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Abstract

Photolithography is an indispensable tool in the modern microfabrication of integrated
electronics and optical devices on several length scales. The task at hand is to replicate a
desired pattern, encoded in a photomask, on a photoresist-covered wafer. Recent decades
have witnessed an impressive development of photolithographic equipment, enabling a
resolution much finer than a micron.

Potentially the simplest photolithographic tool is the mask aligner. It brings the photomask
and the wafer in contact or close proximity, with no additional optics in between. Being
introduced over 50 years ago, the cost-effective operation renders mask aligner lithography
in proximity mode the method of choice for fabricating non-critical layers, with a spatial
resolution down to several microns. Mask aligners are used for the manufacturing of
microlenses, light-emitting diodes, and microelectromechanical systems. The resolution is
ultimately limited by diffraction of the exposure light at the photomask features, resulting
in image shape distortions.

In this work, several resolution enhancement technologies for mask aligners in proximity
mode are successfully developed, presented, and discussed. This comprises photolithog-
raphy using a novel light source emitting at deep ultraviolet wavelengths, a rigorously
optimized phase-shift mask to print periodic structures, optical proximity correction ap-
plied to non-Manhattan geometries, and the design of optical metasurfaces for photomasks
in proximity lithography.

Reducing the wavelength reduces the impact of diffraction and directly improves the
resolution, but also requires to develop suitable approaches to illumination beam shaping
and homogenization. In a holistic approach we discuss mask aligner lithography using
a novel frequency-quadrupled continuous wave light source emitting at 193 nm. We
successfully demonstrate lithographic prints of test structures with a resolution down to
1.75nm at a proximity gap of 20 pm. Using the self-imaging effect of Talbot lithography,
even sub-micron resolution for periodic structures is achieved.

We discuss the rigorous simulation and optimization of light propagation in and behind
phase-shift photomasks under oblique angles. The superposition of individual plane
waves illuminating the optimized photomask under three discrete angles allows a demag-
nification of the photomask period, enabling to print sub-micron structures at relaxed
constraints on the photomask fabrication. Furthermore, we introduce a computational
approach to optical proximity correction of non-rectangular geometries, so-called non-
Manhattan geometries, thus increasing the pattern fidelity in proximity lithography. Both
developments are successfully validated in experimental prints.

Wavefront shaping by optical metasurfaces extends the capabilities of photomasks over
canonical binary intensity or phase-shift photomasks. We discuss two possible metasurface
designs, both covering the full 27 phase range. One design includes a plasmonic absorber
enabling enhanced tunability of the transmission coefficient. Furthermore, we implement
an algorithm to retrieve photomask layouts to print arbitrary patterns.

Continuous development of mask aligner photolithography is essential to keep up with
the ongoing miniaturization in all branches of optics, mechanics, and electronics. Our
findings allow to enhance the resolution of proximity printing to face future challenges in
photolithography and optical manufacturing.






Zusammenfassung in deutscher Sprache

Photolithographie ist eine unentbehrliche Technologie in der heutigen Mikrofabrikation
integrierter elektronischer Schaltungen und optischer Komponenten auf verschiedenen
Groflenskalen. Die zugrundeliegende Aufgabe ist die Replikation der gewiinschten Struk-
tur, die kodiert ist in einer Photomaske, auf einem photolackbedeckten Wafer. In vergan-
genen Jahrzehnten gab es eine beeindruckende Weiterentwicklung photolithographischer
Anlagen, was Auflosungen weit unterhalb eines Mikrometers ermoglicht.

Das einfachste photolithographische Instrument ist der Maskenjustierbelichter, bei dem
die Photomaske und der Wafer entweder in Kontakt oder in unmittelbare Nahe gebracht
werden (Proximity-Modus), ohne zusatzliche optische Komponenten dazwischen. Vor iiber
50 Jahren eingefiihrt bleibt der Maskenjustierbelichter aufgrund seines wirtschaftlichen
Betriebs das Instrument der Wahl fiir die Herstellung unkritischer Schichten, mit einer
Auflosung von einigen Mikrometern im bevorzugten Proximity-Modus. Maskenjustier-
belichter werden beispielsweise fiir die Herstellung von Mikrolinsen, lichtemittierende
Dioden und mikromechanischen Systemen verwendet. Die erreichbare laterale raumliche
Auflosung ist letztlich begrenzt durch die Beugung des Lichts an den Strukturen der
Photomaske, was zu Verfalschungen der Abbildung auf dem Photolack fihrt.

In dieser Arbeit entwickeln, prasentieren und diskutieren wir mehrere Technologien zur
Auflosungsverbesserung fiir Maskenjustierbelichter im Proximity-Modus. Dies umfasst
Photolithographie mit einer neuartigen Lichtquelle, die im tiefen Ultraviolett-Bereich
emittiert, eine rigoros optimierte Phasenschiebermaske fiir periodische Strukturen, op-
tische Proximity-Korrektur (Nahbereichskorrektur) angewandt auf nicht-orthogonale
Geometrien, und die Anwendung optischer Metaoberflachen als Photomasken.

Eine Reduzierung der Wellenldnge verringert die Auswirkungen der Lichtbrechung und
verbessert daher direkt die Auflosung, bendtigt aber auch die Entwicklung geeigneter
Konzepte fur die Strahlformung und Homogenisierung der Beleuchtung. Wir diskutieren
die Integration einer neuartigen Lichtquelle, ein frequenzvervierfachter Dauerstrichlaser
mit einer Emissionswellenlange von 193 nm, in einem Maskenjustierbelichter. Damit
zeigen wir erfolgreiche Prints von Teststrukturen mit einer Auflosung von bis zu 1,75 pum
bei einem Proximity-Abstand von 20 pm. Bei Verwendung des selbstabbildenden Tal-
boteffekts wird sogar eine Auflosung weit unterhalb eines Mikrometers fiir periodische
Strukturen erzielt.

Auflerdem diskutieren wir die rigorose Simulation und Optimierung der Lichtausbreitung
in und hinter Phasenschiebermasken, die unter schragem Einfall belichtet werden. Mit
einem optimierten Photomaskendesign kann dabei die Periode bei Belichtung unter drei
diskreten Winkeln verkleinert abgebildet werden. Dies erlaubt es, Strukturen deutlich
kleiner als ein Mikrometer abzubilden, wobei die Strukturen auf der Photomaske deutlich
groler und damit einfacher herzustellen sind. Zudem betrachten wir eine Simulations-
und Optimierungsmethode fiir die optische Proximity-Korrektur nicht-orthogonaler Struk-
turen, was deren Formtreue verbessert. die Wirksamkeit beider Konzepte bestatigen wir
erfolgreich in experimentellen Prints.

Die Verwendung optischer Metaoberflachen erweitert die Fahigkeiten zur Wellenfront-
formung von Photomasken gegentber etablierten Intensitats- oder Phasenschiebermas-
ken. Wir diskutieren zwei Designs fiir optische Metaoberflachen, die beide den vollen



2m-Phasenbereich abdecken. Ein Design beinhaltet dabei noch einen plasmonischen
Absorber, was zusatzliche Moglichkeiten bietet, den Transmissionskoeffizient anzupassen.
Desweiteren beschreiben wir einen Algorithmus zur Berechnung des Maskenlayouts fur
beliebige Strukturen.

Eine kontinuierliche Weiterentwicklung von Maskenjustierbelichtern ist unerlasslich, um
Schritt zu halten mit der fortschreitenden Miniaturisierung in allen Bereich der Optik,
der Mechanik und der Elektronik. Unsere Forschungsergebnisse ermoglichen es, die
Auflosung der optischen Lithographie im Proximity-Modus zu verbessern und sich damit
den zukiuinftigen Herausforderungen der optischen Industrie stellen zu konnen.
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Introduction

For thousands of years, humankind used to paint and to engrave the walls and ceilings of
caves [22]. The modern version of ancient cave drawings is the printing industry, with
the goal to reproduce images and text in magazines, books, and similar media in large
numbers. An important milestone was the invention of lithography by Alois Senefelder
by the end of the 18th century [23,24], going back to the Greek words Aidoc and ypdpetv
meaning stone and to write. Senefelder introduced modifications to the surface of limestone
that either accept or repel the printing ink, which allows to transfer the ink to paper using
a printing press [25]. This invention represented a significant improvement over gravure
and woodblock printing in terms of quality and costs.

In the mid of the last century, another lithographic revolution took place, enabling the
development of highly integrated semiconductor electronics, microelectromechanical
systems, and optics as we know it today [26]. Almost every modern high-volume manufac-
turing process of micro-electronic and micro-optical components relies on photolithography,
a technology adding light to the printing process [27]. The underlying idea is simple yet
effective: Optical lithography generates a geometric pattern in photosensitive resists on
top of a bulk substrate by exposing with light, typically in the ultraviolet regime [28], and
developing the exposed resist. The patterns are incorporated in a master called the pho-
tomask, for example a thin structured chromium layer selectively transmitting or blocking
light. In subsequent stages, the pattern is transferred to the substrate by means of etching
or deposition. These steps are repeated over and over, with about 50 cycles or more for
modern complex integrated circuits (ICs) [26].

Over the years, the resolution of photolithography improved tremendously. Three objec-
tives can be identified as the main driver for this development: Miniaturization allows to
integrate more devices on a given area, to shrink the costs for material and fabrication
per device, and to reduce the power consumption of electronic components. The first two
objectives are commonly described by Moore’s law, predicting the number of transistors
of dense ICs over time [29]. In 1965 a doubling roughly every two years was observed
empirically [30], and adapted to eighteen months in 1975 to keep up with an accelerated
development in reality [31]. The third objective is inherently connected to parasitic capac-
itances, which decrease with shrinking device dimensions, resulting in a reduced power
consumption [32].

Optical lithography remains even today a fascinating area of research, as it combines optics
on different length scales: From diffraction at features comparable to the wavelength over
Fourier optics describing the image transfer to ray optics for designing illumination
systems [33]. It also extends to engineer the mechanics of lithographic equipment and
the chemistry of the photosensitive material [28]. The goal of lithography can be easily
summarized as the correct edge placement of the printed pattern within a predefined
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Figure 1.1: Principle of shadow printing.

tolerance [34]. The important performance metrics are the resolution, a dimension that
defines the minimum feature size that can be printed, and the overlay accuracy, denoting
the positional accuracy of a new pattern on an existing one [28].

Photolithography is tightly connected to photography, and so is their history. It brings
us back to Eastern France in the early 19th century, where J.N.Niépce took the first
photograph, a lithographic image projection-printed into a tar. This tar, called the bitumen
of Judea, changes is solubility when exposed to light, but required about 8 h of exposure.
The continuous improvement of photoresists resulted in an enhanced sensitivity, starting
with dichromated gelatin in the mid-19th century and leading to a photoresist introduced
by EastmanN Kopak in 1953 [35]. This so-called Kopakx PHOTORESIST was resistant
against acids and allowed the etching of metals [35-37]. It was applied to facilitate the
mass production of printed circuit boards, where a layer of copper is structured on top of
an insulating substrate.

The fabrication steps resemble the steps of modern photolithography: First, the resist
is applied and exposed through a binary mask. In a development step, for a positive
photoresist the unexposed volume is removed, and in the unprotected areas the copper is
etched away [38]. Negative photoresist act vice versa, i.e., the exposed portion becomes
insoluble. The first photomasks were produced from Rubylith® by hand, with a resolution
of about 100 um to 200 pm [39]. Andrus and Bond [40] as well as Nall and Lathrop [41]
applied the method to fabricate germanium transistors in 1957/1958, and the latter coined
the term photolithography.

In 1957 Hoerni developed for FAIRCHILD SEMICONDUCTOR the planar process [42],
which consists of four to five cycles of exposure, etching, and/or layer deposition steps.
Shortly after, several transistors were connected to form integrated circuits [43], combining
hundreds of electronic components on a single chip and starting the Silicon Age [44].

Having several lithographic prints in sequence requires an exposure tool that enables the
alignment between subsequent steps. Such a mask aligner includes an optical microscope
to align the wafer and the photomask with the help of dedicated alignment marks. The
photomask and the resist-coated wafer are aligned and brought into contact or remain in
close proximity of several tens of micron, followed by the exposure step.

It is important to note that mask aligner photolithography is a parallel full-field printing
technique, i.e., the photomask contains the template for the entire wafer. Furthermore,
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Figure 1.2: Resolution enhancement in optical lithography. Adapted from ASML.

mask aligners typically rely on shadow printing, i.e., the photomask selectively either
completely blocks or transmits light, as depicted in Fig. 1.1. The best resolution is achieved
by bringing the photomask and the wafer into contact, which minimizes the impact of
diffraction. However, for high-volume manufacturing, the proximity mode with a gap
between photomask and wafer is preferred, as mask contamination and frequent mask
cleaning is avoided [45]. The resolution in the proximity mode depends on the gap and
the wavelength, and typically amounts to some microns.

In the early 1960s, several companies developed and released mask aligner equipment.
The first supplier in Europe was Karl Stss in 1963, including a translation stage to move
the wafer relative to the mask, a correction for wedge errors, mechanics to clamp mask
and wafer, and a lamp housing [38]. The resolution of optical prints was about 20 um [38],
also limited by the technical possibilities to create photomasks at the time. Since then, the
resolution improved, together with the wafer size to 200 mm in diameter nowadays.

The next milestone in photolithography was the advent of projection systems in the 1970s,
where the mask is imaged by an optical system to the wafer [46]. Early systems used
a 1:1 scanning optics, where only a small part of the photomask is imaged at a time to
minimize the optical aberrations [47]. Further resolution enhancement was achieved by
reduction systems, introducing a demagnification of the mask features on the wafer [28].
Step-and-repeat systems or short steppers expose a small part of the wafer at once, and
repeat this exposure over the size of the wafer. In the 1990s, hybrid step-and-scan systems
where introduced that allowed to print minimum feature sizes of about 250 nm [28].

Since then, the main development trends strives to improve the resolution by decreasing
the exposure wavelength and increasing the numerical aperture, tightly connected to the
Abbe diffraction limit commonly applied in microscopy. This development culminated
in the rollout of extreme ultraviolet (EUV) lithography, with a light source emitting a
wavelength spectrum centered at 13.5 nm, which now enters high-volume manufacturing
[48,49].

Additional resolution enhancement techniques were introduced to optical lithography
[50], see Fig. 1.2 for a short summary. This includes the optical systems, implementing
structured illumination, phase-shift-masks, and optical proximity correction, as well as
improved photoresist and exposure tools. All these techniques combined resulted in an
impressive improvement of the resolution down to the single-digit nanometer-scale, and
enabled the continuation of Moore’s law until recently [51,52].
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Figure 1.3: Simulated diffraction at photomask features, presented here for a cross-shaped
pattern with a bar width of 2 um and using i-line illumination (365 nm) with a constant
angular spectrum (maximum half-angle 2.5°). The irradiance is normalized to the incident
light.

a Irradiance distribution along the propagation direction z.

b Irradiance distribution in selected planes. Directly behind the photomask at z = Opm,
the mask pattern is perfectly reproduced. For z > Oum, diffraction affects the image
formation, smearing out the cross-shaped pattern.

Here, our short history of mask aligner photolithography could already come to an end.
Replaced by the powerful projection lithography offering a better resolution, mask aligners
are supposed to be outdated and not required in modern nano- and micro-fabrication.
Interestingly, this is not what happened, and mask aligners maintain a decent market
share and are actively developed to cope with future challenges. Here, we want to briefly
discuss the reasons for this development.

The first argument to justify why mask aligner lithography remains a technology relevant
to modern photolithography is less a physical but rather an economical one. As a rule of
thumb, the costs of optical lithography amount to about 30 % of the total manufacturing
costs of an IC [26, 28]. If the resolution of the mask aligner is sufficient for the fabrication
process at hand, the greatly reduced capital costs of a mask aligner compared to a stepper
enable more cost-efficient operation. In other words, for small- and medium-sized job
volumes, the cost of ownership is eventually reduced compared to projection lithogra-
phy [34]. For this reason, mask aligners are used to fabricate non-critical layers in back
end of line fabrication, for instance enabling fan-out packaging in the redistribution layer,
i.e., the metal lines connecting individual units on an IC. Further, mask aligners are the
prevalent tool for fabricating refractive micro-lenses and arrays, light-emitting diodes,
and microelectromechanical systems [53].

Second, mask aligners facilitate rapid prototyping. A mask aligner is a rather simple
tool, and shadow printing is a straightforward concept. Hence, photomask design and
test prints are comparably simple to perform. In addition, it is possible to implement a
new light source and thus to change the exposure wavelength. As a consequence, mask
aligners are commonly used to develop technical innovations for steppers, for example
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new photoresists [34].

The third argument involves specific applications that cannot use projection lithography
for technical reasons. One example is the fabrication of micro-optical components as
microlens arrays. The canonical process to fabricate microlenses involves a photoresist that
is tens of microns thick. The use of projection lithography for the exposure is precluded
by the limited depth of focus [38].

The fourth and final argument involves the ongoing development on mask aligner printing,
which is also the impetus for this thesis. Since the early days of optical lithography, the
resolution of mask aligners strongly improved. Important aspects concern the non-optical
components as well, for example the leveling or the gap metrology [45]. Taken aside the
improvements in mechanics and in the photoresist chemistry, also the optical components
undergo continuous development. Important examples are the implementation of novel
light sources [54], structured illumination [55], and phase-shift masks [56]. Mask aligners
that are equipped with such resolution enhancement techniques can eventually replace
the use of steppers for non-critical layers in semiconductor and optical manufacturing,
which would result in a considerable cost reduction.

Diffraction at the photomask features is the main contribution to image shape distortions
in mask aligner lithography (see Fig. 1.3), resulting for example in line-end shortening
and corner rounding [50, 57]. In this thesis, we investigate approaches to limit the impact
of diffraction or even harness the diffractive effect in order to improve the resolution. For
this purpose we heavily rely on the simulation of light propagation to obtain a digital twin
of the processes involved [58]. Ultimately, we aim to discover new techniques that extend
the application of mask aligner photolithography to new areas not possible before.
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Structure of the thesis

We begin in Chapter 2 with a review of state-of-the-art technologies used in mask aligners.
We follow the path of light through a mask aligner, starting from a light source and ending
with light absorption in a photosensitive material, which includes illumination shaping
and photomask technology. Furthermore, we have a look at the inherent properties of light
and how it propagates, i.e., the wavelength, the direction, the phase, and the amplitude,
and discuss how they can be tweaked to improve the resolution.

Chapter 3 deals with important tools later used in the thesis to describe the light prop-
agation in homogeneous and structured isotropic media. Four methods are introduced:
The Fourier Modal Method, the Angular Spectrum Method, the Rayleigh-Sommerfeld
diffraction integral, and ray tracing. In addition, we discuss the accuracy and the in-
herent limitations of these methods. Afterwards we discuss in devoted chapters the
different approaches we have pursuit in order to improve the resolution in mask aligner
photolithography.

One particular method to improve the resolution is to reduce the wavelength of the
light source used for the exposure. In Chapter 4 we examine the application of a novel
continuous wave light source emitting at 193 nm. In a holistic approach, we discuss the
concept of light generation, beam steering and homogenization, and lithographic printing
both in simulations and in experiments. Furthermore, we demonstrate the benefits for
Talbot lithography that allows to print periodic features with sub-micron resolution.

