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ABSTRACT

We evaluate the performance of several phase retrieval algorithms using through-focus aerial im-
age measurements of patterned EUV photomasks. Patterns present a challenge for phase retrieval 
algorithms due to the high-contrast and strong diffraction they produce. For this study, we look at 
the ability to correctly recover phase for line-space patterns on an EUV mask with a TaN absorber 
and for an etched EUV multilayer phase shift mask. The recovered phase and amplitude extracted 
from measurements taken using the SHARP EUV microscope at Lawrence Berkeley National 
Laboratory is compared to rigorous, 3D electromagnetic simulations. The impact of uncertainty 
in background intensity, coherence, and focus on the recovered field is evaluated to see if the 
algorithms respond differently.

Figure 1. The amplitude and phase of the near field are shown for both the TaN and the phase shift mask. The 
measurable field is limited by the NA of the system. This low-pass filtered field (NA Bandlimited Field) is what 
should be recovered from the measurements.
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Editorial
Looking into the Chrome  
Crystal Ball
Bala Thumma, Synopsys, Inc.

Moore’s law, which held remarkably true for the past half a century, faces challenges as 
we go to the 14 nm node and beyond. As the chip manufacturing complexities at these 
aggressive technology nodes mushroom and production costs become prohibitive, the 
ROI of producing these ever-shrinking geometries dwindles and may not make economic 
sense to most semiconductor manufacturers. In this landscape, one has to wonder what 
the impact will be on the photomask industry.  
 At the leading edge, the photomask industry is facing increased complexity and reduced 
yields resulting in higher manufacturing costs. With lower number of design starts at the 
higher end technology nodes, however, there seem to be much bigger opportunities open-
ing up in the mid to lower end nodes, given the explosive growth projected in the Internet 
of Things (IoT) market. 
 Most of the IoT devices have some or all of the following functional blocks: sensors, 
microcontrollers, memory, embedded security, and communication logic. As these devices 
become more intelligent in sensing their surroundings, storing relevant data, making the 
appropriate corrections and communicating with the cloud in a secure way, the market for 
IoT will increase.  With the market expansion, volume manufacturing becomes essential to 
bring the costs down and make the IoT applications a reality. We are seeing the prolifera-
tion of such products in many sectors – home, healthcare, automotive, heavy industries, 
telecommunications, infrastructure, and manufacturing, to name a few – which help to 
improve human  health and safety, enhance machine reliability, and increase overall ef-
ficiency.  
 Industry experts are predicting that in the next five years, the overall IoT market, which 
includes devices, software, services, and manufacturing, is projected to take off rapidly 
to become a multi-trillion dollar industry, with billions of connected devices. The semi-
conductor industry has to gear itself up for this opportunity and will have to bring not 
only the high-end fabs, but also the legacy fabs, retooling them if needed, to satisfy the 
manufacturing needs of this market. The projected increase in demand for wafer starts 
will bring about significant growth in the industry.
 So, what are the implications of these commoditized chips on the photomask industry? 
While these chips may be simpler to design and manufacture compared to those at the 
leading-edge, the sheer variety and the large number of such chips will create bottlenecks 
in mask shops and wafer fabs. Photomasks will diverge into two main streams: high-end 
masks for manufacturing more powerful CPUs and memories which power the data centers 
that drive the cloud, and lower-end masks for manufacturing commodity chips that will 
ubiquitously deliver data to the cloud.  This commoditization of the IoT devices will drive 
the prices down, resulting in lower profits. To be successful companies have to adjust 
very quickly to this dynamic and high-growth market. Not only must the mask shops and 
fabs surmount the challenges of producing these smart devices that are ‘aware’ of the 
surroundings in which they operate, but also have to ensure the manufacturing costs are 
kept low with very high yields. Moreover, it will be necessary to have a very efficient sup-
ply chain to deliver products within the time-to-market window.  The Photomask industry 
has to be nimble and efficient to jump on this IoT bandwagon and gear up to satisfy the 
needs of this fast growing and dynamic market. 
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1. Introduction

Phase retrieval algorithms use aerial image measurements to cal-
culate a scalar electric field representation of the object. This field 
can then be used to simulate aerial images under various imaging 
conditions including aberrations and different illumination condi-
tions. In photomask inspection, this can be useful when evaluating 
the printability of defects and planning repairs. Since simulations 
using the recovered electric field can emulate the optics of the 
lithography system, phase retrieval may help to provide a more 
accurate estimate of printability. Alternatively, the process window 
impact of a defect can be computed by simulation instead of by 
imaging the defect through the entire process window, potentially 
saving time.

