (17.5 ps/nm·km). The FBG that
forms the OCP is a 1-cm-long uniform non-apodized grating
centered at 1554.25 nm designed to give a maximum loss of 20 dB
and a bandwidth of around 0.2 nm. Results form the experiments are
in good agreement both with theory and simulations. They show a
maximum increase of 19 dB in the received electrical power when no
phase-shift is introduced (without detuning) and hence the electrical
carrier suppression effect occurs for the same frequencies as before
the OCP introduction. When the optical carrier is detuned from the
center of the FBG stopband, the fiber-link frequency-response is
changed, displacing the dips as the optical carrier and sidebands
phase difference is modified. Complete detuning in the carrier-
suppression effect (minimums in the frequency-response are
converted into maximums and vice versa), corresponding to ±90º
phase-shifts, is achieved with around a 9 GHz detuning and a 10 dB
improvement in the electrical received power. As an example of an
intermediate situation, with a detuning of 8 GHz the original link
frequency response that presents the first minimum at 15 GHz, can
be modified to get a flat response around 12.5 GHz with a 3dB-
bandwidth of 12 GHz and an improvement in the electrical detected
power higher than 13 dB.
In summary, we propose and demonstrate a new optical signal
processing technique that is wideband, simple and low cost and that
is based on the modification of the optical carrier magnitude and
phase using a FBG in transmission. Application of the technique to
the improvement of transmission quality in high frequency analog
fiber optic links is shown, resulting in wide frequency response
tunability and reduced RF insertion loss.
Acknowledgments: The authors thank the financial support by the
Spanish Comisión Interministerial de Ciencia y Tecnología within
project TEC2004-04754-C03-03 and the Fiber Optic Research Group
from the Universidad de Valencia for the manufacturing of the FBG.
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6194-06, Session 2
Applications of semiconductor terahertz lasers in
biomolecular spectroscopy and imaging
E. Bruendermann, M. Havenith, Ruhr-Univ. Bochum (Germany)
We will review current semiconductor based terahertz sources
(photomixers, time domain spectrometers) and lasers (germanium
lasers, quantum cascade lasers) and their special advantages for
different applications in biomolecular spectroscopy and imaging
applications. We reflect on the challenges terahertz technology has
to meet to compete with or supplement established techniques in
other frequency ranges.

6194-07, Session 2
Investigation of water and soot contamination in
petroleum products via terahertz transmission
spectroscopy
S. Gorenflo, U. Tauer, I. Hinkov, A. Lambrecht, Fraunhofer-Institut für
Physikalische Messtechnik (Germany); H. Helm, Albert-Ludwigs-
Univ. Freiburg (Germany)
Terahertz time-domain spectroscopy was used to investigate the
water and soot content in different commercial petroleum products.
A difference between a water in oil solution and a water in oil
emulsion was observed. The absorption spectrum of a number of
oils with different water and soot contents was measured in the
spectral range of 0.1 - 2.5 THz. The experimental data show a good
agreement with theory. Electro-optic detection was used to measure
the THz signal. The feasibility of Terahertz time-domain spectros-
copy for contamination analysis in different oils was demonstrated

6194-08, Session 2
Terahertz time-domain spectroscopy and
spectrochronography of amino acids and polypeptides
A. P. Shkurinov, A. Chikishev, S. Shkelnyuk, M. Nazarov, D.
Sapozhnikov, I. Smirnovs, M.V. Lomonosov Moscow State Univ.
(Russia); O. Okhotnikov, Tampereen Teknillinen Yliopisto (Finland)
Understanding of structures and dynamics of polypeptides is a
fundamental problem for studies on protein function. Collective
motions in protein are of particular interest and these motions often
have their characteristic frequencies in the frequency range bellow
100 cm-1. The intensive development of modern optical technolo-
gies is well known to be very closely connected to the development
of the optical signal processing. The specific development of signal
processing methods in the electromagnetic bandwidths differ from
the visible one, for instance in the THz frequency range, is expected
challenging for these frequency ranges. Absorption spectra in the
THz region contain information on dynamics with time scales of pico-
and subpicoseconds. The THz frequencies demonstrate important
applications in spectroscopy, imaging, biology, astrophysics etc.
In our experiments Coherent THz pulses were generated by the
excitation of the < 110 \> GaP crystal with the laser source based on
an all-fiber chirped-pulse amplification (CPA) system. A picosecond
ytterbium fiber laser operating in the 1060-nm range and acting as a
master oscillator employs the SESAM technology to achieve robust
and self-starting passive mode-locking. A polarization maintaining
double-clad fiber power amplifier boosts the average powers up to
20 W. The pulses from the amplifier are then compressed/dechirped
in grating pairs resulting in less then 200 fs pulse duration. This THz
radiation was focused or collimated with an off-axis paraboloid
mirrors on the samples and then onto the detector. The transmitted
pulses were detected in the standard time domain by the electro-
optical technique. In the paper we are discussing the specific
properties of the fiber laser based THz spectrometer for the time-
domain THz studies. The time-domain THz spectrometer normally
doesn’t allow the time-resolved measurements, the name implies
that the measurements of the electric field are made in the time
domain (to get the temporal waveform) and then Fourier transferred
into the frequency domain.
Assuming that all the information is contained in the time-dependent
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electric field we present a terahertz windowed transfer technique to
measure simultaneously the spectra in the wide range and the
momentary spectral intensity evolution of different spectral compo-
nents.
In this talk we demonstrate that some signal processing technique,
such as the windowed Fourier (Gabor) transforms and the spectro-
gram can be implemented for the terahertz frequencies. In our
studies we have conducted THz time - domain spectroscopy for the
L-cysteine derivatives. We analyze the structural sensitive changes in
the THz spectra of the polypeptides in comparison with the low-
frequency Raman spectra.

6194-09, Session 2
Characterization of speckle/despeckling in active
millimeter wave imaging systems using a first-order 1.5D
model
I. Ocket, B. Nauwelaers, Katholieke Univ. Leuven (Belgium); L. Meert,
F. Olyslager, Ghent Univ. (Belgium); G. Koers, J. H. Stiens, R. A.
Vounckx, I. Jager, Vrije Univ. Brussel (Belgium)
Introduction
Active millimeter wave imaging systems are considered one of the
most promising systems for the development of all-round versatile
indoor security applications. When designing such systems, a fast
way of estimating the influence of various system components
(lenses, mirrors, diffuser, object, etc.) on system performance is a
very useful tool. At millimeter and sub-millimeter wavelengths
Gaussian beam theory [1] is a proven, simple means for the design of
quasi-optical set-ups. However, speckle caused by rough object
surfaces and system components used to deal with speckle such as
the Hadamard [2] diffuser are not well described by Gaussian beams
unless one is prepared to use a very high order model. The imaging
system set-up consists of a corrugated horn antenna with focusing
lens and Hadamard diffuser which illuminates an object (e.g. a coffee
cup). At an angle to the illuminating beam another lens is placed
together with a sensor array to capture the reflected radiation and
generate an image of the object.
In this paper a simple 1.5D calculation approach of the entire system
including object and diffuser is presented and compared to a
rigorous full-wave 2D electromagnetic solution for a number of
object types. Although the approach is limited, it allows us to gauge
important system properties (resolution, speckle reduction) for first
order system design.
1.5D model
The proposed 1.5D model of the system makes the following
assumptions. Firstly, to simplify the geometry we assume that all
component planes are parallel to each other and perpendicular to
the propagation z-axis, i.e. the problem is treated in terms of
transmitted power instead of reflected power. Secondly, the problem
is reduced to a 2D problem by assuming uniformity along the y-axis.
Thirdly, the E-field is assumed perpendicular to the xz-plane, which
further reduces the problem to a scalar one. Fourthly, the field is
assumed zero at large distances from the z-axis so that the number
of points along the x-axis can be limited. Finally, multiple reflections
are neglected, so power flows only along the positive z-axis.
To further simplify the calculation, all system components are
assumed infinitely thin and are characterized by their x-dependent
complex transformation of the incident field. For the lenses, a
geometrical optics thin-lens model is used to describe the lens, i.e.
the effect of the lens on the incident field is a linear phase delay
depending on the focal distance of the lens. In a similar way, simple
descriptions of diffuser and object allow to quickly estimate speckle
reduction for various types of objects and system set-up. The horn
antenna beam is modeled as a Gaussian beam of which the beam
waist is extracted from a measured corrugated horn radiation
pattern.
The calculation is carried out from one plane to the next by defining
a sufficient number of points on each component plane and then
calculating the incident fields based on the radiating fields of the
previous component.
2D model
The proposed 1.5D method will be compared to a rigorous full-wave
electromagnetic calculation [3],[4]. This two-dimensional scattering
problem is treated using a Huygens source based boundary integral
equation, where each object is divided into a number of segments,
hence allowing for the inclusion of any polygonal objects. It is

obvious that a realistic imaging system will constitute an amount of
extremely large objects as compared to the wavelength, leading to a
very large number of unknowns N.
The integral equation is solved numerically by application of the
Method of Moments. Using iterative solvers, this gives rise to a
computational complexity of O(N(c)˜). In order to accelerate the
calculations and to keep the memory requirements within acceptable
limits the Method of Moments analysis is augmented with a High
Frequency Multilevel Fast Multipole Technique. This reduces the
complexity of the computation and the required memory capacity to
O(N). It allows the modeling of structures that are thousands of
wavelengths in size.
Comparison
The presented methods are compared for three different scenarios;
the difference between them is the type of object used. The system
set-up and dimensions are chosen to closely match an existing
laboratory set-up. This will allow comparison with measurements in
the future.
In scenario I the object is modeled as an aperture in an infinite plane
and is used as a reference for the two methods. In scenario II an
object with a rough surface (e.g. a lump of sugar) is taken for the
purpose of studying the speckle problem. In scenario III a combina-
tion of objects (e.g. a lump of sugar inside a coffee cup) is used to
study more real-life situations. To be able to compare the results
from scenarios II and III the 2D model of the objects will be mapped
onto a 1D in/out relationship that can be inserted in the 1.5D model.
The next step in the design process is the inclusion in the 1.5D
model of a Hadamard diffuser. Using a large number of 1.5D
simulations it will be possible to deduce the necessary diffuser
characteristics to achieve a desired speckle reduction.
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6194-10, Session 2
Semi-confocal imaging with a THz gas laser
M. A. Salhi, M. Koch, Technische Univ. Braunschweig (Germany)
There has been increasing interest in terahertz (THz) applications
during the last few years. Possible applications such as quality
control, chemical composition analysis, and security inspections are
foreseen. Since THz radiation gets reflected from metals and  most
organic molecules show resonances in their THz spectra, THz
radiation can be used to sense weapons [1], drugs or suspected
powders in luggage or mail.
Several methods to generate and detect THz radiation exist. In
particular, THz time-domain spectroscopy with broadband signal
generation has been a very powerful and sensitive tool to identify
materials using their spectral finger prints. Alternative generation
schemes include photomixing [2], coherent THz-wave parametric
oscillators, Gunn diodes or quantum cascade lasers. Here, we
employ a far-infrared laser (FIRL) as a source and a golay cell or a
bolometer for detection. Our approach resembles the early work by
Barker et al. [3] and the recent work by Siegel and coworkers [4].
Although the THz emission of a FIRL is restricted to discrete
wavelengths it is a powerful source which can generate 10 mW or
more. Our FIRL has a Fabry-Perot resonator filled with Methanol
(CH3OH) as an active medium. It is pumped with a high-power CO2
laser at a wavelength of 9.6 µm and emits radiation at 2.5 THz. Since
such a FIR laser system suffers some instability due to the thermal
and mechanical fluctuations we use a regulating feedback circuit
connected to the pump CO2 laser in which its external end mirror is
adjusted via a piezodriver. This practical solution has been intro-
duced by Weiss in 1977 [5].
The THz beam has a diameter of 4 mm, is guided via Polyethylene
lenses or parabolic mirrors, and finally focused to a spot of 1 to 2
mm diameter. To enhance the spatial resolution we aim for a
confocal geometry of the imaging system. Yet, our present setup
could be best described as being semi-confocal. It comprises one
aperture in the abovementioned focus point. The object to be
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inspected is placed in front of this aperture and translated in two
dimensions to obtain an image. At each position the THz intensity
transmitted through the object is monitored. A second aperture is
placed in front of the detector. If the detector is a Helium-cooled
Bolometer with a sensitivity of a few nW very high signal to noise
ratios can be obtained. This will enable the inspection of rather
heavily absorbing items. Additional noise correction can be made by
employing a reference detector, where the transmitted imaging
signal gets divided through a reference signal taken before the
sample.
We present some first THz images obtained with this system. These
include images of money bills, where some characteristic safety
features can be observed. Other images demonstrate mail and
luggage inspection. We show it is possible to detect objects through
several layers of paper. Our results prove that it might be possible in
the future to use THz systems for safe, simple, and clean quality
control and to detect suspected material in post envelopes, packets,
under clothes or behind plastic covers.
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6194-11, Session 2
Speckle reduction in THz imaging systems with multiple
phase patterns
I. Jager, J. H. Stiens, R. A. Vounckx, G. Koers, G. Poesen, Vrije Univ.
Brussel (Belgium)
Free-space active millimeter-wave imaging - where THz radiation is
employed to illuminate the object and the signals reflected from the
object are collected by the receiver, has a number of advantages for
security applications in F-band (90-140 GHz). Among them is
imaging of concealed objects.  Because all existing THz sources are
coherent - speckle is one of the ultimate limiting factors of the free-
space imaging techniques. Speckle arises when coherent light
scattered from a rough surface is detected by an intensity detector
with a finite aperture, hiding the image information. This problem is
of special importance for THz imaging, because surface roughness is
closer to the object dimension as in optical imaging. The reduction of
speckles is highly desirable and we propose here two solutions,
introducing uncorrelated phase patterns in the object plane. The first
solution employs a Hadamard diffuser for multiple phase patterns [2],
the second  - using of a polychromatic radiation [5]. We use
computer simulations to demonstrate that small random phase
perturbations manifest themselves as random illumination modula-
tion for speckle reduction.
Because speckle patterns are best described in statistical terms, we
will follow Goodman [1, 4], and use  speckle contrast  as a measure
of speckle. It is defined as the ratio of the standard deviation  to the
mean of the speckle intensity, and its value  is between 0 and 1. For
fully developed speckle patterns from a monochromatic light source
speckle contrast is unity. Standard deviation of nearly zero shows
that illumination is approaching a perfectly incoherent system.
Averaging over many pixels reduces speckle.
A Hadamard transform is a way which would completely eliminate
speckle. It is a square matrix of order 2x2 or 4x4 or 8x8 and so on,
over (-1, 1),  where each row and each column are perfectly
uncorrelated. All of them, considering as vectors -  are orthogonal. A
Hadamard diffuser is a phase selective surface, giving maximum
speckle contrast reduction with the minimum number of distinct
phase patterns 0 or 180 deg.  The Hadamard phase patterns can be
fabricated as a  dielectric mask (Teflon, n=1.75) by means of micro-
drilling. The non-drilled cells correspond to 0 deg. relative phase,
and the drilled cells to 180 deg.  For wavelength 3mm (100 GHz), the
drilled depth is  3.5 mm. We examined how effective is the
Hadamard transform if the phase is not exactly 180 deg. Simulations
show an improvement of the original speckle contrast under
Hadamard transform. The improvement from 1 to 0 starts almost
linear with the 90 deg. phase. This phase 90 deg. corresponds to the
wavelength of 1.75 mm or to the frequency 171 GHz, being used in
transmission (and even better in reflective way).  It means that a very
broadband imaging system can be designed with Hadamard phase

patterns.  For the wavelengths, not exactly suitable for the surface
depth, the transform  works better in a combination with other
speckle reduction techniques.
We demonstrated theoretically, following the Goodman procedure
[1,4],  how phase perturbations in the object plane, due to the
partially coherent illumination,  reduce speckle.  As mentioned in [2],
three cases of polychromatic radiation are possible:  (a) multiple
sources, (b) a broadband tunable THz-source, (c) a pulsed source.
The speckle pattern produced by polychromatic radiation is
composed of a sum of the speckle produced independently by all
monochromatic components and  depends both on temporal
coherence of the radiation and on surface roughness  [5].  We
examined the sensitivity of speckle contrast reduction to the imaging
parameters: number of wavelengths, central wavelength, wavelength
difference and distance from the center of the object to the center of
the receiver.  Simulations show that the speckle contrast is getting
larger with the growing number of wavelengths. In F-band (90-140
GHz) with 60 pixels it saturates from 60% for 2 wavelengths to 99%
for 8. The configuration giving a reasonable contrast (60%) is
achieved already with 2 wavelengths. This shows that dichromatic
illumination is sufficient in  security applications for speckle elimina-
tion (but may be not enough for elimination of Gibbs ringing). With
dichromatic illumination we fixed two imaging parameters and by
changing the third, compared speckle reduction. After this procedure
we have chosen  all imaging parameters for security applications.
Speckle size  for  such a setup is maximum 3 mm.
In this paper we quantified the effect of phase perturbations on the
speckle reduction, The effect will be proved experimentally and
published elsewhere.
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6194-12, Session 3
Total field-emission properties of terahertz radiations by
plasmon-resonant photomixer
Y. M. Meziani, Tohoku Univ. (Japan)
Development of new type of photomixers in the terahertz region
based on the plasma wave instability opens the way for the modern
THz electronics. In 1993, Dyakonov and Shur[1] show that the two-
dimensional electron system (2DES) can act as a resonator cavity for
plasma waves. The resonant frequency can also be controlled by
external gate bias, resulting in a possibility of frequency-tunable
oscillation. Experimental investigations show that it is possible to use
these devices as a detector and/or emitter of terahertz radiations.
Knap et al. observed a first resonant detection on a 150-nm gate
GaAs FET[2]. Otsuji et al. observed also a resonant detection on a
150-nm gate HEMT[3] at room temperature. Frequency tunability of
plasma wave resonance was experimentally investigated for sub
100-nm gate GaAs MESFET’s by means of laser-photo-mixing
excitation [4]. Recently Deng et al. have shown the first emission by
using a GaN HEMT. By using this phenomenon, we can also develop
a new photomixer in the terahertz broadband gap. The photomixer is
a compact source that photomixes two single-frequency (f1 & f2)
laser input to generate a difference frequency (∆f = abs(f1-f2)).
Photomixing can be performed by several ways such as interband
photoexcitation[5]  or by polariton-plasmon coupling [6]. Recently,
several types of plasmon-resonant photomixers have been proposed
as coherent, tunable and microelectronic THz sources[7,8,9].
In the present work, we calculate the total field emission spectrum
that is obtained by multiplication of the seeds of electromagnetic
waves corresponding to the plasmon-resonance and the transmit-
tance property including mode conversion efficiency. The first part is
obtained from Dyakonov-Shur formalism [7]. For the second part, we
perform a finite differential time-domain (FDTD) simulation. Both
results are mixed to obtain the response of the 2DES in the channel.
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The structure device of our original[9] is based on InGaP/InGaAs
HEMT and incorporates (i) interdegitated grating strips for the gate
electrodes that periodically localize the 2DES in sub 100-nm regions
with micron-order interval and (ii) a vertical cavity structure imple-
mented between the top grating plane and the terahertz mirror at the
backside. (i) acts as a broadband terahertz antenna. (ii) reinforces the
plasmon resonance in a recursive manner.
The local density and velocity of the plasma fluid are formulated by
the hydrodynamic equations as time- and space-dependent
variables.  Their time evolved response to the terahertz excitation is
numerically analyzed using the FDTD method. The series of
simulation reveals the temporal response of the photomixer, i.e.
terahertz electromagnetic radiation from the device. FDTD electro-
magnetic simulation gives the transmittance signal outside structure.
In the case of a 100-nm cavity size with a sub-micron grating period
and a 2D electron density of 0.5x1012 cm-2, transmittance spectra
exhibit broadband operation from 1 to 4 THz corresponding to the
fundamental resonance, and from 6 to 8 THz for the 2nd harmonic.
Analytical solution of the hydrodynamic equations has been treated
in Ref. [7] with specific boundary conditions. Equations (23) and (24)
from Ref. [7] describe the detector response for all frequencies and
device lengths. The response depends on the values of two
dimensionless parameters: w*tau and s*tau/L. Where w=2*pi*f, tau is
the electron collision time with phonons and impurity, s is the plasma
wave velocity which is proportional to the electron density (ns), and L
is the cavity length. Obtained photoresponse shows a resonance of
plasma waves as a function of frequency.
By combining these two analytical schemes, we’ll be able to
estimate which response is predominant to the total field emission
properties. We’ll discuss also probability of our device to emit
terahertz radiations at room temperature. Originality of our work is to
permit an estimation of power and responsivity at each frequency in
the terahertz broadband region.
In summary, we present new results of transmittance property
obtained by FDTD and photoresponse signal of terahertz emission
from Dyakonov-Shur theory. Combining these two methods allow us
to estimate power and responsivity of our new InGaP/InGaAs HEMT
devices.
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6194-13, Session 3
Highly collimated and directed (cw) THz emission by
photomixing in semiconductor device arrays
S. Malzer, S. Preu, G. H. Döhler, Z. Lu, J. Zhang, L. Wang, Friedrich-
Alexander-Univ. Erlangen-Nürnberg (Germany)
Recent advances in semiconductor based (cw) THz-generation [1]
suggest an availability of highly efficient photomixing devices in the
near future. Sufficient Thz power is desired for the needs of awide
range of applications such as biological tissue imaging, medical
imaging, pollution monitoring, THz-spectroscopy, and imaging, as
well as for WLAN applications. In a photomixing device, the
absorption of two slightly  detuned (by the THz-frequency) lasers
results in a THz-current, which is fed  into an antenna.
Ito and coworkers have achieved 10 µW output power at 1 THz with
an InGaAs/InP-based “uni-carrier-travelling photo diode” (UTC-PD)
in combination with a resonant dipole antenna [2]. G.H. Döhler and
coworker have derived a similar approach, which, however,
overcomes
the apparent transit time/RC-time trade-off limitations of a single pin-
diode by stacking multiple nano-pin diodes, which have been
optimised for high speed ballistic transport. These “nipnip”-mixer,
although not yet optimised for the antenna-to-device coupling have

recently exhibited encouraging results [3].
In this paper we report on arrays of such photo-mixer. Apart from an
increase in emitted THz-power (due to distributed thermal load per
pixel) such arrays allow for the generation of highly directive THz
beams. If, in addition, the 2 photo-mixing laser beams differ slightly
by their angle of incidence, this angle is roughly enhanced by the
ratio of the THz-wavelength
(~300 µm) and the optical wavelength (~0.85 µm) with regard to
direction of the emitted THz-beam. Thus, full ?90° steering of the
THz beam can be achieved by tuning this angle by less than 1°. In
our setup we are using two tunable cw Ti:sapphire lasers as sources
and a Golay cell for detection. A special design allows for separately
tuning of the angle of incidence of the two lasers, while keeping the
focus and the mixing efficiency on the devices constant for the
(small) range of angles used. The beam is focused onto the individual
devices by using a microlense array of the same pitch as for the
array (100 µm). Thus, a major fraction of the incident laser power can
be efficiently focused onto the individual devices.
First results obtained from “nip-nip”-photo-mixers with dipole
antennas will be presented.
[1] Semiconductor Sci. and Technol., Vol. 20 (7) [special issue on
‘Photonic Terahertz Technology’], (2005)
[2] H. Ito, F. Nakajima, T. Furuta, and T. Ishibashi, Semiconductor
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6194-14, Session 3
High-responsibility, broadband waveguide uni-travelling
carrier photodiode
C. C. Renaud, Univ. College London (United Kingdom); M.
Robertson, D. Rogers, R. Firth, P. J. Cannard, R. Moore, Ctr. for
Integrated Photonics Ltd. (United Kingdom); A. J. Seeds, Univ.
College London (United Kingdom)
No abstract available

6194-15, Session 3
THz Photomixers: an overview
A. Stöhr, D. Jäger, Univ. Duisburg-Essen (Germany)
No abstract available

6194-16, Session 3
A numerical study of photoconductive dipole antennas:
the real emission frequency and an improved antenna
design
K. Ezdi, M. N. Islam, A. N. R. Yerrappareddy, C. Jördens, A. Enders,
M. Koch, Technische Univ. Braunschweig (Germany)
Photoconductive dipole antennas are widely used for the generation
and detection of terahertz waves. They consist of a semiconductor
substrate, usually GaAs, onto which two parallel metal striplines are
deposited. A potential difference is applied between the two
striplines and the arms of the dipole antenna protrude perpendicu-
larly from the striplines, forming an “H-structure”. Other, more
complicated designs, such as dual dipoles and log spiral antennas
are also used in some   applications.
The antenna is optically excited at the photoconductive gap between
its two arms. The excitation can be pulsed or continuous-wave. In
pulsed systems the photoconductive gap is exposed to femtosecond
laser pulses. The photon energy of the laser slightly exceeds that of
the semiconductor band gap. The laser excitation produces
electron-hole pairs which  accelerate under the influence of the
applied bias, producing pulsed, broadband, terahertz radiation.
Continuous-wave systems, on the other hand, operate on the
principle of photomixing, in which two laser beams of slightly
different frequencies are made to fall on the photoconductive gap.
The difference in frequency between the two beams lies in the
terahertz region and the resulting interference effect produces a
photocurrent in the semiconductor which oscillates at the beat
frequency, producing continuous-wave terahertz energy. The role of
the antenna, in both cases, is to effectively radiate the terahertz
energy.
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Despite their widespread use several questions about THz antennas
still need further explanation. For instance, although it is known that
THz radiation comes from both the acceleration of charge carriers
under the applied bias and the currents on the metallic antenna
structure, their relative contribution to the total THz energy is not
very clear. Also, the mechanisms by which the charge carriers and
the radiation couple to the antenna also need further explanation.
Another issue of practical importance is impedance matching
between the “source” and the antenna. The photoconductive gap
between the two arms of the antenna, which acts as the excitation
source for the antenna, has a very high resistance. Dipoles, and
other commonly used antennas have an input impedance that is
much smaller than the resistance of the photoconductive source. As
a result, there is a severe mismatch between the source and the
antenna and impedance matching is difficult to achieve.
Within the THz community it is generally believed that the maximum
THz energy is radiated at the antenna’s resonant frequency. Here,
we show that this is not the case. The photoconductive antenna
radiates the most power at the frequency where its input resistance
is the highest, and the mismatch the lowest.
In this paper we look into the following two questions: what
frequency does the photoconductive dipole antenna radiate most
power at, and how can the input impedance of photoconductive
antennas be increased to achieve good impedance matching with
the photoconductive source. We use the software programs CST
Microwave Studio and ADS Momentum for simulating real-life
antennas. CST Microwave Studio is based on the Finite Integration
Technique developed by Weiland and ADS Momentum works on the
method of moments.
The results of our simulations, both in CST and ADS, confirm the
known fact that the input resistance of the antenna varies with
frequency. The maximum value occurs at a frequency which is not
the natural resonance frequency of the antenna. The value of
resistance at resonance conforms to the value predicted by theory,
and then rises to a much higher value at a higher frequency. As the
resistance of the photoconductive source is very high, it is this
frequency at which the antenna is best matched to the source and
hence where it radiates the most power.
With a view to increasing the input resistance of our antennas, we
also tried out new antenna structures. These new antennas are
rectangular S-shaped structures with the “turns” spreading out from
the centre. Our simulation results show that these antennas have a
much higher value of maximum input resistance compared to simple
photoconductive dipole antennas currently in use, and so better
impedance matching can be achieved. However, the value of the
maximum input resistance does not increase indefinitely with the
number of turns. It reaches a certain maximum and then begins to
drop as the number of turns increases. Currently we are in the
process of confirming our results with actual laboratory experiments

6194-17, Session 4
Room-temperature terahertz generation with
semiconductor lasers
C. Brenner, T. N. Le, S. Hoffmann, M. R. Hofmann, Ruhr-Univ.
Bochum (Germany)
Different techniques to generate terahertz radiation with semicon-
ductor lasers are discussed and applications are shown. We focus
on compact and cost effective concepts for THz imaging applica-
tions.
Terahertz technology made remarkable progress in the last years.
Real-life applications like spectroscopy, medical imaging and
material inspection have been demonstrated on lab scale. Unfortu-
nately most of these demonstrations made use of expensive and
bulky ultrafast laser systems. Promising alternatives like quantum
cascade lasers [1] or hot hole germanium lasers  [2] need cryogenic
cooling. However, to turn Terahertz systems into mass applications,
cost effective, small, and room temperature based high-power
systems are needed [3].
Semiconductor lasers have shown the capability to meet most of
these requirements. In most cases, two near infrared semiconductor
lasers are slightly detuned to each other, so that the difference
frequency is in the THz regime. Both lasers are superimposed and
focussed onto a photoconducting antenna by which the Terahertz
difference frequency is generated and emitted. We could show that

the effort to generate Terahertz radiation can be considerably
reduced by using one semiconductor laser system emitting two
colors simultaneously in combination with an external photoconduc-
tive antenna as photomixer [5]. With this system, we implemented
the first Terahertz imaging spectrometer operating with cw-light
sources [6]. However, further improvements have to be made in
order to realize practical THz-systems for industrial applications.
First, the signal to noise ratio of the cw imaging spectrometer [6] is
not yet sufficient. Second, the concept with an external photomixer
still introduces considerable complexity and limitations. Here, we
investigate concepts to circumvent these problems.
To improve the signal to noise ratio of the cw THz imaging system,
we increase the optical power of the two color laser. This is done by
coupling the two color laser output into a tapered diode laser
amplifier. With this device, we can increase the optical output power
from about 25 mW to more than 300 mW. The amplified two-color
light is then sent onto the photoconductive antenna. With an optical
power of 50 mW corresponding to the destruction threshold of the
photoconductive antenna, we achieve an increase in THz power by a
factor of 4. We show by first imaging applications that the signal to
noise ratio is indeed improved towards a satisfying level. However,
this increase in signal to noise ratio is paid for by a slightly higher
complexity since the setup now additionally includes the optical
amplifyer, an optical isolator for decoupling of oscillator and amplifier
and collimation optics.
A considerable reduction in complexity of the THz source is the goal
in our second optimization scheme. One has to be aware that a
major part of the complexity is introduced by   the photoconducting
antenna since its alignment is crucial. A monolithic system including
the light source and the photomixer in one device is therefore highly
desirable. We present one step towards such a monolithic device by
demonstrating that a standard commercial semiconductor laser
emits spectrally tunable terahertz radiation at room temperature
when operated on two colors simultaneously [7]. Although the power
achieved so far is comparatively low, we are confident that appropri-
ate redesign of the system can rise its Terahertz output power to
application relevant levels. We discuss in detail which improvements
have to be made and estimate the realistic THz output power level in
comparison with other THz radiation sources.
For many applications frequency domain THz imaging with tunable
single frequency THz sources as the ones discussed above is
sufficient. However, in some cases, e.g. for thickness or distance
measurements, time domain THz imaging [8] might be preferable.
This concept has been very successfully used with Ti:Sapphire
lasers. But the complexity and price of these lasers limits their
application to selected research topics. Here, we develop a pulsed
diode laser source for time domain THz imaging. We use a two
section diode laser hybridly modelocked in a dispersion compensat-
ing external cavity. To obtain the required power level, the
modelocked laser output is amplified with a tapered diode laser
amplifier. We discuss the achieved specifications for pulse width and
average output power with respect to the application for time domain
THz imaging.
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6194-18, Session 4
InN as THz emitter excited at 1060 nm
B. Pradarutti, C. Brückner, S. Riehemann, G. Notni, A. Tünnermann,
Fraunhofer-Institut für Angewandte Optik und Feinmechanik
(Germany); G. Matthäus, S. Nolte, Friedrich-Schiller-Univ. Jena
(Germany); V. Cimalla, O. Ambacher, Technische Univ. Ilmenau
(Germany)
1. Introduction
For a long time the terahertz (THz) region (10^11 - 10^13 Hz) has
been a gap in the electromagnetic spectrum due to the lack of
sources and detectors. Over the past two decades, THz sources
have been developed with ultrafast laser sources to excite photocon-
ductive switches [1], to excite nonlinear processes in materials [2,3]
and to excite transient currents on semiconductor surfaces [4-6]. The
growing interest in the THz region is based on potential applications
in many fields of science and technology, extending from semicon-
ductor physics [7], through chemical spectroscopy [8] to medical
imaging [9].
A semiconductor surface illuminated with a femtosecond laser pulse
with a photon energy higher than the bandgap of the semiconductor
emits coherent broadband single-cycle pulses of THz radiation [4].
These pulse trains can be measured time resolved with femtosecond
precision. Recently the bandgap for InN, a novel semiconductor
material, was revised from 1.9-2.0 eV to 0.7-0.8 eV [10]. This small
bandgap gives rise to the application of modern fiber laser systems
at 1060 nm (1.17 eV) [11] instead of the commonly used Ti:Sa short
pulse lasers at 800 nm (1.55 eV) for THz systems. We investigated
different InN layers as surface emitters grown on different substrates
and compared the signal strength to a InAs surface emitter, a
commonly used material [12] as surface emitter.
2. Experimental Setup
Ultrashort laser pulses at a wavelength of 1060 nm with 2W average
power, a repetition rate of 76 MHz and a pulse length of about 100 fs
are emitted by a fiber laser. A small part (<1%) is frequency doubled
by a phase matched 300 µm thick potassium dihydrogen phosphate
(KDP) crystal. The beam is split into a pump beam at 1060 nm and a
probe beam at 530 nm (2.34 eV) by a dichromate. The probe beam is
guided over a delay line and directed to the back of a low tempera-
ture grown (LT) - GaAs dipole antenna and excites electrons over the
band gap (1.43 eV). The pump beam is collimated to the surface of
the surface emitter with a spot size of about 1.5 mm, where THz
radiation is emitted. The THz emitter is placed in the focal point of a
off axis parabolic mirror leading to a parallel THz beam. A second off
axis parabolic mirror focuses the THz beam on a silicon lens
attached on the dipole antenna. The THz pulse accelerates the free
electrons in the LT-GaAs antenna produced by the probe beam and
a current proportional to the electric field of the THz signal is
measured. Because the laser pulses are one magnitude of order
shorter than the THz pulse, moving the delay line can sample the
electric field of the THz pulse.
Different samples of MBE-grown undoped InN have been investi-
gated as surface emitters, where sapphire and silicon were used as
substrates. The electron density is up to 10^22 cm^-3 at the surface
and 10^17-10^18cm^-3 in the layer volume. The excitation was
performed on the InN surface at an angle of 45° and a InAs layer was
measured as reference.
3. Results
As first results optically excited THz emission was measured from all
samples in reflection. The peak values of the amplitudes of the
samples were in the magnitude of order of the reference sample. The
spectra in all cases have been extending from 0.1 to 2.5 THz with a
peak value of approximately 1 THz. These spectra will be compared
to measurements shown in [13] and discussed.
4. Conclusion
In conclusion THz emission from InN layers on different substrates
under excitation of ultrafast optical pulses is observed. Due to the
laser wavelength of 1060 nm these results confirm a bandgap
smaller then 1.17 eV for our InN films. Further investigations of the
THz emission dependence on the growth method, the material
properties and the excitation will be done to optimize the THz
emission from InN films. So InN is a promising candidate to become
one of the brightest surface emitters in the THz region.
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6194-19, Session 4
Two-mode operation of four-section semiconductor laser
for THz generation by photomixing
A. Akwoue Ondo, J. Torres, C. Palermo, L. Chusseau, Univ.
Montpellier II (France); J. Jacquet, Supélec (France); M. Thual, École
Nationale Supérieure des Sciences Appliquées et de Technologie
(France)
1 Introduction
Terahertz (THz) frequency domain has a huge scientific potential
partly unexplored (THz spectroscopy, gas sensing. . .) and great
technological interests (medical imaging, ultrahigh frequency for
communications systems. . .). The key point for applications is the
realisation of a continuous wave THz source able to deliver from
about 100  µW to about a few tenth of mW in order to comfortably
operate spectroscopic detection. On the one side, a promising issue
for the realization of THz sources emerges with the quantum
cascade laser (QCL). But even if output power of few mW has been
demonstrated [1], QCL require a very low operating temperature to
reduce interaction with phonons. On the other side, recent studies
based on THz generation by harmonic generation or based on
plasma waves excitation [2] allows one to expect the development of
a new electronics devices based on classical HEMT. Between these
approaches, the generation of THz waves by the optical rectification
through the beating of two photomixed monochromatic frequencies,
could be considered. But this approach requires stable laser sources
operating at room temperature and delivering at least two phase
locked laser beams. In this paper, we report on a 4-sections laser
structure able to operate continuously in a two-mode regime for
photomixing THz applications. The device is a classical 3-section
DBR laser (gain, phase and Bragg sections) with an additionnal
integrated amplifier section. Each section of the laser is driven by an
injection current. The Semiconductor Optical Amplifier (SOA) and the
gain section are built with the same 6 InGaAs quantum wells (QW)
epilayer while phase and distributed Bragg reflector (DBR) sections
are obtained after etching and localized regrowth processes [3].
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Optical gain is provided by the current Iact in the multiple QW. The
laser beam is filtered by the DBR that imposes the emission
wavelength ( Bragg) owing to the injection current IDBR. The phase
section inserted between gain and DBR sections allows to fine
tuning of the emission wavelength by the electro-optical modification
of the effective index through the current I . The SOA section is
bounded and AR coated at its end to reduce simultaneously the
beam divergence and drastically kill any optical feedback towards
the DBR. A high reflectivity coating is deposited on the rear facet to
increase the photon lifetime in the 3-section DBR laser. Complete
performances (16 nm tunability and 55 mW output power) of this
device are described in details in [3].
2 Experimental set-up The experimental set up starts from a Suss
PM5 Prober that allows to simultaneously supply the different
currents to the laser and to couple the optical output of front and
rear facets using specific microlens [4]. The main advantage of the
selected configuration is to show that the two-mode operation
doesn’t require the SOA section. Indeed, we measured a two-mode
laser operation on both sides (rear and front facet) of the device
whatever the value of the SOA injected current Isoa, especially for
Isoa = 0 mA. The working temperature is controlled owing to a
thermoelectric cooler. The optical output is fed in an optical
spectrum analyzer. The injection current limit of each section is :
Isoamax = 150 mA, Iactmax = 100 mA, IDBRmax = 50 mA, I max =
30 mA.
3 Results
When increasing IDBR from 10 mA to 50 mA, we observed succes-
sively various spectral behaviors for this device. Namely transition
from stable monomode generation to stable two-mode generation
were registered toge- 1email : chusseau\@univ-montp2.fr ; phone :
+33 4 67 14 49 75 ther with their reverse transition. This was
obtained while keeping all other parameters constant (T = 300 K,
ISOA = 100 mA, Iact = 80 mA and I  = 0 mA). More precisely the
laser is strictly monomode everywhere excepted for IDBR close to 30
mA and to 40 mA. Usually the tuning process performed by IDBR is
to put in coincidence the Bragg maximum reflection and a Fabry-
Pérot mode of the 3-section laser. This behaviour was observed with
IDBR increasing from 10 mA to 30 mA with a continuous tuning of
the output from 1.550  µm to 1.554  µm over three Fabry-Pérot mode
hopping ; the spacing between adjacent modes being      100 GHz in
this structure. Similar features were obtained for 30 mA < IDBR < 40
mA and for IDBR \> 40 mA. To the contrary, at IDBR   30 mA and
IDBR   40 mA, the stable two-mode laser operation is measured, the
two modes being separated by      100 GHz, with balanced powers.
This two-mode laser operation is attributed to the large spectral
range filtered by the DBR that result in similar losses for two
consecutive modes. We confirmed this assumption when observing
that the two lasing modes at IDBR   30 mA where just shifted of
100 GHz from the two lasing lasing modes at IDBR   40 mA.
Nevertheless, the existence of such a stable two-mode operation
implies particular coupling conditions between these modes [5] . The
intraband-relaxation time, closed to 100 fs for InGaAs, is known to
ensure a strong coupling between consecutive modes that would
normally force the laser to operate in a single mode operation
because of the competition between allowable modes. Additional
physical processes must be involved to explain the stable two-mode
operation. Among them, we have to check the presence of a
parasitic saturable absorber inside the structure.
4 Conclusion
We demonstrate the stable two-mode operation of a 4-sections
semiconductor laser. The optical frequencies of the modes are
separated by approximatively 100 GHz. This behavior is obtained
with two values of the current fed in the DBR zone. We have identify
that, in the two mode regime, the laser oscillate on two adjacent
modes belonging to the Fabry-Pérot mode set. The stability of this
behavior is actually under study because it seems unlikely due to the
strong coupling that exist between two closed modes. Our assump-
tion to validate this, is the existence of a saturable absorber inside
the structure.We plane to use this two-mode operation to generate
THz waves at 1,55  µm by photomixing using uni-travelling-carrier
(UTC) photodiodes or by the excitation of the THz plasma waves of
nanotransistors [2].
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Improved dielectric mirrors for the THz frequency range
F. Rutz, N. Krumbholz, Technische Univ. Braunschweig (Germany);
L. Micele, G. De Portu, Consiglio Nazionale delle Ricerche (Italy); D.
M. Mittleman, Rice Univ. (USA); M. Koch, Technische Univ.
Braunschweig (Germany)
Through the last decade much research effort has been devoted to
developing modern wireless communication systems with high data
transmission rate. To continue this work, it is natural to extend the
carrier frequency into the terahertz (THz) frequency range. Here, data
rates of hundred gigabits per second are conceivable. Beside active
components like sources, modulators, receivers, and amplifiers,
passive components like filters and mirrors need to be developed. In
particular, effective mirrors can be used to improve the channel
properties. Obviously, a metallic surface acts as a mirror in the THz
frequency range. But, other wireless devices which operate at lower
carrier frequencies are affected by these mirrors as well. Hence,
mirrors which provide high reflectivity only in certain frequency
bands are desired. Such frequency selective mirrors can be
constructed by applying the concept of dielectric mirrors, which is
well-known in traditional optics, and extending it to the THz
frequency range [1].
A dielectric mirror usually consists of a stack of alternating layers of
two different materials. These two kinds of layers may have different
thicknesses and refractive indices. In accordance with the conven-
tional understanding of a quarter-wave stack, the product of the
thickness and the refractive index should correspond approximately
with one fourth of the design wavelength for both layers. Then,
constructive interference of the partially reflected waves from the
layer interfaces causes the formation of reflection bands. The
materials used to construct a mirror of this type should fulfill the
following requirements: low absorption and scattering losses, low
dispersion, and high mechanical stability. Additionally, for practical
application they must be cheap and easy to produce. A rather simple
solution of flexible all-plastic dielectric mirrors has been reported
previously [1]. However, the refractive indices of custom polymers
are in the range of 1.3 to 1.7. Hence, only a small fraction of the
radiation is reflected at each interface because of the relatively small
index change between adjacent layers. Thus, a large number of
layers are required for the formation of highly reflective stop-bands.
In this work, we analyze dielectric mirrors with higher index changes
between two layers. For this purpose, we substitute one of the
polymeric foils which were used in the all-plastic mirror with a thin
silicon wafer. Because of the high refractive index of silicon, n(Si) =
3.42, and the large index contrast with polypropylene, n(PP) = 1.53,
only 4.5 pairs of layers are required to form distinct stop-bands.
The measurements are performed with a standard free-space THz
time-domain spectrometer. The photoconductive emitter and
detector antennas are driven by a femtosecond laser. Off-axis
parabolic mirrors guide the THz waves through the sample placed in
an intermediate focus. Measured in transmission geometry at normal
incidence, we obtain stop-bands at 310 GHz and odd multiples. In
addition, intermediate bands with lower intensity appear due to
mismatching quarter-wave layers for these frequencies.
To supplement these results, the same mirror is analyzed using a
fiber-coupled THz time-domain spectrometer. Fiber-coupled
antennas permit measurements in both transmission and reflection
geometry under various angles of incidence for both s- and p-
polarization. These results confirm the existence of a stop band at
310 GHz. Furthermore, the stop-band shifts with increasing angle of
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incidence towards higher frequencies, as expected. Because of the
rather broadened stop-band and the high refractive index of Si, there
is still a range between 300 and 400 GHz that remains in the high-
reflective region for all angles of incidence. Thus, this dielectric
structure can be described as an omnidirectional mirror for that
frequency band.
In order to confirm our understanding of these results, we perform
numerical simulations using the transfer matrix method. The
simulations match with the measured spectra very well, if thin air
layers between PP and Si are included in the model. Such air gaps
may be expected if the dielectric layers are loosely stacked together,
mounted with a single mechanical clamp. This problem can easily be
addressed by a more sophisticated production of such mirrors in the
future. One possible avenue is to use polymeric compounds
containing silicon, rather than the extremely delicate thin Si wafers
used here.
Alternatively, one may use other high index dielectric materials, with
more robust mechanical properties. We have produced rigid
dielectric mirror by stacking ceramic laminates of alumina and
alumina-zirconia. Alumina has an index of refraction of n(A) = 3.05 at
THz frequencies, and even higher for mixtures of alumina and
zirconia. Depending on the ratio the refractive index can be up to
n(Z) = 5.7 for pure zirconia. With 5.5 pairs of alumina/alumina-
zirconia layers we observe distinct stop-bands.  These can also be
reproduced by numerical simulations. This material system has the
advantage of being compact and rugged. In addition, there are no
problems with air gaps between the layers, due to the nature of the
fabrication process. Finally, A/AZ mirrors also possess a sufficiently
high dielectric contrast so that a quasi-omnidirectional reflection can
still be observed.
[1] D. Turchinovich, A. Kammoun, P. Knobloch, T. Dobbertin, and M.
Koch, “Flexible All-Plastic Mirrors for the THz Range”, Applied
Physics A 74, 291 (2002).

6194-26, Session 4
Femtosecond electron gun for diffraction experiments
E. E. Fill, A. A. Apolonskiy, F. Krausz, Max-Planck-Institut für
Quantenoptik (Germany)
No abstract available

6194-21, Poster Session
Terahertz pulse plasmon interaction with metal grating
M. Nazarov, M.V. Lomonosov Moscow State Univ. (Russia); L.
Mukina, M.V. Lomonosov Moscow State Univ (Russia); A. P.
Shkurinov, M.V. Lomonosov Moscow State Univ. (Russia)
Surface plasmons are well studied in visible frequency range due to
there useful properties of field localization and enhancement,
sensitivity and selectivity to surface. In THz frequencies also may be
very interesting, but there properties are quite different because of
other scales and huge value dielectric function of metals in these
frequencies. Short THz pulses, obtained by optical rectification of
laser femtosecond pulses in nonlinear crystal are used to study
surface plasmons. With such THz pulse one can study media
responce with temporal resolution better than oscillation period, due
to large scale of wavelengths (submillimeters) and detection by short
laser pulse. Eigen frequencies in THz range are inherent to most
biomolecules, gases and artificial structures with sub mm periodicity.
After illumination by a short pulse media starts to radiate on its eigen
frequencies and dynamics of this radiation characterizes media. In
this work we study temporal behavior of surface plasmon, excited by
short THz pulse on the metal grating.
Grating (metal reflecting shallow grating with period compared with
radiation wavelength) is needed to fulfill phase matching conditions
for photon-plasmon interaction, only narrow frequency band of
incident pulse can be transformed into plasmon at certain incidence
angle. Thus metal grating cane serve as narrow bandpass or
bandstop filter in THz range.
To measure plasmon propagation length we made two parallel
gratings and long flat foil between them. On first grating photon
couples to plasmon (that is observed as Woods anomaly in specular
reflection spectra) than plasmon pulse propagates tens of senti-
ments on flat surface and than on the second grating plasmon
decouples to photon as a narrow band long pulse. Duration of
plasmon pulse (30-50 ps) is mainly determined by Woods anomaly

spectral width and by size of plasmon excitation area. Plasmon
lifetime (200-400 ps) is not the same value as plasmon pulse
duration, lifetime determines plasmon dumping in coordinate system
travailing together with plasmon. When propagating not on flat
surface but on grating, plasmon experience strong dumping due to
decoupling to photons and its lifetime becomes several times
shorter. In this work we extract several plasmon characteristic times
and describe processes responsible for each time or spectral width.
We investigate THz plasmon properties by the position, amplitude
and width of the Wood’s anomaly in spectral domain, by dynamics of
plasmon radiation in time domain. Because in far IR plasmon
propagation length exceeds beam size, and THz pulse is much
shorter than plasmon lifetime, plasmon excitation and radiation are
essentially time-dependent processes.
Excitation and radiation moments occur at different time intervals.
Using modified short-time Fourier transform we construct time-
frequency distribution and separate moments of plasmon excitation,
reradiation and propagation. Time-frequency distribution of the
reflected THz field [1] is a powerful tool to investigate plasmon
dynamics and propagation. We calculate “instantaneous” spectra for
a sequence of equidistant short temporal windows inside the whole
signal, combine them and thus obtain two-dimensional time-
frequency representation of the process or dynamics of the
frequency of interest.
Plasmon propagation length on a flat and corrugated surfaces are
directly measured by comparing plasmon field amplitude as it travels
away from excitation point on tens of centimeters. Plasmon pulse
temporal shape is mainly influenced by radiation dumping, boundary
media absorption, propagation relative to detector. Plasmon lifetime
is estimated for different surfaces.
Using developed approach it is possible to verify theoretical
predictions about plasmon field distribution in time, to optimize
Wood’s anomaly parameters for application in spectral and temporal
pulse profile controlling, to obtain tunable local field enhancement.
Such surface plasmon features as field localization (local field
enhancement, selective sensitivity to surface) and propagation
(waveguides, communication, large interaction length) determine its
potential application in THz spectroscopy.
This work was partly supported by RFBR grants 04-02-16866-a, 05-
02-17298-a.
1. M.M. Nazarov, L.S. Mukina, A.V. Shuvaev, D.A. Sapozhnikov, A.P.
Shkurinov, and V.A. Trofimov, Laser Phys. Lett. 2005, 2(10), 471-475.

6194-22, Poster Session
Moth-eye structures for reduction of Fresnel losses at
THz components
C. Brückner, S. Riehemann, G. Notni, A. Tünnermann, Fraunhofer-
Institut für Angewandte Optik und Feinmechanik (Germany)
Introduction to the topic.
A key to extend the capability of THz setups is the decrease of the
Fresnel losses of transmissive components, i.e. THz emitter, beam
shaping components and THz receiver. Consider the boundary of
just two media with refractive index of n0 = 1 and n1 = 1.5. Then, for
perpendicular incidence, 4% of the incident radiation is lost because
of the discontinuity in dielectric constant. This loss multiplies for
every additional boundary. The multiple internal reflections on
transmission through a planar sample appear as echoes in the
temporal progression of the THz signal. In the visual and solar
spectral region antireflection coating by interference systems and
moth eye structures are well studied. In this paper, we investigate
the applicability of moth-eye structures to THz components.
Broadband Antireflection Coatings.
Conventional antireflection-coatings consist of one- or multi-layer
systems whose function is based on interference. At the interface of
quarter-wave or half-wave layers, waves are partly reflected and
partly transmitted. Right combination of the amplitudes at appropri-
ate phasing leads to destructive interference and thus to a reduced
total reflection. With typical multi-layer systems, low reflective values
can be realized only for a relative small spectral region, i.e. up to one
octave. At broadband spectra the reflective values lie over the
reference value, i.e. the value without layer system, because the
system contains a layer, which has a greater refractive index than the
substrate material. Thus, multi-layer systems with high refractive
layers are not suited for broadband applications: gains and losses of
the coating are in the same dimension.
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Broadband denotes a minimum requirement that within one spectral
region, which is bigger than one octave the reflection values are
lower than the reference value. With interference layers broadband
antireflection-effects can be achieved, if a system is used with layers
with a refractive index increasing to the substrate, but never
exceeding the index of the substrate material.
The simplest version of a broadband antireflection coating is a
quarter-wave layer. For the design wavelength, reflection is reduced
to extremely low values (ideally to zero). For the long wavelengths,
reflection approximates asymptotically against the reference value,
but never exceeds it. The conditions for this layer are n1^2 = n0*n2
and n1*d1 = lambda/4. With the refractive indices n0 = 1 for air and
n2 = 1.5 for HDPE as typical material for THz imaging components
and a wavelength of lambda = 30 µm as lower boundary of the THz
spectral region, we obtain for the required refractive index of the
layer n1 = 1.22 and a thickness of 6.12 µm. This means, on the one
hand, there are no technical adequate materials with a refractive
index below 1.3 as well as in visual, solar and THz spectral region.
On the other hand, because of the layer thickness, coating a surface
by conventional deposition techniques will be very expensive. Thus,
it is impossible to realize good antireflection coatings with layers
consisting of homogeneous media.
Media with effective refractive index.
Low refractive indices can be achieved by mixing material and air in
dimensions below the wavelength of the light. The volume fractions
of different media can directly be influenced and thus an effective
refractive index is tunable. Such media are accomplished as porous
sol-gel layers, manufactured by etching, as periodical and stochastic
surface structures.
Gradient layers.
By mixing air and material also media with a gradient of the refractive
index, so called gradient layers, can be realized. This technology can
be used for broadband antireflection coating. There is no boundary
with a discontinuity in the refractive index at which light or rather
radiation could be reflected. Refractive index changes continuously.
The lower the gradient of the refractive index, the less is the
reflection from such a surface.
The difference between interference systems and gradient layers
disappears in the limit of an infinite number of thin layers, when the
difference in the refractive index between adjacent layers ap-
proaches zero. Thus, gradient layers can also be modeled as
interference system by approximating the gradient of the refractive
index by a step function with sufficient number of steps.
Effective Medium Theory (EMT).
With effective medium theory, the reflection and transmission of such
structured surfaces can be calculated. For modeling, the layers of
the modulated region are treated as thin layers with homogeneous
effective refractive index. Because EMT assumes homogeneous
effective material properties, diffraction effects cannot be included.
Thus, application of the EMT is only meaningful in situations, where
beside the zeroth order (directly reflected or transmitted wave) no
further diffraction orders can propagate in air or in the substrate
material. For this, the ratio of structural period to wavelength must
not extend a certain value.
Structural parameters.
With the help of EMT, we deduce optimal structural parameters for
one-dimensional and two-dimensional periodical surface-relief
gratings. A rough estimation yields a structural period of maximum
10 µm for the short wave length end of the THz region of 30 µm. For
broadband antireflection coating additionally a great structural depth
is required. For the long wavelength end of the THz spectral region
of 3 mm this gives an estimated value of 1 mm. This required aspect
ratio of 100 is neither producible nor mechanically stable.
An alternative concept for broadband antireflection structure
provides the combination of several surface structures. To achieve
the required great structural depth for the long wavelengths at not to
big aspect ratio, a profile with a great period is used. This macro-
structure is modulated by a microstructure with the required period
for the short wavelength. With this combination of structures of
several dimensions, antireflection coatings for an essentially broader
spectral region can be realized.
In Optics, structures described above can be manufactured by
interference lithography, where at the holographical process near
field interferences are exploited. Because of the dimensions of the
structural parameters, known methods for coating surfaces with
moth eye structures cannot be applied.

Ultra-precision machining.
With ultra-precision machining, complex optical surfaces with
surface roughnesses for the visual spectral region, i.e. 5 to 10 nm
RMS can be generated. A contouring accuracy of less than 1 µm can
be achieved. Structures in the dimensions from 1 mm down to 1 µm
are possible. Furthermore, with diamond as tool material, materials
of great degree of hardness can be machined. Thus, it is possible to
machine semiconductor materials like silicon and germanium.
Because of the carbon affinity of the diamond tool, only non-carbon
metals can be treated. But especially plastics like PMMA can good
be machined.
We show how a broadband antireflection coating for THz spectral
region can be achieved by combination of conventional manufactur-
ing methods like turning and milling with ultra precision machining.
Furthermore, we show how these techniques can be integrated into
the manufacturing process for THz components so that no additional
processing steps and materials are necessary. With this technique
moth-eye structures are applied to planar, spherical and aspheric
components. A comparison between several structures fabricated on
planar plastic samples is given. An optimal structure is applied to a
high-resistive silicon wafer. We give an overview of appropriate
materials for the presented machining method. The application to all
transmissive THz components, i.e. also emitters and receivers is
discussed.

6194-23, Poster Session
THz semiconductor hot electron bolometer (SHEB)
V. Dobrovolski, F. F. Sizov, Institute of Semiconductor Physics
(Ukraine)
A new moderately cooled to moderate cryogenic temperatures, fast
and small-area semiconductor THz detector is proposed and its
model is developed. The principle of this detector operation differs to
those used in antennas, superconducting hot electron bolometers,
quantum semiconductor and thermal detectors. In contradistinction
to thermal bolometers, radiation heats only electrons in narrow gap
semiconductor without inertial lattice heating. In conditions deter-
mined this heating changes generation and recombination pro-
cesses, that leads to the electron and hole concentration decrease
and resistance increase that creates an output signal.
For SHEB manufacturing important are semiconductors with high
conductivity, providing high radiation absorption by free carriers, and
also high mobility and energy lifetime values, which are required for
their efficient heating. Such conditions can be realized in narrow-gap
semiconductors (e.g., Hg1-xCdxTe or InSb) and these semiconduc-
tors were considered.
Estimations for narrow-gap semiconductors (mercury-cadmium-
telluride) have shown that for the model developed, the reasonable
detectivities (D*~ (10^7 - 10^8 cmHz^1/2/W)) for moderate cryo-
genic temperatures T = 77 K in radiation frequency range f ~ (0.1-2)
THz can be reached. Its response time is about the life time in
semiconductor and in the narrow-gap semiconductors it can reach t
~ 10^-8 s.

6194-24, Poster Session
Sub-ps resolution optical sampler based on FWM effect
in highly nonlinear fibre
G. Meloni, Scuola Superiore Sant’Anna (Italy); A. Bogoni, L. Pot,
Consorzio Nazionale Interuniv. per le Telecomunicazioni (Italy)
Nowadays the need to measure ultra-short optical pulses in the time
domain with high resolution is becoming fundamental in a wide
range of applications including ultra-fast telecommunication,
biophotonic, sensors, synchronization, dynamic characterization and
testing of new materials. In the telecommunication area, for example,
as the repetition rate of single transmission channel increases, ultra-
short pulses will play a key role in all-optical signal processing,
especially in ultra-fast optical networks subsystems such as label
processors, optical clock recovery, signal regeneration, optical flip
flop, etc... For such applications an instrument able to resolve optical
signal with sub-picosecond time resolution is mandatory. Up to now
different kind of sampling techniques have been proposed with
limitations in terms of resolution, complexity, elaboration time, and
stability.
In this paper, we propose a sub-ps resolution optical sampler, based
on nonlinear effects in a 400 meter-long Highly Non Linear Fiber
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(HLNF) with a nonlinear coefficient  *  = 10 W-1km-1. The effective-
ness of the proposed optical sampler has been demonstrated and
validated using a commercial oscilloscope. Moreover its accuracy
resolving sub-ps optical pulses has been demonstrated.
The proposed optical sampler exploits Four Wave Mixing (FWM) non
linear Kerr effect taking place when two or more powerful signals at
different wavelengths propagate through an optical fiber. In our case
the signal to be resolved is coupled into a HNLF together with a
pulsed pump light. By means of a Tunable Optical Filter (TOF) at the
output of the HNLF, it is possible to extract one of the FWM
components, whose mean power can be measured using an optical
power meter. If the pump pulse duration is short enough (negligible
with respect to the temporal dynamics of the signal) and its mean
power is constant, the measure optical power at the output of the
TOF can be approximated with the instantaneous signal power. By
time delaying the pump with respect to the signal, its time shape can
be reproduced. The accuracy of this sampling technique strongly
depends on the non linear phenomenon efficiency by means of the
non linear coefficient  * , and of the length L of the fiber. When a
Dispersion Shifted Fiber (DSF), with typical non linear coefficient  *  =
2 W-1Km-1, is used, several Km-long fiber spans are needed, giving
some problems in terms of stability, polarization fluctuation and
walk-off. In the last years, the availability of commercial HNLFs
allows a reduction of the necessary fiber length down to few meters.
Moreover, some HNLFs have a flat chromatic dispersion curve and
high birefringence avoiding efficiency reduction caused by signals
walk-off and polarisation fluctuations.
In this experiment, a 400 m-long span of HNLF has been used. The
sampling signal is a pulse train with a pulse width lower than 1 ps,
generated by means of a mode locking laser at a wavelength *s =
1557 nm followed by a high order soliton compressor. The power
and the polarization state of both signal and pump have been
optimized by means of EDFAs (Erbium Doped Fiber Amplifiers) and
polarization controllers. Signal and pump are then coupled into 400
m of HNLF. A 0.1 nm bandwidth TOF is used in order to extract the
FWM signal at the HNLF output. A Piezo-electric delay line (P-ODL),
driven by a 100 MHz electrical saw-tooth waveform shifts the
sampling pulses with respect to the signal. In such a way it is
possible to visualise in real time the behaviour of the mean power at
the output of the TOF by using a 150 MHz PD (PhotoDiode) and a
500 MHz-oscilloscope triggered by the saw-tooth signal.
In order to validate the proposed technique, a 10 Gbit/s NRZ (Non
Return to Zero) signal with a wavelength *CW = 1550 nm, has been
sampled. An alternated modulation sequence has been used,
whereas the sampling frequency has been fixed to 5 GHz in order to
have the same periodicity as the signal to be resolved. Thus, the
mean output power measured by changing the sampling pulse time
position, directly gives the NRZ signal shape. In order to evaluate the
sampler accuracy, the signal has been opportunely distorted. The
trace obtained using a commercial oscilloscope with a bandwidth of
60 GHz has been compared with the curve measured by the
proposed optical sampling oscilloscope. The obtained good
agreement demonstrates the effectiveness of the presented scheme.
In order to demonstrate the high resolution of the proposed optical
sampler, ultra-short pulses, generated through active fiber mode
locking technique, have been resolved. In this case, the sampling
pulse width was about 350 fs. The pulsewidth measured by the
proposed optical sampler has been 5.2 ps, while a commercial
autocorrelator provided an estimated value of 5.4 ps.
Finally in order to estimate the maximum resolution of the proposed
optical sampler ultra-short optical pulses with asymmetric and
irregular shape have been considered. The pulse distortions have
been produced through soliton propagation in 500 m-long HNLF.
The obtained results demonstrate the capability of the proposed
optical sampler to describe sub-ps dynamics.
In conclusion, an optical sampler based on FWM in 400 meter-long
HNLF, able to resolve ultra-fast signals with a sub-ps resolution, was
implemented. Comparison with results obtained by a commercial
oscilloscope allows to validate the accuracy of the proposed
scheme.

6194-25, Poster Session
Effective reflectance in millimeter-wave range
V. I. Kislenko, A. D. Lomakin, R. Yaroshenko, National Taras
Shevchenko Univ. of Kyiv (Ukraine)
The effect of phase conjugation leading shaping of a wave, complex
conjugated to the incident, practically has no frequency restrictions
and is registered in a wide spectral range. One of last confirmations
of universality of the given effect is making phase-conjugate mirror
(PCM) at parametric interacting magnetistatic waves with
nonstationary local pumping. On this instance in the given operation
existential performances of an effective reflectance of PCM which
are typical both for a case of a stimulated scattering, and for three-
undular interacting, both for optical, and for other frequency ranges
are considered, and differ in only material parameters of a nonlinear-
active medium.
Process of shaping of a reflected wave can be presented by means
of an effective reflectance. Such approach leads to necessity of a
solution of an inverse scattering problem, using (as initial) the
experimental data witch have lapses, makes such problem ill-posed.
A solution of similar problems is possible using only numerical
methods.
Reviewing of an inverse problem for PCM we shall hold on an
instance of three-wave parametric interaction of waves. In most
cases of such experiments a length of parametric interaction of
waves essentially more than their own lengths, that allows taking
advantage of set of the reduced equations for amplitudes of incident
and reflected waves at their parametric interaction in a wave field of
pumping.
It is significant, that a set of reduced equations is not complete for a
direct problem of scattering. So for a case of stimulated Brillouin
scattering mirrors it should be added by the reduced equation of
Navier-Stokes, etc. For an inverse scattering problem, supposing
time dependencies (oscillograms) incident and reflected pulses on an
entering edge of PCM are known, the third equation is omitted. The
inverse problem of determination of an effective reflectance of is
solved regardless to concrete type of scattering or three-undular
interacting.
A solution of an inverse problem it based on regularizing Tikhonov’s
algorithm. It allows getting the unique solution of ill-posed problem,
using the prior information such as smooth and positiveness of the
temporal shape of real impulses was used.
For validation of the offered method of effective reflectance
definition, the comparative analysis of a solution of direct and inverse
scattering problems for the wide class of model experiments has
been accomplished. The outcome of these numerical experiments
has confirmed stability and uniqueness of a solution of an inverse
problem with input data spread up to 7 % from maximum value of
input pulse.
Conditions of performing of comparative analysis are analogous to
conditions of inverting in a time of impulses at their reflection from
three-undular PCM. For a case, for example, stimulated Brillouin
scattering registration of spatio-temporal distribution of a hypersonic
wave in nanosecond range is practically impossible.
The possibility of effective reflectance use is shown on an instance of
the analysis of PCM at parametric interacting magnetistatic waves.
Such effective reflectance should be considered at shaping the
impulses reflected from PCM with the demanded time dependence
differing from the temporal shape of incident impulse, for example at
their compression.
At a solution of such inverse problems it is necessary to pay
attention to problems of stability of the gained solutions and on
physical interpretation considering nonstationarity of phase
conjugation and quality of formation of a wavefront set.
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6195-01, Session 1
Optical properties of metallic nanostructures fabricated
by two-photon induced photoreduction
P. L. Baldeck, J. Bosson, A. Mihut, M. Pierre, O. Stephan, Univ.
Joseph Fourier (France)
We are using the technique of two-photon induced
photoprecipitation to fabricate gold and silver nanostructures. The
plasmon absorption bands of gold and silver nanoparticules have
been studied in situ by microspectroscopy.
Two-photon absorption have been recently used to fabricate
polymer and metallic microstructures. The photochemistry is
localized only at the focal point of the laser where the two-photon
absorption occurs. Microstructures are immediatly obtained by a 3D
scan of the laser. In this work we have investigated the possibility to
use the TPA technique to fabricate arrays of metallic nanodots, and
to draw metallic nanowires between contacts. Their optical proper-
ties are studied by absorption and fluorescence microscopy.
The generic method uses the high solubility of metallic salts to
prepare samples with a high concentration of metallic precursor. A
two-photon sensitive photoreductor is added to trigger the photo-
chemistry at the focal point. The sample viscosity is ajusted with a
hydrosoluble polymer.
2D and 3D arrays of silver or gold nanodots can be easily grown on
the glass substrate, and in the polymer thickness, respectively. The
nanodot size varies in the tens of nanometer depending on the
incident laser power. Using the same process, micro and nano silver
wires can be drawn between contacts with 3D controlled patterns.
The plasmon absorption bands of gold and silver nanoparticules
have been studied in situ by absorption microspectroscopy. The
silver nanostructures have a strong tunable luminescence that
originates from the AgO confined electronic excitation.

6195-02, Session 1
Local field spectroscopy of metallic dimers by TPL
microscopy
R. Quidant, D. ten Bloemendal, I. G. Cormack, S. Enoch, P. Loza, G.
Badenes, Institut de Ciències Fotòniques (Spain)
Optimizing the interaction of light with individual nano-entities such
as molecules or quantum dots is a major objective of nanophotonics
that may contribute to the elaboration of future nano-devices. For
this purpose, light fields confinement down to dimensions much
smaller than the incident wavelength is highly desired together with a
high field magnitude. Metallic nanostructures sustaining Localized
Surface Plasmon (LSPs) modes have shown to be well suitable for
fulfilling these two requirements. In particular, dimers geometries
formed by two closely spaced nanoparticles provide in their gap
dramatic field enhancement and confinement volume. The fabrica-
tion of such nanostructures, although critical, is now rendered
accessible by standard  e-beam lithography techniques. A remaining
major issue is their optical characterization with needs to be sensitive
to the local fields bound to the metal surface and to provide
spectroscopic data. Although near-field optical microscopy is well
adapted to map the near-field around nanostructures, it is limited to
qualitative data and remains cumbersome for spectroscopy.  Some
very recent works have shown that Two-photon Photo-Lumines-
cence (TPL) measurements from resonant metallic nanostructures
can be used to probe their local fields. To the best of our knowledge,
the work we present is the first experimental comparison of far-field
and near-field spectroscopy on dimers systems. The results show
the TPL spectra can provide some additional data on the electro-
magnetic modes of the nanostructures. In particular,   multipolar like
resonances that are not observed in the scattering response are
clearly resolved. Additionally, an appropriate normalization of the
TPL signal provides us the field enhancement factor associated to
the respective modes. The experiments are well corroborated by
simulations based on the Fourier Modal Method.

6195-03, Session 1
Second-order optical characterization of gold
nanoparticle arrays
B. K. Canfield, S. Kujala, K. Laiho, H. Husu, M. Kauranen, Tampereen
Teknillinen Yliopisto (Finland); K. Jefimovs, Paul Scherrer Institut
(Switzerland) and Joensuu Yliopisto (Finland); Y. Svirko, J. P.