Chapter 5 extends the concept of phase-shift photomask to a rigorous design. Studying
accurate simulations of light propagation in and behind three-dimensional mask structures
allows to design photomasks with an improved resolution and extended depth of focus
even at proximity gaps of tens of micron. We apply this principle to create a dense
hexagonal periodic dot pattern with sub-micron lateral dimensions.

The printing of arbitrary patterns suffers from several types of image shape distortions.
In Chapter 6 we apply an optical proximity correction method to mask aligner lithogra-
phy, based on computational approaches to simulate the resist contour. By introducing
dedicated correction structures to the mask design we demonstrate an improvement of
the pattern fidelity for non-Manhattan geometries, i.e., corners with an inner angle that is
different from 90°.

A novel class of photomasks for mask aligner photolithography is proposed in Chapter 7.
Optical metasurfaces enable unprecedented opportunities to control wavefronts and their
propagation at the nanoscale. We discuss two platforms based on all-dielectric and hybrid
plasmonic-dielectric structures as well as their performance and limitations. In addition,
we demonstrate how to encode the pattern in the metasurface.

In a final Chapter 8 we summarize our findings and provide an outlook for further
developments in the field of mask aligner photolithography.



Advanced optical lithography

This chapter reviews the basic techniques and major developments for achieving high-resolution
optical lithography. We focus here on mask aligner proximity lithography. The task at hand is
to replicate any desired pattern inscribed in a photomask to a photosensitive layer on top of a
wafer. The most important performance indicator is the resolution of the image transferred to
the wafer, that means the ability of the lithographic system to transfer structures that are close
to each other. The achievable resolution sensitively hinges on a complex interplay between the
illumination optics, the pattern on the photomask, and the photoresist response. Common to
all optical lithographic systems used in modern fabrication environments is the application of
several resolution enhancement techniques, which we introduce in this chapter.

In general, optical lithography is a mature branch of semiconductor industry with over fifty
years of research history. The review at hand aims to introduce the most important concepts,
ideas, and technologies with the goal to understand the work presented in later chapters on mask
aligner proximity lithography. For an exhaustive introduction to optical lithography in general,
the interested reader is referred to existing literature [26—28, 34]. In an extension, Appendix B
discusses alternative nanolithographic techniques and their relation to optical lithography.

2.1 Optical lithography for the fabrication of integrated circuits and micro-
optical components

In modern top-down micro- and nanofabrication, the manufacturer typically has a pretty
good notion of how the perfect device should look like. Consider an IC or a micro-lens:
The operation can in theory be tailored to the specific application in mind, for example by
relying on simulations of the underlying physics. The first and foremost step in fabrication
is hence the transfer of this perfect device layout to a functional layer, made from suitable
materials and eventually already containing patterns from previous steps.

The role of optical lithography is to implement a pattern transfer with high fidelity, at
high resolution and throughput [34]. In the lithographic step, exposure light introduces a
modification in a photosensitive layer. In the development step, either the exposed or the
unexposed photoresist is removed, creating a masking structure for subsequent fabrication
steps, as illustrated in Fig. 2.1. Additional constraints are a high yield, corresponding to a
low defect rate, and a cost-effective operation. In reality, lithography becomes interesting
while deviating from the perfect world, and it is rather difficult to incorporate all the
aforementioned conditions in one single technique (compare Appendix B).

In the course of time, optical lithography emerged as the predominant pattern transfer
technique, due to its versatility and adaptability to a variety of substrates and patterns,
at high throughput and low defect density. But it is crucial to keep in mind that optical
lithography is only one step in a chain of pattern transfer steps. All these steps are repeated
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Functiona] layer
Substrate

Figure 2.1: Process steps in an optical microfabrication cycle. The main steps are pre-
sented, and in reality additional process steps are required. The upper row illustrates an
additive pattern transfer, the lower row depicts a subtractive pattern transfer. Such steps
are iterated to generate the desired final structure.

a Mask aligner lithography, transferring the pattern from a photomask to a photoresist
layer on a substrate. A chromium layer on the mask contains the structural information.
b For a positive photoresist, the exposed area is removed in a development step.

¢ Subsequently, the pattern is transferred to the functional layer, by depositing material
for instance via atomic layer deposition (ALD) or physical vapor deposition (PVD) (top
row), or removing material, for instance using reactive-ion etching (RIE) (bottom row).
d The photoresist is removed, for example using a solvent (for a lift-off, top row) or in an
oxygen plasma after etching (bottom row).

over and over. To transfer the pattern from the photoresist to the functional layer, for
instance etching, material deposition, or ion implantation is used to fabricate ICs and
micro-optical components. Obviously, the photoresist chemistry has to be adapted to the
individual process, which adds yet another constraint for the lithographic step.

2.2 Review of concepts for high-resolution optical lithography

The field of optical lithography underwent an impressive evolution since its infancy, from
simple contact printing to sophisticated projection lithography used for modern front-
end-of-line fabrication. The concern of lithography is the correct edge placement, that
means to locate the edge of a feature at a nominal position within a tight tolerance window.
Two important aspects that limit the edge placement can be distinguished, namely the
overlay accuracy and the control of the feature shape [34]. The overlay is a metric that
expresses how well subsequent process steps can be aligned. This task belongs to the
field of metrology and will not be discussed further. In this thesis, we are concerned
with controlling the shape and size of features, both in an isolated and a densely packed
environment.

We introduce the idea of resolution as the minimum feature size that we can print with
a given lithographic system, as we will discuss in detail in Section 2.3.3. For a periodic
grating, two quantities are of interest, the grating period and the linewidth. The period
that can be transferred by means of optical lithography is fundamentally limited by the
underlying Abbe criterion that applies to the specific imaging process. The linewidth,
however, can become arbitrarily small in principle. It is crucial to keep this distinction in
mind.

Nevertheless, the performance of lithographic equipment has to be quantified in terms
of resolution, and for this purpose several metrics - besides the resolution - have been
introduced. Most frequently used are the critical dimension (CD), node, gate length, and
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Figure 2.2: Illustration of a mask aligner, here a MA/BAS8 from SUSS MicroTec. The light
bulb schematically illustrates the source, which is discussed in Section 2.3.1. The task
of illumination optics, schematically illustrated by a single lens, is to create a uniform
illumination across the entire mask.
The graph to the right is not to scale - the proximity gap between mask and wafer is
typically only some tens of micron.

half-pitch'. Being used synonymously in the early days of lithography, these quantities
are neither uniquely defined nor reliably correspond to a measurable quantity [59]. For
assessing the resolution in the work presented here, we typically refer to the linewidth as
a CD of the process and to the period of the pattern, if applicable. Occasional exceptions
are denoted.

2.2.1 Mask aligner contact and proximity lithography

Having covered the historical perspective of mask aligner lithography in Chapter 1, we aim
to give an overview of the main ideas and requirements, before discussing the operation
principle in detail in Section 2.3.

As already mentioned, the typical implementation of a mask aligner lithographic system
performs shadow printing: The photomask contains the pattern that selectively either
completely blocks or transmits the exposure light, for instance using a chrome-on-glass
layer. Mask aligner lithography typically uses the emission lines of a mercury arc lamp
with wavelengths around 400nm. The mask is either in contact with the photoresist
layer or situated at a small distance, called the proximity gap, in the order of several
tens of microns [55]. During pattern transfer, the mask is flood-exposed from the top
side using dedicated illumination optics, and the transmitted light subsequently exposes
the photosensitive layer on the wafer. Figure 2.2 schematically illustrates this process
and shows a picture of a commercially available mask aligner. There is no space for
additional optical elements between photomask and wafer. In this configuration, mask
aligner lithography is necessarily limited to full-field printing, i.e., the mask features are
replicated 1:1 in the photoresist [26].

This works like a charm as long as the features are several wavelengths in size. However,
for a feature size in the micron or even sub-micron range, light transmitted through the

1 As an example, for a microprocessor fabricated in 2009, Intel reports on a node of 32 nm, a gate length of
29 nm, and a half-pitch of 52nm [59].
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Figure 2.3: Common image shape distortions in optical lithography.

a Line shortening, illustrated here for a rectangular pattern, and

b corner rounding for a L-shaped pattern [50]. The green structure on the left show the
desired ideal case, and the red structures on the right illustrate the impact of distortions.

mask is subject to considerable diffraction. Being a wave-optical phenomenon, the term
diffraction was coined by A. Sommerfeld as [60, 61] "any deviation of light rays from
rectilinear paths which cannot be interpreted as reflection or refraction”. It arises from a
wave confinement in a size around the order of a wavelength [61].

Figure 2.3 illustrates common image shape distortions introduced by diffraction at mask
structures, line shortening and corner rounding. Large parts of this thesis are dedicated to
explore how the impact of diffraction on image formation can be limited or how it can be
leveraged.

The obvious solution to the diffraction problem is to bring mask and resist-coated wafer
into intimate contact. In this modus operandi, the optical near-field is fully exploited,
and the resolution is in principle only limited by diffraction over the finite thickness of
the photoresist. However, there is no free lunch: the mechanical contact between mask
and photoresist increases the risk of damage. Resist fragments may adhere to the mask
and lead to contamination, which requires frequent mask cleaning or even replacement,
if structural damage is introduced by the cleaning. In addition, pre-structured wafers
already possessing some surface topography deny intimate contact and hence limit the
applicability of contact lithography. For these reasons, contact mask aligner lithography is
a niche application, not used in modern semiconductor fabrication [26, 34].

Having ruled out contact lithography for large volume manufacturing, we focus our
considerations on proximity lithography, where a gap is introduced between mask and
wafer. The wafer warp and structures already present on the wafer from previous process
steps impose a lower limit on the proximity gap g that is mostly around 20 pum. The upper
limit is about 100 pm, driven by the need to achieve a high resolution [55]. The resolution
in mask aligner shadow printing is a function of both wavelength and proximity gap.

To state it once clearly: This thesis focuses on mask aligner lithography. However, for
selected topics, we desire to draw comparisons between mask aligner and projection
lithography, the prevalent manufacturing technique in modern optical lithography. The
following Section 2.2.2 provides a glimpse at the fundamental ideas, without going too
deep into detail.

2.2.2 Projection lithography

The main difference between mask aligner and projection photolithography is an ad-
ditional imaging system between mask and wafer (see Fig. 2.4). This imaging optics
renders the setup more complex with regard to aberration control, numerical aperture
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Figure 2.4: Illustration of a projection scanner, here a high-NA immersion scanner from
ASML. The image to the left is reproduced with permission from ASML. The simplified
graph to the right is not to scale.

(NA), alignment, and metrology, but it solves two problems associated to mask aligner
lithography: the limited resolution in the preferred proximity mode and the lack of reduc-
tion capability, i.e., the possibility to enlarge mask features and subsequently transfer the
de-magnified image onto the wafer [34]. In the early days of projection lithography, when
feature sizes continuously shrank below 1.5 um, it became more and more challenging to
meet mask specifications at 1X replication, i.e., equal mask and image size. Replication
systems were developed with a typical reduction ratio of 4. This development relaxed the
requirements on mask resolution. Nowadays, with superior resolution in mask fabrication
using e-beam lithography, it enables the implementation of sub-resolution features as part
of a resolution enhancement technology (RET).

Relying on specially developed optical materials, dedicated fabrication methods, and with
help from computational optics, projection systems are diffraction-limited [28]. We see
once again that diffraction effects dictate the performance of lithographic systems. Com-
mon to all projection systems is monochromatic operation to avoid chromatic aberrations,
whereas in mask aligners also sources with an emission bandwidth of several nanometers
are employed.

Full-field exposure systems, exposing entire wafers in a single step, turned out to be
impractical when the wafer size and the NA of the optics started to rise. Consequently,
the development culminated in two categories, scanning and step-and-repeat solutions.
Scanners rely on catadioptric optics, and only a part of the mask is projected onto the wafer
at a time. By moving mask and wafer, the complete mask is imaged onto the photoresist.
For step-and repeat, the step field covers only a fractional part of the wafer size, and
the entire field is projected from a typically 4X reduction mask at a time. Afterwards,
the wafer is moved ("stepped"), and the next field is exposed ("repeat"), until the entire
wafer is filled. Combining both methods, step-and-scan technology was developed, with
even higher demands on optics and mechanics [26]. At the same time, the NA increased,
with immersion lithography as a major development and key enabler. Since the advent
of projection lithography in the 1970s, the exposure wavelength in high-volume optical
photolithography decreased, culminating in the development of extreme ultraviolet (EUV)
lithography.

2.3 Basics of optical proximity lithography

The goal of this section is to introduce the field of mask aligner illumination optics and
discuss the concepts of pattern transfer as well as its inherent limitations. To understand
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Figure 2.5: Spectrum of electromagnetic waves used in photolithography. Throughout
this thesis, relevant wavelengths are in a range of 150 nm to 450 nm.

the mask aligner system, we, in a certain sense, follow the light propagation from the
beginning to its end: We start by discussing established light sources and techniques to
shape the illumination, then proceed by deriving the fundamental resolution limits, and
discuss photomask and photoresist interaction with the illumination light towards the
end.

2.3.1 Light source and illumination shaping

Starting point for photolithography is a high-power light source, with its emission spec-
trum influencing the choice of materials for illumination optics and photochemistry. In
this section, we also discuss the possibility to change the properties of the illumination,
for instance the angular spectrum or the coherence.

We have to keep in mind that a lower wavelength reduces the impact of diffraction effects
for a given feature size (see Section 2.3.3), hence the integration of novel light sources
is one approach to address resolution enhancement. Figure 2.5 shows the spectrum of
electromagnetic waves relevant for optical lithography. In the infrared (IR) region, pulsed
near-infrared (NIR) light sources are employed in multi-photon direct laser writing (DLW),
as discussed in Appendix B.

Table 2.1: Properties of light sources used in optical lithography. Additional linewidth
narrowing can significantly reduce the bandwidth. Regarding the mercury lamp, the
i-line intensity amounts to about 40 % of the total intensity in the range of 320 nm to
460 nm. For the pulsed solid state laser, the bandwidth is estimated from the pulse width
of 35 ns. Data partly reprinted from [28].

Light source Center Unnarrowed
wavelength (nm) bandwidth (nm)

High-pressure mercury lamp, g-line 435.8 5

High-pressure mercury lamp, h-line 404.7 5

High-pressure mercury lamp, i-line 365.0 6

UV light-emitting diode (LED) [62, 63] 365.0 9.0

Diode-pumped solid state laser [64] 355.0 <107

KrF excimer laser 248.4 0.30

ArF excimer laser 193.3 0.45

F, excimer laser 157.6 2-1073
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Figure 2.6: Properties of high-pressure mercury arc lamp.

a Schematic illustration of a discharge arc lamp, as used in SUSS mask aligners. The
overall length amounts to 240 mm.

b Spectral distribution of an i-line lamp. The emission lines of mercury used for lithogra-
phy are clearly visible (compare Table 2.1). Adapted from [67].

¢ The axial luminous intensity distribution of a mercury arc lamp, shown for one half-
space. Adapted from [67].

Towards the right end of Fig. 2.5, large volume fabrication using EUV lithography at
13.5nm is currently ramping up. We provide a brief summary on the main aspects of EUV
lithography in Appendix B.1.

X-ray lithography at even shorter wavelengths has been around for quite some time, and
was considered a strong candidate for next-generation lithography (NGL) [65]. However,
X-ray lithography lacks the reduction capabilities of modern projection systems due to the
unavailability of suitable X-ray optics. Photomasks require thick absorber layers, since
adequate materials enabling thin layers are not developed to this day. Also, the rather
high photon energy (compare Fig. 2.5) leads to the generation of high-energy secondary
electrons (SEs) upon absorption, diminishing the contrast (see Section 2.3.2.2). Thus, X-ray
lithography is mostly used for high aspect ratio structures [66].

Within the scope of this thesis, we deal with a narrow region in the UV and deep ultraviolet
(DUV), in essence between 150 nm to 450 nm. A list of light sources for this spectral range
is provided in Table 2.1.

The workhorse of proximity lithography to this day is the high pressure mercury arc lamp,
with three main emission wavelengths (g, #, and i-lines). Figure 2.6a shows a schematic
illustration of an arc lamp used in SUSS mask aligners [67]. The arc discharge between
two tungsten electrodes excites ions and atoms of the mercury vapor. The spectrum of
the lamp is essentially composed of single emission lines of the excited mercury ions and
atoms. Impact broadening leads to a finite spectral width of the emission lines and a
continuum background [68], resulting in the spectrum shown in Fig. 2.6b.

We will repeatedly make use of mercury i-line illumination at 365 nm, either in simulation,
in experiments, or as a reference. In Section 4.1, we introduce the ArF excimer laser, the
prevalent source in projection lithography. We compare its performance in mask aligner
lithography [54] to a continuous wave (CW) laser source, emitting at 193 nm as well.

The generation of UV light is comparably efficient in terms of optical power (about 10.5%
for the 1 kW lamp used in SUSS mask aligners) [67]. The lamp house of mask aligners
contains an elliptic reflective mirror to enhance the light collection efficiency. However,



14 Resolution enhancement in mask aligner photolithography

after spectral filtering, only 1 — 2% of the optical power ends up being used for printing.
Lifetimes are limited to some 500 h to 1000 h, and they require around a quarter of an hour
to reach stable working conditions, as the mercury has to vaporize, and hence typically
run in non-stop operation. For all these reasons, considerable effort was dedicated to
replace mercury lamps by light-emitting diodes (LEDs) [62,69-73] or laser sources [64],
with the emission close to the canonical g,h,i-lines.

A light source emitting from a small area under small solid angles is crucial for efficient
beam shaping. The corresponding physical quantity that can measure this is the étendue® G,
defined as

G= nzj J dA cos0dQ (2.1)

with n the refractive index of the medium in which we determine G. dA is an infinitesimal
surface element of the source, 0 is the half angle of the aperture seen from dA, and Q) is
the solid angle. We integrate over the emission area A’ and the emission angles 8’ of the
source.

The étendue measures essentially the the spread of the illumination in space and angle.
One can show that G is - assuming an optical system in the absence of losses, scattering, or
absorption - constant along the propagation of light [74]. Another picture to describe the
étendue is the phase space representation of an ray, which represents the ray distribution
in position and angle in optical systems [68]. In this representation, the conservation of G
corresponds to the preservation of the phase space volume during propagation according
to the Liouville theorem, with the invariant

A - Q) = const. (2.2)

In simple words, the étendue expresses lower limit for converting beam width into an
angular spread. A lossless conversion of the light source output into a small angular
spectrum and simultaneously into a small space is only possible for a correspondingly
small G of the source. For beam shaping this means that a low G allows efficient beam
shaping, without the need to block light, for instance emitted into large angles. The
luminous intensity distribution along the line between cathode and anode of mercury arc
lamps shows a distinct maximum at the cathode tip [67], resulting in a high étendue.

The axial distribution of the mercury arc lamp is sketched in Fig. 2.6¢c. We recognize
that the emission of the lamp cannot be used directly for mask aligner lithography, and
prior homogenization is required. The task of beam shaping is to achieve a uniform and
collimated irradiance distribution in the mask plane, allowing full-field exposure with low
inhomogeneity in the irradiance over the field and hence enabling a high critical dimension
uniformity. Crucial performance metrics are the non-uniformity of the irradiance and of
the angular spectrum in the mask plane.

