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C h a p t e r   1 
H o w  c  o a t i n g s  a  r  e   u  s e d  a  n d  i  n t e  g r  a  t e  d 

i n t o  o  p t i c  a  l  s  y  s t e  m s 
This chapter is intended for both users and manufacturers of optical coatings.

Although the former need not be familiar with multilayer design, it is nevertheless useful
to be aware of how coatings are selected and to gain an overview of their capabilities.
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Fig. 1-1  Functions of multilayers: reduction of reflection at an interface, absorption,
reflectors in a laser cavity, spectral filtering, beamdivider and circular polarizer.

Figure 1-1 delineates functions of multilayer coatings,
such as the reduction of reflectance at a surface,
enhancement of its absorption or selective
transmittance of some wavelengths in preference to
others.  Coatings also alter the state of polarization of a
beam or divide it into several paths.  Multilayer
reflectors are widely used in laser cavities.

1.1  Fabrication of multilayer interference
devices
Most of these devices are constructed by laying down
relatively thin layers on a surface.  At the time of this
writing in the year 2000, physical vapor deposition, as
described in Chap. 9, is the most widely used method
of deposition.  Chap. 3 discusses other deposition
methods.  Other optical interference devices deserve
mention:

(a) Thin sheets of plastic containing 250 alternate
layers of polystyrene (refractive index 1.6)
and a lower index material are co-extruded
[Alfrey 69, 73] to form a periodic structure

exhibiting strong interference color.  The spectral transmittance/reflectance of
such material appears in Figs. 1-2 and 1-62.

(b) An ultraviolet laser forms a standing wave pattern in a plastic.  The UV induced
polymerization changes its refractive index in a periodic fashion, thus forming a
narrowband reflector [Kaminow 71].
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Fig. 1-2    Transmittance of
a multilayer plastic sheet.
After Mearl [88].
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Fig. 1-3    Cross section of a
resonant reflector, consisting
of three circular plates with
plane parallel surfaces (shaded
P) and ring spacers (solid black
Sp).
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(c) A potassium chlorate crystal is grown so
that its refractive index varies
periodically, due to circular dichroism
[Strong 61].  Reflection peaks are
produced in the blue part of the
spectrum.

(d) Hummingbird feathers and insect scales
are often brilliantly colored due to a
periodic variation in refractive index
[Greenewalt 60; Wright 64; Steinbrecht
85].

(e) Resonant reflectors have narrowband
reflectance peaks as high as 98%
[Wiggins 71; Laser Optics 69].  As
illustrated in Fig. 1-3, they are
fabricated from slabs of bulk material
rather than evaporated films.  In their
use inside laser cavities, their damage
thresholds are considerably larger than
those of evaporated structures.

(f) Cholesteric liquid crystals have a helical
structure that modulates periodically the
refractive index.  Circularly polarized
light is strongly reflected [Meier 75].

(g) The Lippmann photographic process
records color by means of standing
waves in a photographic emulsion.
Wood [34] shows a cross section of a
plate that manifests 250 undulations in
its refractive index.

Interference devices have been fabricated
over a wide range of wavelengths from the
ultraviolet UV to the infrared IR.  As shown in
Fig. 1-4, a multilayer reflector with a reflectance
as high as 7% at ¬  = 3 nm has been produced
using alternate layers of carbon and cobalt
[Spiller 76; Haelbich 76] or a tungsten-cobalt
alloy [Spiller 78].