An important challenge to the use of phase retrieval in photo-
mask inspection is that some algorithms perform poorly on the 
high contrast, strongly diffracting patterns found on photomasks.1 
Low contrast patterns such as Extreme Ultraviolet (EUV) multilayer 
defects have already been successfully imaged.2 There are many 
available methods for phase retrieval from defocused images; how-
ever, the phase retrieval problem is nonlinear, so the performance 
of a given algorithm generally depends on the object.

To examine the performance on patterned masks, we examine 
three phase retrieval algorithms using different approaches. The 
Gerchberg-Saxton3 (GS), Transport of Intensity4 (TIE), and Weak 
Object Transfer Function5 (WOTF) are applied to aerial image 
measurements of two different EUV photomasks. One mask uses 
a standard TaN absorber and the other is an etched multilayer 
mask. The measurements were performed on the actinic zoneplate 
microscope, SHARP, at Lawrence Berkeley National Laboratory.6 
Since the measurements are not perfect, we examine what impact 
three common measurement errors would have on the recovered 
field. We look at the impact of background intensity, coherence, 
and a focus offset.

2. Evaluated Algorithms

We evaluate three algorithms that rely on different approaches 
and approximations. The Gerchberg-Saxton (GS) algorithm was 
selected as an example of algorithms that use optimization to find 
the electric field that best describes the measurements. They use 
the full, non-linear model. A linearized algorithm based on the Weak 
Object Transfer Function was tested because it could allow the 
use of complex illuminations and incorporate aberration models, 
making it useful for pattern mask measurements. The third algo-
rithm uses the Transport of Intensity Equation (TIE), which uses 
an approximation of a small defocus distance.

2.1 Gerchberg-Saxton
The GS algorithm,3 like other optimization-type algorithms uses 
a current estimate of the electric field and then attempts to im-
prove that estimate to better match the measurements. Several 
algorithms use different optimization methods but also rely on 
improving an initial electric field estimate.7,8 In GS, the current 
estimate of the electric field is propagated to the image plane 
corresponding to one of the measurements. The amplitude at that 
plane is then replaced with the square root of the intensity. The 
field is then propagated to the next image and forced to match 
that intensity. In this way the algorithm iteratively forces the field 
to produce the correct intensity at each measurement. We initial-
ize the electric field using the square root of the intensity at focus 
and use a constant phase. The advantages of this algorithm are 
that it is simple, fast, and is guaranteed to converge (though it 
may only find a local minimum instead of the global minimum). 
The key characteristic of GS compared to the other algorithms we 
consider is that it doesn’t use any approximations to the imaging 
equations and that it optimizes an initial estimate to minimize the 
residual error.

2.2 Weak Object Transfer Function
The WOTF can be used to calculate the electric field from a col-
lection of aerial images when the 0th diffracted order contains most 
of the energy.5 If the other diffracted orders are relatively weak, the 

Figure 2. The measurements taken on SHARP are shown. For the TaN absorber the pattern is vertical line space patterns, 
oriented so that there is no shadowing. The phase shift mask consists of a checkerboard pattern. The cross-section 
examined is also in the no shadowing direction. The complete data set had 15 images in the range ±3 μm. The images have 
a width of 2 μm (mask scale).
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aerial image can be well described by Eq. 1,

In this equation, the electric field is assumed to be normalized 
so that it can be expressed as E = 1+Ere+iEim. P

~
 is the pupil func-

tion, e J
~

 is the illumination source shape and Ie is the intensity 
term corresponding to |Ere+iEim|2. If the 0th order is strong enough, 
this term can be neglected and the equation becomes linear. In 
situations where the approximation is not sufficiently accurate, the 
algorithm can be improved by iteratively subtracting an estimate 
of Ie and recalculating E. Since the algorithm relies on having a 
dominant 0th order, it is less reliable for patterned masks that have 
strong diffracted orders. It has the advantage, however, of being 
able to handle arbitrary source shapes and aberrations.