Historically relevant beam homogenization concepts started with critical illumination,
imaging the light source directly into the object plane where a homogenization is desired,
in our case the photomask plane. Hence even small non-uniformities of the light source
contribute visibly.

An improved illumination scheme was developed for optical microscopy by August Kohler
and presented in 1893 [77]. The basic idea is that each point of a macroscopic source
shall illuminate the entire object plane, diminishing the impact of local variations in the
source intensity. This can be accomplished using two spherical lenses and two diaphragms

2The étendue goes by many names in literature, for instance the literal translation ‘extent’, Lagrange
invariant, acceptance, or light gathering capacity [74].
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Figure 2.7: a Kohler illumination and b micro-optical Kohler integrator. The basic idea
is that each part of the light source is supposed to illuminate the entire object plane,
averaging over non-uniformities. Further improvement is achieved by subdividing the
condensor lens into individual channels, as depicted in b using microlens arrays (MLAs).
Adapted from [75] and [76].

(variable apertures), as illustrated in Fig. 2.7a. The first, so-called field diaphragm is
located directly behind the first lens, the collector. A so-called aperture diaphragm is
situated in the front focal plane of the second lens, the condenser [75].

In Kohler illumination, every point in the field diaphragm is imaged to the object plane
(yellow), and every point in the aperture diaphragm is imaged to infinity (turquoise). One
problem emerges: The angular spectrum in the aperture diaphragm dictates the attainable
uniformity in the object plane, since different angles end up in different locations.

To further improve the concept of Kohler illumination, a multi-aperture Kéhler integrator?
can be used, as illustrated in Fig. 2.7b. Two aspects are now essential to build an integrator:
a microlens array (MLA), subdividing the input into individual channels, and an integrator
lens, superposing the individual channels in the object plane [78].

Common to all types of integrators presented in this section is the fact that the distance
between the integrator lens and the object plane is equal to one focal length fg. This
corresponds to a Fourier transform of the field amplitude behind the MLA [61], and
consequently the integrator lens is called the Fourier lens.

Depending on the properties of the light source and the application, two categories of
micro-optical homogenizers can be identified, namely non-imaging and imaging homog-
enizers. The micro-optical elements introduce Fresnel diffraction effects [79], which
can be significant, depending on the dimensions and the coherence of the light source.
To estimate the impact of diffraction, we consider the one-dimensional Fresnel number
EN [80]

D
FN ~ Pvra - Drr (2.3)

4-1- frL

PyiLa is the period of the MLA, Dgr the dimension of the flat-top in the homogenized
plane, A the illumination wavelength, and fg; the focal length of the Fourier lens (compare
Fig. 2.8). The larger the Fresnel numbers, the sharper the edges of the image, and the
smaller the contribution of diffraction effects (‘'near-field’). Literature suggests that for
FN 2 10 non-imaging homogenizers can be used, corresponding to a source showing high
spatial coherence over every sub-aperture [78].

3 Again, many terms exist: fly’s eye condenser, facetted Kohler integrator, and optical integrator [75].
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Figure 2.8: Sketch of two types of homogenizers, which are applied throughout this
thesis.

a Non-imaging homogenizer.

b Imaging homogenizer. The size of the homogenized object field is D and Py 4 is the
period of the MLA. The light bulb indicates the illumination with a collimated beam,
with a point light source at infinity. Adapted from [75,78, 80].

The optical setup of a non-imaging homogenizer is depicted in Fig. 2.8a. A single MLA
splits the light into individual beamlets, which are superposed in the object plane. Aber-
rations of the MLA are the main source of non-uniformities in the object plane [75, 80].

We can calculate the size of the homogenized area, considering Fig. 2.8a [80], as

Pura - frr

fma | 24

Dyiu =

Note that Dyyy is independent of the separation d between MLA and Fourier lens.

In contrast to the non-imaging homogenizer, the imaging optical integrator requires two
MLAs. With the setup depicted in Fig. 2.8b, the beam uniformity typically improves. As
for the case of the non-imaging homogenizer, the first MLA subdivides the beam. Now,
the second MLA and the Fourier lens work as an imager, superposing all beamlets on the
object plane. The dimensions of the object plane are calculated in paraxial approximation,
considering Fig. 2.8b and the thin lens equation [80]:

Dos — Pyva - fro

H= 75—
fmea, - fmea,
with  fura, <a12 < fmea, + fvra,-

[Aea, + fura, - a12] (2.5)

To image now the sub-apertures of the first MLA by the second MLA and the Fourier
lens, the focal length fy 4, has to be equal to the separation between the MLAs. With
a12 = fura,, Eq. (2.5) simplifies to [75]

Pmra - frL

Dy = —f (2.6)
fmra,

Throughout the thesis, we use identical MLAs to build up an imaging homogenizer, with

fvra, = fmea,-

In the following, we discuss two possible problems for imaging homogenizers. First, when

the size of the beamlets illuminating the second MLA surpass Py 4, the apertures are

overfilled. The resulting crosstalk would result in multiple images, shifted laterally with
respect to the desired field distribution [75].

Second, when using coherent laser beams for illumination, the periodic MLAs act as
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Figure 2.9: MO Exposure Optics® (MOEO®), consisting of two Kohler integrators in
sequence. The first integrator uniformly illuminates the second integrator, resulting in
a uniform spatial and angular field distribution in the object plane. An illumination
filter plate (IFP) selectively blocks light and allows to shape the angular spectrum. The
two field lenses ensure telecentric illumination. For the sake of clarity, we show only the
turquoise rays behind the field lens of the first integrator.

Adapted from [83].

diffraction gratings. The period A ;¢ of the diffraction effect in the object plane is

Agigs = (2.7)

Up to now, we discussed only spatial uniformity. For RETs, it is required to have also
control over the distribution of illumination angles. Let us consider again the underlying
principle of a Kohler integrator: The spatial field distribution in the plane of the MLAs
defines the illumination angle, as the Fourier lens performs a Fourier transformation
(compare Fig. 2.8). By combining two integrators, one behind the other, both spatial and
angular uniformity can be achieved. The concept was presented by SUSS MicroTec in the
1970s, using an array of micro-pyramids. Relying on micro-optical MLAs, SUSS introduced
in 2009 the MO Exposure Optics® (MOEO®), which is depicted in Fig. 2.9 [55,81].

The first integrator ensures spatially uniform illumination of the second integrator,
whereas an illumination filter plate (IFP) allows to selectively modify the illuminated
area of the 2nd integrator and thus to shape the angular spectrum. Field lenses facilitate
telecentric illumination, i.e., the chief rays behind the Fourier lens enter the object plane
perpendicularly [55, 68]. The telecentric system avoids a lateral displacement of the mask
pattern.

Using mercury lamp illumination, the non-uniformity of the irradiance in the mask plane
is typically well below 3% [82]. We discuss the application and the benefits of MO
Exposure Optics® (MOEO®) to mask aligner lithography in Sections 2.4.2.1 and 2.4.3.3.

2.3.2 Photomask and resist technology

In this section, we introduce the technology and principles behind photomasks and
photoresist in optical proximity lithography. The photomask modifies the electric field of
the exposure light in amplitude and phase. The field propagates over the proximity gap,
and the image is recorded in the photoresist. This process depends on the irradiance, which
is proportional to the absolute square of the electric field. For modeling the development
process, the interested reader is referred to corresponding literature [28].
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Figure 2.10: Schematic of phase-shifting in a photomask.

a Mask cross-section, showing a part of the mask substrate and an additional phase-
shifting layer with thickness d. A phase-shift between light traversing through the phase
shifter and light in air arises (depicted in green).

b Frequency doubling in chromeless PSMs under coherent illumination.
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2.3.2.1 Photomasks in optical lithography

Photomasks?* are an essential part of the lithographic apparatus, as they contain the
individual information on the pattern to be replicated. A photomask inherently consists of
structures modifying the amplitude and/or phase of light, by incorporating phase shifters
and/or patterned absorbers on an otherwise transparent substrate. Fused silica is the
substrate of choice, due to its low thermal expansion coefficient of about a = 0.53 x 107%/K
[84] and its transparency over the entire visible spectrum down below 200 nm [34]. Soda
Lime glass is also widely applied, but shows a higher thermal expansion coefficient and is
opaque in the DUV [85].

Concerning the absorber material, in the early days an emulsion mask absorber was
implemented [38]. It was quickly replaced by a chromium layer due to its high optical
density (OD) enabling thin layers and its hardness required for contact lithography. An
OD of 3 is typically sufficient for proximity lithography [28]. The photomasks used
throughout this thesis are ordered from a commercial photomask supplier, relying on
e-beam lithography for patterning the mask structures.

A further improvement over binary intensity masks is anticipated using transparent mask
structures with a well-defined topography, allowing to modify the phase of transmitted
light [86]. In combination with partial or complete absorber structures, phase-shift masks
(PSMs) give total control over the complex transmitted electric field [28]. By traversing
through an extra layer, as depicted in Fig. 2.10a, the phase is shifted with respect to free-
space propagation. Combined with partly or completely absorbing layers, a myriad of PSM
types exist. We restrict our considerations here to binary and multi-level PSMs. Having no
absorbing structures, these types are often referred to as unattenuated or chromeless PSM.

Under coherent illumination, i.e., a plane wave under normal incidence, PSMs use the
interference between transmitted fields with differently imposed phase. This leads to a
higher resolution and an extended depth of focus (DOF) [34], as we will discuss in more
detail on analytical grounds in Section 2.3.3. The exposure light picks up a phase shift ¢
when traversing through an additional layer on the substrate, compared to the propagation

4In former times, the term recticle was used for reduction masks in step-and-repeat lithography. Nowadays,
both terms are interchangeable [28].
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through air (see Fig. 2.10). With a given thickness d for the phase shifter, it follows

d
(p:27zx(n—1) (2.8)
with n the refractive index, describing the evolution of a plane wave in the phase shifter.
In case of a binary PSM, the phase shift of interest is typically 7. This corresponds to a
minimum additional thickness of

A
T (2.9)

As a rule of thumb, n ~ 1.5 for SiO,, and hence d ~ A. This means that the thickness of
the phase shifter has to be approximately the free-space wavelength of light to achieve a
phase shift of 7.

What advantage does a PSM offer? First, combining coherent illumination and a periodic
PSM, the irradiance on the wafer drops to zero at the transition between shifted and
unshifted areas, see Fig. 2.10b. Hence, the contrast in the aerial image, i.e., the modulation
between minimum and maximum irradiance, increases. Second, the spatial frequencies
propagating through the system are halved, compared to a binary intensity mask with an
opening at the position of each phase shifter and the space in between. Thus, the electric
field is less affected by the imaging lens in projection lithography. In the wafer plane, the
period is halved with respect to the PSM period, corresponding to a frequency doubling
(compare both red graphs in Fig. 2.10b).

Multi-level PSMs combine multiple phase levels in one mask, in analogy to diffractive
optical elements (DOEs). PSMs are widely used in projection lithography, and their
prospects for resolution enhancement in mask aligners have been demonstrated as well,
clearly showing a resolution enhancement over binary intensity masks [56,87]. To create
the phase-shifting elements on a full mask size, with wavelength-scale periods, requires
tremendous effort and renders mask fabrication expensive. In addition, coherent plane
wave illumination is required. For this reason, PSMs are rarely used in mask aligner
lithography.

In summary, the photomask is an essential component since it contains the structural
information about the pattern to be transferred. Binary intensity masks simply consist of
a light-absorbing chromium layer on a polished mask substrate, selectively blocking light
propagation through the mask. In contrast, PSMs also offer control over the phase of the
exposure light. We will exploit both concepts in the course of the following chapters.

2.3.2.2 Interaction of light with the photoresist

The exposure light behind the mask contains the structural information, and is absorbed
by the photoresist. In this light-sensitive component, a chemical reaction is induced upon
illumination, in our case with light in the UV regime. Generally speaking, the dissolution
rate is different in exposed and unexposed regions. That means, using a suitable solvent
called the developer, the photoresist is removed at different rates. The chemistry and
modeling of photoresists is not discussed here for brevity, with good reviews provided
in [26,28].

Two polarities of photoresists are available, namely positive and negative resist. In positive
photoresists, the exposed regions in the resist become more soluble in the developer than
unexposed regions, and vice versa for negative photoresists, where exposed regions become
inert. In the realm of this thesis, we consider positive resists only, due to their relevance
for fabricating especially micro-optical elements [88].
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In general, positive photoresists for g,h,i-line exposure have three main ingredients: a
base polymer (resin) for structural integrity, a photoactive compound (PAC) also termed
sensitizer, and a solvent to render the resist liquid for spin coating. For the base polymer P
typically polymers with a low molecular weight such as Novolaks are used. The PAC,
for instance diazonaphthoquinone (DNQ), is light-sensitive, and changes from the sensi-
tizer M to exposure products E during UV exposure. After spin coating, a large portion of
the solvent S is removed in a prebake step [28].

Taken all together, the absorption in the photoresist is described by a coefficient a fol-
lowing Beer’s law I(z) = Iyexp(—az), with the contribution of individual components i
contained in the photoresist. Depending on the concentration C; and the molar absorption
coefficient g;, the absorption coefficient is

a = ZaiCi:apP+aMM+aEE+asS (210)

1

The working principle is understood as follows: The base polymer alone is soluble in
an alkaline developer, but the dissolution is inhibited by the sensitizer. Upon exposure,
the reaction products show the opposite behavior, increasing the dissolution rate in the
developer. Hence, the exposure process creates a difference in the dissolution rates of
exposed and unexposed® portions of the photoresist, leading to removed and remaining
structures in the resist.

Upon UV exposure, the DNQ loses nitrogen and reacts to an indene. Subsequently, in air
humidity, it rehydrates to a carboxylic acid, the end product. This change in chemistry is
accompanied by modified optical properties, as the sensitizer concentration changes from
an initial value M, and the exposure products are generated, E = My — M. Following the
Dill model of exposure, it is insightful to rewrite Eq. (2.10) as [28]

a=A-m+B

Wlth A= (LZM - aE)MO

(2.11)
B= aEMO + LZPP +€lss
M
d =—.
an m MO

Following these definitions, A and B describe the absorption coefficients for the unexposed
(unbleached) and completely exposed (bleached) region of the photoresist, respectively.
To determine A and B, the absorbance of photoresists are measured, for a fully exposed
resist with M = m = 0 and an unexposed resist with m =1 [28]:

B= Hexposed (2.12)

A= ®unexposed ~ Fexposed
To describe the change in the photoresist upon exposure, we establish a relationship
between the relative sensitizer concentration m and the intensity I, resulting in [28]

dm

with the standard exposure rate constant C. These ABC or Dill parameters describe the
optical properties of the photoresist upon exposure, and are provided by the manufacturer.

For photoresists in the DUV, for instance at a wavelength of 193 nm, new resist concepts
were required. The conventional DNQ-based photoresists are highly absorbing and show

SUnexposed regions are still removed by the developer, just with a greatly reduced rate. This dark erosion
has to be taken into account when choosing the developing time.
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a low sensitivity in the DUV regime, not suited to cope with the initially low power of the
light sources. Wilson, Fréchet, and Ito developed a novel scheme with higher sensitivity,
called chemically amplified resists (CARs) [89-91]. The photochemistry is designed in a
way that an acid, i.e., single protons, are produced upon light absorption. Such a proton
catalyzes the conversion of the base resin, without being depleted. Thus, a single generated
proton can be used extensively, amplifying the chemical process. To initiate the conversion,
the wafer is typically heated in a post exposure bake (PEB) step following the exposure. In
Chapter 4, we use a CAR for the DUV experiments at 193 nm.

Taking all this properties of photoresists into account, the essential key performance
indicator for photoresists is the contrast, as depicted in Fig. 2.11a. It shows the ratio #4, of
remaining film thickness for a positive resist after development. For a perfect contrast, the
dependence on the exposure dose is a step function - either the resist remains unaltered or
is completely removed above a certain threshold, the dose to clear D¢ (compare Fig. 2.13a).
Real resists show a dark erosion at low doses, resulting in 44, < 1, and a finite slope at
the transition. Hence, there are gray areas in the resist, receiving and reacting on an
intermediate dose. The slope of the logarithmic decay is a measure for the contrast y,

-1
y:(logm[g—j]) . (2.14)

Figure 2.11b shows schematically the resist contour for one low and one high contrast after
development. When the development rate of the resist would rise for instance linearly
with the exposure dose, neither steep sidewalls nor high resolution could be achieved. It is
crucial to mention that the contrast is not a function of the resist only, but rather depends
in a complex fashion on the process steps, the environment, the developer, and many more
parameters.

One detrimental effect with implications on the lithographic performance is the formation
of standing waves in the resist [93,94], depending sensitively on the resist thickness. When
two waves travel in opposite direction with a fixed phase relation, they interfere and form
standing waves [28]. Counter-propagating waves arise through multiple reflections at the
interface air/resist and resist/substrate, depending on the respective material combination.
The consequence of standing waves is non-uniform light absorption in the photoresist,
strongly depending on the local resist thickness, and hence jagged resist profiles. The
periodicity A of the standing waves, with illumination under normal incidence, is a
function of the exposure wavelength A and the refractive index of plane wave propagation
in the resist .. [28,34],
A

As = : 2.15
= 2 (2.15)

To prevent the formation of standing waves, one common approach is to apply additional
layers to reduce the reflectivity at interfaces, resulting in either a top anti-reflective
coating at the interface air/resist or a bottom anti-reflective coating (BARC) at the interface
resist/substrate. Commercially available solutions exist for example for i-line illumination.

2.3.3 Image formation and resolution limits

To retrieve minimum resolvable features from optical simulation and to analyze the
dependence of the resolution on external parameters such as wavelength or proximity
gap, we require to develop suitable criteria. The main idea is to decompose the pattern
into its spatial frequencies, and each component is investigated separately. The resolution
limit is the minimum resolvable period, corresponding to the largest spatial frequency,
transferred by the optical system [57].
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Figure 2.11: Contrast of a positive photoresist.

a Contrast curve, showing the ratio of the remaining resist to the initial resist thickness
as a function of the exposure dose on a log-scale. As an example, three contrast curves
are presented, with the perfect curve follows a step function. From the intersection of the
two asymptotes Dy and the dose to clear D¢, the contrast parameter y is retrieved from
the logarithmic slope, compare Eq. (2.14). A resist with high contrast exhibits a stronger
variation as a function of the exposure dose close to the step, compared to a resist with
low contrast. For simplicity, we assume an equal Dc.

b The contrast describes how the latent image transforms to the photoresist topogra-
phy upon development. Here, we assume a sin?(x) irradiance distribution (middle), as
obtained by a binary PSM. The color indicates the dose absorbed in the photoresist,
and the contour the topography after development. A high contrast resist (top) leads
to well-defined structures with vertical sidewall angles, whereas a low contrast resist
(bottom) results in the typically undesired reduction in sidewall steepness.

Adapted from [92].

Depending on the properties of wave propagation between mask and wafer, we develop
a fundamental resolution criterion for projection and proximity lithography. Here, we
assume fully coherent illumination, and neglect the vectorial nature of light by considering
only scalar fields.