A bandpass filter for use at wavelengths
as long as 75 µm was produced by evaporating
alternate layers of cesium iodide and
germanium, as depicted in Fig. 1-5 [Smith 68;

Seeley 73].  Alternatively, the bandpass (see Fig. 1-6) was fabricated by laminating
silicon slabs between organic materials [Costich 90].  A spectral filter at an even longer
wavelength consists of alternate slabs of titania and polystyrene in a microwave
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Fig. 1-4    Theoretical reflectance
(solid) at an angle of 67º of X-ray
reflector consisting of alternate
layers of cobalt and carbon.
Measured maximum R is 7%.
Deposited by Spiller [76].
Illustration from Bartlett [84].
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Fig. 1-5      Measured T(¬) of
single-cavity bandpasses consisting
of four alternate layers of cesium
iodide and germanium deposited
upon a silicon substrate.  After S. D.
Smith [68].
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Fig. 1-6    Measured T(¬) of an IR
bandpass fabricated by laminating
silicon slabs between organic
materials.  Wave number of 310
cm–1  corresponds to a wavelength of
322 µm.  After Costich [90].
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waveguide [Seeley 62].  Both Costich [90] and Iwasaki [70] constructed IR filters
composed of layers of extruded polyethylene.

1.1.1  How do multilayers function?
Optical interference causes a coating to reflect more strongly at a specified wavelength
and not at others.  This is illustrated by the single layer in Fig. 1-7.  A light wave (the
incident beam a) impinges upon the layer and a fraction of that wave reflects at the
air-film interface —  this is (c).

The light and dark bands represent maxima and minima of the amplitude of that
wave.  A portion of the wave also penetrates the layer and reflects at the film-substrate
interface  —  this is (b).  That reflected wave then emerges into air at (d) and, in this
example, is either in phase or out of phase with wave (c).
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Fig. 1-7  Showing a light wave (a) incident upon a single layer of index 1.85 (left
panel) or 1.38 (right panel) deposited upon a substrate of index 1.65.  Reflected beam
consists of wave (c) reflected at top air-film interface and (d) reflecting at (b) at
film-substrate interface.  Variable shading of reflected beams represents the wavelength
¬.  The distance from “light-to-light” or “dark-to-dark” is ¬.

For the left panel of Fig. 1-7, the layer is of higher refractive index than the
substrate.  The (c) and (d) waves are in phase and a maximum reflectance results.  This is
manifested as a 12% peak reflectance in the graph.  This is called “constructive
interference” in books on physical optics.

The right panel depicts a layer of lower refractive index.  The wave reflected from
the air-film interface and the wave reflected from the film-substrate interface are 180º out
of phase.  Physical optics texts term this “destructive interference.”  The result is that the
reflectance is lowered from 6% (for the uncoated substrate) to nearly zero.

The conclusions in the last two paragraphs depend upon the thicknesses of the
layers relative to the wavelength.  The optical thicknesses of the layers in Fig. 1-7 are
quarterwaves at 530 nm, which is one of the reasons a maximum (or minimum)
reflectance occurs at that wavelength.  The reflectance curves could be shifted to a
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shorter wavelength by reducing layer thicknesses.  A thickening of a layer shifts the
reflectance maxima to longer wavelengths.

An example illustrates the importance of the ordering of the layers and their
relative thicknesses.  The left panel of Fig. 1-8 shows a reflector with 35% peak
reflectance.  It consists of alternate layers of alumina, zirconia and magnesium fluoride
—  each with an optical thickness of a quarterwave.  Two layers are interchanged and the
thickness of the center layer is increased to a halfwave  —  the result is reduction of the
reflectance over a broad bandwidth.
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Fig. 1-8  (Left) R(¬) of a reflector consisting of quarterwave optical thickness layers
of magnesium fluoride (dotted), zirconia (cross-hatched) and alumina (nonshaded).
(Right) Antireflection coating produced by interchanging layers and thickening the
center layer to halfwave.

Figure 1-9 depicts a multilayer consisting
of 19 alternate layers of titania and silica
deposited on a glass substrate.  The high index
layers of titania are approximately 70 nm thick
and the silica layers are 110 nm thick.  These
thicknesses cause the stack to reflect strongly at
633 nm  —  for the He-Ne gas laser.  An increase
in the thickness of each layer would cause the
stack to “resonate” at longer wavelengths, as, for
example, at 1060 nm.  Each titania layer has a
thickness of about 300 atoms and the total
thickness of the stack is close to 1.6 µm.  For

comparison, approximately 31 of these stacks would be piled on top of each other to
equal the thickness of the paper upon which this book is printed.