Turunen, Joensuu Yliopisto (Finland)
Metal nanoparticles offer many favorable prospects for miniaturizing
photonic and optoelectronic devices such as plasmonic waveguides,
polarization controllers, and retarders.  To this end, characterizing
the optical responses of metal nanoparticles, both individually and in
arrays, has become an exigent topic in photonics research.
Fabrication by electron-beam lithography (EBL) allows accurate
control over structural parameters such as size, shape, spacing,
orientation, and even the composition of nanoparticles.  Although the
technology has evolved greatly over the past few decades, current
EBL fabrication techniques still have hurdles to overcome in terms of
reproducibility issues.  Designs with more challenging geometries
requiring sharp edges and corners are difficult to produce reliably,
especially as the dimensions of the particle decrease.  In addition,
the metal deposition and lift-off stages often result in small defects in
individual particles such as bumps, pits, or ridges.  These defects
can have serious effects on the optical responses of the particles
and arrays.
We investigate the optical responses of regular arrays of L-shaped
gold nanoparticles using both linear techniques and second-
harmonic generation (SHG) experiments.  Such particles have a
basic anisotropic and noncentrosymmetric shape required for a
second-order nonlinear response. The arrays are fabricated with EBL
on a glass substrate.  The second-harmonic measurements are
important because the linear responses may be insensitive to the
presence of the small defects.  In contrast, SHG depends strongly on
both the symmetry of the samples and the local electric field at the
samples.  The small defects may break the intended symmetry,
making their presence more likely to be observed through nonlinear
optical measurements.  In addition, such small metal features
concentrate and enhance the local field surrounding them, thereby
enabling more efficient SHG.  Hence, the linear measurements can
be considered as an initial, overall characterization of the optical
response, while the second-order measurements offer more refined,
detailed information about the nanoscale processes underlying the
optical responses.
Because of the overall nanoscale structure of the arrays as well as
the defects, both the local fields and local nonlinear susceptibilities
exhibit similar, nanoscale variations.  These issues are further
complicated by the possible excitation of surface plasmons or
waveguide modes in the structure.  The description of the nonlinear
response in terms of the traditional macroscopic susceptibility and
nonlinear polarization is therefore questionable.  Evaluation of the
local fields and susceptibilities as well as their connection to the
measured signals is also exceedingly difficult.  To avoid these
problems, we propose a formalism based on a generalized macro-
scopic nonlinear response tensor (NRT) that describes the second-
order optical response in terms of the input and output fields, rather
than the usual second-harmonic susceptibility tensor.  This tensor
has the benefit that it allows the macroscopic symmetry properties of
the response to be addressed using only dipolar selection rules,
although the tensor includes interactions of all multipolar orders.  A
limitation is that the NRT is specific to a given experimental geom-
etry.  On the other hand, its variations between different geometries
are expected to provide valuable information about the origin of the
nonlinear response.
We have developed a complement of linear and nonlinear measure-
ments to characterize nanoparticle arrays.  Linear measurements
such as polarized transmission and polarization azimuth rotation are
used to determine if the broken symmetry caused by the defects
renders the arrays chiral.  Chirality is expressed by the arrays in
transmission axes shifted from the locations expected for the design
symmetry, and by rotation of the polarization azimuth not attributable
to dichroism and birefringence.  SHG measurements include direct
measurements of the magnitudes of the NRT components and
continuous polarization variation experiments, where a quarter
waveplate is used to modulate the polarization state of the funda-
mental beam at the sample.  The latter are particularly valuable as
they yield the relative complex values of the NRT components.  Such
information can be used in turn to make connections to any other,
more microscopic models of the response, once they become
available.
These basic measurements are performed for both incidences
(sample side and substrate side), as well as in transmission and in
reflection.  Results of linear measurements suggest that plasmon
waveguide modes are excited differently depending on the inci-
dence.  The advantage of SHG in reflection and transmission is that
differences in polarization lineshapes for the two versions would be
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indicative of interference between various multipole contributions,
which transform differently sign-wise between reflection and
transmission.
A comprehensive understanding of the physical processes involved
in the optical responses of metal nanoparticles and arrays thereof is
essential to their development for use in photonic devices.  We offer
a range of experiments and a theoretical formalism to characterize
these processes, providing the framework for a deeper understand-
ing of the nanoscale optical responses of metals and improving the
quality and reproducibility of nanoparticle samples in the future.

6195-04, Session 1
Probing of nanoparticles with third harmonic Rayleigh
scatteing
V. I. Shcheslavskiy, Univ. of Southampton (United Kingdom); S. M.
Saltiel, G. I. Petrov, Sofia Univ. (Bulgaria); V. V. Yakovelv, Univ. of
Wisconsin/Milwaukee (USA)
The theory of light scattering was first put forward by Lord Rayleigh
in a series of papers in which he discussed the case of particles with
a size small compared to the wavelength of the incident light.
In 1940 Debye extended Rayleigh’s theory to study molecular
weights, sizes, shapes and interactions of biological molecules in
solutions. Experimental and theoretical developments have led to
many applications of light scatting in material science, biological
imaging and aerosol sensing.
One of the main fundamental conclusions of linear light scattering
theory is that the intensity of light scattering is proportional to the
sixth power of the particle size for a given wavelength of the incident
radiation. This steep dependence on size limits the minimal size of
the particle, which can be detected, for example, by using dark-field
microscopy technique.
With the advent of ultra-short laser sources and development of
nonlinear optics, nonlinear optical effects in light scattering became
very important. Second- and third-order scattering processes from
micron and sub-micron particles have been studied both theoreti-
cally and experimentally. While second-harmonic signal from
Rayleigh particles scales the same way as in case of linear Rayleigh
scattering, third-harmonic signal from submicron particles has been
shown to scale as a fourth power of its size, when size of the particle
is small compared to the waist of the incident focused beam, which
puts third-harmonic generation in an advantageous position
compared to other scattering methods for probing nanoscopic
objects.
In this presentation we propose a method for measurement of both
size and third-order nonlinear susceptibility of spherically shaped
nanoscopic objects. Since the generated third-harmonic power
depends only on the size of the objects and both their nonlinear
optical susceptibilities and nonlinear optical susceptibility of the
surrounding medium, it allows us to extract the information on both
the size of inhomogeneities and their nonlinear susceptibility from
two independent measurements. To check the method, we apply it
to determine third-order nonlinear susceptibilities and sizes of fused
silica microspheres.  The choice is determined by the well-known
properties of this material.
This method can be potentially important for study of structural
transformations of  biomolecules.

6195-05, Session 1
Cubic and quadratic nonlinear magneto-optical Kerr
effect in magnetic nanogranular films
T. V. Murzina, J. M. Kim, O. A. Aktsipetrov, A. F. Kravets, M.V.
Lomonosov Moscow State Univ. (Russia)
The progress of nanoscience requires the development of new
noninvasive and sensitive probes of nanostructures. Recently,
nonlinear magneto-optics has been recognized as a sensitive tool for
studies of electronic, magnetic and atomic structure of surfaces,
interfaces and thin films. A special interest has been attracted to the
magnetization-induced optical second harmonic generation (SHG),
which is intrinsically localized at surfaces and interfaces of cen-
trosymmetric media due to the electric dipole selection rules. High
surface and interface sensitivity along with large values of nonlinear
magnetization-induced effects in SHG resulted in a fast development
of this field of research during the last decade, when the advantages

of the magnetization-sensitive SHG were demonstrated for clean
surfaces and interfaces. At the same time, higher-order (cubic)
nonlinear magneto-optical effects were observed only two years ago
and the possibilities of this magnetization-sensitive probe for the
diagnostics of magnetic structures are not clear till now.
A special interest in magnetic nanostructures, and in particular in
magnetic nanoparticles, is due to the observation of remarkable new
phenomena such as superparamagnetism, giant magnetoresistance,
high saturation field, additional anisotropy contributions, etc and
which have already found a lot of applications. These phenomena
arise from the finite size and surface effects that dominate the
magnetic behavior of individual nanoparticles. At the same time,
nonlinear magneto-optics of magnetic nanoparticles is only being
developed at present. One can expect that not only quadratic (in
optical second harmonic generation), but also cubic nonlinear
magneto-optical Kerr effect in third harmonic generation (THG) can
reveal high values in magnetic nanoparticles, thus giving an extra
sensitive tool for the diagnostics of nanomagnetizm.
In this paper, the results of the experimental studies of magnetiza-
tion-induced nonlinear optical effects in second- and third-harmonic
generation in magnetic nanogranular films are presented. It is
demonstrated that nonlinear-optical effects in magnetic materials -
magnetization-induced second-and third-harmonics’ generation -
supplement and extend greatly the conventional linear magneto-
optical Kerr and Faraday effects.
The studied samples are granular magnetoresistive films of the
composition CoxAg1-x and (CoFe)x(Al2O3)1-x , the concentration of
the magnetic material in the films, x, being varied over the range
from 0.05 up to 1. The composition of the films is characterized by
Energy Dispersive X-Ray Analysis. The crystalline structure of the
films is studied by Bragg-Brentano X-ray diffraction technique and
reveals the existence of the nanogranules of the size between 5 and
20 nm for the concentrations x<0.4.
The nonlinear-optical experiments are performed using the output of
YAG:Nd  laser at 1064 nm wavelength and the pulse duration of 15
ns. The SHG or THG radiation is detected in reflection from the
samples by a PMT and gated electronics. For the studies of the
nonlinear magneto-optical Kerr effect, transversal or longitudinal
magnetic field of about 2kOe is applied to the sample. In order to
reveal the magnetization-induced effects in the nonlinear-optical
response of the nanogranular films, magnetization-induced variations
of the intensity, polarization state and phase of second- and third-
harmonics’ waves are studied.
It is obtained that for the granular films of different composition and
concentrations of the magnetic material,  the nonlinear magneto-
optical Kerr effect (NOMOKE) in SHG and THG exceeds the linear
magneto-optical Kerr effect by at least an order of magnitude.
NOMOKE in THG from these magnetic nanostructures appear to be
of the same order of magnitude as the second-order (quadratic)
NOMOKE in SHG. For the quantitative characterization of the value
of the nonlinear magneto-optical Kerr effect, the NOMOKE magnetic
contrast is typically measured, which reveals the relative value of the
magnetization-induced nonlinear susceptibility with respect to
nonmagnetic (crystallographic). It is found that the NOMOKE
contrast in the magnetization-induced THG is up to ~0.1 in CoxAg(1-
x) nanogranular films. For the THG wave, magnetization-induced
rotation angle of polarization is up to 15° is attained. Similarly high
values of the NOMOKE is SHG and THG are observed for
(CoFe)x(Al2O3)1-x films.
For the two types of magnetic nanogranular films similar dependen-
cies of the NOMOKE in SHG and THG on the concentration of the
magnetic material, x, are observed. Moreover, for the case of
CoxAg1-x granular films, a correlation between the magnetoresis-
tance and NOMOKE is found, which manifests itself in a similar
dependence of the GMR and NOMOKE on x: a clear maximum of the
NOMOKE contrast is observed at about x=0.3, which stays in a good
agreement with the maximum of the Co-content dependence of the
GMR coefficient. One may suppose that the increased spin-
dependent scattering of electrons in this concentration range plays
the key in the enhancement of both the GMR and NOMOKE.
Thus, the NOMOKE in magnetic nanogranules is observed both in
SHG and THG. A correlation between magnetization-induced
second- and third-harmonic generation and the GMR coefficient in
these magnetic nanocomposite materials is discussed.
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6195-06, Session K1
Nanotechnology at the European Patent Office: the
photonics approach
Y. Verbandt, M. Scheu, A. Trepp, European Patent Office (Nether-
lands); W. Förster, European Patent Office (Germany)
For an emerging technology, intellectual property rights are critical in
securing funding and creating business opportunities.  The large
investments in R&D in nanotechnology, both from private and public
sources, will inevitably translate into patent applications enabling the
commercial exploitation of the acquired technology and its resulting
products.
The EPO basic mission is to grant high-quality patents in a timely
manner. In doing so it provides legal protection for the patent
proprietor, which holds up in court, and, clear and unambiguous
technical information for the public. A detailed and complete prior art
search is the essential prerequisite for arriving at this goal.  In order
to succeed the following steps have to be undertaken:
• Proper file allocation: the patent application should land on the
desk of the examiner (or team of examiners) with the appropriate
expertise.
• Search efficiency: by classifying the prior art document collections
the search work is ensured to be well-focused and fast.
•  Completeness of the prior art collection: the set of documents
used should be as comprehensive as possible, which means
including scholarly journals, conference proceedings, product
information, ...
For the emerging field of nanotechnology, our approach consists of
applying a nanotechnology “tag” to the documents (patents as well
as scholarly publications) in our databases across the existing
technical fields.  For this “tagging” purpose, nanotechnology is
defined as covering:
• Entities with a controlled geometrical size of at least one functional
component below 100 nm in one or more dimensions, of which the
properties are derived from that nanometer-sized dimension; and
• Equipment and methods for analysis, measurement, processing,
manipulation and fabrication with a precision below 100 nm.
Six different tags were defined which cover the nanotechnology
aspects in the fields of biotechnology, information technology,
material and surface sciences, sensing and actuating, optics and,
finally,  magnetics.
The question remains how to define nano-optics or nanophotonics,
knowing that all diffractive structures have sub-100nm controlled
features and that their properties are critically dependent on
manufacturing tolerances. Our approach is to continuously survey
the literature and consult the expert examiner whenever
nanophotonics aspects appear in his field of expertise.  Hence, the
range of tagged technical fields is continuously updated and fine-
tuned through the expertise of our about 200 in-house optics
experts.
At the time of writing, about 3000 basic patents and about 6000
scholarly papers are indexed in our database as belonging to the
field of nanophotonics.  At the time of the conference, the tags
should be available to the public free of charge through the
Espacenet interface (http://ep.espacenet.com).  This information can
facilitate the strategic decision-making of companies and investors.
After establishing the novelty of the patent application with regard to
the existing prior art, the examiner has to investigate its inventive-
ness, i.e. the invention should solve a technical problem and the
solution it proposes should not be obvious to the skilled person. In
emerging technical fields patent offices face a risk of granting
patents which are too broad.  This could give the proprietor an
unjustified stranglehold on an area of technology and prevent
competitors from securing funding (which could eventually lead to
them going out of business).
By creating a multidisciplinary team of examiners under the
“nanophotonic” umbrella, the different aspects of this new technol-
ogy are covered by in-house expertise and the inventiveness of a
patent application can be assessed in the light of the standards
which are used in the different technical subfields of the examiners.
Our presentation will include:
• An in-depth discussion of the definitions for nanotechnology and
nanophotonics which were adopted in the EPO,
• An overview of the technologies which are covered by the
nanophotonics tag, an overview of patent filing statistics subdivided

by technology and geographical location of the inventors’ team, and
• Some examples of patents which clarify the approach of the EPO
to the examination of patent applications in this exciting new field.
The opinions expressed in this article are those of the authors. They
should not be considered as necessarily the policy of the European
patent office (EPO), or imply any commitment by the EPO to any
particular course of action.

6195-07, Session 2
Non-diffracting beam synthesis used for optical trapping
and delivery of submicron objects
T. Cizmar, Institute of Scientific Instruments (Czech Republic); V.
Kollarova, Palacky Univ. (Czech Republic); M. ·iler, P. Jakl, Institute
of Scientific Instruments (Czech Republic); Z. Bouchal, Palacky Univ.
(Czech Republic); V. G. Garcés-Chávez, K. Dholakia, Univ. of St.
Andrews (United Kingdom); P. Zemanek, Institute of Scientific
Instruments (Czech Republic)
The transfer of momentum from photons to micro-objects, nano-
objects and even atoms enables manipulation of these objects.
During the past 20 years it led to many unique experiments in many
branches of physics, biology, and engineering.1,2 The most popular
setup for 3D manipulation is based on a single focused laser beam -
so called optical tweezers.3 Via movement of the laser focus this tool
enables manipulation with particles of sizes from tens of nanometers
to tens of micrometers immersed in water. The distance of the
transport is given by the field of view of the microscope in lateral and
axial plane together with low optical aberrations. Gradually more
complicated experimental arrangements were presented, generally
they are used on the interference of several light beams. The most
impressive example is the holographic optical tweezers that
employed the Spatial Light Modulators to dynamically rearrange tens
of optical traps and their positions.4,5 This is especially useful for
handling of micro-particles and living cells.
To work with many sub-micron objects we focus here on the
employment of non-diffracting (Bessel) beams.6 This special type of
the beam is produced as the result of plane waves interference if
their wave vectors cover the cone lateral surface. Therefore these
beams do not change their intensity spatial profile over a region of
their existence and, moreover, the radius of their central core can be
very narrow (in units of wavelength). The longitudinal region where
this non-diffracting beam keeps its properties depends on the lateral
extend of the field that interferes. Usually it exists over much longer
distance (hundreds of micrometers) than the Gaussian beams of
comparable beam waist. Several methods have been described how
to experimentally generate this beam7 but the most simple and
powerful one is to use an axicon. It provides the lowest losses and
so the power in the central core is sufficient for lateral confinement of
sub-micron objects. Longitudinal confinement in single Bessel beam
is possible only if other forces like gravity, hydrodynamic drag force
or glass are used to compensate the radiation pressure that propels
the object in the direction of beam propagation.
We used an interference of counter-propagating Bessel beams to
obtain intensity maxima and minima along the direction of propaga-
tion - standing wave antinodes and nodes. These intensities
gradients ensure longitudinal confinement of many objects. We
succeeded in experimental trapping of many polystyrene beads 200
nanometers in diameter in a Bessel beam core wide 2 micrometers
over 1 millimeter longitudinal range. This demonstration uses another
exceptional property of Bessel beams - self-reconstruction behind
the obstacle. On the contrary to the particle trapping in Gaussian
beams, the confined objects in Bessel beam do not spoil the beam
properties over long region. Additionally we proved that in spatially
periodic fields certain objects diameters are insensitive to the field
and cannot be trapped. This property can be employed for particle
sorting according to their size or possibly refractive index.
Changes in the phase in one of the beams cause the spatial
movement of the whole structure of standing wave nodes and
antinodes. If a particle is confined near the antinode (or node), it
follows the motion of the antinode (or node). Therefore, by precise
control of the phase it is possible to deliver simultaneously tens of
sub-micron objects.8
Many papers dealt with complicated field reconstruction by
synthesis of several co-propagating Bessel beams and they
mentioned its usage for optical manipulation and trapping.9,10 We
studied this problem theoretically and experimentally and we found
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that it is very difficult to obtain so big intensity gradients along the
propagation axis to overcome the radiation pressure from several
co-propagating beams. Despite our theoretical results indicated
possibility to trap sub-micron objects in two co-propagating
interfering Bessel beams of different widths, we experimentally
succeeded in particle localization only against the liquid flow. The
reason was the poor quality of the used axicons.
We analyzed the particle positions from fast CCD records and we
studied quantitatively the particle behavior and we determined the
trap properties. Comparison with our theoretical model gave very
convincing results.
The authors are acknowledged to ASCR (AV0Z20650511), GAAS
(IAA1065203), EC 6FP NEST ADVENTURE Activity (ATOM3D, project
No. 508952), and ESF (02-PE-SONS-063-NOMSAN) for supporting
this work.
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6195-08, Session 2
2D multiforce optical tweezers to investigate cell
adhesion strengthening in living cells
V. Emiliani, Institut Jacques Monod (France) and Univ. René
Descartes (France); D. Sanvitto, Institut Jacques Monod (France) and
The Univ. of Sheffield (United Kingdom); M. Coppey-Moisan, C.
Durieux, Institut Jacques Monod (France)
Mechanotransduction is a fundamental process in living cells which
regulates several processes related to cell functioning and living. It
occurs primarily at adhesive contacts named focal contacts. Here,
transmembrane receptors make a physical-chemical link between
the extracellular matrix (ECM) and the cell cytoskeleton. Force
applied to focal contacts and transduced in chemical signalling can
be either endogenous (actomyosin related) or exogenous (rigidity,
stretching or fluid shear stress). In both cases, different experimental
evidences have shown that force intensity correlate with the size and
chemical composition of focal contacts.
To highlight the role of mechanical stimulation in
mechanotransduction, a powerful method consists in using optical
tweezers, in this case one can mimic adhesion contacts by placing
micro-sized spheres coated with specific extracellular ligands on the
cell surface.  This method enable to apply force in the pN range on
surface areas comparable to the size of a single focal adhesions.
Experiments based on this techniques could show eg. that applica-
tion of force during the initial contact between fibronectine-coated
beads and fibroblast lamellipodia leads to reinforcement of the
integrin-cyoskeleton bonds. In similar experiments it was possible to
montitor the activation of Rac and the rapid recruitment of specific
proteins as vinculin or cadherin at the site of contacts.

In order to simultaneously investigate cell reaction to different forces
or substrate rigidities, we developed a variant of the optical tweezers
system, the multi force optical tweezer. [1] The system allows us to
generate pattern of multi optical trap where the stiffness of each trap
can be adjusted independently from the others.  2D pattern of optical
traps are obtained by scanning the trapping beam with the use of
two AODs. The stiffness of each traps is adjusted by selecting the
number of times the laser beam visits a specific location of the
pattern.
Here we use the system to demonstrate the cytoskeleton-integrin
interaction strengthening in living cells in response to different
substrate resistances.
Optical traps of different stiffness are used to locate and maintain
fibronectin coated beads on the dorsal surface of Vinclulin-GFP
transfected HeLa cells. By, incorporating the OT system in an epi-
fluorescence microscope we monitore as a function of time the
fluorescence signal related to the recruitment of Vin-GFP  at the
location of the bead .
The comparison between the intensity fluorescence profiles and the
laser trap intensity allows us to unambiguously demonstrate the role
that substrate rigidity has on the reinforcement of focal adhesion
contacts in Hela cell.
1. Emiliani, V., et al., Multi Force optical tweezers to generate
gradients of force. Optics Express, 2004. 12: p. 3906-3910.

6195-09, Session 2
Optical binding: comparison of experiments with theory
V. Karasek, T. Cizmar, M. Siler, P. Zemanek, Institute of Scientific
Instruments (Czech Republic); K. Metzger, K. Dholakia, Univ. of St.
Andrews (United Kingdom); E. M. Wright, College of Optical
Sciences/The Univ. of Arizona (USA)
Optical binding of microparticles is a phenomena that is based on
the scattering of light by microobjects combined with the mechanical
effects of light. Despite the fact that optical binding was recognized
more than ten years ago1,2 it was rediscovered quite recently in
another arrangement.3,4 In the case of two particles, one particle
modifies the spatial light distribution in such a way that an optical
trap is created for another particle. But at the same time the
presence of the second particle modifies the light distribution for the
first one. Therefore a sort of optical bond is created between both
particles which enables to create not only two bound objects but
even the whole one dimensional array. Several theoretical attempts
tried to describe this phenomena4, 5 but still the mechanism is not
quite understood. Therefore, we decided to test a different approach
based on the coupled dipole method (CDM)6 - sometimes called
discrete dipole approximation7, too.
The main principle of coupled dipole method is to divide a scatterer
into smaller parts which can be assumed as individual dipoles. Since
these dipoles are much smaller than the light wavelength, Rayleigh
scattering is the dominant process. If one takes into account mutual
interactions between dipoles and self-interaction of the dipole with
itself, a set of linear equations has to be solved to get the new spatial
distribution of the light. Limitation of CDM is given by the size of a
region that is occupied by individual dipoles where the field should
be uniform. The coupled dipole method is a very flexible method for
calculation of light scattering by an object of arbitrary shape in very
complicated spatial field distribution.
Using this model we studied how the force interaction coming from
the light scattering between two silica spheres depends on the
distance of beads, their refractive index with respect to the surround-
ing fluid, the properties (beam waists and their distance) of both
counter-propagating Gaussian beams.
We found that for certain parameters of refractive index of the
particle there are two possible and stable distances between bound
spheres. But the dependence on other parameters (beam waist size
and their distance) is so strong that just tiny changes in their value
caused rapid change in their distance or even optical binding
collapse. This could be used for very sensitive detection of structural
changes in colloids or aerosols.
This phenomena is studied experimentally using fiber lasers and
evanescent fields and the results will be compared with the
theoretical modes to verify its conclusions.
In a first set of experiments the formation of optically bound arrays of
two 3mm Silica spheres was investigated by successively varying
the refractive index difference (dn) between the host solution and
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sphere and measuring the distance (D) between the centroids of the
bound spheres. For a refractive index difference dn from 0.1 down to
0.09 two stable positions can be observed. Between dn ~ 0.09-0.75
the bistability of the systems ceases, resulting in a greater measure-
ment distribution and in only one stable position for dn smaller than
0.07. In a second experiment the separation of the fiber faces was
changed starting at 140mm to 40mm and back to 140mm. A first
order phase transition is clearly observed as evidenced by the
hysteresis in the sphere spacing as a function of fiber separation.
This work was supported by the European Commission 6’th
framework programme - NEST ADVENTURE Activity - through the
Project ATOM-3D (508952).
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6195-10, Session 2
Two-photon microfabrication and optical-tweezer
manipulation of polymer microsensors
P. L. Baldeck, C. Lin, Univ. Joseph Fourier (France)
TPA induced photopolymerization is a very attractive method for the
fabrication of three-dimensional (3D) microstructures. The chemical
polymerization reaction occurs at the laser focus where the
photoiniator chromophore is excited by the simultaneous absorption
of two photons. 3D micrometer-size objects with resolution as good
as 200nm can be produced. Linearly polarized optical tweezers are
efficient tools to control the position and orientation of dielectric
anisotropic micro-objects. When such objects are trapped by a
tightly focused beam, they tend to align parallel to the direction of
the electric field polarization. The orientation or angular motion of the
object can be obtained by rotating the linear light polarization with a
half-wave plate. In this paper, we report on the fabrication and
demonstration of polymer microsensors.
The experimental setup is based on an inverted microscope. Two-
photon excitation is achieved by a frequency doubled Nd:YAG
microlaser focused through a X100 microscope objective lens (NA=
1.25). Polymerization occurs at the focal point. A 3-axis piezoelectric
stage is used to translate the sample with respect to the laser focus
and produce the desired structure. Several hundreds of micro-
objects are fabricated in this way for each sample. A few drops of
acetone are added to dissolve unexposed resin and free the polymer
micro-objects, which can be trapped when floating in acetone.
The optical tweezer is based on a CW Nd-YAG laser at λ=1.064 µm.
The output laser beam, linearly polarized, passes through a half-
wave plate driven by a DC motor, so that the polarization direction
can be rotated (power up to 200mW, frequency up to 26Hz).
We have used this TPA-induced polymerization technique to
fabricate microsensors for viscosimetry, velocimetry and micropump
applications. Hundreds of sensors are free-floating in the liquid to be
characterized. When the optical tweezers is turned on, one sensor is
trap at the focal point. To maximize the laser-dielectric interaction, its
longest dimension aligns in the laser direction. In the case of a slab
shape and a linearly polarized laser, the microsensor rotates to align
itself in the polarization direction. Hence, the optical-tweezers can be
used to control the sensor position and angle, but also to generate

an optical torque that can be used for local hydrodynamic measure-
ments, i.e. viscosity and fluid velocity.
The viscosity microsensor is based on a micro-slab (4 µm  *  2 µm  *
0.7 µm) that is trapped and rotated using a linearly polarized optical
tweezers. The slab rotation is controlled by a half-wave plate driven
by a DC motor. The laser-induced optical torque is compensated by
the drag torque. Hence, the fluid viscosity can be deduced from the
rotation characteristics of the slab.
The velocimetry sensor has a flag shape. At rest the linearly polarized
optical tweezers traps the microsensor at the focal point, and the
flat-plate gets aligned in the polarization direction. Under a fluid flow,
the plate rotates to an equilibrium angle that is used to measure the
fluid velocity with a micron-size spatial resolution. The experimental
results, which are in good agreement with theoretical calculations of
optical and hydrodynamic torques on such flag-shaped microsensor.
The micropump sensor has an Archimedes screw geometry. When a
free-floating pump is approaching the laser focus, it gets trap, aligns
its axis in the laser direction, and starts to rotate around its axis. This
rotation generates a propulsive force on the fluid. The rotation
frequency ranges from few Hz to tens of Hz, depending on the laser
power, screw geometry, and fluid viscosity. For this geometry, the
laser polarization has no specific effect. The laser-induced rotation is
due to the optical torque that is transferred to the object by the laser
scattering. The rotation frequency is linearly proportional to the
optical power.

6195-11, Session 2
Design of a trapping potential for detection of a single-
atom by a microdisk resonator on a chip
M. Rosenblit, Y. Japha, Ben-Gurion Univ. of the Negev (Israel); P.
Horak, Univ. of Southampton (United Kingdom); R. Folman, Ben-
Gurion Univ. of the Negev (Israel)
The recent progress in the manufacturing of high Q dielectric
microresonant structures may enable their use as photonic devices
that can manipulate and/or detect single atoms on a nanometer
scale. Of specific interest is the wafer-based manufacturing of
resonators where a good control of the physical characteristics can
be achieved during fabrication and during operation, when they are
integrated with other functions on the chip.
We investigate the possibility of simultaneously trapping and
detecting single atoms near the surface of a substrate using an
external field of optical whispering gallery modes (WGMs) which are
supported by a toroid microcavity. The advantages are the small
electromagnetic mode volume of WGMs and the high Q value that
can be achieved in microdisk resonator.
The calculation was done for a dielectric disk resonator of diameter
15-30 microns coupled to a micron-width waveguide. We have
calculated the evanescent fields of some optical WGMs and found
that for efficient atom-mode coupling the atom should be placed
within 80 - 180 nm from the disk. Such close proximity should be
feasible without the atom being absorbed by the surface due to
attractive Van-der-Waals/Casimir forces or repealed by blue detuned
resonator light which was used for atom detection. We show that an
all-optical trapping using the combination of blue and red detuned
modes is possible. We discuss atom detection efficiencies and the
feasibility of non-destructive measurements in such a system
depending on key parameters such as atom distance from the disk,
intensity of a red- and blue detuned laser pump fields and disk size.

6195-12, Session 3
Advanced FEM analysis of nano-optical devices
S. Burger, A. Schaedle, L. W. Zschiedrich, F. Schmidt, Zuse Institute
Berlin (Germany)
Rigorous numerical simulations of Maxwell’s equations  are
extremely helpful in the understanding of physical  effects in nano-
optics and are essential for the  design of nano-optical devices. We
have developed a finite-element (FEM) package for  the solution of
eigenvalue and scattering problems resulting  from Maxwell’s
equations.  We have implemented higher order vectorial elements,
adaptive mesh refinement, transparent boundary conditions based
on the Pole condition, and fast solving algorithms. In this contribu-
tion we discuss the application of the  FEM solvers to recent
experiments in nano-photonics: We investigate the optical transmis-
sion spectrum of gold split-ring resonators with nano-scale dimen-
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sions [1], and we investigate the optical near field of an illuminated
gold  nanoparticle in the vicinity of a probe [2]. In both cases
simulation results agree with the experimental  findings and are used
to analyze the systems. We acknowledge support by the DFG
Research Center Matheon  and by the priority programme SPP1113
of the Deutsche Forschungsgemeinschaft.
[1] C. Enkrich, M. Wegener, S. Linden, S. Burger, L. Zschiedrich,  F.
Schmidt, J. Zhou, Th. Koschny, and C. M. Soukoulis. Magnetic
metamaterials at telecommunication and visible frequencies. Phys.
Rev. Lett., accepted (2005).
[2] T. Kalkbrenner, U. Hakanson, A. Schaedle, S. Burger, C. Henkel,
and V. Sandoghdar. Optical microscopy using the spectral modifica-
tions of a nano-antenna. Phys. Rev. Lett., accepted (2005).

6195-13, Session 3
Finite element analysis of tip-enhanced Raman scattering
A. R. Downes, A. Elfick, Univ. of Edinburgh (United Kingdom)
We have performed Finite Element Electromagnetic modelling of light
scattering in ‘Apertureless’ Scanning Probe Optical Microscopy.
Metal tips above metallic and transparent surfaces were modelled to
determine suitable conditions for Tip-Enhanced Raman Spectros-
copy (TERS) and Near-Field fluorescence.
Gold, silicon, and oxidized silicon were evaluated as potential tip
materials, as were the widely used flat substrates of gold, mica and
silicon.
The lateral resolution of optical imaging was calculated, as a function
of tip-substrate separation. This resolution can be made significantly
smaller than the tip radius for small tip-substrate separations.
In order to model biologically relevant samples, aqueous environ-
ments were investigated for the first time, yielding some surprising
results.

6195-14, Session 3
Efficiency of emission in some basic waveguides
G. Lecamp, J. Hugonin, P. Lalanne, Institut d’Optique (France)
The control of spontaneous emission in integrated optics is a matter
of great interest for a wide range of applications [1] from single
photon source to quantum dot lasers... The emission in these
complex structures is mainly described by two parameters : the
Purcell factor and the β-factor. The Purcell factor, F, represents the
enhancement of the emission due to the structure compared to the
one in the bulk material; as for the β-factor, it is the efficiency of the
emission into a given mode, compared to the emission into all the
modes. To achieve a laser with the lowest possible threshold or a
very efficient single photon source, one must design a structure for
which each photon created by the emitter is collected in one single
mode that is to say β=1  For a cavity, the expression of the β-factor
[2] is β=F/(F+γ), where γ is the normalized emission into all the
modes, except the resonant one.
The previous equation shows that to reach β=1 at least two ways are
conceivable : either increases F or lowers γ as much as possible.
A great amount of research has already been carried out to design
good cavity with high quality factors Q and thus high Purcell factors.
Nevertheless this increase of the Purcell factor and the Q is limited
since the linewidth of the cavity ( ∆λ=λ/Q ) should remain larger than
the linewidth of the emitter for instance. This limitation becomes
particularly critics for quantum dots when the temperature of
operation is increased as their linewidth also rapidly increases.
Moreover the fabrication of high-Q structures is still a sensitive and
difficult issue.
Apart from modifying the overall spontaneous emission and
increasing F, the other way to achieve β=1 is to lower γ. Up to now,
this way has been only sparsely explored : Chu and Ho [3] have
optimized cylindrical waveguides to increase the efficiency of the
emission into the fundamental mode and, ultimately, lower the laser
threshold; in 2001 Bayer and al. [4] described a reduction of γ by
gold-coating a micropillar to fabricate an efficient single photon
emitter.
The latter approach which relaxes some fabrication constraints, has
roused our interest. Therefore we look more closely to structures that
can have high  β-factors and in a second step that can be used as
cavity; we have investigated three different types : the dielectric ridge
waveguide, the metal-coated air-bridge waveguide and the single

line-defect photonic crystal waveguide.
For each of these waveguides we study the emission into the
fundamental mode and the total emission into all the modes,
function of the wavelength and of the geometric characteristics. The
reference structure is the classical rectangular dielectric waveguide
whose β-factor remains below 0.7 whatever its section is. After-
wards, we compare it to the same metal-coated waveguide for which
we observe trends different from Ref. [4], indeed no important
increase of the β-factor. Finally we take an interest in the single line-
defect photonic crystal waveguide and we observe that the
efficiency β easily reaches values as high as 0.8 and even tends to 1
for the slow velocity part of the mode.
These results are interesting as they question the origins of the
observed γ-diminution in the case of the metal-coated micropillar
and as they show a high efficiency emission for emitters in a single
line-defect photonic crystal waveguide compared to the traditional
waveguide. Starting from these structures, the β-factor can be
further increased thanks to the Purcell effect since the design of
cavities is nowadays well controlled in that kind of waveguides, thus
opening the way for single photon emitter and very low threshold
laser.
References :
[1] K. J. Vahala, “Optical microcavities,” Nature, vol. 424, pp. 839-
846, 2003.
[2] W. L. Barnes, G. Bjork, J. M. Gerard, P. Jonsson, J. Wasey, P. T.
Worthing, and V. Zwiller, “Solid-state single photon sources: light
collection strategies,” European Physical Journal D, vol. 18, pp. 197-
210, 2002.
[3] D. Y. Chu and S. T. Ho, “Spontaneous emission from excitons in
cylindrical dielectric wave-guides and the spontaneous-emission
factor of microcavity ring lasers,” Journal of the Optical Society of
America B-Optical Physics, vol. 10, pp. 381-390, 1993.
[4] M. Bayer, T. L. Reinecke, F. Weidner, A. Larionov, A. McDonald,
and A. Forchel, “Inhibition and enhancement of the spontaneous
emission of quantum dots in structured microresonators,” Physical
Review Letters, vol. 86, pp. 3168-3171, 2001.

6195-15, Session 3
Toward femtosecond laser lithography
J. Koch, E. Fadeeva, A. Ostendorf, B. N. Chichkov, Laser Zentrum
Hannover e.V. (Germany)
Photolithography is the conventional method for the fabrication of
microstructures and has been the predominant patterning technique
since the advent of the semiconductor age. Sub-100nm patterns can
be produced using very short irradiation wavelengths (down to
157nm), immersion technologies as well as several photomask
resolution-enhancement technologies (phase-shift masks and optical
proximity correction). Mask projection enables the simultaneous
creation of patterns over an entire surface area. Therefore, at
present, photolithography is a leading high-throughput patterning
method for mass production. Since costs for lithographic equipment
and mask sets are rising exponentially with every technology
generation, alternative patterning techniques are required. One of
them is maskless super-resolution femtosecond laser lithography
which can provide a potential solution for the mask cost issue.
Especially for small-scale manufacturing applications, this patterning
technology could be far more cost effective.
The ability to fabricate structures far smaller than the diffraction limit
is one important feature of material processing with infrared
femtosecond laser systems. In this case, the threshold for material
modifcation is well defined. By choosing the peak laser fluence
slightly above the threshold value only the central part of the beam
can modify the material and it becomes possible to beat the diffract
limit. Furthermore, using nonlinear interaction regimes of ultrashort
laser pulses with different materials allows one to overcome the
diffraction limit and to fabricate sub-100nm structures. In principle,
combination of these techniques enables arbitrary small structure
sizes. In practice, there is a limit due to intensity fluctuations of laser
pulses and beam pointing instabilities. Nowadays, there are
commercially available femtosecond laser systems with a stability
enabling the fabrication of down-to-100nm structures with high
reproducibility. With further development of these laser sources
reproducible structure sizes below 100nm
will be possible in the near future. Therefore, it is timely to consider
potential applications of femtosecond lasers for maskless lithogra-
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phy.
First results on super-resolution femtosecond laser lithography
showing great potential for future applications are presented.

6195-16, Session 3
Engineering the spectral properties of metallic
nanoparticles periodic arrangements
J. Cesario, R. Quidant, Institut de Ciències Fotòniques (Spain); S.
Enoch, Institut Fresnel (France); G. Badenes, Institut de Ciències
Fotòniques (Spain)
The universal theory of dipole-surface interaction describes the
modification of the radiative properties of a dipole nearby a surface
by interaction with its image dipole. The influence of the surface
becomes even stronger when sustaining electromagnetic surface
modes which dramatically modify the dipole surrounding electro-
magnetic local density of states. Consequently, a nearby metallic
surface introduces some changes in the Localized Surface Plasmon
(LSP) of arranged metallic particles. Furthermore, due to energy
exchanges between LSP and Surface Plasmon Polariton (SPP), the
underneath surface plasmon wave tends to enhance the inter-
particle electromagnetic coupling.
In this work, the electromagnetic coupling between a two-dimen-
sional periodic arrangement of resonant gold nanoparticles and a
gold metallic film is investigated. We report on the observation of
multi-peaks in the extinction spectra attributed to resonant modes of
the hybrid system, resulting from the coupling between the Localized
Plasmon of the nanoparticles with the underneath Surface Plasmon
Mode. Simulations based on the Fourier modal method give good
agreement with the experimental measurements and allow for the
identification of the respective contributions.
From a practical point of view, this study may open the way to the
engineering in a controllable and predictable way of the spectral
properties of metallic nanoparticle based systems to reinforce their
applicability especially in sensing and Surface Enhancement.

6195-17, Session 3
Configurations of elongated gold nanostructures on silica
as metamaterials: theory, optical properties, and
technology
F. Garwe, U. Huebner, J. Bergmann, Institut für Physikalische
Hochtechnologie e.V. (Germany); R. Carsten, C. Etrich, F.
Setzpfandt, Friedrich-Schiller-Univ. Jena (Germany); U.
Bauerschaefer, GMBU e.V. (Germany); T. Pertsch, U. Peschel,
Friedrich-Schiller-Univ. Jena (Germany)
Nanowire composites are considered as a challenge in design and
making of left-handed materials. We fabricated several arrangements
on silica glass substrates and will present phase resolved transmis-
sion measurements on arrays of single nanowires. The results can be
interpreted in such a way that the incident electromagnetic wave
effectively couples to plasmon modes. As a consequence, the
resonant coupling leads to a negative dielectric permittivity in a part
of the infrared spectrum. These effects depend on the materials
structure, the topological and geometrical properties of the
nanowires, and their orientation relative to the incident wave.
Furthermore, we fabricated layers of parallel pairs of nanowires
separated by PMMA as an isolating dielectric. The related transmis-
sion measurements in the infrared can be well interpreted by
assuming a negative magnetic permeability and a negative dielectric
permittivity. Such arrangements of nanowire pairs can act as a so-
called left-handed metamaterial with a negative index of refraction in
the infrared and possibly in the visible spectral ranges.

6195-18, Session 3
Mesoscopic magnetism in metamaterials
D. Felbacq, Univ. Montpellier II (France)
Below a cut frequency, wire mesh photonic crystals can be de-
scribed by a negative permittivity. Recently, Pendry and co-authors
suggested that it was possible to design photonic crystals exhibiting
an artificial magnetic activity [1]. It is believed that, mixing both
geometries, it is possible to obtain a material with both negative
permittivity and permeability. It seems however that there be no
unified theoretical approach to this kind of effective behavior. We

address this problem in the case of dielectric fibers by using a
renormalization group analysis. We show that the artificial magne-
tism is due to microscopic magnetic moments induced by geometric
resonances. The relative permeability is obtained explicitly  [2]. Our
result explains the apparent paradox raised by Pokrovsky et al. [3]
that, by embedding wires in a medium with negative ?, one does not
get a Left Handed Medium.
[1] Pendry J B, Holden A J, Robins D J and Stewart W J, IEEE Trans.
Microw. Theory Tech. 47, 2075 (1999).
[2] D. Felbacq, G. Bouchitté, to be published in Phys. Rev. Lett.,
ArXiv:physics/0412094.
[3] A. L. Pokrovsky and A. L. Efros, Phys. Rev. Lett. 89, 093901
(2002).

6195-19, Session K2
Photoluminescence instrumentation for nanophotonics
applications
A. M. Gilmore, HORIBA Jobin Yvon (USA)
Our presentation describes several important applications of steady-
state and time-resolved photoluminescence (PL) instrumentation in
the field of nanophotonics.   We will present a cohesive overview of
PL instrument configurations and data analysis methods pertaining
to each of the descibed nanophotoncs applications.    Key
nanomaterials in the nanophotonics field include carbon nanotubes,
organic light-emitting diodes and quantum dots.  Highlighted carbon
nanotube applications include the steady state excitation-emission
matrix analyses of the semiconducting properties of single-walled
species (SWNTs); these properties are relevant to the implementa-
tion of SWNTs in nanophotonics circuitry and affordable display
technology.  Organic light emitting diodes (OLEDS) are now also
recognized for their potential uses in novel display technology and
time-resolved PL applications are described as key tools in the
OLED research and development arena.  Quantum dots are also
becoming increasingly important for nanophotonics applications
including steady state and time-resolved measurements pertaining to
biosensing, tuneable bandgap circuitry and cancer imaging-
diagnostics.   The presentation will conclude with a summary of the
perceived future of the industrial applications for each type of
nanophotonics PL analysis method.

6195-20, Session 4
Temperature-shifted photoluminescence in nanocrystals
H. C. Gardner, D. E. Gallardo, C. Bertoni, S. C. Dunn, Cranfield Univ.
(United Kingdom)
When produced with high quantum efficiency and good
monodispersity semi-conductor quantum dots become promising
materials for biological labels, quantum dot lasers and light emitting
devices.  Consequently, the novel optical and electronic properties of
these nanocrystals have been the focus of much research over the
last two decades.  The influence of quantum size effects produce
size dependent band gaps which directly influence the wavelength of
light that is emitted or absorbed by the nanocrystal.  This effect is
seen when in the nanometer size range a material’s band gap
increases with decreasing particle size.  Thus, when using
nanocrystals of semiconductors it is possible to generate devices
that emit at a predetermined wavelength.
If quantum dots are to be successfully incorporated into hetero-
structural devices it is important to consider the effects of the
surrounding mediums.  Temperature sensitive photoluminescence
has been reported in CdSe quantum dot clusters by Biju et al
2005[1].  Here we investigate similar results in CdTe quantum dots in
both solutions and deposited thin films.  When exciting nanocrystals
using an electric field, as in a LED type device, there is inevitably
some heating due to resistive losses. In this paper we show the
magnitude of any shift that can be expected for different operating
temperatures and indicate the source of the red shift found.

CdTe nanocrystals with an average size of 2.5nm emitting at a
wavelength of ~625nm have been deposited onto a glass substrate
using a layer-by-layer technique as previously reported by Gallardo
2005[2].  The substrate is then heated and cooled around ambient
temperatures and the luminescence spectra are recorded.  It has
been noticed that there is a shift towards the red spectrum for the
nanocrystals when deposited on the surface as opposed to the freely
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suspended nanocrystals. It has also been observed that there is a
shift towards the red when the samples are heated by passing a
current through the devices. In order to fully quantify the origin of this
effect samples have been heated using a peltier stage and the
luminescence spectrum for discrete temperatures recorded. The
results of this are that a red shift is seen for the heated samples
which return to the original wavelength on cooling.
In summary our results have shown reversible shifts in the photolu-
minescence peak position and a recoverable loss of photolumines-
cence intensity as the temperature is increased. The intensity
changes can be explained by thermally activated trap states close to
the surface of the quantum dot and the peak shifts can be attributed
to thermally activated transfer of exciton carriers between the
quantum dots.
[1]  Biju, V, Makita, Y, Sonoda, A, Yokoyama, H, Baba, Y, and
Ishikawa, M. Temperature-Sensitive Photoluminescence of CdSe
Quantum Dot Clusters. Journal of Physical Chemistry B 109, 13899-
13905. 2005.
[2]  Gallardo, D. E, Bertoni, C, and Dunn, S. Light Emitting Devices
Based on Nanostructured Semiconductors. Badenes, G, Abbott, D,
and Serpenguzel, A. Proceedings of SPIE: Photonic Materials
Devices and Applications. 5840, 516-522. 2006.  SPIE.

6195-21, Session 4
Surface-enhanced fluorescence near small
nanoparticles: a microscopic approach
T. V. Shahbazyan, V. N. Pustovit, Jackson State Univ. (USA)
Fluorescence of a molecular dipole near metal surface has been
extensively studied for past 30 years. The nonradiative damping of
dipole moment due to resonance energy transfer (RET) between
excited molecular orbitals and electronic states in a metal leads to a
strong fluorescence quenching at a close proximity to the surface.
Recent advances in biophotonics applications, such as, e,g,,
biosensing devices, prompted a renewed interest in RET system
comprised of dye molecules adsorbed on metal nanoparticles.
For nanoparticles, fluorescence rates are strongly modified due to
resonant excitation of surface plasmon by the molecular dipole.
Recent experiments performed for small nanoparticles (1-30 nm)
indicate [1], however, significant deviations of nonradiative decay
rates from those calculated using classical model based on Mie
scattering theory [2]. While the classical model is valid for large
particle-molecule separations, for small distances the energy transfer
is dominated by excitation of electron-hole pairs in metal. For flat
metal surface, the latter determine the nonradiative rates for
distances of few nanometers.
We study nonradiative decay rates for molecules at a close proximity
to small nanometer-sized nanoparticles. Our main observation is that
the RET at small nonparticle-molecule separations is strongly
modified, as compared to classical model, due to the reduction of
screening in the nanoparticle surface layer. The origin of such a
reduction is twofold: first, the presence of the metal surface leads to
a reduced intraband sctreening on the Thomas-Fermi length scale
[3]. The second effect stems from different confining potential acting
on s-band and d-band electrons in noble-metal particles. Namely,
the spillover of delocalized s-electrons beyond the classical
nanoparticle boundary results in an incomplete embedding of sp-
electron distribution in the background of localized d-electrons
whose density profile follows more closely the classical shape [4].
The presence of a surface layer with diminished d-electron popula-
tion leads to a stronger interactions between molecule and
nanoparticle excited states. Specifically, we performed TDLDA
calculations of the total decay rate of molecule-nanoparticle system
and its radiative and nonradiative contributions. We found that, the
effect of underscreening in the surface layer leads to a significant
enhancement of RET near the metal surface as compared to
classical model. Importantly, such an enhancement becomes more
pronounced for small nanoparticles due to a larger volume fraction of
underscreened region.
[1] E. Dulkeith et al., Phys. Rev. Lett. 89, 203002 (2002); Nano Letters
5, 585 (2005).
[2]  J. Gersten and A. Nitzan, J. Chem. Phys. 75, 1139 (1981); H.
Chew, J. Chem. Phys. 87, 1355 (1987).
[3] B. N. J. Persson and N. D. Lang, Phys. Rev. B 26, 5409 (1982); I.
Larkin et al., 69, 129403 (2004).
[4] A. Liebsch, Phys. Rev. 48, 11317 (1993).

6195-22, Session 4
Light reveals single-molecule fluctuations in a tunnel
junction
F. Charra, K. Perronet, G. Schull, CEA Saclay (France)
Time-resolved measurements are essential to understand dynamic
processes.  The property of a tunnel junction to emit light, even in a
liquid,  offers an optical route to study the fast phenomena occuring
in this model  nanoscopic system. We apply time-correlated two-
photon counting to the  light emitted by the junction of a scanning
tunnelling microscope immersed in a solution. We analyse optically
the  diffusion of single molecules at rooom temperature with sub-
nanosecond  time resolution, and its influence on the tunnelling
process.

6195-23, Session 4
Coherent detection of second harmonic generation in
nonlinear optics
D. Chauvat, École Normale Supérieure de Cachan (France) and
Laboratoire d’Electronique Quantique - Physique des Lasers, UMR
CNRS 6627 (France); L. Le Xuan, École Normale Supérieure de
Cachan (France); F. Marquier, École Centrale Paris (France); S.
Brasselet, F. Treussart, J. Roch, École Normale Supérieure de
Cachan (France)
Abstract : We propose a coherent detection scheme of second
harmonic generation in nonlinear microscopy based on a balanced
homodyne configuration. This interferometric measurement allows to
measure the phase of the second harmonic signal with a high
sensitivity well adapted to the study of single asymmetric nano-
objects.
1/ Introduction
Optical detection of nano-objects, such as single molecules,
aggregates, nanotubes or quantum dots, in view of their use and
characterization, is an important issue of nano-optics. Techniques
from optical nonlinear spectroscopy which are standardly used in the
case of macroscopic samples, are more difficult to apply to single
nanometric objects owing to the very weak signals produced. Thus
new amplification techniques must be envisioned.
Here we propose to detect the second harmonic radiation which can
be emitted by an asymmetric nano-object. Pioneering works have
shown the possibility to detect second harmonic generation (SHG) in
the near-field [1]. More recently local generation of SHG signals
using the electrical field enhancement induced by a metallic tip [2,3]
or randomly generated by granular metallic structures [4,5] has been
demonstrated. Analysis of the polarization properties of SHG emitted
by organic nano-crystals also allows to characterize their molecular
organization and determine their degree of crystallinity [6,7].
However downscaling this kind of experiment to objects constituted
of one or several emitters faces the problem of the expected very
weak level of signal. One of the major advantages of SHG relies on
the fact that the frequency-doubled (2?) generated radiation is
coherent with the pump excitation at frequency ?. Extremely weak
amount of SHG, of the order of few aW corresponding to few
photons per second, can then be detected using a coherent
detection scheme based on a balanced homodyne detection [8], with
a sensitivity exceeding the one reached with a direct detection in
photon counting regime. Such a coherent detection technique also
allows to determine the relative phase shift of the SHG signal
compared to the pump at fundamental frequency which provides the
information  on the sign of the nonlinear coefficient.
2/ Principle of interferometric detection
The principle of the experiment, which is performed in a
femtosecond excitation regime, is as follows. Our goal is to obtain
interference fringes between a signal arm and a reference one. The
signal arm includes an inverted microscope objective which serves
to excite and collect the SHG signal emitted by an object of
dimensions smaller than the wavelength. In the reference arm, a
nonlinear BBO crystal generates from the same initial laser beam, a
SHG signal which constitutes the « local oscillator ». A corner-cube
device mounted on a translation stage allows to temporally superim-
pose light pulses coming from both arms. The PZT-driven translation
of a mirror located in the reference arm gives rise to interference
fringes after recombination at a 50/50 beamsplitter cube.
3/ Preliminary results
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Preliminary experiments have been performed with a thin plate of a
ionic crystal (DAST : 4-N,N-diméthylamino-4'-N’-méthyl stilbazolium
tosylate), which exhibits a very high efficiency for SHG [9]. Using this
crystal, we have been able to calibrate our experimental set-up.
Thanks to the simultaneous observation of fringes at fundamental (?)
and double frequency (2?), we can measure the phase shift between
the SHG signal emission and the reference local oscillator.
Once the balanced homodyne detection realized, the fringes at
fundamental frequency can be used as a reference for a lock-in
amplifier and high detection sensitivity, only limited by photon shot-
noise, can be reached. This scheme will allow us to detect SHG
signals emitted by nano-objects containing only few molecules, in a
regime where direct detection with photon counting operating
systems would be impossible.
References
[1] S. I. Bozhevolnyi, B. Vohnsen and K. Pedersen, Opt. Commun.
159, 49 (1998).
[2] S. Takahashi and A. V. Zayats, Appl. Phys. Lett. 80, 3479 (2002).
[3] A. Bouhelier, M. Beversluis, A. Hartschuh and L. Novotny, Phys.
Rev. Lett. 90, 13903 (2003).
[4] M. I. Stockman, D. J. Bergman, C. Anceau, S. Brasselet and J.
Zyss, Phys. Rev. Lett. 92, 057402 (2004).
[5] C. Anceau, S. Brasselet, J. Zyss and P. Gadenne, Opt. Lett. 28,
713 (2003).
[6] F. Treussart, E. Botzung-Appert, N.-T. Ha-Duong, A. Ibanez, J.-F.
Roch and R. Pansu, Chem. Phys. Chem. 4, 757 (2003).
[7] S. Brasselet, V. Le Floc’h, F. Treussart, J.-F. Roch, J. Zyss, E.
Botzung-Appert and A. Ibanez, Phys. Rev. Lett. 92,    207401 (2004).
[8] J. Chen, S. Machida and Y. Yamamoto, Opt. Lett. 23, 676-678
(1998).
[9] Crystal synthetized in H. Nakanishi and H. Ito’s laboratory,
Tohoku University (Japan). See also
K. Komatsu, H. Nanjo, Y. Yamagishi and T. Kaino, Thin Solid Films
393, 1-6 (2001).

6195-24, Session 5
Plasmonic heterostructures for addressable
nanophotonics
G. P. Wiederrecht, Argonne National Lab. (USA)
The surface plasmons of metal films and nanostructures are
increasingly well-known for applications in sensor technologies and
photonics applications. Their potential is largely due to the
plasmons’ characteristic as an interface phenomenon and the
generation of an optical near-field at the interface. In many cases,
the spatial dimensions of the near-field lie significantly below the
diffraction limit of conventional optics in at least one dimension. The
ability to address and modulate the plasmonic properties of
materials at this length scale is important for realizing the promise of
nanophotonics via plasmons. This talk discusses the
characterizationa and functionalization of metals to produce
heterostructured materials, so as to be able to change absorption,
emission, or scattering from plasmonic materials via external inputs
such as applied electric fields and optical illumination.
Heterostructured materials are an interesting class of materials that
utilize inorganic templates functionalized with organic or biological
constituents that can produce optical, electronic, or selective binding
properties that are otherwise not possible with a single component,
impacting fields such as templated bio-structures, self-assembly,
molecular sensors, and photonics. We are focusing on molecular J-
aggregates, a target for the organic component of heterostructures
because they are well-known for collective excitons with large
oscillator strength, while their ease of oxidation makes them useful
as sensitizers in the photographic process of electron injection into
AgBr semiconductor particles. They are also of interest for modeling
the transition from bulk to molecular electronic behavior, because
the exciton coherence length typically extends over only a handful of
molecules. This same property results in interesting ultrafast exciton
dynamics and nonlinear optical properties due to a propensity for
exciton-exciton annihilation. Ultimately, their large polarizability and
optical extinction, as well as their electrochemical activity and
robustness should make coupling through linear or nonlinear
processes to an inorganic substrate unusually strong. In particular,
the narrow linewidth of the exciton band makes coherent interactions
with low damping to other polarizable media a possibility. Some of

the most polarizable inorganic templates in existence are metal
nanoparticles that produce an enhanced optical field near their
surfaces when interacting with visible electromagnetic radiation.
Thus, metal nanoparticle/molecular J-aggregate heterostructures
can produce an unusually large and confined optical field for exciting
molecular excitons. We discuss here that the narrow exciton band of
molecular J-aggregates can coherently and selectively couple to the
bound electronic transition dipoles in Au, or to the plasmon
oscillation of free electrons in Ag nanoparticles. We also show that
the exciton spectral and temporal properties vary significantly when
interacting with the metallic core. Optics and electronics should
benefit from tunable coherence phenomena in hybrid materials at the
nanoscale.
We are continuing to develop new microscopy and spectroscopy
methods to probe these materials. In particular, we are developing a
new method for optically exciting and visualizing surface plasmons in
thin metal films called plasmonic continuum spectroscopy (PCS).
First, the new method permits the excitation and detection of a wide-
bandwidth continuum of surface plasmons, giving rise to a surface
“plasmon rainbow jet” as opposed to standard monochromatic
excitation. This is accomplished by providing a spread in momentum
of incident photons as defined by the plasmon dispersion relation for
thin metal films in parallel with a femtosecond white light optical
source. The plasmon rainbow energy extends throughout the visible
and near-infrared spectrum, while propagating directionally up to
100 microns. Second, this unique approach produces a sub-micron
excitation region, enabling the use of narrower patterned metal
structures in plasmonic chip applications. Third, the detection
scheme is sensitive primarily to the imaginary component of the
metal permittivity, enabling steady-state and transient absorption
interface spectroscopies to be performed with additional specificity.
Past plasmonic excitation efforts in metal films are sensitive largely
to the real component of the metal dielectric function. The technique
relies on the use of high numerical aperture objective lens to locally
launch a broad wavelength spectrum of surface waves and to detect
the leaky radiative modes associated with them. This approach
permits direct visualization of the plasmon intensity distributions, and
to quantify their propagation lengths throughout the visible spec-
trum.
Finally, we are exploring nonlinear processes in nanoparticles as
addressable, nanophotonic switches in plasmonic systems. These
systems offer unique, light induced switching at ultrafast speeds,
which is a critical factor for developing plasmonic structures as
useful devices in all optical integrated circuitry. A particularly useful
nonlinear optical process in this regard is two photon photolumines-
cence in the visible spectral region from gold nanorods.
This work was supported by the Division of Materials Sciences,
Office of Basic Energy Sciences, U. S. Department of Energy under
contract W-31-109-Eng-38.

6195-25, Session 5
2D and 3D photonic and plasmonic structures fabricated
by two-photon polymerization
S. Passinger, C. Reinhardt, B. N. Chichkov, Laser Zentrum Hannover
e.V. (Germany)
Photonic and plasmonic structures and devices have attracted a lot
of interest in the last years, promising many scientific and techno-
logical applications, e. g. in information technology, sensing and
detection, and optical data storage. Especially the rediscovered field
of surface plasmon polaritons (SPP) (1) promises unique integration
of micro-electronic devices with optics on the same dimensional
scale. Furthermore, it allows the simultaneous transportation of
electronic and optical signals over the same metallic structures,
speeding up the overall data processing time. To realize these
prospects, a reduction in the size of optical elements down to the
sub-wavelength scale is necessary and requires new materials and
new concepts.
 In this contribution, we discuss applications of advanced
femtosecond laser technology for the fabrication of high quality 2D
and 3D photonic and plasmonic structures (2). In our investigations
and structuring procedures, a commercial ultra-short pulse oscillator
Tsunami from Spectra Physics has been applied. The system
generates pulses at 780 nm wavelength and a duration of 60 fs with
a repetition rate of 80 MHz. Different structures have been realized
by multi-photon absorption in positive and negative photoresists.
High quality and high resolution 3D photonic crystals have been
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fabricated by two-photon polymerization (2PP) of inorganic-organic
hybrid material (ORMOCER) and commercial SU8 photoresist (3).
Structural sizes down to 100 nm have been realized.
Structuring of thick positive photoresist provides feasibilities for the
fabrication of inverse photonic crystal templates which lead to high
refractive index crystals. First templates in S1813 and replicas of
these structures will be demonstrated, and infiltration techniques will
be discussed.
Dielectric 2D plasmonic waveguides, s-bends, and y-splitters have
been fabricated by 2PP on gold surfaces for the first time. We show
the possibility to produce reproducible structures for plasmonics in
the dimensions of 100nm. The SPP-properties of these structures
have been investigated by scanning near-field microscopy (SNOM)
and far-field detection of the plasmon leakage radiation. Guiding and
reflection of SPPs will be demonstrated, showing the huge potential
of femtosecond laser material processing technology in this field.
By structuring of positive photoresist also metallic waveguides on
dielectric surfaces can be fabricated using metal deposition and
subsequent lift-off. These structures find applications in the
development of plasmonic devices. First structures and plasmonic
optical components will be presented and their applications will be
discussed.
Acknowledgements
This work has been supported by the EU Network of Excellence
“Plasmo nano devices”, DFG in the frame of SPP 1113 “Photonic
crystals” project and the DFG European Graduate College “Interfer-
ence and Quantum Application”.
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6195-26, Session 5
Silver-doped nanocomposite glass as a base material for
fine metallodielectric microstructuring
A. Abdolvand, A. V. Podlipensky, Martin-Luther Univ. Halle-
Wittenberg (Germany); S. Matthias, Max-Planck-Institut für
Mikrostrukturphysik (Germany); F. Syrowatka, G. Seifert, H. Graener,
Martin-Luther Univ. Halle-Wittenberg (Germany)
Metallic nanoparticles in glasses fascinated people for several
centuries due to their colourful appearance based on their surface
plasmon resonance (SPR). Nowadays they constitute a promising
material system for future nano- and microoptical components, with
a large number of innovations to come. Dielectrics containing
metallic nanoparticles are of great interest mainly due to the unique
linear and nonlinear optical properties of the metallic inclusions [1, 2].
These optical properties are strongly dominated by the surface
plasmon resonances of the particles, which can be designated within
a wide spectral range throughout the visible and near infrared, and
hence to meet ever demanding applications.
Here, glasses containing embedded silver nanoparticles were
prepared from soda-lime float glass by Ag-Na ion exchange and
following annealing in H2 reduction atmosphere [3]. This technique
results in formation of spherical Ag nanoparticles of 30-40 nm mean
diameter in a thin surface layer of approximately 6 µm thickness. For
the experiments described here single-sided samples were used,
made by removing a sufficiently thick surface layer from one side by
etching in 12% HF acid. The volume fill factor (VAg/Vtotal) of Ag
nanoparticles starts at ~0.7 near to the glass surface and decreases
to zero within a few microns. Some of the samples were additionally
subjected to tensile deformation with simultaneous heating, which
results in strongly elongated, ellipsoidal nanoparticles, and a
reduction of the thickness of the particle-containing layer to ~1µm.
We demonstrate a comparably simple technique to prepare large-
area, regular photonic micro- and nanostructures in the samples by
modifying the spatial distribution of the nanoparticles with a direct
current (DC) electric field. The technique exploits the recently
reported effect of “electric field-assisted dissolution” (EFAD) of silver

nanoparticles [4]: it could be shown that silver nanoparticles
embedded in a glass matrix can be destroyed and dissolved in the
glass in form of Ag+ ions by a combination of an intense DC electric
field (~1 kV) and moderately elevated temperature (~280 °C). This
process can lead to total transparency of the nanocomposite
glasses, which to our knowledge can not be achieved via any other
technique. Very recently we have also shown that this technique can
be used for formation of percolated silver nanolayers inside glass [5].
In this work, the possibility to produce orderly-oriented array of
embedded, 2-D, micron as well as submicron size optical structures
in silver-doped nanocomposite glass is demonstrated. This could
lead to an easy way for production of many useful optical devices
based on the composite materials, where the strong SPR exhibited
by these materials can also be used as an additional degree of
freedom for the design and tailoring of micro- and nanostructured
optical elements for the near infrared and visible spectral range.
The structuring was done by simply equipping each sample with two
electrodes pressed on the surfaces, the anode facing the layer
containing silver nanoparticles. While plain steel electrodes served as
cathode, as anode macroporous silicon (with lattice constant of 2µm)
or nanoporous silicon (with lattice constant of 500nm) were used [6],
depending on the desired size of the structures which had to be
produced. Application of a DC voltage of ~0.6kV over the thickness
of the samples at ~250°C for ~30min led to the production of the
desired structures. The sizes of the structured areas were only
limited by the size of the electrodes used. In addition to the
experimental results, the optical properties of the structured samples
will be discussed using the effective medium theories.
References
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2. V.M. Shalaev, Optical Properties of Nanostructured Random
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6195-27, Session 5
Optical bistability observed in surface plasmonic crystals
G. A. Wurtz, J. S. Elliott, R. Pollard, A. V. Zayats, Queen’s Univ.
Belfast (United Kingdom); L. Salomon, Univ. de Bourgogne (France)
We report on the optical characterization of supported metallic films
nanostructured using Focused Ion Beam (FIB) milling and
functionalized with a non-linear optical material. Periodically
nanostructured metallic films, also referred to as Surface Plasmon
Polaritonic Crystals (SPPC), have shown remarkable optical
response in a broad range of frequencies [1]. This originates from the
strong coupling of propagating fields and surface plasmon polaritons
(SPP) supported by periodically nanostructured metal/dielectric
interfaces [2]. Extensive control over SPPs dispersion, spectral
response and spatial distribution offers unique opportunities in
creating hybrid structures and designing devices with enhanced
photophysical properties when compared to their parent materials [3,
4].
We hybridized SPPCs with a strongly non-linear photopolymer (poly-
3BCMU) and demonstrate experimentally that the hybrid structures
show optical bistability at selected wavelengths. These observations
are compared with theoretical calculations.
1. Ebbessen, T.W., H.J. Lezec, H.F. Ghaemi, T. Thio, and P.A. Wolff,
Extraordinary optical transmission through sub-wavelength hole
arrays. Nature 391, 667 (1998).
2. Salomon, L., F. Grillot, A.V. Zayats, and F.d. Fornel, Near-Field
Distribution of Optical Transmission of Periodic Subwavelength
Holes in a Metal Film. Phys. Rev. Lett. 86, 1110-1113 (2001).
3. Smolyaninov, I.I., A.V. Zayats, A. Stanishevsky, and C.C. Davis,
Optical control of photon tunneling through an array of nanometer-
scale cylindrical channels. Phys. Rev. Lett. 66, 205414 (2002).
4. Wiederrecht, G.P., G.A. Wurtz, and J. Hranisavljevic, Coherent
Coupling of Molecular Excitons to Electronic Polarizations of Noble
Metal Nanoparticles. Nano Letters 4, 2121 (2004).
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6195-28, Session 5
Fabrication and characterization of nanoparticle-based
plasmonic nanostructures
W. Fritzsche, A. Steinbrueck, Institut für Physikalische
Hochtechnologie e.V. (Germany); T. Glaser, Jenoptik L.O.S. GmbH
(Germany); S. Schroeter, A. Csaki, Institut für Physikalische
Hochtechnologie e.V. (Germany)
Small metal nanostructures, especially gold nanoparticles, are known
for their interesting optical properties caused by plasmons. Isotropic
or anisotropic, homogeneous or heterogeneous metal nanoparticles
provide a platform for different highly defined functional units with
interesting optical properties for applications such as waveguides or
(in combination with molecular parts) molecular beacons. We study a
novel kind of anisotropic nanoparticles, the toffifee-like particles, for
applications in nanophotonics. We combined such nanoparticles
with sub-wavelengths apertures in metal films, and studied the effect
of the presence of particles in these nanocavities on the topography
as well as on the optical behavior. Therefore, methods were
developed that allow for a correlation of topography and optical
poperties. The transmission through the holes was clearly influenced
by the presence of nanoparticles. Combined with the potential of
designing the plasmonic properties of particles by customized
diameters as well as composition using core-shell techniques, this
approach promises an interesting novel class of plasmonic
nanostructures.

6195-29, Session 5
Plasmon modes in strongly coupled nanoparticles
J. Aizpurua, I. Romero, F. J. Garcia de Abajo, Donostia International
Physics Ctr. (Spain); G. W. Bryant, National Institute of Standards
and Technology (USA)
Collective oscillations of valence electrons in metallic materials, also
known as plasmons, determine the optical response of these
materials. For an inhomogeneous system with sharp boundaries,
collective oscillations localized at the boundaries, also known as
surface plasmons, can be generated. The energy and strength of
these surface oscillations are a function of the shape and size of the
nanoparticles. With the use of the boundary element method
(BEM)[1], we solve Maxwell’s equations to calculate light scattering
and surface modes in nanoparticles with different shapes and
coupling. We study  nanostructures that are used as probes in
different scanning probe microscopies and spectroscopies. The
understanding of the coupling of the modes in these systems and
the consequences for the local field enhancement are crucial to
engineer and design plasmonic devices for detection and effective
optical response.
In this work, the optical properties of coupled gold nanoparticles are
investigated for different types of particles and interparticle separa-
tion. The light scattering and near fields of particles such as
nanorings, nanorods, nanospheres, or nanodisks are calculated and
interpreted in terms of the plasmon modes supported by the
nanosystems. The results are related for each case with different
spectroscopic experiments. Results for light scattering due to
intracoupling in gold nanorings[2], as well as the different ranges of
optical response in gold nanorods[3] are addressed and connected
with the capabilities of these structures to host biomolecules and
perform the corresponding spectroscopy. The coupling in gold
nanorods localises at the gap between rod ends. For short nanorods,
the details of the gap geometry are crucial to determine the actual
field enhancement at the cavity whereas for longer nanorods the
optical response is determined by the length of the rod. Effects of
the environment and the use of different materials are also ad-
dressed and found to be less important than the morphological
features. These results indicate the influence and efficiency of the
different factors on the final spectroscopic signal.
Special emphasis is placed on the near-touching limit for pairs of
spherical particles to understand recent experiments in the litera-
ture[4]. Both absorption and light scattering strength exhibit resonant
features that shift in frequency as the separation between particles is
varied. Infrared resonances are observed at small separations
between particles for light polarization along the particles center-to-
center direction. In addition to a discontinuous change in the mode
energy when the particles touch, we observe a singular response
near touching that causes modes to shift rapidly for small changes in
separation. The dipole mode redshifts toward the far infrared and

disappears as the particles touch. We emphasize how this redshift
takes place and point out the range of separations where the shift
becomes large. We also describe how the modes blueshift away
from the infrared as the particles overlap. The quadrupole mode is
the mode first seen in this case and the dipole mode grows in
strength only for strongly overlapping particles. The response at the
junctions after the particles overlap is remarkable. The charge
buildup at the physical gap is not immediately neutralised as the gap
is shorted out. On the contrary, the charge remains on the edges of
the “anti-wedges” forming the junction.  The effect of the “anti-
wedges” at the junction of overlapped spheres eventually disappears
as the overlap grows and the response again becomes that
expected for a single particle. The transition to the limit expected for
a single particle becomes apparent for overlapping particles when
the low-energy dipole mode grows in strength enough to again be
the dominant mode.
[1] García de Abajo, F. J.; Howie, A. Phys. Rev. Lett. 1998, 80, 5180-
5183.
[2] Aizpurua, J.; Hanarp P.; Sutherland, D. S.; Käll, M.; Bryant, G. W.;
García de Abajo, F. J. Phys. Rev. Lett. 2003, 90, 057401.
[3] Aizpurua, J.; Bryant, GW.; Richter, L. J.; García de Abajo, F. J.;
Brian, K. K.; Mallouk, T. Phys. Rev. B. 2005, 71, 235420.
[4] Atay, T.; Song, J. H.; Nurmikko A. V. Nano Lett. 2004, 4, 1627-
1631.