The most relevant contribution to image shape distortions in optical lithography is diffrac-
tion [28], i.e., light propagation under the influence of boundaries, as the apertures on a
mask. Derived from Maxwell’s equations and the Helmholtz wave equation, Kirchhoff and
Rayleigh-Sommerfeld diffraction integrals allow to calculate the impact of diffraction in
scalar approximation behind the mask. Along the propagation over a distance z, further
simplification leads to Fresnel and finally Fraunhofer diffraction in the far-field. Fraun-
hofer approximation is valid for z > k&2, with the wavevector k = 277/1 and the aperture
size & [61]. The far-field is - besides from phase factors - equal to the Fourier transform of
the transmission function of the mask.

To be clear: We can crudely simplify Maxwell’s equations in order to facilitate a fast
method to assess light propagation, for example over a range of illumination angles.
The key task is to rigorously simulate the mask features for a specific polarization and
spectrum of plane waves. To investigate binary intensity masks, in the following we apply
the TEA, i.e., assuming a binary transmission function. We will discuss in Section 2.4.3.3
the limitations of this assumption with regard to PSMs.

We consider now the image formation behind two distinct apertures, a single slit and a
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Figure 2.12: Diffraction at a a single and b periodic slits with period p under plane wave
illumination. The figure illustrates the mask with a metallic absorber layer (top), the
transmitted electric field t,, in thin-element approximation (TEA) (middle), and the
electric field T, of the Fraunhofer diffraction patterns in the far-field (bottom). The
patterns are assumed to be invariant normal to the page. m denotes the diffraction order.
Adapted from [28].

grating consisting of lines & spaces, in Fraunhofer approximation, as depicted in Fig. 2.12.
For the isolated slit in Fig. 2.12a, we observe a continuous energy distribution across the
spatial frequencies f,. The irradiance distribution in the far-field is described by a sinc
function, the Fourier transform of the rectangular-shaped transmittance.

The resolution is fundamentally limited only by the sensitivity of the ’sensor’, in our
case the photoresist: In a simplified threshold model, Fig. 2.13a, all resist is exposed and
subsequently removed in a development step when irradiated by a dose above a certain
threshold level, and remains unaltered below this level. Here, only linear processes play a
role. By varying the exposure dose, the curve scales linearly, and the printing of arbitrarily
small isolated features is possible when the applied dose only just surpasses the threshold.

From a perspective of optics, the resolution for printing a single slit is fundamentally
limited only by adjacent features, introducing image shape distortions. In Figs. 2.13b
and 2.13c, we consider the incoherent superposition of two adjacent slit openings in the
Fraunhofer regime, with the intensity I; of each slit in the far-field [95]

: 2
Ii(x) = Iy - [sinc(x)] = I - [Sln(nx)]
k k " ks (2.16)
. ak . a p
with x= ~ sin(0) ~ ?tan(e) T3

where a denotes the linewidth of the slit, k = 27“, and o the lateral extension of the image

when propagating over a distance g. The first minimum occurs at o; = i—f, and the total
field is the incoherent superposition iy, = Ip + I;.

When applying for instance the Rayleigh criterion, the maximum irradiance of one slit falls
onto the first minimum of the adjacent slit, as depicted in Fig. 2.13b. The dip in the total
irradiance (green) of the individual slits (red and blue) allows in general resolvable features.
This requires to choose an exposure dose where the threshold is between minimum and
maximum, as indicated by the black line in Fig. 2.13b.

By shifting the objects closer to each other, the dip vanishes when the Sparrow criterion is
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Figure 2.13: Threshold model and resolution criteria, assuming incoherent plane wave
illumination [95].

a Threshold behavior, as often applied to thin photoresists, shown for a single slit. A
threshold, here 0.8, defines the resist response upon illumination. A higher exposure dose
(here indicated as an intensity, blue) leads to larger features. By adapting the exposure
dose, an almost arbitrary feature size is achievable.

b Rayleigh and ¢ Sparrow resolution criteria for two adjacent slits, assuming incoherent
illumination. Applying the threshold model, two separable features can be obtained
for a mutual separation of one Rayleigh distance. In contrast, the Sparrow distance
fundamentally limits the minimum feature size, as no dip is visible.

met (see Fig. 2.13c), defined as a vanishing second derivative of the irradiance

d?Iggar (x
[—g’;l( )] s 0. (2.17)

For two adjacent slits, the resolvable separation following the Sparrow criterion is 0.83 9;
[95].

Up to now, we considered only two adjacent slits, infinitely extended, under plane wave
illumination in the far-field. From this simple example, it becomes clear that it is impos-
sible to develop a universally applicable resolution criterion: Resolution is a complex
interplay between the exact definition, the diffraction regime under consideration, the
properties of illumination source, and the photoresist contrast.

Let us now consider a periodic structure under normal incidence. A grating gives rise
to discrete diffraction orders (see Fig. 2.12b), with the envelope defined by the spatial
frequencies of a single slit. Following the Abbe resolution criterion, we require at least
both first diffraction orders to superpose in the image plane, with the zeroth order only
adding a global background.

This condition already suffices to define a resolution criterion in projection lithography:
Only light under an angle smaller than the maximum half-angle 6,5 propagates through
the apertures of the projection optics. The lens acts as a low-pass filter for the spatial
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frequency components of the mask, corresponding to a NA of
NA =1n-5in 0,4 (2.18)

with the refractive index n describing the propagation of a plane wave in the output
medium, for instance air in conventional lithography or water in immersion lithography
[96].

As introduced before, we investigate the grating in terms of its spatial frequency. We use
now the grating equation for a wavelength A to connect the angle of the first diffraction
orders to their spatial frequency [68],

n-sin@
fx = S (2.19)

The condition of at least the first diffraction orders propagating through the system
under normal incidence illumination corresponds to fy = /py,, with the minimum grating
period pyin (see Fig. 2.12b). Combining Egs. (2.18) and (2.19), we retrieve a condition for
the minimum period

H+

A

Pmin = m
This equation is often written as a general resolution criterion in paraxial approxima-
tion, taking into account the exact definition of resolution, the influence of different
illumination, and other RETs (see Section 2.4), as

Pmin = ki o (221)
with k; being a process-related factor that summarizes all these additional aspects. Using
PSMs, the theoretical lower limit for k; is 0.5 using two-beam illumination [28, 50],
with typical values for illumination under normal incidence of ~ 0.7 [57]. The main
message is the following: an improvement in the resolution (smaller feature size) of
projection lithography requires a wavelength reduction and/or an increased NA of the
imaging system, for instance using immersion lithography. Further insight is obtained
from analyzing the modulation transfer function that is also a function of the spatial
coherence o. Such additional discussion is omitted here for the sake of brevity.

(2.20)

For completeness, we also introduce the DOF, i.e., the deviation from an optimal focus
that still leads to acceptable results [28]

A

with the dimensionless constant k,. Improving the resolution following Eq. (2.21) tightens
the DOF. A better resolution requires that more spatial frequencies contribute to the
image formation, but under defocus they deviate in phase. The DOF is an important
concept in projection lithography, as it describes the maximum defocus and hence the
sensitivity of the image transfer to resist thickness and variations in the wafer position.
Conventional proximity lithography has no DOF, as no focus exists. However, we revisit
the DOF in the context of the Talbot effect in Section 2.4.3.2.

Turning to proximity lithography, no aperture between mask and wafer restricts the spatial
frequencies. Revisiting the idea of the Rayleigh criterion, we investigate how the image of
an individual slit interferes with contributions that are diffracted from the remaining part
of the grating [57]. In essence, this concerns the interference between the shadow image
of the slit with the +first orders of the remaining grating, neglecting the contribution of
higher orders.
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Figure 2.14: Contour plot of the resolution in mask aligner lithography, illustrating
Eq. (2.26). In fabrication environments, a gap below 20 pm (hatched area) is not used to
prevent contact between mask and resist.

Hence, as a resolution criterion, we may require a minimum contrast when the first orders
superpose with the shadow image after propagating across a distance g. The acceptable
overlap ¢ in the image plane is hence

1
o= 5Pmin =8 sin@, (2.23)

where we used the small angle approximation

sinf ~ tan 6 = g (2.24)

Applying Eq. (2.19), this yields the resolution in proximity lithography for lines and
spaces, that is a grating with a fill factor of 0.5 (as depicted in Fig. 4.15a), that is

Pmin = k38" A (2.25)

with k3 = V2 [57]. Since k3 depends in general on the definition of the minimum contrast
criterion and on process parameters, similar to k; in projection lithography, it is often
approximated as k3 ~ 1.6 — 2.0 [28, 34,45]. When assessing the resolution in optical prints,
a practical approach is to discuss the minimum feature size r. In this case, 7 =~ Pmin/2, and
assuming k3 = 2 we obtain the crucial relation

ra4Jg-A. (2.26)

Figure 2.14 shows the minimum feature size of Eq. (2.26) as a function of illumination
wavelength A and proximity gap g. Important to remember is the square-root law, both in
wavelength and gap.

Up to now, in our considerations we have not taken yet into account the finite resist
thickness, and hence the above derivation is valid only for a thickness well below g. For
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direction, amplitude, and phase are addressed in the listed sections or chapters.

completeness and without derivation, we state here the relation for a resist thickness t [97]:

t
Pmin,res = k3 (g+ E)/\ (2.27)

Comparing Eq. (2.21) and Eq. (2.25), it is obvious that the resolution enhancement by
wavelength reduction is more efficient in projection lithography, as it scales linearly and
not only with the square root. However, for projection printing it has the downside of
reducing the DOF [see Eq. (2.22)].

Not yet taken into account in this discussion is the resist response, with additional effects
as resist bleaching and diffusion, as we discussed already in Section 2.3.2.2.

2.4 Resolution enhancement techniques in optical lithography

Having revisited common knowledge on optical lithography in general and proximity
lithography in specific, we review in this section established resolution enhancement
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technologies (RETs) commonly used in optical nanofabrication. The idea is to shape
the wavefront at the mask level in a way that counteracts the detrimental influence of
diffraction on the image formation.

For reasons of clarity and comprehensibility, we divide the existing RETs into four cate-
gories, according to the fundamental properties of light waves dictating their propagation®:
wavelength, direction, amplitude, and phase [98]. These wave properties provide the
tools to shape the wavefront. In Fig. 2.15, we state the different methods and the section
in which we discuss them. Following Eq. (2.25), apart from the wavelength, the RETs ’
contribute to k3.

We begin with defining vital terms for understanding the computational modeling of
lithographic processes. Then, we proceed with introducing RETs, first for non-periodic
(arbitrary) nanostructures, and then for spatially periodic nanostructures. Please keep in
mind that some concepts are rather general and used for both non-periodic and periodic
patterns. Furthermore, the scope of such approaches is broader than only resolution
enhancement, for instance when aiming at diminishing the impact of process variations.
The most important parameters in mask aligner lithography responsible for process
variations are the exposure dose and the proximity gap. The parameter range that attains
satisfying results, also with regard to the yield in production, is called the process window
(83].

2.4.1 Computational lithographic modeling

For modeling the optics in proximity lithography, we have to consider the stack of materials
involved in light propagation: The photomask, the air gap between mask and wafer, one
or several layers of photoresist, and the substrate. In addition, the resist might change its
optical properties upon exposure, as discussed in Section 2.3.2.2. When simulating the
pattern, different levels of complexity can be considered in the simulation [34]:

* The aerial image describes the field distribution upon propagation in air, incident
on the air/resist interface. It neglects any interaction with the photoresist or any
reflections.

* Multiple reflections arising from all the interfaces are considered in the refracted and
reflected image, solving Maxwell’s equations subject to boundary conditions at the
interfaces.

* The next level of sophistication is the latent image, which describes the effect of the
exposure on the resist. To obtain the latent image, one takes the aerial or the reflected
image and converts it to the relative PAC concentration m(r) in the resist [compare
Section 2.3.2.2 and Eq. (2.13)]. The refractive index of the resist changes as a function
of exposure dose, mainly as a result of bleaching or dying (see Section 2.3.2.2 for a
detailed discussion).

* The local PAC concentration can be translated into a dissolution rate image, describing
the dissolution rate as a function of the exposure dose.

» Ultimately, the resist image can be calculated, taking into account the latent image
and the effect of the developer, resulting in the final resist shape. The process of
development starts at the resist surface, and removes resist as it advances deeper
into the resist. The local development rate adjusts according to the dissolution rate.
Some approaches to describe the developing process are discussed in [28].

OThe fifth property, polarization, is not discussed here, as we rely on a scalar description of wave propagation.
7One has to keep in mind that improving k3 in Eq. (2.25) regularly increases the complexity of the photomask,
which can lead to an increased density of errors in the mask.
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Figure 2.16: Customized illumination using MOEO®. Simulation results (top row) are
compared to experimental prints (bottom row).

a Design of one unit cell, containing a square opening (white).

b - d Simulated aerial images for a square shape, using the IFP shown in the inset. The
proximity gap is 100 um, and the selected illumination spectrum corresponds to the
mercury arc lamp.

e Scanning electron microscope (SEM) micrograph of the binary intensity mask. The
colors in this micrograph are inverted to correspond to the schematic in a.

f - h SEM images of experimental prints in 1.2 pm thick photoresist. Just by choosing a
suitable IFP, the pattern can be adapted to the specific requirements: Using an identical
photomask, either circles, squares, or squares rotated by 45° are printed.

SEM images reprinted with permission from [55].

Depending on the application, a different level of sophistication is required. For thin
resists, with a thickness of about one absorption length (approximately 1 um), typically
the aerial image is sufficient to accurately estimate the final binary resist shape. For thicker
resists, the impact of absorption on the latent image is more severe, and the full resist
image is required.

2.4.2 Non-periodic nanostructures

First, we consider RETs for non-periodic nanostructures, i.e., arbitrary patterns which
do not adhere to a specific design. Following Fig. 2.13a, the resolution of such a pattern
should only depend on how well we can meet the threshold criterion for the pattern under
investigation. A necessary assumption is that individual structures are isolated, i.e., they
are not influenced by adjacent patterns.

In reality, however, we look for solutions that can be applied to arbitrary structures.
We introduce three concepts here, relevant for the research presented in subsequent
chapters: (i) customized illumination, that relies on an adjustable angular spectrum,
(ii) optical proximity correction, using sub-resolution features to increase pattern fidelity,
and (iii) diffractive solutions such as holograms.

2.4.2.1 Customized illumination

MOEOQ®, as discussed in Section 2.3.1, allows to shape the illumination angles at will. The
combination of pattern shape and illumination configuration can be used to modify the
printed structure, especially at large proximity gaps. Coherent areas in the IFP create
individual plane waves. Their tilt corresponds to the location within the IFP. These
plane waves propagate to the photomask and are modified by the mask pattern. The
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superposition of all these plane waves in the wafer plane provides the aerial image [55]. By
selectively blocking individual plane waves, the aerial image is subject to modifications.

An impressive example is provided in [55]: Here, squares with a side length of 10 um are
printed using different IFPs. This leads to patterns with shapes reminiscent of circles,
squares, and squares rotated by 45° (see Fig. 2.16). The pattern fidelity can hence be
increased by tweaking the illumination angles to the pattern, often summarized under the
term source-mask optimization (SMO). This requires to connect the illumination source
and the pattern, for instance via simulation.

Choosing the correct IFP, i.e., selecting the angles of plane waves illuminating the pho-
tomask, can help to increase the process window [83] and can even be combined with
optical proximity correction (OPC) methods, which are discussed in the following Sec-
tion 2.4.2.2 and in Chapter 6.

A special case of customized illumination is off-axis illumination (OAI), which is commonly
applied to PSMs used to fabricate periodic structures. We discuss the adaption of OAI to
mask aligner lithography in Section 2.4.3.3.

2.4.2.2 Optical proximity correction

OPC summarizes techniques related to the pre-compensation of the mask pattern, to
shape the wavefront with the purpose of counteracting the diffraction introduced by the
free space propagation over the gap. Numerous image shape distortions can be identified,
dealing for instance with the proximity of adjacent features, line-end shortening, and
corner rounding in two dimensions (compare Fig. 2.3) [50].

The so-called proximity effect describes the effect of variations in the CD by the envi-
ronment. Remember the discussion revolving around Fig. 2.13: It is a major difference
whether the feature is isolated or an adjacent feature contributes via diffraction to the
latent image. Proximity effects are not uniquely found in optical lithography, but rather
common in nanofabrication, as emerging for instance in e-beam lithography, in dry and
wet etching, and for chemical-mechanical polishing [34].

There are numerous approaches conceivable on how to pre-compensate the mask patterns.
For line-end shortening, there are several ways to add assist features, as depicted exem-
plarily in Fig. 2.17a. Pre-lengthening the structures or adding hammerhead, serif, or assist
bar structures allows to sustain the desired length and linewidth. The oldest trick in the
book to address corner rounding is the addition of serifs (see Fig. 2.17b), used already
by the Romans to enhance the visibility of texts inscribed into stone [99]. Kodak applied
serifs to rubylith masks in 1963, similar to the wedge OPC depicted in Fig. 2.17b [98,100].

But the underlying question remains: In which way does the pattern have to be pre-
compensated, or how does the wavefront have to be shaped? Saleh and coworkers de-
veloped the foundations of OPC in the early 1980s for projection lithography [101-103].
Their approach considered the simulation of the imaging system and the resist response,
predicting the aerial image in a simple threshold model. The transfer function used for
propagation was called image synthesis, consisting of a Fast Fourier Transform (FFT), a
low-pass filter on the spatial frequencies, and an inverse FFT.

During the development of OPC methods, two main approaches emerged: model-based
and rule-based OPC. The model-based approach follows the idea by Saleh and coworkers.
Using transfer functions and resist models to account for the optical system and the resist
response, respectively, most of the effects influencing the resist image are taken into
account [101,103]. The forward model-based optimization aims to iteratively improve
the mask design by moving the edges of the pattern. As a figure of merit (FOM), one
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Figure 2.17: OPC approches to a line-end shortening and b corner rounding. The opaque
chromium mask is shown in orange, the transparent region in hashed white, and the
additional transparent OPC structures in hashed gray.

simple approach is to take the difference between desired and achieved resist image. The
backward model starts at the desired pattern and uses back-propagation to obtain the
mask layout [34,50,104].

For rule-based OPC, a set of rules is determined for shapes occurring in the mask design,
both one- and two-dimensional. Such - often experimentally obtained - rules are stored in
lookup table. Rule-based OPC is not as generally applicable as model-based OPC, and is
often restricted to isolated patterns. Commonly, the set of rules is restricted to so-called
Manhattan geometries: all shapes are rectangles, and all edges are either in a horizontal or
in a vertical orientation [105].

Motzek et al. revised OPC for mask aligner lithography, demonstrating simulation [106]
and optimization algorithms [107], also in combination with SMO [108,109]. Weichelt
et al. extended the concept to PSMs and elbow patterns [56]. Puthankovilakam et al. in-
troduced a rule-based correction approach for corner rounding in right angle geome-
tries [110].

It is clear from our discussion in Section 2.3.3 that the minimum feature size cannot
improve by applying OPC [45]. However, the positive impact on pattern fidelity and
process window has been demonstrated [108,111]. We present a hybrid approach in
Chapter 6, combining both model-based and rule-based OPC for addressing the issue
of corner rounding in mask aligner lithography. This is especially interesting for non-
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Manhattan geometries.

2.4.2.3 Diffractive solutions

Up to now, we considered only modifying the nature of light in a binary fashion: either
completely blocking or completely transmitting the exposure light, and/or introducing a
phase shift of 7. Naturally, this limits the possibilities to shape the wavefront emerging
from the photomask, as the most general case requires complete control over the complex
field.