1.1.2  Nonoptical attributes of surface coatings
Coatings are often deposited to alter physical properties of a surface.  A plasma-deposited
organic polymer can protect a surface from the environment  — as, for example, when a
hygroscopic material such as potassium chloride is exposed to high humidity [Wydeeven
76; Szwarc 76].

There are many uses of electrically conducting coatings, as, for example, on
windows of longitudinal Pockels modulators or liquid crystal displays (see §1.9.7).  The
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Fig. 1-9    Cross section, showing
the metric thicknesses of a multilayer
reflector (at 633 nm) consisting of 19
alternating layers of titania (darker
shading) and silica (no shading).
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mechanical and electrical properties of a coating are often as important as its optical
properties.  For example, electrically conducting coatings must be relatively transparent.
The antireflection coating mentioned in the last paragraph should protect the potassium
chloride from water vapor.  Coatings can also increase the resistance of a surface to
mechanical abrasion, as illustrated by the relatively thick layer of fused silica that is often
deposited on a plastic lens.

1.2  Nomenclature and general properties

1.2.1  Nomenclature
The term multilayer is used generically to describe coatings and is unambiguous, except
in electrical circuit board technology.  Multilayer is especially appropriate for IR coatings
that often contain as many as 100 layers.  The term dielectric is widely used, as, for
example, all-dielectric, dielectric multilayer or dielectric reflector.  It means that such
coatings are fabricated from materials that are essentially nonabsorbing at optical
frequencies, i.e., nonmetals.

————————————————————————————————————————————————————————————————————————————————————————————————————————————
Table 1-1      Properties of materials used for substrates

Refractive index Transparency region*

Material UV Vis IR Lower Upper Cost§ Comments

BK-7 glass 1.53 1.52 1.51 0.33 µm 2.5 µm 1
Can be hot pressed into cylindrical
slabs or lenses.

Fused silica 1.50 1.47 1.45 0.18 µm 3.5 µm 10
Price varies, depending upon

bubble content and purity.¶

Sapphire 1.83 1.77 1.68 0.17 µm 6 µm 5
Mechanically hard  —  difficult to
polish.

Germanium — — 4.00 1.8 µm 16 µm 25
Least expensive material for FLIR
optics.

Silicon — — 3.45 1.2 µm 8 µm 3
Used for CO2 laser total reflectors
—  high thermal conductivity.

CaF2 1.50 1.43 1.37 0.15 µm 9 µm 17 Relatively soft.  Fractures easily.

Magnesium
fluoride 1.42 1.39 1.37 0.12 µm 8 µm 60

Mechanically hard  —  difficult to
polish.

Zinc sulfide — — 2.20 0.4 µm 12 µm 25
Less expensive than zinc selenide
but more absorbing in the FLIR
band.

ZnSe — 2.65 2.40 0.6 µm 14 µm 25 Used for FLIR optics.

GaAs — — 3.27 1.0 µm >30 µm 30 Used for CO2 laser lenses.

Indium
antinomide    —   — 4.2 6.0 µm       — 170

Transparent to 30 µm at
temperature of 77 K.

Comments
*Typically of a slab a few millimeters in thickness.
§Typical cost (in U.S. dollars) of the raw material approximately 3.5 mm thick by 25 mm square.  Cost depends upon
optical quality.  For example, fused silica with low bubble content and low stria is more expensive.
¶Composition of fused silica may be altered to optimize its transmittance in either the UV or the IR.
————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————
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The carrier upon which the coating is deposited is the substrate.  Table 1-1 lists
substrate materials.  The materials data in Ballard [72], Wolfe [78] and Palik [85, 91] are
more comprehensive.  Many criteria are used in the selection of a substrate, as, for
example, its resistance to laser damage, cost, thermal conductivity, mechanical
properties, the ease with which it can be optically polished or its transparency in a
particular range of wavelengths.  The latter property may be relatively unimportant if the
coating contains an opaque metal layer or many dielectric films that reflect substantially
all incident flux.  Fused silica is widely used in laser systems because it is robust and can
be polished to a high degree of smoothness.