6195-30, Session 5
Probing plasmon dynamics at nanometer resolution
M. Bauer, C. Wiemann, J. Lange, D. Bayer, M. Rohmer, O. Gaier, M.
Aeschlimann, Univ. Kaiserslautern (Germany)
In metallic materials, electronic transitions excited or probed by
optical fields take place on extremely short timescales of a few
femtoseconds. Any switching mechanism that can, in the future, be
based on such transitions in metals would be orders of magnitude
faster than the fastest switches available today. Because of the
ultrashort timescales involved, information of the fundamentals of
light-matter interaction in these systems can only be obtained by
using the laser systems with state-of-the-art time resolution and
pulse lengths of a few femtoseconds. The study of metallic
nanostructures with these optical fields reveals a variety of complex
physical mechanisms that have to be understood in a quantitative
fashion before one can move on to applications. For instance, optical
excitation with ultrashort pulses results not only in single-particle
electronic transitions that can be intuitively understood but also in
collective electronic excitations, or plasmons, which also interact
with the propagating optical fields to form plasmon polaritons.
Plasmon polaritons may provide the building block of plasmonic
integrated circuits. The lifetime and hence meanfree path determines
the possible length of plasmonic integrated circuits and logic
elements. We have studied the temporal and spatial evolution of
collective electronic excitations (Mie-plasmons) in silver
nanostructures using phase resolved interferometric two-photon
photoemission electron microscopy (PR-2PPEEM). In this means we
are able to monitor the temporal response of a collective electronic
excitation to an exciting femtosecond laser pulse of a single silver
nanodot. The inhomogeneous spatial distribution of the 2PPE-yield
from this nanodot shows a clear dependence on the temporal phase
between the pump and the probe pulse, which can be interpreted in
terms of the phase propagation of the polarization field (plasmon
polariton) induced in the nanoparticle.

6195-31, Session 5
Design of aperturelss tips with very high plasmon field
enhancement
I. Tsukerman, F. Cajko, A. Kisliuk, A. P. Sokolov, Univ. of Akron
(USA)
SNOM (Scanning Near-field Optical Microscopy) is one of the most
useful microscopy techniques for optical imaging and analysis of
materials with submicron resolution. Traditional near-field optical
spectroscopy is based on transmission / collection of light through
limited aperture and provides lateral resolution as high as ~50–100
nm. However, such aperture-limited probes have very low transmis-
sion (~10^(–3) – 10^(–5)), which restricts the applications of this
microscopy to very strong optical signals only.
An alternative approach, apertureless near-field optics, takes
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advantage of high local amplification of optical signals by the surface
plasmons of the probe. The feasibility of this idea and the unprec-
edented for optics lateral resolution of ~15–30 nm has already been
demonstrated by several research groups. However, the actual field
enhancement has so far fallen well below theoretical expectations,
and the useful optical signals have been weak. As a result, the gap
between ‘proof-of-concept’ experiments and reliable optical
microscopy with molecular-scale resolution remains very wide.
This gap cannot be bridged by “brute force” or by trial and error,
because the local field enhancement by plasmon particles is quite
sensitive to the geometric and physical design features of plasmon-
enhanced AFM tips. For radical improvement, one needs to unify
accurate simulation with effective measurements of the optical
properties of the tips and with fabrication.
For apertureless near-field optics to work effectively, the near-field
signal should be stronger than the background (far-field) signal. This
requires gigantic enhancement of the optical signal by the tip. So far,
enhancement factors of ~10^2 – 10^4 for the Raman signal have
been reported by several groups. In our laboratory we have achieved
the stable enhancement of ~10^3 – 10^4 for Au- and Ag-coated
Si3N4- and Si-tips. This enhancement may be sufficient for analysis
of thin (a few nanometer) films. However, for thicker samples, due to
the large volume contributing to the far-field signal (~1 µm^3) relative
to the volume contributing to the near-field signal (~10^3 – 10^4
nm^3), the enhancement factor of ~10^4 is not sufficient for
achieving a high ratio between near-field and far-field signals.
In contrast, several theoretical and computational studies (including
our own) show the feasibility of a dramatically higher, ~10^6 –
10^10, Raman enhancement for plasmon particles. The lower bound
(10^6) appears to be within practical reach and will constitute an
enormous qualitative improvement over the existing results. With this
in mind, our goal is to achieve molecular-scale lateral resolution with
a strong near-field optical signal.
The absence of reliable experimental methods for analysis of the
optical properties at the apex of the tip is one of the main obstacles
for the design of efficient tips. The main challenge here is the
measurements of optical resonance at the apex whose size is much
smaller than the wavelength of light. The usual microscopic
techniques (even with a confocal microscope) cannot provide
accurate information because they measure the spectrum of the tip
in the area of radius ~1 µm and this spectrum might differ signifi-
cantly from the small nano-scale area at the apex. Only the latter is
effective for near-field enhancement.
We propose to use dark-field microscopy with side collecting optics
for measurements of the optical properties of the tip. In this scheme,
white light from a lamp is focused in a glass prism under the SPM tip
at an angle of total internal reflection. As a result, light does not
propagate above the surface of the prism and only the evanescent
field exists within a thin layer. When the tip approaches the surface,
the evanescent field interacts with the tip and generates a plasmon
resonance around the apex. Since the evanescent field decays very
rapidly with distance from the surface, the main optical signal comes
from the apex of the tip. The side-collecting optics is critical for these
measurements. One cannot use standard dark-field microscopy with
collecting optics above the surface because of the shadowing of the
optical signal by the tip. The side view allows one to observe the
radiation of the tip and hence to analyze its optical properties at the
apex. In addition, we measure the tip-enhanced Raman signal that
allows us to estimate the electric field enhancement provided by the
tip. Using a number of laser wavelengths we also estimate the
spectral distribution of enhancement factors.
Another important, and integral, part of tip design is accurate
simulation. Our simulation protocol consists of two parts: electrostat-
ics and wave analysis. Electrostatic simulations give good qualitative
predictions and allow us to optimize the design; however, they do
not take into account dephasing effects and are not suitable for the
evaluation of far-field signals (as electrostatic fields decay faster with
distance than the actual electromagnetic waves do). Therefore full
wave analysis is also needed. We are using the commercial package
FEMLAB (Comsol, Inc.) for electrostatics and HFSS (ver. 10, Ansoft
Corp.) for wave simulations.
One electrostatic simulation typically takes a fraction of a second on
a standard PC, which is quite conducive to multiparametric design
and optimization. FEMLAB is integrated with Matlab, and FEMLAB
commands can be incorporated into Matlab scripts, in particular for
additional postprocessing and optimization. We have taken
advantage of this capability and were able to optimize field enhance-

ment with respect to geometric and physical parameters.
Several simulation examples will be presented in the full paper. One
setup, already published in the literature, is used primarily for testing
and verification and involves a semi-spheroidal gold particle at the
apex of the tip. With optimal dimensions of the particle, the field is
amplified by a factor of ~40 at the distance of 1 nm below the
particle. A series of simulations has shown that the level of plasmon
enhancement depends strongly not only on the dimensions of the
plasmon particle but also on other geometric parameters and on the
material of the tip.
Our key goal is to develop new optical tips that provide higher field
enhancement and at the same time are not difficult to fabricate.
Toward that end, new tip designs will be presented. In particular,
strong plasmon enhancement is produced by a layer of plasmon
coating with a cutoff at the apex. With optimal geometric param-
eters, the field enhancement one nanometer below the tip is over 50
for gold and on the order of 100 for silver. The expected amplifica-
tion of the Raman signal is therefore ~50^4 – 100^4.

6195-32, Session 6
White-light and near-infrared electroluminescence of
furnace or CO2 laser annealed Si-rich SiO2 with
structural defects and Si nanocrystals
G. Lin, National Chiao Tung Univ. (Taiwan)
White-light and near-infrared electroluminescence (EL) of the metal-
oxide-semiconductor (MOS) diode fabricated on the Si-rich SiO2
(SiOx) synthesized by using PECVD or Si-implantation and annealed
by using furnace or CO2 laser are demonstrated.  The white-light EL
is contributed by the oxygen dependent defects such as weak
oxygen bonds, neutral oxygen vacancies, and non-bridge oxygen
hole centers occurred in the damaged SiOx matrix after long-term
annealing at 1100oC.  The EL of the Ag/SiOx/n-Si/Al diode dimin-
ishes at forward biases, which is greatly enhanced under the strong
reverse biases due to the stronger impact ionization on the ground
defect states via the accumulation of minority holes in the inversion
layer formed beneath SiOx/n-Si interface.  Such a MOS diode
exhibits a turn-on voltage of 3.3 V, a maximum EL power of 200 nW
at 15-V bias, and a power-current slope of 2.2 µW/A.   In addition,
the EL changes its color from deep-blue to green-yellow as the
driving current increase from 0.28 A to 3 A.  A higher electric field
increases the band bending and greatly accumulates the holes at
lower states, which facilitates the tunneled carriers to recombine at
the occupied defect state with lower transition energy as well as
longer luminescent wavelength.  The maximum white-light lumines-
cent power is saturated at 200 nW under biased current of 1 A due
to the limited density of the minority carriers (holes) in the n-Si
substrate.  Nonetheless, such an impact ionization based light
emission usually requires a strong bias, which inevitably causes the
overheating as well as lifetime shortening of device.
To improves the near-infrared PL and EL performances, a localized
synthesis of 4.2-5.6 nm Si nanocrystals (nc-Si) in Si-rich SiOx layer is
demonstrated using a CO2 laser rapid-thermal-annealing (RTA)
process.  The surface temperature of the SiOx film increases from
130oC to 3350oC as the CO2 laser power densities enlarges from
1.5 to 13.5 kW/cm2.  The CO2 laser RTA performs an in-situ and
localized temperature control, which facilitates an ablation-free
precipitation of nc-Si at an optimized surface temperature of
1285oC.  The micro-photoluminescence (µ-PL) at 806 nm indicate
that the precipitation of (111)-oriented nc-Si can be initiated when
the Plaser is larger than 4.5 kW/cm2, and the HRTEM determines the
average size and volume density of nc-Si embedded in the SiOx
layer are about 5.2 nm and 1.08 * 1018 cm-3.  The micro-
photoreflectance of the CO2 laser RTA SiOx film reveals an nc-Si
size-dependent refractive index increasing from 1.57 to 2.31 as laser
intensity increases from 1.5 to 5.8 kW/cm2.  Nonetheless, the laser
ablation of SiOx film occurs with a linear ablation slope of 35 nm/kW/
cm2 at beyond 6 kW/cm2 or 1300oC, inducing a structure-damage
related PL at 410 nm.  This terminates the enlargement of nc-Si,
degrades the near-infrared PL, and reduces the refractive index of
the CO2 laser RTA SiOx film.
By using the optimized CO2 laser RTA SiOx film, an ITO/SiOx/p-Si/Al
MOS diode with turn-on voltage of 60 V and threshold current of 215
µA/cm2 is demonstrated.  The maximum output power of 7 nW
associated with a P-I slope of 0.7 mW/A is determined.  In contrast
to the defect enhanced EL observed from the diode made on Si-
implanted SiOx layer, the same diode made on a PECVD-grown
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SiOx layer exhibits EL responses at both forward and reverse biases.
However, higher reverse-bias condition is required to form an
inverses n-channel at SiOx/p-Si interface.  The high turn-on voltage
is attributed to the weak radiative-defect assistant carrier transport
process in a PECVD-grown SiOx film with perfect crystallinity.  The
decomposed EL peaks at 625 nm and 768 nm are contributed by the
bias-dependent cold-carrier tunneling between the excited states in
adjacent nc-Si quantum dots.  The long-wavelength EL component
coincides well with that of PL, which reveals that the nc-Si related PL
and EL are attributed to the same carrier recombination mechanism
within the buried nc-Si.  We conclude that the carrier transport in nc-
Si is neither thermally activation nor field-enhanced F-N tunneling,
but is possibly dominated by direct tunneling between nc-Si.  Since
the band structure of Si-rich SiOx is seriously bending under
extremely high electric field, the electrons could tunnel from a first-
order quantized state (n=1) in one nc-Si to a second-order quantized
state (n=2) in the adjacent nc-Si.  This provides a higher population
in the second-order (n=2) state as well as an enhanced spontaneous
emission at larger energy.  According to the theory of quantum
combined systems, the band-to-band transition energies of first-
order and second-order excited states for an nc-Si with diameter of
4 nm can well explain the energy difference of 0.37 eV between two
transitions.  These observations primarily elucidate that the bias-
dependent and blue-shifted EL is mainly attributed to the cold-carrier
tunneling induced high-excited state transition effect between
adjacent nc-Si under a sufficiently high electric field.

6195-33, Session 6
Surface modifications of transparent fluorite and spinel
oxides by heavy ion implantation
G. Baldinozzi, École Centrale Paris (France)
No abstract available

6195-36, Session 7
Solid-liquid phase transition activated by optically driven
molecular motors
P. Karageorgiev, Ctr. of Advanced European Studies and Research
(Germany) and Univ. Potsdam (Germany); B. Schulz, D. Neher, Univ.
Potsdam (Germany); M. Giersig, Ctr. of Advanced European Studies
and Research (Germany)
Influencing the motion of atoms by transfer of impulse or energy,
light can cool or heat matter to certain phase-transition tempera-
tures. Activated by light, the displacement of atoms in a solid can
propagate as mechanical waves, which undergo scattering and
mode transformations. Thus, delocalisation and depolarisation of the
initial excitation takes place. However, if the wavelike propagation of
the displacement is prevented, for example, by high activation
energy, then the light action will result in a local motion whose
direction correlates with the light polarization. Spatially confined
excitation of unidirectional motions could make possible the local
control of the mechanical properties of the materials and their
anisotropy. We report on a nearly isothermal, reversible transition of
a polymer film from an isotropic solid to an anisotropic liquid state in
which the degree of mechanical anisotropy can be controlled by
light. The phase transition phenomenon and the related unidirec-
tional mass-transport effect are caused by optically driven molecular
motion of azobenzene-functionalised molecular units, which can be
effectively activated only when their transition dipole moments are
oriented close to the direction of the light polarization. We also show
that the selective excitation of chromophores by linear polarized light
induces an anisotropic expanding force, which can be used for
polarization-selective opto-mechanical actuators and sensors.
Moreover, since the molecular motions can be induced also by
spatially confined non-propagating optical fields, we are able to
manipulate the state and position of nanoscopic elements of matter
using optical near-field approaches.

6195-37, Session 7
Shedding incoherent light on walking and talking
molecules
J. Nunzi, S. Ahmadi, R. Barille, S. Dabos, Univ. d’Angers (France); E.
Ortyl, S. Kucharski, Politechnika Wroclawska (Poland)
We contradict the general opinion about surface relief gratings (SRG)

that patterning of photoactive systems requires coherent light1. It
relies on the common sense that interferences and therefore
coherence of the interacting waves is mandatory for long-range
ordering2. Some molecules move under light excitation3. They either
rotate, migrate or both4. Motion is not an organized process, but if
the molecules communicate, they can organize into well-defined
structures. Spontaneous pattern formation arises from the interplay
between self-action (e.g. photoisomerization5) and long-range
interaction (e.g. diffraction6). The phenomenon is initiated by noisy
random fluctuations. The perturbations bearing a particular periodic-
ity are enhanced, forming regular patterns7, according to the “winner
takes all” theory8.
Self-organized photoinduced structures find applications in
optoelectronic devices9,10. Transposed into the social network
domain, they exhibit universal characteristics similar to those
observable in living systems alike ant colonies11,12. The balancing
mechanism between cohesive and dispersive forces: coherent and
incoherent lights in our case, appears to be generic in network
organization13. This suggests a close connection between the two
topics: photo-induced self-organization of molecules, and social
organization14.
In the standard model of SRG formation in azo-dye containing
photoactive polymers, the photoactive molecules are excited by the
illumination pattern. The highly reactive molecules move in a non-
uniform way, inducing a mass transport from the bright regions to
the neighboring dark regions1. The maximum heights of the light
induced SRG correspond to light intensity minima.
We show that a well defined surface relief grating is induced in an
azo-polymer film by the combination of one low power coherent
laser beam with another high power incoherent and unpolarized
beam. It appears experimentally that the low power beam carries
information which is transferred to the high power beam. This one
creates the structure. We find in this way one of the simplest
systems allowing to figure out the minimal requirements to organize
disordered materials into well organized structures. We verify
experimentally that random motion plus information exchange lead
to self-organization. We propose our experiment as a paradigm for
self-organized living systems.
Two series of experiments have been performed. In the first series,
the signal beam is firstly sent alone onto the sample without the
incoherent beam. Laser intensity is chosen in order to excite the
polymer below the threshold for inducing a SRG on the film. We have
evidence that a SRG is induced by measuring the first order
diffraction. By a careful control of the first order diffraction intensity,
we have checked that no effect was produced on the polymer
surface after more than one hour illumination with the power of 0.7
mW. Secondly, the unpolarized incoherent pump beam is sent alone
onto the film. No SRG is induced and no diffraction detected, even
with a longer exposure time. Thirdly, when the two beams are sent
together and overlap onto the polymer film, a SRG is induced after
half an hour exposure. Both the height and the pitch of the grating
were retrieved using a contact-mode atomic force microscope
(AFM). A well defined SRG is induced in the overlapping region of the
coherent signal beam. The structures observed in the non-overlap-
ping region reflect amplified fluctuations due to the random
molecular movements photo-induced by the incoherent beam. Far
outside of the coherent beam region, no grating is induced after half
an hour of illumination.
In the second series of experiments, the coherent signal beam is
firstly sent alone on the polymer with a large power of 125 mW
during one hour. A well-defined SRG is stored. Secondly, the
coherent beam power is decreased to 0.7 mW. The coherent beam
overlaps partially with the totally incoherent beam. After two hours
exposure, a well-defined SRG is also stored. Importantly, the
amplitude profile of the SRG taken in all places inside the incoherent
beam region has the same characteristics in height, pitch and
orientation as the one induced by the high power coherent beam
alone. So, the SRG has expanded totally from the central coherent
beam region to the whole region exposed to the incoherent beam. In
this way, we see that a totally incoherent beam can provide the
movement which is necessary to induce a well-defined SRG. The
information brought by the coherent signal beam has been transmit-
ted to peripheral incoherent regions by the molecular self-assem-
bling process: ie. the organized molecules communicate non-local
information about photo-induced structural organization to the non-
organized neighboring ones. They communicate by exchanging light
through surface relief variations17.
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In conclusion, a well-defined pattern can be printed in an azo-
polymer film illuminated by a large power incoherent beam.
Information about the structure is brought by a weak confined laser
beam. Our experiments suggest applications in optoelectronics in
which a low-power compact laser source can be used to code
information which will be transferred to a polymer film assisted by a
strong incoherent light source. More importantly our experiment
shows that complex behavior can be experimented using simple
systems: weak coherent light can serve as a seed to create
information into a polymer film in such a way that molecules
powered by incoherent light will build and transmit well defined
complex structures. We propose our experiment as a paradigm for
the behavior of living assemblies which exchange information locally
and end up building complex structures or networks, although the
structure is ignored at the individual level18.
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6195-38, Session 7
Near-field Raman spectroscopy using the tetrahedral
SNOM tip
S. Klein, U. C. Fischer, J. Reichert, H. Fuchs, Westfälische Wilhelms-
Univ. Münster (Germany); M. Hietschold, Technische Univ. Chemnitz
(Germany)
The effect of field enhancement at nanoscale metallic structures is
critical to optical phenomena such as surface-enhanced Raman
scattering (SERS). Assemblies of coupled metal nanoparticles
attracted high interest as SERS active systems supporting so called
hot-spots of the electric field. Most recently tip-enhanced Raman
scattering (TERS), where a metallic tip is situated near a smooth
surface covered by Raman active species has been reported. The
experimental results show, that only a small amount of molecules in
the near-field of the laser irradiated tip-apex contributes to an
observed characteristic Raman spectrum. The tip acts in these
experiments similar to a single particle supporting a single hot-spot,
which enhances the incident electric field. Different experimental
approaches on TERS have been realized using metal coated AFM
cantilevers or STM tips. Here we present a setup for near-field
Raman spectroscopy using the tetrahedral SNOM tip to investigate
molecular monolayers on gold films. Results of near-field measure-
ments are shown for different types of molecular species.

6195-39, Session 7
Electronic excitation energy transfer from dye-loaded
zeolite L monolayers to a semiconductor
H. Li, A. Devaux, A. Zabala Ruiz, G. A. Calzaferri, Univ. Bern
(Switzerland)
Artificial photonic antenna systems that mimic natural photosynthe-
sis can be synthesized by means of host-guest technique. Zeolite L
has proven to be an ideal host material for supramolecular organiza-
tion of highly luminescent guest molecules. [1] Thus, bidirectional
photonic antenna materials can be prepared in which monomeric
dyes are present in a high concentration.
The possibility of electronic energy transfer from an excited molecule
to a nearby semiconductor was already in 1979 proposed by Dexter.
[2] Different attempts have been made to realize this idea. [3]
Recently, energy transfer from such bidirectional photonic antenna
materials to bulk silicon has been demonstrated.  In this system, light
is absorbed by dyes located inside of the zeolite L crystals, migrates
radiationlessly along the channels, and is finally transferred
radiationlessly to the silicon substrate via an adequate stopcock
molecule. Nevertheless, the system resulting from this coupling may
only reach a theoretical maximum efficiency of 50% since the
harvested excitation energy is transferred to acceptor dyes located
at both ends of the channels. [4, 5]. Thus mono-directional antenna
systems are highly desire because in these systems the energy is
transported in one direction only. An asymmetric dye loading of
zeolite L crystals is the preferred way for preparing such materials.
This type of loading is possible if the channel openings are selec-
tively closed on one side so that the dyes can only be inserted from
other side in sequence. This can be realized by assembling a
monolayer of zeolite crystals on a substrate.
Stimulated by the successfully preparation of high quality close-
packed zeolite A and ZSM-5 crystals [6], we have obtained perfect
assembly of aligned zeolite L crystals in a monolayer. [7] The
subsequent insertion of dye molecules into the open channels
perpendicular to the surface of the substrate has been demonstrated
for the first time. Results on the deposition of a silicon layer on top of
the dye-loaded monolayer will reported and transfer of electronic
excitation energy from the dye-loaded zeolite L monolayer to the
deposited silicon will be discussed.
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6195-40, Session 7
Fluorescence enhancement and energy transfer near a
metal tip
F. M. Huang, F. Festy, D. R. Richards, King’s College London (United
Kingdom)
There are many ways by which metallic nanostructures can
significantly affect the fluorescence of molecules (or other fluores-
cent materials, like semiconductor nanocrystals). When the excita-
tion wavelength is such that surface plasmons are resonantly excited
on a metallic nanostructure, the local electric field is strongly
enhanced, in turn leading to a significant enhancement of the
fluorescence signal from molecules or nanoparticles in close
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proximity to the nanostructure, a phenomenon similar to the giant
enhancement of Raman signals observed in surface enhanced
Raman scattering (SERS) experiments [1]. Secondly, the presence of
metallic nanostructures potentially changes the photonic mode
density, which alters the radiative decay rate of fluorescence [2].
Finally, when a molecule or nanoparticle is very close to the metal
surface, nonradiative energy transfer to the metallic nanostruture
leads to a dramatic increase in the nonradiative decay rate, such that
the fluorescence lifetime is reduced significantly [2]. The net effect of
the presence of a metallic nanostructure on fluorescence results
from an interplay between these three effects. Whether enhanced or
diminished fluorescence will be observed depends on particular
experimental conditions. Generally, when enhancements of the local
electric field and the radiative decay rate are dominant, the fluores-
cence signal will be enhanced; when the nonradiative energy transfer
is dominant, the fluorescence signal will be quenched. Recently,
enhancements of fluorescence in the vicinity of sharp metallic tips
have been exploited to obtain high resolution optical imaging on
single molecules [3] and nanocrystals [4]. There are also reports that
fluorescence signals are quenched when metallic tips are very close
to molecules [5]. For the realistion of tip-enhanced fluorescence
microscopy, it is vital to understand the mechanism of the interaction
between a metal tip and a fluorescent molecule.
We present the results of an experimental investigation of tip-
enhanced fluorescence. With a gold tip held a few nanometers from
semiconductor nanocrystals, using shear-force feedback, an
enhanced fluorescence signal was observed, which led to an optical
resolution well below the diffraction limit. By approaching a gold tip
to a monolayer CdSe quantum dots, it is  shown that the fluores-
cence intensity is modulated with the variance of tip-sample
distance. The results are qualitatively in agreement with the
predictions from a classical theory of energy transfer near metallic
surfaces.
We have also performed a theoretical analysis of tip-enhanced
fluorescence based on a simplified model, which approximates a tip
as a spherical particle and a molecule as an electric dipole. The
results demonstrate a complex interaction between a metal sphere
and fluorophore, which depends on many factors, such as molecular
orientation, metal-molecule distance, the quantum yield of molecular
fluorescence, the frequency of excitation light and fluorescence
emission light, and the dielectric properties of metal etc. It is found
that the optimal enhancement of fluorescence does not occur on the
surface of metal sphere, but at a distance of a few nanometers, or a
few tens of nanometers, from the surface of sphere due to an
interplay between the enhancement and quenching. The quantum
yield of a molecule also plays an important role. The fluorescence of
molecules with smaller quantum yields are easier to be enhanced
than those with larger quantum yields.  The effects of other factors
such as molecular orientation and excitation wavelength are also
discussed. We find that this simple model is able to account for the
five-fold enhancement in fluorescence we observe in our measure-
ments of tip-enhanced fluorescence.
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6195-41, Session 7
Optical switching in nano-arrays: transistor action
through directed energy transfer
R. G. Crisp, D. L. Andrews, Univ. of East Anglia Norwich (United
Kingdom)
In the drive to miniaturise ultrafast optical switching and interconnect
devices, there is much interest in nanoscale designs where atomic or
molecular assemblies can operate with a similar functionality to
microdevices.  One possible basis for such a device is to exploit the
transient coupling of throughput optical radiation.  In particular,
attention focuses on the near-field mechanism for propagating
optical energy between particles with suitably matching frequency
response, via the process of resonant energy transfer (RET).  This
process communicates electronic excitation between suitably
disposed (nominally donor and acceptor) dipoles in close proximity,

activated on excitation of the donor.  However, the transfer of
excitation between any given donor and acceptor is usually passive,
and it competes with loss mechanisms such as radiative decay and
the possibility of transfer to an undesignated acceptor.  The
exploitation of RET for optical switching thus appears compromised
by its innate passivity - a lack of suitable control mechanisms.  Until
now it has appeared that only by inefficient means, such as
reorientation or movement of the coupled units, could significant
control be effected.
Recently, it has emerged that there is a direct and all-optical route to
introduce the necessary control in RET, overcoming previous
obstacles.  In a system constructed to satisfy frequency-matching
conditions, but designedly inhibit RET by geometric configuration, it
transpires that the throughput of laser pulses can facilitate energy
transfer that would otherwise be forbidden, through a process of
laser-assisted resonant energy transfer.  By suitably configuring an
arrangement of transition dipoles, it proves possible to design
parallel planar arrays of optical donor and acceptor particles such
that the transfer of energy from any single donor, to its counterpart in
the opposing plane, can be switched by throughput laser radiation of
an appropriate intensity, frequency and polarization.  As the
resonance energy transfer is itself mediated electromagnetically, the
device operates as an optical transistor.  For simplicity, a pair of two-
dimensional arrays is envisaged, each consisting of equally spaced,
identical particles arranged on a square lattice.
A detailed appraisal of the system reveals an intricate interplay of
electronic structure, optical frequency and geometric factors.  The
switching radiation must be significantly off-resonant with regard to
the donors and acceptors (to disallow direct coupling of the
transitions between the excited and ground states of the particles),
and the latter units must each have an electronic response that
needs at least a three-level model for its accurate representation.  A
quantitative assessment reveals that, under expeditious conditions,
transfer from a given donor in the presence of laser light delivers
energy almost exclusively to its counterpart acceptor - 105 times
more effectively than for energy transfer to any other acceptor in the
array.  Indeed, for a relatively modest laser intensity of 1014 W m-2,
energy transfer to the designated acceptor is increased without
significantly assisting mis-transfer to any other acceptor.
Although the transfer efficiency in such a system is high, a number of
competing processes represent possible sources of information loss.
Adopting a principle widely used in multichromophore systems for
conventional RET, back-transfer from acceptor to donor can be
precluded by engineering differences in the absorption and emission
profiles of the particles.  The sought advantage of unidirectionality
that is ensured by this spectroscopic gradient is offset by a reduction
in efficiency necessarily associated with small losses of energy,
possibly necessitating the adoption of appropriate cooling measures
in device applications.  The other intrinsic complication, a finite
probability for energy transfer from the designated acceptor to
another acceptor, can be addressed by configuration of the relative
spacing of the donor and acceptor arrays, relative to the internal
spacing of the particles in each array.
In conclusion, we submit that the results promise a new basis for the
design of optically activated transistor action in nanoscale compo-
nents.

6195-42, Session 8
Complex transmittance gratings based on
subwavelength metallic structures
G. Vincent, R. Haidar, ONERA (France); S. S. Collin, Lab. de
Photonique et de Nanostructures (France); J. Primot, ONERA
(France); J. Pelouard, F. Pardo, Lab. de Photonique et de
Nanostructures (France)
For the last ten years, subwavelength metallic gratings have been
used for many applications, such as polarization or spectral
selectivity [1], energy focusing [2], and electro-magnetic waves
localization [3]. They also allow to code various discrete levels of
transmittivity, for a monochromatic light or for a wide spectral band
of study. This technique is potentially much more servile than other
usual techniques (varying absorbtion, thin film coating...), at least as
far as the number of transmittivity levels per device area or the
spectral band are concerned.
We made use of such metallic subwavelength 1D structures on a
gallium arsenide substrate to design a lamellar grating with six levels
of transmittivity in the mid-infrared, ranging from 10% to 95% on
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typical areas of 2mm x 2mm. The high transmittivity level of 95% is
reached thanks to a supplementary anti-reflection layer in between the
metallic grating and the substrate, which was calculated to be a quasi-
perfect lambda/4 layer. The next step is the coding of a sine-shaped
six-level lamellar grating, within a period of a few wavelengths : the
depth of the metallic structures is kept invariant all through the grating,
while either the period or the fill factor are modified according to the
desired transmittivity. Our objective is to realize a device which
diffracts exactly two symmetric orders, for self-imaging applications
and optical wavefront analysis purposes [4].
We will describe the formalism used to determine the physical
parameters of the gratings, which is based on the one-mode model [5]
and the surface impedance approximation [6]. A test device for mid-
infrared application has been designed using gold structures on a
hybrid GaAs/Si3N4 substrate. They were successfully tested, and first
results will be both presented and analyzed.
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6195-43, Session 8
Measuring the near-field of extraordinary transmission
through a periodic hole array
M. Docter, T. Young, Y. Garini, P. F. Alkemade, A. Bossche, O. Piciu,
P. M. van den Berg, Technische Univ. Delft (Netherlands)
Since the first evidence of extra-ordinary transmission through hole-
arrays, a lot of progress has been achieved. This transmission does
not only exceed unity (more light is transmitted through a periodically
surrounded hole than trough a single hole), but there is also spectral
selection and limited angular spread. Using the limited angular spread
of light, we are developing a new kind of microscope, which we
termed the mid-field microscope. A sample is placed in close
proximity with a hole-array, the transmission will excite fluorescent
probes in the sample. The emitted (fluorescent) light is imaged by far-
field optics.
It is required to know the near-field transmission pattern to foresee the
outcome of our experiments. Measurements of the near-field transmis-
sion pattern were only available for single holes, with [1] or without [2]
corrugations. Based on far-field transmission measurements [3] we
already determined that the transmission of an incoming planar wave
was mostly non-diffracting. We lately developed a theoretical model to
calculate the transmitted electric field and therefore the beam-shapes
in the near field [4].
For diffraction on a single hole Green’s theorem is commonly used.
Starting with Maxwell’s equation it is found that both electric and
magnetic field obey Helmholtz equation (like other physical properties):
(Nabla^2+k^2)U=0. Functions obeying this equation are solutions of
Green’s theorem; which relates a surface and a volume integral. The
surface-integral should only be calculated on the exit surface of the
array and the volume integral only in an infinitesimal sphere around r =
0. Then Green’s theorem provides a way to calculate the electromag-
netic field everywhere in space, depending on the function at the exit
surface.
For calculating the diffraction of a single hole, the field at the surface is
taken as a constant inside the hole and zero outside the hole. In the
case of surface plasmons, the field outside the hole has to be a
solution of Maxwell’s equation and the boundary conditions. Since it
should also be periodic for an infinite array we choose a (co)sine
solution. In a 2D slit case the exact solution is proportional to cos(kx
x)*exp(ikz z-iωt) for Ex and Hy and similar with a sine for Ez.

For the 3D solution it is impossible to combine all possible polariza-
tions in one solution. However, the field can be described as a sum
of two orthogonal polarizations. There are two principle polarizations
that are easy to calculate, namely along the (1,0) or the (1,1)
orientation of the hole-array grid. The plasmon wave in the (1,1) case
has a longer wavelength, which corresponds to a lower energy and
therefore it  probably describes the ground state. With period a =600
nm and hole diameter d =150 nm, the plasmon wavelength corre-
sponding to   is consistent with the peaks in the transmission
spectrum [3].
The near-field pattern shows distinct and periodic “lobes” of high
intensity, which are similar to an interference pattern. Measurements
are required in order to confirm the calculated field. We designed an
experiment in which we use a diluted fluid with fluorescent beads
(the beads move with Brownian motion). After illumination with plane
wave through the hole-array, a series of images is collected in order
to find the high intensity regions in near-field. Therefore, the
fluorescent beads act like probes to the near-field beam shapes.
Results of the experiments and the theoretical model will be
presented at the conference.
[1] H. J. Lezec et al., Science 297, 820 (2002).
[2] D. Amarie et al., Nano Letters 5, 1227 (2005).
[3] M.W. Docter et al.,  Proc. SPIE 5703, 118 (2005).
[4]M.W. Docter et al., ‘Beam shape of light transmitted through sub-
wavelength hole- arrays’, submitted for publication

6195-44, Session 8
Enhancement transmission of light through metallic
coaxial nanostructures: optical far-field and near-field
results
Y. Poujet, J. Salvi, F. I. Baida, D. Van Labeke, Univ. de Franche-
Comté (France); A. Perentes, C. Santschi, P. Hoffmann, École
Polytechnique Fédérale de Lausanne (Switzerland)
Contrary to classical theory which forbids to obtain a good transmis-
sion of light through subwavelength metallic structures [1], it has
been shown that an enhanced transmission could be reached [2].
This phenomenon can be explained thanks to surface waves and/or
guided modes. It offer a lot of applications in several scientist
domains such as fluorescence [3], nano-optical composants [4],
chemical sensors...
In order to increase the transmission, Baida and Van Labeke
proposed a new structure named Annular Aperture Arrays (AAA) [5,
6]. It consists of an array of nanometre coaxial cavities. We will
present our theoritical and experimental results.
First, we will expose our theoritical work: the simulations are based
on a 3D Finite Difference Time Domain (FDTD) code with Perfectly
Matched Layers (PML). The calculations simulate propagation of a
pulsed wave-plane through the structure and we analyze the zero-
order diffracted intensity  normalized by the incident one. With this
home made code, we calculate the transmission spectrum of the
optical far field and near field just above the structure. Different
parameters such as period, height inner-ring or outer-ring diameter
are changed in order to optimize the transmission.
Secondly, we will describe the fabrication process and the charac-
terization of the metallic nanogratings. We used two different
methods to build them : e-beam lithography (EPFL) and Focused Ion
Beam (FIB) milling (FEMTO-ST). To characterize them, Atomic Force
Microscope (AFM) and Scanning Electron Microscope (SEM) images
give us the real geometrical parameters.
Finally, the experimental results will be presented to compare and to
validate our results. The transmitted response in the optical far field
shows a peak in the visible wavelengths which is predicted by
theory. Near-field optical images are obtained with a Scanning Near-
field Optical Microscope (SNOM) in reflection mode and transmission
mode. They are recorded for different polarizations and at different
wavelengths. Images show a good agreement with theoritical
simulations too.
References:
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[3] Liu Y., Blair S., “Fluorescent enhancement from an array of
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[4] Gifford D.K., Hall D.G., “Emission through one of two metal
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cross coupling”, Applied Physics Letters  81, 4315-4317 (2002).
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6195-45, Session 8
Photoinduced surface relief multigrating on thin
azopolymer films
R. Barille, S. Ahmadi Kandjani, S. Dabos-Seignon, J. Nunzi, Univ.
d’Angers (France); E. Ortyl, S. Kucharski, Politechnika Wroclawska
(Poland)
In this study we show that holographic storage through photoin-
duced surface relief gratings (SRG) in thin films can offer new
convenient features and possibilities. Improvement can be done
using a multigrating technique printed by using of a liquid droplet. In
earlier works, holographic recording of SRG in thin films of an
azobenzene-substituted photochromic polymer was achieved by
irradiation with two interfering beams from a low-power laser [1]. A
lot of studies were carried with both fundamental and applied
interests [2]. Recently, the fabrication of SRG was improved [3] and
multistate polarization encoding could be achieved [4] using one
single beam. We go further with the possibility to encode different
gratings in one step within the same photosensitive surface.
A large number of gratings or patterns can be superimposed in the
same thick piece of material and can be accessed independently
because they are distinguishable by the orientation or pitch of the
gratings. Such separation can be accomplished by changing the
angle between the laser beam and the sample or the liquid droplet.
In particular its refractive index or its wetting properties.
The gratings result from the cyclic trans-cis-trans photoisomerization
of azobenzene in the side chain polymer. A mass transport is
induced to form surface relief multigrating (SRmG), following the
distribution of interfering light amplitudes.
The samples are polymer films made from a highly photoactive
azobenzene derivative containing heterocyclic sulfonamide moieties
[5]. Thin films on glass substrates were prepared by spin-coating of
the polymer from THF solutions with a concentration of 50 mg/ml.
The • = 476.5 nm laser line of a continuous argon ion laser is used to
excite the azo polymer absorption close to its absorption maximum.
Polarization direction of the laser beam is varied using a half-wave
plate. The liquid droplet is water, with a contact angle of 22°. Its
volume is about 10 µL.
Three gratings are obtained. One at the laser beam center through
the droplet, with a grating pitch * *  = 950 nm * 30 nm. This is in
agreement with the value given by first order diffraction theory in the
*  = 32.6° self-diffraction direction: * = 2 * / 2 sin  * . Its depth is 50
nm * 5 nm, whatever the polarization used.
Two other gratings are obtained. The first one is produced by the
interference pattern created by refraction from the droplet side with
an angle of 6°. The grating pitch * *  = 1.50 µm * 30 nm. The second
sub modulation grating is due to the reflection of the self diffracted
beam on the droplet-air interface with an angle of 22°. The grating
pitch * *  = 450 nm  * 30 nm.
When the gratings have been stored permanently, the self-induced
SRmG can be retrieved using the same beam as the one used to
write the gratings.
We have shown that multistate addressing through a liquid droplet
could be achieved using one single beam into an azo-polymer film.
The different polarization states are stored as SRmGs. Grating
orientation follows the incident beam polarization direction.
The multigrating pitches can be adjusted by the changing the liquid
droplet material. The permanent SRG readout by a single beam
diffracts light into positive and negative diffraction orders in the
backward and forward directions along the incident beam polariza-
tion direction. This work opens the door to coding four types of
informations with a first grating pitch and orientation given by the
laser beam angle and laser beam polarization respectively and two

other grating which pitches depend on the droplet index contact
angle. This work opens new possibilities for the patterning of
complex microstructures on polymer film surfaces.
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6195-46, Session 8
Nanoscale control of oxides by laser ablation: design and
applications
W. Prellier, ENSICAEN (France)
With advancement in thin films growth technology, it is now possible
to control the growth of films at atomic level which has provided
sharp tools such as pulsed laser depositin, to construct artificial
lattices, composed of different materials.
From a few decades, superlattices of various materials have been
synthesized and characterized for their various properties and their
suitability for real life applications. Control at a nanometric scale has
thusly been developed for oxide thin films.
In this talk, we exemplify how one can utilize the present approach in
designing new materials, which is usually very rare in nature either
due to thermodynamically reason or hindered due to some physico-
chemical reasons. We will illustrate the above process by reviewing
the growth of technologically important various novel oxides, namely
high-TC superconductors, ferromagnets, multiferroics, etc. Further,
we discuss the future role of the aforementioned technology in
designing novel and scarce materials that can be used for
nanotechnology.
This work has been carried out in the frame of the European Network
of Excellence ‘’Functionalised Advanced Materials Engineering of
Hybrids and Ceramics’’ FAME (FP6-500159-1) supported by the
European Community, and by Centre National de la Recherche
Scientifique.

6195-47, Session 8
“W” diode, interband cascade, and quantum cascade
lasers for the mid-IR
J. R. Meyer, C. L. Canedy, C. Kim, W. W. Bewley, M. Kim, J. R.
Lindle, I. Vurgaftman, Naval Research Lab. (USA); J. Nguyen, A. J.
Evans, J. Yu, S. R. Darvish, S. Slivken, M. Razeghi, Northwestern
Univ. (USA)
Antimonide type-II “W” quantum well structures are based on a four-
constituent active region, in which a single hole QW (GaInSb) is
sandwiched between two electron QWs (InAs), which are in turn
bounded by AlGaSb barrier layers. This configuration combines the
advantages of strong wavefunction overlap (high gain), a 2D density
of states for both carrier types, and suppression of Auger non-
radiative decay. A series of “W” diode lasers was grown by molecu-
lar beam epitaxy at NRL and processed into wide gain-guided
stripes and narrow index-guided ridges. ,  A cavity length study at 78
K found that the internal efficiency exceeded 90%, while the internal
loss was  *  7 cm-1. Thresholds at that temperature were as low as
30 A/cm2, wallplug efficiencies were as high as 10%, and a 100-µm-
wide stripe with coated facets and epitaxial-side-down mounting
emitted \> 500 mW cw. Diodes emitting at *  *  3.4-3.6 µm operated
pulsed to 317 K, and an epitaxial-side-up 22-µm-wide ridge
operated cw to 230 K. A cw DFB laser emitted into a single mode (*
= 3.202 µm) with large sidemode suppression ratio.
We have also grown and processed interband cascade lasers (ICLs)
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with “W” active regions.  Initial devices displayed lasing thresholds
as low as 12 A/cm2 at 78 K, low series resistance, and a voltage
efficiency of 96%, i.e., the voltage required to reach threshold is only
4% higher than the theoretical minimum of the photon energy
multiplied by the number of stages. Cavity length studies on a series
of ICLs with 5, 10, and 15 stages determined that the internal losses
at 78 K were 16, 27, and 37 cm-1, respectively, while the internal
efficiencies were  *  80% in all cases. These results imply that a
substantial internal loss originates in the active stages, an issue that
must be addressed in future work. Nonetheless, pulsed operating
temperatures as high as 300 K were obtained, and a 5-stage device
with 0.5 mm cavity length had a wallplug efficiency per facet of  *
20% without facet coatings. Thus efficiencies up to  *  40% should
be possible with HR/AR coatings, which is made possible by the
high voltage efficiency, low series resistance, and high internal
efficiency, despite a relatively high loss. A sister 5-stage device with
3-mm-long cavity, coated facets, and epitaxial-side-up mounting
emitted \> 1 W of cw power at 78 K.
NRL also characterized quantum cascade lasers (QCLs) that were
fabricated at NU. Rapid recent progress has led to the first demon-
strations of semiconductor mid-IR sources capable of emitting high
cw powers at ambient temperature and above.  Maximum cw
operating temperatures have been as high as 340 K, with up to 640
mW has been generated at T = 295 K (* = 6.0 µm) with a wallplug
efficiency of 4.5%.  In this presentation, we report further break-
throughs in the development of QCLs that emit high cw powers at
room temperature. Strain-balanced InGaAs/InAlAs structures were
grown on InP substrates by MBE at NU. Stripes of width  *  13 µm
were chemically etched and coated with SiO2 to form index-guided
ridges. Devices characterized at NRL ranged in wavelength from 4.8
µm to 7.3 µm. In all cases, cw output powers exceeding 100 mW
were obtained at room temperature. Far-field characterizations
showed that the quality of the single-lobed output beam is better
than twice the diffraction limit along both axes under all operating
conditions tested, although mode-hopping and beam-steering
occurred under some conditions. Since single-mode output is
preferable for many applications, we will discuss the characterization
of a high-power DFB QCL. The device emits  *  100 mW cw into a
single mode (* = 4.784 µm) at room temperature, while at T = 200 K (*
= 4.746 µm) the single-mode cw output power exceeds 350 mW. At
both 200 K and 298 K, the FWHM is  *  1 Å (instrument-limited) and
the side-mode suppression ratio exceeds 25 dB. Robust single-
mode emission without mode-hopping or beam steering was
maintained for all currents investigated, at all temperatures up to
Tmaxcw = 333 K. The slope efficiency and subthreshold amplified
spontaneous emission spectra were found to be consistent with a
coupling coefficient of no more than  * L ≈ 4-5, which is substantially
lower than the estimate of 9 based on the nominal grating fabrication
parameters. The DFB mode properties were modeled for both low-
power (near threshold) and high-power (gain-saturated) operation.

6195-48, Session 9
Quantum dots and nanowires for optoelectronic device
applications
H. H. Tan, K. Sears, S. Mokkapati, S. Barik, G. Jolley, Q. Gao, L. Fu,
J. Wong-Leung, M. Buda, Y. Kim, C. Jagadish, The Australian
National Univ. (Australia)
Quantum confined structures are utilized in a variety of optical and
optoelectronic devices due to the quantum confinement effect that
leads to device improvement. The mature semiconductor epitaxy
technology such as molecular beam epitaxy (MBE) and metal-
organic chemical vapor deposition (MOCVD) has allowed us to grow
quantum dot (QD) structures. The 3-dimensional confinement of
carriers leads to the delta function-like density of states resulting in
unique electronic and optical properties. These QDs have found
applications in a variety of optoelectronic devices such as lasers and
photodetectors as are expected to show superior performances in
comparison the their quantum well counterparts [1-5]. Nanowires
grown by the so-called vapor-liquid-solid (VLS) mechanism, on the
other hand, are gaining more interests because of the possibility of
utilizing them as both active devices and interconnects. Recently,
both axially and radially controlled growth of heterostructure
nanowires have been demonstrated to act as nano-building blocks
for future optoelectronic devices, with properties superior to those of
conventional layered heterostructures [6,7].
In this talk, the growths of QDs are done in a low-pressure horizontal

MOCVD reactor. InGaAs or InAs QDs are deposited on GaAs
substrates using the Stranski-Krastanow growth mode which relies
on the mismatch between the deposited layer and the substrate.
One of the main difficulties in growing QDs by the MOCVD technique
is that in-situ monitoring techniques are limited. Furthermore,
deposition in MOCVD is typically done at higher temperature (50-
100ºC) than MBE due to precursors used in MOCVD that require
higher temperature to decompose. The higher growth temperature is
not favorable for QD formation due to high mobility of the In
adatoms. In most optoelectronic devices with QDs, it also generally
required to grow a number of QD layers as a stack on top of each
other to increase the optical gain (such as for lasers) or the absorp-
tion volume (such as in detectors). However, since these QDs are
highly strained material, the accumulation of strain by stacking these
layers could lead to relaxation which result in QDs with dislocations/
defects and degrade device performance. Hence the growth
conditions need to be accurately controlled to suppress defect
formation while increasing the number of stacked layers. Further-
more in QD optoelectronic devices, optical cladding layers, such as
AlGaAs, need to be grown after the formation of the QDs. Usually,
these cladding layers are grown at higher temperatures for optimum
material quality but the higher growth temperature has profound
effect on the atomic diffusion, coalescence and even the dissolution
of the QDs.
We will demonstrate the results of our InGaAs and InAs QD lasers
and explain the performance issues of these devices. Results from
QD infrared photodetectors will also be presented and discussed.
To achieve device integration, we have use selective area epitaxy
(SAE) as a way of controlling the nucleation of QDs. SAE is a
technique in which the wafer is patterned with a dielectric layer (such
as SiO2) prior to growth. Growth now only occurs in the opening
areas of the patterned substrates with a local growth rates can be
varied. Hence, by changing the dimensions of masks and/or
openings, the density, size and composition of the QDs could be
finely tuned. Indeed, one can even selectively form QDs in one region
and only the wetting layer (i.e. quantum well) in other regions. By
using this technique, we will show the results of our integrated QD
devices.
The nanowires are also grown in the MOCVD reactor. Prior to growth
however, the substrates are coated with Au colloids with dimensions
of 10-50nm in diameter. We will present results of GaAs and InGaAs
nanowires grown on GaAs substrates. Strong influence of the
nanowire height, density, tapering and base height are observed with
varying In composition. The results will be discussed in terms of the
diffusion of the adatoms.
1. D. Leonard, K. Pond, and P.~Petroff, Phys. Rev. B, 50, 11687
(1994).
2. N. N. Ledentsov, M. Grundmann, F. Heinrichsdorff, D. Bimberg, V.
M. Ustinov, A. E. Zhukov, M. V. Maximov, Z. Alferov, and J. A. Lott,
IEEE J. Select. Topics Quantum Electron., 6, 439 (2000).
3. H. C. Liu, M. Gao, J. McCaffrey, Z. R. Wasilewski, and S. Fafard,
Appl. Phys. Lett., 78, 79 (2001).
4. D. Stiff-Roberts, S. Krishna, P. Bhattacharya, and S. Kennerly, J.
Vac. Sci. Tech., B20, 1185 (2002).
5. M. Grundmann, ed., “Nano-Optoelectronics”, Springer-Verlag,
Berlin Heidelberg (2002).
6. Y. Yui, Q. Wei, H. Park and C. Lieber, Science 293, 1289 (2001).
7. L. Samuelson, M.T. Björk, K. Deppert, M. Larson, B.J. Ohlsson, N.
Panev, A.I. Persson, N. Sköld, C. Thelander and L.R. Wallenberg,
Physica E, 560 (2004).

6195-49, Session 9
Novel nanoscale electro-optical materials for photonic
applications
P. Repetto, N. Li Pira, M. Paderi, R. Monferino, V. Lambertini, S.
Bernard, Ctr. Ricerche Fiat (Italy)
Development and processing of novel nanoscale electro-optical
materials for photonic applications are presented. Materials and
technologies involved have a strong potential in a variety of other
application areas such as lighting, catalysis, electronic contacts,
batteries, solar cells. Specifically advanced mesoporous films and
new photonic nanostructures will be demonstrated along with their
application to backlighting and display devices.
The development of chemical and physical methods, as self-
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assembly, sol-gel synthesis or high vacuum deposition, to product
nanostructures consisting of embedded nanocrystals or mesoscopic
materials are taken out. The nanostructured materials are grown on
the substrate through both self-assembling and sol-gel-like pro-
cesses where the mesoporous film porosity is tuned so as to trade
off high light efficiency against reduced complexity of the device.
The electrodes are located in the same plane on top of the substrate
and induce electronic transportation  through the mesoscopic
structure in which the monodispersed luminescent nanocrystals are
embedded. The nanocrystals are electrically interconnected or
coupled inside of the matrix so as to allow electronic conduction to
take place.
The main objective of the activity is the demonstration of a novel
easy methodology to produce new low resolution information display
devices characterized by new architectures (enabled by nanoscale
materials), high efficiency and high performance in term of visual
quality.

6195-50, Session 9
Extraordinary optical properties of ZnO nanowires
caused by cavity confined exciton-polaritons
S. Ruhle, Univ. Utrecht (Netherlands); L. K. van Vugt, Univ. Utrecht
(USA); R. Prasanth, Univ. Utrecht (Netherlands); K. Kuipers, FOM
Institute for Atomic and Molecular Physics (Netherlands); H. C.
Gerritsen, D. A. Vanmaekelbergh, Univ. Utrecht (Netherlands)
ZnO with its bandgap of 3.37 eV shows an extraordinary large
exciton binding energy of around 60 meV. Strong exciton-photon
coupling in macroscopic ZnO crystals results in the formation of
exciton-polaritons, which show a characteristic anti-crossing in the
E-k dispersion. Close to the resonance energy polaritons have
simultaneous excitonic and photonic character with a wavelength
that can differ significantly from the vacuum wavelength of light.1
Polaritons generated within optical microcavities show a further
modified E-k dispersion, with a characteristic cut-off wavelength and
an enhanced anti-crossing of the polariton branches due to spatial
confinement.2 ZnO nano-rods and -wires show exciting optical
properties like wave-guiding3) and lasing,4) but a full theoretical
understanding of these phenomena is still missing. We present
optical investigations of ZnO nanorods and discuss the results in
terms of cavity confined polaritons.
High quality ZnO nanowires were epitaxially grown on oriented
sapphire substrates. Wires/rods with a hexagonal cross-section
grow along the c-axes of the ZnO wurtzite structure and we
synthesized wires with diameters from 80 nm up to 1 µm and a
length ranging from 2 to 10 µm. Optical properties of single wires
were studied with one- and two-photon laser scanning microscopy,
with cathode luminescence (CL) and with scanning near-field optical
microscopy (SNOM).
Optical excitation above the band gap leads to a well known
luminescence peak of the UV light (~380 nm) and a broad green
luminescence peak (~520 nm). We show that nanorods are forming
optical cavities with eigenmodes, directly observable as superim-
posed maxima on spectral resolved luminescence measurements.
From spatially resolved single- and two-photon excitation measure-
ments we furthermore observe a modulated luminescence intensity
by scanning the excitation beam along the c-axis, which we interpret
as standing polariton modes within the single crystalline rod-cavity.
We show that measured spectra are well described by a superposi-
tion of standing polariton waves.
Optical scattering on ZnO nanorods of sub-band gap light leads to
additional emission of side peaks, due to phonon interaction.
Surprisingly the Stokes and Anti-Stokes peak are not symmetrically
located around the excitation peak. We discuss this effect in terms of
the size confinement due to the rod geometry of the ZnO.
1) Hopfield, J. J.; Thomas, D. G. Phys. Rev. Lett. 1965, 15, 22-25.
2) Weisbuch, C.; Nishioka, M.; Ishikawa, A.; Arakawa, Y. Phys. Rev.
Lett. 1992, 23, 3314-3317.
3) Johnson, J. C.; Yan, H.; Yang, P.; Saykally, R. J. J. Phys. Chem. B
2003, 107, 8816-8828.
4) Law, M.; Sirbuly, D. J.; Johnson, J. C.; Goldberger, J.; Saykally,
R.J.; Yang, P. Science 2004, 305, 1269-1273.

6195-51, Session 9
Self-assembled Ni nanodot on SiO2 film: a novel reactive
ion etching mask for Si nanopillar formation on Si
substrate
H. Lin, C. Kao, C. Lin, G. Lin, H. Kuo, S. Wang, National Chiao Tung
Univ. (Taiwan)
The fabrication of Si nanostructures with quantum confined energy
states to enhance light-emitting efficiency has recently caused
researching interests.  The reactive ion etching and electrochemical
etching were two principle processes to obtain periodically arranged
nanostructures with the aid of mask patterns from electron beam
lithography or self-assembled metallic nanodots.  Nowadays, the
formation of Si nanopillar array is mostly realized by the reactive ion
etching of Si substrate capped with the mask of self-assembled Ni
nanodot.  However, the self aggregation of the Ni nanodots from a Ni
film coated on Si substrate usually takes up to 10 min even by a
rapid thermal annealing (RTA) process at 700oC in the N2 ambient.
This is mainly due to the larger thermal conductivity of the Si
substrate that reduces the interfacial temperature, and to the relative
good adhesion between the Ni and Si interface that slows down the
aggregating speed.  Besides, such a long-term annealing inevitably
leads to an unintentional doping or diffusion of the coated metal into
the Si substrate during the self-assembly procedure.  To avoid the
aforementioned problems, we propose for the first time the quick
formation of Ni nanorod on Si substrate with a thin buffered SiO2
layer.  With the novel approach, the luminescent characteristics of
the Si nanopillars or nanorods generated at the reactive ion etched Si
surface are reported.
EXPERIMENTALS
The formation of Si nanopillar array is realized by the reactive ion
etching of Si substrate capped with the mask of self-assembled Ni
nanodot.  However, to avoid the reactive product of Ni and Si and to
get Ni dot quickly, we need to deposit a buffer layer of SiO2 .  First,
we deposited a thin film SiO2 of about 200 Å on p-type Si substrate
by plasma enhanced chemical vapor deposition (PECVD) with the
deposition rate of 15Å/min.  Then, we coated a very thin Ni layer of
50Å under SiO2 layer using e-gun system. The Ni deposition rate
was 1Å/s at the applied current of 40 Å, followed by rapid thermal
annealing (RTA) at 650oC in the N2 ambient.  The chamber of RTA
was under the N2 flow of 5 sccm.  Using Ni dot as the etching mask,
we can perform Si nano-pillar by dry etching of induced coupled
plasma reactive ion etching (ICP-RIE).  Etching gas was CF4, Ar and
O2 with flowing of 40, 40 and 5 sccm separately.  The ICP power
was 200 W and the bias power was 100 W. The etching time is 3
min.  After etching, we dipped the sample in the solution of HNO3 to
remove Ni, then dipped the sample in the solution of BOE to stripe
oxide layer.
RESULTS AND DISCUSSIONS
Ni thin film deposited on the SiO2 film was easily conglomerated,
resulting in the formation of Ni nano-dot array on SiO2 substrate.
After rapid thermal annealing at 850oC between 20 and 26 sec, the
Ni dots were formed on the SiO2 film.  The shape and average
diameter of Ni dots are semicircle and from 33 nm to 75 nm,
respectively.  The sample with the largest density, 7.2Å~1010 cm-2,
and the smallest size, 33 nm, of the Ni dot was annealed at 850oC
for 22 sec.  The thin film deposition and RTA process is not only an
easy and simple technique to control the formation of nano-dot but
also an effective process compared to the conventional nano-pattern
formation process like electron beam lithography technique.  The
size and distribution of the nano-dots on the SiO2 film were mainly
determined by thin film thickness the RTA temperature.  The
diameter of nano-dots became smaller with a decrease in the
thickness of deposited Ni layer.
The effect of processing pressure on the etching characteristics of Si
was investigated.  The processing pressure was controlled between
6.66 and 0.66 Pa and the other processing parameters are un-
changed.  Since the chamber with the high processing pressure
contains the more reactive gases, the etching rate will be faster than
that with lower processing pressure.  However, it is difficult to form
the Si nano-rod under the high processing pressure.  The reason is
that the side etching rate is larger than the vertical etching rate.  The
height of the Si nano-rod is between 30 and 100 nm and the density
of the Si nano-rod is about 5.4Å~109 cm-2.  Therefore, some Ni dots
were eliminated from the surface of the SiO2 film.  The crater on the
Si nano-rod also provides another proof of the Ni-dot elimination.
After removing Ni dots and the SiO2 film on the Si substrate, the
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visible and the near-infrared photoluminescence from the Si nano-
rod sample were observed.
The near-infrared photoluminescence is attributed to the lumines-
cence of the Si nano-rod by the quantum confinement effect.  When
the pumping intensity was increased from 0.2 to 5 W/cm2, the peak
wavelength of the near-infrared PL was decreased from 839 nm to
835.6 nm.  After the pumping intensity was larger than 5 W/cm2, the
near-infrared PL intensity was saturated.  The blue-shift phenom-
enon of the peak wavelength and the saturated PL intensity are
attributed to the band-filling of the Si nano-rod.  Moreover, the full
width at half maximum (FWHM) values of the near-infrared PL
spectra are the same and around 101 nm, which means that the size
distribution of the Si nano-rod is the same.
The visible photoluminescent spectra were observed between 350
nm and 650 nm.  Previously, the luminescent centers in the SiO2:Si+
corresponding to the visible PL were comprehensively investigated,
which include the B2 center, the weak oxygen bond (WOB), the
neutral oxygen vacancy (NOV) defect, the E’delta defect and the
non-bridge oxygen hole center (NBOHC) defects at emitting
wavelengths of around 281 nm, 415 nm, 455 nm, 520 nm, and 630
nm, respectively.  The Si nano-rod sample presents a strong and
broad PL spectrum between 400 nm and 600 nm.  After decompos-
ing with multi-Gaussian function, two principle luminescent centers
at 415 and 455 nm with spectra linewidths of 62.5 and 32 nm,
respectively, are demonstrated.  The strongest PL peaks at 415-455
nm with linewidths of 35-50 nm are very similar to those obtained by
Nishikawa et al.  The luminescence at 455 nm reported by Bae et al.
has been attributed to the transition between the ground state
(singlet) and the elevated state (triplet) of the NOV defect.  During the
etching process, oxygen atoms generated from the ionized O2
impact the surface of the Si substrate.  Therefore, two oxygen atoms
generate the WOB defect.  The NOV defect is attributed to the
mobile oxygen atom and oxygen vacancy.

6195-52, Session 9
Nanostructured II-VI semiconductors for light-emitting
devices
D. E. Gallardo, C. Bertoni, S. C. Dunn, Cranfield Univ. (United
Kingdom)
Recent years have witnessed a constantly increasing demand of
displays for consumer electronic applications, most notably in recent
times computer screens and mobile phones. The availability of new
luminescent materials has boosted the use of such displays in
applications that were unthinkable before, either for economic costs
or for volume/weight factors: domestic appliances, automobiles,
music players, etc.
Semiconductor nanoparticles have been recently been developed as
one of the promising technologies for the display industry. Reported
photoluminescence efficiencies as high as 80%, colour tunability
through size separation and simple deposition techniques are some
of the factors that push forward the use of semiconductor
nanoparticles as a likely future technology. The electrical stimulated
emission for these devices still poses some problems that have so
far hampered their full exploitation both as scientific curiosities but
also in commercial applications. However, these difficulties are
currently being addressed with significant success and research
foresees a wide use of these nanostructures materials in the field of
electronic displays.
Processing and lifetime improvements presented in a previous SPIE
conference by the author  have allowed for extended electrical
characterisation of light emitting devices based on II-VI semiconduc-
tor nanocrystals. DC, AC and DC+AC signals have been used to
excite electroluminescence (EL) on CdTe quantum dots samples.
AC and pulsed operation seems to improve brightness, although a
DC offset is needed to reach the flat-band condition. The existence
of an upper limit in frequency for EL is related to the presence of
electron traps near the interface with the anode. Additionally
brightness-V, J-V and impedance analyses have been performed to
identify the conduction mechanisms responsible for EL in the device.
Optimal operation points and conditions for brightness improvement
will be presented.

6195-53, Session 9
Metallic nanowires and their polymer composites: optical
spectroscopy toward nonlinear optical device design
W. Dickson, P. R. Evans, G. A. Wurtz, R. Pollard, A. V. Zayats,
Queen’s Univ. Belfast (United Kingdom)
Assemblies of metallic nanowires (Au and Ag) wires grown electro-
chemically using an anodic aluminum oxide (AAO) template, are
interesting from both a fundamental and practical point of view.
Structures formed by this process are anisotropic; the wires form a
quasi-ordered 2-Dimensional arrangement with their long axis
oriented perpendicular to a glass substrate.  The structural param-
eters of these arrays may be tailored at the fabrication stage and
this, coupled with the their affordability, make them excellent
candidates for the future design of integrated optical circuitry
including waveguides, photon localization, and various derived active
and dynamic optical components.
This paper reports on the spectroscopic characterization of both
bare and embedded Au and Ag nanowires. The transverse and
longitudinal resonances of the wires are identified and associated to
the dipolar excitation of the localized surface plasmon along the
wires diameter and length respectively.  The effect of the wires
diameter, length and separation are studied as a function of angle of
incidence and polarization of the illuminating light in order to
determine the optical tuneability of the fabricated structures.
Additionally hybridization of the nanowires with a non-linear polymer
(poly-3BCMU) for the design of dynamic optical components is
investigated.  Our results demonstrate the possibility to remove the
AAO matrix and embed the wires with poly-3BCMU while preserving
the systems structural integrity. The optical response of the hybrid
structures has been characterized in a two-color CW pump-probe
experimental configuration. The results obtained will be presented
and discussed.

6195-55, Poster Session
Optical spectra and structure of CdP4 nanoclusters
fabricated by incorporation into zeolite and laser ablation
O. Yeshchenko, I. Dmitruk, M. Galak, S. Koryakov, National Taras
Shevchenko Univ. of Kyiv (Ukraine)
CdP4  nanoclusters were fabricated by incorporation into the pores
of zeolite Na-X and by deposition of the clusters onto a quartz
substrate using laser ablation-evaporation technique. Absorption and
photoluminescence (PL) spectra of CdP4 nanoclusters in zeolite
were measured at the temperatures of 4.2, 77 and 293 K. Both
absorption and PL spectra consist of two blue shifted bands. We
performed DFT calculations to determine the most stable clusters
configuration in the size region up to size of the zeolite Na-X
supercage. The bands observed in absorption and PL spectra were
attributed to emission of (CdP4)3 and (CdP4)4 clusters with binding
energies of 3.78 eV and 4.37 eV per atom respectively. The Raman
spectrum of CdP4 clusters in zeolite proved the fact of creation of
(CdP4)3 and (CdP4)4 clusters in zeolite pores. The PL spectrum of
CdP4 clusters produced by laser ablation consists of  single band
that was attributed to emission of (CdP4)4 cluster.

6195-56, Poster Session
Simulation of light scattering for surfaces with
statistically distributed subwavelength cavities
D. Mader, Hochschule Bremen (Germany); A. Tausendfreund, Univ.
Bremen (Germany); S. Simon, Hochschule Bremen (Germany); S.
Patzelt, G. Goch, Univ. Bremen (Germany)
This paper deals with a computation method for scattered light
intensity distribution, which develop, if a nanostructured surface is
illuminated with a coherent laser beam of several millimeters in
diameter. This is a valuable contribution for the design of laser
optical surface characterization methods, which derive structure
characterizing attributes from structure dependent scattering effects.
The quality and functionality of technical and optical surfaces (e.g.
sheet metal, valve shafts, lenses, mirrors m replication tools, molds,
etc.) is affected by several microtopographical features, such as
roughness, local defects and pattern deviations. The assessment of
the surface microtopography and the corresponding parameters is
usually performed with tactile profilometers, white light interferom-
eters, confocal microscopes, scanning force microscopes or near
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field acoustic microscopes. These devices measure the surface
topographgy in detail and calculate form, waviness and roughness
parameters from the measuring data. In the nanometer domain these
surface parameters are no longer distinguishable, i.e. the surface
description based on these terms makes no sense. Therefore, new
measuring evaluation methods and strategies are required. A
promising approach is to characterize surfaces by their functional
behavior.
In the case of optically smooth and nanostructured surfaces the
investigations focus on optical measuring methods. The measure-
ment is non-contacting and fast compared with conventional
measuring devices. Particularly, laser measuring principles based on
scattered light and speckle correlation processes are suitable for this
task. Furthermore, they are capable of in-situ measurements or even
in-process measurements for both the production tools (e.g. molds)
and the products. This is tremendous advantage especially in the
case of mass production.
However, all these measuring methods have in common that they
detect a light pattern in the Frauenhofer region, which is the result of
a complex scattering process of (partially) coherent light. Until today,
no closed mathematical description of this process for real surface
topographies exists. This is the motivation for this work with the
intention to provide a simulation method of light scattering from
nanostructures.
One approach for subwavelength scattering simulations is to
compute the near field of nanosurface by Maxwell’s equations with
finite element methods (FEM) and to derive the far field in a second
step. Other near field solutions of the Maxwell equations presume
periodic surface structures. There also exist approximation methods
for the near field like the Discrete Dipole Approximation (DDA) or the
Generalized Multipole Technique (GMT). Unfortunately, all these
methods are computationally much too expensive, if the surface
areas of several millimeters are considered.
The presented approach differs from these concepts in the property
that the near field is not computed. Instead, an electrical equivalent
model is based on pre-computed radiation sources like dipoles,
Huygens point sources and others, which result in the same far field
as the original nanosurface. In order to simulate the scattered light
by an arbitrary surface it is divided into subwavelength geometries
which are represented with a set of such equivalent models. The far
field is then calculated with scalar method which reduces the
computational effort.
The set of equivalent models used for our simulation contains
spherical and elliptical geometries, which represent exaltations over
a flat surface. In this paper an equivalent model for cylindrical
cavities with circular aperture in a flat surface is presented which
delivers a good approximation for the far field of the scattered light.
With the restriction to subwavelength geometries, i.e. the radius of
the aperture below λ/2, comparison between the equivalent model
and the exact far field has to be done with solutions from the
Maxwell equations instead of scalar diffraction theories.