Imagine a photomask that gives an arbitrary control over the wavefront on mask level: It
opens the possibility to take the desired pattern on the wafer level and back-propagate
the field to the mask, essentially creating a computer-generated hologram (CGH). This
requires in general a complex field, spatially varying in amplitude and phase. Such
complex transmission patterns require multilevel PSMs combined with a continuous
amplitude modulation.

The canonical approach to fabricate multilevel PSMs is the following: Starting from a flat
surface, the different phase levels are integrated using a combination of lithography and
etch steps. Important aspects here are the overlay accuracy of the succession of fabrication
steps and the precision in the etch depth. As a consequence, a quasi-continuous phase
progression would require a high number of fabrication steps. Overlay or etch depth
errors might occur which result in a degradation of the performance. In practice, for
these reasons the number of phase levels in mask aligner lithography is limited to a set of
discrete values. We present an alternative approach for continuous phase levels based on
optical metasurfaces in Chapter 7.

One approach to obtain the holographic mask design is an iterative Fourier transform
algorithm (IFTA), also called the Gerchberg-Saxton algorithm [112], combined with
field quantization [113-115] (see Section 7.3). Several groups applied the concept of
holographic lithography to mask aligner lithography. Biithling and coworkers resolved
a 3um lines and spaces pattern at a proximity gap of 50 um, using four phase and two
amplitude levels [116]. Neto et al. [117] and Cirino et al. [87] demonstrated an improved
performance, with diamond like carbon and amorphous hydrogenated carbon thin films
for the amplitude modulation. Weichelt et al. implemented a photomask with binary
control of phase and amplitude, using a chromium layer on a two-level PSM at a proximity
gap of 30 um [56]. They achieved a linewidth of 1.5 um for non-periodic lines and spaces
and 2 pm for an elbow pattern. Further improvement clearly requires more phase and/or
amplitude levels, rendering mask fabrication more costly.

The expensive fabrication prevents the use of sophisticated PSMs in modern mask aligner
lithography [45]. In Chapter 7, we will introduce a related approach, relying on metasur-
faces (MSs) to shape the wavefront on the mask level.

2.4.3 Periodic nanostructures

A variety of optical applications require periodic nanostructures, for instance gratings
or metamaterials. Both for design and for fabrication it can be sufficient to consider and
optimize one unit cell of the mask pattern, and replicate this unit cell over the entire
device size. The following methods apply to at least locally periodic structures.

2.4.3.1 Multiple exposure and patterning

The underlying idea of multiple exposure and patterning is simply to subdivide the entire
lithographic process into several steps. Multiple exposure steps on one wafer can be
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used either on the same resist or adding a resist layer in between [96]. For the sake of an
example, let us assume we want to pattern a periodic grating with a period of 1 pm and
a linewidth of 0.5 pm. Instead of performing the exposure in one step with a mask with
exactly these dimensions, we might use a mask with twice the period, shift the mask after
a first exposure laterally by 1 pm, and expose once more. The aerial image is the sum of
each exposure step. This double exposure relaxes the constraints on the photomask, and
allows to adapt the illumination conditions separately. Requirements are a high contrast
in the aerial image or a nonlinear resist and a sufficient overlay accuracy between the
exposure steps. The former issue can be addressed by applying an additional resist layer
for the second exposure, in a litho-freeze-litho-etch process [96].

Multiple patterning, in contrast, is more conservative: In the litho-etch-litho-etch ap-
proach, the pattern is transferred to the functional layer (see Fig. 2.1) after each exposure.
The obvious advantage is a higher resolution, since subsequent exposure steps do not
influence each other, coming at the cost of an increased number of process steps.

A third option is to use an exposure step to create a grating at twice the desired period,
and overgrow it with metal. The overgrown volume is etched away, and metal remains
solely on both sidewalls of the grating. The resist is stripped, leaving only the sidewalls.
Compared to the original pattern, the metal strips have twice the spatial frequency, and
can be used for subsequent pattern transfer to the functional layer. Bourgin et al. used
such self-aligned double patterning to generate features with widths of 90 nm in proximity
lithography with a proximity gap of 10 um [118,119].

2.4.3.2 Talbot effect

So far we discussed diffraction as the governing detrimental effect in optical lithogra-
phy. Under certain conditions, however, the use of diffraction can lead to a substantial
improvement in the image transfer of periodic nanostructures. Imagine a plane wave
diffracted by a laterally periodic grating in Fresnel regime. The interference between
multiple diffraction orders leads to a self-imaging of the grating, first observed in 1836
by H. Talbot [120] and explained in 1881 by Lord Rayleigh [121]. The separation in
propagation direction between subsequent self-imaging planes, one Talbot distance zr, is
a function of the lateral grating period and the wavelength of the plane wave. The Talbot
field behind a periodic binary intensity mask is depicted in Fig. 2.18a.

Many fields of optics make use of and benefit from the Talbot effect [122,123]. Worth
mentioning are spatial filters in image processing [124-126], a shearing interferome-
ter for probing phase distributions of mirrors and lenses [127], range and depth mea-
surements [128], an array illuminator [129], self-imaging in multi-mode interference
devices [130], the plasmon Talbot effect [131], and applications in quantum optics and
quantum lithography [132].

J.M. Burch proposed a copying process of gratings in photoresist using the Talbot effect,
avoiding contact between the master and the resist [133,134]. The resist-coated substrate
is located in one of the Talbot planes, leading to a self-replication of the (amplitude or
phase-shift) structures on the photomask [135-137]. Since all diffraction orders contribute
constructively in the Talbot planes, with vanishing phase differences between different
orders, a considerable improvement over conventional mask aligner lithography (see
Section 2.4.2) is possible. Crucially, such an agreement in the absolute phase is only
possible within the validity of the Fresnel approximation. Otherwise, phase errors in large
diffraction orders introduce distortions [138].

The depth of focus (DOF) denotes the length scale in propagation direction over which
high contrast image transfer is possible. This quantity allows to estimate the required
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Figure 2.18: Simulation of the aerial image along the propagation direction, illustrating
the Talbot effect at 193 nm, for a plane wave illumination under normal incidence and b
illuminated with plane waves under an angular spectrum equally distributed between
+0.2°.

accuracy for placing the resist-coated wafer in one Talbot plane. We discuss techniques to
increase the DOF in optical lithography in Section 2.4.3.3.

Within the realm of Talbot lithography, several extensions have been reported on. Solak
et al. introduced displacement Talbot lithography (DTL) [139-141]: By varying the gap
between mask and wafer during exposure, the Talbot field is integrated over one or
several Talbot distances. DTL no longer requires a precise placement exactly in one
Talbot plane, but rather mechanical stability and reduced contrast of the integrated aerial
image. Combining the vertical movement with lateral translation or rotation, complex
patterns can be created from simple mask structures [142]. Further approaches introduce
immersion [143], EUV [144], and gray-scale Talbot lithography [145].

In the following, we develop the theory of Talbot lithography in scalar approximation,
leading to expressions for the Talbot distance and the DOF valid in the Fresnel regime.
While we discuss here the Talbot effect for laterally periodic structures only, the more
general condition for self-imaging have been derived by Montgomery [146].

We commence with the complex field distribution p(r) behind the periodic mask features
in a plane parametrized by r = xé, + yé, with Cartesian unit vectors é; and é,. In TEA,
the field distribution is given by the product of the incident field and the transmission
function of the object, i.e., the amplitude and/or phase-shift mask pattern [9]. The two-
dimensional periodic arrangement of unit cells, neglecting boundary effects due to a finite
mask size, is parametrized by

Al‘l =maj +njzap (228)

with the basis vectors a; and a, and integers n; and n,. From the periodicity of the object,
p(r) = p(r+A,), follows the lateral periodicity of the field behind the object in TEA. The
set {A,} spans the space of the object, with pairs n = (ny,n;). Likewise, the reciprocal
lattice vectors by and b, are defined via a; - b; = 03 with Kronecker delta 6.

Furthermore, we introduce the reciprocal lattice as
Bn = Tllbl + nzbz. (229)

To analyze the propagation of the field behind a periodic object, it is convenient to consider
the two-dimensional Fourier coefficients B,. Assuming plane wave illumination under
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normal incidence, we define the field as

p(r)= ZP“ exp(2mir-By). (2.30)

For wave propagation at a distance z behind the mask, we require a transfer function
H(|By|, z). In the angular spectrum method (ASM) for plane waves, the transfer function

is given as [61, 147]
exp(iZn—zw/I—(MB |)2) |B |<—1
A n 4 n A

1
0, B, > —.
Bl >

H(anl,Z): (2.31)

Within the ASM, the diffracted field in an arbitrary plane behind the object, under plane
wave illumination and an amplitude of unity, is retrieved from [61]

Uugig(r, z) = jf dB,, p(By;z=0)H(|By|, z) exp(2mir-By,), (2.32)
with the Fourier transform of the transmitted field
P(Bn;z2=0) = J] drp(r)exp(-2mir-By)

(2.33)
=) PRu5(By—By),
n
using Eq. (2.30). To retrieve the Talbot distance, and hence the condition for self-imaging,
let us have a closer look at Eq. (2.32): A reproduction of the original field directly behind
the object takes place in a certain plane z = zy, if the phase difference between the zeroth
order and all other diffracted orders vanishes, with the result that

exp(zm'%T - 2m'27T,/1 —(/\|Bn|)2)é 1. (2.34)

It follows for the Talbot distance

- m-A meN (2.35)

B

with the Talbot order m. Assuming a pattern that is arranged in a quadratic unit cell with
a period of A along a; and a,, leads to |B,| = /A. For the fundamental Talbot plane m =1,
it follows

Zr=——— (2.36)

a result already derived by Lord Rayleigh along a different way [121]. Equation (2.36) is
plotted in Fig. 2.19 as a function of the wavelength and period.

In many applications, the period A is much larger than the wavelength, A = 1/b,| > A.
This allows to approximate Eq. (2.36) using the binomial expansion

V1= (ABa)2 = 1-L(AB,))?, (2.37)
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Figure 2.19: Contour plot of the Talbot distance in mask aligner lithography, following
Eq. (2.36). It is obvious that for small periods A < 2pum a proximity gap of tens of um is
required, while for periods above 5 um setting the gap is less demanding.

simplifying Eq. (2.36) to
A2
~2m—. 2.38

Zr = om 1 ( )
To show that this result is equal to the Fresnel approximation, we apply Eq. (2.37) to the
transfer function Eq. (2.31) and repeat the calculations of Eqs. (2.32) to (2.35), resulting
again in Eq. (2.38). Large errors emerge when applying Eq. (2.38) to periods approaching
the wavelength of illumination [148]. For this reason, we restrict the use of Eq. (2.38) to
discuss the DOF, and rely on the more accurate expression Eq. (2.36) for all calculations
connected with the Talbot effect.

To obtain the DOF in Talbot lithography, we rely on its definition in projection lithography
[137,149,150]. For a given NA of the optical system, the DOF is [compare Eq. (2.22)]
A A

DOF =~ + == .
2(NA)2 2(n-sin6)?

(2.39)

The angle 6 denotes the maximum half-angle leaving the front lens and » indicates the
refractive index of the immersion medium (in our case air, n ~ 1). In proximity lithography,
governed by diffraction, no optics exists that limits the half-angle. 0 rather corresponds to
the maximum diffraction angle. Using the Rayleigh criterion for a single slit, sin @ = ¥(n-A),
and the DOF reads as

A A?

DOF~+—— =4+—. 2.40
2(sin0)? 22 (2.40)

Using Eq. (2.36), we finally obtain
2

A
DOF ~ #7— :i%. (2.41)



Chapter 2. Advanced optical lithography 37

Normalized irradiance

— 250 nm

30

Propagation distance (um)
N
(e}

-0.5 0.0 0.5 -0.5 0.0 0.5

Lateral distance (um) Lateral distance (um)

Figure 2.20: Simulation of the aerial image distribution in propagation direction for
Talbot structures, for a a circular structure in the unit cell for zr = 20pum and b a square-
shaped structure for zy = 10 pum.

The irradiance distribution for the square structures is depicted in ¢ for the first and d
for the second Talbot plane, at 10 pm (dash-dotted line in b) and 20 pm (dashed line),
respectively. The simulations demonstrate the good replication of the mask structures, at
least under normal incidence plane wave illumination.

For completeness, we also give the expression valid for a hexagonal pattern [151]:

a?

ZT hex =~ 3mﬁ (2.42)

with a the period of the hexagonal array and the basis vectors a; = &, and a, = (#2)é, +
(‘Bﬂ/z)éy. éyy are unit vectors in the rectangular unit cell.

In addition, let us consider the condition for self-imaging in Eq. (2.34) once more. If we
allow for a phase shift of 7= between the zeroth order and the diffracted orders, we end up
at half the fundamental Talbot distance. As a consequence, in real space, the pattern is
shifted in lateral direction by half the period, 4/2, with the image otherwise unaffected.
For hexagonal patterns, the intermediate planes are shifted by one period relatively to the
mask pattern, and hence the pattern is self-imaged without observable lateral shift.

The story does not end here: In addition, fractional Talbot planes exist at regular fractions
of zr, between planes defined by Eq. (2.35). However, the DOF is strongly reduced
compared to regular Talbot planes. Using a metasurface, even arbitrary fractions can be
obtained [152]. For practical reasons, we refrain from exploiting the fractional Talbot
effect: the low DOF renders wafer placement highly delicate, and the contrast degrades
strongly under non-perfect plane wave illumination compared to integer Talbot planes.

The resolution that is achievable in Talbot lithography depends strongly on how well the
aforementioned assumptions are met. Plane wave illumination corresponds to a high
spatial and temporal coherence of the light source, and leads to features with a high
contrast, as shown in Fig. 2.18a.
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A reduced spatial coherence diminishes the contrast, as illustrated in Fig. 2.18b for a
homogeneous angular spectrum with a maximum half-angle of 0.2°. Different spectral
components of the light source lead to Talbot planes located in separate planes. Only a
limited number of diffraction orders contribute to the image formation. The propagation
over the Talbot distance leads to a ‘'walk-off’ away from the zeroth order.

Errors in the periodicity can be divided into two categories: The absence of (several)
elements, and deviations in the period. Since only periodically arranged structures
contribute to the self-imaging process, both cases lead to additional background noise in
the vicinity of the error [122].
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Figure 2.21: Principle of rigorously optimized phase-shift masks (RO-PSMs), for a high-
index SizN, (left) and low-index SiO, (right) grating under i-line plane wave illumination
and normal incidence. The design follows [153,154].

a Sketch of the rigorously optimized phase-shift mask (RO-PSM), with the crucial dimen-
sions grating period, width, and height annotated. The structure is invariant along the
grating direction.

b Fourier modal method (FMM) simulation of light propagation behind the photomask.
For high and low index gratings, the high DOF is clearly visible. The free-space propaga-
tion is simulated over a distance of 3 pm.

c Field intensity along the white dashed line shows the complete suppression of the zeroth
order, resulting in a high contrast which can be used for printing.

2.4.3.3 Rigorously optimized phase-shift masks

Having established the principles of PSMs and of the Talbot effect in Sections 2.3.2.1
and 2.4.3.2, respectively, we turn our attention to RO-PSMs. They aim to combine the
benefits of both worlds, hence using the high DOF of PSMs and the high resolution of
self-imaging [45]. The term rigorous reveals already the line of action: One takes the
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desired aerial image and extracts the amplitude. The phase distribution is at first arbitrary,
and thus can be chosen to maximize the DOF.

By rigorous methods, this complex field distribution is back-propagated to the mask
plane. The remaining step, and hence the actual challenge, is to design a suitable PSM or
combined amplitude and PSM realizing the back-propagated complex field. The prop-
agation distance is not necessarily a Talbot distance of the periodic structure (compare
Section 2.4.3.2). RO-PSMs promise a strong improvement in terms of the contrast in
the aerial image as well as the DOF over conventional Talbot and DTL [45]. Rigorous
Maxwell solvers are required to calculate and optimize the design periodic in one or two
dimensions®.

For high-resolution phase-shift lithography, the grating period is typically between one and
two wavelengths, corresponding to three propagating diffraction orders in transmission.
The interference between the + 1st diffraction orders leads to a sinusoidal modulation of
the field distribution with a period corresponding to half the grating period, as indicated
in Fig. 2.12b. The zeroth order, however, contributes to the field distribution as well,
introducing an additional modulation with the period of the photomask [153].

Early work on PSMs used oblique incidence and the interference between the zeroth and
the first orders [155-157] to prevent the extra modulation. Such an off-axis illumination
(OAI) has later been adapted to projection lithography, both for binary intensity masks
and PSMs [158,159]. In projection lithography, the resolution is fundamentally limited by
the spatial frequencies transmitted by the projection optics, as discussed in Section 2.3.3.
For the best resolution (smallest period), only the zeroth and +first orders are propagating
through the optical system, with a cut-off spatial frequency f.,;. Under oblique incidence,
the illumination angle can be chosen such that the zeroth and the +first orders are
symmetric with respect to the optical axis. As a result, the spatial frequencies shift
(compare Fig. 2.12b): the +first order away from f.,;, while the —first order is cut off.
Hence, smaller features (with larger spatial frequencies) can be imaged, until the cut-off is
reached [34].

Until now, we were mainly concerned with one-dimensional gratings. When extending the
concept to two-dimensional geometries, different illumination schemes are conceivable,
for example ring illumination, dipole and quadrupole illumination, and many more. Each
scheme will work well for a corresponding pattern, for example vertically oriented features
for a horizontal dipole illumination, but worse for horizontally oriented features. For
this example, the mask can be split in two, subsequently illuminated with horizontal and
vertical dipoles in double-dipole illumination [34].

OALI is widely used in projection lithography, but has the disadvantage that the illumina-
tion angles have to be adapted to the structure under consideration, which precludes for
instance the printing of patterns with different periods at once. An alternative approach
is to consider normal incidence only and design the PSM in a way to cancel the zeroth
diffraction order by interference. Hill et al. proposed RO-PSMs for the fabrication of fiber
Bragg gratings [160], with less than 5% optical power in the zeroth order. Furthermore,
Gamet et al. suggested to use the mode interplay in binary gratings to achieve zeroth
order cancellation [161]. A grating with a period slightly larger than the wavelength
can be designed in a way that leaves only the +1% order propagating under normal inci-
dence. RO-PSMs were successfully applied in proximity lithography to the fabrication
of binary and blazed gratings, down to a period of 250 nm and a strongly reduced zeroth
order [153,162].

8We give a short introduction to one rigorous approach, the FMM, in Section 3.2.
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The left column of Fig. 2.21 shows the performance of the high-index grating proposed by
Bourgin et al., with an almost invariant field distribution over the proximity gap [153].
This concept has been extended to monolithic SiO, RO-PSMs [154,163], as depicted in
the right column of Fig. 2.21.

Using MOEO®, the illumination angles provide a further degree of freedom to shape the
aerial image [164,165] (see Section 2.4.2.1). The incoherent superposition of a RO-PSM,
illuminated by discrete and individual plane waves, can be used to further reduce the
period in proximity lithography. Following the Hopkins diffraction model [149], different
illumination angles correspond to a lateral shift of the aerial image. By adapting the
angular spectrum, this allows to shift the desired pattern by a fraction of the period. We
will pick up this concept in Chapter 5 for creating a hexagonal dot pattern, where the
period printed on the wafer is only a third of the mask period.