1.2.2  Reflectance and transmittance
This section discusses the radiant reflectance R and radiant transmittance T and how they
are measured.

1.2.2.1  Reflectance and transmittance of a coated part
Figure 1-10 shows an optical coating immediately after it has been removed from the
chamber in which it was deposited.  Although the coating may be cemented eventually to
another sheet of optical glass, at this moment there is air (index n0 ) on one side and the
substrate (index ns ) on the other side.  The face of the coating adjacent to air is its
obverse side and next to the substrate is its reverse side.  These definitions are
independent of the direction that light hits the coating.

Figure 1-11 shows a beam of radiant flux
impinging upon a coating.  The incident side of the
coating is the one the flux hits first.  The flux
penetrates the coating and exits from its emergent
side.  It then propagates into the emergent medium.
Whether the obverse or reverse side of the coating
faces the emergent medium depends upon its
orientation with respect to the incident beam.

Reflectance R  and transmittance T are
measured on the obverse side of the coating.  R' and
T' are the corresponding quantities measured on its
reverse side.  For many transmittance curves of
coatings shown in this book, T is the transmittance
from the incident medium into the bulk substrate.  In
other words, these T(¬) curves correspond to those

that would be measured if the substrate has no absorption and a “perfect” antireflection
coating is deposited on its emergent interface.
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Fig. 1-11  Incident or emergent side of a multilayer (shaded) can be either the
substrate or air, depending upon its orientation to the incident light.

It can be argued from thermodynamic principles [Fragstein 67] that
T = T  ' . (1-1)

In other words, transmittance is invariant with respect to direction of propagation.  As
mentioned in Chap. 10, if monochromatic flux impinges on a filter array and the total
flux over a broad band of wavelengths is collected by a detector, this reciprocity may not
be true due to fluorescence in the bulk filter material.  A consequence of Eq. (1-1) is that

R = R  ' (1-2)
for any nonabsorbing coating.  If such a coating produces a reflectance of 1.2% from its
obverse (i.e., air) side, then its reflectance is also 1.2% at the reverse (i.e., substrate) side.

1.2.2.2  Overall transmittance and reflectance
The R and T cited above refer to the reflectance and transmittance of the multilayer alone,
independent of the emergent interface of the substrate.  There are additional transmission
losses at that interface, as depicted in Fig. 1-12.  When the flux flows through the bulk
substrate and penetrates the emergent interface, overall transmittance Toa is measured.
Thus T = Toa only when there is a “perfect” antireflection coating on the emergent
interface of a nonabsorbing substrate.  Overall reflectance Roa occurs when there are
reflections from both the multilayer and the emergent side of the substrate.  Equations for
Toa and Roa of a slab appear in §10.3.5.1.

1.2.2.3  Absorption and loss
The radiant absorption A of a coating is
that fraction of the flux (incident from
the obverse side) converted into joule
heat.  A ' is the absorption when the
incident flux impinges upon its reverse,
i.e., substrate, side.  Conservation of
energy requires that

A + R + T = 1   (1-3a)
and

A'+ R  '+ T = 1 (1-3b)
although the reflectance and absorption
need not be identical from the two sides.

This is illustrated in Fig. 1-13, which shows a coating with nearly 70% reflectance from
one side and a R' of below 10% from its opposite side.
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Fig. 1-13  T(¬) (solid), R(¬) from
air side (short dash) and R'(¬) from
glass side (long dash)  of the design
shown below.