2.3 Transport of Intensity Equation (TIE)
When the defocus distances between two images is small, the 
imaging equations can be approximated by the Transport of 
Intensity Equation,4,9

This equation describes how images propagate over small 
distances. The derivative of intensity over z (focus) can be approxi-
mated by a finite difference of two images near focus, allowing the 
equation to be inverted using two or three images. Typically three 
images are used where one in-focus image is used as I(z = 0) and 
the two closest images are used to compute dI=dz~~ D I=Dz. The 
equation can then be solved for the phase.

3. Test Objects

To evaluate how the phase retrieval algorithms perform, two types 
of masks are considered. Both are EUV masks with a standard 
multilayer stack of 40 Mo/Si bilayers. The first has a patterned 
TaN absorber (height = 60 nm) while the second is a phase shift 
mask. The phase shift mask consists of 12 Mo/Si bilayers that 
have been etched to create the pattern. For the TaN absorber 
the pattern examined is a 1:1 line-space pattern with a 200 nm 
mask-side half pitch (50 nm at the wafer). The pattern is oriented 
vertically so that the incident beam at 6° will not cause shadowing. 
The illumination is coherent. Using available data, the phase shift 
mask had a checkerboard pattern of the same pitch. The patterns 
on both masks have a large phase shift close to 180°, but the TaN 
absorber has strong absorption and is used to test the effect of 
high contrast. The phase shift mask has low absorption which 
tests the effect of a suppressed 0th order. The phase shift mask 
is expected to be the most challenging for the phase retrieval 
algorithms because it has complicated through-focus behavior. 
The WOTF is expected to struggle because the 0th order is sup-
pressed. GS may perform worse because the initial estimate is 
further from the correct answer. TIE may struggle with the sharper 
zeros between phase regions.

To evaluate the performance of the algorithms, a reference to 
compare to is needed. The phase retrieval results can then be 
compared to the reference to determine whether the recovered 
field is accurate. This reference is calculated using rigorous 3D 
simulations in Hyperlith (using RCWA and 1D features).10 Figure 
1 shows the phase and amplitude of the near field calculated by 
the simulation. Due to memory limitations, 2D simulations of the 
checkerboard pattern used for the phase shift mask are unreli-
able, so as an approximation a 1D simulation is used instead. 
This will contribute an error to the comparison of the simulation to 

Figure 3. The recovered phase and amplitude using each of the algorithms is shown. For the TaN absorber the Transport 
of Intensity seems to have an error in the phase. For the phase shift mask both the Transport of Intensity and Weak Object 
Approximation seem to work poorly. Approximation seem to work poorly.
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experimental measurements. The images used for phase retrieval 
are limited by the numerical aperture (NA) of the microscope, how-
ever. This means that the complete near field is not measured and 
cannot be recovered completely. Instead, a band limited version 
of the near field is a more accurate reference to compare with 
the phase retrieval result. This band limited field is what should 
match the recovered field if the phase retrieval is successful and 
the simulation is accurate.

3.1 Experimental Measurements
To evaluate the algorithms, through-focus measurements of a TaN 
absorber mask and an EUV phase shift mask were performed. A 
subset of these measurements are shown in Figure 2. The images 
were captured with an NA = 0.33/4 and coherent illumination. 
Fifteen images were captured with a focus spacing of 500 nm 
giving a focus range of ±3:5 μm. This spacing was determined by 
the stage precision of the tool. For the TIE only the central three 
images were used giving a range of ±500 nm. The TaN absorber 
mask contained programmed defects, but the region we examined 
was away from the defect, making it the same as the simulated 1D 
pattern. For the phase shift mask a horizontal cross section was 
examined to approximately match the line-space pattern examined 
for the TaN absorber.