This chapter introduced the basics of optical lithography, with the emphasis on mask
aligners. We discussed the optical setup, the limitations imposed by diffraction, and
reviewed established methods for achieving an improvement in the printed resolution,
focusing on high-volume fabrication in proximity mode. Several concepts, as OPC and the
Talbot effect, will be taken up in subsequent chapters. While concentrating here on the
main topic of this thesis, optical lithography in mask aligners, we provide a short summary
of other nanolithographic techniques in the Appendix B. We continue in the following
Chapter 3 with introducing concepts and simulation methods, used for validating and
optimizing the approaches for resolution enhancement in mask aligner lithography.



Theoretical and computational tools

Throughout this thesis, we rely on electromagnetic simulations of light propagation to obtain
a digital representation of the lithographic setup. An accurate representation of the light
distribution is the foundation for resolution enhancement in mask aligner photolithography.
Depending on the required degree of accuracy and the complexity of the photomask, simplifying
assumptions are possible to keep the computational efforts within acceptable bounds while
assuring the necessary predictive power to assess the liability of a specific approach. In this
chapter, we introduce the theoretical framework and technical details of each method and discuss
the validity in photomask and optical system simulation.

The task at hand is to solve Maxwell’s equations numerically on different length scales:
The smallest features we want to simulate are photomask patterns with a minimum feature
size in the order of one wavelength, the largest features are macroscopic optical elements
(for example microlens arrays and diffusers) that are tens of millimeters in diameter. In
addition, the required degree of accuracy varies, which allows to introduce approximations
that reduce the computational efforts in terms of the required memory and the CPU time.

Throughout this thesis, we apply in essence four different simulation methods to solve
the equations governing light propagation. In this chapter we introduce the necessary
theoretical background to understand the methods and to elaborate on their limitations.
First, we derive the Helmholtz wave equation from Maxwell’s equations, and proceed by
introducing the four methods in decreasing order of accuracy they provide. The Fourier
modal method (FMM) allows for the rigorous simulation of periodic nanostructures. The
angular spectrum method (ASM) and the Rayleigh-Sommerfeld diffraction integral enable
to calculate the field propagation in a homogeneous medium. Finally, we shortly discuss
ray tracing as the canonical method to simulate macroscopic optical systems used for
beam shaping.

By no means this selection of optical simulation methods is complete or exclusive. Alter-
natives include for example finite element methods [166,167], finite difference methods
in time [168,169] or frequency domain [170], differential methods [171,172], or integral
methods [173]. In addition, we need to mention that the simulation of projection pho-
tolithography, which deals with partially coherent imaging optics, requires additional
concepts which are beyond the scope of this work [28].

41
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3.1 Introduction to optical simulation methods

We start with the simplest case of monochromatic fields with an angular frequency w,
which is already a good approximation for usual light sources in photolithography (see
Section 2.3.1). For time-harmonic electric fields, the field evolution can be written as

E(r,t) = E(r, w) e 1", (3.1)

Since the electric field is an observable, corresponding to a Hermitian operator, the relevant
physics is contained in the real part of the field. Nevertheless, the introduction of complex
fields renders the mathematical treatment more convenient to keep track of the phase
evolution in time and space.

For polychromatic light, different frequencies w contribute to the fields. A Fourier decom-
position allows to write the field as the superposition of time-harmonic fields,

E(r,t) = f E(r,w)e “dow. (3.2)
The Fourier decomposition justifies to consider in the following each frequency component
separately, and the general solution is then given by Eq. (3.2).

Light propagation in classical optics is governed by Maxwell’s equations. In the frequency
domain and for a linear and nonmagnetic medium without external sources, they read as

V-[e(r,a))fi(r,a))] =0 (3.3)
V-H(r,w) =0 (3.4)
VxE(r,w) = iopgH(r, w) (3.5)
VxH(r,w) = —iweye(r, w)E(r, w) (3.6)

with the magnetic field H(r, ), the free space permeability yy and permittivity €y, and
the relative permittivity e(r, w). By applying the curl operator from the left to Eq. (3.5)
and by using Eq. (3.6) and the vector identity [61]

Vx(Vxe)=V(V-s)-V> (3.7)

for an isotropic and homogeneous material [V-e(r, w) = V-e(w) = 0], where - is a placeholder
for a vector field, we obtain the vector Helmholtz wave equation in frequency domain
2

V2E(r, ) + e(w)E(r,w) = 0 (3.8)
€

with ¢g = (&g yo)_l/ * denoting the speed of light in vacuum, with the vacuum permittivity e
and the vacuum permeability p.

Up to now, we considered light propagation in real space made out of a homogeneous
material. For the further discussion we also require an expansion into plane waves, by
Fourier transforming the spatial coordinates

Ek,w) = j E(r, ) e™®*d3k. (3.9)
Indeed, in an homogeneous medium, an arbitrary spatially dependent electric field can
always be written as a superposition of plane waves. Plugging this Fourier transformation
into Eq. (3.8) leads to

2

(—kz(w) + ‘;)—ze(w))l‘a(k,w) -0 (3.10)
0
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Figure 3.1: Sketch of a periodic structure composed of several layers. Light is incident
from the left and propagates in the positive z-direction. The orange volume indicates one
unit cell, with a period of A and Ay. Within each layer [, the permittivity distribution

e(x,, w) is required to be invariant in z. Substrate and cladding are assumed to extend
into the negative and positive half spaces in z-direction, respectively. Additional layers
are implied by black dots.

Adapted from [174].

with the wavevector k(w) and the dispersion relation

k(@) = k3 () + kj (0) + k7 (@) = —-€(w). (3.11)

This dispersion relation is important as it expresses that not every plane wave E(r, ) =
E(k, w)exp (i[k - r — wt]) is a solution to Maxwell’s equations but only those for which the
wave vector and the frequency obey the dispersion relation. While expansion in plane
waves is a useful concept for the homogeneous space, it cannot be directly applied to
describe light in structured photonic media. In the next section we deal with such sort of
problem while restricting our consideration to periodic media.

3.2 Simulation methods for optical proximity lithography
3.2.1 The Fourier modal method to simulate periodic structures

In this section, we introduce the principles of the Fourier modal method (FMM)? and
outline how to calculate the transmission and reflection characteristics of layered periodic
structures. In the realm of this thesis, we utilize an implementation of the FMM code that
was developed by Dr. T. Paul at the Friedrich-Schiller Universitdt in Jena/Germany [174].
Thus, in the description of the FMM we mainly follow Ref. [174].

With the help of Fig. 3.1 we introduce some notation used throughout this section. We
consider a structure with the lateral periods A, and Ay in x- and y-direction, respectively,

%In a historic perspective, the FMM was introduced in grating theory by the name of rigorous coupled-wave
analysis [175,176]. We use the term Fourier modal method throughout this thesis as it captures the crucial
idea of Fourier expanding all quantities.
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at a single frequency!? w. The structure can be made from multiple layers that share the
same periodicity. The permittivity distribution

€1(x,9) = €(x+p1 A, ¥+ 2 Ay) (3.12)

with integers p; and p, is supposed to be known and invariant within one layer [ with
height 1) along the propagation direction z (compare Fig. 3.1). The entire layer stack sep-
arates two half spaces that are supposed to be made from homogeneous isotropic material.
They are called substrate and cladding. The systems is illuminated from the substrate
with a linearly polarized plane wave. The purpose is to solve for the electromagnetic
field everywhere in space. Outside the periodic media the fields can be expanded into
plane waves, just described in the previous section. More care needs to be spend when
expanding the field inside the periodic media.

The fundamental idea is to exploit the underlying symmetry of the problem, which allows
to expand the fields in each layer I of the structure into a (finite) number of waveguide
modes, taking the periodic interface conditions into account. The first step is hence to
(numerically or analytically) determine the eigenmodes in each layer as well as in the
isotropic substrate and cladding (incident and transmitting region). Each eigenmode is
a solution to the wave equation (3.10). In a second step, the unknown amplitudes of
the individual modes in each spatial domain are obtained from enforcing the interface
conditions among adjacent layers, i.e., the continuity of the tangential field components of
E and H across the interface. The third and final step is to derive the physical quantities
one is interested in, for example the reflectance, the transmittance, or the diffraction
efficiencies in specific orders.

First, we consider the isotropic substrate, assumed to be an infinite half space on the
illumination side (compare Fig. 3.1). We can write the incident plane wave in the spatial
domain as [177]

Ei(r) = uexp (ik; - 1) (3.13)
with the polarization vector u, the wavevector k; = agé, + o€y + r90é€,, and the unit
vectors &. The double periodic structure of the problem leads to the emergence of discrete
diffraction orders m and n in x- and y-direction. The grating simply provides an additional
transverse momentum. Thus, the reflected and transmitted fields in the substrate S and
the cladding C, respectively, can be expanded into plane waves

Br(r) = ) Ry exp (iKsym 1) (3.14)
Er()= ) Ty exp (K - [r=lzé,]) (3.15)

with R,,,, and T,,,, the vector amplitudes of the diffraction orders in reflection and trans-
mission, and hy the total height of the layer stack. At the moment, the components of
R,,, and T,,, are not known. For the individual diffraction orders m and n at a free-space

101 the following, we suppress w in the argument of all variables. It is implicitly assumed that we consider a
single frequency.
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wavelength of 1, the wavevectors read as

Ksmn = améy + ﬁnéy + Ysmn€z (3.16)
kemn = améx+ﬁnéy+7/Cmnéz (3.17)
2
with am=a0+m—n, (3.18)
Ay
21
/)’n:ﬂ0+nA—y, (3.19)
Vs = \J€s/ck — an? B3, (3.20)
2
and ko= 2. (3.21)
Ao

es/c denotes the real-valued permittivity of the substrate and the cladding.

Next, we consider the structure inside the layers. The periodicity in lateral direction,
Eq. (3.12), allows to apply the Floquet-Bloch theorem [177,178],

WO(x+ Ay y+ Ay, z) = exp(i[aoAs + foAy ) ¥ (x,9,2), (3.22)

where W()(r) denotes one Cartesian field component in x and v of the electric or magnetic
field of one Bloch periodic mode in the layer /. In essence, the Bloch theorem states that
the field distribution within / is periodic as well, up to a phase term which contains the
Bloch wavevector kg = agé, + Boé,. As the periodicity is the same for all layers and the
lateral wave components are conserved at the interfaces, the Bloch vector kg is a conserved
quantity through the system. Just as the total field in the homogeneous media is expanded
into a series of plane waves, the total field inside the periodic region is expanded into a
series of these Bloch modes.

We can now expand the field of each Bloch mode in the layer / in an infinite Fourier
series [174]

w0(x,p,2) =exp(iy"z) ) pramexp (i[ayx + ). (3.23)

This equation can also be understood intuitively: As the structure is invariant along z
within a layer I, we use the plane wave ansatz for the field evolution along that invariant
coordinate. In essence, the mode only accumulates a phase delay upon propagation in
z. In the two periodic dimensions, the field amplitude of the Bloch mode is periodic as
well so we can expand it into a Fourier series. The Fourier coefficients that expand a given
mode are not yet known.

Out of practical relevance, the numerical implementation requires the truncation of the
diffraction orders m and n to maximum orders of M and N. This corresponds in total to
(2M +1)(2N + 1) modes (or plane waves in case of the substrate/cladding). Up to now, the

modal field coefficients gbi,lz)n for each Bloch mode and the respective propagation constants
v are unknown.

Next, we reconsider Maxwell’s Egs. (3.5) and (3.6). This set of six equations for the
Cartesian components of E and H allows to eliminate E, and H,, which leads to four
equations containing the fields E,, Ey, I:IX,I:Iy, and their spatial derivatives as well as the

-1
permittivity distribution e()(x,p) and its inverse [e(l)(x,y)] . Inserting Eq. (3.23) and the
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Fourier expansions!! [177]

(1) (1) q9x X
e(x,y)= ;eq, exp(12n[AX +/\y]) (3.24)

-1 I rx
[e(l)(x,y)] = ZC;) exp (12n [Z— + A_ ) (3.25)

qr * 0

into these four equations leads to a system of algebraic equations for l[)i,ll)n An approach to
solve the resulting eigenvalue problem is described in the appendix of Ref. [177], which is
skipped here for brevity.

The numerical solution results in S = 2(2M +1)(2N +1) eigenmodes 1,[),(111),15, identified by the

index s = 1,...,S and the corresponding propagation constants 7/5(1). Finally, this allows to
express the field distribution in each layer I as the superposition of the eigenmodes [177]

Mm

[ag) exp (iys(l) [z— z(l)]) + bgl) exp (—i)/s(l) [z- 20— h(l)])]
1 (3.26)

E~)<<r)r 1ns €EXP @i [amx + ﬂny])

n

E\(x,9.2) =

N

g

and similar expressions for Ey, H,, and I:Iy. The missing components E, and H, can be
obtained from Egs. (3.5) and (3.6).

. . . . 1
We arrive now at the second step, i.e., to obtain the unknown modal amplitudes aﬁ)

and bgl) as well as the amplitudes from the reflected and transmitted field from the
interface conditions. For simplicity, we assume for the moment that we only have one
single layer [. At the interface of substrate and the layer, the continuity equation for E,
reads as [177]

S
_ - 1 I . (1 ~(l
uxbmobno + Rxmn = Z[% ) + bg )exp (17/5( )h(l))] E)((r)mls (3~27)

s=1

and similar expressions for Ey, Hy, and Hy as well as similar continuity relations at the
interface of the layer to the cladding [177]. For the general case of a multi-layer structure,
a scattering matrix (S-matrix) approach can be applied [181], which is explained in detail
for example in [174]. Together with the divergence equation (3.3), the resulting linear

system can be solved to obtain agl) and bgl) as well as the amplitudes of R,,,, and T,,,,
Egs. (3.14) and (3.15).

The third and final step is to calculate the quantities of interest. The diffraction efficiencies
in reflection, #g ,,,, and transmission, 7/t ,,,,, of the orders m and n are obtained from the
time-averaged Poynting vector in the z-direction as [177]

o = Re(ysom")mmu (3.28)
77Tmn - RQ(VCOr;m)lenl (3~29)
(3.30)

with ys/c, from Eq. (3.20) and the absolute squared is the sum of the squared x—, y—, and

I The convergence of the Fourier expansions improves by applying so-called Fourier factorization rules
[179,180].
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Figure 3.2: Convergence analysis of the FMM. Lines serve as a guide for the eye.

a Some quantities of interest as the reflectance, transmittance, and the phase of the
zeroth order are plotted as a function of M. As an example, we select the simulation of a
metasurface, as discussed in Section 7.2 [r = 65nm, compare Fig. 7.4]. The CPU time is
plotted on a logarithmic scale.

b Relative error [Ax/x| as a function of M, relative to the results at M = 30.

z-components. The total reflectance R and transmittance T is the sum of all diffraction
orders in reflection and transmission,

R=) R (3.31)
T = qun. (3.32)

For periodic structures with an invariant permittivity distribution along z within each
layer, the FMM solves Maxwell’s equations quite accurately provided that enough orders
are taken into account, i.e., M and N are sufficiently large. Figure 3.2 shows a convergence
analysis for an example we discuss later in this thesis. The relative error decreases with
increasing M, while the CPU time!? grows exponentially. For M > 10, the relative error
in the phase is below 1072, which is sufficient for our purposes. All FMM simulations
presented throughout this thesis have been conducted with M = 15 to simulate the
transmission coefficients and M = 20 to calculate the field distributions.

1211te]® Xeon® CPU E5-2650 v4, Matlab 2018b.
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Zl>0

Figure 3.3: Schematic of the ASM. Three sets of spatial frequencies («;, ;) are indicated
by colorized planes and arrows. By summing up the individual contributions of the plane
waves in the plane of interest (blue) the field distribution is calculated for a propagation
length of z;.

3.2.2 The angular spectrum method to simulate the propagation of arbitrary
field distributions

The angular spectrum method (ASM)'3 is one approach often applied to simulate the
propagation of electromagnetic fields in a homogeneous space [182]. The fundamental
idea is to take the field distribution in a certain plane'# (with no loss of generality z = 0,
left in Fig. 3.3) and to calculate the field distribution in the homogeneous half-space z > 0
(z; in Fig. 3.3) filled with material of permittivity e(w).

Starting point for the ASM is the vector Helmholtz wave equation (3.8). Each component
of the vector E(r,w) [and H(r,w)] obeys a scalar wave equation, with #(r,) being a
placeholder for any field component [61],
w?
V2i(r, ) + — €(w)i(r,w) = 0. (3.33)
‘o
If we consider homogeneous isotropic linear media, the scalar theory of wave propagation
remains exact. It becomes an approximation for inhomogeneous permittivity distributions
and/or for coupling between the field components, which we neglect here as we are

concerned with free-space propagation only.

Within the realm of Fourier optics and the scalar approximation, the ASM requires in

13 Also called the angular spectrum representation or the angular spectrum of plane waves [61].

140 obtain the field distribution, we use the FMM (discussed in Fig. 3.1) or the TEA (Section 2.3.2). We will
not discuss here how to obtain the initial field distribution or how to sample it, but rather assume it as
given.
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essence three steps, which we introduce here to outline the procedure and discuss after-
wards in detail. As before, we mostly drop the frequency argument.

1. We decompose the known (complex) field #y(x,v) at zy = 0 into its spectrum of plane
waves Ag(a, f) that are propagating into different directions in the z > 0 half-space.
In two dimensions, the corresponding Fourier components or amplitudes of the
spatial frequencies a =k and B = ky are obtained by applying a two-dimensional
spatial Fourier transform.

2. The individual plane waves then propagate to the plane of interest, where they are
summed up to obtain the spectrum of plane waves at this location. For an isotropic
medium, the propagation of a plane wave is simply the multiplication with a known
phase factor.

3. Aninverse Fourier transformation from the plane wave domain to the spatial domain
leads to the field distribution in the plane at distance z;.

In the first step, we obtain the spectrum of plane waves as the Fourier transform of the
field i7y(x, p)

Aola )= 22 [ ot p)exp(-ilax + py)dudy. (3.34)

Vice versa, the field in an arbitrary plane at z; can be written as

i(x,9,21) = Jj Ala, B;z1)exp (i[ax + py])dadp, (3.35)
showing how the field is expanded into the plane waves.

The second step is now to propagate the spectrum of plane waves to the plane of interest.
We have to derive an expression how the spectrum of plane waves A(a, ff;z) changes
with z parametrically. Starting point is the scalar wave equation (3.33) and the dispersion
relation (3.11), which reads as [183]

V2i(r) + k2 d(r) = 0. (3.36)

Now we insert Eq. (3.35) for ii(r), drag the integral to the front, and perform the derivatives
in x and y [183]. We find that the scalar wave equation is only satisfied if the corresponding
expression vanishes for each a and , leading to

d2

ﬁ+k2—a2—ﬁ2 Ala,p;2)=0. (3.37)
zZ

A comparison with Eq. (3.11) shows that the expression in the parentheses contains the spa-
tial derivative and the z-component of the wavevector, i.e., the propagation constant y(«, )
as a function of the spatial frequencies. Similar to Eq. (3.20), y%(a, ) < 0 corresponds to an
imaginary wavevector and evanescent waves. On the other hand, y%(«, 8) > 0 corresponds
to a real wavevector and propagating waves. It follows

2
(%Wz(a,ﬁ))A(a,ﬂ;z):o. (3.38)

A solution for this differential equation is given by [183]
Ala, B;2) = Ay(a, B) expliy(a, B)z] + A_(a, B) exp[-iy(a, p)z]. (3.39)

To exclude an exponentially growing term for complex y(a, p), we set A_(a, p) to zero. In
other words, this second term corresponds to waves propagating in negative z-direction
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we are not interested in. By inserting z = 0 in Eq. (3.39), we retrieve A (a, ) = Ao(a, B),
and finally obtain

A(a, B;z) = Ag(a, B) exp[iy(a, B)z] = Ag(a, B) H(a, B;2), (3.40)
with y(a,ﬂ):\/w—je((u)—az—/ﬂz (3.41)
o

and H(a, ;z) denoting the optical transfer function.