6195-57, Poster Session
Free-standing Si/SiO2 superlattices: fabrication
procedures and optical, structural, and light-emitting
properties
S. V. Novikov, L. Khriachtchev, M. Räsänen, Helsinki Univ. of
Technology (Finland)
Silicon nanocrystals (Si-nc) is a promising photonic material, and its
studies have been particularly stimulated by the recent reports on
optical gain.1,2 Repeating deposition of Si and SiO2 ultra-thin layers
provides an approach to prepare a Si/SiO2 superlattice (SL) with
adjustable optical properties,3 and thermal annealing promotes Si-nc
in this material.4 Here we report a Raman and photoluminescence
study of free-standing Si/SiO2 superlattices, emphasizing laser-
induced thermal effects on the structural, light-emitting, and optical
properties (continuous wave laser annealing). The Si/SiO2 SL on Si
substrates with different layer thicknesses were grown by a
molecular beam deposition method and annealed at 1100 °C for 1
hour in an oven. Then the Si substrates were partially chemically
etched producing free-standing SL areas. The following main results
have been obtained: (1) The intense laser annealing (above 100 mW
through a ~40 mm spot) of the as prepared SL strongly increases the
Raman band from Si-nc, featuring extensive laser-induced Si/SiO2
phase separation and Si crystallization. A similar structural effect has

been previously observed for a free-standing SiOx film,5,6 and it
most probably originates from melting of Si nanostructures. As a
result of intense laser annealing, the PL intensity obtained with weak
laser probing decreases, which agrees with the surface mechanism
of light emission. The observed laser-annealing effect evidences that
thermal annealing at 1100 °C does not finish structural reorganization
of the Si-nc material. (2) For excitation with intense laser radiation,
the light emission in the visible and near-IR spectral ranges increases
strongly non-linearly (m \> 10) with the laser intensity and the
absorption coefficient rises considerably as well. These data
qualitatively agrees with the findings reported previously for partially
oxidized free-standing porous-Si films7 and for a free-standing SiOx
film.5,6  The two latter effects presumably originate from laser-
induced heat, and the anti-Stokes to Stokes Raman intensity ratio
confirms a very high temperature of the free-standing Si/SiO2 SL
(above 1300 K). The light emission measured at high excitation
powers has thermal origin although the temperature and spectral
dependences deviate quantitatively from blackbody radiation. (3) In
the waveguiding detection geometry, spectral narrowing of photolu-
minescence is observed and used to estimate the refractive index
and the SL thickness. (4) The high temperatures achieved upon laser
annealing allow laser manipulations with stress of Si-nc. In our
model, continuous-wave Ar+ laser radiation melts Si nanocrystals in
a free-standing Si/SiO2 superlattice. Silicon crystallization from the
liquid phase leads to a compressive stress, which can be accurately
tuned within several GPa using laser annealing below the Si melting
temperature and then recovered by laser annealing above the
melting temperature. This makes a case of Si-nanocrystal memory
with very long retention time, which can be written, erased, and read
by optical means.
1 L. Pavesi, L. Dal Negro, C. Mazzoleni, G. Franzo, and F. Priolo,
Nature 408, 440 (2000).
2 L. Khriachtchev, M. Räsänen, S. Novikov, and J. Sinkkonen, Appl.
Phys. Lett. 79, 1249 (2001).
3 Z. H. Lu, D. J. Lockwood, and J. M. Baribeau, Nature 378, 258
(1995).
4 L. Khriachtchev, O. Kilpelä, S. Karirinne, J. Keränen, and T.
Lepistö, Appl. Phys. Lett. 78, 323 (2001).
5 L. Khriachtchev, M. Räsänen, and S. Novikov, Appl. Phys. Lett. 86,
141911 (2005).
6 L. Khriachtchev, M. Räsänen, and S. Novikov. Proc. SPIE 5840,
498 (2005).
7 H. Koyama and P. M. Fauchet, J. Appl. Phys. 87, 1788 (2000).

6195-58, Poster Session
Photoluminescence properties of terbium-doped
mesoporous materials
C. Tiseanu, National Institute for Lasers, Plasma and Radiation
Physics (Romania)
Photoluminescence properties of terbium-doped mesoporous
materials
C. Tiseanu1, V. Parvulescu2, S. Coman2
1National Institute for Laser, Plasma and Radiation Physics,
Bucharest; Romania
2 Inst. Phys. Chem. Spl. Independentei 202, Bucharest 77208,
Romania
Keywords: Mesoporous materials, lanthanides, time-resolved
luminescence spectroscopy
Abstract.
The possibility of doping ordered mesoporous silicas with lan-
thanides (Ln) attracted relatively little attention despite the well-
known beneficial effects of lanthanide or lanthanide oxide doping of
porous silicas and aluminas (1). There are a few number of studies
that present evidences for the distribution modes of Ln ions in the
MCM-41 or ZSM-5 mesoporous materials (2). However, the
relationship between the site types, local coordination environment
and occupancy of the luminescent lanthanides ions is still lacking (3).
The focus of this study was to determine the correlation between the
terbium distribution and its photoluminescence (PL) dynamics in
MCM-41 and ZSM-5 materials by using time-resolved photolumines-
cence spectroscopy (TRES). Significant differences were found
between the PL properties in the as synthesized materials and
annealed samples in terms of both time-resolved photoluminescence
spectra and decays. The PL decays were best described in terms of
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one terbium site in the as synthesized samples (with lifetime values
between 440 and 580 µs) and, at least, two terbium sites in the
annealed samples (with lifetimes up to 2400 µs).
References
1. Para, E. Sominska, S. Ramesh, Y. Koltypin, Z. Zhong, H.Minti, R.
Reisfeld and A. Gedanken, J. Phys. Chem. B, 1999, 103,3361.
2. N. He, Z. Lu, C. Yuan, J. Hong, C. Yang, S. Bao and Q. Xu,
Supramol. Sci., 1998, 5, 553.
3. C. Tiseanu, Ligia Frunza and Michael Kumke, Physica B 352 2004,
358

6195-59, Poster Session
Wavefront engineering microscopy to study 3D
mechanotransduction in living cells
V. Emiliani, Institut Jacques Monod (France) and Institut Saint Peres
(France); D. Cojoc, E. Ferrari, V. Garbin, Istituto Nazionale per la Fisica
della Materia (Italy); C. Durieux, M. Coppey-Moisan, Institut Jacques
Monod (France); E. Di Fabrizio, Istituto Nazionale per la Fisica della
Materia (Italy)
Cells polarity is an essential process in living organisms that allows
cells to maintain functionally specialized domains in the plasma
membrane and cytoplasm. The spatial arrangement and protein
composition of these domains are the base of all processes involved in
the growth and function of cells.
In many cases, establishment of cell polarity is initiated by extracellular
cues. These may be soluble factors that can act at distance, or local
signals received from neighboring cells or extracellular matrix (ECM).
An important class of local signals is represented by mechanical
stimuli. Gravity, tensions compressions and shear stress continuously
stimulate cells in living organisms. The reception of these signals also
known as cell mechanotransduction initiate a large variety of internal
mechanisms related to cell functioning and living including growth,
proliferation, differentiation, migration and gene expression.
Several methods have been developed to highlight cell responses to
mechanical signals. Influence of tensions or substrate rigidity has been
demonstrated on MT polymerization [1],  activation/deactivation of Rac
[2], directionality and speed of cell migration [3], gene expression [4].
In this class of experiments, cell mechanotransduction has been
monitored as a function of macroscopic properties of cell substrates
or nN- forces distributed on large areas of cell surfaces.
Alternatively, a powerful method to probe cell mechanotransduction
consists in using the optical tweezers technique. The advantage of
optical tweezers is that it enables to apply force in the pN range on
surface area comparable to the size of a single focal adhesion (few
µm). In this case, a mechanical stimulation is produced by attaching
and maintaining micrometric beads on specific location of cell
cortexes.
Experiments based on this approach have shown eg. that application
of force during the initial contact between beads and fibroblast
lamellipodia leads to reinforcement of the integrin-cytoskeleton bonds
[5]. In similar experiments it was possible to monitor the activation of
Rac [6] and the rapid recruitment of specific proteins as vinculin [7] or
cadherin [8] at the site of adhesion.
Recently we have presented a variant of the optical tweezers, the multi
force optical tweezers, which allows us to generate pattern of multi
optical trap where the stiffness of each trap can be adjusted indepen-
dently from the others  [9] . With this system we could demonstrate the
role that substrate rigidity has on the reinforcement of focal adhesion
contacts in Hela cells (Photonics Europe 2006 (submitted)).
In order to further progress in this field an essential task is to adapt the
stimulation pattern to 3D cell profiles, hence to organize optical traps
in three dimensional configurations. This is now possible thank to the
recent advent of the holographic optical tweezers. Here, a spatial light
modulator (SLM), inserted on the optical path of the trapping beam, is
used to redistribute and dynamically arrange light in 3D multi spot
configurations [10] [11] [12] [13] [14] [11].
To full exploit the advantage of organizing mechanical stimuli on 3D
patterns, an essential step consists in the combination of holographic
OT with a high resolution 3D scanning optical technique. This task
presents technical challenges when the trapping and imaging beam
are combined by the same objective.  One problem met in this
configuration is the fact that the axial movements of the 3D scanning
objective, necessarily will displace the trapping plane of the same
amount.

In this paper, we present a new experimental system where this limit
has be solved whit the use of an SLM [15]. We show that simulta-
neous 3D optical sectioning and optical manipulation can be
performed by modifying the wave front of the trapping beam with
properly diffractive optical elements displayed on a computer
controlled spatial light modulator. In this way we can compensate
the axial movement of the scanning objective and fix the distribution
of optical traps while performing 3D optical section .
The capability of our system is demonstrated in three different
experiments. In a first one, we show that we can decouple the
position of a trapping plane from the axial movements of the
objective by performing optical sectioning of a circle of trapped
beads. In a second experiment, we use a similar scheme to apply
mechanical constraints on the dorsal surface of a cell whilst
performing 3D optical sectioning of the cell. To this end, the nucleus
of HeLa cells have been fluorescently labeled with H2B-GFP and a
circular array of micro beads is attached on the dorsal surface of the
cell and kept at a fixed position during the fluorescence and
transmission sectioning. Finally, we extend our method to a 3D
beads volume. Silica beads are organized in a 3D geometry and we
show that we can simultaneously control the position of different
planes while performing axial optical sectioning.
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1997. 88(1): p. 39-48.
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13. Leach, J., et al., 3D manipulation of particles into crystal
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14. Sinclair, G., et al., Assembly of 3 dimensional structures using
programmable holographic optical tweezers,. Opt. Express, 2004.
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6195-60, Poster Session
Laser-assisted deformation and dissolution of silver
nanoparticles in glass
A. V. Podlipensky, A. Abdolvand, H. Graener, Martin-Luther Univ.
Halle-Wittenberg (Germany)
In the last two decades there was a growth of interest in research on
synthesis of composite materials containing metal nanoparticles.
This is mainly motivated by the rise of various potential applications
in different fields of science and technology. Linear and nonlinear
optical properties of these materials driven by surface plasma (SP)
oscillations of the metal clusters offer the metalodielectric compos-
ites as promising media for development of novel nonlinear materi-
als, nanodevices and optical elements. The SP resonance is very
specific for different metals and strongly dependents on size, shape,
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distribution and concentration of the nanoparticles as well as on the
surrounding dielectric matrix. Thus, the laser-based techniques to
modify shape and arrangement of the metal clusters are of great
interest since they provide a very powerful and flexible tool to control
and optimize the linear and nonlinear optical properties of
metalodielectric composites. Recently, it was discovered that
irradiation of glass samples containing spherical Ag nanoparticles
with intense fs laser pulses near to the SP resonance leads to an
induced dichroism in glass. The dichroism occurs due to a perma-
nent transformation of initially spherical metal nanoparticles into
ellipsoidal (or more general, non-spherical) shapes [1-4].  In this
paper we focus our attention upon effect of surrounding glass matrix
on the shape modification processes the silver nanospheres. For
instance, we study influence of the temperature on induced
dichroism in glass with Ag nanoparticles.
Irradiation of the samples was carried out at 400 nm near to the SP
resonance by 150 fs laser pulses. The laser peak pulse intensity was
about of 0.5-0.6 TW/cm2. The writing density was about of 6400
shots/spot. The sample was placed on an aluminium heat-sink,
which was heated by hot-air gun. The temperature was controlled by
a thermocouple connected to the heat-sink.
As a result of the fs laser irradiation at room temperature (T=30oC),
the single SP band peaked at 413 nm splits in two polarisation
dependent bands centred at 516 nm and 380 nm for p- and s-
polarisation, respectively.  Observed spectral changes are associ-
ated with formation of oblong Ag nanoparticles uniformly oriented
parallel to the laser polarisation. The spectral gap between SP bands
is defined mostly by the aspect ratio between principal axes.
Increase of the temperature up to 110 oC leads to the shift of the SP
band in p-polarisation towards long wavelength up to 538 nm
indicating apparently increase of the aspect ratio. At the same time,
the extinction of the plasmon band slightly decreases. Irradiation of
the sample at temperatures higher as 140oC leads to a bleaching of
the SP band.  It rather plausible to mention that annealing of the
original samples at temperatures up to glass melting point doesn’t
affect the spectral properties of composite glass.
Observed bleaching of the SP band in the samples heated up to 140
oC can be explained by the fs laser induced ionization of the Ag
nanoparticles. Obviously, the increase of the glass temperature
stimulates high diffusion mobility of the silver cations ejected by the
positive charged core formed after photoemission of electrons. The
silver cations are diffusing in the glass out from the Ag nanoparticle
preventing formation of the positive charged shall of the silver
cations around the silver clusters [5] and resulting in dissolution of
them. This indicates that the local increase of the silver cation
concentration in vicinity to the cluster surface are protecting the
nanoparticles from total dissolution and are involved obviously in the
processes of the shape modifications.
Proposed technique could be used for creation of integrated
photonic circuits, high density storage devices, microstructuring of
composite materials, manufacturing of different polarization and
wavelength selective micro-devices such as polarizers, filters, and
gratings.
1. M. Kaempfe, G. Seifert, K.-J. Berg, H. Hofmeister, H. Graener: Eur.
Phys. J. D 16, 237 (2001).
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3. G. Seifert, M. Kaempfe, K.-J. Berg, H. Graener: Appl. Phys. B 71,
795 (2000).
4. G. Seifert, M. Kaempfe, K.-J. Berg, H. Graener: Appl. Phys. B. 73,
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6195-61, Poster Session
Designing plasmonic structures: Bi-metalic core-shell
nanoparticles
W. Fritzsche, A. Steinbrueck, A. Csaki, G. Festag, Institut für
Physikalische Hochtechnologie e.V. (Germany)
Chemical approaches allow for the synthesis of highly defined metal
hetero-nanostructures, such as core-shell nanospheres. Because the
material of metal nanoparticles determines the plasmon resonance-
induced absorption band, the control of particle composition results
in control of the position of the absorption band.

Metal deposition on gold or silver nanoparticles yielded core-shell
particles with modified optical properties. UV-vis spectroscopy on
solution-grown and surface-grown particles was conducted as
ensemble measurements in solution. Increasing layers of a second
metal lead to a shift in the absorption band, and a shell diameter
comparable to the original particle diameter leads to a predominant
influence of the shell material. The extent of shell growth could be
controlled by reaction time or the concentration of either the metal
salt or the reducing agent. Besides the optical characterization, the
utilization of AFM, SEM and TEM yielded important information
about the morphology of the nanoparticle complexes.

6195-62, Poster Session
Light-controlled reversible modulation of CdTe
nanocrystals photoluminescence
Y. P. Rakovich, J. F. Donegan, The Univ. of Dublin, Trinity College
(Ireland); A. Shavel, Univ. Hamburg (Germany); N. Gaponik, A.
Eychmueller, Technische Univ. Dresden (Germany)
Semiconductor nanocrystals (NCs) are promising objects for
optoelectronics and may be used in light-emitting devices [1], optical
amplifier media in telecommunication networks, lasers and in
biological detection. Control of nanoscale devices fabricated from
these materials at the optical level is one of the challenges limiting
their implementation. In this work we have demonstrated reversible
modulation of NCs emission utilizing radiative energy transfer in the
hybrid spiropyran/CdTe NCs systems.
CdTe NCs stabilized by thioglycolic acid are synthesized in water as
reported previously and were carefully cleaned from the excess of
stabilizing agent and precursors by employing the procedure of size-
selective precipitation [2]. The nanocrystals were transferred to
toluene by partial ligand exchange for 1-dodecanethiol (DDT)
according to the slightly modified procedure of Ref. [3]. Briefly, 1 mL
of the 1:1 mixture of  DDT and toluene was added to 4 mL of CdTe
nanocrystals solution followed by the addition of 5 mL of acetone
and heating up to the boiling point of the mixture. The organic phase
containing thus transferred nanocrystals was separated from the
water. The NCs were washed out from the excess of DDT by the
precipitation with methanol, centrifugation and subsequent dissolu-
tion of the precipitate in pure toluene.
In order to study the modulation of the NC emission in the on-
resonant and off-resonant regimes, three samples of CdTe NCs with
sizes of 2.9 nm (the position of the absorption peak at 532 nm), 3.8
nm (absorption peak at 565 nm) and 5 nm (absorption peak at 598
nm) were used for spectroscopic measurements. In all cases the
investigation of the absorption spectra accompanied by photolumi-
nescence excitation spectroscopy revealed a strong effect of the
spiropyran absorption on the emission properties of the hybrid
spiropyran-CdTe systems. The observed modulation of the NC
emission originates from the photoisomerization capabilities of the
bound chromophore. Spiropyrans undergo photoinduced ring-
opening reactions under ultraviolet irradiation to give isomeric
merocyanine dyes that have strong absorption bands in the visible
spectral region; the band maximum for the particular compound
under study appeared at 603 nm in toluene. The Stokes shift
between the absorption and the emission for smaller NCs was 21
nm. The PL band in this case was blue-shifted relative to the position
of the photoinduced spiropyran absorption. Together with the red-
shifted PL band of the biggest NCs (centered at 627 nm), this regime
corresponds to off-resonant interaction. On the other hand, a slightly
bigger Stokes shift was observed for 3.8-nm NCs (25 nm). As a result
a better overlap of the PL band of the NCs and the absorption band
of the chromophore is observed which is more favorable for efficient
on-resonant energy transfer. Since the NCs can be excited at almost
any wavelength short of their emission band, an excitation wave-
length (420 nm) was provided without interfering with the photochro-
mic switching (absorption maximum of the spiro form at 331 nm).
Photochromic cyclization reactions were induced utilizing a UV Hg
lamp as a light source. The luminescence excitation light automati-
cally caused a cycloreversion reaction. In this way, fluorescence
intensity changes in the hybrid spiropyran/NC systems were
recorded with alternating cycles of UV and visible light. It turned out
that in the off-resonant regime, the spiropyran/NC system exhibited
light-induced reversible photochromism with relaxation times t = 35 -
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39 sec that was very similar to the photochromism exhibited by the
unbound chromophore (t = 42 sec). However fluorescence off-on
recovery in the on-resonant regime shows longer dynamics (t = 65
min). For 5-10 cycles, at least, this modulation was fully reversible,
demonstrating the potential of such hybrid nanosystems for on-and-
off switching applications.
We attribute this reversible fluorescence quenching to radiative
energy transfer (RET) from the nanocrystal to the merocyanine. In the
spiro form, no RET occurs because the photoinduced visible
absorption band associated with the mero form is absent and the NC
luminescence is unquenched. Our study demonstrates that the
efficiency of RET is strongly governed by the value of the overlap
between the emission band of the CdTe NCs and the absorption
band of the merocyanine as an energy acceptor. Under off-resonant
conditions, the PL quenching by the merocyanine in the hybrid
system is much less efficient and as a result the recovery time is
faster. We also found that the fatigue effect of spiropyran/NC
systems at longer irradiation times is mostly caused by a
photodegradation of the chromophore rather than by a modification
of the NC emission properties. Although many crucial parameters,
including the switching speeds and photodegradation of the
molecular components must be further studied, our experiments
certainly demonstrate that all-optical processing can be imple-
mented with this chromophore/NC nano-photonic system.
[1] Y.P. Rakovich, J.F. Donegan, M. Gerlach, A.L. Bradley, T.M.
Connolly, J.J. Boland, N. Gaponik, A.   Rogach, Phys. Rev. A 2004,
70, 051801
[2] N. Gaponik, D. V. Talapin, A. L. Rogach, K. Hoppe, E. V.
Shevchenko, A. Kornowski, A. Eychmüller, H. Weller, J.  Phys. Chem.
B 2002, 106, 7177.
[3] N. Gaponik, D. V. Talapin, A. L. Rogach, A. Eychmuller, H. Weller,
Nano Letters 2002, 2, 803.

6195-63, Poster Session
Time-resolved reflectivity of low-temperature grown
InAs/GaAs quantum dots
D. Sreenivasan, J. E. Haverkort, H. Zhan, T. Eijkemans, R. Nötzel,
Technische Univ. Eindhoven (Netherlands)
Stransky-Krastanov (SK) Quantum Dots (QD) have enhanced optical
non-linearity due to their delta-function like density of states which
results in a sharp absorption line with a high peak. In addition, the
presence of a single electron hole pair within a QD is able to
completely bleach the absorption line, while two electron hole pairs
generate optical gain, indicating a large optical nonlinearity, which
occurs already at very low pump power. We have recently observed
a switching energy as low as 6 fJ[1] in InAs/InP QDs embedded into
a Mach-Zehnder switch. Nakamura has recently demonstrated QD
absorption saturation at a pulse energy density as low as 13fJ/
sqmm, under resonant excitation condition[2]. The time response of
the optical nonlinearity is determined by the combination of the
radiative and nonradiative decay times and the carrier escape out of
the QD. In low temperature (LT) grown QDs an ultrafast response is
expected due to trapping of carriers into Arsenic antisite defects. In
this paper we present a study of LT InAs/GaAs QDs grown using
Molecular Beam Epitaxy (MBE) as an attempt to combine the large
QD-nonlinearity with an ultrafast response time. We have performed
both photoluminescence (PL) and time resolved differential
reflectivity (TRDR) measurements on these samples to study the
carrier dynamics.
We have studied a set of six LT-QD samples grown at 250°C and
one sample with high temperature grown QDs (480°C). In all the
samples, the QDs are embedded in a LT-GaAs matrix grown at
250°C[3,4]. All seven samples have been annealed at different
annealing conditions.
In the PL measurements, the samples are excited at 770nm with an
excitation power of 250 mW. From the PL data it is observed that the
QD has a peak around 1200nm on top of a slowly rising background,
which is due to recombination at EL2 and EL6 centers. This
background is not considered further. Each sample has a slightly
shifted PL-peak, which proves that the PL around 1200 nm is QD-
related. The PL is quite noisy indicating only a few dots are contrib-
uting to the radiative decay. The noise in the spectra is repeatable
and is observed for all the samples.
As a first step towards the carrier dynamics, we studied the
temperature dependence. The PL intensity drops sharply with

increasing temperature and is completely quenched at 40K for all
samples. This is also observed for high temperature QD within the
LT-GaAs barrier. So the PL-quenching should be due to trapping of
photo-generated carriers in the LT-barrier. We also excited the
sample with different wavelengths, both above and below the LT-
GaAs barrier bandgap at 816 nm. It is observed that the PL efficiency
is much higher for excitation directly into the QDs (λ\> 840 nm) than
for excitation into the LT-GaAs barrier (λ< 816 nm). The increase of
the PL-efficiency for excitation below the LT-GaAs bandgap is a
factor 45 for a highly annealed QD sample and a factor 280 for an
unannealed sample. The wavelength dependence of the PL-
efficiency is contrary to what is observed in high temperature grown
QDs, in which the PL-efficiency decreases for excitation below the
GaAs bandgap due to the small absorption depth of the QDs
compared to the GaAs barrier. We see the opposite effect in the LT-
QDs, again indicating strong trapping of photo-excited carrier into
antisite defects in the LT-GaAs barrier.
To study carrier lifetimes of LT-QDs, we performed pump-probe
differential reflectivity measurements in which the pump excites
carriers in the LT-GaAs matrix, which are subsequently captured into
the QDs. The probe monitors the time-resolved differential
reflectivity[5] around 1200 nm. The TRDR-signal has an exponentially
rising part, representing the carrier capture and relaxation into the
QDs, followed by a decaying signal representing radiative and
nonradiative carrier recombination. At 5K, we observe a rise time of
about 30ps. The decaying part of the curve shows a multi exponen-
tial nature with an initial fast decay of around 80ps followed by a
much slower decay of around 800ps. Contrary to the PL measure-
ments, the reflectivity signal did not show strong temperature
dependence up to 40K. We interpret this difference between PL and
TRDR as being due to the fact that PL probes the product of the
electron and hole occupations f(e) x f(h), while TRDR probes the sum
of the electron and hole occupations f(e) + f(h). This suggests that
slow 800 ps decay reflects the trapping and decay of the holes in the
LT-QDs. The fast initial decay is interpreted as being due to electron
tunneling out of the LT-QD towards an As antisite defect close to the
QD.
In conclusion, we have investigated the carrier dynamics of LT InAs
QDs using two techniques. The PL-measurements suggest that the
LT-QD are of reasonable optical quality and that the low PL-intensity
is primarily due to trapping of photo-generated carriers at As antisite
defect in the LT-GaAs barrier, before reaching the QD. The TRDR
measurements show that the time response of the LT-QDs is still as
slow as 800 ps, which is interpreted as being due to the slow
trapping of the holes. The initial 80 ps decay indicates electron-
trapping by the As antisites in the surrounding QD-barrier.
References:
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6195-65, Poster Session
Electron(hole)-lattice coupling in self-organized CdZnTe
quantum dots
M. Gallart, S. Cronenberger, O. Crégut, B. H. Hönerlage, P. Gilliot,
Institut de Physique et Chimie des Matériaux de Strasbourg (France);
K. Kheng, H. Mariette, Univ. Joseph Fourier (France)
Among various materials, semiconductor quantum dots (QD’s) are
promising candidates for the development of light sources able to
emit individual photons on demand. Single photon sources would be
used for data transmission using quantum cryptography methods. A
few problems are nevertheless to be solved in order to make QDs a
proper system for room temperature operation : an improvement of
the carrier confinement in the dots and an increase of the coherence
time of optical transition, corresponding to a narrower emission line,
are highly required. The coherence time reflects interaction pro-
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cesses that electron-hole pairs experience with their environment. In
CdTe QDs, acoustic phonons have been shown to induce a
broadening , which appears as sidebands in the emission lines.
CdTe and ZnTe being strongly polar II-VI semiconductors, it is very
likely that LO-phonons will interact also strongly with the carriers
which are trapped in the QDs. We present here results of time
resolved pump-and-probe (TR-P&P) and photoluminescence (TR-PL)
experiments in which the role of the coupling with LO-phonons
emerges in the exciton relaxation in the QDs as well as in the QWs
where the QDs are embedded.
Self-organized QDs are obtained by the well-known Stranski-
Krastanov growth mode. QD’s consist of Cd-rich ZnCdTe islands
confined along the growth direction by pure ZnTe barriers and
laterally by Zn-rich ZnCdTe quantum wells (QWs). In our highly
sensitive ultrafast experiments (TR-P&P and TR-PL), the spectral
width of the excitation is chosen smaller than the LO-phonon energy
in order to keep the needed spectral resolution of the electron(hole)-
lattice relaxation mechanism. These techniques are carried out in the
low temperature and low density regime, where the excitons are not
transferred between QDs and where the dominant interaction
process for carrier relaxation is coupling to phonons.
In the TR-PL and TR-P&P data measured in the spectral region of
the QDs emission and absorption, the inhomogenously broadened
emission line as well as the differential transmission spectrum
display a modulation whose period is given by the LO-phonon
energy. It is due to the electron-hole relaxation by emission of a LO-
phonon cascade in the QWs surrounding the dots. This cascade
ends with a trapping of the pairs in the islands : only QDs which have
discrete energy levels separated from the excitation by an integer
number of phonons are thus populated. The absence of a continuum
of states in the dots prevents any smearing-out of the spectral
distribution of the pairs. Even in the last step of the pair relaxation,
the spectral modulation due to the LO-phonons is still observable.
This demonstrates that, after their trapping in the QDs, the electron-
hole pairs undergo an intra-dot relaxation which is still dominated by
the interaction with LO-phonons. This is supported by the existence
of a Stokes-shift between linear absorption and emission spectra.
This Stokes-shift is approximately twice the LO-phonon energy,
which corresponds to a Huang-Rhys parameter of 1. Our TR-P&P
and TR-PL results (obtained with the same subpicosecond time
resolution) allow us to follow the relaxation between vibronic states
of excitations trapped in the QDs, i.e. the time for which the
polarized lattice of a QD reaches its new equilibrium position by
emission of a phonon. We find that this time is short, around 3 ps,
and depends on the detection energy, i.e. on the composition and
size of the QD’s. But we find that this time is longer than the phonon
emission time in QWs, which we measure to be 130 fs. Besides the
possible formation of a polaron (exciton-phonon coupled states), the
difference is due to the modification of the carrier-phonon interaction
in localized states when compared to a continuum of states : the
strong coupling  between excitons and phonons, allowed by the
discrete character of the levels of each quasi-particle in the dots,
prevents any relaxation by LO-phonon emission. The lifetime of the
mixed exciton-phonon state is thus given by the LO-phonon
component2 of the polaron. It decays usually on a time-scale of a
few picoseconds, which is in a good agreement with the value we
obtain.

6195-66, Poster Session
Energy pooling in molecular assemblies: the
characterization and differentiation of two-photon
mechanisms
D. S. Bradshaw, D. L. Andrews, Univ. of East Anglia Norwich (United
Kingdom)
Recent advances in the science of energy harvesting have led to the
identification of new molecular nanomaterials and assemblies that
exhibit two-photon absorption.  In systems where a variety of
chromophores are densely packed together a range of mechanisms
can be involved, both in the exhibition of optical nonlinearity and in
the energy pooling that ensues.  The mechanisms can compete and,
in certain cases, lead to manifestations of quantum interference.
Disentangling these mechanisms is a therefore a matter of consider-
able significance for the proper elucidation of experiments; it is also
necessary in order to determine conditions in which one or other
mechanism can be exploited most efficiently.  This is the remit of the
present research.

It is possible to identify four distinct classes of two-photon pooling
mechanism, each characterized by detailed features that emerge
from a theory based on the principles of molecular quantum
electrodynamics: (i) two-photon absorption by individual chro-
mophores is followed by transfer of the net energy to an acceptor
group; (ii) excitation of two electronically distinct but usually closely
neighbouring groups is followed by a collective migration of their
energy to a suitable acceptor unit; (iii) two-photon excitation of the
acceptor results from acquisition of one quantum of energy from a
singly excited neighbour group and another from the throughput
radiation, and finally; (iv) a singly excited chromophore is excited to a
virtual state by the additional absorption of a photon from the pump
radiation field, coupled with resonance energy transfer to the
acceptor.  Each of these mechanisms exhibits the quadratic
dependence on intensity that is the usual hallmark of two-photon
absorption.
We describe in detail the balance of factors and constraints that
determines the most favoured mechanism, principal amongst which
are the choice of wavelength (connected with the possibility of
exploiting certain electronic resonances whilst judiciously avoiding
others) and the precise chromophore architecture (taking account of
geometric factors concerned with the relative orientation of transition
moments).  The analysis leads to the identification of the experimen-
tal conditions for which each of these optically nonlinear processes
is optimised.  As the relative importance of each mechanism
determines the salient nanophotonic characteristics of the chro-
mophore assembly, the results reported here afford the means for
achieving highly efficient energy pooling in synthetic light-harvesting
systems.

6195-67, Poster Session
Optoelectronic switching device based on GaP
T. A. Laperashvili, Georgian Academy of Sciences (Georgia)
ABSTRACT
The height speed operation system for optical computing and
communication needs in non-linear optical devices, that mast be
capable of switching from the state optical output in state optical
input The semiconductor optoelectronic switch based on GaP have
been fabricated in Light Emission Diode configuration and it was
shown that this device have head unique electrical and optical
switching characteristics. The switching on and switching of is
available by both electric and optical signal. It could thus lead to the
possibility of producing optoelectronic integrated circuit for digital
optical processing.
Many papers have been published concerning theoretical and
experimental results of the investigation of volt-current characteris-
tics of double injection diodes with deep levels. So as investigation
of mono and double injection current flow mechanism is a good
instrument for determination of semiconductor impurity with deep
level and, GaP - the basic material for fabrication Light Emission
Diodes in visible region often contains impurities with deep level,
volt-current characteristic was constructed in logarifm plot and have
been used for calculation impurities concentrations and energetic
levels.
In this paper experimental results obtained from investigation
Optoelectronic Switch based on partially compensated n - GaP with
“S “type volt-current characteristic at 300 C is presented.  The
switching on and switching off is available by both electric and
optical signal.
Sample used in experiment were partially compensated n-GaP. The
thickness were 150 and 240 Mk Before deposition of contacts there
occurs heath treatment in closed ampoule, where simultaneously
have been put Zn and Ga2O3. Heath treatment was made during 10
hours at the 700 C; Ohmical contacts were formed by alloying of
metallic indium with diameter 1mm at the temperature 600 C during
5 minute.
The threshold voltage 31 and 60 V and current 0.038 and 0.064 MA
at the switching condition and holding voltage 6.5 and 24 V and
current 0.44  and 0.60 MA were obtained  at room temperature for
samples with thickness  140 and 270 Mk. The threshold voltage 72
and 160 V and current 0.031 and 0.06 MA at the switching condition
were obtained at liquid nitrogen temperature for samples with
thickness 140 and 270 Mk, respectively. At room temperature they
were lighting in green region and in liquid nitrogen yellow light. The
devices are sensitive to light with wavelength 560 NM (switching on)
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and 750 NM (switching off).  The theory double - injection of charge
carrier is used for description switching mechanism. Investigation of
spectral characteristics of devices the region of photosensitivity 0.4 -
0.6 Mk and 0.75 - 0.90 Mk was shown.

6195-68, Poster Session
Simulation of light scattering from surfaces containing
spherical and elliptical nanoparticles
A. Tausendfreund, S. Patzelt, Univ. Bremen (Germany); D. Mader, S.
Simon, Hochschule Bremen (Germany); G. Goch, Univ. Bremen
(Germany)
This paper presents a simulation approach for light scattering from
surfaces containing spherical and elliptical nanoparticles. In the sub-
wavelength-range the classically scalar diffraction theory is no longer
applicable and an evaluation of the scattered light distribution with
conventional algorithm is not possible. Until today, no closed
mathematical description of this process for real surface topogra-
phies exists. Nevertheless, the light distribution generally contains all
information about the associated nano-structured surface topogra-
phies, such that new rigorous simulation algorithms and models for
nano-structures can be derived.
One approach for a simulation method is to compute the near-field
of the nano-surface by numerical methods like Finite Element
Methods (FEM) and to derive the far-field in a second step. One
other near-field solution of the Maxwell equations presumes periodic
surface structures e.g. Rigorous Coupled Wave Analysis (RCWA).
Unfortunately these evaluations are much too time-consuming, if
surface areas of several square millimetres are considered. The aim
is to develop a model with a suitable computation time.
The presented approach differs from these well known concepts in
fact that the exact near-field is not computed solving Maxwell’s
equations for the specific surface. Instead, an electrical equivalent
macro model is derived based on the analytical solutions of
Maxwell’s equations (e.g. Mie’s solution of a sphere). These macro
models do not necessarily fulfil the boundary conditions or give the
correct near-field but they provide a suited far-solution. The benefit
of this approach is an abstract model for the far-field computation
that is much more efficient than known solutions like FEM-Methods.
It also differs from the Multiple Multipole Methods (MMP) based on
extensions of the Mie Theory as the radiation sources are reduced to
a maximum like a single source for a whole particle which gives the
correct far-field but does not fulfil the boundary conditions.
For the set of radiation sources used for the macro models we revert
to the accurate computation of simple geometries. In this special
case of spherical and elliptical particles the solution of the Mie theory
can be used. In this paper it is shown that in the case of sub-
wavelength structures (nano-structures) the far-field of a sphere and
an ellipse can be replaced by a system of simple dipoles.
Based on these results it is possible to approximate an equivalent
macro model of the surface containing spherical and elliptical
elements. The presented macro model provides a very reasonable
simulation approach with acceptable simulation times for large
surfaces of several square millimetres.

6195-69, Poster Session
Surface modification of nanosized zinc oxide tetrapods
by layer-by-layer deposition method and their optical
properties
W. K. Chan, C. W. Tse, A. B. Djurisic, Y. H. Leung, K. H. Tam, The
Univ. of Hong Kong (Hong Kong China)
Layer-by-layer deposition method has been widely used in the
fabrication of multilayer polyelectrolyte thin films for surface
modification. In this process, one layer of polymer molecules is
deposited on a suitable substrate surface at a time and the mol-
ecules in the multilayer are held together by weak interactions such
as electrostatic attraction or hydrogen bonding. The thickness of the
polymer film can be accurately controlled. Here, we report the
surface modification of nanosized zinc oxide tetrapod by the layer-
by-layer deposition method. A luminescent rhenium diimine complex
containing hyperbranched polymer and polythiophene sulfonated
were used in the deposition process. From transmission electron
microscopy results, it was observed that for each layer of deposition,
the thickness of the polymer coated on the tetrapod surface
increased by approximately 2-3 nm. Both free ZnO tetrapods and

tetrapods anchored on silicon wafer can be used for deposition.
From the photoluminescence spectra the modified tetrapods, there
was shift in the position of the emission band, which was attributed
to the interaction between the ZnO surface and the luminescent
metal containing polymers.

6195-70, Poster Session
Linear electronic and optical processes in Fullerene thin
films
N. Brant, Dublin Institute of Technology (Ireland)
This work primarily focuses on the arch-type fullerene, which is C60.
C60 is electron rich, and yet can be six fold reduced, taking on up to
six additional electrons.  Interest in electrical properties of the solid
were intensified when it was observed that they could be chemically
doped with alkali metals, producing a metallic state A1C60, and even
a superconducting state A3C60.  In this study, the current voltage
characteristics of C60 thin film sandwich structures, fabricated by
vacuum sublimation on indium thin oxide (ITO) on glass substrates
are presented and discussed.  A strong non-linear behaviour and a
sharp increase in the device conductivity was observed at relatively
low voltages, at both room and low temperatures (30K).  At room
temperature the system is seen to collapse as the conductivity rises
but falls again back to an insulating state.  Insitu Raman measure-
ments indicate that the collapse of the lattice is the result of a solid
state reduction of the fullerene thin film to a polymeric state.  The
high conductivity state was seen to be stable at elevated high
voltages and quite low temperatures.  This state is seen to be
reversible with the application of high voltages.  At these high
voltages the C60 film was also seen to sporadically emit white light
at random localised points throughout the film.  This suggests that
this highly conducting species maybe similar in nature to a high
intensity optically excited species.  This sporadic luminescence is
filamented and therefore is hard to pin point in order to obtain a
spectrum of the molecular interactions.  A way to overcome this is to
reduce the size of the films so as there is a smaller area for this
filamented luminescence to occur.  Raman spectroscopy will be
employed in order to determine the species created in this highly
conductive state.  The thickness of the films also attributes to the
conductivity of the films and various charge transport models have
been investigated.  UV-Vis will be used to show how the thickness of
the films affects the lattice structure due to interactions between the
molecules.  As C60 absorbs strongly in the uv and not in the visible
this could indicate that they can be used as optical limiting devices.
An electron transport layer of lithium fluoride (LiF) will also be
introduced into the lattice in order to increase the conductivity at a
more industrial friendly temperature.

6195-71, Poster Session
Magnetic photonic crystals with simple cubic lattice:
group theoretical analysis
V. Dmitriev, Univ. Federal do Para (Brazil)
Magnetic photonic crystals with simple cubic lattice: groupˇ-
theoretical analysis
Victor Dmitriev
Department of Electrical and Computer Engineering, University
Federal of Para, PO Box 8619, Agencia UFPA, CEP 66075ˇ900,
Belem, Para, Brazil, e-mail: victor\@ufpa.br
Tunable and nonreciprocal optical and microwave photonic
(electromagnetic) crsystal have received much attention in the past
decade. Tuning some papameters of the magnetic crystals  and
microcavities in them may be fulfilled, for example, by external
magnetic field. Possible  applications of tunable and nonreciprocal
photonic crystals are modulators, switches, tunable phase  shifters
and filters, dispersion compensators, mode convertors, sensors,
isolators, circulators.  Several new physical effects in magnetic
crystals were discovered lately. One example is the  effect of “the
frozen mode” [1]. Another example is the magnetoˇoptic effect similar
to the Faraday  effect but for the propagation of waves perpendicular
to the dc external magnetic field [2]. Still  another example is the
effect of opening up additional band gaps due to applied magnetic
field [3,4].  This paper was written with the following motivation. The
numerical calculations of 3D magˇ  netic photonic crystals have not
been yet advanced as far as the calculations of nonmagnetic
crystals. Because of the complexity of the magnetic photonic crystal
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problems, it is important to  analyze symmetry properties of these
crystals using groupˇtheoretical methods. This information  can help
to predict some physical effects in the crystals, to define some
features of their band  diagrams and to investigate the properties of
the electromagnetic waves, to constrtuct approxiˇ  mate solutions,
etc. In numerical calculations, it is also useful to overcome the “band
indexing  difficulties’’.  There is a principal difference between the
electronic and electromagnetic waves in crystals.  Electronic waves
are described by scalar (neglecting electron spin) Schr¨odinger’s
equation whilst  in the case of electromagnetic waves, one deals with
vector Maxwell’s equations. The symmetry  properties of the scalar
and vector quantities are different. Therefore we can not transfer
directly  the results of the electronic wave symmetry theory to the
photonic crystals.  We consider the crystal with the uniform ferrite
spheres which form a cubic lattice. The  permeability of the magne-
tized ferrite spheres is a tensor of the second rank and the permittiv-
ity  is a scalar. The space between the spheres is filled with a
dieletric with a scalar permeability and  a scalar permittivity. Both the
ferrite and the dielectric are in general lossy. Without dc magnetic
field, one can consider the ferrite spheres as dielectric ones
described by a scalar permeability.  The cubic unit cell of the lattice
has the period a in the xˇ, yˇ and zˇdirections. The nonmagnetic
group of the cube is Oh (in Schonflies notations). The full symmetry
of the nonmagnetic crystal  includes also the Time reversal operator
T and the product of T with all the geometrical elements  of the
group Oh .  The magnetization of the cubic structure by the magnetic
field leads to a significant reduction  of symmetry. We consider
magnetization of the crystal by a uniform dc magnetic field H0 . The
magnetic group of symmetry of the magnetic crystal will depend on
the orientation of H 0 with  respect to the symmetry axes and planes
of the cube. Using Curie’s principle of symmetry suˇ  perposition, we
define the magnetic groups of the crystal. For example, for H 0
parallel to one of  the fourˇfold axes, the resulting group is D4h(C4h ).
If H0 parallel to one of the twoˇfold axes, the magnetic group of
symmetry is D2h(C2h ), etc. We discuss in this paper the magnetic
crystals with the symmetry D4h (C4h ).  We define also the Brillouin
zone (BZ) of our magnetic crystal. In the case of the uniform dc
magnetic field, the unit cell and consequently, the BZ are not
changed because the translational  symmetry of the crystal is
unchanged after biasing by such a field. Thus, in spite of different
magnetic symmetries, the BZ of the photonic crystal with and
without magnetization are exactly  the same. Therefore, for the
symmetry  D4h(C4h) we can investigate the cubic BZ which is
identical  to the BZ of the nonmagnetic lattice.  One of the conse-
quences of the reduction of symmetry of crystal due to the applied
dc magnetic  field is an increase of the basic domain size. In order to
define the basic domain in our magnetic  crystal, we can use the
notion of the star of the wave vector k. The BZ of the magnetic
crystal with  the symmetry D4h(C4h) is three times larger than the BZ
of the nonmagnetic one. We present in  the paper also the little
magnetic groups for the cubic lattice with the symmetry D4h(C4h).
We analyze the  eigenvalue equationApplying the symmetry
operators to the  equation, we define the symmetry properties of
eigenwaves and their degeneracy.  The main results of our paper are
as follows. We have defined all the possible magnetic groups  of 3D
magnetic photonic crystals with simple cubic lattice magnetized by a
uniform dc magnetic  field and magnetic little groups for points and
lines of symmetry of the BZs. We have defined the  basic domains of
the BZs of the crystals which depend on the orientation of dc
magnetic field.  We have discussed restrictions on the structure of
eigenmode electromagnetic fields stipulated by  magnetic symmetry.
Also, we have analyzed the problem of bidirectionality in the crystals
and  lifting of degeneracy of eigenwaves by applied dc magnetic
field.  With small modifications (it concerns the wave equations), the
symmetry analysis of this paper  can be applied also to the photonic
crystals with magnetized semiconductor elements.  The theoretical
results of our paper which are free of approximations can provide a
more  profound insight to the problems of magnetic crystals. These
results can be used to improve  computational efficiency. They can
also serve for checking numerical calculations and as a reference  in
experiments.
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6195-72, Poster Session
Self-consistent calculations of the energy and tunable
emission spectra of doping superlattices
V. K. Kononenko, B.I. Stepanov Institute of Physics (Belarus); D. V.
Ushakov, I. S. Manak, Belarusian State Univ. (Belarus); A. F. Joullie,
Univ. Montpellier II (France)
Doping superlattices with the n-i-p-i crystal type structure belong to
semiconductor materials with tunable characteristics. They are
grown in the process of periodic doping of a semiconductor crystal
with donor and acceptor impurities. Main features of the doping
semiconductor superlattices are (a) spatial separation of electrons
and holes, (b) tunable energy band gap under excitation, and (c)
strong changing energy state structure in dependence on donor and
acceptor distribution and concentrations. When the degree of doping
or the excitation power of the superlattices change, the structure of
their energy levels undergoes transformation and, accordingly, wide
absorption and luminescence spectra are transformed. At analyzing
the transformation of the emission spectra of n-i-p-i crystals it is
necessary to take into account fluctuations of the concentration of
impurities, narrowing of the forbidden band and the impurity
correlation effects. Moreover, investigation of the change in the
optical and electric characteristics of the doping superlattices is of
importance in determining the efficiency of the operation of various
optoelectronic devices based on them.
In the present work, the energy and emission spectra of doping
superlattices are calculated with allowance for the density-state tails
arising as a result of fluctuations of the concentration of impurities.
Different approximations for the potential relief in doping
superlattices are discussed and a method and data of self-consistent
calculations of the Schro”dinger and Poisson’s equations are
presented.
Transformation of electron energy levels and wave functions and
variation of the overlap of electron and hole wave functions under
excitation of doping superlattices and in dependence on their design
parameters are examined in details. The self-consistent calculations
of the characteristic tail parameter and electrostatic Coulomb
potential for the doped layers are performed taking into account
correlation in the impurity distribution. As a rule, the fluctuations of
dopant concentrations, correlation in the impurity distribution, and
screening of the electrostatic potential have an effect independently
in n- and p-regions. Some anomalous behaviors in the carrier
transport related with the tails of the density of states are mentioned.
Described features give additional possibilities to study design
parameters and the energy spectrum in doping superlattices and to
understand the role of the fluctuating impurity potential.
Based on the developed method of self-consistent calculations the
adequate description of obtained tunable optical spectra versus
temperature and excitation level for doping superlattices of different
design is presented. Account of the appearing tails of the density of
states allows to describe long-wavelength edges in spectra of
absorption and luminescence and peculiarities in their optical
dispersion characteristics. Possible optoelectronic structures with n-
i-p-i crystals in the active region are suggested including two-section
laser diodes and photonic crystal heterostructures. Effects of optical
bistability and tunable lasing are examined and ways for control of
the radiation wavelength are discussed.

6195-73, Poster Session
Study of Si/SiO2 nanoparticles produced by laser
ablation
C. Grigoriu, I. Nicolae, National Institute for Lasers, Plasma and
Radiation Physics (Romania); K. Muray, K. Suwa, M. Hirai, H.
Suematsu, Nagaoka Univ. of Technology (Japan); G. Prodan, V.
Ciupina, Univ. Ovidius Constanta (Romania)
The task of achieving efficient luminescence in silicon nanocrystals
has stimulated extensive studies on their structure and size
distribution. Among the synthesis techniques, pulsed laser ablation
(PLA) is a versatile method for silicon nanoparticles (NPs) prepara-
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tion, and highly suitable for synthesizing high purity functional
nanocrystallites. This technique is well represented in the literature
[1-8]. The size and size distribution of the NPs has been found to
depend on the pressure and nature of the ambient gas and on the
fluence, of wavelenght. It is well known that the films prepared by
pulsed laser deposition technique have a drawback due to droplets
existence. During ablation process besides nanosized particles,
micron sized ( x 1 micrometer) are generated. Moreover, if we intend
to produce photoluminescent silicon particles (quantum dots), the
nanoparticle diameters have to be <10 nm. Our interest being
focused on preparation of silicon quantum dots, it is important to
know what kind of particles are generated by laser ablation, the
optimization of the ablation process being essential. Despite of the
fact that in the last years a significant effort have been devoted to
synthesis of photoluminescent silicon quantum dots by PLA, the
problem of macro- and nanoparticles have not been unambiguous
presented (to our knowledge). In this work, we studied the size, size
distribution and structure of the particles produced by laser ablation
using scanning and transission electron microscopy, X-ray diffraction
spectroscopy. The investigatins were made on Si/SiO2
nanopowders, without any post-treatment (chemical, thermal, etc.) or
aditional preparation for electron microscopy analysis. Very briefly,
the experimental parameters were: laser wavelength 355 nm, pulse
duratin 5 ns, repetition rate 10 Hz, fluence 4-8 J/cm2, argon/helium
99.99 % purity, 250-550 mbar, flow rate 1 l/min. Our investigations
shown that around 85% of particles are nanosized. Almost 99% are
less than 10 nm, and 65% have diameters in the range 2-5 nm.
Structural analysis will be also presented.
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6195-74, Poster Session
Recycling losses and tapered microcavities on SOI
V. V. Philippe, D. Peyrade, CEA Grenoble (France); J. C. Rodier,
Institut d’Optique (France); E. Hadji, CEA Grenoble (France); P.
Lalanne, Institut d’Optique (France)
Since two decades, photonic crystals are a field of growing interest
by its capacity of controlling light in different ways : low group
velocities, confinement, passive devices and actives ones...
Tailoring nanophotonics structures and understanding their
mechanisms are key points for future integrated photonic applica-
tions.
The best way to guide light into an integrated device is to use some
photonic crystal waveguide [1] or ridge waveguide[2]. In terms of
bandwidth and in-line losses the second type offers the best
performances. The main waveguide characteristic is the line loss and
nowadays the state of the art loss is 3.6 dB/cm for a photonic wire
on SOI at telecom wavelength[2].
In these waveguides, we have studied two different types of
microcavities with mirrors composed nanoholes. We have explored
two different mechanisms with the objective of obtaining large
quality factors and small modal volumes
The former is based on the “recycling of losses”, an original
mechanism described in [3].In this case, part of the light which is
out-of-plane scattered at the cavity/mirror interface is recoupled into
the cavity mode. Large Q values can be obtained for ultrasmall
cavities with moderate values of the modal reflectivity..
The later is based on Bloch mode engineering to reduce the out-of-
plane scattering losses at the mirror/waveguide interface. According
to [4] the loss is directly linked to the profile mismatch between the
cavity mode and the Bloch mode supported by the mirror. This
mismatch is represented by an overlap integral η. The losses are
shown to be equal to 1- η(c)˜ and can be minimized ; thus one can
obtain modal reflectivities very close to one.
These two types of microcavities have been fabricated with a two-
step process: an e-beam lithography and a dry etching in an ICP

reactor. We will report on the optical characterization of theses
structures. Although the experimental quality factors are smaller than
the computational predictions, the observed Q-enhancements
evidence the practical realization of the two mechanisms mentioned
before.
[1]” Losses in slab photonic crystals induced by fabrication toler-
ances”, Janusz A. Murakowski, Garrett J. Schneider, Ahmed S.
Sharkawy, Shouyuan Shi, and Dennis W. Prather, Proceedings of
SPIE, Volume 5184, December 2003, pp. 12-21
[2] “Losses in single-mode silicon-on-insulator strip waveguides and
bends”, Yurii A. Vlasov and Sharee J. McNab,, OPTICS EXPRESS
Vol. 12, No. 8 p 1622(19 April 2004)
[3] “Two physical mechanisms for boosting the quality factor to
cavity volume ratio of photonic crystal microcavities”, Ph. Lalanne, S.
Mias, and J. P. Hugonin, OPTICS EXPRESS / Vol. 12, No. 3 / p 458/9
February 2004
[4] “Modal-reflectivity enhancement by geometry tuning in Photonic
Crystal microcavities”, C. Sauvan, G. Lecamp, P. Lalanne and J.P.
Hugonin, OPTICS EXPRESS / Vol. 13, No. 1/p 245/10 January 2005

6195-75, Poster Session
Inconsistency of standard k•p band parameters
M. Serre, G. Fishman, Univ. Paris-Sud II (France); H. M. Drouhin,
École Polytechnique (France)
The k•p method has proved to be very efficient in semiconductor
physics. It gives a physical insight into band structures and provides
a tractable tool to obtain pertinent information from experimental
data. Usually, k•p band parameters are extracted via second-order-
perturbation analysis. An example can be found in the pioneering
paper by C. Hermann and C. Weisbuch [1], where the usual
momentum matrix elements Ep ≈ 28 eV (between the valence band
and the first conduction band) and E’p ≈ 10 eV (between the first two
conduction bands) are calculated. With the development of
spintronics, there is a considerable interest in the γ parameter, which
characterizes the conduction-band spin splitting in zinc-blende
semiconductors. The experimental value γ = 24 eV.Å3 in GaAs is
consistent with this high E’p  value... which is definitely inconsistent -
by two orders of magnitude - with the splitting between the first two
conduction bands (at k close to 0.3 Å in the [100] direction) as
calculated by M. L. Cohen and J. R. Chelikowsky [2]. This leads us to
extract parameters via third- and forth- order-perturbation analysis.
In particular this shows that the γ value is not only determined by E’p
but also by the interband spin-orbit coupling between the upper
valence band and the second conduction band. A revised set of
band parameters is proposed with E’p of the order of one eV.
[1] C. Hermann and C. Weisbuch, Phys. Rev. B 15, 823 (1977).
[2] M. L. Cohen and J. R. Chelikowsky, Electronic Structure and
Optical Properties of Semiconductors, 2nd edition, Springer Series in
Solid State Sciences, edited by M. Cardona (1989).

6195-77, Poster Session
Cross-polarization coupling of Laguerre-Gaussian beam
modes at isotropic interfaces
W. Nasalski, Y. Pagani, Institute of Fundamental Technological
Research (Poland)
Polarization phenomena of three-dimensional (3D) optical beams
propagating in layered media exhibit many features interesting from
both theoretical and applied points of view [1]. That pertains also the
case of a single interface as a fundamental building block of more
complex planar structures. For narrow beams, that is of a few
wavelengths or less in their cross-sectional diameter, interrelations
between beam field distribution and polarization are becoming
strong enough to be observed through the effect of cross-polariza-
tion coupling (XPC) [2]. It was theoretically indicated [2] and
experimentally confirmed [3] that the XPC effect yields excitation of
higher-order HG beams at the dielectric interface, for the critical [2]
and Brewster [3] incidence.
An optical 3D-beam of arbitrary amplitude and phase distribution
and an arbitrary polarization state attains, under reflection and
transmission at a dielectric interface, new amplitude and phase
distribution and a new state of polarization. The beam field distribu-
tion is approximately equal to that of the incident beam with small
deformations of its shape. Up to the second-order approximation
these deformations can be described by complex spatial shifts
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dependent on reflection or transmission Fresnel coefficients and their
derivatives of the first and the second order [2]. The beams are
usually considered as being of a fundamental Gaussian shape and
are described in the polarization frame composed of vectors of linear
polarization, TM and TE with respect to a main plane-of-incidence.
The analysis of this sort has been well developed over last three
decades [4-9]. Still, however, some more involved cases, like
incidence of higher-order beam modes of arbitrary polarization [10],
have not been investigated in deep.
Among other interesting cases, the case with circular symmetry in
the beam polarization, beam-field distribution and beam-interface
configuration, is of particular importance. Such symmetry can be
observed for normal incidence at the interface of, for example,
Laguerre-Gaussian (LG) beams of arbitrary order. In this case it is
expected that, under beam reflection and transmission, the beam
phase singularities of vortex type can be excited for a Gaussian
incident beam or rearranged for a higher-order LG incident beam
[10]. This issue is discussed in this communication through results of
theoretical analysis and numerical simulations. They indicate
excitation and cancellation of higher-order beam modes under 3D-
beam reflection. It is shown that the origin of these phenomena is the
XPC effect at the interface and that this effect clearly depends on
interrelations between polarization and field spatial distribution of the
incident beam.
Consider first an incident LG beam of its azimuthal index n, radial
index m and right-handed circular polarization. The transmitted field
component of the same (right-handed) polarization possesses the
same values of both indices. However, the transmitted field
component of the opposite (left-handed) polarization acquires its
azimuthal index equal to n+2 and radial index equal to m-1. Similarly,
for the incident LG beam of left-handed polarization, the azimuthal
index is decreased from n to n-2 and radial index is increased from
m to m+1 for the opposite (right-handed) polarization component of
the transmitted beam. Both indices remain unchanged for the same
(left-handed) polarization component of the transmitted beam.
Evidently, the azimuthal and radial index changes are different for
different helicity of the circular polarization (righ-handed versus left-
handed) of the incident beam, as seen with respect to a sign of the
topological charge of the vortex-like phase structure (positive versus
negative) of the same beam. Similar regularities, concerning only
higher beam orders - not vortices, can be also observed for critical
incidence of higher-order Hermite-Gaussian beams of TE or TM
linear polarization.
The results obtained suggest the possibility of employing layered
media to generate the higher-order beams of specified amplitude,
phase and polarization structure, including beams of phase
singularities of vortex type.
1. P. Yeh, Optical Waves in Layered Media (Wiley, New York, New
York, 1976).
2. W. Nasalski, Opt. Commun. 197, 217  (2001).
3. A. Kóházi-Kis, Opt. Commun., 253, 28 (2005).
4. J. P. Hugonin and R. Petit, J. Opt. 8, 73 (1977).
5. R. G. Turner, Aust. J. Phys. 33, 319 (1980).
6. J-J. Greffet and C. Baylard, Opt. Commun. 93, 271 (1992).
7. W. Nasalski, J. Opt. Soc. Am. A 13, 172 (1996).
8. F. I. Baida, D. Van Labeke and J-M.Vigoureux, J. Opt. Soc. Am A
17, 858 (2000).
9. W. Nasalski, J. Opt. A: Pure Appl. Opt. 5, 128 (2003).
10. W. Nasalski and Y. Pagani, IFTR Reports B-2/2005 (2005).
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6196-01, Session 1
Meeting the challenges of developing LED-based
projection displays
B. A. Moffat, E. Geissler, T. Hennig, A. Leitel, M. Schulz, M. Strehle,
A. Troellsch, Carl Zeiss Jena GmbH (Germany)
This paper discusses the use of coloured LEDs as light sources in
very compact digital projectors as well as in next-generation rear-
projection television.
Despite the remarkable recent advances in high brightness LED
technology at the chip and module level it is vital to make the most
of the available light from the LEDs.  Therefore it is necessary to
develop an integrated system of light source, projection optics and
electronics in an attempt to find an optimal combination of light
output, size, power consumption, thermal dissipation, cost, and
market potential.  Concepts for beam shaping, intensity homogeniza-
tion, and colour mixing of monochrome LEDs in high efficiency
projection engines are described, as well as experimental results
from digital micro-mirror (DMD) based optical modules.
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6196-02, Session 1
LED-based mini-projectors
M. P. Krijn, B. A. Salters, Philips Research Labs. (Netherlands)
We have built a mini-projector with LED light sources that is
sufficiently small for portable applications. The projector has a three-
panel architecture with transmissive LCD micro-displays in order to
combine a high lumen output with a low cost price.
Introduction:
Recent developments in LED technology have boosted the LED
performance with respect to lumen output and source brightness.
The long life time, highly saturated colors, mercury free operation
and low voltage operation are the major benefits that make LEDs the
light sources of the future for both general and special lighting
applications. One class of special lighting applications that is within
reach is projection. At present the limited source brightness and
lumen efficacy prevent LEDs from superseding UHP lamps as the
dominant light sources for front and rear projectors. While the gap is
closing rapidly, the unique properties of LEDs also allow for new
projection applications to be addressed even at a shorter term.
Examples of such applications are personal projection for small
groups and head-up displays for automotive. All these applications
have in common that they need a moderate light flux coming from a
small and low power mini-projector.
In this paper we show a novel type of LED-based mini-projector that
uses three transmissive LCD panels (0.55"). Such architecture
combines a high lumen efficacy with a small form factor and a low
cost.
Design of the light engine:
Since the aspect ratio of the micro-display panel we use is close to
2:1, two LEDs are used per color. This also has the advantage that
more light can be generated than with a single LED. In addition, if a
light guide is used for homogenization, the guide can be shorter than
in the case of a single LED.
For pre-collimation of the light emitted by the LEDs, we use
compound parabolic concentrators (CPCs) with a square cross-
section and with an entrance area matching that of the LED die (1x1
mm2).
For illumination of the micro-display panel, the light exiting the
collimators needs to be homogenized first. For that purpose, we use
rectangular light guides with a cross-section of 14x7 mm2, so that
two CPCs can be matched to it. This area is slightly larger than the
active area of the panel to have some overfill.
All components are in optical contact. The light is directed towards

the panels by means of prisms made of a high index glass. This
prevents excessive leaking of light rays. Proximity illumination is
used to illuminate the panels. After passing through the panels, the
light is recombined with a dichroic recombination cube.
In order to see whether our CPC-LED combination meets the
expectations, we have performed both simulations and experiments.
In the simulation we used a realistic LED model including side
emission to generate a beam set. Rays were traced through the LED-
CPC combination. The resulting étendue curves  compare well with
those measured.
Light recycling:
Since we use a panel technology that uses an LC effect, the light
needs to be polarized before it enters the panel. If the light would be
polarized with an absorbing polarizer, at least 50% of the light would
be lost. In UHP based front and rear-projectors, part of the light is
prevented from being lost by means of a polarization conversion
system (PCS). This well-known system can transmit 85% of the
incoming light with the correct polarization, but the disadvantage is
that it doubles the étendue in the system. A mini-projector generally
will be acceptance limited. Doubling the étendue with a PCS causes
a loss of 50% in the projection lens, thus giving less light to the
screen than without a PCS. We have chosen a different kind of
mechanism to recycle the light that would otherwise be lost. The
system consists of a reflective polarizing foil and a quarter wave
retarder. The efficiency and potential of this method will be dis-
cussed.
Miniaturized electronics:
In order to have a truly portable mini-projector, the driver electronics
for the LCD panels and the LEDs have to be integrated with the
projector. To this end a dedicated PCB board is designed that
contains all driver ICs and a video processor IC. Power is supplied
by a battery pack (11.5 Wh), enough for battery operation for one
hour.
Performance:
We will discuss the performance of the mini-projector. Aspects that
will be discussed are the uniformity and contrast of the image, the
color gamut, the lumen output, and the lumen efficiency.

6196-03, Session 1
Design of axisymmetrical tailored concentrators for LED
light source applications
B. Van Giel, Y. Meuret, H. Thienpont, Vrije Univ. Brussel (Belgium)
1. INTRODUCTION
The increase of emitted light flux of light emitting diodes (LEDs)
makes it interesting to use these devices as light sources for
projector applications. LEDs are small light sources with a narrow
spectral emission band and a low operating voltage, which makes
them a ideal light source for compact, very light and inexpensive
projector applications.1 However, LEDs have also an important
disadvantage. The optical power per unit of ´etendue is significantly
lower than e.g. an UHP lamp (at least 20 times).2 This makes it
difficult to achieve a high luminance on the screen. For this reason
we need to design optics that collect the light of the LED source
both with high optical efficiency and high collimation. The Luxeon V
LED family from Lumileds used for our study consists of a rectangu-
lar diode encapsulated by a spherical epoxy dome. Collimation
devices for such type of LEDs were proposed earlier. Munoz et al
proposed a high efficiency LED collection lens, tailored with the
edge-ray principle of non-imaging optics.3 Shatz and Bortz
proposed a lens doublet that was designed by searching an optimal
set of parameters (65 parameters) of an axisymmetrical configura-
tion.4 Our lens will be characterised by a small (up to seven)
parameter set. To achieve this non-imaging techniques will be used
to tailor surfaces that transform the light distribution. Our problem
was to efficiently transfer light from the rectangular die of the LED to
a circular target with a certain acceptance angle. This acceptance
angle has a square form in direction cosine space, due to the
symmetry of the system. The target could be the entrance of a
lenslet array integrator. This integrator forms an uniform image on
the projector’s light valve. This light valve has a certain acceptance
angle. The acceptance etendue of the light valve was approximately
the same as the etendue of the LED-source. The design of collima-
tion optics is often done with non-imaging optics techniques.5 The
Compound Parabolic Concentrator (CPC) is a device that collimates,
in 2 dimensions, the light emitted by a line source over a hemisphere
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at the thermodynamical limit. This means that the ´etendue of source
and target are the same and that the light is coupled with an
efficiency of 100%. A CPC, rotated around its symmetry axis,
collimates the light very near the thermodynamical limit. Our designs
were inspired by CPC design principles.6 In the next section a CPC-
like reflector will be tailored, using a set of edge-rays. In the third
section the principles of our design method for a tailored collection
lens based on etendue considerations and the edge-ray principle will
be shown. In the fourth section the principles will be used in
combination with optimization to design an efficient collection lens
for LED light source applications.
2. CPC-LIKE REFLECTORS As referred previously, our method is
inspired by the design of the Compound Parabolic Concentrator.
This device can be tailored with the so-called string method.7 The
optical path length (OPL) from an edge point of the source to the
target wavefront, which makes the desired angle with horizontal
direction, is kept constant. A set of edge rays is now represented to
the desired wavefront. Applying the string method for the design of
non-imaging devices is very powerful and simple, since we do not
have to solve a differential equation. From a model of the source’s
geometry a tailored, reflective surface can be designed. The reflector
surface is tailored in a meridian plane. The evaluation of it’s
performance is done in 3D by use of ray-tracing software. Applying
the CPC design principle to our problem, we have a device that
projects one edge-ray of our source onto the desired extreme angle
at the target. Unfortunately such a device doesn’t have the maximum
concentration ratio. Due to the dome which encapsulates the die, it
is impossible to let coincide the sources edges and the bottom of the
reflector. The light distribution on the target does not fill the whole
available etendue and some light falls outside the target. We do not
reach the theoretical maximum for the concentration ratio. We will
show that we do get reasonable results with our device and consider
the study of this CPC-like reflector as an instructive case for the
device discussed in the next section. In our paper we discuss the
ray-tracing results of a combination of a geometrically defined LED
model with the CPC-like device. We discuss the design of two CPC-
like devices respectively with an exit angle of 10 degrees and 20
degrees.
3. TAILORED COLLECTION LENS
In the previous design one surface was used to collimate the light,
coming from the LED light source. This surface represented a set of
edge rays onto the desired (maximum) exit angle. The tailored
collection lens comprise two major parts. The first part (central part)
is a single lens with one tailored surface to represent a first set of
edge rays onto the desired exit angle. The first central lens surface is
a simple spherical surface with a large radius of curvature. The
second surface is tailored with the string method. The second part
(outside part) consist of a tailored reflective surface, which represent
a second set of edge rays on the exit angle, and two straight-line
refractive surfaces respectively before and after the reflective
surface. One of the two slopes of the straight line is a free parameter
in the design procedure. An important question is where we have to
put the central part of the lens. Hottel’s formula gives a simple and
powerful method for calculating the etendue of the light bundle at a
target coming from a light source.5 Given the geometry and
refraction index distribution of the light source and target one can
calculate etendue as a difference between optical path lengths. We
use Hottel’s formula to find the position (along the symmetry axis) of
the central part in function of it’s width and thickness (free param-
eters in design). Etendue conservation has to be preserved for both
parts of the lens. The etendue of the light distribution leaving a part
has to be the same as the etendue of the light falling on it from the
source. This collection lens design has two major benefits over the
CPC-like design from previous chapter. It is more compact both in
LED-to-target distance and in width. It is more efficient than the
CPC-like device.
4. SMART OPTIMIZATION METHOD
In the design of the collection lens there are certain free parameters.
A small set of parameters fully characterises the lens. We use these
parameters for further optimization. For this optimization the downhill
simplex search method of optimization is used8,9 as it is imple-
mented in MATLAB. This ‘smart optimization method’ works as
follows. From a set of parameters (given by the optimization
algorithm) the lens geometry is tailored and fed into ray-tracing
software. This software perform a ray-trace of the source model and
the collection lens. It calculates the efficiency, which is the merit
function for optimization. This merit value is returned to the optimiza-

tion algorithm which calculates a new set of parameters. Note that
the chosen optimization algorithm does not need the calculation of a
gradient of the merit function. This process is repeated until the merit
function reaches a (global) maximum. In our contribution a collection
lens designed for an extreme exit angle of 10 degrees will be
presented. It’s efficiency will be analysed using ray-trace sofware.
5. CONCLUSIONS
In our contribution we will present two LED light source collimation
devices. CPC-like devices are studied as a instructive case for our
second device: a tailored collection lens. This is a lens that is
characterised by a small set of parameters. To achieve this, two
optical surfaces of the lens are tailored by means of non imaging
techniques.
REFERENCES 1. M. H. Keuper, G. Harbers, and S. Paolini, “Rgb led
illuminator for pocket-sized projectors,” in International SID Sympo-
sium Digest, 2004.
2. H. Murat, H. D. Smet, D. Cuypers, Y. Meuret, H. Thienpont, M.
Vervaeke, and L. Desmet, “Increased lumens per ´etendue by
combining pulsed led’s,” in Projection Displays XI, Proceedings of
SPIE 5740, pp. 1-12, (San Jose), january 2005.
3. F. Munoz, P. Benitez, O. Dross, J. C. Minano, and B. Parkyn,
“Simultaneous multiple surface design of compact air-gap collima-
tors for light-emitting diodes,” Optical Engineering 43, pp. 1522-
1530, 2004.
4. J. Bortz, N. Shatz, and M. Keuper, “Optimal design of a
nonimaging tir doublet lens illumination system using an led source,”
in Nonimaging optics and Efficient Illumination systems, Proceeding
of SPIE 5529, pp. 8-16, 2004.
5. W. Welford and R. Winston, High Collection Nonimaging Optics,
Academic Press, London, 1989.
6. S. Kudaev and P. Schreiber, “Optimization of symmetrical free-
shape non-imaging concentrators for led light source applications,”
in Nonimaging optics and efficient illumination systems II, Proceed-
ings of SPIE 5942, 2005.
7. J. Gordon, “Simple string construction method for tailored edge-
ray concentrators in maximum-flux solar energy collectors,” Solar
energy 56(3), pp. 279-284, 1996.
8. W. H. Press, S. A. Teulolsky, W. T. Vetterling, and B. P. Flannery,
Numerical recipes in C, ch. Downhill Simplex method in
Multidimensions, pp. 408-412. Cambridge University Press, 2nd ed.,
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9. R. J. Koshel, “Simplex optimization method for illumintion design,”
Optics Letters 30, pp. 649-651, march 2005.