Figure 3 shows the recovered field along the cross-section 
marked in Figure 2 as calculated by the three algorithms. For the 
TaN absorber, GS and the WOTF produced very similar fields. 
This suggests that the answer describes the measurements and 
is probably not dominated by artifacts due to the recovery. The 
Transport of Intensity Equation, however, produced a considerably 
different phase. This could be because TIE only uses 3 images 
instead of the full 15 images used by the other algorithms, making 
it more sensitive to noise. The low intensity in the images can also 
cause the TIE solver to struggle due to the I(z = 0) term in Eq. 4.

For the phase shift mask, the WOTF, in addition to TIE, failed to 
produce a reasonable result. Unlike for the TaN absorber, it is not 
possible to say that one recovered field is more accurate due to a 
match between two algorithms. Instead, using the residual error 

to compare the WOTF result and the GS result, it is more likely 
that the GS result is more accurate. The worse performance of 
the WOA on the phase shift mask is expected since the phase 
shift mask has a suppressed 0th order and the WOA relies on the 
0th order to work.

Instead of using the residual error or a comparison of the different 
results to evaluate how accurate the recovery is, the result can be 
compared to the band limited near field calculated by simulation. 
A comparison of the GS result and the simulation is shown in 
Figure 4. The recovered field and simulation for the TaN absorber 
match well. The corners of the phase are less square in the recov-
ered phase than expected, but this could be due to a mismatch 
between the simulation and the physical mask. For example, the 
simulation assumed perfectly vertical sidewalls, which may not be 
true. The amplitude minima also do not match up. This could be 
due to a difference in pixel size in the simulation compared to the 
experimental results. The simulation pixels are 3:36 nm while the 
measurements have 15 nm pixels. This is expected to perform a 
slight low-pass filtering that might explain those minima.

The results for the phase shift mask, on the other hand, are not 
as good a match. This is likely a combination of the simulation not 
matching the physical mask and higher inaccuracy in the mea-
surements. For example, finding the correct focus is challenging 
on the phase shift mask and can affect the recovered field (see 
Section 4.2).

4. Effect of Measurement Errors

There are a number of uncertainties that can arise when perform-
ing the measurements. For example, there may be an intensity 
offset—a background due to scattered light or dark current. Focus 
is difficult to determine under coherent illumination, especially for 
the phase shift mask where there is no obvious best focus image. 
Additionally, the illumination may not actually be fully coherent. 
Since phase retrieval is a non-linear process, the effect of these 
errors on the recovered field can be complicated. To evaluate the 
effect of some of these errors on the recovered field, we examine 

Figure 4. The simulated field from Figure 1 and the Gerchberg-Saxton result from Figure 3 are shown.
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how the recovered field changes with different amounts of these 
errors.

4.1  Background
Dark current in the sensor or scattered light in the system can 
cause the signal of each pixel to be higher than it should be. We 
assume that this value is a single constant for all pixels. As the 
images are preprocessed for the phase retrieval algorithm a fixed 
background is subtracted. However, the intensity level of the back-
ground subtracted may not be correct. To consider the effect of 
this on the algorithms we apply the WOTF and GS phase retrieval 
algorithms (TIE is ignored since it is not producing an accurate 
result) to the measurements after removing different amounts of 
background. The recovered fields are shown in Figure 5. For the 
phase shift mask only the GS result is shown since the WOTF also 
failed. Background is defined as the percent of the mean intensity 
across all the images (after the correct background has been 
removed). So, for each recovered field, instead of subtracting a 
background of X, a background of Y < X is subtracted.

From Figure 5 it is apparent that for the WOA the recovered field 
and amplitude are damped out. The phase difference decreases 
and the amplitude also decreases. The result of GS is significantly 
less sensitive to the background, however. This is to be expected 

since the WOA estimates the 0th order using the mean intensity, 
and the background will bias that estimate.