As we are typically interested in propagating waves that travel over distances of several
wavelengths, evanescent components are not contributing, and hence we exclude plane
waves with negative y?(a, B).

In a third and final step, the field distribution in the plane at z; can be calculated from
the spectrum of plane waves as

i(x,9,21) = JI Ao(a, B) expliy(a, B)zy] expli(ax + py)|dadp. (3.42)

Within the realm of the scalar approximation and neglecting the contributions of evanes-
cent waves, the ASM is exact. In practice, the implemented numerical algorithms for
Egs. (3.34) and (3.42) have a finite accuracy, as they rely on discrete Fourier transforms
in the form of Fast Fourier Transforms (FFTs). The field distribution #(r) has to be dis-
cretized in the spatial domain on a finite grid. The array size of the field and its FFT
is equal, and hence the discretization in the spatial domain leads to a finite bin size in
the frequency domain and thus the plane wave spectrum. Depending on the required
accuracy, the sampling of the plane wave spectrum might not be sufficient.

The pixel size 0,y in the spatial domain on a Cartesian grid and the number of pixels 7,
defines the bin size C,/p in the frequency domain [61], i.e., the minimum spacing between
two spatial frequencies,

1

Ca/[i = S (3.43)

x/y " Mx/y
As a consequence, the simulation of the initial field distribution with a finer resolution
and/or additional interpolation does not affect the bin size in the frequency domain, since
the decrease in 0/, is compensated for by the increase in #,/,. This means that finer bins
in the frequency domain require to introduce a larger field distribution. In practice, one
solution is to surround the field in the signal window with zeros, a process called zero
padding [184]. For all results throughout this thesis involving the ASM, we apply zero
padding around the quadratic field distributions in each direction, increasing the total
field size by a factor of nine. As a side effect, due to the increased area the amount of light
being scattered out of the computational domain is reduced.

3.2.3 The Rayleigh-Sommerfeld diffraction integral for the efficient simula-
tion of light propagation

We now want to introduce the numerical solution to the Rayleigh-Sommerfeld diffraction
integral, implemented by the commercial software GenISys LAB [185] and used to simulate
for instance the irradiance distribution in proximity lithography. As we will discuss in the
following, this approach is similar to the ASM. Nowadays, powerful computers allow to
calculate field distributions without for instance Fresnel or Fraunhofer approximations.
In combination with a transfer matrix method (TMM), a stack of materials (photoresist,
substrate, coatings, etc.) can be simulated as well.
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We reconsider the transfer function H(«, §,z) which we defined in Eq. (3.40). The inverse
Fourier transform of H(a, 8;z) provides the impulse response of the system [186],

h(x,v;2) = (2m) 2 ﬂ_m H(a,p;z) exp (i[ax + fy])dadp

B _1zexp(ikr) 1. 3.44
=(2m) l;f[? 1k] ( )

with k=1k| and r=[r|=/x2+y%+22.

The formula of the Rayleigh-Sommerfeld diffraction integral can be written as the convo-
lution of the field ii(x, y) and the impulse response h(x,y;z) as [186]

ﬁ(x,y,zn:ﬂA fio(&, ) hlx - &,y — 32)dEdy
p

=(2m)”! H o(&,1) EM [l —ik] d&dy, (3.45)
Ap r r

r

with = \J(x-&2+(p-n)2+22,

with the integration over the extent of the field distribution 7 denoted here as the aper-
ture Ap.

The convolution (3.45) can be treated as a Riemann sum to calculate the field i(x,,, v,, 2)
at the discrete points (x,,,v,,2) as [186]

N N

A(Xy Yy 2) = ﬁO(Ejrﬂk)h(xm_Ejtyn_rlkrz)Aé An, (3.46)
=1 k=1

with the sampling intervals A and An and the field size N in each direction. Equa-
tion (3.46) can be reformulated by introducing three two-dimensional FFTs. For the sake
of brevity, we skip the corresponding details here and point out the detailed discussion
in [186].

Literature suggests that the computational complexity of the Rayleigh-Sommerfeld diffrac-
tion integral is comparable to the ASM [186]. The accuracy depends mainly on the size of
the sampling intervals. Throughout this thesis, we use A = Ay = 50nm.

Figure 3.4 shows a comparison between the field distribution obtained from the Rayleigh-
Sommerfeld diffraction integral in GenISys LAB and from the ASM. We obtain a good
qualitative agreement, with small differences arising from the sampling and the numerics.
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Figure 3.4: Comparison of Rayleigh-Sommerfeld diffraction integral, as implemented
in GenlSys LAB, and the angular spectrum method. We use a cross-shaped test pattern
already discussed in Fig. 1.3 with a resolution of 20 nm, but here with plane wave illumi-
nation under normal incidence. A good agreement between both methods is observed.

a and b Light propagation along the z-direction.

c and d Irradiance distribution in selected planes, indicated by the color of the frame.

3.2.4 Ray tracing for simulating macroscopic optical setups

For the simulation of macroscopic systems as presented in Chapter 4, we use optical ray
tracing!>. This well-established method relies on the geometrical-optical approximation,
i.e., the wavelength is assumed to be small compared to the extension of the optical
elements [68]. As the name implies, classical ray tracing relies on the reconstruction of
optical paths by a large number of individual rays.

It is important to mention that light rays have to be understood rather as a concept and not
as an existing physical entity [187]. Hence, we treat light rays in a strictly mathematical
sense as geometrical objects with zero lateral extensions. This precludes the integration of
diffraction effects in classical ray tracing, while several approaches that combine wave-
optical and ray-optical simulations have been demonstrated [68, 188].

The classical ray tracing algorithm comprises a step-by-step propagation of individual

15The simulations are performed using the commercial ray tracing software OpticStudio provided by Zemax.
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light rays, taking into account the media and interfaces along the propagation path. The
general scheme can be outlined in three steps [68]:

1. Propagate the ray over a finite distance in a medium.
2. Calculate the intercept with the next interface at the interface of two media.

3. Compute the new direction of the ray when traversing through the interface. De-
pending on the optical element, this requires to apply Snell’s law of refraction and
reflection, grating theory, or Monte-Carlo methods for scattering surfaces.

In sequential mode, the ray tracing algorithm iterates over these steps from the first to
the last surface of the system. However, the simulation of illumination systems requires
to use a non-sequential ray tracer. This means that the sequence of interfaces is not
predefined, but rather calculated in step two at run-time. Non-sequential ray tracing
allows to calculate the energy transfer efficiency and the uniformity as well as enables to
simulate stray light.

We restrict our considerations to the simulation of a coherent CW laser source presented
in Chapter 4. The integration of a rotating diffuser in the light path and the use of a
time-continuous laser output creates a large number of independent speckle patterns. In
combination with the photoresist acting as an analog integrating sensor, it is sufficient to
rely on incoherent ray-tracing simulations [189-191]. However, incoherent simulations
prevent us from simulating interference effects due to multiple reflections in the beam
path.






Mask aligner lithography using a continuous-wave
frequency-quadrupled laser emitting at 193 nm

Practically since the advent of mask aligner lithography, mercury high-pressure lamps are the
prevalent light source, offering high power in the UV. In recent years, the implementation of
UV LEDs into mask aligner lamp houses opens up new possibilities, but is momentarily limited
to wavelengths above ~ 350 nm, ultimately limiting the minimum feature size in proximity
lithography. To improve the resolution, novel illumination sources are required, with impact on
the photoresist processing.

In this chapter, we demonstrate the integration of a CW laser source emitting at 193 nm in a mask
aligner lithographic setup and its performance in soft contact and proximity lithography. We
first discuss the source properties, followed by the optical setup to achieve flat-top illumination.
Exploiting the high coherence of the source, we demonstrate a further resolution enhancement
using a PSM and the Talbot self-imaging effect.

The research presented in this chapter is published in [9,11,18-20] and has been conducted
in close cooperation with M.Sc. R. Kirner, Suss MicroOptics SA. We developed the optical
system and performed the optical prints presented in Section 4.3 together. He performed the
simulations of the illumination setup, illustrated in Figs. 4.10b and 4.12b and presented in
Figs. 4.11 and 4.19.

4.1 Benefits of continuous-wave laser sources and wavelength reduction for
optical lithography

The requirements and performance metrics for light sources in optical lithography are
manifold. A division into two categories is reasonable: First, the ability to transfer the de-
sired pattern to the wafer is the foremost metric, ultimately summarized in the resolution.
As discussed in Section 2.3, the fundamental properties of light, i.e., wavelength, polariza-
tion, angular spectrum, and coherence play the key role for achieving a high quality image
transfer. Crucially, a second category revolves around the required infrastructure when
using the light source in production environments. What is the price for a light source in
acquisition and maintenance? How efficient is the light generation in the UV, wavelength
selection, and beam homogenization? What is the total intensity used for lithography,
defining the exposure time? Which additional infrastructure is required? We will discuss
in the following shortly the performance of light sources emitting in the DUV, showing
the benefits of CW laser light sources in optical lithography.

Historically, gas-discharge lamps were the first UV light sources used in photolithography,
with broad emission spectra superimposed by peaks corresponding to electronic transi-
tions (compare the discussion in Section 2.3.1 and Table 2.1) [192,193]. The strong UV
emission in the g-, h-, and i-line (436, 405, and 365 nm; see Table 2.1) renders the mercury

55
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Figure 4.1: Excimer beam profile in the a near- and b far-field. The multi-mode operation
of the source generates a highly non-uniform beam profile.
Reprinted with permission from [68].

high-pressure lamp the prevalent light source in mask aligner lithography, still applied in
i-line steppers to this day.

The advent of excimer!® lasers [194,195] enabled a further reduction in the illumination
wavelength. The ArF excimer laser, emitting at 193 nm, is nowadays the dominating light
source in projection lithography [196-199].

The active media of this pulsed source typically consists of a mixture of noble and halogen
gases, which emits coherent radiation under external stimuli such as electric discharges or
microwave excitation. It excels in terms of power output (some hundreds of watts [195]),
allowing a high throughput in wafer fabrication. In 2010, Partel et al. demonstrated
the integration of an ArF excimer laser for full-field mask aligner lithography [54], with
feature sizes down to 2 pm at a proximity gap of 10 pm.

While being widely adopted in projection lithography, the widespread industrial appli-
cation of excimers in mask aligners is not reported. The main reasons are the complex
and expensive operation, compared to the other comparably simple and low-cost compo-
nents in mask aligners [11]. High volumes of corrosive gas mixtures and voltages around
40kV [195] require a well-equipped cleanroom facility and regular maintenance.

In addition, the range of transparent and non-birefringent materials at 193 nm is in
practice limited to UV-grade fused silica and crystalline calcium fluoride (CaF,). The
absence of suitable materials renders the correction of chromatic aberrations impossible
[34]. The high peak powers during operation influence the beam shaping optics: color
centers form, leading to a reduction in transmittance over time [200]. Compaction occurs
in fused silica, which changes the refractive index of the material and thus the imaging
capabilities [201,202].

Furthermore, the multi-mode operation of the excimer laser leads to a beam profile that
is inhomogeneous and elongated (see Fig. 4.1). The high gain in the active medium of
an excimer renders light generation highly efficient, requiring only a few roundtrips in
the laser cavity [34]. Hence, the spatial coherence is strongly reduced over conventional
lasers. Due to the large étendue, beam shaping requires to block some light especially
when requiring small illumination angles, which renders the optical system inefficient
(compare Section 2.3.1).

Since only a single material is used for the optics in excimer projection steppers, a narrow
linewidth is required in order to avoid chromatic aberrations. Hence, the broadband

16The term excimer refers to an excited dimer, a temporarily bound excited state. Using a mixture of noble and
halogen gas, the correct term would be exciplex (excited complex), an expression rarely used in practice. In
a strict sense being a misnomer, we use excimer throughout this thesis.
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Figure 4.2: Comparison of resolution and Talbot distance with associated depth of focus
(DOF) as a function of wavelength. a Resolution in proximity lithography according to
Eq. (2.25). Tagged are the emission lines of mercury high-pressure arc lamps used for
lithography and the presented laser source at proximity gaps of 20 pm and 40 pm.

b Talbot distance zr (solid green and dash-dotted red lines) and the corresponding DOF
marked in the graph as colored area, following Eq. (2.36) and Eq. (2.41), respectively.
The period of 1.39 um (0.71 pm) corresponds to a Talbot distance of 20 um (5pm) at an
illumination wavelength of 193 nm.

spectrum of excimer lasers requires subsequent linewidth narrowing, from about 0.45 nm
to 0.35 pm (compare Table 2.1 and [203]), for example by using echelle gratings in Littrow
configuration [195]. In addition, light might be absorbed by oxygen molecules during
free-space propagation in air [204]. Operating in a multi-mode regime, excimer lasers
have a low spatial and temporal coherence, as required in optical lithography to prevent
interference effects in the optical system, visible in the photoresist (see Section 4.2.2). For
further reduction of spatial coherence, typically light mixing rods, optical fibers, and/or
rotating mirrors are in use [34]. In addition, the purchasing and regular maintenance
of excimer lasers [34] renders their use in mask aligners at least one order of magnitude
more expensive than mercury arc lamps.

Here, we present a light source based on a frequency-quadrupled laser diode that emits
at 193nm. The chosen wavelength is compatible to established photoresist technology
for the ArF excimer lasers, relying on CARs. The continuous wave (CW) operation, low
bandwidth, and low étendue completely mitigate the aforementioned problems associated
with excimer lasers. CW illumination leads to a constant power input in time, without
heat peaks during the pulse absorption observed for excimer lasers, and strongly reduced
material degradation present in lithographic excimer systems. With a native spectral
linewidth of ~ 100kHz [20], our light source even outperforms top-notch narrowed
excimer lasers with a linewidth of 2.5 GHz [198]. The low étendue allows for efficient
beam shaping, especially for near-plane wave illumination as required for example for
Talbot lithography.

The major drawback of our CW light source is the low output power of about 10 mW,
compared to a power of 7.5 W demonstrated for mask aligner lithography using an excimer
laser [54]. While partly compensated by efficient beamshaping, exposure times become
unreasonably large. Thus, we restrict this feasibility study to small exposure fields.
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Figure 4.3: Picture of the optical setup. The beam path is marked in pink: From the
output of the laser, the light is routed towards the photomask, undergoing beam shaping
to achieve a flat-top uniform illumination field in the mask plane. A shutter allows to
control the exposure time.

Upscaling to full-wafer printing is possible.

Reducing the wavelength improves the resolution, as already discussed in Section 2.3.3.
Figure 4.2a shows the attainable minimum feature size as a function of wavelength,
following Eq. (2.26). Compared to the canonical mercury lamp (g-, #-, and i-line), we
observe a clear resolution enhancement down to 2 um at a proximity gap of 20 pm.

The benefits of wavelength reduction extend to Talbot lithography, as introduced in
Section 2.4.3.2. Figure 4.2b shows the Talbot distance zr and the corresponding DOF as a
shaded area for two periods A. Compared to i-line illumination at A; = 365nm, the Talbot
distance is increased for a fixed periodic pattern. For instance, for a period of A ~1.4pm
and a wavelength of A = 193nm, it follows a Talbot distance and hence a proximity gap of
¢ = 20pum. This value is about halved for i-line illumination to achieve the same period
[compare Eq. (2.38)]. Simultaneously, the DOF increases as well, i.e., the process is less
sensitive to gap variations.

4.2 Optical setup and laser beam shaping in the deep ultraviolet

In this section, we discuss CW light generation, coherence management, and two ap-
proaches for achieving uniform illumination with variable angular spectrum, as required
for lithographic prints. Figure 4.3 depicts a photograph of the optical setup.

4.2.1 Frequency-quadrupled 193 nm light source

Figure 4.4 shows a schematic of the frequency-quadrupled CW laser source emitting
at 193 nm. The laser operates following the master-oscillator power-amplifier (MOPA)
principle: The seed light of the master oscillator is amplified in power, used as an input
for the first second-harmonic generation (SHG) stage.

Light generation starts with an extended cavity diode seed laser at 772 nm, featuring a
spectral linewidth < 10kHz [205]. After passing a Faraday isolator (FI) to prevent back
reflections into the seed laser, a tapered amplifier (TA) enhances the power up to 3W.
In a first SHG bow-tie cavity containing a lithium triborate (LBO) nonlinear crystal, the
conversion to an intermediate wavelength of 386 nm and a power of about 1.65W takes
place.
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Figure 4.4: Schematic of the 193 nm frequency-quadrupled light source. The output
of a diode seed laser emitting at 772nm (bottom left) passes first a Faraday isolator
(FI) to suppress back reflections. After enhancement in a tapered amplifier (TA), the
laser beam enters a first second-harmonic generation (SHG) stage, containing a lithium
triborate (LBO) nonlinear crystal. Piezoelectric-actuated mirrors (PAMs) controlled by a
Pound-Drever-Hall (PDH) feedback routine stabilize the cavity output. The frequency-
doubled output at 386 nm is subsequently routed to a SHG bow-tie cavity, containing
a potassium fluoro-beryllo-borate (KBBF) crystal which generates the final output at
193 nm. Additional beam shaping elements are indicated in blue.

Adapted from [205].

In earlier years, the final upconversion to 193 nm was restricted by the absence of suitable
nonlinear materials. The recent availability of high-quality potassium fluoro-beryllo-
borate (KBe,(BOj3)F,, KBBF) bridges this gap [206,207]. Active feedback controls, relying
on fast piezoelectric actuators, adjust the length of both cavities, applying the Pound-
Drever-Hall method to stabilize the resonance [208,209].

For a bare KBBF crystal, the required phase matching for SHG is only attainable at large
angles of incidence, along with high Fresnel losses in reflection. To attain the required
crystal direction under suitable angles, the KBBF is bonded to CaF, prisms, forming a
prism-coupled device (PCD) [210], as depicted in Fig. 4.5.

During operation, degradation at the interface between KBBF and the CaF, prism limits

Figure 4.5: Prism coupling of the potassium fluoro-beryllo-borate (KBBF) crystal inside
the SHG cavity.

a Sketch of the nonlinear crystal inside two calcium fluoride (CaF,) prisms, used to attain
the required crystal axis for phase matching.

b Photograph of the crystal bonding with mechanical housing. Reprinted with permission
from [20].
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Figure 4.6: Time dependence of the output power to study the laser stability. The stabi-
lized laser output for a power of a 1 mW and b 10 mW at 193 nm is shown, together with
the corresponding output power of the first SHG cavity at 386 nm. In a, the fluctuation
in the pump power corresponds well to temperature fluctuations in the environment.
The laser stability surpasses typical exposure times by several orders of magnitude. Data
previously published in [20].

the lifetime of efficient SHG at a selected spot of the crystal. Figure 4.6 demonstrates the
longterm stability of the light source at one crystal spot. To stabilize the output power at
193 nm (blue), the power at 386 nm is regulated.