6196-04, Session 1
Design of new collection systems for multi LED light
engines
H. Murat, Univ. Gent (Belgium); D. Cuypers, IMEC (Belgium); H. De
Smet, IMEC (Belgium) and Univ. Gent (Belgium)
Light emitting diodes (LEDs) are interesting light sources that
become more and more popular in many domains. They have very
attractive properties. LEDs are compact light sources with a very
narrow spectrum and have thus nearly saturated colors. They have
very long lifetime and a low operating voltage, so they can even
operate on batteries.
Besides, the optical power of LEDs has consistently improved since
their invention and they are getting much more efficient. This
evolution makes them interesting devices as light sources for
projection application. As light engine in projectors, they have some
additional advantages such as: larger color gamut and the existence
of the basic colors due to the narrow spectrum; absence of ultra
violet and infrared radiation, and of dangerous mercury vapour and
explosion hazard; large dimming ratio to improve the contrast; the
possibility of pulsing due to fast switching time, etc. LEDs seem to
be the ideal light source for compact, light, portable, inexpensive and
qualitative projectors. However they have also an important
disadvantage. The optical power per unit of étendue (luminance) is
significantly lower than that of an UHP lamp (at least 20 times).
Because of this and the étendue limitation of the projector, the
projected flux on the screen will not be high. Despite this lack, LEDs
are still very interesting for low power applications because of their
superior properties. However we have to collect the available light
flux optimally. Therefore we have designed collection optics that
collect the LED flux with high optical efficiency and collimation and

Conference 6196: Photonics in Multimedia



402 An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe

reshape the spot in a uniform illuminated rectangle with the sizes of the
micro display. We have simulated Luxeon III and Luxeon V series with
Lambertian radiation pattern from LumiLEDs for our study. These LEDs
have rectangular shapes with respectively 1 by 1 and 2 by 2 mm
encapsulated by a spherical epoxy dome with a diameter of 5.6 mm.
The design is made for a system with f-number 2.88 and a 0.9'’ display
(with 10 % overfill).
We have worked out two different approaches. Each one has pros and
contras. We will discuss these methods and compare them. In the first
approach we are using gradually tapered light pipes as collection
optics and the second approach is based on reflectors (parabolic and
elliptical).
Gradually tapered light pipe (GTLP) is a homogenizer that also
converts the rays from the LED with a cone of pi/2 into an acceptance
cone with an angle of 10 degree (f# 2.88). The pipe is made from
several massive tapered pieces with decreasing slopes (tapering
angle). Each time the ray reflects (TIR) on the side the angle will
decrease with two times the local tapering angle. The front side of the
integrator pipe has the dimensions of the LED die and the end side
that of the micro display (with overfill). In this concept we have
considered that the LED is available without the encapsulation dome
and is directly attached to the front side of the massive GTLP with glue
with roughly the same index of refraction as the light pipe. The light
spot at the end of the integrator pipe will be rectangular, uniform and
within the required f number.
First we have worked out this concept for Luxeon V. The entrance side
of the GTLP is chosen 2.1 by 2.1mm and assumed that the LED is only
top emitting. Luxeon V has nearly the same étendue as the described
system. The collection efficiency within the desired f number is more
than 75 %. That means that more than 110 lm (for green Luxeon V) will
hit the micro display within the desired condition. The total length of
the GTLP is 100mm and the uniformity is very good. We have done the
same for Luxeon III with the same assumptions. The entrance surface
was 1.1 by 1.1 mm and the exit surface 4 times smaller as the previous
one. The efficiency was again more than 75 % but the luminance is
twice as before because of the higher luminance of Luxeon III. The
etendue of this system is also 4 times smaller so we can combine 4
Luxeon III LEDs with 4 of these GTLP. We have recombined these
subsystems by a hollow integrator pipe. The total length is again 100
mm but the obtained flux on the display is twice as before.
The disadvantage of this approach is the difficulty of removing the
encapsulation dome and gluing the die directly to the light pipe. We
have also studied other LEDs without encapsulation dome such as
OSTAR LEDs from OSRAM.
In the second approach we are using reflectors. The projector system
is the same. In this concept we do not remove the encapsulation dome
and have designed custom parabolic and elliptical reflectors. Because
of the higher luminance of the Luxeon III LEDs, we will combine 4
Luxeon III in stead of 1 Luxeon V to fill the system étendue. The shape
of the reflector is optimized by ZEMAX simulator in function of
collection efficiency within the required acceptance cone. Several
subsystems will be combined by an integrator pipe (with the same
cross section dimensions as the micro display) that will homogenize
the rectangular spot. The total efficiency of this collection concept with
parabolic reflectors is more than 45%. For green Luxeon III, almost 140
lm will hit the micro display. In case of elliptical reflector the efficiency
will be about 57%. In this case the display will detect roughly 170 lm.
The system with elliptical reflector will have a gain of 25 % in compari-
son with the system with parabolic reflector but is less compact.
Besides in the system with elliptical reflector the rays with angles larger
than the acceptance angle will be negligible. In both cases is the
uniformity very good.
To conclude we will compare both approaches. In both cases it is
more efficient to use Luxeon III because of its higher luminance. The
first approach will have a higher efficiency, will be more compact but
will be difficult to realize. On the contrary the second approach is
easier to realize and will be more robust. The beam will also be more
collimated.

6196-05, Session 1
Efficient illumination in LED-based projection systems
using lenslet integrators
Y. Meuret, B. Van Giel, F. Christiaens, H. Thienpont, Vrije Univ. Brussel
(Belgium)
1.  Introduction
The light flux of light emitting diodes has improved consistently since

their invention. This progress makes it recently interesting to use
these devices as light sources for projection applications [1]. LEDs
are small light sources with a narrow spectral emission band and a
low operating voltage, which makes them the ideal light sources for
compact projection systems. Several prototypes of such systems
have already been reported in the literature [2][3].
If we want to construct a LED-based projection system with a good
image-quality it is important that the images on the screen are bright
and uniform. To obtain a rectangular uniform illumination of the light
valve there are two main types of integrators in use in projection
systems: lenslet integrators and rod integrators [4]. Due to their high
efficiency and relative compact design, lenslet integrators are often
the better option if one wants to construct a compact LED-based
projection system with a high-image quality.
A crucial problem with a LED-based projection system is that the
optical power per unit of étendue (luminance) of a LED is significantly
lower than e.g. an UHP-lamp. This means that it will be difficult to
get much light on the light valve. We can increase the acceptance
étendue of the light valve but this will also increase the total size of
the projection system. The design of an efficient and compact
illumination system with lenslet integrators is thus of fundamental
importance if we want to construct a compact high-quality LED-
projector.
2. Configuration of the illumination system
A lenslet integrator consist of two lenslet arrays and a relay lens (or
more) where each lens in the second array in conjunction with the
relay lens images the corresponding rectangular lenslet of the first
array onto the light valve. The light distribution at the light valve is
thus the sum of the light distributions at all of the lenslets in the first
array.
The simplest configuration for a lenslet integrator is to put the relay
lens directly behind the second lenslet array. This configuration is
quite useful if the distance between the lenslet integrator and the
light valve is large. Since we want to construct a compact projection
system, this distance is quite small and the incident light cones on
the light valve have different angles of incidence for different
positions. For most light valves this means that the contrast will vary
with the position on the light valve since the modulation properties of
most light valves vary with the angle of incidence. If we put an
additional field lens close to the light valve, it is possible to have a
telecentric illumination of our light valve. However, if there are colour-
splitting or polarization-splitting coatings between the lenslet
integrator and the light valve, this configuration can still induce
contrast or color variations for different positions on the screen,
because the light cones at different positions have different angles of
incidence at the respective coatings. These effects were simulated
with ASAP for a color-sequential LCOS projection system based on
LEDs and quantitative results are given.
A solution for this problem could be to use a telecentric projection
lens, but then the incident light distribution at the light valve is not
fully projected on the projection screen and the efficiency is reduced.
A trade-off between screen uniformity and efficiency can be made in
this case which was shown analytically and with simulations.
A fully telecentric illumination (light valve and coatings) can be
achieved by placing a lens system with its principal plane in the
center between the light valve and the lenslet integrator. This
configuration is only useful for certain optical engines and it is quite
difficult to reduce the geometrical aberrations and keep the
illumination system compact.
3. Combination of an optimal LED-light collector with a lenslet
integrator
We derived a formula for the angular acceptance distribution of the
lenslet integrator. The angular acceptance distribution is a rectangu-
lar with the same aspect ratio as the used light valve. When a
collection optic for the LED-light is placed in front of the lenslet
integrator, part of the light will be lost if the angular distribution of the
collected light is not perfectly fit in the angular acceptance distribu-
tion of the lenslet integrator. The efficiency of a LED-light collector
should thus be evaluated in combination with the angular accep-
tance distribution of the lenslet integrator to evaluate the full system
performance. For the case of non-telecentric illumination with a
telecentric projection lens, one can even take the non-uniform
positional acceptance distribution into account. We illustrate this
evaluation methodology for certain collection optics. This makes that
certain collection optics that are less efficient on the component level
can still be beneficial on a full-system level. We illustrate the case of
reflectors with an ellipsoidal aperture in a certain projection system
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and even show some additional advantages of using such collection
optics.
4. Conclusion
An illumination system for a LED-based projection system with
lenslet integrators was investigated thoroughly to construct compact
and efficient projection systems with a high image-quality. Different
configurations were critically evaluated and optimal LED-light
collectors which are to be used in combination with the lenslet
integrators were investigated.
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6196-06, Session 2
Imagers for digital still photography
J. T. Bosiers, B. G. M. Dillen, C. Draijer, E. Manoury, L. Meessen, I.
Peters, DALSA Professional Imaging (Netherlands)
Phone +31-40-274 22 27   E-mail  jan.bosiers\@dalsa.com
This paper gives an overview of the challenges and recent develop-
ments of CCD and CMOS imagers for use in digital still photography.
A distinction is made between three market segments: consumer
“point and shoot cameras”, consumer digital SLR cameras and high-
end professional camera systems.
In consumer digital photography, the drive for cost reduction and the
pixel race have stimulated the development of small pixels to allow
the production of low-cost high-resolution imagers.  Pixel sizes
smaller than 2x2um2 have been developed, and resolutions up to 8M
pixels are now available. The reduction of the pixel size and the
requirements for low power have required new technologies for CCD
fabrication, and new approaches for maintaining the quantum
efficiency and dynamic range. Most imagers now allow readout at
reduced resolution at higher frame rates, to record video clips. The
drive for smaller pixels implies that consumer DSCs are still
dominated by CCD imagers, contrary to the mobile imaging market,
where CMOS imagers dominate.
For the high-end consumer market, CMOS and CCD image sensors
have been developed for use in digital SLR cameras (D-SLR). For
cost reasons, the size of these imagers is typically APS size (24 x
18mm2), half of the much more common 35mm film format (36 x
24mm). This APS size fits just within the field-of-view of the
photolithographic equipment used in semiconductor manufacturing.
Typical resolution is 6M pixels, with 7.2x7.2um2 pixel size. The
requirement of compatibility with a wide range of existing 35mm
lenses implies that a wide angular response is needed from the
pixels. Excellent image quality, maximum ISO speed, good perfor-
mance at long exposure times and maximum achievable frames per
second are the most important performance aspects. High ISO
speed requires very good QE and low amplifier noise. For long
exposure times low dark current is essential. Excellent image quality
and high frame rates are a combination of imager performance and
image processing in the camera DSP.
For the top-end professional DSC camera applications, CCDs and
CMOS imagers with image sizes between 24x36mm2 and
36x48mm2 have been developed, with resolutions up to 38M pixels.
The other requirements for the imager are similar to those for the D-
SLR cameras used in the high-end consumer market.

6196-07, Session 2
Novel optics/micro-optics for miniature imaging systems
J. W. Duparré, Fraunhofer-Institut für Angewandte Optik und
Feinmechanik (Germany); R. Völkel, SUSS MicroOptics SA (Switzer-
land)
Today, the average person is exposed to more than 3,000 visual
impressions each day. Our eyes are by far our most powerful

information conduit to the brain. We read five times as fast as the
average person talks. We register a full-color image, the equivalent
of a megabyte of data, in a fraction of a second. When we watch a
video, we are seeing about 24 to 30 megabytes of visual information
per second. Rich-media mobility is already with us in the form of
multimedia laptops, portable projectors, digital cameras, portable
storage devices, color-screen PDAs and graphics-enabled handheld
computers. PDAs, which had only modest, monochromatic graphical
capabilities when they were first introduced, are now being sold with
color screens, presentation software and telecom features. Some of
the latest cell phones, which were once strictly for voice communica-
tion, have color screens for viewing graphics and even video.
Not surprising that this visual revolution generates the need for new
miniaturized and cheap imaging systems and cameras.
However, in imaging we only see a constant miniaturization of
elements but always similar optical principles are applied which are
known to the optical designers for many decades.
With the newly gained spectrum of technological capabilities it is the
time to ask: Which vision principle to use at which level of miniatur-
ization and which technology to apply in order to achieve the
perfectly adapted imaging system?! Classical imaging always had its
archetype in natural single aperture eyes as, for example, human
vision is based on. But not always a high resolution image is
required. Often the main aim is on a very compact, robust and cheap
vision system.
*Natural compound eyes are the perfect archetype for compact
vision systems*
Natural compound eyes combine small eye volumes with a large field
of view, at the cost of comparatively low spatial resolution. For small
invertebrates as for instance flies or moths the compound eyes are
the perfectly adapted solution to obtain sufficient visual information
about their environment without overloading their brain with the
necessary image processing. Microoptics technology enables the
generation of highly precise and uniform microlens arrays with small
lens sags and their accurate alignment to the subsequent optics-,
spacing- and optoelectronics structures. The result are thin, simple
and monolithic imaging devices with the high accuracy of photo
lithography. Artificial compound eyes promise to lead to a com-
pletely new class of imaging systems. Due to their compactness
artificial compound eyes can find applications, classical objectives
will never find their way in. Compound eye cameras should for
instance fit into tight spaces in automotive engineering, credit cards,
stickers, sheets or displays, security and surveillance, medical
technology and shall not be recognized. But there is a size of
imaging systems where “classical” microoptics technology fails
because of the large necessary lens sags. Here, new technologies,
combining advantages of classical optical machining and
microoptics such as single point precision diamond turning of lens
arrays and wafer-scale replication and stacking of those need to be
exploited.
Two different artificial compound eye concepts for compact vision
systems and one classical miniaturized objective design for wafer-
scale fabrication are presented in the following:
Ø Artificial apposition compound eye objective - simple and ultra-
compact imaging optical sensor [1]
Ø Microoptical telescope compound eye - complex but compact
imaging system delivering a regular image of comparatively high
resolution [2]
Ø Wafer level optic solution for compact CMOS imager - classical
high-resolution miniaturized objective [3]
*Principles of artificial compound eyes*
In the apposition optics, a microlens array is applied with a photo
detector array of different pitch in its focal plane. The image
reconstruction is based on moiré-magnification. The microoptical
telescope compound eye approach, which is based on a mixture of
superposition compound eyes and the vision system of jumping
spiders, produces a regular image. Here three microlens arrays of
different pitches form arrays of Keplerian microtelescopes with tilted
optical axes, including a field lens. The two artificial compound eye
concepts allow a decoupling of magnification and system length.
Because of the segmented image transfer, artificial compound eyes
furthermore have the advantage that each optical channel can be
corrected for off-axis aberrations for its corresponding direction of
view resulting in an homogeneous resolution over the entire field of
view. Both types of objectives are analyzed with respect to theoreti-
cal limitations of resolution, spatial information capacity, sensitivity
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and system thickness. Explicit design rules and possibilities of
simulation are derived.
*Design, fabrication and characterization of compound eye objec-
tives*
For the artificial apposition compound eye objective, several novel
demonstrators are manufactured by photo lithographic processes
such as UV-embossing of reflow lenses. This includes a system with
opaque walls between adjacent channels and an objective which is
directly applied onto a CMOS detector array. Here, the full artificial
compound eye visualization chain of the resulting camera including
imaging optics, photon reception and close-to-the-receptor signal
processing is demonstrated. The different systems are experimen-
tally characterized with respect to resolution, sensitivity and cross
talk between adjacent channels. The novel telescope compound eye
objective allows the imaging a large field of view. A special paraxial
matrix treatment is used to describe the complex arrangement of
arrays of microtelescopes. The obtained paraxial parameters are
transferred to the parameters of real microlenses in lens arrays of
variable parameters (chirped arrays) and are implemented in
raytracing software, to further optimize the systems. Microlens arrays
of a demonstrator system are fabricated using reflow and RIE and
are subsequently stacked to the overall microoptical system. The
resulting objective is characterized with respect to resolution.
Captured images are presented for both vision principles.
*Classical miniature objective by “non-lithography” fabrication
methods*
For the low-price fabrication of objectives for the use in mass
products like mobile phones or PDAs at present the components of
the optics are replicated separately, joined to an objective and are
subsequently positioned relative to the imaging electronics (CCD- or
CMOS-matrices) individually. This is a very high assembly effort,
which leads to undesired costs and non-reproducible misalignments
and consequently to low yield. Alternatively our approach uses
wafer-scale replication technologies such as hot embossing, which
enables a high-precision and cheap production of many equal
optical elements parallel on one substrate. But for the large required
lens sags classical microoptics technology such as reflow of
photoresist or laser beam writing fails for the master origination. We
consequently designed and manufactured a compact three-polymer-
lens objective with a minimum of overall length and brilliant optical
features where the array-master structures are generated by
precision diamond turning. The hot embossed lenses plates are
subsequently stacked to a sandwich of optic-wafers and a quartz-
glass-plate, which carries on the front side the dielectric IR cut-off
filter and on the back side the CMOS image sensor is connected
with the optics-sandwich to build the array of camera-modules in
wafer level.
*Which approach to use for which application?*
The up-to-date technically achieved resolutions of 1.5LP/° of the
artificial apposition compound eye objective and 3.3LP/° for the
microoptical telescope compound eye seem rather promising
compared to today’s standard imaging devices, if the difference in
system length of approximately one order of magnitude is taken into
account. The realized artificial apposition compound eye objective
can be considered as a simple imaging optical sensor while the
telescope compound eye is capable of becoming a real alternative to
classical bulk objectives but having a much higher complexity
compared to the artificial apposition compound eye objective. For
comparison: A classical single aperture wide-angle objective with
70° horizontal field of view and a “1 Megapixel” sensor provides an
angular resolution of 7.1LP/° if homogeneous resolution over the
field of view is assumed. The total track of such a “miniature” single
aperture objective is typically in the order of magnitude of 5-10mm.
The angular resolution of the demonstrated artificial compound eyes
is furthermore comparable to that of many invertebrate eyes such as
e.g. the honey bee (0.5LP/°) or the jumping spider (3-6LP/°). The
natural archetypes show: It is not the highest resolution that provides
the optical solution capable of surviving for millions of years, but the
simplest solution in perfect adaptation to the image capturing task
and to the environmental circumstances such as minimum volume,
no need for focusing for different object distances, and minimum
necessary signal processing.
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6196-08, Session 2
Featuring in CCD imagers
J. T. Bosiers, I. Peters, C. Draijer, DALSA Professional Imaging
(Netherlands)
Phone +31-40-274 22 27   E-mail  jan.bosiers\@dalsa.com
This paper will give an overview of featuring that is available with CCD
imagers.
Though it is generally accepted that one of the most important
advantages of CMOS imagers over CCDs is their flexibility in readout
modes, we will show that many features can be efficiently incorpo-
rated in CCDs. Since many of the features in CCDs are based on
operations in the charge domain, this is a noise-free operation.
By adapting the clock pulses in FF-CCDs the user can often choose
between read out through one, two or four amplifiers. This offers a
trade-off between speed and system complexity.
Another specific advantage of CCD imagers is ‘binning’: the charge of
e.g. 2x2 neighboring pixels is added before readout. This allows
increasing the sensitivity by a factor of four, without increasing noise,
since the operation is performed in the charge domain. Thus it is
possible to exchange resolution for SNR in low-light conditions or to
exchange resolution for speed. Both monochrome and RGB-Bayer
binning have been reported.
For use in consumer DSC cameras, both IL-CCDs and FT-CCDs have
been developed that can be read out either in full-resolution single-
shot mode, or in continuous movie mode at reduced resolution, for
preview on the camera LCD screen or for recording video clips.
For broadcast applications, a FT-CCD imager with a 12-phase image
design has been presented that can adapt its pixel size by means of
the external clock biases, and thus makes the sensor compatible to
different TV standards, e.g. 4:3 and 16:9 aspect ratio.

6196-09, Session 2
New camera module with thin structure, high resolution,
and capability of distance detection
M. Nagashima, Matsushita Electric Industrial Co., Ltd. (Japan); M.
Suzuki, T. Korenaga, Matsushita Electric Industrial Co., Ltd (Japan); K.
Imada, T. Iijima, Matsushita Electric Industrial Co., Ltd. (Japan); S.
Tamaki, I. Oyama, T. Hirasawa, M. Tagome, T. Suenaga, S. Nishiwaki,
T. Ishikawa, A. Takai, Matsushita Electric Industrial Co., Ltd (Japan)
1. Configuration; Our new camera module has a four-lens-array and
an imaging sensor.  The imaging sensor is divided to four regions in a
checker pattern, and these four regions are aligned in one-to-one
correspondence with the four lenses.  Four color filters are settled
over the four imaging regions.  First region has red filter, second has
blue, and the other two have green, and two regions with green filters
are aligned diagonally.
2. Grating Imaging Lens; Gratings are formed on aspherical surfaces
of the four lenses.  Improvement of MTF of the lenses and thin optical
structure is realized by these gratings.
3. High Resolution Color Picture; Pixel shifts of red, blue and green
images are realized by adjusting of relative positions of the four-lens-
array and the imaging sensor.  However, these red, blue and two
green images have parallaxes.  Parallaxes are calculated by compari-
son of the two green images, and a color picture is composed from
the red, blue and green images after correction of those parallaxes.
The above pixel shifts provide the resultant color picture with high
resolution.
4. Distance Detection; Distances between objects and the four-lens-
array are detected by use of the above parallaxes.
With above configuration and functions, our camera module has
following advantages; (1)thin structure (2)high resolution picture
(3)distance detection, and will be applied to cellular phone, automo-
bile sensor and so on.
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6196-10, Session 3
Cameras in mobile phones
J. Viinikanoja, Nokia Research Ctr. (Finland)
One of the fastest growing market in consumer markets today are
camera phones. During past few years total volume has been
growing fast and today millions mobile phones with camera will be
sold. At the same time resolution and functionality of the cameras
has been growing from CIF towards DSC level.
From camera point of view mobile world is extremely challenging
field. Cameras should have good image quality but
in small size. They need be also reliable and construction should be
suitable for mass manufacturing. All components of the imaging
chain should be well optimized in this environment.
Image quality and usability are the most important parameters to
user. The current trend of adding more mega pixels to cameras and
at the same time use smaller pixels is affecting both. On the other
hand reliability and miniaturization are key drivers for product
development as well as the cost. In optimized solution all parameters
are in balance but the process of finding the right trade-offs is not an
easy task.
In this paper trade-offs related to optics  and their effects to image
quality and usability of cameras are discussed. Key development
areas from mobile phone camera point of view are also listed.

6196-11, Session 3
Single snap-shot double-field optical zoom and axially
super-resolved imaging system
Z. Zalevsky, A. Zlotnik, A. Shemer, Bar-Ilan Univ. (Israel)
1. Single Snap-Shot Double Field Optical Zoom.
The common optical realization of optical zoom includes several
lenses and a mechanical mechanism. Other principles do not include
mechanical movements but rather other time adaptive principles
allowing variation of the overall focal length of the lens. Therefore,
the regular optical zooming operation has two major disadvantages.
The first one is that the increase of the focal length, for instance by a
factor of 3, while preserving the F-number will result in the increase
of the volume of the imaging module by a factor of 33=27. It means
more weight and less reliability (due to the mechanical mechanism).
The second disadvantage is that the zoomed and the non-zoomed
images are not obtained simultaneously and the resolution improve-
ment in the central part of the field of view comes on the expense of
decreasing the field of view.
In this paper we present a novel zooming approach in which instead
of a several lenses only a single lens is used. In addition since no
movement is required and the focal length is not changed, the
imaging module volume is not increased. Note that the resolution
improvement in the center of the field of view is not due to the
increase of the focal length F but is rather due to generation of
smaller effective pixels in that spatial region. Finally, the zoomed and
non zoomed images are obtained simultaneously in a single snap
shot. The idea is based on the fact that the optical resolution in the
central part of the field of view is larger than the geometrical
resolution of the detector. Thus by addition of special spectrally
orthogonal coding mask placed in the entrance pupil of the imaging
lens one may orthogonally code the wide-band optical spectrum
such that although sampled with lower geometrical resolution (and
thus aliased) can be reconstructed using proper decoding algorithm.
In addition, the lens is designed such that to begin with its optically
transmitted resolution is higher in the central part of the field of view
while in the outer regions it equals to the geometrical resolution (may
be obtained with a singlet). This in addition to second step of special
processing algorithmic allows the simultaneous extraction of both:
super resolved central part of the field of view together with the outer
regions of the field of view seen in the original X1 geometrical
resolution. This effect can be achieved due to compromise in the
dynamic range at which the enhanced image is obtained.
2. Axially Super Resolved Imaging System.
Extending the depth of focus of imaging systems is a very important
core technology that can be incorporated into various camera aided
as well as ophthalmic applications. Several previous approaches
were suggested involving digital post processing, or aperture
apodization by absorptive mask, or diffraction optical phase
elements such as multi focal lenses or spatially dense distributions
that suffer from significant divergence of energy into region that are

not the regions of interest.
A new patented technology that is briefly described in this paper
proposes an extended depth of focus element configured as binary
phase-affecting, non-diffractive optical element defining a spatially
low frequency phase transition that codes the lens aperture. Since
this optical element contains low spatial frequencies, it is not
sensitive to wavelengths and does not scatter energy towards the
outer regions of the field of view. The optical element is a phase
element and thus does not cause apodization and its energetic
efficiency is very high. Since the optical element does not require
digital post processing it is adequate for ophthalmic applications.
The optical element is a mask constructed out of transparent areas
and half a pi-phase lines (e.g. grid) and/or one or more half pi-phase
circles that modulate the entrance pupil of the imaging lens. The
various positions of those halves pi-phase transitions are appropri-
ately selected to generate invariance to quadratic phase distortions
(caused due to out of focus) while the computation is an iterative one
where the chosen transitions are those that maximize the contrast of
the Optical Transfer Function under a set of out of focus locations.

6196-12, Session 3
Optical design of digital camera zoom lenses using
plastic lens elements
H. Sato, S. Yamaguchi, Konica Minolta Opto, Inc. (Japan)
There is a great demand today for ever-smaller low-cost zoom
lenses for digital cameras. To meet this demand, we realized
compact zoom lenses using plastic lens elements. In this paper, the
process of realizing compact digital camera zoom lenses while
overcoming difficulties of using plastic lens elements is presented.
Adding aspherical shapes on lens elements is a well known
conventional method to improve the optical system performance
dramatically.
Since 1980s, the technology of aspherical molded lens has been
advancing rapidly with the development of mold processing
techniques. Especially, aspherical plastic lens elements produced by
injection molding are widely used as a key element to every field of
optical systems. This rapid spread of aspherical plastic lens
elements have been supported by the development of optical
material, optical design and simulation, injection molding, lens
surface coating, and lens evaluation technologies.
Nowadays, plastic lens elements produced by injection molding are
widely used in zoom lenses for digital cameras, because of their
suitability for volume production and ease of forming aspherical
surfaces.
Although using plastic lens elements in digital camera zoom lenses
has its advantages mentioned above, there are some difficulties to
be overcome for utilizing them.
1. Effect of temperature change
A disadvantage of using plastic lens elements in digital camera zoom
lenses is the characteristics variation of the material due to tempera-
ture change, such as refractive index and thermal expansion
variation.
For digital camera zoom lenses, it is desirable that there is no image
point variation with the temperature change in spite of employing
several plastic lens elements.
It is easy to suppress this image point variation by using non-power
plastic lens elements, however, unless adding refractive power to
plastic lens elements, the total number of lens elements increases,
and the size of the system tends to increase as well. In order to
satisfy the demand for the temperature compensation, minimized
lens elements number and compact system size all together, we
employ a positive and a negative plastic lens element as a pair, and
give each plastic lens element a relatively large refractive power,
while keeping the combined refractive power of the plastic doublet
relatively small. In an optical design mentioned above, by using high
chromatic dispersion material for the positive lens element and low
chromatic dispersion material for the negative lens element in the
plastic doublet, or vice versa, chromatic aberration can be well
corrected, and by applying aspherical surfaces on the plastic lens
elements adequately, monochromatic aberrations such as spherical
aberration, coma, distortion, astigmatism can be also well corrected.
2. Low refractive index
The refractive indices of commercially available plastic materials for
lens elements are relatively low compared to glass materials.
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Although using low refractive index materials sometimes makes
difficult to attain a compact zoom lens, it is still possible to realize a
zoom lens without compromising compactness by allocating plastic
lens elements adequately.
In most cases, allocating plastic lens elements where magnification
change is small between the object side and the image side of the
lens is an effective way to avoid increasing the total system size.
For example, glass lens elements with small refractive power are
easily replaced by plastic lens elements. This means not only a single
glass lens element with small refractive power can be replaced by a
plastic lens element, but a lens group with small refractive power
which consists of some glass lens elements can be replaced by a set
of plastic lens elements as well.
We show some examples of digital camera zoom lens optical
designs employing plastic lens elements such as a) 3x zoom lens
using a right angle prism for digital still cameras, b) 3x retractable
zoom lens for digital still cameras and c) 25x zoom lens for digital
camcorders.
In those examples, the techniques of utilizing the merit of plastic lens
elements and overcoming the difficulties of using the material are
presented in detail.

6196-13, Session 3
Image sensor characterisation using SMIA standard
R. Nicol, STMicroelectronics (United Kingdom)
The Small Camera Interface Standard (SMIA) was launched by Nokia
and ST in July 2004 and is now adopted as the standard for a
significant sector of the high volume camera phone industry
(www.smia-forum.org). In particular the standard is widely adopted
by Nokia in camera phones. SMIA Specifications are for raw bayer
output image sensor camera heads. The specifications cover
housing, mechanical interconnection, functionality, register set and
electrical interface.  SMIA is one of very few public camera interface
standards available today and as well as physical interface and
functional operation SMIA also addresses characterisation of camera
modules.
This paper will give an outline of the coverage of the SMIA standard
and it’s adoption by the industry. The different elements of the
standard, including functionality, signal interface, package options,
and characterisation will be described in brief. This will also show
that SMIA is now used in a significant portion of the high volume
camera module business for mobile phones.
The paper will then move on to focus on the characterisation portion
of the SMIA standard. As with all of the the SMIA documentation, the
characterisation document is availble from the SMIA website
(www.smia-forum.org). The overall test method, and coverage will be
reviewed. The detail of the individual tests will then be examined.
This will show the detail of the SMIA characterisation documentation
and explain how this can be implemented in practice. Both electrical
and optical tests will be reviewed with some emphasis on the colour
accuracy test.  This explanation will include decription of a typical
equipment setup and indicate how automation of equipment and
software can be used to improve speed and accuracy of results
generation and reporting. Throughout this paper the example of a
typical CMOS camera module will be used to illustrate the method of
parameter extraction.
Finally the paper will examine some of the exceptions to and
possible weaknesses of the current SMIA characterisation and
consider future possible revisions of the standard. This will include
both refinements and improvements in the exisiting test coverage
and extension of the standard into areas it does not cover today, for
example into Auto-Focus modules.

6196-14, Session 4
Replicated micro-optics for multimedia products
M. Rossi, Heptagon Oy (Switzerland)
Advances in design, materials and production technology for micro-
optical components have led to strong growth in their use in today’s
consumer products. In particular, micro-optical components
produced by replication technologies such as UV embossing can
now withstand the severe processing and environmental require-
ments of the consumer electronics industry, including IR reflow and
thermal shock. With their small size and low weight, as well as the
possibility of optical function not achievable by conventional optics,

micro-optical components and systems are finding applications in a
wide variety of products.
In the field of multimedia, novel designs and new production
techniques are enabling applications in key areas such as LED beam
shaping and CMOS imager optics. The extreme compactness of
micro-optical components, with typical thickness under 1 mm,
makes them a natural candidate for consumer products such as
mobile phones and miniature cameras. Advances in UV embossing
technology, enabling micro-optics to be moulded directly onto an
LED or silicon imager chip (‘overmoulding’), also allow extremely
compact opto-electronic modules to be realized at highly competi-
tive prices. In this paper we summarize recent technology develop-
ments and describe a number of multimedia applications utilizing
state-of-the-art micro-optics.
Optical functions
Micro-optics can achieve a very broad range of optical functions,
ranging from refractive to diffractive behavior. A refractive microlens
has a weak wavelength dependence and optical performance
determined primarily by the feature profile and depth.  A Diffractive
Optical Element (DOE) has highly wavelength dependent properties
and optical performance determined strongly by the lateral feature
dimensions and less by the feature depth. In between lies a
continuous transition from refractive to diffractive behaviour, allowing
the designer a high degree of freedom in optimizing an element for a
given application. For example, the detailed optical properties and
performance of a Fresnel microlens, including the efficiency and the
wavelength dependence, depend upon the segment sizes and upon
the phase step (relief height) at the segment edges.
Micro-optical components can compete with conventional optics by
achieving reduced size and weight, lower cost and often better
performance. Refractive microlens arrays are well suited for
broadband illumination and achieve very high efficiency with virtually
no stray light. Diffractive lenslet arrays can offer highly accurate and
uniform focal length distribution. Most DOEs have no equivalent in
classical optics and can offer novel optical function; they have
generated a host of new application areas such as pattern genera-
tion and complex beam shaping.
A very important distinguishing feature and advantage of micro-
optical components is their small size and flatness. The surface-relief
feature depth of typical DOEs is in the range of hundreds of
nanometres to a few micrometres. Refractive micro-optics such as
lenslet arrays still have typical relief depths of less than 100
micrometres. This is the key to production technology such as wafer-
scale UV embossing1, enabling volume production of high quality,
ultra-precise components which can compete with classical optics in
many applications.
Designing for the real world
An important advance in the application of micro-optics in consumer
products has been the development of design techniques which
automatically take into account the fabrication tolerances and
manufacturing constraints. An optimal design utilizes not only an in-
depth knowledge of ray tracing and diffraction theory (both scalar
and rigorous), but also a detailed knowledge of the whole production
chain. An example of the major progress made in recent years in
design know-how is beam shaping for LEDs. Although typical LEDs
are incoherent, spatially extended and spectrally broadband sources,
sophisticated micro-optic designs have been developed for a wide
variety of optical functions and have resulted in more compact LED
modules2.
UV embossing and wafer-scale production
Components produced by UV embossing are replicated from a
mould into a thin UV-curable epoxy layer on a glass or other
substrate. A new production line at Heptagon’s production facility
near Zurich can produce single and double-sided UV-embossed
wafers and has a capacity of several million components per month.
The technology was developed at Heptagon’s production facility
near Zurich in collaboration with EVG (Schärding, Austria), a leading,
worldwide producer of nanoimprint and semiconductor wafer
processing equipment.  Based on Heptagon’s REEMO(r) process3,
an array of single or double-sided replicas is replicated in a custom
UV-curable epoxy onto a glass wafer. The wafer can be further
processed, for example with thin film optical coatings, and then
diced into individual micro-optical elements. The technology involved
is fully compatible with other wafer scale processes and thus
guarantees the same advantages in terms of accuracy, efficiency
and pricing. Currently for 6-inch wafers, the production line is
currently being extended to 8-inch capability.
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The replication mould is fabricated from an original microstructure
typically produced by direct laser-beam writing in photoresist or by
e-beam lithography for designs with submicron features. Rapid
prototyping can often be realized via direct laser-beam writing with a
lead-time of only days. The typical cycle involved in moving from
design to production for a replicated micro-optical component lies in
the two to six month range. New materials for UV embossing have
excellent thermo-mechanical stability and withstand IR-reflow (even
lead-free processes up to 280°C). The thin epoxy layer on a
substrate such a glass, silicon (for detectors) or GaAs (for emitters)
results in a high-quality, stable replica with excellent replication of
feature sizes down to hundreds of nanometres. UV replication can
also be performed directly onto processed dies such as CMOS or
CCD imagers, LED chips or other optoelectronic devices. This
‘overmoulding’ technique is highly attractive for the production of
very compact optoelectronic components such as LED illumination
modules.
In addition to UV embossing, other replication technologies for
micro-optics include micro-injection moulding (particularly suitable
for individual components complete with mounting and packaging
features) and hot embossing (for applications such as diffractive foil
and security features).
Applications in multimedia products
The advances in design and manufacturing technology outlined
above have resulted in replicated micro-optics, in particular UV
embossing, becoming highly attractive for multimedia consumer
products, in particular when small size, low weight and high-
precision are required. Amongst the many applications, three major
areas can be identified...
- LED beam shaping
LED illumination modules are used in applications such as the
flashlight for mobile phone cameras, display illumination in PDAs
and, very recently, miniature digital projectors (mini-projectors). DOE
beam shaping elements for LED flashlights can convert the
Lambertian illuminance characteristic of the white light LED into an
optimized Gaussian distribution and produce an increase in the on-
axis brightness of at least a factor of three. The DOE can be
mounted or overmoulded on the LED to produce a very thin module.
In miniature digital projectors, micro-optical elements are used to
produce a highly uniform, homogenous intensity distribution over the
image field.
- Imager modules
CMOS and CCD imagers are now common in products such as
mobile phones. Again, module compactness and low weight are
important criteria. Micro-optical lenslet arrays can be used to
improve the fill factor and sensitivity. Pattern generator DOEs are
used in low-light auto-focus devices for digital cameras. Micro-optic
modules are being developed for the primary (imaging) optics of
miniature cameras, resulting in extremely compact, light-weight
imaging modules.
- Pattern generation
The ability of DOEs to project highly complex patterns is seen in
virtual keyboards for use with PDAs and mobile phones. The DOE
projects a visible keyboard pattern that serves as a guide for the
user’s fingers. The finger position is detected by a plane of infrared
light and a CMOS sensor module. The DOE used for this application
achieves an opening angle of over 75° with high efficiency. With
feature sizes down to 400 nm and depths of up to 900 nm, this
illustrates the degree of sophistication now achievable in the design
and manufacture of diffractive micro-optics.
In these and other multimedia consumer products, micro-optics is
making rapid progress as the approach of choice for miniature, low-
weight optics and is replacing classical optics in many areas. This
trend will increase as the production technology continues to
improve and with the ongoing trend to compact and miniature
products.
References
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6196-15, Session 4
Microstructured optical components for display
applications
H. Bitzer, J. Zosel, M. Gebhardt, M. Stier, Fresnel Optics GmbH
(Germany)
Polymer optics is widely used in today’s multimedia applications.
The success story of acrylic components in display applications
started with the Fresnel lens for overhead projectors. When LCD
devices started to enter the market, however, it became necessary to
build more sophisticated backlight modules. The arrival of laptop
computers introduced lightweight and very uniform backlight
modules. Most commonly used today is the wedge light design.
Added were optical films to make the light distribution more
homogenous and extend the battery life time.
With the success of the LCD migrating into large area applications
and handheld devices, the product evolution for backlight modules
moved on with high speed. Today we see a variety of different
patterning methods but still widely used  are silk screen printed wave
guide solutions. The second basic approach is to generate
microstructured components by use of different sophisticated
structuring methods. The light source evolution is driving from CCFL
to LED driven backlight modules and this requires different design
tools. OLED’s have arrived on the market and require still structures
to manage the light.
The other big trend in the market of multimedia is the miniaturization
of optical components in conjunction with precise surface geom-
etries and sophisticated coatings. Polymer integrator lenses for LED
based beamer applications are available today.
Throughout the industry there is a steady push for improved
precision and increased efficiency as well as complexity. Aspheres
with coatings as well as wafer optic based replication techniques
with nanostructures are answers of today for the need of sophisti-
cated components for the multimedia market.
Discussed are product examples generated with different replication
and structuring techniques. PlasmAR structuring which has emerged
in recent times, is a special plasma-based method to generate
random AR-structures on polymer surfaces. The process will be
compared to traditional interference coatings.

6196-16, Session 4
2D/3D switchable displays
O. Willemsen, Philips Research Labs. (Netherlands)
A strong concept for 2D/3D switchable displays is dicussed, based
on LCD’s equipped with active LC-filled lenticulars. A fully switchable
20" demonstrator has already attracted a great deal of attentions at
major display conferences. In recent advances we fully exploit the
potential of the technology by implementing local 2D/3D
switchability. The key aspects of  the technology will be discussed.

6196-17, Session 4
Residual lens effects in 2D mode of 2D/3D switchable
displays
M. Sluijter, W. L. IJzerman, D. K. de Boer, T. Dekker, Philips
Research Labs. (Netherlands)
In the 2D mode of switchable 2D/3D displays based on LC lenses,
residual lens effects are visible under oblique angles and the 2D
images are disturbed. In this paper, calculations on the birefringent
properties of the switchable lenses are presented in order to
understand the physics behind the problem better. The numerically
obtained results are compared with measurements of the light output
of a 2D/3D display in the 2D mode.

6196-18, Session 4
3D visualization of true variable in time objects based on
data from optical measurement system
P. Garbat, M. Kujawinska, Politechnika Warszawska (Poland)
The biggest challenges in multimedia technologies have been to
create fully interactive virtual reality (VR) systems. This requires
generating numerically or even better gathering real data about static
or dynamic 3D objects and scenes and delivering them to virtual
reality environment. In VR the observer has the possibility to move
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around and select a vantage point from which to view the image.
The real challenge is to create 3D video. The most recent attempts
focus on creating true 3D video (presented e.g. by Virtual Viewpoint)
in which a viewer can move through the captured scene in both time
and space. The essential constrain in such scenario is that the
foreground content is physically separated from the background
which does not move and change color or brightness. For this type
of system the cameras are spaced around the capture space and
calibrated precisely. Because the scene’s 3D structure is known, the
system can combine multiple live or pre-recorded 3D video streams
in real time and insert them into computer graphics based virtual
environment. Some of these type systems render a virtual view from
multiple 3D video streams based on warping the multiple camera
views to a single virtual view using the images from camera and
camera parameters. The other new system uses the depth map
gathered by stereoscopic method for creating 3D representation.
Generally, image (video) based methods without geometric recon-
struction don’t allow to create an interaction with other objects in
virtual scene. Beside, the quality reconstructed objects from multiple
vision systems isn’t satisfactory.
In the article we have proposed the concept of creating true 3D
video based on capturing 3D clouds of points from n-directions. The
proposed methodology is based on capturing 3D data representing
the shape and texture of real 3D object by means of optical
measurement system. The offered true 3D visualization relies on the
usage of an optical 3D object measurement system based on fringe
projection method. Measurement system provides data in the form
of clouds of co-ordinate points representing 3D object from multiple
directions.
In order to perform real-time transmission of 3D data into virtual
reality the new methodology of data filtering, coding and streaming is
used. The data filtration and coding are necessary for further
processing as they eliminate bad data and code the correct data into
specific form. 3D data notation is ineffective and difficult for further
processing. Therefore it is necessary to provide data coding which
converts 3D into 2D data representation. It should also allow faster
data transmission with sufficient precision.2D form allows to
adaptation and simplification further processes. Such 2D description
of a cloud of points enables preliminary filtration in two dimensional
space. Coded data obtained from particular measurement (from
multiple directions) are transferred into processing data module.
Here also the information about position of virtual camera are send.
True 3D object measurement system provides enormous amount of
data about object shape and texture. However the information
required for visualization in virtual environment at any moment ti is
limited to these data points which are seen from the chosen
viewpoint. A virtual camera (VC) placed in this point is the essential
element of the system presented. Data taken for real-time process-
ing are limited to the points which are included in the solid angle
determined by the virtual camera. Next, form selected parts of two
(or more) considered clouds of points a virtual cloud of points is
created. The virtual cloud of points is defined as a set of measure-
ment points visible from virtual camera in global coordinate system.
The new (virtual) cloud of points is made as a projection of the
selected clouds of points and limited by virtual camera. This coded
representation is latter corrected (eliminate of gaps and wrong
points).
The final stage of the data processing is their conversion to the
format acceptable by VR system. We propose the mesh-based
representation created on the basis of shape of B-spline curve
(contour) and map of height. Such representation permits effective
data transmission to majority of VR systems. The proposed
representation of 3D geometry accomplishes the established
criterion of accuracy, rate of visualization and scalability of geometry
representation. The process of creating 3D mesh-based geometry
from silhouette curve and depth map based on modified Delaney
algorithm.
The system based on the proposed methodology has a modular
structure and consists of three modules. That solution enables
division of data gathering and visualization process into three main
parts and effective use of three computers stations connected by
fast links. The variable streaming between processing module and
VR module enables visualization at different level of quality (amount
of processed data) depending on the computational resources of the
outside (remote) user’s computer. In order to provide interactions
between a user and 3D objects placed in VR environment, the
system includes feedback loop between measurement and VR

modules. It returns information about the position and offer param-
eters of virtual camera, which are chosen interactively by user of
system.
In order to examine the proposed methodology, the 3D data capture,
transfer and visualization set-up has been realized. In the experiment
the 3D shape of dynamic real objects was determine and was
visualizes in VR system. These experimental results for real variable
in time object and directions of future works focused on full
implementation of the concept are discussed.

6196-19, Session 4
Distributed system of wireless signs using gyricon
electronic paper displays
R. A. Sprague, Gyricon LLC (USA)
The proliferation of digital information is leading to a wide range of
applications which make it desirable to display data easily in many
locations, all changeable and updateable.  The difficulty in achieving
such ubiquitous displays is the cost of signage, the cost of installa-
tion, and the software and systems to control the information being
sent to each of these signs.  In this paper we will talk about a
networked system of such signs which are made from gyricon
electronic paper.  Gyricon electronic paper is a reflective, bistable
display which can be made in large web sheets at a reasonable
price.   Since it does not require a backlight nor does it require power
to refresh the display image, such technology is ideal for making
signs which can be run on batteries with extremely long battery life,
often not needing replacement for years.  The display also has a very
broad illumination scattering profile which makes it readily viewable
from any angle.  The basic operation mechanism of the display, its
manufacturing technique, and achieved performance will be
described, along with the description of a networked solution using
many such signs controlled with system software to identify
speakers and meetings in conference rooms, hospitality suites, or
classrooms in universities.  Systems will also be shown which are
adapted to retail pricing signage and others which can be used for
large format outdoor billboards.
The basic gyricon display consists of a sheet of elastomeric material
which is filled with millions of small spheres.   These spheres are two
colored, with one hemisphere being one color and the other being
another, most commonly black and white.  Each hemisphere also
has a different electronic charge.  The sheet material is built so that
each spherical ball is surrounded by its own cavity which is filled with
dielectric fluid.  This frees the ball and lubricates its surface, so that
when a voltage is applied to the sheet, it will cause balls to rotate,
aligning their dipole with the applied field. A sign is built using this
technology by taking an electronic backplane which can generate an
image-wise voltage pattern, laminating the gyricon to this backplane,
and covering the surface with a transparent cover sheet.  The basic
material has been shown to have reflectivity as high as 27%, a
contrast as high as 12:1, virtually limitless bistability, and lifetime
projected at 10 years under indoor environmental conditions.  A
variety of types of signs have been built for commercial application
with this technology, with the complexity and appearance of the
image depending on the type of backplane utilized.
A number of types of backplanes have been used for different
applications.  One approach utilizes a printed circuit board, with the
top metalization layer patterned into a set of segmented driver
electrodes, each one of which can be separately addressed utilizing
drive electronics mounted on the back of the circuit board.  For
messaging applications, a fixed font image format is chosen with
each specific rectangular region of the board divided into a 64
segment structure which enables display of any alphanumeric
character, small case or large, as well as a few special characters
within that rectangle region. Commercial signs will be shown which
utilize this in a 15 x 17 inch format for use in convention centers and
hospitality suites. Tile-based signs which use printed circuit
backplanes are also described with are designed for large message
board application, with a prototype shown of a 3 ft x 6 ft display.
A second backplane approach is to utilize an active matrix
backplane on glass similar to those used with current liquid crystal
displays.  Signs shown in this talk have a 5.5 x 7 inch format with
100 dpi resolution on the active matrix backplane. Much like laptop
displays, These backplanes give wide flexibility in the image
formatting for text, graphics, or images but require a relatively
complex backplane.  Some of the technical issues in achieving
operation of such signs will be described which include achieving the
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40-50 volt operation required to switch the gyricon material.
Application of such signs will be described as used for room or
facility scheduling, and pictures will be shown of pilot installation of
such signs used for pricing in retail stores.
A third backplane technique for writing an image on a bistable
reflective display is mechanical writing.  In this case an electronic
print wand is moved across the back or front of the display to
deposit charge on the surface of the media in a pixilated fashion.
Once on the surface, the charge induces a voltage across the media
which rotates the beads in accordance with the image pattern. Since
the material is bistable, the image remains even after the deposited
charge has dissipated. Video of a prototype of such an 8.5 x 11 inch
display with 70 dpi resolution will be shown in operation.
All of these signs are utilized in a networked system of signs, with
uniquely identified messages for each sign scheduled and distributed
using system software. The scheduling program has an interactive UI
which enables the user to specify the information which is to be sent
to each sign. Scheduling of the display of this information is done in
time slotted windows which can be one-time or recurring, and can
be sent to one or multiple signs.  Software is also enabled to connect
this information to other common scheduling programs.  For use in
retail stores, an enterprise version of the software couples the retail
signage data to the store data based for each SKU, so that pricing
changes made in the POS data based are automatically updated on
each sign as they are changed, providing price integrity between the
checkout counter and the display signage.
Data is distributed to these signs over either an existing 802.11b
wireless network or a 900 MHz network depending on the cost and
compatibility requirements of the application.  Data security is
ensured with 128 bit WEP encryption to avoid hacking. Batteries
used are standard C or D cells, with battery life of approximately 6
months for sign changes of around 10 per day, although they can
also be wired for applications requiring many such changes per day.
The analytic tradeoff of number of changes with battery life will be
described.
In conclusion, we have shown a system of distributed signs which
are controlled by centralized software. Details of these displays
including performance, measurements of media lifetime and
environmental performance, and fabrication details for all three types
of backplane will be described. Applications include retail pricing
signage, room scheduling, and outdoor advertising.

6196-20, Poster Session
Integrated measurement system for miniature camera
modules
A. Tervonen, I. Nivala, P. R. Ryytty, H. Saari, H. J. Ojanen, J.
Viinikanoja, Nokia Research Ctr. (Finland)
Particularly for miniature camera modules, manufactured in high
volumes, characterizing and measurement approaches are needed
that provide information on camera key properties fast. An integrated
measurement system has been developed that uses images taken
on specifically designed chart targets, automatically analysed by
software. The chart combines target elements for measurement of
optoelectronic conversion function, resolution, noise, uniformity,
distortion and colour reproduction. The software applies machine
vision to recognize the various target elements from the images, and
to register analysis locations properly. The actual abalysis methods
conform with existing standards. The software includes graphical
user interface, and in addition to the automatic analysis, also user-
defined analysis can be flexibly done. The software supports
modifications in the chart layout, batch analysis of images and
storing the results in various formats.

6196-21, Poster Session
Design of a light-guide used for the real-time monitoring
of LCD displays
W. Meulebroeck, C. Ruwisch, Y. Meuret, Vrije Univ. Brussel
(Belgium); T. R. L. Kimpe, P. R. Vandenberghe, Barco N.V. (Belgium);
H. Thienpont, Vrije Univ. Brussel (Belgium)
SUBJECT: EPE115
1. INTRODUCTION
More and more CRT-displays are replaced by Liquid Crystal
Displays. Not only for consumption purposes like televisions or
personal computer screens, but also in some high-end applications.

LCD-screens are ultra flat, show a high brightness, offer a perfect
geometry and consume less energy as opposed to their CRT based
counterparts. On the other hand this new technology still has some
disadvantages and shortcomings. LCD-screens are for example very
sensitive to backlight aging and screen degradation. Screen
degradations not only occur after a period of time, they also depend
on the temperature of the environment and will have a negative
impact on the image quality. For some applications this could be a
problem; especially those applications where high quality images are
required and this during the entire life cycle of the screen. Awaiting
the development of LCD-screens with better specifications concern-
ing aging and degradation, one could use a sensor that continuously
measures the screen quality and gives the necessary information to
an electronic compensation circuit. The sensor consists of a light-
guide which captures some light coming from the screen and a
photodiode which is placed at the end of the guide. This measure-
ment method enables to handle not only the backlight aging but also
the aging of the polarizer, filters and the LCD itself.
The scope of our work was to design a light-guide which could be
used both for monochromatic screens and for color screens. For the
optical design of this light-guide we used non-sequential ray-tracing
software.
The light-guide should fulfill several conditions. First of all the
energy-loss inside the light-guide should be minimal. This is
indispensable especially when using the light-guide for color
screens. In this case the flux density on the photodiodes surface is
much lower in comparison with monochromatic screens due to the
color filters which are present. Secondly we want the acceptance
angle of the light-guide to be in accordance with a predefined value,
this for reasons of calibration. Finally we want the light-guide to be
low-cost and we have to make sure that the design could easily be
built inside a screen.
First we simulated light guides with different shapes and geometries.
From these simulations we chose the shape which gives rise to the
lowest energy-loss. The next simulations emphasized on the
acceptance angle of the system. To make sure that the sensor only
captures light within the desired acceptance angle we proposed a
system using a lens on top of the light guide. After making some final
changes to the design to reduce the influence of environmental stray
light, we ended up with the design of a light-guide which fulfilled
most of the predefined specifications.
2. METHODOLOGY - DATA AND RESULTS
In a first simulation session we concentrated on the light yield of the
system which we define as the ratio between the light coupled into
the guide and the light coupled outside the guide. This gives us the
energy-loss in the system. We investigated several designs which
distinguish from each other by a difference in geometry. This enabled
us to select the geometry with the minimum of internal energy-losses
and this for different grey-values on the screen. This is important
because two different grey-values will not necessarily have the same
radiation pattern and as a consequence will give rise to a different
energy-loss. In the second part of our research we started from the
chosen geometry and studied the acceptance angle of the system.
We learned that some changes were needed in order to obtain the
desired angle. To decrease the acceptance angle we placed a
spherical lens on top of the light-guide. The specifications of the lens
are such that the light is focused on one of the sloping windows of
the guide (the slope window). For a collimated incident beam the
light will be focused at the centre of this window. For small angles of
incidence only a small part of the window will be illuminated (the
focal window). The size of this “focal window” increases as the angle
of incidence increases. The idea now consists of making sure that
only the light coming from the focal window will reach the end of the
light-guide. All the other rays are stray light and will only cause a
change in acceptance angle which is unacceptable. This set-up is
quite flexible as one could choose the dimensions of the focal
window in accordance with the acceptance angle one wants. In the
next step we were considering applying  surface coatings. Also here
we investigated the systems energy yield and its angular contrast.
The higher the angular contrast, the better the system approaches
the desired acceptance angle. First we applied a certain surface
roughness to the region of the slope window which does not form
part of the focal window. This model was arbitrary chosen as 20%
specular reflection, 40% transmission and 40% Lambertian
scattering. We obtained a high angular contrast (a factor 8) but a
rather low energy yield (around 30%). The latter is caused by a big
energy-loss at the tapered end-leg of the system. To evade this

Conference 6196: Photonics in Multimedia



410 An SPIE Europe Event • spieeurope@spieeurope.org • Tel: +1 360 676 3290 • spie.org/events/epe

problem one could shorten this end-leg. Energy yields of 40% can
then be reached. In theory this system works well, but a practical
low-cost implementation will be a challenge. Because of this we
crossed over to another approach where we changed the slope of
the exit window, except for the focal window. The light rays falling in
onto the slope window are totally internal reflected. Thanks to the
choice of the two different slopes, only the light which is focused by
the lens onto the focal window will reach the end surface of the light-
guide. The other rays are leaving the system at the slope window.
This light-guide has a high energy yield (70%) and a good angular
contrast (a factor 12).  To prevent environmental light entering the
system one could coat most parts of the light-guide with a metallic
film. This coating has almost no influence on the performance of the
system. The energy yield is 66% and the angular contrast stays high
(a factor 12).
3. CONCLUSIONS
We succeeded in designing a low-cost, high-performance light-guide
which is part of a sensor that could be used for the continuous
compensation of the degradation of LCD-screens.
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6196-23, Poster Session
Design of a novel LED lens cap and optimization of LED
placement in a large-area direct backlight for LCD-TVs
P. C. Chao, L. Liao, C. Chiu, Chung Yuan Christian Univ. (Taiwan)
A novel cone-shaped lens cap for High Brightness Light Emitting
Diodes (HB-LEDs) is proposed for improving brightness and high
uniformity of the direct LED Backlight Units (BLUs) for large area
LCD-TVs. Combining the designed lens cap with red, green and blue
(RGB) chips on a Metal Core Printed Circuit Board (MCPCB), the
LED module with the proposed cap is able to provide a compact
white light source with unique features such as instant color
variability and lower power usage, etc. The cone shape of the
proposed lens cap is designed to emit only a small portion of light
upward along the optical axis of the lens, while most of the light rays
to the sides, providing a uniform luminance distribution and the high
brightness on the backlight. In addition, a small, local square
reflective box is designed and coupled to enclose the proposed LED
module, the inner surfaces of which are attached with reflective films
to increase the level of light mixing in the larger, global reflector box.
With the structure of the LED module well designed, the placement
of the LED modules in the BLU is next optimized via the method of
genetic algorithm (GA). In the process of GA executions, the
locations of the LED modules are the design factors to be optimized
with chosen enclosure dimensions and number of LEDs to maximize
brightness and uniformity of the entire BLU. Moreover, in the GA
process, the software TRACEPRO is utilized to compute brightness
and uniformity of the BLU with certain combination of the aforemen-
tioned design and control parameters considered. With the theoreti-
cally-optimized placement of the LED modules in hand, experiments
based on a realistic BLU built in the laboratory are conducted to
verify the performance of the proposed LED module and associated
optimized locations. The results indeed identify the attributes of the
BLU, which make it possible to achieve excellent backlight perfor-
mance using a direct illumination approach from the light source of
“Cone-Shaped Lens Cap of LEDs”.

6196-24, Poster Session
Feasibility of optical wireless communication link using
high-brightness illumination LEDs
C. Lee, Korea Photonics Technology Institute (South Korea); C. S.
Park, Gwangju Institute of Science and Technology (South Korea); J.
Kim, D. Kim, Korea Photonics Technology Institute (South Korea)
The light emitting diode (LED) industry grows rapidly due to it
versatile applications. Recently, the illumination systems start to
adopt LEDs for its cleanness, fast on-off time, low cost, and low
power consumption. Specifically, LEDs are used for rear/head-lamps
in the car, LCD backlight unit, and display in cellular phone. Also,
LEDs for office illumination system that were aimed to replace
fluorescent light lamp have been developed by several research
groups. These illumination LEDs can be used for multimedia

communications including car-to-car multimedia communication and
PC-to-cellular phone multimedia data transfer. For these broad
applications, we need to validate the performance of LED as a
communication signal source.
The objective of this paper is to report that an optical wireless
communication link using high-brightness illumination LEDs, which
can support the data rate of up to 10 Mb/s. And this gives the
feasibility of communication in any multimedia system incorporating
illumination LEDs. In this paper, we demonstrated the feasibility of
the optical wireless communication link using high-brightness
illumination LEDs.
Visible red, green, and blue LEDs are mainly produced for illumina-
tion and are not designed for communication purpose at this time.
Therefore, it is needed to find the appropriate LEDs for communica-
tion. For this purpose, we measured the modulation bandwidths of
the commercial high-brightness visible LEDs, including red, blue,
green, and white LEDs. As a reference receiver, the biased silicon
avalanche photodiode (APD) was used. The modulation bandwidths
of various LEDs are listed up.
Several types of LED transmitter were constructed, depending on the
number of LEDs, the connection of LEDs, and the method of driving.
The performance for a signal source and an illumination lamp is
characterized by measuring the optical spectrum, eye pattern, bit
error ratio (BER), and luminous intensity.
The optical wireless link using high-brightness illumination LEDs is
basically composed of LED transmitter, air channel and photodiode.
The optical received power Prec at the photodiode was measured
according to the transmission distance d, horizontal displacement h,
vertical displacement v and angular displacement. Among them, the
most dominant parameter for communication performance was
identified in terms of optical signal to noise ratio (OSNR) and bit error
ratio (BER), including eye patterns.
With the measured parameters, we demonstrate that the optical
wireless communication link using high-brightness LEDs can support
the data stream of up to 10 Mb/s.
From the inherent advantages of visible LEDs, it is expected that the
high-brightness LEDs can be used for indoor/outdoor optical
wireless communications, including the home network environment,
cellular phones and car-to-car communications in the near future.

6196-25, Poster Session
Microoptics for homogeneous LED illumination
P. Schreiber, S. V. Kudaev, Fraunhofer-Institut für Angewandte Optik
und Feinmechanik (Germany)
LED-optics for homogeneous illumination of rectangular areas - as
required for lighting of imagers or reading lamps - employ a primary
optics which acts as collimator and a secondary optics for beam
shaping, homogenization and relaying the light onto the imager.
Efficient primary optics are realized by concentrators which are either
simple reflecting or combined refractive-reflective devices. Different
design algorithms based on the modelling of the concentrators by
bezier splines were developed: A modification of the edge-ray
principle allows the description of merit function in geometrical terms
(for instance the divergence after collimator), while a more general
algorithm with direct Powell optimization allows for combined
optimization criteria like efficiency and homogeneity in near- and/or
farfield. Concentrator prototypes were realized by direct diamond-
turning in PMMA and aluminum.
Telecentric, homogeneous illumination of rectangular areas is
realized with the following secondary optics. Homogenization is
achieved either with rectangular light-pipes or using lens array
integrators. We describe design rules for array integrators derived
from simple ABCD-matrix formalism. Based on these rules, sequen-
tial raytracing is used for the actual optics system design and
analysis of aberrations which deteriorate homogeneity and system
transmission. We realized miniaturized array integrators with
monolithic tandem microlens arrays, which remarkably reduce
overall system length compared to light-pipe approaches. Further-
more, the monolithic approach relaxes system assembly by shifting
critical lateral alignment procedures to the element manufacturing,
realized by polymer-on-glass replication of reflow arrays. Cylindrical
lens arrays with filling factor of 99% enable sufficient system
transmission.
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6196-26, Poster Session
Virtual reality data visualisation on and via mobile phones
M. Feisst, Fachhochschule Offenburg (Germany); T. Blandet, Univ.
Louis Pasteur (France); A. Christ, Fachhochschule Offenburg
(Germany); J. Fontaine, Univ. Louis Pasteur (France)
Aims and System Architecture
This work is a part of the MediaPhotonics project of the cross border
cluster “Rhenaphotonics”. The aim of the MediaPhotonics project is to
transmit and present virtual reality data in 3D as monoscopic as well
as stereoscopic view. Therefore data has to be transferred from a
server to the client which does the presentation.
The special aim of this developed architecture is to bring the 3D
experience of powerful personal computer system to users with
mobile phones, hence the users can be mobile. An additional aim is to
provide this VR information as a 3D stereoscopic presentation.
3D virtual reality can provide a realistic presentation of information to
the user. With the help of description languages for virtual reality (e.g.
X3D) powerful means are available. A lot of websites are using that
technology to provide the visitor with additional 3D information.
Nowadays the processing power of mobile phones, smart phones and
personal digital assistants (PDA) is increasing, as well as the transmis-
sion bandwidth. Nevertheless there is still need to reduce the content
and processing it. In order to request information from any server in
the Internet, a mobile phone establishes over the wireless network a
connection to the service provider. The service provider forwards the
request over the Internet to the specific server. To minimise data
transmission over the wireless network to the mobile phone an
additional system which optimises the data has to be added between
the service provider and the server from where the requested
information should be obtained. The system which optimises and
sends the VR data to the connected mobile phone is called proxy
system.
In order to visualise the VR data on external devices such as a two
video projector system, the connection between the mobile phone
and the display system or a head mounted device is done over a
wireless Bluetooth connection, thus the user’s mobility is preserved.
Data Transmission and Optimisation
Besides the proxy system the mobile phone client can take over some
of the optimisation progresses. The following optimisation options can
be realised on the mobile phone and at the proxy system respectively:
Optimisation methods of the proxy system:
* Preload and cache
* Remove from client unsupported content and default values, hence
transmission time and costs  are saved
* Partial information transmission (kind of streaming)
Optimisation methods of the mobile phone client:
* Rendering strictness (amount of meshes)
* Supported content (e.g. Textures, sound)
* Partial information reception (streaming)
Visualisation on on mobile phone
Monoscopic view
To provide a pseudo 3D view to mobile phones users, the displayable
objects have to be rendered in order to generate a flat image which
represents a 3D scene. For this purpose several well known algo-
rithms are available (z-Buffer, List-Priority, etc.). In order to use these
algorithms on mobile phones either one have to implement them or
third party libraries can be used. For the use on Symbian OS enabled
phones C-libraries like the light openGL Mascot Capsule can be used.
Newer mobile phones can take advance of the Java Mobile 3D
Graphics API (M3G). These libraries support the development of
applications which provide a pseudo 3D view. Data processing time
can be changed by in- or decreasing the amount of meshes of the
presented objects.
Stereoscopic View
There are “3D ready” mobile phones on the market (Sharp) which have
a 3D stereoscopic display. An advantage of such ready made mobile
phones is that all needed operation to generate the necessary slightly
different images and the merging process is done by the operating
system or by hardware implementation. Therefore these operations
are well tested and fast and developers does not have to take care of
these processes. Other possible solutions to support stereoscopic
views on mobile phones without 3D screen need some additional
work.

One technical solution is the generation of anaglyph images. Every
displayed image out of the sequence of images is merged with the
image for the left eye and the image for the right eye. In the image for
the left eye the green and the blue colour component is removed and
in the image for the right eye the red colour component is removed
before the two images are merged. A disadvantage of this technique
is that the users have to wear glasses with cyan/red filters.
Another technical solution is to add to the mobile phone screen a
lenticular lens array. This method will unfortunately not work with
every mobile phone screen. An advantage of this method is that
users do not need any additional equipment such as special glasses.
Visualisation on external Devices
Multimedia Viewer
The Multimedia Viewer is a Bluetooth device which can be con-
nected to any display devices which have an S-Video compatible
input. Therefore the mobile phone has to generate a sequence of
JPEG images which are streamed over a Bluetooth connection to the
Multimedia viewer. Depending on the used mobile phone or more
precisely dependent on the processing power of the mobile phone
the movement of any VR-scene is more or less smooth. An advan-
tage of such a device is the larger available display area.
This method to display a VR-scene can be improved for stereo-
scopic view by either generating an anaglyph image or by streaming
the two different eye position images sequence to two different video
projectors. In the first case one display device plus red/cyan filter
glasses are used to get a 3D impression and in the second case a
two projector system with polarised filters plus glasses with
polarised filters are used to get the 3D impression.
Stereoscopic view with a two Video Projectors System
The projection system consists out of two video projectors where
every video projector beam is filtered with crossed polarised filters.
In this scenario the VR data are sent via a mobile phone over a
Bluetooth connection to a powerful personal computer system which
calculates the left and the right eye images of the 3D scene. The
information of the left eye is sent to the first projector and the right
eye to the second one. The stereoscopy is rebuilt by the stereo
vision because the left and right eye information is filtered for the
corresponding eye by the polarised filter. The movement in the VR
scene is controlled by the mobile phone over the Bluetooth connec-
tion.