4.2  Focus
Under coherent illumination the recovered field will describe the 
measurements equally accurately even if there is a global focus 
offset. This focus offset will change the recovered phase and 
amplitude, which can make the result appear more or less like 
the simulation result. To test this, different global focus offsets 
are used and the recovered field for each focus offset is shown 
in Figure 6. For the phase shift mask, the phase becomes less 
rectangular with negative defocus while the difference between 
the two amplitude peaks decreases. This qualitatively describes 
the discrepancy between the simulation and recovered field and 
highlights the difficulty and importance of determining the true 
focus position.

4.3 Coherence
The measured images were taken with coherent illumination. The 
actual illumination during the measurements, however, is probably 
not perfectly coherent. Figure 7 shows how the recovered field 
changes if partially coherent illumination is used. Unlike in Sections 
4.1 and 4.2, in this section the input images to the algorithms are 

Figure 5. The recovered amplitude and phase are shown for different amounts of background in the images. The 
background is given as a percent of the mean intensity.
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Figure 6. The recovered field under different global focus offsets is shown. The ±1 μm defocus corresponds approximately 
to 1 Rayleigh depth of focus. GS was used to recover these fields.

simulated to create different partial coherence. The field used in 
the simulations is the recovered field from Figure 4.

The GS algorithm is very sensitive to partial coherence and starts 
failing at s = 0:1. While the WOTF can consider the effect of partial 
coherence and is expected to produce a more accurate recovery, 
it performs only slightly better. It fails for s > 0:2. While it is not 
clear exactly why this happens, it may be because the transfer 
function is weaker under less coherent light. For coherent light the 
transfer function for phase can have a peak of 2. For less coherent 
light, the peak can decrease significantly. This could cause the Is in 
Equation 1, which behaves like noise for the WOTF to dominate. 
Since the high contrast pattern was not a weak object to begin 
with, this could cause the algorithm to start failing.

5. Conclusion

Three phase retrieval algorithms are evaluated for patterned EUV 
photomasks. Of the algorithms evaluated, the Gerchberg-Saxton 
algorithm was found to be the most reliable, though the Weak 
Object Transfer Function can also be applied when there is a 
strong 0th order. Of the masks examined, the WOA works for the 
TaN absorber where the 0th is only slightly reduced, but fails for 
the phase shift mask. The Transport of Intensity Equation failed to 
produce reasonable results on the data tested, though this may 
be because the implementation of TIE used only considered 3 im-
ages. The recovered field produced by GS approximately matched 
rigorous simulations, though it matched more closely for the TaN 
absorber than for the phase shift mask.

Evaluating measurement errors it is found that background 
intensity, such as from dark current in the sensor, can have 
significant effects on the WOTF algorithm, but has a relatively 
small effect on GS. Coherence uncertainty, on the other hand, is 
handled better by the WOTF since it can incorporate information 
about the source into the algorithm. Neither GS nor WOTF were 
able to handle source sizes larger than s = 0:2. It is also shown 
that incorrectly specifying the correct focus offset can qualitatively 

change the phase and amplitude, which can make it challenging 
to compare results to simulation.
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■  Mycronic Receives Order for a Prexision-8 Mask Writer

evertiq.com/news/38384
Mycronic has received an order for a mask writer from the Prexision-8 series for display 
applications from a customer in Asia. The system is scheduled to be delivered during 
the fourth quarter of 2016. Mycronic offers mask writers for the manufacturing of 
photomasks within different fields of application. These areas are display manufacturing 
(for TV, smart phones and tablets among other things) and applications within the 
multi-purpose market, a broad segment comprising many different application areas.
 The system includes adaptations, which makes an upgrade possible, to a full scale 
Generation 10 photomask production unit, according to Magnus Råberg, Senior VP 
at Mycronic AB. The price level for a Prexision-8 mask writer is in the span $ 25-30 
million.

■  Photomask Demand Drives Jump in Profits at 
Photronics

www.photronics.com
BROOKFIELD, Conn., Dec. 4, 2015 — Photronics Inc. increased profits in fiscal 2015, 
citing strong demand for photomasks for integrated circuit and flat panel display 
manufacturing. Net income for the fiscal year, which ended Nov. 1, was $56.9 million, 
or 63 cents per diluted share. That’s up 77 percent from fiscal 2014. Revenues were 
$524.2 million, an increase of 15 percent from $455.5 million the previous year. 
 “High-end memory and flat panel display have been strong all year, and those trends 
continued through the fourth quarter,” said CEO Peter Kirlin. “High-end logic also 
contributed as customers introduced new designs at advanced nodes.” 