Fig. 1-14  At the arrowed wavelength in Fig.
1-13, absorption A and A' from obverse and
reverse sides of the coating, respectively.  R, R'
and T are defined in Fig. 1-13.

For Figs. 1-13 and 1-14,  the absorbing coating design is:
air L 0.58H M 0.85L H  L  H  glass

where the indices of H , L  and glass are 2.30, 1.52 and 1.45, respectively.  The optical
constant of M is 2.76 – j 1.80 and its metric thickness is 20 nm.  The optical thickness of
L  and H is ¬0/4 at ¬0 of 633 nm.

Equation (1-1), Eq. (1-3a) and Eq. (1-3b) require that
R + A = A'+ R  '  . (1-4a)

The sum of reflectance and absorption on each side of a coating must be the same.  This
is illustrated in Fig. 1-14, which graphs R, R',  A, A' and T.  The transmittance is the same
in either direction.

Multilayers with such asymmetrical reflectance have been deposited upon
sunglasses [Pohlack 59] and architectural glass [Apfel 72p].  When used in a Fizeau
interferometer, bright fringes on a dark background appear in reflected illumination
[Koch 62a]  —  the opposite of the fringes produced by a dielectric reflector.  Another
consequence is that a bandpass filter containing metal layers is usually more absorbing on
one side than on the other.  Such a bandpass may overheat if its more absorbing side is
exposed to a high intensity light source.

The loss L is the fraction of the flux that is not reflected
L ÿ 1 – R = A + T (1-4b)

regardless of whether the loss is due to transmittance or absorption.  Loss is important,
for example, in the design of a coating for a laser cavity.

1.2.2.4  Opaque substrate
Equations in §2.4.4.3 compute T even when the substrate is opaque and absorbing.  This
T is the energy that flows past the last coating interface and into the substrate.  A is the
absorption in the coatings themselves.
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Fig. 1-15  (Left panel) Incident ray impinges upon multilayer M at an angle of
incidence œ0 , as measured to normal N.  Reflected ray R propagates at the same angle.
(Right panel) Components of electric vector of incident light perpendicular (s) to plane
of incidence and parallel (p).

1.2.2.5  R  and T  at nonnormal incidence
R and T are specified several ways at nonnormal incidence.  The left panel of Fig. 1-15
depicts incident and reflected rays and the angle of incidence œ0 measured to a normal.
The plane of incidence contains the normal and the ray.  The right panel shows that the
flux can be linearly polarized with its electric field parallel to the plane of incidence (p
polarization) or perpendicular (s polarization).  The corresponding symbols are Rp , Rs , Tp
and Ts for reflectance and transmittance of polarized flux.  Unless otherwise stated,
reflectance at nonnormal incidence refers to an arithmetic mean

Ra ÿ 
1
2 (Rp + Rs)   , (1-5a)

which is more accurately termed reflectance for randomly polarized flux.  There is a
similar equation for the transmittance Ta for randomly polarized flux

Ta ÿ 
1
2 (Tp + Ts)  . (1-5b)

The foregoing methods of computing Ra and Ta are meaningful as long as the source of
radiation and the detector (such as a human eye) are insensitive to polarization.

A multilayer might function as a linear polarizer and transmit both the Ts and Tp .
A figure of merit for such a device is the degree of polarization Pt

Pt ÿ 
Tp – Ts 
Tp + Ts 

  , (1-5c)

which is always bounded –1 ≤ Pt ≤ +1.  A perfect polarizer has a Pt of either –1 or +1.

1.2.2.5.1  Linear polarization states
A mnemonic helps to identify the linear polarization states.  Figure 1-16 shows the
reflectance vs angle of incidence at an interface between air and BK-7 glass.  Reflectance
of p polarized flux is 4% at normal incidence and plunges to zero at 57º  —  the Brewster
angle.  Thus p is the plunging vector.  The s polarized flux is reflected at all angles of
incidence  —  s is the skipping vector.