6196-27, Poster Session
Diffractive grating structures for colour-separating
backlights
D. K. de Boer, H. J. Cornelissen, R. Caputo, Philips Research Labs.
(Netherlands)
The light management in present liquid crystal displays (LCDs) is not
very efficient. One of the factors limiting the light throughput is the
absorption in the colour filters. It has been shown [1] that a promising
way to reduce this absorption is the use of diffractive colour
separation by a grating on top of a lightguide in the backlight.
Recently we showed [2] that it is possible to combine colour
separation with polarised light emission by the use of a surface-relief
grating with a birefringent coating. In that way also the absorption in
the polarisers can be reduced.
In this paper we will discuss optimised grating structures for colour
separation and for its combination with polarised outcoupling.
The principle of this colour-separating polarised backlight is as
follows. A surface-relief grating with a period of approximately 400
nm is applied onto a lightguide. The grooves of the grating are filled
with a birefringent material having its optical axis along the grooves.
Furthermore, the ordinary refractive index of the birefringent material
is matched to the grating material, whereas its extraordinary
refractive index is significantly higher. As a result, light with
polarisation along the grooves (s-polarised light) can be diffracted,
whereas light with polarisation perpendicular to the grooves (p-
polarised light) will propagate unaffectedly in the lightguide due to
total internal reflection. If this structure is used in a side-lit geometry,
red, green and blue light with s-polarisation is coupled out in slightly
overlapping angular regions between -30o and +30o.
We performed experiments to show the feasibility of our concept.
The starting point is a PMMA lightguide with a polycarbonate grating
having a period of 400 nm and a modulation depth of 140 nm. In our
first experiment the grating was filled with commercially available
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liquid-crystalline material (TL 213 from Merck, no = 1.53, ne = 1.77).
With this structure in a side-lit geometry, the predicted good colour
separation was observed. The observed contrast between s-
polarised and p-polarised light is 23 around normal emission,
whereas the total intensity of s-polarized light is about 3 times the
total intensity of p-polarized light.
In another experiment we pressed a liquid-crystalline polymer into
the grating and similar results were obtained.
The structures used up to now were not yet optimised. We per-
formed calculations of the grating efficiency as a function of the
material and structure parameters. For high efficiencies of the
colour-separating polarised backlight, the extraordinary index of the
birefringent material should be high. The modulation depth of the
grating is preferentially between 300 and 500 nm. The grating
efficiency is affected by the shape of the grating as well.
There are several ways to obtain the desired grating structures. One
possibility is to use the interference pattern produced by two
impinging laser beams to induce an anisotropic polymerisation
process in photosensitive materials. An etching procedure can be
applied thereafter to realize the surface relief morphologies. Another
possibility is to realize a master of the desired structure by e-beam
techniques and then use replication/embossing methods to obtain
the same aim in suitable materials.
We will discuss the materials and the experimental conditions to be
used with both methods underlying the advantages for an eventual
industrial application. We will show a first optical characterization of
the obtained structures that evidences their novel features.
[1] Y. Taira et al., SID 02 Digest, 1313 (2002); F. Yamada et al.,
Eurodisplay 2002, 339 (2002).
[2]  D.K.G. de Boer et al., Eurodisplay 2005, 236 (2005).
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6197-01, Session 1
Light trapping in thin-film silicon solar cells by
nanotextured interfaces
H. Stiebig, M. Schulte, C. Zahren, C. S. Haase, B. Rech,
Forschungszentrum Jülich (Germany); P. Lechner, RWE Schott Solar
GmbH (Germany)
An efficient utilization of the sun spectrum is a prerequisite for highly
efficient amorphous and microcrystalline silicon p-i-n solar cells with
an absorber layer between 200 - 400 nm and 1 -2 µm, respectively
and tandem cell structures employing both diodes serially con-
nected. A successful approach to reach this aim is the application of
a randomly textured transparent conductive oxide (TCO) in combina-
tion with a highly reflective back contact. The surface morphology of
the nano-textured TCO which is also used as a transparent front
contact determines the scattering properties of the substrates and,
consequently, the optoelectronic properties of amorphous and
microcrystalline silicon solar cells. The rough TCO/silicon interfaces
results in an improved light in-coupling. The reduction of the
reflection at the TCO/p interface can be attributed to the graded
index of refraction due to sub-wavelength feature sizes. Further,
light-scattering at the rough interfaces enhances the absorption path
of the light in thin-film silicon and initiates light trapping, when light is
scattered beyond the escape angle. However, a general understand-
ing of the influence of feature sizes of the TCOs on the short circuit
current is missing which would enable a systematic development of
the surface morphology for optimized light trapping schemes and an
effective photon management. Therefore, the optical and structural
properties of different kind of commercial substrates and substrates
developed at the IPV were characterized in detail and their impact on
the performance of microcrystalline silicon solar cells is discussed.
For thin film silicon solar cells realized in superstrate configuration
TCO materials typically are fluorine doped SnO2 or aluminium doped
ZnO. The surface texture is either as-grown, like for SnO2, or ZnO
grown by low pressure CVD with lateral feature sizes between 400
and 800 nm and pyramid like structures - in the following denoted as
type I - or realized by post etching step of sputtered ZnO (type II).
Using sputtered ZnO in combination with wet chemical texture-
etching [1] has opened the possibility of generating a wide range of
haze values due to a large variety of different surface textures and
leads to crater-like structure with higher root mean square roughness
values and lateral structure sizes between 1 and 2 µm. The scatter-
ing ability is macroscopically measured by the haze (ratio of
scattered and total light transmission). Besides haze, additional TCO
properties, such as the absorbance, angular resolved scattering, and
surface structure measured by atomic force microscopy (AFM) are
performed for comprehensive study. The wavelength (λ) dependence
of the haze H(λ) of the post etched ZnO substrates can be fitted
according to the scalar scattering theory [2]
H(λ) = 1 - exp(-(4*3.14*C1*δrms /λ)^C2)
in transmission using C1 = 0.5*(nTCO - nair) and C2 = 2. Coating the
TCO substrate with a 100 nm thick Ag layer and determining the
Haze in reflection results in C1=1 and C2 = 2. The difference in C1
values originates from the different optical light path. In transmission
the suppression of Tspec is caused by a destructive interference due
to different phasing of waves propagating through the ZnO (hill) and
air (valley) regions. In reflection the different phasing of the light is
determined by the light that is reflected at the metal layer spatially
located at the hills and at valleys. Thus, the wave propagation in the
air gap region in reflection is twice as long of that in transmission.
This explains the prefactor 0.5 and 1 of C1. However, for different
kind of SnO substrates and LPCVD grown ZnO C1 matches with the
values determined from the etched ZnO substrates but C2 equals to
3, which can be likely explained by the different lateral structure
sizes. A common feature of both substrates is that the strong
variation of the Haze values is not reflected in the short circuit
current values of µc-Si:H solar cells deposited on the nano-textured
substrates. While the haze and root-mean-square roughness, which
represent a macroscopic and microscopic quantity, respectively,
generally correlate, there is no clear correlation between the haze (or
root-mean-square roughness) and short circuit current.
Light trapping implies total internal reflections of the light within the
cell structure, and hence relies on light scattered into angles beyond
the so-called escape cone. Thus the short-circuit currents are
expected to increase with the light intensity scattered within the
silicon into larger angles. Therefore, angle resolved scattering (ARS)
curves of a large variety of samples are determined for various
wavelengths varying from 488 nm to 897 nm. The ARS distributions

of the two texture types show a distinct difference. They significantly
differ for the two different texture types, i.e. predominantly small-
angle scattering for type II, and Lambertian (cosine)-like distributions
for type I substrates. For both types of substrates these distributions,
measured in air, are nearly independent on the wavelength.
A detailed numerical analysis of the scattering properties of the
different type of substrates based on AFM data shows that the ARS
distribution of the etched ZnO substrates (type II) is composed of a
geometric component and a scattering component with a distribu-
tion in accordance with a nearly ideal Lambertian scatterer. This
result explains why the haze is an insufficient parameter and the ARS
distributions integrated over scattering angles from 45° to 90° of the
different substrates fits better with the measured short circuit current
of µc-Si:H solar cells than the haze value [3]. We will present the
optical and structural properties of a large variety of randomly
textured substrates with different structure sizes and surface
morphology. Based on a detail analysis of the scattering properties
of the investigated substrates we will discuss their impact of the
solar cell efficiency.
[1]  O. Kluth, G. Schöpe, J. Hüpkes, C. Agashe, J. Müller, B. Rech,
Thin Solid Films 442 (2003) 80-85.
[2]  J. M. Bennet, L. Mattson, Introduction to Surface Roughness and
Scattering, Optical Society of America, Washington, DC (1989).
[3] H. Schade, P. Lechner, R. Geyer, H. Stiebig, B. Rech, O. Kluth,
31th IEEE photovoltaic specialists conference, Lake Buena Vista
(2005) 1436

6197-02, Session 1
Potential of optical design in tandem micromorph silicon
solar cells
J. Krc, A. Campa, F. Smole, M. Topic, Univ. v Ljubljana (Slovenia)
Tandem micromorph silicon solar cells consist of series-connected
top amorphous silicon (a-Si:H) and bottom microcrystalline silicon
(uc-Si:H) solar cell. The stability of the micromorph solar cell
depends on the thickness of the top a-Si:H cell - the thinner the a-
Si:H cell is, the more stable it is. Therefore, it is essential to decrease
the thickness of the top cell in order to reduce the effects of
degradation process in a-Si:H material on the output performance of
the micromorph solar cell. On the other hand, high absorption in the
top cell is required in order to achieve sufficiently high short-circuit
current JSC_TOP (especially important for the top-cell current-
limited solar cells), enabling high JSC of the entire micromorph solar
cell. The JSC_TOP of a thin a-Si:H cells can be increased - or kept at
the same level while performing further thickness reduction - by
using three advanced approaches: (i) a textured front TCO layer with
enhanced scattering properties, (ii) by implementation of a proper
interlayer between the top and bottom cell, or (iii) by an antireflecting
coating (ARC) on top of glass/TCO superstrate. ARCs should
minimise the reflectance from the tandem cell, which may lead to
enhanced absorptances also in the thin absorber layers.
In this work we theoretically investigate the potential and effects of
enhanced light scattering in micromorph silicon solar cells by means
of one-dimensional optical simulator for multi-layer structures with
rough interfaces [1]. Furthermore, the role of interlayer and ARC
concept are examined. Effects of using the interlayer to enhance
reflection of light into the top solar cell are investigated. Besides
typical realisation with ZnO as an interlayer, also other potential
(hypothetical) alternatives are included in simulation. The important
role of refractive index of the interlayer is revealed. Potential
improvements in quantum efficiency QE_TOP and JSC TOP in
comparison to the ZnO interlayer realisation are demonstrated. In
some cases an enhancement is detected also in the long-wavelength
QE_BOTTOM, whereas the short-wavelength QE_BOTTOM is limited
due to front reflection of light at the interlayer. Effects of ARC on the
cell performance are also significant. The influence of refractive index
and thickness of ARC on quantum efficiency and short-circuit
current of the top and bottom cell is presented. Optimisation of
ARC’s refractive index and thickness is performed and optimal
values, which render either maximal JSC_TOP or JSC_BOTTOM, are
determined. Optimised ARC enables further thickness reductions of
both, top amorphous absorber (leading to better stability of the cell)
and bottom microcrystalline absorber (leading to shorter deposition
time). The improvements in performance of the cells related to
interlayer and to ARC are mutually compared and evaluated in
comparison to the improvements caused by light scattering at rough
interfaces.
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[1] J. Krc, F. Smole, M. Topic, Progress in Photovoltaics: Res. Appl
11 (2003) 15-26.

6197-03, Session 1
Silicon nitride for solar cells
M. Kunst, Hahn-Meitner-Institut Berlin (Germany)
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Marinus Kunst was educated as a physical chemist with a PhD thesis
on hydrogen bonding of alcohols in solution. He worked for the last
twenty years as research scientist in the Hahn-Meitner Institut in
Berlin on solar energy conversion specialized in the optical and
electrical characterization of semiconductor devices and semicon-
ductor/electrolyte systems.
Abstract
Silicon-nitride films for solar cells
The refractive index of silicon nitride films (stoichometrically Si3N4)
makes this material appropriate as antireflective coating for silicon
(Si). As this material leads also to electrical passivation of the Si
surface, the extensive use of Si3N4 films for silicon solar cells is
understandable.
It will be shown that the antireflective properties of Si3N4  coatings
on Si can be monitored not only by  optical transmission/reflection
measurements but also (in many cases more accurately) by transient
photoconductance (TPC) measurements. Under well defined
conditions the amplitude of the TPC signal is proportional to the
number of photons absorbed in Si. These conditions will be
discussed and explained. Spatially scanning of Si3N4 coated Si
wafers by contactless TPC measurements will be presented. The
homogeneity of the coatings were determined with great accuracy
and spatial resolution.
The efficient electrical passivation of Si by Si3N4  films is demon-
strated with TPC measurements  at the hand of measurements of the
surface recombination velocity at the  Si3N4 /Si interface leading to
surface recombination times exceeding 50 microseconds for
0.200mm thick wafers of n-doped crystalline silicon (n-Si). This
excellent passivation in combination with the antireflective properties
of Si3N4  coatings opens the possibility for efficient  Si solar cells
illuminated at the back side: i.e. at the n-Si/ Si3N4   side where the
energy converting face is at the other side. This is particularly
interesting for a particular kind of Si heterojunctions and will be
shown at the hand of amorphous Si (a-Si:H)/Si heterojunctions.
In a-Si:H/Si heterojunctions the part of the excitation light absorbed
in the a-Si:H part of the junction does not contribute to the current in
the external circuit (due to the high recombination in a-Si:H) and so
can be considered as lost. Besides, an antireflective coating must be
deposited on the a-Si:H . It will be shown that illumination of  Si3N4/
n-Si/p a-Si:H at the Si3N4 side leads to a substantially higher yield
compared to illumination of the p a-Si:H side. Possibilities and
advantages of  this structure, in particular the contacting, will be
discussed. Other examples of these “inverted” solar cell structure
are considered.

6197-04, Session 1
Dispersive elements for spectrum splitting in solar cell
applications
A. Bielawny, P. T. Miclea, A. von Rhein, R. B. Wehrspohn, Univ.
Paderborn (Germany); S. van Riesen, S. Glunz, Fraunhofer-Institut für
Solare Energiesysteme (Germany)
The concept of optical spectrum splitting for photovoltaic multigap
structures has been proposed with the advantage of compatibility to
all types of cells. Although additional optical efforts have to be made,
external photon management can be achieved to match different

solar cell combinations no matter which band gaps involved or how
the cells are connected. Multigap approaches generally reduce
thermalization losses since higher energy photons are directed to the
next cell. With optical spectrum splitting it is possible to illuminate
cells sharply at their band-edge, thus reducing losses from unwanted
absorption of high-energy photons ins low-bandgap cells. Neverthe-
less important is high efficiency of optical devices used to spectrally
split sunlight. :Our aim is application of photonic crystals to
photovoltaic solar cells providing spectral photon management to
increase overall efficiency in multigap-arrays. :Optical double- and
triple-cell arrays have been built to form a basis for comparison of
novel optical filters and selective devices. :We present an experimen-
tal study comparing optical devices based on either interference or
diffraction for tandem and triple cell configurations to institute an
optical multicell-system by means of classical optical components.
:Whereas diffractive media such as gratings suffer intrinsically from
higher order diffraction losses, devices based on thin-layer interfer-
ence such as Bragg filter can yield a significant efficiency increase.
For a triple cell configuration consisting of GaInP/GaInAs/GaSb, a
net efficiency gain of more than 30% is shown in a solar cell
simulator compared to the best cell used in direct light. :The angular
deviation of a dichroic filter’s optical reflection-edge allows a tuning
of the system to match band-edges of different photovoltaic cells
with the very same set of optical filters. This way an optical spec-
trum-splitting array can easily be extended or upgraded with new or
additional cells. The presented basic beamsplitting array sets our
destination to replace the mounted dichroic filters with cheaper and
simpler devices. :We present our work on photonic structures
showing spectral behaviour
similar to Bragg filters.: Focusing on opaline structures aggregated
from monodisperse nanopheres in different methods of assisted self-
organization we discuss possibilities of manufacturing crystal layers
with controllable thickness and the problems in achieving large
crack-free layers. :Since the nanospheres are getting cheaper in
large amounts as their basic materials are Silicondioxide or plastics,
artificial opals are considered ideal for mass production of any
optical devices.
We investigate the options in these photonic crystals  to be used as
spectrum-splitting devices for multijunction cells, replacing expen-
sive dichroic mirrors. :We give experimental results on the obtained
optical properties of our structures in angular resolved reflection and
transmission spectra. The angularly tunable photonic band-edges of
three dimensional artificial opal lattices and their inverted structures
offer many opportunities and approaches to spectral splitting via
selective reflection and transmission. :We discuss possible solutions
to the significant problem of conductivity and anchoring on semicon-
ducting or insulating material used to fabricate these crystals and
conclude to feasible applications in photovoltaic solar cells with
respect to means of spectral photon management in sunlight.

6197-05, Session 1
Fundamental optical simulations of light trapping in
microcrystalline silicon thin-film solar cells
C. S. Haase, H. Stiebig, Forschungszentrum Jülich (Germany)
Thin film silicon solar cells require an effective light trapping and a
low reflectivity over the entire sun spectrum. As the optics in thin film
devices is not understood in detail optical simulations can be a
useful tool to investigate the wave propagation in textured layer
stacks. For microcrystalline (µc-Si:H) and amorphous (a-Si:H) silicon
solar cells transparent conductive oxides (ZnO) with randomly rough
textured interfaces are commonly used to achieve an improved light
in-coupling into the cell and light scattering at the rough interfaces.
Since periodically textured substrates offer the possibility to design
the solar cell in accordance to a waveguide, the solar cells with
integrated grating coupler and Bragg reflector gain more and more in
importance. To get more insight into light propagation a detailed
computational study focussing on the relation of the incoming light
wave and the structure size of the interface texture seems extremely
promising.
As a regular periodic grating coupler might succeed as an adequate
alternative to randomly textured substrates for photon management,
a rectangular shaped grating coupler was integrated into a-Si:H and
µc-Si:H solar cell. The grating coupler itself is formed by the shape of
the ZnO front layer. Due to the nearly conformal deposition of the
silicon layer in between the TCOs (TCO front contact and TCO/Ag-
back contact) the absorber volume is nearly independent from the
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grating parameter specification. In the experiment the period size P
and groove height hg of the grating were varied from 1 to 4 µm and
100 to 600 nm, respectively.
To understand how a sophisticated interface texture has to be
designed the simulations provide a precise tool to address very
fundamental questions. The grating parameters of interest are firstly
the period size and groove height. Further, the shape of the grating
coupler needs to be investigated. The grating pattern can be
designed of 1-dimensional or 2-dimensional lines. The numerical
simulations of microcrystalline thin film silicon solar cells with a
periodically textured ZnO front contact (grating coupler) were
performed with the Finite Integration Technique (FIT) that solves the
integral form of the Maxwell equations in 3D. The finite calculation
domain, in our case a unit cell of the multi layer device describes one
period of the integrated grating with an element volume in the µm3
range. It contains a mesh system with up to several million grid cells.
The µc-Si:H and ZnO-layers are characterized by their optical
constants n(lambda) and k(lambda). The silver back contact layer
was calculated as an ideal metal as the optical properties of the
evaporated silver at the ZnO/Ag interface are unknown and a speed
up of the calculation is beneficial.
In general the experimentally observed trends of µc-Si:H solar cells
with rectangular shaped grating couplers are well reproduced. To
improve the light trapping properties especially the red wavelength
region has to be addressed. Therefore, illumination with circular
polarized, monochromatic radiation was performed. The quantum
efficiency of the silicon absorber layer was calculated as QE =
Power(absorbed)/Power(incident). The QE of cells with integrated
grating is fundamentally increased compared to a flat cell. This can
be attributed to a diffraction of the incoming light wave and an
elongated absorption path. The optimum groove height (hg) has
been calculated for 300 nm < hg < 400 nm and a period size fixed at
1.2 µm for a 1 µm thick microcrystalline silicon absorber layer. The
maximum of the red response was determined for a period size
between 0.7 and 1.2 µm. Besides the groove height and the period
size, also the shape plays an important role for the optical properties
of the grating coupler. Therefore, interface shapes which differ from
the previously used 2 discrete level rectangular grating have been
tested. The period size was kept constant at 1.2 µm and the groove
height was set to 300 nm. As the randomly textured substrates in
real devices have an improved light incoupling of blue light besides
the enhanced red light trapping, the calculations were performed for
a wide spectrum of lambda = 300 - 1100 nm. Calculations of the QE
for the whole range spectrum were conducted for a flat cell, a
rectangular shaped 2-level grating, a 6-level blazed / 3-level blazed
grating and triangle blazed gratings fitted by 3, 4, 5 and 6 discrete
levels. For each wide spectral calculation the short circuit current
was calculated using an ideal AM1.5 spectrum. For the discussion
the wide spectrum was subdivided into three parts (300 - 550 nm,
550 - 700 nm and 700 - 1100 nm) to be able to discuss the grating
properties for blue, green/red and near-infrared light, separately. The
short circuit currents of the various gratings can then be compared
to the value of a flat cell without grating coupler to see the gain the
gratings have introduced in each individual wavelength regions and
over the entire spectrum. The simulations have shown that 1-
dimensional grating couplers enable an increase in short circuit
current of more than 30 % in comparison to a flat cell. For near-
infrared light an improved light in-coupling and light trapping effect
can be seen, both in simulations and experiments. For blue light an
improved light in-coupling cannot be seen in the experiment
(rectangular 2 level gratings only). In the simulation the blue light in-
coupling is almost unchanged in the case of a 2 level rectangular
grating but clearly enhanced for gratings fitted with more discrete
levels.
We will present a detailed analysis of µc-Si:H solar cells with
integrated grating couplers by numerical simulation and experimental
study. Simulation results predict further optimization criteria for an
advanced photon management in thin film silicon solar cells.

6197-06, Session 1
Characterization of UV laser ablation for microprocessing
of a-Si:H thin films
C. L. Molpeceres Alvarez, S. Lauzurica, J. L. Ocaña, Univ.
Politécnica de Madrid (Spain); J. J. Gandía, L. Urbina, J. Cárabe,
CIEMAT (Spain); F. Villar, J. Escarré, J. Bertomeu, J. Andreu, Univ.
de Barcelona (Spain)

INTRODUCTION:
Hydrogenated amorphous silicon has been widely studied last years,
both from the basic research and industrial points of view, due to the
important set of potential applications that this material offers,
ranging from Thin Films Transistors (TFTs) to solar cells technolo-
gies[1].  In different fabrication steps of a-Si:H based devices, laser
sources have been used as appropriate tools for cutting,
crystallising, contacting, patterning, etc., and more recent research
lines are undertaking the problem of a-Si:H selective laser ablation
for different applications[2,3].
The controlled ablation of semiconductor materials with minimum
debris and small heat affected zone is one of the most important
difficulties for the successful implementation of laser micromachining
as a competitive technology. This work presents a detailed study of
a-Si:H laser ablation in the ns regime. Ablation curves are measured
and fluence thresholds are determined. Additionally, and due to the
improved performance in optolectronic properties associated to the
nanocrystalline silicon (nc-Si:H), some samples of this material have
been also irradiated.
EXPERIMENTAL TECHNIQUES:
The ablation studies presented in this paper have been carried out
using the micromachining laser facilities available at Centro Laser
UPM. Laser systems emitting in the UV and in ns temporal regime
has been used. VIS and IR wavelengths of Diode Pumped Solid
State Lasers (DPSS) were not considered due to the absorption
characteristics of the studied material and the lack of quality inherent
to IR interaction[3]. A laser workstation, ML-100, designed by Centro
Laser UPM, was used for UV irradiation. This equipment combines
two different UV laser sources: a Nd:YVO4 emitting pulsed UV
radiation at 355 nm for focal point processing, and an excimer laser
emitting pulsed UV radiation at 248 nm (KrF) for mask projection and
hybrid processing. The system includes a sophisticated 3D position-
ing system and additional imaging and control devices.
Amorphous silicon samples were obtained by plasma-enhanced
chemical vapour deposition (PECVD) of pure silane at temperatures
about 200°C (in the facility available at CIEMAT), and by hot-wire
chemical vapour deposition (HWCVD) in the facilities at the Dpt. of
Applied Physics and Optics of Barcelona University. nc-Si samples
were obtained by HWCVD under the same conditions that the
material used as intrinsic layer in nc-Si:H solar cells[4].
Confocal Laser Scanning Microscopy (CLSM) has been used for
ablation curves determination, ablation-profile measurements and
morphological characterization. The equipment operation wave-
length (635 nm) together with the objective numerical aperture and
pinhole diameter gives the final resolution in axial direction. The
expected accuracy in step measurements is about 10 nm. Additional
SEM images are included for a better comprehension of the
morphology of the ablated samples.
RESULTS:
A detailed study of UV laser ablation has been carried out in thin film
a-Si:H and nc Si:H samples prepared by different techniques and
with different thicknesses. Different strategies for ablation curves
determination and fluence threshold measurement have been used
depending on the characteristics of the laser parameters (pulse
shape, repetition frequency, etc.) in order to establish adequate
parametric windows for laser microprocessing of a-Si thin films.
Additional morphological analysis of the irradiated surfaces and
comparison of the results for the different crystalline phase of the
material are also presented, in order to emphasize the advantages of
using UV laser sources for direct writing of this kind of material with
dimensional tolerances in the order of the micrometer.
ACKNOWLEDGEMENTS:
This work has been financed by the Spanish National R&D Plan
through project NTS (ENE2004-07376-C03).
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6197-07, Session 2
Observation of efficient multiexciton generation by single
solar photons in semiconductor nanocrystals: progress
toward generation III photovoltaics
R. D. Schaller, V. I. Klimov, Los Alamos National Lab. (USA)
Mechanisms that improve the conversion efficiency of photon energy
into charge carriers with minimal losses to heat can allow for
increases in the ultimate efficiencies of various photo-induced
physical and chemical processes such as photo-generation of
electricity (photovoltaics) and solar fuels. Normally it is assumed that
the absorption of a single light quantum (a photon) by a semiconduc-
tor produces a single electron-hole pair (an exciton) independent of
the photon energy in excess of the semiconductor bandgap (Eg),
meaning that the quantum efficiency (QE) in generating electron-hole
pairs (excitons) is 100%. In this case, all photon energy in excess of
Eg is lost to heat via phonon emission. It is energetically possible,
though, for an absorbed photon of at least 2Eg to produce more than
one exciton when absorbed by a semiconductor. Such a process
would lead to increased power conversion efficiencies in photovolta-
ics via an enhanced photocurrent for a fixed photovoltage. Indeed, in
the late 1950s, it was indirectly observed that more than one exciton
could be produced per absorbed photon (a process now called
impact ionization, multiexciton generation, or carrier multiplication,
CM) in bulk semiconductor materials, however, the efficiency of the
process is quite low for solar photon energies. In fact the measured
efficiencies are so small that even for a theoretically optimized
material, expected increases in power conversion efficiency are only
~1% [Appl. Phys. Lett. 63, 2405 (1993)].
We have recently developed an experimental technique that allows
one to directly observe and quantify the efficiency with which
multiple excitons are generated in semiconductor nanocrystals as a
function of absorbed photon energy. The method utilizes ultrafast
transient absorption and exploits the distinct dynamical signatures of
Auger recombination of multiple excitons in these materials. Using
this technique, we recently demonstrated [Phys. Rev. Lett. 92,
186601 (2004)] that quantum-confined semiconductor nanocrystals
composed of PbSe can produce two or even three excitons (QE \>
200%) in response to a single absorbed photon. To address the
issues of generality of CM and the mechanism for this phenomenon,
we have performed comparative studies of CM in nanocrystals of
PbSe and CdSe that are characterized by a significant difference in
both electronic structures and carrier relaxation behaviors. Despite
these differences, both compositions exhibit CM with comparable
efficiencies (defined in terms of the slope of the QE dependence on
photon energy above the CM threshold), which is indicative of the
generality of this phenomenon to quantum-confined, semiconductor
nanoparticles. We demonstrate that CdSe nanocrystals show a lower
activation threshold for CM than PbSe nanocrystals (~2.5 vs. ~2.9
energy gaps), which can be explained using simple carrier effective-
mass arguments. Furthermore, we observe a monotonic increase in
QE with increasing excess energy above the CM threshold in PbSe
nanocrystals and we expect that these values can be increased
further by using still higher photon energies and/or by decreasing the
energy gap.
We calculate that this effect of efficient CM raises the theoretically
achievable power conversion efficiencies of quantum dot-based,
single-gap photovoltaics significantly above the Shockley-Queisser
“apparent” thermodynamic limit [J. Appl. Phys. 32, 510 (1961)].  This
high efficiency use of blue solar photons has the potential to make
photovoltaics competitive with several non-renewable energy
sources because the effect can function in low-cost, single gap
photovoltaic device structures. However, CM also presents unique
challenges such as the requirement that multiple charge separations
(or transfers of excitons) take place very rapidly with high efficiency
because Auger recombination of multiexcitons (one exciton
recombines by imparting energy into an electron or a hole of another
exciton) takes place on a ten- to hundred-picosecond timescale in
quantum dots. We will also discuss various approaches for achieving
fast separation of charges produced by the CM process.

6197-08, Session 2
Light-harvesting host-guest antenna materials for
photonic devices
G. A. Calzaferri, Univ. Bern (Switzerland)
In natural photosynthesis, light is absorbed by photonic antenna
systems consisting of a few hundred chlorophyll molecules. These
devices allow fast energy transfer from an electronically excited
molecule to an unexcited neighbour molecule in such a way that the
excitation energy reaches the reaction centre with high probability.
Trapping occurs there. The anisotropic arrangement of the chloro-
phyll molecules is important for efficient energy migration. In natural
antennae the formation of aggregates is prevented by fencing the
chlorophyll molecules in polypeptide cages. A similar approach is
possible by enclosing dyes inside a microporous material and by
choosing conditions such that the cavities are able to uptake only
monomers but not aggregates. In most of our experiments we have
been using zeolite L as a host because it was found to be very
versatile. Its crystals are of cylindrical shape and consist of an
extended one-dimensional tube system. They can be prepared in
wide size range. We have filled the individual tubes with successive
chains of different dye molecules and we have shown that photonic
antenna materials can be prepared, not only for light harvesting
within the volume, but also for radiationless transport of electronic
excitation energy to a target molecule fixed at the ends of the
nanochannels as well as with an injector molecule fixed at their
„entrances”. The molecule which has been excited by absorbing an
incident photon transfers its electronic excitation to another one.
After a series of such steps the electronic excitation reaches a
luminescent trap. The energy migration is in competition with
spontaneous emission, radiationless decay, quenching, and
photochemically induced degradation. Fast energy migration is
therefore crucial if a trap should be reached before other processes
can take place. - The supramolecular organization of the dyes inside
the channels is a first stage of organization. It allows light harvesting
within a the volume of a dye-loaded zeolite L crystal and radiation-
less transport to both ends of the cylinder or from the ends to the
centre. The second stage of organization is the coupling to an
external acceptor or donor stopcock fluorophore at the ends of the
zeolite L channels, which can trap or inject electronic excitation
energy. The third stage of organization is the coupling to an external
device via a stopcock intermediate. The wide-ranging tunability of
these highly organized materials offers fascinating new possibilities
for exploring excitation energy transfer phenomena, and challenges
for developing new photonic devices for solar energy conversion and
storage. A dye-sensitized solar cell which employs energy transfer
instead of electron injection is of great interest. The advantage of
such a cell is that the dyes do not require regeneration. This is in
contrast to cells working by electron injection, in which the dyes
have to be regenerated by a redox couple.
A dye-zeolite composite prepared as a monodirectional antenna
opens possibilities for novel sensitized solar cells. Arranging small
composite crystals with their c-axes perpendicular to the surface of a
semiconductor allows transport of the excitation energy towards the
zeolite-semiconductor interface by energy migration. Stopcock
molecules are placed only at one channel end to allow energy
transfer. The semiconductor layer can be very thin, because the
electron-hole pairs form near the surface. The transfer of electrons
from antenna to semiconductor is prevented by introducing an
insulating layer.
Energy can also be transferred from an appropriately chosen
semiconductor to the antenna composites by reversing the current
and putting a voltage over the semiconductor. The dye-zeolite
composites on the semiconductor surface subsequently lose their
energy by emitting light. The colour of the emission can be tuned by
adapting the ratio of blue, yellow, and red fluorescent dyes, hence
also white light emission is possible. Higher energy efficiency is
expected for such a system compared to conventional LEDs.
G. Calzaferri, S. Huber, H. Maas, C. Minkowski, Angew. Chem. Int.
Ed. 2003, 42, 3732. S. Huber, G. Calzaferri, ChemPhysChem 2004,
5, 239. O. Bossart, L. De Cola, S. Welter, G. Calzaferri, Chem. Eur. J.
2004, 10, 5771. A. Zabala Ruiz, D. Brühwiler, G. Calzaferri,
Monatshefte für Chemie, 2005, 136, 77. G. Calzaferri, O. Bossart, D.
Brühwiler, S. Huber, C. Leiggener, M. K. van Veen, A. Zabala Ruiz, C.
R. Chimie 2005 , in press. T. Ban, D. Brühwiler, G. Calzaferri, J. Phys.
Chem. B, 2004, 42, 16348. D. Brühwiler, G. Calzaferri, C. R. Chimie
2005, 8, 391. C. Minkowski, G. Calzaferri, Angew. Chem. Int. Edition
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01266/05, 2005. A. Devaux, Z. Popovi´c, O. Bossart, L. De Cola, A.
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6197-09, Session 2
Photon harvesting using directed energy transfer
between nanostructures
R. Koeppe, A. Fuchsbauer, S. Lu, N. S. Sariciftci, Johannes Kepler
Univ. Linz (Austria)
In this contribution we present a concept of photon harvesting using
directional long distance energy transfer. We investigate two
systems in which cascaded energy transfer has been shown. In one,
a layered structure of luminescent semiconductor nanoparticles in
the quantum confinement regime is produced by a layer by layer self
assembly process. If the layers are formed by nanoparticles of
consecutively increasing size and therefore decreasing bandgap,
resonant energy transfer occurs and the excitations are efficiently
funneled towards the largest nanoparticles [1]. The other approach is
to fill the nanochannels in a Zeolite crystal with dyes of different
colour, so that resonant energy transfer will move the energy
towards the ends of the crystal [2].
In both approaches, this leads to a concentration of excitations, the
energy of which can be used for charge generation or photochemical
processes in a defined spatial region. We envision the integration of
these nanostructures for an advanced photon harvesting in organic
materials based optoelectronics. Thus the photon absorption can be
decoupled from the charge transfer and charge transport processes
in a device, allowing separate optimisation for the materials used.
The photophyiscs of materials and nanostructures used for this
purpose is tested with cw and transient photoluminescence
spectroscopy.
References:
[1] T. Franzl, T.A. Klar, S. Schietinger, A.L. Rogach and J. Feldmann,
“Exciton recycling in graded gap nanocrystal structures”, Nano
Letters 4(9), 1599, 2004
[2] G. Calzaferri, S. Huber, H. Maas and C. Minkowski, “Host-guest
antenna materials”, Angewandte Chemie-International Edition 42(32),
3732, 2003

6197-10, Session 2
Nonlinear collection efficiency of Si solar cells containing
nanoscale Si-layered systems
Z. T. Kuznicki, P. P. Meyrueis, Univ. Louis Pasteur (France); G.
Sarrabayrouse, LAAS-CNRS (France)
A nonlinearly of the photovoltaic (PV) conversion which depends on
the excitation has been observed on multi-interface novel devices
(MIND) provided with a nanoscale Si-layered system (ns-Si-ls). The
effect is easily visualized on carrier collection efficiency (CE), which
varies with: 1) incident (probing) light intensity or 2) with the bias
(pumping) light intensity. Convergent results have been also
observed comparing PV conversion performances of continuous and
discontinuous ns-Si-ls as a function of the injection level.
The same sample has been measured using the two different
equipments, respectively: 1) filters with light focalization and 2)
monochromator. In the first case, when the CE has been measured
with different probing flux intensities and without any optical bias,
the difference of corresponding excitations can be roughly estimated
on two/three orders of magnitude; the spot of the filter apparatus
having the near-solar intensity.
In the second case (CE measured with the same probing flux but
with a different pumping intensity of the white light) a modification of
CE appears in the near IR. This suggests a more or less filling
(saturation) of traps which energy levels are spread within the band
gap.
In the third case (comparison of PV conversion performances) the
incident flux intensities differ from each other of about five orders of
magnitude (102 and 105 lm). Low injection level (102 lm) allows an
enhancement of the optimal PV power by using discontinuous ns-Si-
ls. Its value is about five times larger than that of the corresponding
continuous ns-Si-ls. In the high injection level (105 lm, i.e. solar
intensity) the ns-Si-ls improvement doesn’t work because the
optimal PV power of both continuous and discontinuous ns-Si-ls is
practically the same.

At the first stage one can conclude that, in general, the nonlinearity
of the PV MIND conversion dependents on the free-carrier density
and on the lateral transport of carriers inside the surface zone.

6197-11, Session 2
Supramolecularly organized dyes in monolayers of zolite
L for solar-energy devices
A. Zabala Ruiz, H. Li, G. A. Calzaferri, Univ. Bern (Switzerland)
In natural photosynthesis, complex arrays of antennae collect solar
energy and convert it into chemical potential energy that drives the
chemistry of the photosynthetic machinery. The processes involved
are very fast and highly efficient.
:The structural features of zeolites, i.e., defined cages and channels
of uniform sizes, are ideal for obtaining highly organized arrange-
ments for a large variety of organic dye molecules. The role of the
zeolite is to act as a host for realizing the desired geometrical
properties and for stabilizing the incorporated molecules.
:The dye-zeolite composites reported so far [1] show fascinating
photonic antenna properties which are comparable to some extent
to those of natural systems. An important step towards adding
further functionality to dye-zeolite systems and achieving a higher
level of organization is the controlled assembly of the zeolite crystals
into oriented structures. It has been recently reported [2] that
transport of electronic excitation energy through dye molecules
inside the channels of zeolite L crystals occurs preferentially parallel
to the main channels. Oriented zeolite L monolayers, i.e., an
arrangement consisting of zeolite L crystals oriented such that their
channels are perpendicular to a substrate, is thus desirable for
efficient transport of electronic excitation. The successful assembly
of aligned zeolite L monolayers largely depends on the ability to
obtain zeolite crystals with narrow size distribution and well-defined
morphology [3] and on the chemical procedure used to prepare such
monolayers.
:We have succeeded in preparing high quality close-packed zeolite L
monolayers and in subsequent insertion of dye molecules into the
open channel end. [4] This leads to highly organized monodirectional
antenna materials where electronic excitation energy is transported
in only one direction. Highly ordered systems with non-linear optical
properties are obtained upon insertion of a non-centrosymmetric dye
due to appropriate orientation.
Using zeolite L monolayers in photoelectrochemical water splitting
experiments [5] allows increasing the active surface of the
photoanode considerably which is a prerequisite for enhancing its
efficiency. Results on applying the monodirectional antenna
materials in photovoltaics and in colour changing solar energy
conversion devices will be reported.
:[1] Gion Calzaferri, Stefan Huber, Huub Maas, Claudia Minkowski,
Angew. Chem. Int. Ed.  2003, 42, 3732.
:[2] Claudia Minkowski, Gion Calzaferri, Angew. Chem. Int. Ed.  2005,
44, 5325.
:[3] Arantzazu Zabala Ruiz, Dominik Brühwiler, Takayuki Ban, Gion
Calzaferri, Monatsh. Chem. 2005, 136, 77.
:[4] Gion Calzaferri, Arantzazu Zabala Ruiz, Huanrong Li,
Patentschrift 01266/05, 2005.
:[5]  Antonio Currao, Vanga Raja Reddy, Marieke K. Van Veen, Ruud
E. I. Schropp, Gion Calzaferri, Photochem. Photobiol. Sci.  2004, 3,
1017.

6197-12, Session 3
Light confinement in thin-film organic photovoltaic cells
K. Tvingstedt, O. Inganäs, Linköpings Univ. (Sweden); M. Tormen, L.
Businaro, Lab. Nazionale TASC/INFM (Italy)
Conjugated polymers are promising materials for the production of
inexpensive and flexible photovoltaic cells. LEDs and transistors
made from these types of materials are already emerging in industrial
manufacturing. The quantum efficiency of thin film organic solar cells
is however limited by several processes, and do not perform as well
as their inorganic counterpart. One of the limitations is the relatively
low charge carrier mobility which prevents generated charge carriers
from reaching the electrodes. The probability for both dissociation
and recombination is large in donor/acceptor blends due to the large
surface to volume ratio. The low mobility of separated charges leave
them time to recombine before reaching the electrodes. Minimizing
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the film thickness would hence be a route to collect more generated
charge carriers. However, a minimum film thickness is required for
sufficient photon absorption. Present time best performing devices
are optimized to have a film thickness in the ~150 nm regime
facilitating large photon absorption and limited charge collection.
The aim here is to construct and incorporate light trapping structures
that enable high photon absorption in a thinner film by enhancing the
optical path length for impinging photons. This enhances the
absorption rate and generates more charge carriers. An efficient
scattering element should be larger than the wavelength of light to
effectively alter the photon propagation direction. Hence, difficulties
are inherent when incorporating scattering structures inside a ~100
nm thick organic film. Therefore, some different engineering is
required compared to present inorganic components. Transparent
electrodes on both sides of the active polymer material will allow for
placing scattering elements close to, but not in contact with the thin
active layer. This will facilitate light trapping of reflected photons
both via scattering structures and total internal reflection. A new
synthesis via vapor phase polymerization of the highly conducting
polymer PEDOT is one alternative to thin semitransparent metal top
electrode. These types of solar cells with semitransparent electrodes
and light scattering structures are tested and evaluated.
Additionally, according to a micro lithographic process recently
developed in one of our laboratories, we have been able to fabricate
three-dimensional refractive microstructures of interest as such back
reflectors in photovoltaic cells. Different types of three-dimensional
structures have been formed in quartz, fully covering areas of ~3
cm2, with processes up scalable to full wafer size. The quartz
structures have been reproduced by polymer replica molding and
laminated on to a conjugated polymer solar cell. The introduction of
the refractive elements shows effects on the absorption of the
photovoltaic cells, and offers a possibility for the improvement of the
overall performances of these devices through the optimization of
design of the three-dimensional geometries of the back reflectors.

6197-13, Session 3
Optical near-field phenomena in planar and structured
organic solar cells
M. Niggemann, Fraunhofer-Institut für Solare Energiesysteme
(Germany); M. J. Glatthaar, Albert-Ludwigs-Univ. Freiburg (Ger-
many); M. K. Riede, T. Ziegler, Fraunhofer-Institut für Solare
Energiesysteme (Germany); B. Zimmermann, Albert-Ludwigs-Univ.
Freiburg (Germany); A. Gombert, Fraunhofer-Institut für Solare
Energiesysteme (Germany)
Organic Solar cells have become a very attractive research topic, as
they have the potential for low cost production and are expected to
give rise to new applications due to their mechanical flexibility. The
efficiency has been doubled during the last four years, reaching
values close to 5%. Together with the reported longterm stability, the
goal of commercialization of first organic solar cell products is within
reach.  However, the major limitations are still the too large optical
bandgap of the organic semiconductor and the small charge carrier
mobilities. Therefore, the thickness of the photoactive layer is limited
to 100nm up to 300nm.
The architecture of most organic electronic devices is planar, were
the  semiconducting organic layer is sandwiched between planar
electrodes. Whereas one of these electrodes needs to be optically
transparent.
Implementing micro- and nanopatterned structures in these organic
electronic devices offers the possibility to optimize, or even to create
novel devices.
Optical modelling is assumed to be essential for proper dimensioning
of the structures. The thickness of the substrate of most organic
solar cell architectures exceeds the coherence length of the sunlight
(2 µm), whereas the thickeness of the photoactive and passive layers
is much smaller. Therefore, incoherent and coherent optics have to
be considered. A very versatile method to calculate the optical near
field in corrugated layer systems, aswell as the resulting far field is
the so called Rigorous Coupled Wave Analysis (RCWA).  Optical near
field phenomena were studied for two novel device architectures
based on nanoelectrodes and microprisms. Planar solar cells are
modelled for comparison. Buried nanoelectrodes in the first device
architecture form a comb-like array of vertically orientated electrodes
embedded in the photoactive layer. These electrodes shall contribute
to an efficient charge collection.  As the dimensions of the structures
are below the wavelength of the incident light, optical near field

phenomena have to be taken into account for modelling. Two
polarisations of the incident light  - transverval electric (TE) and
transversal magnetic (TM) have to be considered. We calculate
strong absorption losses for TM-polarisation in the metal electrode.
These results are confirmed by measurements of the polarisation
dependent spectral response of such devices.
The second device architecture is based on a functional microprism
substrate. It can be regarded as a folded planar solar cell. Of
advantage are the substitution of the cost intensive ITO-electrode by
a highly conductive polymer layer with a supporting metal grid. The
angular absorption in the organic thin film system is calculated for
the two polarisations of  incident light. Here again differences in the
spectral absorption were calculated in TE- and TM- polarisation. In a
first approximation the short-circuit current density is calculated from
the spectral absorption in the blend layer and the solar spectrum. An
internal quantum efficiency of unity is assumed. When the incident
angle is increased from normal incidence (0°) up to 80°, the
calculated short-circuit current for TE- and TM-polarisation increases
up to a certain peak value. The reason for an increased charge
carrier generation with increasing incident angle can be found in a
shift of the spectral absorption in the photoctive layer from short
wavelengths towards longer wavelengths. The overall photocurrent is
increased because of the larger photonflux of the solar spectrum at
longer wavelengths. From these initial calculations it can be
concluded that inclined incident light on the thin film system should
result in an increased short-circuit current in an angular range from
0° to 72° for unpolarised light. The absorption losses in the metal
electrode in TM-polarisation can be explained by a pseudo-Brewster
effect. The results on optical modelling were confirmed by experi-
ments on the presented solar cell architectures.

6197-14, Session 3
Size effects on the performance of ruberene/C60
heterojunction solar cells
A. K. Pandey, J. Nunzi, Univ. d’Angers (France)
Organic photovoltaic has drawn considerable attention in recent
years as the power conversion efficiency has scaled up to 5.0 % and
it bears the promise to become the thriving technology to address
the much growing issue of future energy demands. In general, as far
as the specific kind of active materials and their working mecha-
nisms are concerned, we can classify them in two categories e.g.
polymer based bulk-heterojunction cells and oligomer/dye based
mixed/multilayer cells. Much work has been done in order to
optimize both kinds of cells by improving the photovoltaic param-
eters using various techniques and changes in the pre-existing
reports. There exists a lot of ambiguity to compare one combination
with the other as most of the reported devices vary in one or many
respects from one another. One such variation is the active area of
the performing cells. Existing efficient cells varies by a factor more
than 100 when compared to the others. We will present our
systematic studies on effect of device area on the photovoltaic
parameters VOC, JSC, FF and conversion effeciency of the solar cell
based on ruberene/C60 hetrojunction. We observed that going down
from an active device area of 0.79 cm2 to 0.03 cm2, with areas of
0.32, 0.28 and 0.07 cm2 in between the span, has direct influence on
one or more parameters like JSC and FF, resulting in different power
conversion efficiencies at higher intensities (100mW cm-2). A cell of
active area of 0.79 to 0.28 cm2 is 1.0% efficient compared to 2.12%
from the cell with 0.03 cm2 of the same. We observed an increase in
short circuit current density and fill factor values with small areas and
will try to correlate this difference on overall performance of the cell.

6197-15, Session 3
Organic tandem solar cells: from evaporation to solution
processing
H. Prall, R. Koeppe, R. Autengruber, G. Dennler, N. S. Sariciftci,
Johannes Kepler Univ. Linz (Austria)
In this contribution we demonstrate the fabrication and
characterisation of tandem solar cells comprising active layers made
entirely of organic substances. The materials can be both small
organic molecules deposited by thermal evaporation or a combina-
tion of semiconducting polymers and fullerenes cast from solution.
We succeed in a significant enhancement of the photovoltage
compared to the single junction devices.
The doubling of the open-circuit voltage in a tandem structure
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fabricated by directly connecting two small molecule organic solar
cells in series via a recombination contact has been shown re-
cently[1,2]. We report here a structure using zinc-phthalocyanine
(ZnPc) and C60-fullerenes with a very thin evaporated metal layer to
enhance the recombination at the interface between the two solar
cells.
Upon exchange of the first ZnPc/C60 solar cell with a solution
processed bulk-heterojunction solar cell comprising the semicon-
ducting polymer MDMO-PPV and the soluble fullerene derivate
PCBM[3], we observe a rise in the open-circuit voltage in respect to
either single junction solar cell. Thus produced tandem solar cells
exhibit open circuit voltages of 1.1V with a short-circuit current of
approximately 5mA/cm(c)˜ and a fill factor of 0.35 under simulated
AM1.5 illumination.
In the case of tandem cells with all active layers processed from
solution, we also observe a significant increase of the open circuit
voltage in comparison with the single junction cells however, the
short circuit currents suffer. Tandem solar cells fabricated from two
bilayers comprising MDMO-PPV and PCBM as photoactive materials
exhibit 1.25V open circuit voltage, 0.8mA/cm(c)˜ short circuit current
and a fill factor of 0.45 under simulated AM1.5 illumination.
References:
[1] J.G. Xue, S. Uchida, B.P. Rand and S.R. Forrest, “Asymmetric
tandem organic photovoltaic solar cells with hybrid planar-mixed
molecular heterojunctions”, Applied Physics Letters 85(23), 5757,
2004
[2] B. Maennig et al., “Organic p-i-n solar cells”, Applied Physics A,
79(1), 1, 2004
[3] C.J. Brabec, N.S. Sariciftci and J.C. Hummelen, “Plastic Solar
Cells”, Advanced Functional Materials 11(1), 15, 2001

6197-16, Session 3
Organic solar cells with inverted layer sequence
incorporating optical spacers: simulation and experiment
B. Zimmermann, Albert-Ludwigs-Univ. Freiburg (Germany) and
Fraunhofer-Institut für Solare Energiesysteme (Germany); M. J.
Glatthaar, Albert-Ludwigs-Univ. Freiburg (Germany); M. Niggemann,
Fraunhofer-Institut für Solare Energiesysteme (Germany) and Albert-
Ludwigs-Univ. Freiburg (Germany); M. K. Riede, T. Ziegler, A.
Gombert, Fraunhofer-Institut für Solare Energiesysteme (Germany)
Introduction:
On the way towards commercialisation of organic bulk-
heterojunction solar cells, efficiency, stability and low costs are the
three crucial requirements to be met. Efficiencies approaching 5%
have been reported [1] and also promising long term stability has
been shown for P3HT:PCBM based bulk-heterojunction solar cells.
The efficiency may be pushed over the 5% hurdle by efficient light
trapping. The costs can be minimised through reel-to-reel production
and the use of simple, compatible coating technologies for the
different inorganic and organic layers.
Light trapping through optical spacer:
In thin film solar cells with film thicknesses below the absorption
depth and coherence length (2µm for sunlight) of the absorbed light,
interference plays an important role for the optical field inside the
active region of the solar cell. For different types of thin film solar
cells it has been shown [1, 2] that the insertion of an optical spacer
with a suited thickness gives a beneficial distribution of the optical
field, because the inevitable node at the reflecting metal electrode is
shifted away from the active material. This results in a higher and
more homogeneous charge carrier generation over the whole
thickness of the active layer. Given two cells with the same active
film thickness, a device with suited optical spacer would show a
higher short circuit current density Jsc because of the increase of the
optical field inside the active layer. Taking into consideration two
cells with active film thicknesses sufficient to absorb all of the
incoming light in the spectral region of the absorption of the active
material, the one with optical spacer can be made thinner. This
device should therefore benefit from higher open circuit voltage and
fillfactor, the short circuit current density being more or less the
same for both devices.
Inverted layer sequence for higher process compatibility:
Conventional organic bulk-heterojunction solar cells are fabricated
on ITO covered glass which is first coated with PEDOT:PSS and
subsequently with the active blend of P3HT and PCBM. Finally, the

metal electrode is evaporated on top of the active layer. Therefore in
standard bulk-heterojunction solar cells, the optical spacer must be
applied onto the active material, which reduces the materials and
methods available, because the organic semiconductors should not
be affected by the procedure. We suggest therefore to build the
bulk-heterojunction solar cell with inverted layer sequence as
described in reference [3], adding an optical spacer between the
metal cathode and the active layer. This configuration has the
advantage, that the metal cathode and the optical spacer are applied
onto the substrate before it is coated with the sensitive organic
materials. This facilitates the use of a large variety of materials and
processes to form the dielectric layer with the needed qualities. This
layer has to be optically transparent for the sunlight, a good electron
acceptor and a sufficient conductor for electrons. These require-
ments are met by a high bandgap semiconductor, whose conduction
band is close to the LUMO of PCBM, for example titanium dioxide.
To get the optimal thicknesses of the active layer and the optical
spacer, a detailed optical simulation of the thin film device is carried
out. The optical field distribution and the maximal obtainable short
circuit current density Jsc are calculated for several film thicknesses
of the active layer and the optical spacer for P3HT:PCBM as active
absorber material.
In a first step, it is shown that the inversion of the layer sequence can
be realised without any loss in device efficiency, compared to solar
cells with the conventional layer sequence. Also first inverted devices
with optical spacer are produced and the results are compared to
the optical modelling of such devices.
References:
[1] New architectures for thermally stable high efficiency polymer
solar cells
Proceedings SPIE optics and photonics 2005 San Diego USA
K. Lee
[2] MIP-type organic solar cells incorporating phthalocyanine/
fullerene mixed layers and doped wide-gap transport layers
Organic Electronics, Volume 5, Issue 4, June 2004, Pages 175-186
J. Drechsel, B. Männig, D. Gebeyehu, M. Pfeiffer, K. Leo and H.
Hoppe
[3] Organic solar cells using inverted layer sequence
Thin Solid Films, In Press, Corrected Proof, Available online 11 July
2005,
M. Glatthaar, M. Niggemann, B. Zimmermann, P. Lewer, M. Riede, A.
Hinsch and J. Luther

6197-17, Session 3
Datamining and analysis of the key parameters in organic
solar cells
M. K. Riede, A. W. Liehr, M. J. Glatthaar, Albert-Ludwigs-Univ.
Freiburg (Germany); M. Niggemann, T. Ziegler, Fraunhofer-Institut für
Solare Energiesysteme (Germany); B. Zimmermann, Albert-Ludwigs-
Univ. Freiburg (Germany); A. Gombert, G. Willeke, Fraunhofer-Institut
für Solare Energiesysteme (Germany)
In the recent years good progress has been made in the field of
organic solar cells (OSC). The power conversion efficiencies rose
from 2.5% to about 5% within the past four years [1] and many
discoveries aiding the qualitative and quantitative understanding of
OSC have been made. However, there are still many open questions
regarding the fundamental physical understanding of the processes
in an OSC and the dependence between the production parameters
and the OSC characteristics. This is caused both by the special
properties of the charge carrier transport in organic semiconductors
and by the difficulties in the experimental investigation of these open
questions: The investigated bulk hetero-junction OSC concept
shows a complex behaviour and many parameters can only be
controlled with difficulties during production. These conditions
complicate both the optimisation of the production processes and
the development of a statistically firm understanding of the pro-
cesses in an OSC.
So far many variations during the production steps are not taken into
account and it is therefore not possible to analyse the causal
dependencies in the OSC system. An adequate sample of docu-
mented OSC preparation and validation records would be the
prerequisite to permit a sound statistical and physical analysis.
Through an automation of the main OSC characterisation experi-
ments and a continuous recording of all parameters and results, i.e.
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by creating an electronic laboratory notebook, such representative
data sets are currently generated. These data will form the basis for
a systematic statistical analysis. The aim is to extract correlations
between the production process and the experimental results. These
correlations are then evaluated for their significance and key
parameters are identified in order to gain new insights for under-
standing the physics of OSCs.
Starting from already assumed dependencies between production
parameters and OSC characteristics we are testing these assump-
tions and seek for new, so far unconsidered, correlations in the
experimental data. The selection of suitable statistical methods is
critical for being able to make physically meaningful deductions. In a
first approach we are applying a Principal Component Analysis (PCA)
[2] for screening the data. The data pool consists of the electronic
laboratory notebooks of all OSC samples and OSC characteristics
derived from the experimental results. The main solar cell character-
istics (short circuit current, open circuit voltage, fill factor, power
conversion efficiency) can be directly read from the current-voltage
measurement data. Further characteristic values are derived from
currently discussed physical models [3] or have to be developed first.
References:
[1] Lee, K. New architectures for thermally stable high efficient
polymer solar cells. Conference proceedings,  Spie Optics and
Photonics, San Diego, 31.7.2005.
[2] Honerkamp, J. Statistical Physics. Springer, Berlin, 2nd edition,
03 2002.
[3] Waldauf C., Schilinsky P., Hauch J., Brabec CJ.; Thin Sol. Films
451-452 (2004), 503-507

6197-18, Session 4
Industrialization of 1000X concentration photovoltaic
modules
J. L. Alvarez Rico, V. Diaz, C. Mateos, N. Montoya, J. Alonso,
Isofoton (Spain); G. Sala, I. Anton, C. Dominguez, Univ. Politécnica
de Madrid (Spain)
Isofoton, through its R&D direction, is involved actively in the
industrialization of High Concentration Photovoltaics modules at
really competitive price (below 3 $/Wp for installed systems when
mass production issues are considered). The optics involved in this
approach is based on the concentration system TIR-R. The main
feature of the concentration modules based on this optics is the
combination of high concentration range (1000X) with high compact-
ness (aspect ratio of 0.5 for the optics system).
Key points for a real cost effective solution are: (i) high efficiency and
low cost of TIR-R concentrator, and (ii) feasibility of automatization in
assembly of modules with almost standard process of microelec-
tronics industry. TIR-R optics system is suitable of mass production
implementation by injection molding of plastic. Size of whole device
allow for an assembly process very near to that ones of microelec-
tronic industry.
The purpose of this work is to present the last advances in the
industrialization of concentration PV modules based on TIR-R
concentrator. The effect of relative position errors among solar cell,
secondary lens and primary lens has been analyzed and tested in
laboratory. Optimization of encapsulation process of solar cell inside
of secondary lens has been carried out. Over that optimized devices
several measurements have been done: current gain of solar cell
inside the concentrator, optical performance of different areas of
Primary lens aperture, effect of positioning errors of Primary lens.
The main source of losses is the profile errors of Primary lens
(between 5% and 7%). Losses due to assembly inaccuracy can be
minimizing up to 2-3% for the industrial process. I-V characteristic
curve of individual devices measured show a good electrical
performance of the dual junction solar cell used. Such a way, it is
expected to get 20% electrical efficiency for the 1000X concentra-
tion solar modules, using 30% efficiency solar cells with 70% optical
system efficiency.

6197-19, Session 4
Modeling the operating conditions of solar concentrator
systems
G. Gregory, R. J. Koshel, Lambda Research Corp. (USA)
Converting energy from the sun’s radiation into electrical current has
been a reality for over 40 years but the efficiency derived from these

devices has been low and not economically practical. With recent
developments in solar cell technology, including multi-junction cells,
conversion efficiency of nearly 40% has been demonstrated in the
laboratory. The efficiency gain is due to the structure of the cell
coupled with optics used to concentrate the sunlight onto the
device. The concentrator design requires that the cell be uniformly
illuminated to achieve the highest efficiency.  Optical analysis
software is used in the design and simulation of the system
comprised of the solar radiation, optical concentrator and solar cell.
This paper will describe the modeling of these concentrators and
illustrate how the simulation can provide improved designs to
achieve high illumination uniformity.
Standard solar cells are made from extended silicon arrays, which do
not require a high level of uniformity across the absorbing material.
Additionally, it is found that optical concentrators do not add
significantly to the electricity generating capability.  Thus, most
silicon-solar cells are left unaided accepting 1 Sun (1 kW/m2) over
their area.  The total amount of electricity generated is determined
solely from the total absorption area.  Multi-junction cells require
uniformity over their absorbing area, and also the active area is
typically limited to 1 mm (2).  Thus, concentration of light onto a
multi-junction solar cell can enhance the efficient conversion of solar
energy. (1),(2)  This can be done using refracting optics, such as
focusing lenses; total internal reflecting (TIR) elements; reflective
mirrors; or combinations of the technologies. In particular mirrors,
such as the compound parabolic concentrator (CPCs) or tailored
freeform surfaces are attractive elements within the system solution.
Several methods are used to construct the surface shapes to
achieve the design, but all are typically based on parameterzing the
shape based on conserving étendue via the edge ray approach. A
recent attractive solution is based on the integration of an aplantic
two-mirror system with a concentrator that uses TIR to contain the
transmitted radiation. (3)  In all cases the complete design needs to
be evaluated to assure the designed performance.
Evaluation of the design can be performed using generalized, or non-
sequential, raytrace tools. These provide a means to model the 3-
dimensional geometry and analyze the energy delivered to the solar
cell and ultimately the conversion to useful electrical current. The
software model of the solar system must be able to handle to a
number of phenomena in order to model effectively the dynamics of
the configuration, such as tracking, spectrum, and atmospheric
quality.  A list of these issues and a basic understanding is provided
here, which will be expanded upon during the presentation:
· Optical system components and quality: model of the surfaces and
volumes comprising the concentrator system.  This step includes the
quality of the surfaces, especially loss due to absorption and
scattering.  These components are typically made in CAD or the
optical analysis software and then optical characteristics are
assigned in the optical analysis software.
· Solar radiation: this step incorporates the solar radiation at the
interface between the atmosphere and space.  The solar radiation is
modeled in a prescribed number of spectral bins that overlap with
the accepted spectral bins of the used solar cell.
· Location and time of the year of operation: to incorporate the
effects of the location of the solar concentrator and the time of use
(e.g., noon on January 1st), a filter function in wavelength is
incorporated to account for the quality of optimal, direct and diffuse
solar radiation at the solar concentrator.
· Atmospheric conditions: further filter functions in wavelength can
be added to account for potential atmospheric conditions during the
analysis.  These atmospheric conditions include clouds, haze,
precipitation, and so forth.  The conditions affect both the direct and
diffuse radiation incident on the solar concentrator.
· Tracking: the effect of the solar concentrator tracking the sun can
be determined and toleranced.
· Solar cell absorption: absorption functions are applied to the
various levels of the solar cells, such that the irradiance distribution
at the solar cell is determined accurately.  These functions can
include the spectral, spatial, and angular characteristics of this
absorption function.
· Solar cell response: in conjunction with the absorption functions,
the response of the solar cells to the incident radiation, in particular
its uniformity can be determined.
The end result is that this system approach leads to an estimate for
the electrical current generation of the system that takes into
account the optical characteristics of the optical system, its location,
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time of use, tracking errors, atmospheric conditions, and type of
solar cell.  Thus, one does not need to invest in potentially expensive
fabrication and testing, but rather a systems-wide model can be
developed to optimize system performance.
In conclusion we will describe the current structure of multi-junction
solar cells along with the design criteria for concentrators to achieve
high conversion efficiency. We will also illustrate the performance
simulation of different concentrator designs using generalized
raytracing while taking into account operating conditions.
(1)  E. A. Katz, J. M. Gordon, W. Tassew and D. Feuermann, “Ultra-
high concentration effects in multi-junction solar cell,” to be
published in Nonimaging Optics and Efficient Illumination Systems II,
SPIE Proc. Vol. 5942, (SPIE, Bellingham, WA, 2005).
(2)  A. Slade, K. W. Stone, R. Gordon and V. Garboushian, “High
Efficiency Solar Cells for Concentrator Systems: Silicon or Multi-
Junction?,” to be published in Nonimaging Optics and Efficient
Illumination Systems II, SPIE Proc. Vol. 5942, (SPIE, Bellingham, WA,
2005).
(3)  J.M. Gordon and D. Feuermann, “Optical performance at the
thermodynamic limit with tailored imaging designs”, Appl. Opt. 44,
2327-2331 (2005).

6197-20, Session 4
The luminescent concentrator illuminated
L. H. Slooff, R. Kinderman, T. Burgers, J. van Roosmalen, Energy
Research Ctr. of the Netherlands (Netherlands); A. Büchtemann, R.
Danz, Fraunhofer-Institut für Angewandte Polymerforschung
(Germany); A. Chatten, D. Farell, Energy Research Ctr. of the
Netherlands (Netherlands); K. Barnham, Imperial College London
(United Kingdom); M. Schleusener, Fraunhofer-Institut für
Angewandte Polymerforschung (Germany)
State of the art photovoltaic cells can reach power conversion
efficiencies close to their theoretical limit. The limitations are the
result of both electronic and spectral losses, of which spectral losses
are the most important. For a single band gap solar cell this results in
over 55% loss of the energy of the solar spectrum. The spectral
losses can be reduced by converting the spectrum of the incoming
light to match the bandgap of the solar cell. An interesting approach
to this is the luminescent concentrator (LC).
The LC consists of a transparent matrix material (usually a flat plate)
with solar cells connected to one or more sides. The transparent
matrix contains luminescent particles such as, e.g., organic dyes or
quantum dots that absorb part of the spectrum. Part of the light
emitted by the luminescent particles is guided towards the solar cells
by total internal reflection. Ideally, the luminescence spectrum of the
particles matches the spectral response of the solar cell, and their
absorption falls within those part of the solar spectrum that are not
efficiently used by the solar cell, i.e. the ultraviolet and infrared part.
It would therefore be interesting if this can be accomplished by up-
and downconversion. Efficient up- or down-conversion materials
under solar irradiation conditions are still under development. The LC
has an additional advantage. It is able to concentrate both direct and
indirect light. So even if the dye absorption does not cover the
complete solar spectrum, due to the concentration of the light, the
LC can still increase the power conversion efficiency of the solar cell.
For this paper, LC plates with different dyes were combined with
standard multicrystalline silicon solar cells. Spectral response and IV
measurements were performed. The results show an external
quantum efficiency of 30 % for an optical concentration factor of 10,
giving an effective concentration factor of 3 at the absorption
maximum. In this way the electrical current of the silicon cell could
be increased with respect to a bare cell under AM1.5 1 sun normal
incidence. The influence of dye concentration and plate dimensions
are addressed as well as the application of reflectors on the sides of
the LC. The best results show a 1.5 times increase in the current
from the LC/silicon cell compared to the silicon cell alone. This
corresponds to an increase in power conversion efficiency of the
silicon cell from 15 to 22%. To broaden the absorption spectrum of
the LC, a second dye was incorporated in the LC plates. This results
in a relative increase of 5-8% with respect to the one dye LC, giving
a maximum power conversion efficiency of 23%. This increase is
rather small due to absorption losses by the polymer host
The increase in power conversion efficiency is only observed for
plates with reflectors on the sides. The effect of different reflector
types on the efficiency of the LC is studied using a 3D ray-tracing

model. The simplest case, that of a LC in air, is compared with the
more theoretical case of a 100% reflector, and Al (aluminum) and Ag
(silver) mirrors. It will be shown that an Ag or Al mirror enhances
absorption of light, due to multiple passes of non-absorbed light, but
impairs the loss-less transport of light by total internal reflection. An
Ag or Al mirror separated from the LC by an air-gap enhances
absorption of light without impairing light transport, leading to
efficiency gains. These ‘air-gap’ mirrors are a promising approach to
further improve the performance of the LC.

6197-21, Session 4
Collection and conversion properties of photovoltaic
fluorescent collectors with photonic band stop filters
G. C. Glaeser, U. Rau, Univ. Stuttgart (Germany)
This contribution examines the collection and power conversion
efficiencies of fluorescent collector systems combined with photonic
structures acting as spectral band stop filters. In a first step, we
simulate the collection properties of an idealized system with and
without photonic band stop using a Monte-Carlo ray tracing
program. The simulations demonstrate that the upper cut-off energy
of the band stop filter defines a photon energy that is the equivalent
of the band gap energy as used in the Shockley-Queisser theory. As
a consequence, the maximum efficiency of a fluorescent collector
system corresponds to the Shockley-Queisser limit for a non-
concentrating solar cell with a single band gap energy. Thus,
fluorescent collectors are non-concentrating systems in the
Shockley-Queisser sense. This result holds if both, the fluorescent
collector and the solar cell, operate in the radiative recombination
limit. However, assuming more realistic solar cells with an efficiency
determined by non-radiative fluorescent photovoltaic collectors
show a maximum efficiency light concentration c \> 1. Therefore real
fluorescent collectors are photovoltaic concentrators and allow for a
reduction of solar cell area with a considerable gain in efficiency.
This efficiency enhancement of the concentrating systems is,
however, only possible in the presence of photonic band pass filters.
The experimental part of the contribution investigates the photon
collection properties of fluorescent collectors by the analysis of their
spectral quantum efficiency and by light induced current measure-
ments. The latter experiments demonstrate a current gain by
introducing a Bragg stack on top of the fluorescent collector. This
current gain increases with increasing distance of the light beam to
the solar cell. These measurements are consistent with Monte-Carlo
simulations of the experimental configuration. Thus, experiment and
theory highlight the potential of photonic band stop filters for
enhancing photon collection and power conversion efficiency of
fluorescent collectors.

6197-22, Session 4
Review of the technology for the manufacturing of HOEs
in DCG with predetermined spectral characteristics for
solar applications
C. G. Stojanoff, Holotec GmbH (Germany) and RWTH Aachen
(Germany)
The subject matter of this presentation depicts the results of the
research and development work on the properties of DCG holo-
graphic materials conducted at the Aachen University of Technology
(RWTH Aachen) and Holotec GmbH. The objective of this research
program was the development of the technology for the industrial
manufacturing of high efficiency holographic optical elements (HOEs)
with predetermined spectral characteristics and angular selectivity
ranging in format from few square millimeters to square meters. The
developed technology includes the machine fabrication of the
holographic films (1 micron to 30 micron thickness) on glass or
plastic substrata, the modification of the holographic film and the
chemically and thermally adapted hologram development processes
that help achieve the desired spectral characteristics for solar energy
application. The technology facilitates the tuning of the optical
properties of the holographic material to the needs of specific
technical application such as: hybrid holographic concentrators for
photo-voltaic and thermal energy conversion, special collectors for
solar photo-chemistry and integrated holographic stacks for day-
lighting, glazing and shading in buildings.
The modification of the holographic material with additives and filler
material (polymer substances, inorganic compounds, etc.) and the
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corresponding thermal and chemical alteration of the development
process facilitate the achievement of bandwidths, spectral ranges
and angular selectivity that match accurately the design spectral and
geometrical properties of a particular application. For example, the
technical applications of such holograms often require largely
varying bandwidths (10 nm to 400 nm) or central wavelengths from
400 nm to over 1 micrometer. We will present data illustrating the
methods used to control the bandwidth and shift the operating
wavelength. These methods are based on the understanding and
manipulation of the structure and properties of the holographic
material. This is achieved through the use of filler material to swell or
shrink the hologram and a specific development process to stabilize
the desired thickness of the layer.
The developed technology extends the applicability of DCG into the
blue and infrared spectral domains and becomes a viable tool in the
control of the holographic properties of the manufactured HOEs. The
applicability of the technology is illustrated with design and test
results obtained from various examples of HOE utilization. The
angular selectivity, the bandwidth, the central wavelength and the
diffraction efficiency can be adjusted to achieve the desired effect.
The effects of the holographic layer deposition and of the develop-
ment process on the holographic properties is illustrated with
electron-microscope photographs of the cross section of the
holographic layer for unexposed film and for developed holograms.
The photographs reveal the presence of the nano-size voids that are
generated during the hologram processing. These voids are
regarded as the cause for bandwidth enlargement of the HOE.