■  Semtech and STMicroelectronics Collaborate to Scale 
LoRa(r) Technology

www.semtech.com
CAMARILLO, Calif., Dec. 14, 2015 – Semtech Corporation, a leading supplier of 
analog and mixed-signal semiconductors, and STMicroelectronics today announced 
an agreement on Semtech’s LoRa® long-range wireless RF technology. ST intends to 
use the technology to target Internet of Things (IoT) deployments by mobile network 
operators (MNOs) and large-scale private networks. 
 ST will join the LoRa Alliance and release reference designs for LoRa technology 
based on its STM32 family of microcontrollers. ST plans to develop microcontrollers 
with on-chip LoRa technology that supports the LoRaWAN standardized protocol. 
 The LoRa Alliance is the fastest growing alliance in the IoT sector, and the addition 
of ST will help standardize LoRa and LoRaWAN for IoT low-power wide-area networks 
(LPWAN) worldwide. Both Semtech and ST believe standardization and a strong 
ecosystem will foster technology adoption to achieve the large volumes projected for 
IoT. The combination of STM32 microcontrollers together with the LoRa technology 
should impact the IoT, Smart City, and industrial markets. 
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SPIE Photomask Technology
12-14 September 2016
San Jose Convention Center
San Jose, California, USA 
www.spie.org/pm 

Abstract Due Date: 28 March 2016

2017

SPIE Advanced Lithography
26 February-2 March 2017 
San Jose Convention Center  
San Jose, California, USA

Corporate Membership Benefits include:
■ 3-10 Voting Members in the SPIE General Membership, 

depending on tier level

■ Subscription to BACUS News (monthly)

■ One online SPIE Journal Subscription

■ Listed as a Corporate Member in the BACUS Monthly 
Newsletter 
www.spie.org/bacushome
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About the BACUS Group
Founded in 1980 by a group of chrome blank users wanting a single voice to interact with suppliers, BACUS has 
grown to become the largest and most widely known forum for the exchange of technical information of interest 
to photomask and reticle makers. BACUS joined SPIE in January of 1991 to expand the exchange of information 
with mask makers around the world.

The group sponsors an informative monthly meeting and newsletter, BACUS News. The BACUS annual Photomask 
Technology Symposium covers photomask technology, photomask processes, lithography, materials and resists, 
phase shift masks, inspection and repair, metrology, and quality and manufacturing management. 

Individual Membership Benefits 
include:
■ Subscription to BACUS News (monthly)

■ Eligibility to hold office on BACUS Steering Committee

www.spie.org/bacushome

You are invited to submit events of interest for this  
calendar. Please send to lindad@spie.org; alternatively, 

email or fax to SPIE.
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Join the premier professional organization  
for mask makers and mask users!

SPIE is the international society for optics and photonics, an 
educational not-for-profit organization founded in 1955 to 
advance light-based science and technology. The Society serves 
nearly 264,000 constituents from approximately 166 countries, 
offering conferences and their published proceedings, continuing 
education, books, journals, and the SPIE Digital Library in support of 
interdisciplinary information exchange, professional networking, and 
patent precedent. SPIE provided more than $5.2 million in support 
of education and outreach programs in 2015. www.spie.org

International Headquarters
P.O. Box 10, Bellingham, WA 98227-0010 USA 
Tel: +1 360 676 3290 
Fax: +1 360 647 1445
help@spie.org • www.SPIE.org

Shipping Address
1000 20th St., Bellingham, WA 98225-6705 USA

Managed by SPIE Europe 
2 Alexandra Gate, Ffordd Pengam, Cardiff,  
CF24 2SA, UK 
Tel: +44 29 2089 4747 
Fax: +44 29 2089 4750
spieeurope@spieeurope.org • www.spieeurope.org
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