6197-23, Session 5
Characterization of β-FeSi2 films as a novel solar cell
semiconductor
Y. Fukuzawa, Kankyo Semiconductors Co., Ltd. (Japan); T. Ootsuka,
Tateyama Kagaku Ind. Co., Ltd. (Japan); N. Otogawa, Kankyo
Semiconductors Co., Ltd. (Japan); Y. Abe, Tateyama Kagaku Ind.
Co., Ltd. (Japan); Y. Nakayama, Kankyo Semiconductors Co., Ltd.
(Japan); Y. Makita, Tateyama Kagaku Ind. Co., Ltd. (Japan)
β-FeSi2 is an attractive semiconductor in terms of its environmentally
friendliness and extensive usage of abundant chemical elements as
its constituent atoms, iron (Fe) and silicon (Si). Owing to its extremely
high optical absorption coefficient (α\>105cm-1), β-FeSi2 is
expected to be an ideal semiconductor for thin film solar cell. Since
these two elements have relatively high evaporation coefficient, and
further due to the extremely high chemical reaction of Si at evapora-
tion temperatures, handling of these two atoms is ordinarily quite
difficult. Accordingly, conventional molecular beam epitaxy (MBE)
method cannot be applied for the fabrication of β-FeSi2 unless
appropriate material handling methods are developed.
In the last decade, a variety of preparation methods for β-FeSi2 films
have been presented, however no reliable method has been
presented in terms of establishment of stoichiometrically well-
adjusted Fe/Si ratio (1:2). To prepare an ideal β-FeSi2 films holding a
desired Fe/Si ratio, we chose two methods, one is a standard MBE
method in which Fe and Si are evaporated by using normal Knudsen
cells to obtain stabilized molecular beam fluxes. For the deposition
of Si, electron-beam evaporation method has been occasionally
adopted to realize high deposition rate although in this case the
beam flux of Si molecules was not so stable. Another one is the face-
target sputtering method (FTS) in which deposition of β-FeSi2 films is
made on Si substrate that is placed on the perpendicular position to
the Fe and Si sputtering targets. In the both methods to obtain β-
FeSi2 films with a tuned Fe/Si ratio, Fe/Si superlattice was fabricated
by varying Fe and Si deposition thickness. For FTS method, in some
cases to prepare β-FeSi2 films with a fixed Fe/Si ratio, a synthesized
polycrystalline FeSi2 was used as a target.
It has been long believed that Fe-rich β-FeSi2 thin layers exhibit p-
type conduction, whereas Si-rich ones present n-type features. In
this report, to see the effects of stoichiometric variation of Fe/Si ratio
on the electronic features of β-FeSi2 films, systematic fabrications of
unintentionally doped β-FeSi2 thin layers on Si substrates have been
carried out as a function of Fe/Si ratio. Hall effect measurements
revealed that the whole series of specimens have nearly identical
carrier concentrations and no systematic change of these values was
recognized. It was strongly suggested that the type of carrier
conduction and the value of carrier concentration are governed by
those of host Si substrates. These observations describe that an
extensive out- diffusion of impurity atoms from Si substrates into β-

FeSi2 layers takes place during sample preparations.
SIMS (secondary ion-beam mass spectroscopy) and RBS (Ruther-
ford scattering spectroscopy) showed a significant in- and out-
diffusion of host Fe and Si atoms at the interface of Si substrate and
β-FeSi2 thin layers.
It is of great importance to remark that this strong in- and out-
diffusion of not only impurity atoms but also host atoms makes it
difficult to obtain intrinsic electronic and optical features of β-FeSi2
thin layers. One has necessarily to use unintentionally-doped Si
substrates exhibiting high resistance in order to extract inherent
physical nature of grown β-FeSi2 thin layers.
It has been experimentally demonstrated that in- and out- diffusion
can be suppressed by the formation of template layer having
appropriate thickness between epitaxial β-FeSi2 layer and the
substrate. It should be noted that the template layer also serves as a
substrate for epitaxial growth of β-FeSi2 film. As template layers,
unintentionally-doped β-FeSi2 films with a thickness of 200A were
prepared by RDE (reactive deposition epitaxy) method. In our
samples, SIMS and RBS measurements apparently recognized the
suppression of the diffusion. In the unintentionally-doped samples,
carrier concentration as low as 2-3x1016cm-3 was attained.
By fixing the Fe/Si ratio as precisely as possible at 1/2, systematic
doping experiments of donor and acceptor impurities into β-FeSi2
have been carried out by the two methods, in which p- and n-type Si
substrates with high resistance were used. We observed systematic
change of electron and hole carrier concentration in these samples.
SEM and HRTEM results revealed that the formation of flat, cracks/
pinhole-free surface is closely related with the species of doping
atoms and their concentration, and suitable selection of substrate
crystal orientation. A preliminary structure of n-β-FeSi2/p-Si with a
thin template at the interface indicated conversion efficiency of
3.7%, implying that the template works effectively to drive this
structure as a solar cell.
Residual carrier concentrations can be ascribed to not only the
remaining undesired impurities contained in the Si and Fe effusing
source materials but also a variety of point defects mainly produced
by the uncontrolled stoichiometry. These defects are Fe and Si
vacancies, interstitial Fe and Si atoms, anti-site atoms, and com-
plexes among these defects and remaining impurities. No systematic
investigations have been yet reported on the effects of these defects
to the electronic and optical properties of β-FeSi2 thin layers. These
studies are of great importance when we wish to grow high efficient
β-FeSi2 solar cells.

6197-24, Session 5
β-FeSi2 as a Kankyo (environmentally friendly)
semiconductor for solar cells in the space application
Y. Makita, Tateyama Kagaku Ind. Co., Ltd. (Japan) and Kankyo
Semiconductors Co., Ltd. (Japan); T. Ootsuka, Tateyama Kagaku
Ind. Co., Ltd. (Japan); Y. Fukuzawa, N. Otogawa, Kankyo Semicon-
ductors Co., Ltd. (Japan); H. Abe, Tateyama Kagaku Ind. Co., Ltd.
(Japan); Y. Nakayama, Kankyo Semiconductors Co., Ltd. (Japan)
β-FeSi2 defined as a Kankyo (Environmentally Friendly) semiconduc-
tor is regarded as one of the 3-rd generation semiconductors after Si
and GaAs. β-FeSi2 is expected to meet stringent demands issued
from semiconductor industries of 21st century that for the fabrication
of various multi-functional devices, environmentally friendly (non-
toxic) and abundant chemical elements should be widely used. It is
worth to note that most of the abundant chemical elements on the
earth’s crust are substantially vital elements for the constitution of
human body that have been continuously incorporated into biologi-
cal organs.
Not only from the aspect of natural resources and its impact to the
environments, β-FeSi2 has a variety of versatile physical and
chemical features that are mostly superior to those of GaAs when
one wishes to fabricate practical electronic and energy devices. They
are, i) high optical absorption coefficient (\>105cm-1), ii) chemically
stability at temperatures as high as 937ºC, iii) high thermoelectric
power (Seebeck coefficient of k ~ 10-4/K), iv) a direct energy band-
gap of 0.85 eV, corresponding to 1.5mm of quartz optical fiber
communication, v) lattice constant nearly well-matched to Si
substrate, vi) high resistance against the humidity, chemical attacks
and oxidization. By fully extracting these attractive features pertinent
to β-FeSi2, one can fabricate a variety of conventional and novel
devices that can be principally integrated on the established Si-
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based devices such as Si-LSI circuits, Si photosensors and so forth.
Using β-FeSi2 films as energy devices, solar cells and thermoelectric
generators can be produced and as optoelectronic devices,
photosensors and light emitting diodes both operating at 1.5mm can
be made for the use of optical interconnection between Si-LSI
circuits.
β-FeSi2 has several ideal features as a semiconductor to be used
specifically in the space. It has high resistance against the exposition
of cosmic rays and radiation owing to the large electron-empty
space in the electron cloud of β-FeSi2. It features good chemical
stability as high as 937ºC. compared with III-V and II-VI compounds.
Further, the specific gravity of β-FeSi2 (4.93) is placed between Si
(2.33) and GaAs ((5.33), and the optical absorption coefficient of β-
FeSi2 is by two and one order of magnitude higher than those of Si
and GaAs, respectively.
The characteristic properties inherent to phase transformation of
semiconductor β-FeSi2 to metallic a-Fe2Si5 enable one to fabricate
robust and accordingly highly reliable metal contact in this semicon-
ductor. It is quite important to note that the formation of robust, and
step-free (flat) electrode by simple (deposition-free) process can lead
to the elevation of payload for the space-use semiconductor devices,
particularly when one utilize solar cells in the space use.
To demonstrate fascinating capabilities of β-FeSi2, one has to
prepare high quality β-FeSi2 films. To obtain these β-FeSi2 films
holding desired carrier concentrations with minimum background
impurity and defects concentrations, following fundamental
technologies should be explored; 1) establishment of stoichiometri-
cally well-adjusted Fe/Si ratio (1:2), 2) formation of cracks- and
pinhole-free surface, 3) formation of flat surface, 4) formation of flat
interfaces, 5) identification of the origins of residual carrier genera-
tions and reduction of their concentrations lower than ~10 16cm-3,
6) determination of ideal donor and acceptor impurity atoms and
establishment of impurity doping method to obtain desired electron
and hole concentration, 7) identification and control of defects and
dislocations, including mutual interactions among residual impurities,
intentionally incorporated impurities and the defects and disloca-
tions.
Since the constituent Fe atom was found to exhibit a significant in-
and out- diffusion into or from Si substrate, conventional molecular
beam epitaxy (MBE) method that has been successfully used for the
growth of III-V compound semiconductors can not be any more
applied for the fabrication of β-FeSi2. One has to necessarily explore
novel thin film manufacturing technologies by taking into account the
establishment of the above seven requirements. To date, there have
been limited reports on the device fabrication using β-FeSi2 thin
films. Solar cells fabricated by IBS method indicated extremely low
conversion efficiency of 0.35%. The unsatisfactory results can be
ascribed to the low quality of β-FeSi2 films in these experiments.
We in this report summarize the current status of β-FeSi2 film
preparation technologies. Modified MBE and face target sputtering
(FTS) methods are principally discussed. High quality β-FeSi2  films
have been formed on Si substrates by these methods. Preliminary
structures of n-β-FeSi2 /p-Si and p-β-FeSi2 /n-Si solar cells
indicated an energy conversion efficiency of 3.7%, implying that β-
FeSi2 is practically a promising semiconductor for a photovoltaic
device.

6197-25, Session 5
Application of correction algorithms for obtaining high-
resolution LBIC maps of dye-sensitized solar cells
J. Martín, C. Fernández-Lorenzo, R. Alcántara, J. A. Poce, Univ. de
Cádiz (Spain); J. A. Anta, Univ. Pablo de Olavide (Spain); F.
Casanueva, Univ. Pablo de Olavid (Spain); G. Oskam, Ctr. de
Investigación y de Estudios Avanzados (Mexico)
The use of dye sensitized solar cells (DSSC) as an alternative to solar
cells based on solid state technology has extended widely since the
90’s. These solar cells are based on a large surface area,
nanostructured, porous metal oxide electrode, usually TiO2, covered
with adsorbed dye molecules. Absorption of a photon by a dye
molecule is followed by electron transfer from the dye to the metal
oxide conduction band, and subsequent electron transport to the
back contact. The resulting dye cation is then reduced by redox
species in solution, and the reducing agent is regenerated at the
counter electrode.
In spite of a lesser efficiency, these devices are easier to manufac-

ture and can be easily investigated by no complex instrumentation.
Using simple solar simulators or even other cheaper photonic
sources, DSSC´s can be easily characterized related to the method-
ology of deposition of the semiconductor layer, grain size, type of
dye, type of electrolytic couple, solvent, etc.
The more commonly parameters used in the measure of the
quantum efficiency of solar cells are VOC, ISC and Wmax. These
macroscopic parameters do not let to estimate the maximum
quantum efficiencies of these cells due to this value is strongly
influenced by the presence of heterogeneities in their photoactive
areas. In DSSC´s, the quantum efficiency depends on a variety of
factors, as for example, the continuity of the semiconductor TiO2
layer, the degree of compaction, the presence of areas where the
dye is preferentially adsorbed, the homogeneity of the catalyst layer
on the counter electrode, etc.
For analyzing these factors we can use the LBIC technique. The
LBIC system was designed in our lab. As it is not a commercial
device, we can control parameters such as the scan rate and the
dwelling time for signal response stabilizing. It uses mathematical
algorithms based on internal properties of the samples to perform
automatic focalization, so that the LBIC study can be achieved with
optimal resolution.
While scanning the photoactive area of a DSSC using micrometric
resolution, we can differentiate among several types of heterogene-
ities affecting to the efficiency of the cell. Nevertheless, for carrying
out a study like this, we must overcome some difficulties that do not
use to be present in the study of solar cells based on the solid state
technology.
When an instantaneous variation of the light intensity is applied to a
DSSC, the system needs a dwell time for signal stabilizing. The
kinetic response of the system is slower for the de-activation
process (light off) than for activation one (light on). In these condi-
tions, the systems works like a capacitor causing that, in a LBIC
lineal scan, the detected signal for a point depends on the behaviour
of the previous stimulus. In the other hand, the kinetic process is
faster as optimal focalization point approaches; this is, when the
photon flux is maximum.
Due to these characteristics, we must develop a suitable methodol-
ogy for carrying out the precise measurement of the electrical
parameters of the system. A LBIC map is, in essence, the measure-
ment of Isc value generated by the laser irradiation of the system
surface according to a geometric pattern.  The obtaining of a map of
380x380 µm2 surface (Figure 3), with 1 micrometer of spatial
resolution, implies the measurement of 1.44•105 single points. The
precise measure of each point implies a two step process with a first
dwell time for the signal stabilization and a second dwell time for
returning to initial parameters. According to the experimental data,
the values of these dwell times, for obtaining a 90% of signal
stabilization, must be on the order of 10 second by step (i.e. 20
seconds by point). Then, we would need 2.9•106 seconds (33 days
approximately) to complete the map. The use of lesser dwelling
times will imply a drag error that will be propagated in the scanning
direction.
Another way for correcting this problem would be the application of
correction algorithms derived from the signal stabilization adjustment
to a mathematical function. The knowledge of the temporary
dependency coefficients can allow correcting each point according
to the signal of the preceding points, applying this correction to a set
of points equal to the degree of stabilization required. For example
for obtaining a 95% of signal stabilization a 10 s dwell time is
necessary, then it is necessary to apply a correction factor to a 30
point set for a scan rate of three points by second.
A second problem derives from the high photon density in the
focalization area. The use of highly focused lasers implies greater
photon irradiances than the used ones on the cells working in regular
conditions. Thus, an irradiation with 2 mW of a He-Ne laser and
focused with a 10X objective supposes an irradiance equivalent to
106 suns.  If we carried out this calculation according to the photon
flux we will obtain that we are radiating with 6.37•1015 photons•s-
1•m-2 opposite to 3.11•109 photons•s 1•m-2 that are equivalent to
1 sun in the visible zone. This enormous power of irradiation can
generates non-reversible problems in some of the involved chemical
processes, mainly in the redox process of the adsorbed dye
molecules as well as derivate problems of local thermal processes.
The solution is a decreasing of the irradiation power which forces to
strong electronic amplifications of the signal, because, although the
photon density in the irradiation point is very elevated, globally the
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generated current is very small.  Thus, the photon rate with the
aforementioned laser but with its power diminished in a factor of 2 is
equivalent to 6.37•1013 photons•s-1 whereas 1 sun of irradiance
applied to a 2x2 cm2 active surface is equivalent to a photon rate of
6.34•1017 photons•s-1, and therefore, in this last case, the
generated current can be about 4 orders of magnitude greater than
with the laser irradiation.
The experimental study of the stabilization kinetic of the signal
generated in the activation or de-activation processes of the
irradiation according to the power and the irradiation surface leads to
very valuable information for undertaking LBIC studies of cells based
on a dye-sensitized semiconductor.  The origin of this behavior is
related to diverse and varied physical and chemical processes that
take place in this type of cells:  the speed of the charge carriers in
each one of the mediums of residence (electrons in the semiconduc-
tor, ions in the electrolyte, etc), and the kinetic of the reactive
processes. The obtaining of precise and trustworthy experimental
data will allow a better knowledge of the several physical chemistry
processes involved. Thus, the information obtained from the LBIC
maps can be readily correlated to a numerical model of charge
transport that combines the solution of the continuity equation with
Multi-Trapping Random Walk simulations. The input parameters of
this model are, among others, the generation rate of electrons (to be
related to thickness and dye concentration) and the density
distribution of electron traps that are present on the TiO2 surface (to
be related to grain size and porosity). Due to the poor reproducibility
in the fabrication of the DSSC’s, the use of the LBIC technique offers
a straightforward procedure to test, on a single cell, the effect of the
variability of all the factors that affect transport and recombination.

6197-26, Session 5
Origin of enhanced light harvesting in colloidal-crystal-
based dye-sensitised solar cells
H. R. Miguez, A. Mihi, F. J. Lopez Alcaraz, Instituto de Ciencia de
Materiales de Sevilla (Spain)
Dye sensitised solar cells (DSSC) are a promising alternative to
conventional photovoltaic devices based on p-n junctions.(1),(2)
DSSC combine a solid wide band gap semiconductor with a liquid
ionic conductor. Since they are made of inexpensive materials that
are processed at low temperature, these devices have attracted a
great deal of attention in the last decades in the field of alternative
energy resources. However, from the fundamental point of view, their
main drawback when compared to their silicon p-n junction relatives
is their lower light-to-electric power conversion efficiency. A great
effort has been made to improve it, but the over 10% efficiencies
currently achieved(3) still remain far below that of their silicon
counterparts.
Very recently, by structuring the absorbing, active layer in the shape
of a photonic crystal,(4) Mallouk et al. achieved a 26% enhancement
of the photogenerated current with respect to a conventional (i.e.
non periodically structured) photoelectrode.(5) The novelty of this
approach with respect to previous ones lies on the fact that the
strongly scattering photoelectrode is made of highly scattering
centres periodically arranged in a three-dimensional lattice, i.e. a
photonic crystal structure, which has generated a considerable deal
of interest.
In this work, we shed light on the origin of the enhancement of light
harvesting efficiency observed when a photonic crystal is introduced
in nc-TiO2 DSSC. Optical absorption amplification effects due to the
presence of the photonic crystal are investigated herein. Different
configurations in which a colloidal crystal can be implemented in
such devices are modelled and their absorbance compared. The
experimental results on light harvesting enhancement recently
reported for periodically structured photoelectrodes are satisfactorily
explained in terms of the appearance of resonant modes resulting
from the presence of an interface between a photonic crystal and an
absorbing slab on one of the lattice surfaces.(6) Longer matter-
radiation interaction times within the latter result in higher absorption
of those modes. The effect of the finite size and the composition of
the crystal on the amplification is also discussed, new perspectives
for colloidal crystal based photovoltaics being proposed. We
demonstrate that a 60 % enhancement of the photogenerated
current efficiency is achievable using a judicious choice of colloidal
crystal multilayers. (7)
(1) O’Regan B.; Grätzel, M. Nature 1991, 353, 737.
(2) Grätzel, M. Nature 2001, 414, 338.

(3) Nazeeruddin, M. K.; Kay, A.; Rodicio, I.; Humphry-Baker, R.;
Müller, E.; Liska, P.; Vlachopoulos, N.; Grätzel, M. J. Am. Chem. Soc.
1993, 115, 6382.
(4) Yablonovitch, E. Phys. Rev. Lett. 1987, 58, 2059.
(5) Nishimura, S.; Abrams, V.; Lewis, B.A.; Halaoui, L.I.; Mallouk, T.E.;
Benkstein, K.D.; Lagemaat, J.; Frank, A.J. J. Amer. Chem. Soc.
2003, 125, 6306.
(6) Mihi, A.; Míguez, H. J. Phys. Chem. B 2005, 109, 15968.
(7) Mihi, A.; López-Alcaraz, F.J.; Míguez, H. Submitted

6197-27, Session 5
Scanning electrochemical microscopy approach to study
dye-sensitized nanostructured solar cells
B. M. Bozic, E. Figgemeier, Univ. Basel (Switzerland)
Photochemical solar cells presented by O’Regen and Grätzel [1],
based on nano-structured TiO2 electrodes in combination with Ru-
based dyes, showed for the first time a combination of competitive
efficiency (8-10 %) and promising stability. In order to find new
components to improve this efficiency we are using scanning
electrochemical microscopy (SECM) as an electrochemical scanning
probe to test components towards their performance in
photoelectrochemical solar cells. This method for characterising the
dye-sensitised TiO2 areas has the potential to give a number of
scientific details concerning the kinetics of the electron transfer
processes and diffusion constants.[2]
We employed four Ru-based dyes deposited on TiO2 films and
during illumination of the surface we measured the current at the tip
of the platinum ultramicroelectrode (UME) in different electrolytes
(FcOH/FcOH+, Fc/Fc+ and I-/I3-). The distance between UME and
the dye-sensitised TiO2 surface is 30 µm and the surface of the
platinum wire in the UME is controlled before measurements. The
absorption of the dye on the TiO2 film is controlled by UV-Vis. The
working principle of our measurement is based on the fact that
before illumination an applied potential between the UME and the
reference electrode leads to a constant current due to the oxidation/
reduction of the redox couple of the electrolyte. Illumination of the
dye-sensitized TiO2 material injects electrons from the dye into the
TiO2 conduction band and it allows redox reactions to happen at the
surface increasing the current measured at the tip of the UME. The
reaction of the dye by the redox couple in solution will also increase
the current. The magnitude of both effects depends on the number
of injected electrons due to illumination and therefore on the quality
of the dye.
Our study of the dye-sensitized TiO2 material in presence of the Fc/
Fc+ or I-/I3- redox couples gives a significant difference in the
oxidation current at the microelectrode if is used a non-conductive or
a conductive substrate. In case of the Fc/Fc+ electrolyte and the
non-conductive substrate the current at the microelectrode increas-
ing with the time of illumination due to accumulation of Fc+ in the
solution. The same experimental condition on the conductive
substrate gives a constant current with the time of illumination and
we supposed a part of the photogenerated electrons in the conduc-
tive substrate directly reduced Fc+ in the solution. These results
indicate the utility of the fundamental study with the SECM method
for clarifying the mechanisms of photocatalytic reaction on the dye-
sensitized TiO2 surface.
[1] B. O’Regen and M. Grätzel, Nature, 1991, 353, 737.
[2] S.K.Haram and A.J.Bard, J.Phys.Chem. B, 2001, 105, 8192.

6197-28, Session 6
Design and evaluation of novel hybrid solar lighting
systems
J. D. Muhs, Oak Ridge National Lab. (USA)
This paper describes the design and performance of novel hybrid
solar lighting (HSL) systems being developed at the Oak Ridge
National Laboratory.  HSL systems collect direct, non-diffuse
sunlight using mirrors and a two-axis tracking controller, focus the
light into large-core polymeric optical fibers, and transmit it to hybrid
luminaires where the distributed sunlight is combined with electric
light to co-illuminate the interior of buidings.   The paper compares
modeled vs- actual: a) optical losses in the system, b)chromaticity
values for fiber-optic distributed sunlight, and c) energy savings in
experimental systems deployed in commercial buildings.  Advan-
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tages and disadvantages of HSL are described in detail as are a
number of embodiments that combine fiber-optic distributed sunlight
with different electric lighting systems used in a number of hybrid
lighting applications (accent, task, down, and spot lighting).

6197-29, Session 6
Tuning plasma frequency for improved solar control
glazing
G. B. Smith, A. I. Maaroof, A. R. Gentle, M. B. Cortie, Univ. of
Technology/Sydney (Australia)
Conducting layers and conducting nanoparticles are being increas-
ingly used in solar control glazing and in skylights. Associated
spectral selective mechanisms up until now have depended on the
conducting material used, and its spatial configuration, with the
conductor’s plasma frequency wp  the  key influence. The need for
wider values of wp than those commonly available will be demon-
strated and approaches to achieving this need will be analysed. A
new class of material with “Drude” like response will then be
presented. It opens up a new approach to effectively tuning wp. The
ability to tune wp via compounding in TiN, alloying as with ATO,
doping as with ITO, and using stoichiometry shifts as in TiN1+x have
impacted on much solar work but do not adequately fulfil some
important emerging needs.
In simple layers where colour and visible transmittance is an issue,
because of wp  values in silver, gold and TiN, complex and costly
multilayers are commonly needed rather than single layers to achieve
not only desired visible and solar transmittances, but desired colour
rendering and colour in reflectance. In polymer doped with conduct-
ing nanoparticles the particle surface plasmon resonance dictates
which radiation bands are blocked. The resonance location can only
be tuned via changes in the particle shape, the matrix refractive
index, or wp. Metal nanoparticles in polymer block most visible
radiation while nanoparticles of common transparent conductors
have their resonance too far into the near IR. The shift to use of LaB6
for nanoparticles in such glazing [2] is a recent example of how a
shift in wp  leads to both improved solar performance and a
requirement for far lower  concentration of nanoparticles.  However it
too is not ideal as it impacts on the visible. Recent interest in
dielectric core-metal shell nanoparticles was motivated largely by the
ability to tune the surface plasmon resonance location via shell
thickness, but tuning it sufficiently far from the visible and maintain-
ing low haze seems so far impractical. The ideal and simplest
approach is thus to have a much wider array of wp values with which
to work. Simply produced metal nanostructures are also of interest.
A class of mesoporous metal gold coatings will be presented which
behave effectively like simple uniform conductors in terms of the far
field response, with good visible transmittance, high NIR reflectance
and no evidence of surface plasmon resonance peaks. A major
advantage is that as thin films on glass they have quite different
colour to standard gold layers, being almost neutral in appearance,
but retain the other desirable solar and visible control properties of
noble metal layers. The vacuum deposition and final formation
method is a unique combination and will be outlined. Structural
images and Drude parameters of resulting mesoporous layers will be
presented. The link of optical response to nanostructure can then be
analysed. Related but different mesoporous gold nano-structures
have been made and will be noted. They do display surface plasmon
resonance peaks and are thus not Drude like.
DC conductivities and optical conductivities in the mesoporous
layers, when compared to each other, and to those for uniform gold
films, also provide interesting new insights into the differing impact
of the nanostructure on charge transport at high and low frequen-
cies.

6197-30, Session 6
Reasons for specific kinetics of switchable mirrors based
on magnesium nickel films
J. Ell, Freiburger Zentrum für Datenanalyse und Modellbild (Germany)
Switchable mirrors are metallic materials or alloys which show a
reversible transition from a reflecting metallic state to a transparent
semiconducting state upon hydrogen exposure. One of the most
promising materials for applications like smart windows are based on
magnesium nickel alloys which were discovered to show this effect
by Richardson et al. [1]. In this system semiconducting MgH2 and
the semiconducting complex ternary phase Mg2NiH4 are formed

from Mg and the intermetallic compound Mg2Ni (Richardson [1],
Yvon [2]). This active layer is capped by a thin layer of palladium
which catalyses the dissociation of H2 and prevents the active layer
from oxidation.
Our investigations show, that the fast reaction kinetics of switchable
mirrors based on magnesium nickel alloys with Mg/Ni ratios of about
4 to 9 are due to the unusual hydrogenation reaction with nucleation
of the metal hydride at the substrate interface and subsequent
layered growth of the hydride to the palladium interface. This
mechanism was first described by van Mechelen et al. [3] for near
stoichiometric Mg2Ni compositions. The most important feature for
such a reaction mechanism is the prevention of nucleation at the
palladium interface and in the bulk, thus inhibiting the formation of an
impermeable hydride layer at the top. In this paper I will discuss the
conditions which lead to this interesting behavior.
References
1. T.J. Richardson, J.L. Slack, R.D. Armitage, R. Kostecki, B.
Farangis, M.D. Rubin, Applied Physics Letters 78 (2001), p. 3047-
3049.
2. K. Yvon, Chimia 52 (1998) p. 613-619
3. J.L.M. Mechelen, B. Noheda, W. Lohstroh, R.J. Westerwaal, J.H.
Rector, B. Dam, R. Griessen, Applied Physics Letters 84 (2004), p.
3651-3653.

6197-31, Session 6
Development of solar selective absorbers and sky
radiators based on two-dimensional diffractive grating
surfaces
M. Hasumi, H. Yugami, Tohoku Univ. (Japan)
1. Introduction
In solar thermal applications, the solar selective absorbers have been
widely used to achieve high photothermal conversion efficiency. The
required characteristics of them are high solar absorptance (a) in
visible and near-infrared region and low thermal emittance (e) in far-
infrared region. The most popular approach to obtain high solar
selective absorption surface is the spectral selective coatings, for
example black Cr etc. Many kinds of spectral selective coating
systems have been reported and applied in practice [1].
Recently, the optical control of metal surfaces based on periodic
surface microstructures is reported as another approach to realize
spectral selectivity.  Sai et al. reported two-dimensional (2D) W
surface gratings as a solar selective absorber for high-temperature
applications [2]. They showed the numerical and experimental results
on the spectral response of the microstructured tungsten surfaces.
Since it has several advantages such as adjustability of optical
designs and freedom of material choice, this method has a good
possibility to produce useful absorbers for any temperature
applications.
Optical control with periodic surface microstructures can be also
applied in sky radiators. Sky radiators are useful passive cooling
systems for household, which emit waste heats to the space through
the wavelength region between 8-13 micro-m. This wavelength
region shows high transmittance in thermal emission spectrum of the
atmosphere and is called atmospheric window.
For both solar selective absorbers and sky radiators based on
periodic surface microstructures, the major problem for practical
application is fabrication process of the microstructures in large area.
Although conventional micro- or nano-machining techniques such as
photo-lithography or electron beam (EB) lithography have the
advantage of accuracy of pattern transfer, they are not suitable for
large-scale fabrication because of their long processing time and
high running cost. On the other hand, direct metal imprinting
technology, which directly transfers the patterns on a hard mold into
metal surfaces, is an effective technique to fabricate microstructures
over a large area. This technology has the advantage of being simple
and low cost technique with high throughput [3].
In this study, we investigate the spectral properties of 2D periodic
microstructures on metal surfaces to develop high performance solar
selective absorbers and sky radiators. In addition, direct metal
imprinting of the absorber surface is demonstrated.
2. Solar selective absorbers
It is shown that the absorption peak of periodically microstructured
surface appears in the wavelength similar to its structural periodicity
[4]. In addition, surface gratings with a taped profile show optical
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absorption in broadband wavelength region [2]. Therefore we have
determined the microstructures for solar selective absorbers as 2D
surface gratings with reverse-pyramid cavities. The following
parameters are defined for designing of microstructures: structural
periodicity L, aperture size a, and cavity depth d. We have decided
to fabricate two types of gratings; (1) L= 1000nm, a/L = 1.0, d/a =
0.7, and (2) L = 2700nm, a/L = 1.0, d/a = 0.7. Surface gratings with
these parameters are fabricated on Si substrates by means of
photolithography and Si anisotropic etching technique, and Pt layers
of about 200 nm thickness are sputtered respectively on the surfaces
so as to enhance the effect of the microstructures.
Optical measurements have been performed in order to evaluate the
spectral features of the reverse-pyramid Pt surfaces. They show a
good spectral selectivity, a typical absorption in the wavelength
below their periodicity of grating and low emittance in longer
wavelength region. These optical features are suited for solar
selective absorbers. Especially the latter sample shows a = 0.94 and
e = 0.05 at room temperature.
3. Sky radiators
We have simulated the spectral properties of 2D periodic microstruc-
tures with rectangular cavities by numerical calculation based on the
rigorous coupled wave analysis (RCWA). RCWA is a method to
analyze the general 3D grating diffraction problem by solving
Maxwell’s equations rigorously. From the calculation results, the
optimum surface structures for sky radiators are determined as L =
6000nm, a/L = 0.8, and d/a = 0.75. The surface grating structures
designed by the numerical calculations are fabricated on Si
substrates by means of photolithography and reactive ion etching
(RIE) techniques. Pt film of about 200nm thickness is deposited on
the surface after fabrication.
Optical measurements have been performed in the same way as the
case of solar selective absorbers. The results show the enhanced
spectral emittance in the wavelength of atmospheric window region.
4. Direct metal imprinting
A microstructured mold based on the solar selective absorber
surface is fabricated by means of electroplating technique. On the
mold surface, 2D periodic pyramid structure, which is the reverse
pattern of the absorber surface, is accurately reproduced.
We have chosen Cu as the material for imprinting. After mechanically
polished, Cu substrate is placed face down in direct contact with the
mold, and pressed together using mechanical press. As a result,
surface structures of the mold are partially transferred onto the
substrate. Successfully transferred cavities accurately reproduce the
reverse patterns of the mold surface, however, large part of the
transferred structures are distorted. Optical measurements have
been performed but spectral selectivity is not enough for solar
selective absorbers.
5. Summary
Solar selective absorbers and sky radiators based on 2D metal
surface gratings are investigated. They have shown good optical
properties therefore periodic surface microstructures are effective
methods for these applications.
Direct metal imprinting technique is demonstrated. Although this
technique is effective to fabricate microstructures in large area with
low cost, at present the accuracy of pattern transfer is not so good.
Improvement of pattern transfer quality is necessary for practical
use.
References
[1] Q.-C. Zhang, Sol. Energy Mater. Sol. Cells 62 (2000) 63-74.
[2] H. Sai, H. Yugami, Y. Kanamori, K. Hane, Sol. Energy Mater. Sol.
Cells 79 (2003) 35-49.
[3] S.W. Pang, T. Tamamura, M. Nakao, A. Ozawa, H. Masuda, J.
Vac. Sci. Technol. B 16(3) (1998) 1145-1149.
[4] A. Heinzel, V. Boerner, A. Gombert, B. Bläsi, V. Wittner, J. Luther,
J. Mod. Opt. 47 (2000) 2399-2419.

6197-32, Session 6
Influence of temperature-dependent refractive index on
thermal radiation from surface gratings
H. Yugami, T. Kamikawa, Tohoku Univ. (Japan)
1. Introduction
Recently, spectral control of thermal radiation based on diffractive
optics has been studied by many researchers. Enhancement or

suppression for specific range of wavelength is realized by periodic
microstructures such as surface gratings or photonic crystals. These
phenomena are occurred by the interaction between thermal
radiation and surface phonon polaritons, surface plasmon polaritons
or microcavity effect.
Particularly from the visible (VIS) to the near infrared (NIR) region,
increasing emissivity of thermal radiation is applicable to efficiency
improvement of thermophotovoltaic (TPV) generation. In TPV
systems, which are operated at 1000 - 1500 K, it is useful that the
spectral property of emitters is matched with the spectral response
of photovoltaic cells.
Microstructured selective emitters have potential advantages such
as adjustability of spectral design and adaptability to various
materials. Therefore the refractory metals such as molybdenum (Mo)
and tungsten (W) are promised for selective emitters  because of the
high melting point. Tungsten has also been demonstrated as 3D
photonic crystal.
Numerical simulations based on rigorous coupled-wave analysis
(RCWA) are powerful tools to design surface gratings for selective
emitters and photonic crystals. The thermal radiation devices are
driven at elevated temperatures, and the optical constants show
temperature dependences in most materials. However, only few data
are reported on  the temperature dependence of the complex
refractive indices or complex dielectric constants. However, to our
knowledge, the refractive index n and the extinction coefficient k of
refractory metals at high temperatures have not reported in visible
and near infrared region yet.
In this study, the values of n and k of Mo and W are measured at
high temperatures using high-temperature spectroscopic
ellipsometry system, and the RCWA results using high temperature
optical constants are compared with the measured thermal radiation
spectra from W gratings.
2. Experimental Setup
A high-temperature spectroscopic ellipsometry system is used in this
study. Samples are placed on a heater inside a vacuum chamber
which can be evacuated up to 6.0 Å~ 10-9 Torr and heated up to
1200K. First, the monochromatic light from a UV-NIR dispersive
spectrometer (Perkin Elmer, Lambda900) passes through a quartz
optical fiber, whose transmittance range is from 0.4 to 2.4 micro-
meter, is collimated by a lens. Next, the light was linearly polarized
by a polarizer impinges to a sample. The elliptically polarized light
returned to the spectrometer through an analyzer, collimating lens
and an optical fiber.  The length between the lens and the sample
sheet is 400 mm. The long distance between sample and collimating
lenz can reduce the effect of the background radiation from sample
and heater on the spectra. We have confirmed that the signal from
background radiation was not detected by the system. The spec-
trometer can measure from L= 0.185 to 3.3 micro-meter for which a
photomultiplier is used in the UV/VIS range while a lead sulfide (PbS)
detector is used in the NIR range. Detector and grating change is
automatic at 0.86 micro-meter. This total system can measure from
0.4 to 2.2 micro-meter.
Mechanically polished metal sheets with the size of 25 x 25 mm2
were heated in vacuum atmosphere to prevent oxidation during
measurement. The temperature of sample surface was carefully
measured by a radiation thermometer, using the emissivity of the
sample measured by emission spectrum measurement system using
a standard black body furnace.
3. Results and Discussion
At room temperature (R.T.), the measured data of n and k shows the
almost same spectral features with the literature data in both
materials. The small discrepancy between the measured and the
literature data is probably attributed to the difference of surface
condition, purity, grain size and so on. The clear temperature
dependence of the value of of n and k can be observed on both
materials especially in NIR region. The values of n drastically
increase and the values of k slightly decrease with increasing
temperature in the NIR region. On the other hand, both the values of
n and k are almost invariant in the VIS region within the measured
temperature. The data measuring at cooling process are almost the
same as those obtained in heating process. From this result it can be
confirmed that the surface condition of the samples is not changed
throughout the measurements.
The emissivity of W binary gratings was simulated by means of
RCWA method with the values of n and k at several temperatures
measured in this study.  We carried out RCWA simulations with 2D
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surface grating of W used the values of n and k measured at high
temperature. In calculation, 6-layered model was applied to well
reproduce the actual shapes of surface gratings. The peak position
at near 1.5 micro-meter is coincident with the measured thermal
spectrum. In L \> 1.5 micro-meter, where the values of n and k
change with increasing temperature, the simulated emissivity
increases slightly with increasing temperature.
5. Conclusions
The high-temperature spectroscopic ellipsometry system was set up
to measure the complex refractive indices at high temperatures. The
n and k values of Mo and W at high temperatures were measured by
means of this system. It was confirmed that their temperature
dependence affects on the spectral features particularly in the NIR
region. This result suggests that the temperature dependence of the
spectral properties must be considered to design and evaluate
surface gratings.

6197-33, Poster Session
Energy transfer from dye-loaded zeolite L antenna
crystals to silicon
S. Huber, A. Zabala Ruiz, G. A. Calzaferri, Univ. Bern (Switzerland)
In the natural photosystems of green plants, the absorbed light
energy is transported radiationless to the reaction centre by
chlorophyll molecules incorporated in a protein host matrix. The
matrix keeps the chlorophylls at a small fixed distance and prevents
the molecules from forming aggregates, a necessary prerequisite for
fast Foerster type energy transfer. Such a photonic antenna system
can be mimicked by inserting strong fluorescent, organic dye
molecules into the inorganic host material, zeolite L. Zeolite L is a
cylindrically shaped aluminosilicate having one-dimensional channels
running through the whole crystal along the c-axis. Due to the
geometric constraints of these channels, the dyes are inserted as
monomers organized in a supramolecular manner.[1] Such dye-
loaded zeolite L crystals can be further modified covalently at the
bases of the cylindrically shaped crystals, where the channel
entrances are located, with so called stopcock molecules. Using
strong fluorescing dyes as stopcocks with an appropriate excitation-
and emission spectra, the excitation energy absorped by the dyes
inside the zeolite L is transported to the dyes on the outside by
radiationless Foerster type energy transfer.[2] Since much more
donor dye molecules are located inside the crystal than acceptor
dyes at the channel entrances, the excitation energy harvested by
donor dyes inside the whole volume of the crystal is transported and
focussed at the channel entrance, where the acceptors are located.
:The photo-physical properties of such antenna crystals as monolay-
ers on a silicon surface with a thick (\> 100 nm) and a thin (~ 3 nm)
SiO2 layer are studied by stationary and time-resolved fluorescence
spectroscopy.[3] While the fluorescence decay of the dyes inside the
zeolite L crystals remain the same on both surfaces, the fluorescence
decay of the stopcock molecule becomes much faster on the silicon
having a thin SiO2 layer. This indicates Foerster type energy transfer
from the stopcock dyes through the thin insulating silicon dioxide
layer, preventing electron transfer, to the crystalline silicon. The
fluorescence decay of the dye inside is not influenced, since the
distance to the semiconductor is too long for energy transfer. By
using disc-shaped zeolite L, monolayers of crystals all standing on
their bases are formed. This minimizes the distance between the
stopcock dyes and the semiconductor, which is a crucial point for
efficient radiationless energy transfer.
Here we report the first successful experiments on radiationless
excitation energy transfer from dyes inside the zeolite L channels to
dyes covalently bound at the channel entrances and further through
a thin layer of SiO2, preventing electron transfer, to a silicon
semiconductor.
:[1] G. Calzaferri, S. Huber, H. Maas, C. Minkowski, Angew. Chem.
Int. Ed. 2003, 42, 3732 - 3758.
:[2] S. Huber, G. Calzaferri, Angew. Chem., Int. Ed. 2004, 43, 6738 -
6742.
:[3] S. Huber, G. Calzaferri, ChemPhysChem 2004, 2, 239 - 242.

6197-34, Poster Session
Design of ZnO:Al-films with optimized surface texture for
thin-film solar cells
M. Berginski, B. Rech, J. Hüpkes, H. Stiebig, Forschungszentrum
Jülich (Germany); M. Wuttig, RWTH Aachen (Germany)
Introduction:
At present the strongly growing photovoltaics world market is
dominated by solar modules based on mono- or polycrystalline
silicon wafers. Even though silicon is a non-toxic and abundant raw
material, the production of the silicon wafers involves high process
temperatures, which consumes already a considerable amount of
energy. Silicon based thin-film solar cells utilize a thin absorber layer
(several 100 nm to few µm) deposited at low process temperatures
(about 150 - 200 °C) and thus promise significantly lower costs and
shorter power payback times. The thin-film solar cell approach
followed at IPV employs cell concepts on cheap substrates (like float
glass) with hydrogenated amorphous (a-Si:H) or microcrystalline
silicon (µc-Si:H) as well as a stack of both in a tandem cell as active
layers. However, in case of silicon thin-film solar cells, an efficient
light-trapping scheme is essential to enhance the intrinsically low
absorbance of silicon especially in long wavelength range. In p-i-n
configuration the cell is illuminated through transparent conductive
oxide (TCO) coated glass. The TCO has to meet counteracting
properties: high conductivity to obtain a low series resistance and
low carrier concentration to avoid strong infrared (IR) absorption
losses. Note that in the near infrared the absorbance of a single pass
through a 1 µm thick layer of µc-Si:H is lower than that of typical
TCOs. Additionally, a TCO with a suitable texture has to be devel-
oped which scatters the light very efficiently in order to elongate the
effective path length within the active silicon layer. Thus, a special
design of the TCO is necessary to fulfill all these requirements. For
initially smooth sputter deposited aluminum-doped zinc oxide
(ZnO:Al) films a texture is realized by post-deposition wet-chemical
etching. Previous work has shown that, depending on sputter
parameters, crater-like surface topography with typical lateral length
scale of 1 to 2 µm and depths of about 200 to 400 nm develops in a
self-organized fashion.
Experiment:
ZnO:Al films were prepared on Corning 1737 glass by rf magnetron
sputtering from ceramic targets. The amount of doping was varied
using ZnO targets with 0.2, 0.5, 1 and 2 wt% Al2O3. At constant
deposition pressure of 3 µbar the substrate temperature was varied
in a range of 100 - 450 °C. Film characterization was performed by
four-point probe, Hall effect measurements, optical transmission and
reflection measurements, additional photothermal deflection
spectroscopy (PDS) for more accurate absorbance determination
and x-ray diffraction analysis (XRD). After deposition, approximately
800 nm thick initially smooth films (rms-roughness about 15 nm)
became surface-textured with typical rms-roughness of more than
100 nm by wet-chemical etching in diluted hydrochloric acid (0.5 %
HCl). The surface topography and characteristic feature sizes were
studied by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Comparing the intensity of diffusely transmitted
light (diffraction angle \> 5 °) to the total transmission of a roughened
film, one already gains a classification of the light scattering ability.
Nevertheless the best way to study light trapping properties is the
usage in thin-film silicon solar cells. We deposited  µc-Si:H single
junction solar cells using plasma enhanced chemical vapor deposi-
tion (PECVD) at 13.56 MHz excitation frequency in a 30x30 cm2
reactor. Sputter deposited double layers of ZnO:Al (80 nm) and
thermally evaporated silver (700 nm) served as back-reflector and
rear side contact. The cells were characterized measuring cell
reflection, spectral response and I-V characteristics under AM1.5
illumination.
Results and discussion:
The amount of aluminum in the target is an important factor to
determine the number of free carriers in ZnO:Al films and low doping
opens the way for high carrier mobility. Hence, the strength of
doping affects the absorption of near infrared light in TCO films [1].
Moreover, the results show, that the aluminum content in the target
affects structural properties of ZnO:Al, which results in different
etching behavior. Influence of pressure and substrate temperature
during sputter deposition on the post-etching surface topography
can be described in a modified Thornton model [2]. In our experi-
ments we have studied a wide range of process temperatures and
four doping concentrations. Under optimized preparation conditions
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for each aluminum concentration similar surface morphologies
comprising of a homogeneous distribution of craters with typical
feature size were obtained. These rough TCOs were characterized by
their optical, electrical and light-scattering properties. To study the
light trapping ability in thin film solar cells, we applied these ZnO:Al
films in µc-Si:H single junction cells with different absorber layer
thicknesses ranging from 0.5 to 2 µm. With increasing absorber layer
thickness the influence of light scattering is reduced relative to the
effect of parasitic absorption in the front TCO. By an optimization of
surface texture of ZnO:Al front contacts one can increase the short-
circuit current density (for absorber layer thickness of 1 µm) from
15.6 mA/cm2 for flat TCO to 23.0 mA/cm2. A reduction of parasitic
absorption and small change of the scattering topography can
further enhance the current to 24.3 mA/cm2 by an improvement of
quantum efficiency especially in the long wavelength range. Note
that the calculated absorption during a single light pass through 1
µm µc-Si:H at 900 nm is only 3 %. The obtained quantum efficiency
of 32 % for light of this wavelength already demonstrates a very
efficient light trapping. So far, short-circuit currents of up to 26.8 mA/
cm2 could be realized in µc-Si:H single junction cell with absorber
layer thickness of 2 µm.
All investigated solar cells have the same ZnO:Al / silver back
reflector. However, the parasitic absorption processes at the rear
side of the cell started to dominate. There is still a large difference
between the fraction of absorbed photons in the cell and the
resulting quantum efficiency. Further efforts are needed to close this
gap.
In this study we investigated the influence of the doping level of the
target on the post-etching surface texture of ZnO:Al films and their
light-trapping ability in silicon thin-film solar cells. We tested the
performance of ZnO:Al front-contacts with different amounts of
parasitic absorption and topographies in thin-film silicon solar cells.
Finally we will discuss the experimental limits for optical improve-
ments by statistically textured surfaces.
[1] C. Agashe, O. Kluth, J. Hüpkes, U. Zastrow, B. Rech, Journal of
Applied Physics 95 (2004) 1911-1917
[2] O. Kluth, G. Schöpe, J. Hüpkes, C. Agashe, J. Müller, B. Rech,
Thin Solid Films 442 (2003) 80-85

6197-35, Poster Session
Rigorous validation of the lateral Goos-Hänchen shift in
microstructured sun shading systems
G. Walze, P. Nitz, A. Gombert, B. Benedikt, Fraunhofer-Institut für
Solare Energiesysteme (Germany)
The Goos-Hänchen effect is a lateral shift of an electromagnetic
wave which undergoes total internal reflection. This shift can be on
the order of some micrometers. In most situations it can be
neglected, but for some applications, it has a measurable influence
on their performance. Microstructured, dielectric light-guiding and
sun-shading systems are examples of such an application. Several
geometrical configurations are known to provide a sun-shading
function depending on the angle of incidence: Within an adjustable
range of incident angles, the system displays a sun-shading ability,
while for other angles of incidence most of the light is transmitted.
This sun-shading ability is based on at least one total internal
reflection inside the element. For some reflective structures with a
period of the same magnitude as the Goos-Hänchen shift, a
significant increase in the transmittance can be found. This corre-
sponds to narrowing the range of incidence angles that provides the
sun-shading effect (In comparison to a similar macroscopic
structure). This circumstance cannot be explained with diffractive
effects only. It has been shown that the Goos-Hänchen shift is
responsible for this decrease. In order to find a solution to this
problem, the first step is to quantify the Goos-Hänchen shift exactly.
The shift was first measured in 1947 by F. Goos and H. Hänchen.
Soon afterwards a theoretical explanation and an estimation of its
size were published by K. Artmann. This first examination predicts a
singularity for an incident angle that is equal to the critical angle for
total internal reflection, where the Goos-Hänchen shift was predicted
to be infinite. In the following decades, several different approaches
were made to find an exact analytical expression to calculate the
size of the Goos-Hänchen shift. Depending on the approximations
that were made to find these expressions, the predicted Goos-
Hänchen shift varies within a wide range. One of the most detailed
examinations of the Goos-Hänchen shift was published by Lai in
1986. It is a refinement of the original approach of Artmann and

includes further parameters like a Gaussian form and the finite width
of the incident beam. In Lai’s analytical formula, the Goos-Hänchen
shift is always finite, but there are still some inconsistencies. For
example, it is predicted that maximal shift increases linearly with the
beam width, which is obviously not reasonable for very broad
beams.
Beside the theoretical approaches, there also have been several
attempts to measure the Goos-Hänchen shift directly. These
measurements mostly have been made using electromagnetic waves
with wavelengths of some centimetres. For incidence angles that are
much larger than the critical angle of total internal reflection and for
s-polarized electromagnetic waves, these measurements correspond
well with the theoretical approaches of Artmann and Lai. Under
different circumstances such as p-polarized electromagnetic waves,
the measurements often differ from the predicted values. Also
measurements exactly at the critical angle are hard to realize.
A new approach to quantify the Goos-Hänchen shift is the subject of
this article. Beside analytical solutions and measurements, the Goos-
Hänchen shift can be assessed with numerical methods. To do so,
the near field of a totally internally reflected electromagnetic wave is
calculated by using the RCWA method (rigorous coupled wave
analysis). The RCWA was first introduced by Moharam in 1982. For
the calculations that are described in this paper, an advanced RCWA
algorithm developed by Lalanne in 1996 was used. The advantage of
the numerical approach is that no limiting assumptions have to be
made and that the accuracy of the result is only dependent on the
available computing power. On the other hand - compared to real
measurements - many sources of errors, like systematic errors due
to the measurement setup can be avoided. Another advantage over
measurements is that there is no uncertainty in the boundary
conditions such as beam width, index of refraction and wavelength.
By comparing the calculated near field pattern with the geometric
optical case, the Goos-Hänchen shift can be determined.
This approach to assess the Goos-Hänchen shift offers a new
approach to solve the discrepancy between the measured and
predicted Goos-Hänchen shift, and to verify the analytical models.
By knowing the maximal Goos-Hänchen shift for different param-
eters (e.g. beam size, index of refraction), it is now possible to adjust
existing microstructured sun-shading systems such that the
disturbance to the desired sun-shading effect due to the Goos-
Hänchen shift is minimal.
The work presented here was funded by the German
“Bundesministerium für Wirtschaft und Arbeit BMWA” under
reference numbers 0327312 A and B. The authors assume the
responsibility for the content of this paper.

6197-36, Poster Session
Application of diamond-like carbon/porous silicon
double-layer constructions as antireflection coatings for
silicon solar cells
K. Martirosyan, V. M. Aroutiounian, Yerevan State Univ. (Armenia); P.
Soukiassian, Commissariat à l’Energie Atomique (France)
Now large attention is given to an increase in the efficiency of solar
cells. Especially today silicon solar cells were found wide applica-
tions. One of different methods of the increase in the efficiency is a
reduction of the reflectance of sunlight from the surface of solar
cells, which can be realized by using of different type antireflection
coatings.
It is well known that double-layer antireflection coatings MgF2/ZnS
and SiO2/TiO2, which found wide application in silicon solar cells,
are characterized with relative small reflection only in visible and
infrared region of the spectrum, which leads to that the solar cell
absorbs approximately about half of the sunlight intensity. Hence, it
is necessary to find such structures, which are characterized by
small reflection additionally in short-wave region.
We are reporting here the possibility of application of diamond-like
carbon/porous silicon layers in silicon solar cells as antireflection
coating. Porous silicon layer was formed by standard anodization
method in HF containing solution (HF:C2H5OH=3:2 by volume ratio)
in the galvanostatic regime. The anodization current was 5-10 mA/
cm2, and anodization time was 1-6 min. After formation of porous
silicon layer, a diamond-like carbon film was grown on the surface of
the porous silicon. The diamond-like carbon film was formed by two
different methods: by ion-beam sputtering of graphite target and by
chemical decomposition of carbon containing material, such as a
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toluene. In the first case the condition of diamond-like carbon film
growth was the following: target bias was kept -2kV, substrate
temperature was kept 1500C. In the second case diamond-like
carbon films was grown from argon+toluene mixture. In this case the
camber pressure was kept 1*10-3 ÷1*10-4 Torr, substrate tempera-
ture was kept 250-3000C. The relative concentration of toluene in
the gas mixture was 0.5-2.5%.
Then the measurements of reflectance spectrum and current-voltage
characteristics of obtained structure were carried out. The results of
measurements show the improvement of solar cell parameters in
particular improvement of short-circuit current by 25% and open-
circuit voltage by 12%.
The comparison of reflectance spectrum for the obtained experimen-
tal results with theoretical calculations for double-layer diamond-like
carbon/porous silicon antireflection coating was carried out by us.
Note that the estimation of reflectance spectrum of diamond-like
carbon/porous silicon double-layer antireflection coating was carried
out by us by using the optical matrix approach method.

6197-37, Poster Session
Functionalized surfaces for energy conversion studied by
electrochemical and scanning probe techniques
E. Figgemeier, B. M. Bozic, Univ. Basel (Switzerland)
Self-assembled monolayers (SAMs) of metal complexes are a central
component of functional chemical systems for energy conversion
e.g. the dye-sensitized photoelectrochemical solar cell or photocata-
lytic processes at semiconductor surfaces.
In this context, scanning electrochemical microscopy (SECM) under
illumination has proven itself as most valuable for the understanding
of elementary processes of such systems. Scanning electrochemical
microscopy comprises an ultra-microelectrode (UME), which is
incorporated into a 3 or 4, respectively, electrochemical cell and
which can be positioned with sub-micrometer resolution in 3
dimensions relative to a substrate.  In our system, we used Pt-UMEs
and dye-sensitized nano-structured electrodes as substrates. The
substrate can be illuminated from the backside, which resembles
working conditions of solar cell arrangements. The electrolyte
consists of 2-methoxy-propionitrile in conjunction with a redox
couples as they are used in DNSCs. With this set-up we are able to
investigate the electrochemistry in close contact to the substrate
surface initiated by the injection of electrons from the dye into the
conduction band of the TiO2 due to illumination at working condi-
tions. In the presentation, the potential of this method to reveal the
kinetics of elementary processes are discussed and latest results
concerning diffusion, the role of the redox mediator and the influence
of underlying conductive surfaces in nano-structured dye-sensitized
semiconductors under illumination are presented. The apparent
diffusion coefficient for the oxidized species of the iodine/iodide
redox couple measured by this method has a value of 3.2*10-6 cm2
s-1, which is in good agreement to the number determined by Kron
et al. (4.4*10-6 cm2 s-1).

6197-38, Poster Session
Flexible encapsulation for organic solar cells
G. Dennler, C. Lungenschmied, H. Neugebauer, N. S. Sariciftci,
Johannes Kepler Univ. Linz (Austria); G. Czeremuzskin, M. Latreche,
NOVA-PLASMA Inc. (Canada); M. R. Wertheimer, École
Polytechnique de Montréal (Canada)
Efficiencies exceeding 4% under AM 1.5 conditions have recently
been reported for organic solar cells based on conjugated polymer/
fullerene mixtures. Considering their potential to be produced by low
cost roll-to-roll process, their entry in the market may be forecast to
occur within the next few years. However, organic solar cells as well
as organic light emitting diodes (OLED or PLED) experience rapid
degradation in air, which results in a drastic reduction of their
lifetimes. Therefore, very sophisticated encapsulation is required to
prevent oxygen and moisture from diffusing into the device and
oxidizing the active layers. Evidently, the materials used for encapsu-
lation have to be transparent and flexible. Films of commonly used
polymers like polyethyleneterephtalate (PET) or
polyethylenenaphthalate (PEN) show oxygen transmission rates
(OTR) and water vapor transmission rates (WVTR) which are about 6
or 7 orders of magnitude above the requirements for polymeric
electronic devices (WVTR ~ 10-6 g.m-2.day-1, OTR ~ 10-3 cm3.m-
2.atm-1.day-1). A single layer of inorganic barrier (SiOx, SiNx)

deposited onto the polymer substrate typically improves the barrier
properties by a factor of 1.000. To achieve even better barrier
properties, stacks of alternating organic and inorganic layers have
been fabricated (“high barrier materials”).
We report here a shelf-life time study of conjugated polymer/
fullerene solar cells encapsulated in a novel flexible and transparent
PEN-based high barrier material. This material succeeds in an
accelerated “Calcium test” for more than 1.000 hours, which
corresponds to at least 10.000 hours under ambient conditions. We
have found that the encapsulation increased the shelf life time of
bulk heterojunction solar cells from a few hours into the range
beyond 1.000 hours.

6197-39, Poster Session
Polymerisation of thiophene with {Ru(terpy)2}2+ dyes
W. H. Kylberg, E. Figgemeier, E. C. Constable, C. Housecroft, Univ.
Basel (Switzerland)
In the dye sensitized photovoltaic solar cell a monolayer of metal
complexes that absorb light are commonly adsorbed onto a nano-
structured TiO2 film [1]. The cell is completed with a counter
electrode and an electrolyte with a redox pair in between. For a
variety of reasons it would be advantageous to have a solid state
electrolyte instead of the present liquid one. Polymers that can act as
hole-conductors are believed to be a possible solid state alternative
to liquid electrolytes [2]. One hole-conducting material that has
attracted attention is poly-thiophene. In this project attempts were
made to modify dye-sensitised TiO2 films by polymerisation of
thiophene monomers directly to thienyl groups of the dye molecule
ligands using chemical, electrochemical and photochemical
techniques. A new metal complex dye with a 4'-(2,2'-Bithien-5-yl)-
2,2':6',2"-terpyridine ligand has been synthesized and used to
sensitize a thin TiO2 film. Photo-electrochemical characterisation has
been performed on the modified dye attached to TiO2 and Sb-doped
SnO2 films. These results have been complemented by solution
phase measurements. Monomers that can be used for the
electropolymerisation need to be soluble and thiophenes with alkyl
chains on the 3-position, like 3-methylthiophene, are known to be
soluble in many organic solvents [3] and have been measured to
polymerise when electrochemically oxidized [3, 4].
To adsorb the dye molecules with sufficient strength to the metal
oxide surface to withstand the strains of polymerisation, strong
attaching groups are needed. Carboxylic acid groups are the most
used functional group in this case and experiments suggest there is
covalent bonding to the metal oxide surface with good electron
transport [5]. Different anchoring groups with carboxylic acid groups
have been made and tested for the electro-polymerisation by the
authors.
REFERENCES
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[4] G. Zotti, S. Zecchin, G. Schiavon, B. Vercelli, A. Berlin, Journal of
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6197-40, Poster Session
Investigation of hybrid solar cells with incorporated
nanoparticles
S. Günes, S. Hofer, H. Neugebauer, N. S. Sariciftci, Johannes Kepler
Univ. Linz (Austria)
We fabricated hybrid solar cells using CuInS2, HgTe and TiO2
nanocrystals in conjugated polymer matrices in different configura-
tions:
First, in solid state dye sensitized solar cells using  TiO2 nanoporous
electrodes.  These cells consist of nanoporous TiO2 electrodes for
electron transport, a RuL2(NCS)2:2 TBA dye complex for light
harvesting and poly (3-hexyl) thiophene (P3HT) for hole transport.
Secondly, we introduce solid state hybrid solar cells using CuInS2 as
a nanostructured electrode with organic materials.
Finally, we present TiO2 nanoporous electrodes coated with other
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nanocrystals like HgTe nanocrystals,  to increase the photon
harvesting efficiency of hybrid solar cells over a broad spectral
region between 350 nm and 1500 nm.
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6197-41, Poster Session
Superficial photoluminescence and photovoltaic
conversion of nanoscale Si-layered systems at 400-nm
wavelength
Z. T. Kuznicki, Univ. Louis Pasteur (France)
A surprising photovoltaic (PV) conversion at 400 nm has been
observed in nanoscale Si-layered systems (ns-Si-ls) during spectral
response measurements. In conventional solar cells the UV and blue
PV conversion may be awful because of the surface recombination
within a thin superficial layer. In multi-interface novel devices (MIND)
containing ns-Si-ls this conversion is always negligible within an
even thicker surface dead zone from which practically any free-
carrier cannot be collected. So the measured 400 nm band PV
conversion in MIND cells is totally contradictory with the usually
observed effects.
The enhancement of the collection efficiency (CE) in the presence of
a carrier collection limit (CCL) in MIND cells or a large surface
recombination layer in conventional cells is possible because of the
photoluminescence. The CCL appears with a buried amorphization,
while the recombination layer results from surface states.
Contrary to the 400 nm, the 700 nm wavelength can rich the lower
cell strata because of its relatively lower absorption within the
surface zone. Stokes shift between photon absorption and emission
energies is about 1.35 eV. Carriers which are photogenerated below
the CCL (or recombination layer) are collectable and form the bell-
shape CE peak (like a PL replica) appearing around 400 nm.
Luminescence centers are concentrated in a superficial nano stratum
formed during the ion-beam implantation. The thickness of the
superficial stratum and its activity depends on the ion-beam current
density. A similar CE effects have been observed on MIND cells
independently on the CCL presence; i.e. before and after the total
ns-Si-ls recrystallization. The surface recombination layer stays even
after the total recrystallization and in this case the converted
wavelength does not cross any sharp CCL but a larger than usually
zone filled with recombination centers.
The second CE paradox concerns its inversely proportional variation
versus the incident flux intensity, lower the intensity higher the CE,
which value can even exceed the unity. This new effect is also
localized at the superficial nano stratum and originates from post
implantation defects and nanostructures eventually formed during
implantation process.
Any known publication doesn’t relate such an effect despite
extensive investigations in the subject concerning structural and
optical properties of Si nanoparticles, Si nanolayers, new Si-based
materials such as semiconductor silicides and the luminescence-
center doped Si materials. A similar low energy free-carrier genera-
tion has been observed recently in MIND cells with buried ns-Si-ls
having a relatively very thin superficial stratum because of an
excellent electronic passivation.
In this work, the luminescence properties of crystalline (c-Si) and
amorphous (a-Si) silicon nanostructures are reviewed in relation with
observed effects. We relate and discuss in details the room-
temperature photoluminescence from superficial silicon
nanostructures and corresponding PV conversion of post implanta-
tion defects.

6197-42, Poster Session
Solar light induced opacity of MIND cells
Z. T. Kuznicki, Univ. Louis Pasteur (France)
Multi-interface novel devices (MIND) exhibit a dramatically low UV-

and blue-spectrum photovoltaic (PV) performance independently on
the electronic quality of their surface. A paradox could even be
observed, the better the electronic passivation the poorer the PV
performance. The effect appears under relatively low excitations in
comparison with intense laser fluxes being usually at its origin.
The effect has been explained by a solar-light induced opacity,
which reduces considerably or even totally the photon penetration
into deeper layers, the only assuming the photocarrier collection.
This opacity results from a feed-back occasioned by the free-carrier
absorption: better surface passivation, higher free-carrier density,
stronger absorption. At the limit the total energy of the incident beam
can be absorbed within the surface dead zone.
On the one hand, a buried nanoscale Si-layered system (ns-Si-ls)
causes in the MIND cells a carrier collection limit (CCL), which blocks
carriers (exclusively holes) in their movement into the collection
junction. On the other hand, the confined density is proportional to
the quality of the surface passivation, better the electronic passiva-
tion greater the confined density. The light-generated population can
achieve particularly large superficial densities reaching 1021 cm-3 or
more. In this way the CCL activity can be amplified or attenuated by
surface states. The CCL acts simultaneously on the electronic
performance, blocking free-carriers, and on the optical performance,
being at the origin of an enhancement of the dead zone absorptance.
By consequence, it is the free-carrier gas confined in a thin surface
zone which dominates the optical functions of MIND cells.
In conventional solar cells with one collecting junction the total flux
transmitted by the surface can be converted in collectable free-
carriers and its collection efficiency is partially reduced by the only
surface recombination. Thus, all device volume participates in the PV
conversion and the internal quantum efficiency is close to the unity.
In MIND cells an only part of surface-transmitted flux can be usefully
converted, because of a surface dead zone sharply separated from
the active device bulk.
In this work we investigated specific effects concerning solar-light
induced opacity in MIND cells with a free-carrier confinement using
different device structures and optical as well as spectral response
techniques.

6197-43, Poster Session
Laser applications in crystalline silicon solar cell
production
A. Grohe, R. Preu, S. W. Glunz, G. Willeke, Fraunhofer-Institut für
Solare Energiesysteme (Germany)
Introduction:
Solar cell production matures towards industrial manufacturing. The
annual growth rate of the photovoltaic market of approximately 40 %
lead this energy source towards energy political relevance.
To keep this growth producers focus on decreasing costs. As the
silicon wafer material contributes a share of approximately 40 % to
the overall energy production cost one direction is a decreasing
wafer thickness. Therefore novel processes assuring high throughput
and low breakage rates have to be developed for pro-duction. These
new processes should include as few mechanical impact as
possible, low costs and short du-rations. In this presentation a
sketch over laser processes meeting these demands are shown.
Purpose:
The processing scheme for industrial solar cells based on crystalline
silicon includes the following steps:
- wafer surface cleaning
- material doping thin layer deposition
- surface texturisation
- temperature steps for contact formation
- material ablation for electrical disconnection
For some of these steps laser processes are already successfully
introduced. Those processes are analysed concerning their current
status. Future optimisation potential is identified.
Furthermore some more sophisticated solar cell types as well as
future developments are presented. Addi-tional processes amongst
others are contact definition and via drilling. Those processes are
analysed in re-spect to their applicability.
Finally the requirements on laser sources and systems are pointed
out and compared with standard machinery in respect to their
feasibility.
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6197-44, Poster Session
Growth of beta-iron disilicide (β-FeSi2) on flexible metal
sheet substrates for solar-cell application
Y. Nakayama, Kankyo Semiconductors Co., Ltd. (Japan); Z. Liu,
National Institute of Advanced Industrial Science and Technology
(Japan); M. Osamura, Kankyo Semiconductors Co., Ltd. (Japan); T.
Ootsuka, Tateyama Kagaku Ind. Co., Ltd. (Japan); Y. Fukuzawa, N.
Otogawa, Kankyo Semiconductors Co., Ltd. (Japan); Y. Abe,
Tateyama Kagaku Ind. Co., Ltd. (Japan); Y. Makita, Kankyo Semi-
conductors Co., Ltd. (Japan) and Tateyama Kagaku Ind. Co., Ltd.
(Japan)
The research interest in semiconductor beta-iron disilicide (β-FeSi2)
is increasing in recent years. This is owing to its direct bard gap
(around 0.85eV) and high optical absorption coefficient (α) higher
than 105cm-1. This high value of α allows β-FeSi2 films to be used
for solar cells with extremely thin thickness. The non-toxicity, stability
at high temperatures and the usage of abundant constituent
chemical elements on the earth’s crust that are principally inherent to
β-FeSi2 are ecologically attractive features for the application of β-
FeSi2 as a photovoltaic device.
For this reason, several studies have been carried out on β-FeSi2
thin films for solar cell application by various preparation methods.
We have already fabricated β-FeSi2 solar cells using Si wafers as the
substrates, and preliminary results indicated 3.7% as its photovoltaic
conversion efficiency.
To fabricate the above β-FeSi2/Si solar cells, a large amount of Si
substrates are needed, and cost reduction cannot be expected.
However, if cheep metal sheets can be utilized as substrates for β-
FeSi2 solar cells, they are easily available and the device cost will be
significantly decreased. Since metal foils are normally flexible, β-
FeSi2 solar cells grown on these substrates could take any free
forms, which allows absorbing of solar light at desired incident
angles to attain highest conversion efficiency.
In this report, we present the results of β-FeSi2 deposition on various
metal sheet substrates such as iron, various types of stainless steel,
Mo, Ta and W for the fabrication of solar cells. Growth of β-FeSi2
thin films was carried out by FTS (Facing Target Sputtering) method.
Crystallographical features were examined through XRD and Raman
scattering measurements. Adhesion force of the films to the
substrates was evaluated by pealing test and electrical properties
were examined by Hall effect measurements. Results showed that
stainless steel and iron sheets become good substrates for the
growth of β-FeSi2 thin films in terms of the following features.
1. Crystalline properties;
For iron sheet substrates, single-phase β-FeSi2 thin films were
grown at relatively low substrate temperatures of 150-400ºC. At
above 450ºC, a FeSi phase appeared and further at above 600ºC
Fe3Si phase was identified. Raman scattering spectroscopy
measurements revealed that peaks inherent to β-FeSi2 are apprecia-
bly recognized for films grown at relatively low substrate tempera-
tures of 150-400ºC. Peeling tests and SEM cross-section observa-
tions of these films stated that the adhesion force of these films to
iron sheet is satisfactorily strong.
On stainless steel substrates, single-phase β-FeSi2 thin films were
grown at substrate temperatures above 300ºC. At above 600ºC, two
phases of FeSi and Fe3Si were found mixed in these films. Peeling
tests and SEM cross-section observations of these films indicated
that the degree of adhesion force between films and substrates is
greatly dependent on the types of stainless steel sheets having a
variety of compositions. It should be noted that even if the peeling
test presents preferable features, some films were easily separated
from substrates on machine cutting.
2. Electrical properties;
Since iron and stainless steel sheets are electrically conductive, to
characterize electrical properties of these films, we removed these
substrates by chemical etching. Through Hall effects measurements
at R.T., these two films were found to present p-type electrical
conduction with the Hall mobility of 1-10cm2/Vs, and carrier
concentration of 8.9Å~1019 - 9.8Å~1020 cm-3.
β-FeSi2 films that were deposited onto Mo, Ta, and W sheet
substrates at substrate temperatures of 400-800ºC, exhibited highly
deteriorated features, suggesting that they are not appropriate sheet
substrates for the fabrication of β-FeSi2 solar cells.
In conclusion, it was demonstrated that iron and stainless steal
sheets could be used as flexible and low-cost substrates for the

fabrication of β-FeSi2 solar cells.

6197-45, Poster Session
Surface modifications of transparent Fluorite and Spinel
oxides by heavy ion implantation
G. Baldinozzi, École Centrale Paris (France) and CEA Saclay
(France); D. Simeone, D. Gosset, M. Dollé, CEA Saclay (France) and
Ecole Centrale Paris (France)
It is well known that irradiation can compete with the original
structural instabilities in materials. New structures and microstruc-
tures can spring from this competition and these mechanisms and
they can be used to engineer the materials properties (band gaps,
...). In this context we will discuss the drastic structural modifications
that can also occur when there is no competition with a predefined
phase transition mechanism. In spinel oxides, a structural instability
can be triggered by ion irradiation giving rise to a structural modifica-
tion that is qualitatively different from the well accepted
nonconvergent cation ordering mechanism observed in annealed
spinel systems. In pure zirconia, a displacive phase transition is
observed after irradiation. Defects, produced in the oxygen
sublattice, induce important strain fields on a nanometric scale. This
strain field is esponsible for the decrease of the phase transition
temperature, leading to the quenching of a nanostrutured tetragonal
phase.

6197-49, Poster Session
Improvement of radiation resistance of multimode silica-
core holey fibers
A. F. Kosolapov, S. L. Semjonov, A. L. Tomashuk, General Physics
Institute (Russia)
Multimode silica-core holey fibers hold much promise for applica-
tions in the nuclear industry in strong radiation fields, in particular, in
plasma diagnostic systems in the future ITER thermonuclear reactor.
High aperture of such fibers can partly compensate for radiation-
induced loss, whereas the elimination of the POD-process (plasma
outside deposition of fluorinated silica cladding) from the preform
fabrication procedure is expected to lead to a much lower concen-
tration of radiation-induced non-bridging oxygen hole center
(NBOHC) absorbing near 630 nm. In addition, the perform fabrication
process of such holey fibers is potentially cheaper than the POD-
process, and the longitudinal holes can be used to deliver molecular
hydrogen to the irradiated fiber sections to strongly suppress
radiation-induced absorption in the course of fiber operation under
radiation.
However, we present experimental results demonstrating that
NBOHC is inherent in silica-core holey fibers in the form of both
drawing-induced and radiation-induced defect. Previously we
supposed the drawing induced NBOHC and the precursors of
radiation-induced NBOHC in silica-core holey fibers to result from a
high cooling rate of such fiber during drawing. However, based on
our latest results, we argue NBOHC and its precursors to arise owing
to drilling of holes in silica. Nevertheless, we succeeded in modifying
the fiber drawing process to fully suppress the drawing-induced
NBOHC and to partially suppress the radiation-induced NBOHC:
after gamma-irradiation to ~ 0.3 MGy, its concentration in a holey
fiber made from high-OH KU-1 silica was found to be two times less
than in a POD-fiber made from the same silica.
Finally, we report, for the first time, experimental results on improve-
ment of radiation-resistance of silica-core holey fibers by ‘in-situ’
filling the holes with molecular hydrogen in the course of fiber
gamma-irradiation.
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6198-01, Session 1
Surface inspection system for carriage parts
B. Denkena, W. Acker, Univ. Hannover (Germany)
Sheet metal parts are often directly visual for the customer, like
housings, car bodies, etc. The surface smoothness is decisive for the
quality impression. Especially the automotive industry defines a
faultless surface of the car’s body as a leading quality criterion. Even
very flat dents of a few µm lead to distortions of light reflections,
which can be recognized on the varnished final product with the
naked eye.
To avoid costs, faulty parts have to be sorted out of the added value
chain as soon as possible. The problem is that defects can not be
seen directly on uncoated raw parts. At present, manual testing
methods are still state of the art. These methods are the use of
templates, light grinding of the surface and watching the marks or
applying a glossy film (e.g. paraffin) and inspecting its reflections.
These time consuming testing methods provide subjective results
and only allow spot checks. In modern press lines a new part leaves
the line about every 4 seconds, so that in the worst case up to 9000
faulty parts may be produced until a systematic failure is detected, if
one test every hour is assumed.
The above lead to high demands on a surface quality inspection
system. Failures have to be detected automatically on large flexible
parts without laborious clamping. Dents deeper or higher than 10 µm
are of concern. The inspection system has to be fast enough to allow
a 100% inspection of all produced parts. Furthermore the system
has to be functional in industrial surroundings, for example it needs
to be able to resist the extensive vibrations of press lines.
An optical approach is the method of choice to fulfill the high
demands on measuring speed and accuracy. Among the optical
measuring methods, stripe projection is the most suitable, but the
standard measuring systems do not combine speed and accuracy
satisfactorily. For this reason a new system has been developed at
the IFW. The development of the system has been done within the
Collaborative Research Centre 362, which was founded in 1993 by
the German Research Council(DFG). The developed stripe system
consists of a projector, a high resolution line scan camera and two
feed drives to move the workpiece and the camera. The camera is
linked to a PC with specially developed software to control the
hardware, retrieve and process data .The system uses a new
approach which only requires one exposure of a fixed stripe pattern.
It is therefore applicable to measure moving parts, which e.g. lie on a
conveyor belt. The final aim was a reliable automatic recognition of
dents and waviness of only 10 µm depth within less than 10 seconds
per m(c)˜. The stripe projection method bases on the principle of
optical triangulation. A regular pattern of dark and light stripes is
projected onto a plane reference surface at a certain angle. The
camera senses the projected pattern at a different angle on the
camera chip. If projected onto a curved surface, the corresponding
stripes on the workpiece move with regard to their position on the
plane reference surface .This movement can analyzed by the phase
shift of the line camera’s signal. The height of the workpiece and its
position can then be calculated by optical triangulation and consider-
ation of the system’s setup. By performing these calculations on
each image point of the workpiece, its surface can be reconstructed
in 2.5 dimensions.
A general problem that occurs when analyzing the shape of large
flexible pieces of sheet metal is that even faultless workpieces can
differ from their ideal geometry, because they deform under their
own weight. These deformations can be up to several mm. A direct
comparison of the measured data with the ideal shape (CAD data) is
therefore not suitable. Since the general appearance and dimensions
of the dents which have to be detected is known, an analysis of the
measured surface in the spatial frequency domain showed good
results. This is done by separating the measured data in low,
medium and high frequencies. If the cut-off frequencies are well
chosen, the low frequencies represent the general shape of the
workpiece, the medium frequencies include dents, and the high
frequencies show noise and scratches on the workpiece.
The described procedure only works for sheet metals which are
weakly curved. If the workpiece shows frequencies within the range
of the dents to be detected, it can not be tested automatically with
the described method.
To solve this problem, a prior knowledge of the workpiece has to be
included into the automatic dent detection algorithm. This is done by
comparing the measured data with the CAD data of the part.

Precondition for the comparison is the exact geometric matching of
the two datasets. The position and orientation of the workpiece is
only roughly determined. Therefore, the alignment is done on the
basis of the data (point cloud).It is necessary to generate an
appropriate transformation between the coordinate system of the
workpiece and of the CAD-model. Therefore the Iterative-Closest-
Point (ICP) algorithm was chosen. To save computing time, the ICP
algorithm was applied to a highly down sampled version of the CAD
model. The resulting transformations are applied to the entire
dataset. The transformed CAD data is filtered in the same way as the
measured data and then subtracted from the measured data. Further
work focuses on the speed of the dent detection of complex parts,
because it is still too time consuming.
Summary
A stripe projection system for automatic recognition of waviness and
form is introduced. The aim is to detect indentations of about 10 µm
depth. The system bases on a modified stripe projection method
using a high resolution line scan camera. A new effective procedure
for automatic detection of dents in flexible, deep drawn sheet metal
parts is described, which uses a spatial frequency analysis. To allow
analysis of complex parts, the system has been extended by
including 3D CAD models into the process of inspection. For
smoothly curved surfaces, the measuring speed of the prototype is
only limited by the amount of light produced by the stripe projector.
For complex surfaces the measuring speed is limited by the time
consuming matching process. Currently, the development focuses
on the improvement of the measuring speed.

6198-02, Session 1
REFLET scatterometer for 3D scattered light
measurements to improve design and simulations in the
automotive industry
A. Le Lay, Light Tec (France)
Why do we need to characterize surfaces and specially scattering of
surfaces?
In many industries including automotive industry, interaction of light
with materials is very important, for example in headlamps, tail
lamps, dashboards, and the simulations made by designers,
developers with their illumination design software, their realistic
rendering software need scattering data to perform simulations and
get results.
In R&D departments, optical designers, developers are doing
simulations with their illumination design software, their realistic
rendering software, and they need to enter scattering data in the
surface properties of their materials in order to perform simulations
and get results.
Unfortunately, only theoretical scattering data are available right now
on the market from commercial databases, and simulation results
are not relevant of reality.
Indeed, the theory is based on the lambertian scattering distribution
model.
It is well known that almost no material is registered by the
lambertian scattering distribution model, and there are so many
different materials available on the market, this model cannot be
applied for accurate simulations and high quality development.
To highlight this problem, we have made a study, a comparison
between measured surface properties and surface properties from
commercial data in TracePro (illumination design software from
Lambda Research Corp.) simulations of an automotive reflector.
We find a better accuracy for simulations based on measured data
than the one based on commercial data. Moreover if we measure
data in function of the incident light angle, the accuracy increases.
Indeed commercial model is a lambertian scattering distribution
which is not reality; it merges in bad simulation results.
It is why we have developed the REFLET Bench to answer all these
problems.
REFLET is a compact, motorized optical system for scattering
characterization of any kind of material and objects. It allows, in a
fast and easy way, to measure luminous energy distribution, or
spectral composition contained in the scattering lobes, and
consequently characterizes surfaces of your examined regions such
as roughness, defects, as well as types of coatings or paintings...
Moreover, the system measures BRDF/BTDF which perfectly
represents the way any surface scatters incoming light in 3D space.
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This equipment is mainly dedicated for R&D departments but can
also be used in production sites for one-off controls of surface
quality.

6198-03, Session 1
New concept of fast hybrid contact and no-contact
measurement for automotive industry
R. Sitnik, Politechnika Warszawska (Poland); J. Sladek, M. Kupiec,
Politechnika Krakowska (Poland); M. Kujawinska, P. Blaszczyk,
Politechnika Warszawska (Poland)
The quality of industrial products is gradually increasing. Especially,
functional, ergonomic and aesthetical parameters are under constant
optimization. In the same time, products and their parts most often
have complex geometry which has to be described accurately by
thousands or millions of measurement points. One of the most
important quality control requirement is dimensional object to
reference model consistency condition. Actually, large-size produc-
tion process, especially in airplane, car and power industries,
requires more effective measurement techniques. These new
methods should introduce faster measurement speed and simulta-
neously high accuracy.
The most accurate techniques used today are based on Coordinate
Measurement Machines (CMM). Unfortunately CMMs have limita-
tions when it comes to measuring speed (points per second). This is
related with the use of contact mechanical measurement. High
speed measurement can be realized by use of optical methods.
However their accuracy is still too low to meet our requirements.
Our idea is to combine the best features of both of these techniques;
the accuracy of CMMs and the speed of full-field optical methods
[1]. The main drawbacks of optical methods are associated with the
lack of a world-wide industrial standard for their calibration and
assessment of their measurement uncertainty [2]. Our proposal is to
create an Opto-Mechanical Measurement Machine (OMMM) concept
based on the integration of an optical measurement system with a
CMM.
The OMMM concept assumes that it is possible to combine a
contact CMM and non-contact optical measurement technique in
one system. To minimize measurement time, we propose the
following sequence. At first, the examined 3D-object is measured by
a fast optical system. Then automatic or semi-automatic analysis of
the measurement results can take place. The object is segmented
and divided into areas representing certain geometric features (like
spheres, planes, cylinders, etc.) and other areas (free-form surfaces).
For each of these areas an automatic decision has to be made.
Based on it certain regions are marked to be re-measured by the
CMM head. Additionally some regions like holes, edges, etc., can be
difficult to measure by optical methods. They also should be
automatically detected and measured by a CMM. After these two
measurements are completed, a virtual 3D characterization of object
is created.
To achieve this goal the following conditions have to be fulfilled:
• optical methods should realize automatic and absolute (x,y,z)
coordinate measurement (necessary for unique relation between
resultant coordinates and object position in measurement volume),
• results in the form of measurement (x,y,z) points from CMM and
optical method should be in the same unified coordinate system,
• the unified coordinate system should be created according to
existing metrological strategies used in CMMs,
• the algorithms for automatic segmentation of clouds of points
gathered by optical systems have to be developed.
The first condition is very important because many optical 3D-shape
measurement methods only produce relative data, in example the
3D-shape of object is characterized but the resultant coordinate
system is not stable [3] (consecutive measurements are located in
different places of the coordinate system and have to be translated
and sometimes rotated).  There is a small group of methods realizing
absolute 3D-shape measurement [4] out of which one has to be
chosen.
The second and third conditions are associated with the develop-
ment of methods that transform relative coordinate systems (from
optical measurement) to absolute ones (CMM) and to exploit
developed and certified algorithms for statistic analysis of measure-
ment results. The most popular method of calibrating optical
systems is based on simultaneous measurement of known calibra-

tion model. We also propose to use this model for further calcula-
tions and for establishing relations between optical coordinate
systems and CMM ones.
The realization of last condition assures that full measurement
process automation is possible. Creation and implementation of fast
and reliable algorithms for 3D-data segmentation and analysis is
challenging but vital task for successful realization of OMMM
concept.
To prove correctness of the OMMM concept a laboratory prototype
had been constructed. The 3DMADMAC system [4] has been chosen
to be used as the optical scanner. As the contact system the Global
Image machine from DEA has been proposed. In addition, some
algorithms still aren’t fully optimized and automated.
The 3DMADMAC is structured light system which uses digital
sinusoidal fringe and Gray code projection for acquiring data. It
consists of a digital projector (Digital Light Processing unit) and a
detector (CCD or CMOS camera). It realizes absolute 3D measure-
ments. The measurement process is performed in two steps: phase
measurement and scaling of the phase values to real (x,y,z) Carte-
sian coordinates. Scaling is realized by establishing a calibration
matrix which represents 3D phase distribution in real measurement
volume. The calibration matrix parameters are calculated based on
the measurement of a known geometrical model. The measurement
result from the 3DMADMAC system is in the form of cloud of (x,y,z)
points.
The coordinate measuring machine Global Image 070705 is
equipped with a PC-DMIS program. It reconstructs measured object
based on the coordinates of identified points, using vector geometry
methods. Substitute geometrical elements are formed by creating
regressive-type outlines from selected points and by use of least
squares methods.
In the paper some experimental results of car body measurement are
presented with uncertainty sources discussion.
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6198-04, Session 1
A technology roadmap for photonics in the automobile
S. Berlitz, Audi AG (Germany); J. Charret, Valeo (France); K.
Eichhorn, Hella KGaA Hueck & Co. (Germany); T. P. Pearsall,
European Photonics Industry Consortium (France); J. Reill, OSRAM
Opto Semiconductors GmbH (Germany); P. Repetto, Ctr. Ricerche
Fiat (Italy); L. Tupinier, Delphi Corp. (USA)
Innovations in photonics technology have the potential to
revolutionise both the inside and the outside of the automobile,
making driving, simpler, safer, and more economical. Some of the
most interesting applications areas are: lighting, communications,
night vision, display, entertainment, and controls.  However, the
commercialisation of these technologies will depend on a number of
factors:  cost, proven improvements in safety, economy of operation,
availability of mass-produced components with high uniformity and
reliability, regulations, and standards.
The automotive industry recognises the utility of a roadmap to focus
all players, from basic device manufacturing and component
integrators, to set manufacturers and ultimately automotive assem-
blers.  The authors are working on such a roadmap, and we present
here our progress on this challenge.  We will explain the structure of
the roadmap and the methodology used to develop its contents.  We
will illustrate with examples for rear combination lighting and for
adaptive cruise control.
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6198-05, Session 2
Low-cost sensor for online detection of harmful diesel
combustion gases in UV-VIS region
M. Degner, H. Ewald, Univ. Rostock (Germany); G. Bramann, S. I.
Lochmann, Hochschule Wismar (Germany)
Abstract
Awareness of the human influence on the environment and of the
negative effects of harmful gas emissions on it has been increasing
around the world in recent years. This has lead to a desire to find
effective ways of decreasing the levels of pollutants produced by
human sources of emission. Diesel combustion engines are one such
major source of harmful emissions. Methods suitable for accurate
monitoring of the pollutant gas species found in diesel engine
emissions are required. Hazardous gases like NO, NO2 and SO2
must be detected in a wide range of concentrations from 20 to 2000
ppm. This paper focuses on the development of an online optical
approach for the measurement of pollutant gas species in car
exhaust emissions. Since the introduction of common rail technology
to the market in the late 90’s the relative number of Diesel road
vehicles in service has increased highly. In Germany alone statistics
show that diesel cars now account for around 40% of the new car
market as compared with below 5% of the market in 1980. In an
effort to protect the environment strong legislation has been adopted
by governments across the globe limiting the levels of emissions
from diesel engine cars and light heavy good vehicles (LHGV)
permitted. Examples of this are the EURO V norm in Europe and Tier
2 BIN 5 standard in the USA. In general, diesel cars generate more
pollution, harmful gases and particles than gasoline cars with the
NOx emissions of a modern diesel engine being 8 to 10 times higher
than those from a modern gasoline engine. However, a large
reduction in pollutants can be achieved by using a well directed of
engine control and suitable catalyst technologies. Selective Catalytic
Reduction (SCR) catalytic technologies may be used for heavy
goods vehicles (HGVs) while Absorbers systems can be used on
smaller engines.
An online sensor located before the catalyst stage for the detection
of pollutant gases is required. It would enable closed loop control of
exhaust conditions for optimal function of the catalytic system.
Separate measurement of NO and NO2 is an especially important
task. Most commercial NOx detectors used for this application are
electrochemical ones, based on Yttria stabilized Zirconia (YSZ).
These electrochemical sensors, developed and adapted for the car
exhaust environment, demonstrate good  sensitivity, robustness,
long term stability, are calibration free and of small size. Neverthe-
less, they have critical drawbacks. These drawbacks include cross
sensitivity, cold start problems, limited dynamic range, constant
temperature requirement and high cost.
Various optical approaches for gas sensing already exists based on
effects like Raman, Fluorescence, Chemo Luminescence, Photo
acoustic and last but not least absorption spectroscopy. Different
techniques like laser diodes, Cavity Ring down and Fourier Transfor-
mation have been developed for special applications and sensitivi-
ties. Standard methods are not feasible as online sensor for the
harsh car exhaust environment and its associated costs. Thus a new
low cost concept has been developed. It is based on a fiber coupled
free path absorption cell. Its design enables it to be used in high gas
temperatures (can reach up to 700°C) and in harsh environments.
The main advantages of this optical approach are: fast response,
ability to characterize different gases with one sensor, wide dynamic
range and low cost. Deteriorating transparency of the optical
windows in the exhaust conduit and the effects of system ageing
must be compensated for both in the sensor design and in the new
filter technologies employed. The high absorption strength of the
gasses of interest and the low damping characteristics of the optical
fibers combined with use of powerful UV-VIS range emitters and
sensitive receivers enable relatively short absorption lengths
compared with those possible using other absorption methods
(could be meters). A series of experiments with a broadband setup
on a low cost assembly where undertaken. The broadband setup
was realized with either a combination of a Xenon flash lamp or a
Deuterium & Halogen lamp with a UV-spectrometer. The broadband
experiments were performed to characterize and optimize optical
components and obtain reference data sets with calibration gases
and find the optimum wavelength ranges for low cost measurement.
The low cost setup consists of standard fiber coupled LEDs and
photodiodes that have an operating range in the UV-VIS band of the

spectrum. It is configured as a two-path system having a detection
and reference path. Results from calibration gases taken with the
broadband setup show good agreement with spectral data from
recorded reference databases.  Another aim of the experiments was
to determine the effectiveness of the optical approach for exhaust
emission measurement on real diesel engines. Measurements taken
with this setup in a real engine exhaust proved the feasibility of the
sensing approach. Gases of interest could be measured without
strong influence from other species. The possibility of measuring NO,
NO2 and SO2 individually within the claimed concentration range in
a wavelength region from around 210 nm to 500 nm was demon-
strated. The design of the low cost assembly has been optimized
based on these results. The optimized optical setup is able to
measure individual NO2 and SO2 concentrations in the harsh car
exhaust environment without use of expensive components like
optical filters. Results from this optimized setup show an increased
sensitivity compared with the broadband setup. This will help to
reduce the optical path length. Measurements of concentrations in
range from 20 to 2000 ppm have been demonstrated at an absorp-
tion length of a few decimetres.

6198-06, Session 2
UV-based pollutant quantification in automotive exhausts
E. P. Hawe, G. Dooly, C. Fitzpatrick, E. Lewis, Univ. of Limerick
(Ireland)
The problem of climate change and the minimisation of its effect is
one of the Technologically challenging issues the world currently
faces. Scientists believe that the cause of this climate change can be
directly attributed to human activities over the past two centuries.
Since the industrial revolution global temperatures have risen by an
average of one degree Celsius [1]. This temperature rise has been
widely attributed to the burning of fossil fuels, particularly coal and
oil. The burning of coal has diminished in recent years as more
ecological means of generating electricity have been developed.
However the demand and use of oil has continued to increase
rapidly. While there are some alternatives to oil in the home-heating
area, few suitable alternatives exist in the automotive industry. The
widespread use of the all-electric engine is a long way off, while the
bio fuels industry is still too small to make an impact against the
global oil industry. Greater demand means that oil production is
expected to increase from the current thirty billion barrels a year to
forty billion barrels a year by 2025 [2].
The volume of oil being consumed could have disastrous conse-
quences for the environment and human health if left unregulated.
Therefore authorities around the world have introduced laws to limit
emissions from the combustion of hydrocarbons. Many of these laws
affect the automotive industry. In the European Union all new cars
must conform to the EURO directives. These are a series of
directives introduced to gradually reduce emissions over time.
Currently EURO IV limits carbon monoxide to 0.5 grams/km for
diesel cars and 1 gram/km for petrol while NOx gases are limited to
0.25 grams/km. EURO IV also requires a quantification of the
individual pollutants that cannot presently be achieved by commer-
cially available sensors such as the Lambda and NOx sensors.
Further reductions of these limits are expected when EURO V is
introduced circa 2008 [3].
As a result there is a requirement to develop suitable sensors that
can detect low levels of pollutants online in automobile exhausts.
Such sensors would have to be highly sensitive as well as being
robust enough to survive the high temperatures present in an
exhaust. They would also need to be non-intrusive so as not to
disturb the gas flow through the exhaust. A potential solution is to
use optical fibre sensors. Optical fibres can withstand high tempera-
tures, are not susceptible to electrical or magnetic interference, are
chemically inert so they will not react with any exhaust gases and
can be relatively small and non-intrusive [4-7]. Also many manufac-
turers in the automotive industry have already adopted optical fibre
for in car networks and so have shown themselves amenable to this
technology.
Much work has been carried out in the past in the area of absorption
spectroscopy whereby chemical species absorb electromagnetic
radiation in a characteristic fashion. The amount of absorption at a
specific wavelength can be predicted by using the Beer-Lambert law
that states that the amount of absorption, is proportional to the
optical path length, (l), the absorptivity at that wavelength, (a(l)), and
the concentration of the absorbing species, (n). The Beer-Lambert
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law is given in equation 1:
Equation 1.
Where I(l,L) is the transmitted intensity and  IO is the incident
intensity. Different species absorb at different wavelengths and so an
absorption spectrum for each molecule can be produced. Consider-
ing the area of exhaust emission, three of the main polluting gases:
nitrogen dioxide, nitric oxide and sulphur dioxide, all have character-
istic absorption in the ultra violet region. Also the absorption spectra
for each gas have minimal overlap and unique absorption wave-
lengths can be isolated meaning that one broadband source and
several narrow band detectors can be used to detect each of the
individual gases. As a result the size of the sensor can be kept small
and this sensor can be used in situ on the vehicle exhaust. By using
optical fibres it is possible to isolate the optoelectronic components
from the harsh environment in the exhaust. Nitrogen Dioxide has an
absorption line at 225nm but also absorbs at 400nm, Sulphur
Dioxide has an absorption line at 280nm while Nitric Oxide has a
suitable line at 220nm [8].
For work reported in this paper an extrinsic optical fibre sensor
configuration was used. Light from the source is transmitted to a gas
test cell via solarisation resistant UV transmitting optical fibre. The
light is transmitted through the test cell via a collimating lens before
re-entering a receiving fibre placed at the other side of the test cell
via a second collimating lens. The receiving fibre propagates the
remaining light to the detector. By monitoring the light received at
the detector against a non-absorbed reference line, it is possible to
determine what gases were present and in what concentrations.
Various cells have been used to date. As governed by the Beer-
Lambert Law in equation 1, in order to achieve high sensitivities a
long path length is required. However this results in a larger and
more intrusive sensor. To overcome this an integrating sphere has
also been proposed as a multipass gas cell. This is a hollow sphere
with a highly reflective internal coating. Input light undergoes a large
number of reflections (average of fourteen) before exiting the sphere.
Thus a sphere with a diameter of 5 cm can produce an optical path
length of 70 cm.
To date absorption has been observed for each gas. The minimum
detection threshold of the sensor is of the order of low ppms (<10)
for Nitrogen Dioxide and Sulphur Dioxide and a little higher (<50ppm)
for Nitric Oxide. Tests have also being carried out using a mixture of
the gases and this has been found not to reduce sensor sensitivity.
Future work will see the sensors installed in a test engine.
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6198-07, Session 2
Monitoring of harmful gaseous emissions from land
transport vehicles using a mid-infrared optical fibre
sensor
J. F. Mulrooney, J. Clifford, C. Fitzpatrick, E. Lewis, Univ. of Limerick
(Ireland)
1. INTRODUCTION
With an increasing number of vehicles using our roads annually
automotive pollution is a growing environmental and health concern.
Exhaust emissions are a complex mixture of hot gases, smoke and
airborne particulate matter. The gases that are contained in the
exhaust emissions of an engine include carbon monoxide (CO), nitric

oxide (NO), nitrogen dioxide (NO2), oxides of sulphur (SOx), and
hydrocarbons (HC). Carbon dioxide (CO2) is also a by-product of
exhaust emissions. Although it is not strictly speaking considered a
pollutant as it exists as a trace gas in the atmosphere, it is believed
that the relatively high levels of CO2 produced in combustion is
responsible for the so-called “Greenhouse Effect” [1,2].
In an effort to reduce the levels of these harmful substances entering
the atmosphere, the European Union has introduced a series of
emission control laws over the past fifteen years to restrict the
acceptable levels of each individual pollutant which may enter the
atmosphere with each successive legislation lowering the acceptable
levels of exhaust emissions that a vehicle may produce[3].
2. THE REQUIRMENT FOR NEW EXHAUST EMSSIONS SENSORS
The existing sensors used in automotive vehicles are unsatisfactory
for a number of reasons. Firstly the Lambda sensor that is quite
widely used, does not quantify exactly the levels of each individual
pollutant entering the atmosphere as required by EU law. It merely
ascertains whether or not pollution is occurring by measuring the air/
fuel ratio. Furthermore it becomes damaged by the corrosive
elements in the exhaust after a certain period of use [4].
A second sensor, the NOx sensor, which has been developed for use
in diesel engines is a more accurate sensor as it can determine the
presence of NO and NO2 to ppm levels although it cannot distin-
guish between the two gases. As it operates by decomposing these
gases and measuring the oxygen generated it is cross-sensitive to
oxygen in the 20 to 80% range [5].
By developing an optical fibre based sensor, the inherent problems
with these sensors could be avoided. Firstly as optical fibres are
manufactured from glass or ceramics they have immunity from
corrosion by the elements in an exhaust environment. Secondly, by
monitoring the unique optical absorption properties of a pollutant
gas, a sensor can developed which is not cross-sensitive to other
species present in the exhaust. Optical fibre gas sensors are highly
safe as they do not conduct electricity and their small size ensures
that they are minimally invasive [6].
3. DEVELOPMENT OF A MID-INFRARED OPTICAL FIBRE SENSOR
Due to the wide range of components available on the market which
have been optimised for use in the telecommunications industry,
optical fibre gas sensing has traditionally focused on the near-
infrared region of the electromagnetic spectrum [7]. However the
majority of pollutant gases have their fundamental absorption line in
the mid-infrared region of the spectrum with only weak overtones in
the near-infrared. These mid-infrared absorption lines are several
orders of magnitude stronger than the near-infrared overtones [8]. A
small number of gases such as ozone and nitrogen dioxide also have
very high absorption in the ultraviolet region of the spectrum and in
recent years optical fibre sensors have been developed to detect
these gases in this ultraviolet region [9,10]. However as the UV
absorption of CO and CO2 is located in the deep UV (<190nm) it is
necessary to use an infrared technique to detect absorption of these.
With an increasing number of compact and inexpensive sources
becoming available in the mid-infrared, in addition to fibres with
reasonably low attenuation and thermal detectors that do not require
thermoelectric or liquid nitrogen cooling, some preliminary work has
been carried out in the development of a mid-infrared optical fibre
sensor suitable for use in a vehicle [11].
4. EXPERIMENTAL SET-UP
The gas used in the initial experimental work was CO2 (with its
fundamental absorption line at 4.23µm) as it is relativity safe to
handle compared CO (fundamental absorption line at 4.7µm). The
detector used in this work is an Infratec LME 335 pyroelectric
detector. It is suitable for use in a hot exhaust environment as it only
responds to pulsed infrared. Chalcogenide infrared fibre was chosen
as it has the highest transmission range in the wavelength range of
interest (3 to 6µm). The infrared source chosen was the Ion-Optics
NL5LNC filament emitter. Previous work carried out with this device
has shown that in comparison to other similar emitters, it provides
the highest signal output level at the detector when coupled to the
detector using an optical fibre [12].
In order to test the suitability of the emitter and detector for the
detection of CO2, an open path test was carried out, i.e. a test
without fibre links. The emitter and detector were positioned at
opposite ends of a gas cell with magnesium fluoride (MgF2) infrared
transparent windows. CO2 from a cylinder entered the cell via a
regulator valve and the voltage at the detector was recorded as the
concentration of the CO2 increased until it reached 50%. The
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concentration of the gas was monitored using a conventional gas
analyser. The Beer-Lambert law which describes the attenuation of a
signal due to absorption, as it passes through a sample of gas,
states that:
I/Io = 10-εcl = T   (1)
where Io is the incident radiation, I is the modulated output radiation,
ε is the molar absorption coefficient, T is the transmittance and l is
the path length of the sample. The results from the open path test
broadly follow this law as the intensity of the signal at the detector
decreases rapidly with increasing concentration of gas present in the
cell.
Following this fibre links were added to the system. The emitter was
connected to the chalcogenide fibre and a calcium fluoride collimat-
ing (CaF2) lens 25mm in diameter with a 25mm focal length is used
to transmit the infrared from the across the cell. A second CaF2 lens
refocuses the transmitted beam into another chalcogenide fibre,
which guides the radiation to the detector. This system is capable of
measuring concentrations of CO2 in the 1 to 50% range.
5. CONCLUSIONS
The requirement for optical fibre sensors to detect exhaust emis-
sions was outlined in this paper. The advantages of employing an
optical absorption based detection scheme in a vehicle over
conventional sensors were described. The low cost compact parts,
which are available in the mid-infrared wavelength range, have
already been used to detect the presence of carbon dioxide gas over
an open path i.e. using no fibres. Initial measurements of optical
losses have shown that it is possible to use optical fibres to guide
the radiation to and from the test cell and measure changes in the
CO2 level in the 1 to 50% range.
6. FUTURE WORK
The next phase of the investigation is to carry out a number of tests
using various concentrations of carbon dioxide both from a cylinder
and from the exhaust of a vehicle. If the sensor can be successfully
used to detect low concentrations of CO2, it can be adapted to
detect other gases with significant absorption strength in the mid-
infrared such as CO and NOx.
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6198-08, Session 2
Fulfilling the Pedestrian Protection Directive using a long-
wavelength infrared camera designed to meet the
performance and cost targets
J. O. Källhammer, H. Pettersson, D. Eriksson, Autoliv Development
AB (Sweden); S. Junique, S. Savage, V. Christian, J. Y. Andersson,
Acreo AB (Sweden); F. Niklaus, G. Stemme, Kungliga Tekniska
Högskolan (Sweden)
The European Commission is aiming at decreasing fatalities in traffic
and specifically improving safety of pedestrian in traffic. This is
reflected by a new EU directive (EU Directive 2003/102/EC, Phase 2,
coming in force in 2010) that requires the automotive industry to
develop technology that will substantially decrease the risk for a
pedestrian or cyclist to be killed or seriously injured when hit by a
car.
Around 20% of road fatalities in Europe are vulnerable road users
(VRU) such as pedestrians and cyclists. A proposal under discussion
with the European community is a Pedestrian Injury Mitigation
Systems (PIMS), capable of detecting pedestrians in front of the car
and forecasting an unavoidable collision.
An automatic brake assist system can be used to reduce the speed
of the car before hitting the pedestrian. Such a system will need a
sensor that can detect a person before the impact.  Long-Wave-
length Infrared (LWIR) thermal cameras are an ideal candidate for
such a task. As they measure the radiation of objects, in the 8 to 12-
µm range, they are particularly well suited to detect human beings
and animals, who present a high contrast with the background due
to their higher temperature. This also makes the picture easier to
interpret for an automatic vision algorithm system. Since these
systems are passive systems, they do not need an external illumina-
tion source, avoiding problems such as blinding by other vehicles’
illumination sources.
A system that automatically brakes the vehicle when a risk of impact
is detected, will significantly reduce the fatalities and level of injuries.
For a car traveling at 50 km/h it takes 720 ms to move 10 m.
Activation of the protection system when the car is 10 m before the
impact with the pedestrian gives sufficient time to reduce the impact
severity such that the risk of fatality will be reduced from over 30%
to about 5 % according to accident data. Additional benefits could
be to also have reversible, deployable protection system in the front
and bonnet regions of the vehicle that would allow additional
reductions of injuries of adults children.
In August 2005, EU published a draft new regulation where Brake
Assist systems will be required in all cars starting already 1 July 2008
and where “the use of new systems, such as collision avoidance, will
be recognized as alternatives”. This implies that a Pedestrian
Detection system utilizing sensors such as the one proposed here
would be a valid complement in fulfilling the Pedestrian Protection
directive.
It is our estimate that deployable systems and automatic braking
systems, can become an effective, alternative to fulfilling the
upcoming EU pedestrian protection directive and the low-cost
potential with the proposed approach would allow this type of
systems to be cost competitive in order to allow high market
penetration. There will always be different solutions on a competitive
market, but the approach taken in this proposal aim at taking a
significant share of the market. As only the European Automotive
market alone is in the range of 17 million new vehicles per year, the
potential market for a low cost Pedestrian Protection system is
therefore many millions annually.
However, there are no off-the-shelf LWIR cameras available today
that are compatible with PIMS applications in terms of performance
and costs. Thermal cameras are used today mainly for expensive,
high performance systems. We propose to design from the ground
up a new low-cost thermal camera for PIMS applications, with a
more than ten times cost reduction. We present our conclusions on
the feasibility of such a task by discussing various design strategies
by focusing on the compromises between performance and cost.
We present the main requirements of a PIMS system for the optical
design in terms of performance evaluation and cost constraints. The
need to image the full road width as well as the sidewalks at close
proximity to the vehicle, considering the speed of the targets
(pedestrian, cyclist), and how it translates to specifications in terms
of field of view, pixel count and spatial resolution will also be
discussed.
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We present the design of a single-lens system with a large field of
view. We show that such a camera design is possible and discuss
the pros and cons of several lens materials with regards to perfor-
mance and fabrication cost.
Designing a detector working in such a camera is a real challenge.
As an automobile accessory, it should withstand large temperature
changes, have a lifetime of 10 to 15 years and require no external
intervention for recalibration or servicing. As a high-volume compo-
nent, it should be easy to manufacture using standard processes
and allow high yields to keep the costs down.  Because of the cost
aspect, only a compact, uncooled sensor such as a micro-bolometer
fits these requirements. We discuss design compromises at the
sensor level related to sensor technologies, pixel sizes and encapsu-
lation techniques and how they relate to the device performance
including Noise Equivalent Temperature Difference (NETD), to cost
and lifetime. We also present a new fabrication process which makes
the manufacturing  of the bolometer chip possible to perform in a
standard foundry for Micro-Electro-Mechanical Systems (MEMS).
Finally, we argue that, although there are still technical challenges to
be solved, a single-lens uncooled LWIR camera system is an ideal
solution for pedestrian detection and PIMS and ultimately make the
roads safer.

6198-09, Session 2
Thermal management in pyrometer modules for
automotive applications
M. Liess, M. Hausner, H. Ernst, H. Karagoezoglu, J. Schilz,
PerkinElmer Optoelectronics GmbH (Germany)
Abstract:
Thermal radiation sensors are of increasing importance in automotive
applications. Future applications will include blind spot monitoring,
pedestrian safety, break and tire temperature monitoring and
passenger position control for intelligent airbag deployment.
However, currently air conditioning control by pyrometric sensors in
the passenger cabin is the fastest growing market for automotive
contact less temperature monitoring (Appendix). Mayor problem are
the large and fast ambient temperature changes that are prominent
at the possible mounting positions of such sensors. While ambient
temperatures between -20 and 80°C are common within the cabin,
depending on outside weather conditions and usage of the car,
strong thermal gradients (spatial and temporal) are to be expected as
soon as the car is in use and a comfort temperature is being
generated. Further temperature gradients result from dashboard
illumination and air flows.
Generally, the accuracy of pyrometric sensors is compromised by
thermal gradients in space and time “thermal shock”. However, for
comfort purpose, high accuracies in the order of 1°C and better are
desirable. Therefore, thermal shock management of pyrometric
sensors is of paramount importance in automotive applications.
We developed three independent methods to cope with such
conditions that separately improve the stability and in conjunction
lead to a significant improvement of the signal accuracy and stability
under thermal shock conditions. These methods are:
- A sensor element design robust against thermal flows
- A isothermal housing that significantly reduces thermal gradients (in
space and time) at the sensor element
- An intelligent signal processing scheme that allows predicting the
effect of thermal gradients on the signal and linearly compensated
for it.
Sensor Element:
The sensor element is a MEMS thermopile that measures the
temperature difference between its centre (“hot contacts”) that is
located on a thin membrane and its periphery (“cold contacts”) that
is located above thermally conducting bulk silicon. Heat radiation will
therefore increase the temperature of the thermally isolated centre
while leaving the periphery of the sensor at the same temperature.
The temperature difference between centre and periphery will be
detected by the thermopile and in is thus the measured thermal
radiation signal. Thermal flows into such a sensor will however
disturb that balance and lead to erroneous signals. A special sensor
design allows obtaining the same thermal conductivity between the
hot contacts and the ambient as between the cold contacts and the
ambient while maintaining a higher sensitivity for the hot contacts
towards heat radiation. This results is a thermal shock stable sensor
design.

Isothermal Housing:
Next to the radiation received from the target of the sensor, the
housing itself can exchange heat radiation with the sensor element. If
due to thermal gradients the housing is on a different temperature
than the sensor, heat radiation between both parts is exchanged and
an erroneous signal results. An isothermal housing must therefore
have a high heat capacity combined with small dimensions in order
to only slowly change its own temperature and be well heat
conducting to communicate heat changes to the sensor element.
This way the housing is always in quasi-equilibrium with the sensor
element. It must also be of low emissivity for thermal radiation. We
present such an isothermal housing, manufactured by machining of
solid aluminium rods and hermetically welded to the stainless steel
base plates with the sensor element.
Intelligent signal processing:
By determining the state of thermal equilibrium, one can predict the
error which is induced by the thermal shock. Continuous monitoring
of the ambient temperature in conjunction with an application
specific calibration of thermal flows allows for an accurate measure
of the effect of thermal shock on the sensor. The factory calibration
has to be performed for each application only once, accounting for
heat sources, and thermal contact of the sensor in its specific
mounting. Parameters obtained are stored in the integrated ASIC of
the sensor and are used for digital compensation of thermal shock.
The three methods discussed can be combined for mutual syner-
getic improvement of each others signal stabilizing properties. While
in medical applications isothermal caps combined with a thermal
shock resistant sensor design and software measures are used in
conjunction, automotive sensors now in development at PerkinElmer
combine an isothermal housing and intelligent signal processing. The
latter allows for maximum stability without compromising sensitivity.
Appendix: Air conditioning control: This field can be devised into
three applications [1,2]:
Heat load measurement:
One major function is the use of thermopile sensors in air condition-
ing applications where the measurement of the heat load in the room
is used as a feed-forward input to the climate control system. When
the weather conditions (e.g. cloudy) are changing, the different
amount of sunlight absorbed changes the heat load of the room.
However, regular feed back systems cannot react until the air
temperature has already increased. Therefore, modern air condition-
ers measure the temperature changes of absorbing surfaces directly
with IR detectors, and use that information for feed-forward control
in a combination with feed back regulation. Besides this, since glass
is not transparent in the IR spectral range, but a good emitter in this
range, the heat load (or sink, respectively) of the windows can be
detected as part of the surface area that is subject of the averaging
heat load measurement. [3] Another area of interest is that the
driver’s (passenger’s) clothing directly exposed to intense sunlight,
generates heat where it directly affects the persons’ comfort.
Occupant surface temperature measurement:
Body temperature or “comfort level sensing” is based on the fact
that the human body uses its surfaces to dissipate excessive heat or
to reduce the heat loss, depending if the person is feeling warm or
cold. [4]. Inside a car cabin, the position and direction of the driver’s
(passenger’s) face are well defined. Such fix conditions ensures that
the thermopile output is only influenced by the energy radiated by
the cabin occupants and results in a reliable signal to feedback to
the climate control system.
Windshield fogging control:
At low outside temperatures, condensation of moisture on the
windshield can be more than just a nuisance but a significant safety
issue. Immediately after the engine is started, the amount of available
warm air to be either directed to the windshield (to avoid fogging) or
the cabin (for comfort) is very low. An efficient use of the warm air
implies the knowledge of the exact amount of air necessary for
windshield defogging, so the rest can be used for comfort purposes.
This implies the use of a moisture sensor for dew point monitoring
and a thermopile sensor for monitoring the windshield temperature.
[1] M. Liess, A. Charlebois, J. Schilz, H. Ernst, H. Karagözoglu, G.
Lauck, M. Hausner, Integration and miniaturization of thermopile
basesed pyrometric module constuction sets, SPIE International
Symposium Photonics West, San Jose, USA January 22 - 27, 2005
[2] M. Liess, M. Hausner, H. Karagoezoglu, H. Ernst,  Temperature
Radiation Sensors for Automotive Climate Control, IEEE Sensors
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2004, The 3rd IEEE conference on Sensors, Vienna, October 24-27,
2004

6198-10, Session 2
Optimized heat transfer and homogeneous color
converting for ultrahigh-brightness LED package
R. C. Jordan, J. Bauer, H. Oppermann, Fraunhofer-Institut für
Zuverlässigkeit und Mikrointegration (Germany)
Ultra High Brightness LED’s have gained importance in recent years
and will be one of the key products for the optoelectronic industry in
the near future. Aside from the  common applications, such as
decorative lighting, traffic signals, and large video screens, more
challenging applications like projector backlights, infrared vision
systems, backlights for LCD screens, and head lamps will be
powered by LED’s. Furthermore, the automotive sector, with high
requirements of light output, efficiency, homogeneous coloring, and
reliability, will demand the development of an optimized LED light
source. Perfect heat dissipation and homogeneous light conversion
with high efficiency are the main targets for an UHB LED light
source.
Considering the way of the heat in a LED subassembly, the critical
materials and interfaces become clear. Firstly,  the design of the LED
itself is important. P-side down die attachment has the best heat
dissipation, but reabsorption of the generated light and additional
wire bonding are disadvantages. Deposition of the active layer on
sapphire avoids the reabsorption, but excludes the possibility of chip
and wire bonding due to the electrical insulating properties of
sapphire. Creating a flip chip LED with the active region on the
bottom and a transparent carrier on top appears to be the best
arrangement.
Connecting the LED to the board using a submount has several
advantages regarding the light path and thermo mechanical stress.
For example, the use of low cost isolated metal substrates (IMS)
causes a high CTE (Coefficient of Linear Thermal Expansion)
difference which has to be compensated. Normally,for the die to
attach to the submount or board, glue is used. Comparative studies
have shown that the best thermal conductivity for conductive glues
are in a range of 1 W/(m·K) to 2 W/(m·K), whereas AuSn solder is
close to 60 W/(m·K). Therefore, solder is preferred. For a reliable thin
solder interconnection, a fundamental knowledge about adhesive
and barrier layers is essential to avoid unwetted areas or voids.
As the submount only has a small size, high end material with higher
price can be used. Due to the high mechanical stability and good
heat conductivity of 180 W/(m·K), AlN is a good choice. The
submounts used in the presented work are built of 3 AlN layers.
Submounts made of material combinations are also possible, but the
assembly of these materials requires a complex and cost intensive
manufacturing process. Proper design of the subassembly will result
in high light converting efficiency. Regular maintenance of the right
pad metal layout makes the subassembly compatible for CSP or
BGA with the advantage of self alignment.
If a submount is used, a second interface between submount and
board becomes necessary. As the heat is spread within the
submount, the design is not as critical as it is for the first solder
layer.
Commercially available Ag3,5Sn96,5 solder paste, which is compat-
ible with stencil printing, can be used. The heat conductivity is only
half that of AuSn, which is sufficient, but a thin solder layer should be
aimed for.
The most critical component is the IMS because of the dielectric
layer between the wiring level and the metal layer. When the heat
conductivity of this layer is in the range of conductive glues, the heat
resistance is between 25 K/W and 100 K/W, which is unacceptable.
The actual development focus on this problem is essential. Possible
solutions are inorganic layers or materials with higher electrical and
mechanical resistance.
The second complex issue is the generation of a homogeneous
white light with high efficiency and a good color rendering index. The
most efficient method is the separate generation of red, green, and
blue light, because no energy is lost during conversion. However,
different degradation of the light sources and visible separation by a
reproducing optic exclude this option. If light from a single source is
converted with a fixed and intensity independent rate, both disad-
vantages can be avoided. For this approach, the conversion from
UV-light to red, green, and blue is the best way from the color

composition point of view. Due to the invisibility of the UV-light, the
thickness of the converting layer is not critical as long as  the
reabsorbance of the converted light is not too high. Unfortunately,
UV-LED’s are expensive, inefficient, and energy depleting. The
easiest way to generate white light with LEDs is to use blue light for
the highest visible energy and convert about 50% to yellow light.
Due to the physiology of the human eye, this combination looks
white, even if the color rendering index is poor. Disturbing effects
result from the interaction of this light with the environment. The
simplest example is the red stop sign at night.  The color of the sign
absorbs all wavelengths except red. Because red is not part of the
synthetic blue yellow light source, the sign appears to be black.
Therefore, a yellow converter with a wide color range is necessary to
generate an acceptable level in the green and red region. A clear
disadvantage of the blue light source is the dependence of the
converting rate of the thickness of the converter layer because the
source color is part of the final color mixing. Common deposition
methods like dispensing are not suitable because the different path
length results in a yellow corona. Injection molding is hardly useful
due to the unsteady thickness and the risk of voids, which generally
results in a shift to the bluish or yellowish color. The best way to
create a homogeneous converter is to generate a separate film with
a constant thickness. This layer can be glued on the cavity of the
submount and structured with a laser afterwards.

6198-11, Session 2
Sources and levels of crosstalk in a bi-directional plastic
optical fibre data transmission link
G. Farrell, C. Gao, Dublin Institute of Technology (Ireland)
Plastic Optical Fibre (POF) is increasingly used as a physical layer for
data communications in automobiles, linking together a variety of
entertainment and other sub-systems. Other applications, involving
communications over a short range are being actively developed for
home networking and other areas. Many conventional fibre systems
utilise two fibres, one for each transmission direction. Bi-directional
transmission over a single fibre has been reported utilising wave-
length division multiplexing (WDM) or time-compression modulation
(TCM), but with the significant disadvantage of complexity and lower
throughput respectively. Direction-division multiplexing (DDM) is an
attractive alternative, using directional couplers at each end of the
fibre. These couplers are required to exhibit low attenuation and also
high directivity (very low reflection of the local transmitter signal to
the local receiver), to avoid crosstalk and bit-error rate degradation.
We have previously reported both the theoretical underpinning [1]
and the implementation of a novel POF directional coupler [2],
specifically aimed at short-range bi-directional POF transmission
systems. This optimised directional coupler is based on a novel
combination of a silica and a plastic optical fibre, using a precisely
dimensioned notch in the plastic fibre that maximizes the coupling
efficiency [2].
Reflected or backscattered interference from a signal propagating in
one direction to the receiver used for the counter-propagating signal
results in crosstalk. In this paper we present, to the best of our
knowledge for the first time, an analysis of the sources and levels of
crosstalk between the two signals propagating in opposite directions
on a plastic fibre. Contributions to crosstalk from limits on the
directivity of the new POF directional coupler, the return loss of POF
connectors and Rayleigh backscattering from the POF fiber are all
considered individually. It is shown that the directivity of the
optimised directional coupler is dependent on the coupling angle
chosen. The measured directivity is 35 dB but it is shown that with
improved fabrication the directivity can approach 60 dB. It is shown
that with an appropriate design the return loss of a mated pair of
POF connectors can exceed 34 dB. Using a recently developed
model for Rayleigh backscattering [3] it is shown that the reflection
from a 42.5 meter test section of POF displays a theoretical reflected
level 49.7 dB below the input signal level, which compares very well
with a value of 48.1 dB, measured using a Luciol v-OTDR. Finally
overall conclusions regarding the total level of crosstalk as a function
of link length are presented.
References:
1. Gao, C. and Farrell, G.: “Power Coupling between two Step-index
Multimode Fibres of Different Numerical Apertures with an Angular
Misalignment”, Microwave and Optical Technology Letters, Vol. 43,
No. 3, pp. 231-234, November 2004.
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2. Gao, C. and Farrell, G.: Downlink coupling of a novel POF
directional coupler. SPIE Opto-Ireland Conference, Dublin, April
2005, Paper Ref. 5825-84
3. Gao, C. and Farrell, G.: Modelling of Rayleigh backscattering in
plastic optical fibre, IEEE High Frequency Postgraduate student
colloquium, Belfast, Sept. 2003.

6198-12, Session 2
Absolute low-cost diffractive angular encoder for steer
by wire in automotive
P. P. Meyrueis, M. Ndao, B. Kress, Univ. Louis Pasteur (France); L.
Tupinier, O. Marroux, Société Delphi Recherche France (France)
No abstract available

6198-13, Session 2
Multimode gyroscopes using the Sagnac effect:
applications for automobile.
C. Riedinger, S. S. Lecler, Photonic Systems Lab. (France)
Optical fibres are always more used as sensors because of their high
sensitivity, their low price and their electromagnetic compatibility.
The presented sensor makes possible to measure rotation speeds by
using the Sagnac effect in an optical fibre. The studied sensor may
have applications in automobile to detect or to measure rotation
displacements.
When an optical fibre is around a ring and if this ring is in rotation
around its centre, the light which propagates in the two directions in
the fibre will not have the same temporal frequencies. This effect is
called the Sagnac effect. If the two propagated lights are super-
posed, the difference of temporal frequency can be observed and is
linked to the rotation speed. That is the reason why, such a system
can be used as gyroscope.
In order to have a good precision in measurements, a long fibre can
be used. However another solution is to join the entrance and the
end of the optical fibre. Thus, a shorter fibre can be used. But in
such a circular cavity, a mode lock-in effect can appear which makes
decrease the difference of temporal frequency between the two
propagated lights.
The causes of this mode lock-in are presented. Their study has been
carried out by using a 1-dimentional Finite-Difference Time Domain
algorithm with periodic numerical boundary conditions. The influence
of dispersion, backscattering and non-linear effects in the fibre are
presented. Their contributions in the mode lock-in are described and
solutions are proposed. To take into account of these phenomena in
the FDTD algorithm, a model using equivalent currents has been
used.
The opportunity to adapt this concept for integrated optics is also
discussed. In this case, a circular waveguide would be used.
Advantages and drawbacks are presented. The applications of such
a gyroscope in future automobiles will be described; these applica-
tions concern security, detection and automatic checking.

6198-14, Session 3
Night vision: requirements and possible roadmap of FIR
and NIR systems
J. O. Kallhammer, Autoliv Development AB (Sweden)
Night Vision systems were first introduced with the model year 2000
Cadillac DeVille (Far Infrared FIR) and thereafter by Lexus/Toyota in
2002 (Near Infrared NIR). The first two systems must be seen as a
not so successful and the Cadillac system was even discontinued in
2005. A renewed interest in Night Visions systems are however to be
expected after the release of Night Vision systems in the Honda
Legend (FIR) during 2004 followed by BMW 7-series (FIR) and
Mercedes S-class (NIR) during 2005. This prompts a question, why
the first introduced systems have not gain higher penetration, if the
new introductions will be more successful, and what is to be
expected in future systems?
Even though all systems have in common that they want to increase
the driver’s visibility in darkness, there are many differences in
approach and implementation. A relevant question must be whether
the different levels of success is technology dependent, vehicle
implementation, or even marketing related? The differences in the
population purchasing the different vehicle types may also have an
important effect.

Any discussion of technology roadmaps should start with the
requirements and a definition of what is attempted to be accom-
plished. Development of technology in a bottom-up approach based
on the availability of particular sensors or other technology have
severe risks of failure if the user’s need is not properly understood
and taken into consideration, even though those needs are not
always explicitly stated.
The starting point taken by Autoliv in the development of our system
was that all vehicles on the road actually have an acceptable Night
Vision system - the High Beams of the Headlight system. However,
in many areas of Europe and the world, the High Beams are of very
limited used due to oncoming traffic. This situation therefore should
be one of the main defining situations to evaluate any technology
proposed. Such a definition will also help defining the potential
safety impact of a Night Vision system. Looking at accident
statistics, considering risk and exposure, pedestrian accidents and
animal accidents are found to have the highest risk increase in night
time traffic fatalities and should therefore be another situation
defining the system’s requirements. Combined, the requirements of
a Night Vision must therefore be to be able to safely detect pedestri-
ans, other Vulnerable Road Users and animals while driving with Low
Beams due to on-coming traffic.
Safe driving speed should allow the driver to detect, react and stop
in time before any obstacles on the road. However, most motorists
actually drive faster then the visibility range provided by Low Beam
Headlights allow. Increasing the visibility under these circumstances
therefore has a clear safety potential, but must be correctly imple-
mented.
With the exception of the Honda system, so far only available in very
limited numbers in Japan, all the systems introduced thus far display
the captured information on a Head Up Display or an in-vehicle
display. Such systems will only be effective if the driver frequently
scan the display for potential obstacles and other objects. The
population group likely to benefit the most of all from the extra
information provided is elderly people due to the degradation in
vision this group experience with age. However, it has also been
shown that this group is less likely to accept, or utilize, the extra
information.
Automatic detection of pedestrians and other Vulnerable Road Users
that will provide timely warnings are currently being developed. One
of the intensions being to increase the efficiency of Night Vision
systems and also to gain better acceptance and use by elderly
drivers. The targeted road categories and traffic types of such a
system will have significant effect on the design. Use of the system
in built-up areas will mean that potential warning situations will be
present frequently. Properly implemented automatic warnings for
pedestrians and animals will be helpful if factors like distance to
objects, position and direction of movements, frequency of warnings
and the driver’s own expectation of risk will be properly accounted
for. Unsuitable implemented warnings may in fact even reduce the
effectiveness of a system.
The above mentioned areas will be analyzed and discussed, leading
to conclusions of directions for future development. The implication
of using FIR or NIR technology under the defined use scenario will be
a main approach in the discussion.
Autoliv is the supplier of the FIR based Night Vision system that was
introduced in the BMW 7-series during the IAA Automobile Exhibition
in Frankfurt September 2005.

6198-15, Session 3
New technologies for night vision
K. D. Klinger, S. Schellinger, D. Koo, K. Manz, U. Lemmer, Univ.
Karlsruhe (Germany)
Today headlamps have a very high technical standard and provide
good light for driving at night. Nevertheless everyone can see more
at daytime, than at night. This implies that we must improve today’s
lighting techniques and develop more technologies for better vision
at night.
First, one needs to find the main weaknesses of the systems today.
Therefore we made an investigation among more than 300 car
drivers, 60 truck drivers and 40 bus drivers. The results are pre-
sented below. The biggest group of drivers is between 35 and 50
years old. The involved car drivers own cars of different brands. The
number of drivers for each brand are distributed like the license
numbers of all cars sold in Germany. 20 percent drives upper class
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cars, 65 percent middle class and
15 lower class cars.
In theory, a car of today in the streets does not glare. However, in
practice, most people feel glared. Exactly more then 60 percent of all
drivers feel glared. This shows a great gap between theory and
practice.
In order to understand the gap and develop non-glaring headlamps a
large number of practical tests must be started. This can be done by
carmakers and research institutes to find the differences between
theory and practice. One point is definitly the correct aiming of the
headlamps.
Therefore it is more important to increase the technologies for fast
automatic dynamic leveling than for a sharp cut-off line.
Another important aspect for the drivers vision is the illumination of
the street. Most drivers (nearly 90 percent) of upper class cars are
satisfied with their dipped beam. This is different for the other
groups. Every second driver of a lower class car wants a better
passing beam. We note, that most of the lower class cars are older
than 5 years while most of the upper class cars are new cars. This
suggests that today we can have a high technical standard by
dipped beams for all cars. On the other hand, this does not mean
that there is no further need of improvement of the headlamps,
because today headlamps do not change the night into the day.
But how can we make sure that new technologies are used rapidly
by a lot of drivers? The investigation revealed that a lot of trucks in
Germany are replaced every two years. Consequently, new technolo-
gies for more safety while driving at night can be introduced quickly
into daily traffic by making new legal requirements for trucks.

6198-16, Session 3
On the relative efficiency of projection systems with
triaxial ellipsoidal reflectors
G. Kloos, Hella KGaA Hueck & Co. (Germany)
The lighting systems of cars are subject to continuous improvements
with respect to performance and versatility. Modern projection
headlamps consist of free-form reflectors and aspherical lenses and
both key components are optimized by sophisticated methods in
order to create the desired light destribution on the road. During the
design process, it is necessary to take a delicate trade-off between
efficiency, light-distribution characteristics, mechanical boundary
conditions, and legal requirements into account.
Efficiency considerations have direct implications on the perfor-
mance of a headlamp and its implementation into a car. Therefore,
an attempt is made to work out a theoretical basis to gain a better
understanding of the underlying parameter dependencies that
determine the efficiency of a projection system.
Designing a modern headlamp, it seems indispensable to use
numerical algorithms to obtain the final design. The reason why this
analytical study on the parameter dependence of the relative
efficiency has been undertaken anyhow is that it provides some
insight into the structure of the multidimensional solution space of
this multi-parameter problem and gives a straightforward guideline to
identify optimum solutions. Another motivation stems from the fact
that understanding the influence of systems parameters is of key
importance for the design of adaptive systems [1].
In an earlier study, an analytical expression for the relative efficiency
of an open ellipsoidal reflector of low symmetry, i.e. with three
different axes, has been derived [2]. The corresponding expression
contains elliptical integrals that make the use of mathematical
software necessary. Simpler expressions that allowed for a direct
evaluation could only be obtained for cases of high symmetry.
Parameter dependencies were visualized as surfaces in parameter
space.
Based on this result, an extension and refinement of the analytical
description is presented that allows to take additional features of the
projection system into account. The method of analysis combines
geometrical considerations, analytical ray tracing, and calculus. The
calculation method is described in some detail in order to facilitate
its application to related problems in optical design. An integral
expression is derived that establishes a link between the relative
efficiency and other systems parameters. The set of parameters is
extended with respect to the earlier study, which had focused on the
concave mirror as a key component. The new integral expression
allows, for example, to study the influence of the transversal

anisotropy of the triaxial reflector on the relative efficiency of the
system. In addition, the effect of mechanical boundary conditions
imposed on the projection system can be considered in detail. From
the theoretical point of view, it is advantageous that the analytical
expression, which has been found, is useful to elucidate underlying
scaling laws.
It proved helpful to illustrate the intricate mathematical expression by
appropriate graphical means, which were devised for this purpose.
Representations in angular space are used to visualize the effect of
parameter changes on the relative efficiency of the system.
One aim of the analytical approach is to gain insight into the trade-off
between the relative efficiency and the mechanical boundary
conditions imposed on the projection system. Another purpose is the
determination of a good start configuration for the optical design
process with numerical methods. During and at the end of this
design process, the analytical method can also be used for consis-
tency checks of the results obtained by numerical optimization.
Alternatively, the new integral expression can be employed in a
comparative analysis, because the mathematical description
provides a tool for the intercomparison of systems with different
geometries.
With slight modifications, this design approach might also be
applicable to other optical layout problems, namely the design of
image furnaces for crystal growth, LCD projectors, ellipsoidal
pumping chambers for lasers, and cinematographic projection units.
[1] G. Kloos, K. Eichhorn, “Design and evaluation of adaptive optical
systems”, DGaO-Proceedings, 2005.
[2] G. Kloos, K. Eichhorn, “Projection systems with a cut-off line for
automotive applications”, Proc. SPIE 5942, 102-113 (2005).

6198-17, Session 3
LED encapsulation: a new approach of rear light design
S. Preuss, K. Lischka, T. Preuss, D. Potthoff, Univ. Paderborn
(Germany)
The dramatic increase of electronic components and devices in
passenger cars tends to result in a further miniaturisation of these
components. In this context the chip on board technology of
semiconductor devices and semiconductor light sources without
extern housing and without extern optic devices gains importance.
Not only the required space of further developed optoelectronic
devices could be critical but also the consumption of electrical
energy must be decreased. Semiconductor light sources have
already demonstrated their immense potential. We suppose that the
combination of optoelectronic devices with well designed optics can
have advantages in reference to efficiency, temperature stability and
plastic mouldability.
We present results revealing that a direct encapsulation of Light
Emitting Diodes (LEDs) by dint of an injection moulding tool is
possible. In contrary to the common resin we used
Polymethylmethacrylat (PMMA) for encapsulation. The LED chips are
directly dispensed on a copper frame and die/wire bonded. These
prefabricated frames are encapsulated in the injection moulding tool,
whereas the encapsulation is not only used as a protection from
environmental influences but also serves as an optic component.
Thus no other optical devices are necessary to obtain the required
radiation pattern. The combination of light source, optics and
physical housing in one unit with diminutive dimensions leads to a
luminous source with a tailored radiation pattern. Areas of applica-
tions are rear lights and indicators for passenger cars.
Another focus of the work is the mechanical and thermal degradation
of the LEDs during the encapsulation process. High current velocity
of the liquid polymer and high pressure inside the tool load the
mechanical and electrical connections, in addition the mechanical
catch acts with a high force onto the frame. The results of our
investigation show, that standard dispense- and bond processes can
resist these loads.
To investigate the thermal load during the encapsulation process
semiconductor temperature sensors have been placed in the cavity
of the injection moulding tool. Those sensors are characterized by a
diminutive mass and therefore a small heat capacity. Due to this
facts precise measurements with a time resolution of t=0.1sec of the
device temperature are possible. By dint of these measurements the
maximal heat load of the LEDs has been determined. Experiments to
investigate the thermal degradation of the LEDs have been carried
out using an equal heat load. A clear decrease of the luminous flux
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and an increase of the density of non-radiative lattice defects have
been observed. Measurements of the device temperature at constant
current conditions show an increased device temperature after the
degradation process, most likely due to an increase of the density of
non-radiative recombination centres in the active zone. These results
are used to optimize the encapsulation process with respect to the
degradation of the devices and optimum optical properties.

6198-18, Poster Session
One step marking process with fiber laser and diffractive
optical elements
E. Clauss, Lab. des Systèmes Photoniques (France); M. Flury, Lab.
Traitement du Signal et Instrumentation (France); J. Fontaine, Lab.
des Systèmes Photoniques (France); E. Fogarassy, IREPA LASER
(France)
We present a study where Diffractive Optical Elements (DOEs) are
carried out with a high power fiber laser for applications in marking
or laser micro-marking field. Concerning the automobile field,
examples of applications are bar codes or serial numbers marking on
any type of car element materials, as well as marking of dashboard
elements (logos, alphanumeric characters ...). This proposed marking
process is carried out in only one step, which could present an
alternative for traditional scanning systems.
We investigate the impact of power level on the reconstructed
images as well as position of the reconstruction plane and gratings
fill factor.
Experimental setup:
We used an ytterbium doped CW fiber laser from IPG (reference
YLR-200-SM-CW) who emits in the near infrared at 1081 nm. The
manipulations were carried out for laser power between 30 and 83
W.
The chosen phase DOEs are binary components of Fourier type
designed for high power near infrared beams and etched in quartz.
The reconstructions of the encoded images are square and
hexagonal dot matrixes. The optical setup is in a transmission
configuration.
1D and 2D gratings etched in only a resist layer with a 10 µm period
were besides used in the present study. These gratings were
conceived with different fill factors (namely 25%, 50% and 75 %).
For the first tests the reconstructed images were marked on
photography paper (Tetenal 310, TT Vario Confort). The exposure
time was 0.5 sec. These results enabled us to validate the experi-
mental setup.
Results obtained with DOEs:
The intensity distribution and the homogeneity over the recon-
structed images are analyzed for different laser powers. The
importance of the first order beam versus the zero order and also
higher orders is discussed for images reconstructed in the focal
plane and outside the focal plane. The advantages and drawbacks of
each configuration are outlined.
Results obtained with gratings:
For a fixed laser power, differences are observed depending on the
grating fill factor. But no significant modifications are observed when
laser power increases; the diffracted figures are not deteriorated.
However, the fill factor and the laser chromatic dispersion seem to
have an influence on the shape of the spots. Our approach will
demonstrate that the use of 2D gratings can be sufficient for a simple
spot marking system. The 50% fill factor is a good compromise
between efficiency, quality of spots and usage.
Conclusion:
The marking process described here is seen like an alternative to the
traditional scanning systems. The outlook of this survey is to observe
the behaviour of a fiber laser beam with DOEs. The parameters to be
taken into account and their impact on the quality of the marking
have been studied. The conclusion of the study will allow the
optimization of such a marking system. We demonstrate that fiber
laser can be used naturally with standard diffractive structures like
1D or 2D gratings, because beam quality is sufficient. It seems even
interesting that 2D gratings with 50% fill factor can replace complex
DOEs in some applications, because of simplicity of manufacturing.

6198-19, Poster Session
Advantages of ambient interior lighting for drivers
contrast vision
S. Schellinger, D. Franzke, U. Lemmer, Univ. Karlsruhe (Germany)
In the recent years LEDs became the standard light source for the
dashboard, instrument panel and switches in automobiles. In the
near future LEDs will cover ambient interior light functions into the
vehicle. Advantages of the LEDs are a small installation space, low
heat dissipation, the long lifetime and, with Multi-Color-LEDs, the
possibility of color tunability. Ambient lighting of door surfaces, floor
space and roof liner is beneficial, because it improves drivers
orientation and thereby the driving safety.
However the optimal parameter of color and brightness are not
known yet. An investigation of the Light Technology Institute follows
this question and presents within this framework, how the choice of
the ambient lightings color and brightness affect drivers contrast
vision.
The contrast vision describes the drivers ability to see under
unfavorable conditions of sight such as darkness. At dawn and
during the night the contrasts of a typical traffic scene are very small.
As the best example darkly dressed pedestrians are mentioned, who
are hardly recognized due to the small contrast to the background.
The view of the driver is impaired by changing lighting conditions
and subsequent adaptation processes of the eye. By a constant
interior lighting it might be possible to minimize these adaptation
processes to keep contrast vision on a high level and to improve the
drivers vision. We propose, that under unfavorable lighting condi-
tions the recognisability of objects can be increased by an ambient
interior lighting. Our study will provide optimum color and brightness
parameters to achieve this goal.
In general contrast vision depends on:
• Optical aberrations of the eye (spherical and chromatic aberration,
diffraction)
• At dawn, a fully opened pupil increases the retina brightness. The
associated increase of the aberration lowers the contrast vision.
Individual contrast vision depends on:
• The contrast vision decreases with increasing age. Reasons for this
are cell losses in the retina, in the visual nerve and in the Cortex as
well as dispersions by deposits in the lens and the glass body of the
eye.
• The accommodation and eyewear affects the contrast vision for
high and intermediate spatial frequencies. Defocusing has a stronger
influence on the contrast vision than on visual acuity.
• Eye illnesses reduce the contrast vision (Qatar act, retina illnesses,
illnesses of the visual nerve and the brain, as well as general
illnesses, e.g. diabetes mellitus or Parkinson).
Visual perception at dawn (periphery luminance between 0,01 and 10
cd/m(c)˜) is called mesopic vision. This luminance is present in the
nocturnal traffic when using high or low beam and in lighted city
traffic. In the range of mesopic vision both cones (color vision) and
rods (brightness vision) are acting. Difficulties in the dawn vision
result from small object contrasts and missing color information (“at
night all cats are grey”). The pupil width varies with these luminance
between five and eight millimeters. With the pupil opening the
influence of the spherical aberration increases, i.e. the depth of
sharpness decreases. The maximum of the spectral sensitivity
moves toward the short wavelength. Therefore at dawn a blue object
will appear brighter than a red object, although both objects seem to
have the same brightness in daylight (Purkinje phenomenon).
The Light Technology Institute equipped a test vehicle with ambient
lighting of door surfaces, the foot area, the roof liner and the
instrument lighting. All lighting devices can be varied in color and
brightness. In a first study the effects of the colors white, blue, red,
green, orange, turquoise and violet in three stages of luminance
(0.04 cd/m2, 0.1 cd/m2, 0.4 cd/m2) on the contrast vision were
examined. The test persons had to recognize Landoltrings of
different size and with decreasing contrast. These Landoltrings were
presented in visus steps from 0.125 to 2 on a screen in a distance of
20 meters. The contrast ratios were 1, 0.7, 0.5, 0.33 and 0.2.
Depending on the minimum ring contrast recognized by the test
person, an improvement or degradation of the visual efficiency as a
function of the brightness or the color of the ambient lighting was
found. The results of this study are presented on a poster at the
conference.
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