For an output power of 1 mW (Fig. 4.6a), the source is stable for at least 500 h, with only a
minor increase of the power at 386 nm. At an increased power of 10 mW (Fig. 4.6b), the
degradation accelerates: The power at 386 nm has to be increased with time to keep the
output at 193 nm stable for about 150h. An integrated crystal shifter allows to access
several spots on the KBBF crystal, extending the lifetime of the light source to about
10.000h [20]. An increase in the output power requires improvements regarding the
optical bonding of the KBBF crystal [11].

Without additional beam shaping, the laser beam leaving the output facet features an
elliptic profile (see Fig. 4.7). The ellipticity arises in the second SHG cavity, where the
output direction of the 193 nm beam is slightly tilted with respect to the direction of the
pump beam (see [205] for further discussion).

4.2.2 Controlling the spatial coherence

A high spatial coherence, corresponding to small illumination angles in the mask plane,
is a crucial prerequisite for interference printing using PSMs and in Talbot lithography
(compare Section 2.3). This property is inherent to our light source. However, the spatial
and temporal coherence also cause the formation of speckle patterns [211] and interference
effects by multiple reflections within the optical system.

Speckle emerge from the interference of waves, which collect different random, but
fixed amplitudes and phases while propagating through the optical system. Coherent
superposition in the mask plane results in the formation of a random illumination of the
photoresist. An example for insufficient speckle reduction is discussed in the context of
Fig. 4.20.

To control and mitigate the impact of speckle formation, we use a combination of static and
rotating shaped random diffusers. During the exposure, the photoresist integrates over all
speckle patterns which are varied by the rotation of the diffuser. The individual patterns
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Figure 4.7: Laser beam output at 193 nm, at a distance of 200 mm to the housing.

a Elliptical beam spot. The major and minor axes are marked with a dashed and a
dash-dotted line, respectively.

b Cross section along the major and minor axis of the beam profile in a, demonstrat-
ing the non-uniform beam properties. For being used in lithography, further beam
homogenization is indispensable.

depend on the microscopic configuration of diffusers and laser beam. Two speckle patterns
are mutually independent if the diffuser rotates more than the lateral speckle size [11].
With a sufficient number of independent speckle patterns, the temporal integration in
the resist results in an ensemble average free of visible speckle [75,212]. Here, the CW
operation is of advantage: How well the speckle mitigation works depends mainly on the
number of independent patterns during the exposure. Pulsed lasers have a pulse length
of tens of nanosecond and below, leading to a practically static diffuser within one pulse.
This requires a minimum number of optical pulses with independent patterns during
the exposure. In contrast, a CW laser allows a continuous integration, and one complete
diffuser rotation ensures efficient speckle mitigation. When m corresponds to the amount
of uncorrelated speckle patterns during integration, the contrast of speckle scales with
m="> [75].

In the beam path behind the rotating diffuser, the micro-optical homogenizer further
mitigates of speckle. Interpreting the homogenizer as a mixing element, each sub-aperture
is an individual secondary source. By means of a Fourier lens, the light of all sub-apertures
is superimposed in the Fourier plane of the homogenizer, effectively reducing the lateral
coherence [80].

The diffusers, manufactured by Suss MicroOptics SA, consist of a random assembly of
microlenses, as visible from the topography shown in Fig. 4.8a obtained by a white light
interferometer (WLI). The MLA fabrication ensures that the size of each lens varies, but
the curvature of the concave facets is similar. In a first lithographic step, openings in
photoresist with varying size are structured. In a second wet-etch step, the facets are
etched through this openings. Due to a fixed etch time for all lenses, similar curvatures
are obtained for all microlenses. This design allows to shape the directional characteristics
of the diffuser, to not loose light scattered into large angles. Goniometric measurements
showing the angular distribution for coherent illumination are depicted in Fig. 4.8b for
both static and rotating diffusers used throughout this Chapter. Alternatively, CGHs with
eccentric rotation have been demonstrated as shaped diffusers in laser illumination for
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Figure 4.8: Shaped random diffusers.

a White light interferometric microscope image of a shaped random diffuser. The indi-
vidual microlenses with different aperture sizes, but identical focal lengths are visible.
b Goniometric measurement of rotating and static diffuser, with the full width at half
maximum (FWHM) of a Gaussian fit denoted. Please note the defined angular spectrum,
with negligible scattering to large angles.

mask aligners [64].

Furthermore, multiple reflections at the various optical elements in the beam path can
manifest in the formation of interference fringes in the photoresist. Applying an anti-
reflective coating (ARC) to the optical elements, such detrimental reflections can be
strongly reduced, with the additional benefit of directing light to the photomask. While in
general available for 193 nm [213], in this feasibility study we refrain from applying ARCs
to optical components due to a limited availability within the duration of the project.

The impact of interference effects between subsequent optical devices can be discussed by
considering the longitudinal coherence length [11]. First, following [214], we estimate the
1/e speckle size in longitudinal direction to ~ 1 mm. Being considerably smaller than the
optical path length (OPL) for all optical elements in the beam path, the only remaining
length scale relevant for interference effects is the proximity gap between mask and wafer
(several 10 um). The formation of standing waves within the photoresist is discussed in
Section 4.3.

4.2.3 Homogenizing the illumination in the mask plane

Uniform irradiance illuminating the photomask, termed a flat-top field distribution, is the
main purpose of the beam homogenizer (see Fig. 4.7). In addition, by selectively blocking
light in the Fourier plane, the angular spectrum can be shaped. Here, we investigate two
concepts concerning their suitability at the wavelength of interest.

As introduced in Section 2.3.1, we implement a micro-optical Kohler integrator in non-
imaging and imaging configuration, and compare their properties for operation in the
DUV, specifically at 193 nm. Instead of designing dedicated optical elements for this task,
we rely on "off-the-shelf" components, typically optimized for wavelengths in the visible
regime and without ARC.
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4.2.3.1 Non-imaging homogenizer using a diffractive optical element

In a first implementation, we investigate a non-imaging homogenizer with an eight-level
DOE as mixing element. The DOE consists of a hexagonal array of Fresnel lenslets, with
half axes of 1.9 mm and 2.2 mm. Optimized for a wavelength of 193 nm, the micro-optical
mixing element subdivides the incident light to several beamlets (see Fig. 4.9). A Fourier
lens superposes the individual beamlets in the homogenization plane, separated by one
focal distance.

Figure 4.10a depicts the complete optical setup, including mirrors, an IFP to modify the
angular spectrum, an aperture directly behind the field lens to shape the homogenization
field, a zeroth order filter, and a relay lens. The use of a relay lens allows more flexibility in
laser beam shaping, with access to an intermediate homogenization plane behind the field
lens. In reality, the theoretical maximum diffraction efficiency of 95% for an eight-level
DOE [215] is reduced by deviations from the optimal step height and other imperfections
as scratches. Hence, a strong zeroth order emerges in the Fourier plane, i.e., large parts of
the input beam propagates through the DOE without deflection.

We address the resulting reduction in uniformity by introducing a filter to tone down
the zeroth order. By placing a small opaque circular aperture (& 100 pm, see Fig. 4.10a)
close to the intermediate superposition plane, the peak attributed to the zeroth order
is reduced, but not completely blocked. This corresponds to an improvement in the
uniformity (compare Fig. 4.11d and Fig. 4.11f). For this setup, following Eq. (2.4) with a
focal length of about fpop =~ 39mm, we estimate the minimal diameter of the hexagonal
field in the homogenization plane to Dy ~ 8.8 mm.

For reasons discussed in Section 3.2 in detail, it is sufficient to rely on incoherent non-
sequential ray-tracing for simulating our experimental setup in Zemax OpticStudio®. For
modeling the shaped diffuser, we implement a source with a size of 4 mm and random
emission angles over 3°, reproducing the goniometric measurements depicted in Fig. 4.8b.
The optical simulation setup, depicted in Fig. 4.10b, takes into account the reduction of
the focal length in the DUV for all optical elements due to material dispersion.

Mapping the field distribution in the DUV is a complex task, as charge-coupled device
(CCD) cameras possess a low sensitivity to DUV light. Additionaly, standard CCD devices
degrade under UV illumination. In a first iteration, we implement indirect imaging, using
a fluorescent dye applied to a polymer film (LUGB 5 from Luminochem) as a UV image
converter. An optical system images the re-emitted visible light to a CCD camera. This
method is limited by the formation of grain on the film and possible non-linearities of the

L, Fourier lens Ly,
fi fr1=200, mm frL

Input beam

Condenser Diffractive

Static
diffuser Rotating lens optical
diffuser element

Figure 4.9: Non-imaging homogenizer for illumination at 193 nm. The input beam (left)
is homogenized by a condenser lens with focal length f;, an eight-level DOE as a mixing
element, and a Fourier lens with focal length fg; .
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Figure 4.10: Optical setup of the non-imaging homogenizer.

a Sketch of the optical setup, including beam-shaping components made from fused
silica. Besides the elements already introduced in Fig. 4.9, an IFP allows to shape the
angular spectrum, and a telecentric setup images the homogenized field distribution on
the mask plane. A filter for the zeroth order, consisting of an opaque circular aperture, is
located near the intermediate image plane. The image of the front lens L is relayed by
the imaging lens L, to the mask plane. Sketch not to scale.

b Simulation setup for incoherent ray-tracing in Zemax OpticStudio®. For simplicity, the
mirrors are omitted.

dye. We use this measurement system for the data presented in Fig. 4.11b and the insets
of Figs. 4.11d and 4.11f.

In an improved approach for field mapping, we scan a DUV-sensitive silicon (Si) photodi-
ode (Hamamatsu S1226-18BQ, with a photosensitivity of 0.13 A/W at 193 nm) in the field
plane using a xy-stage with single micron precision and a step size of 300 pm. A laser-cut
aperture defines the active area of 300 pmx 300 pum. Each data point comprises an average
over 20 individual measurement, each with an integration time of 10 ms.

Figure 4.11 provides a comparison between simulated and measured field distributions
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Figure 4.11: Simulated (left column) and measured (right column) irradiance distribu-
tions for a non-imaging homogenizer. For imaging, we use a lens with focal length of
150 mm (~ 135mm at 193 nm). b and f are imaged with a 200 mm (~ 182mm at 193 nm)
lens, and afterwards scaled by a factor of 1.3. Plots in white show a cross-section of
the irradiance along the center of the image. We observe a good agreement between
simulation and measurement. Data has previously been published in [11,19].

a, b Plane conjugated to the DOE. Individual beamlets are clearly visible.

¢, d Mask plane without zeroth order filter. The inset shows data retrieved using a
fluorescent dye.

e, f Mask plane with zeroth order filter. The inset shows data retrieved using a fluorescent
dye.
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in a conjugated plane to the DOE [a,b], in the homogenized plane without [c,d], and
with the zeroth order filter [e,f]. In general, we observe an excellent agreement between
simulated and measured results. A minor disagreement arises from a possible deviation
in positioning and a small tilt in the alignment of optical elements. Shaping the angular
spectrum is possible by selectively blocking or opening single channels. The individual
channels are clearly visible in Figs. 4.11a and 4.11b. We observe a clear improvement in
the uniformity of the field distribution in the mask plane, using a zeroth order filter.

Concerning the optical efficiency, defined as the power in the mask plane relative to the
laser output power, we reach a value of ~ 12.5%, relying on the setup depicted in Fig. 4.10.
A large proportion of the losses emerge from reflections at each optical surface (about 6 %
per surface at A = 193nm) and the limited efficiency of the DOE (> 80%). Applying ARCs
on the optical elements is possible to enhance the power ending up in the mask plane.

In conclusion, we demonstrate the successful adaption of a non-imaging homogenizer
to CW mask aligner lithography at 193 nm. However, especially for near plane wave
illumination as required in Talbot lithography, most of the DOE channels have to be
blocked, augmenting non-uniformities but also reducing the optical power contained in
the beam. In the following section, we discuss an imaging homogenizer that offers the
preferred approach for flat-tops with high uniformity.

4.2.3.2 Imaging homogenizer using a microlens array

As discussed in Section 2.3.1, an improvement can be expected from using an imaging
homogenizer regarding field uniformity and efficiency. For coherence management, we
place a rotating diffuser in the beam path, see Fig. 4.12a. Hence, we build an imaging
Kohler integrator using two identical MLAs and a Fourier lens, as depicted in Fig. 4.12a.
An additional field lens ensures telecentric illumination over a field of 15mmx 15 mm.

Efficient beam homogenization requires a fill factor for the MLAs close to unity. Clearly,
arranging spherical microlenses with a circular aperture reduces the fill factor, and square-
or hexagonal-shaped spherical lenses would be an asset. However, the fabrication of
such lenses with small dimensions is complex and to this day not possible in fused silica.
Nevertheless, the same effect is achieved using cylindrical lenses in crossed arrangement
(compare the inset of Fig. 4.12b), leading to a flat-top field with a square shape, while
greatly reducing the demands on manufacturing. If the working distances are sufficiently
large, the MLA in crossed arrangement acts as a single array, since the axial displacement
of the principal planes of both cylinder lens arrays is insignificant [80]. Thus, we use
uncoated cylindrical lens arrays with a pitch of 300 um, arranged on both sides of a fused
silica substrate.

Figure 4.13 shows the irradiance distribution and the angular spectrum of the imaging
homogenizer. Compared to Fig. 4.11, a clear improvement in the field uniformity is visible,
owing to the greater number of mixing channels, irrespective of the initial beam shape.
Also, a lower impact of diffraction effects can be seen especially regarding the zeroth order
and blurring around the edges, as predicted by literature [80]. The non-uniformity over the
entire field used for lithography is less than 3%, similar to the established MOEO® in mask
aligner lithography [81]. As a disadvantage, more micro-optical elements are required,
rendering the imaging homogenizer more complex and expensive. It is important to note
that we chose a small field size for our proof-of-principle investigations, adapted to the
mask design. By no means this is a general limitation: Following Eq. (2.5), an extension
of the field size is possible by adapting the design parameters of the MLAs and/or the
Fourier lens.

Shaping the angular spectrum for an imaging homogenizer requires selectively blocking
individual microlens channels, here by introducing an IFP directly in front of the mixing
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Figure 4.12: Imaging homogenizer for 193 nm.

a The input beam (left) is homogenized in the mask plane (right) by using a MLAs and a
subsequent Fourier lens. Following a rotating diffuser, an IFP allows to shape the angular
spectrum. The field lens in focal distance to the Fourier lens guarantees telecentricity.
Sketch not to scale.

b Simulation setup for incoherent ray-tracing in Zemax OpticStudio®. An additional
Fourier lens in the homogenization plane (flat-top) allows to determine the angular
spectrum, illustrating our measurement method. The inset shows the crossed arrangement
of cylindrical MLAs.

element. This is understood intuitively, as discussed in Section 2.3.1: The Fourier lens
conducts a Fourier transform, i.e. the area illuminated on the MLA is transformed to
an angular spectrum in the mask plane. The full angular spectrum of the imaging
homogenizer, depicted in Fig. 4.13b, comprises half-angles of up to 2.5°. Two imaging
homogenizers can be used in sequence to achieve a uniform angular spectrum: The first
homogenizer illuminates the IFP of the second homogenizer uniformly, as exploited by
MOEO® (see Section 2.3.1). In Section 4.4.1, we discuss near plane wave illumination
required for Talbot lithography.

Concluding this section, we discussed two approaches for beam homogenization in CW
laser lithography at 193 nm. By means of a rotating diffuser, the impact of a high spatial
coherence is mitigated, leading to a high beam uniformity using an imaging homogenizer.
In the following section, we report on experimental results of proximity and contact
lithography.



68 Resolution enhancement in mask aligner photolithography

—— 5 mm

Normalized irradiance

Figure 4.13: Measured a irradiance distribution and b angular spectrum in the homoge-
nization plane for an imaging homogenizer. In b, the white circle indicates half-angles of
2.5°.

4.3 Experimental lithographic results

Having implemented a uniform illumination source, the next step towards experimental
verification is the development of a lithographic process. We rely on established material
platforms, with a photoresist dedicated to DUV ArF excimer lithography at 193 nm.
Concerning the mask aligner setup, we use a mask chuck mounted on a high precision
stage (Etel Sarigan) and a fixed mask chuck. The exact gap size is controlled at three
locations via a spectroscopic reflectometer and a FFT evaluation (Avantes AvaSpec ThinFilm
Bundle). A typical value for the proximity gap is 20 pm.

For the lithographic process, we apply the positive CAR TOKTARF-P6239 ME with a
thickness of 120 nm, measured after a prebake at 110 °C for 1 min on top of a Si substrate.
Following the exposure, a post-exposure bake again at 110 °C for 1 min is performed, and
for development we use a puddle process for 1 min in AZ MIF327®. We vary the exposure
doses between 10 and 65mJ/cm?.

Multiple interferences, arising from reflection at the interfaces air/resist and resist/Si
substrate, cause the formation of standing waves inside the photoresist [93, 94]. The
effect has previously been discussed in Section 2.3.2.2, and is shown here in Fig. 4.14a
at a wavelength of 193 nm. The reflectance at these interfaces amounts to 6% and 56 %,
respectively.

To mitigate standing waves in resists, one solution is to apply a bottom anti-reflective
coating (BARC), i.e., an additional photoresist layer on top of the substrate. This approach
is demonstrated in Fig. 4.14b), featuring a BARC layer (ARC25 developed by BrewerScience,
Inc., with a refractive index of 1.84 + 0.46i at 193 nm) optimized for the wavelength and
materials under consideration. Despite the clear improvement in light uniformity, we
don’t apply a BARC layer due to its unavailability during our experiment. Literature
suggests improvements with regard to sidewall profile smoothness and to the variation of
structure sizes when applying a BARC [28].

For demonstrating the capabilities of our lithographic techniques, we use the resist pattern
to create a chromium hardmask via lift-off for subsequent inductively coupled plasma
(ICP)-RIE of the silicon substrate (Oxford Plasma Technology Plasmalab 100 ICP180, HBr
with a flow rate of 24 sccm, Cl, with 12 sccm, power 150 W).



Chapter 4. Mask aligner lithography using a CW laser at 193 nm 69

1

b

' 120

o

Resist

120

Resist depth (nm)
Normalized irradiance

Silicon substrate %
aa]
' ! 198 Silicon substrate 0
0.7 0 0.7 -0.7 0 0.7
Lateral distance (pm) Lateral distance (um)

Figure 4.14: Aerial image distribution above a silicon substrate, simulated for g = 20 pm.
Both graphs have identical illumination properties, and the colorscale is normalized to
the maximum irradiance in the left graph. We show the irradiance distribution along the
gray dash-dotted line in white. Graph not to scale.

a The formation of standing waves inside the photoresist leads to hotspots with non-
uniform absorption, with detrimental effects on the smoothness and uniformity of pat-
terns in mask aligner lithography.

b The application of a bottom anti-reflective coating (BARC) diminishes the impact of
standing waves, and homogenizes the light distribution.

In the following, we describe four approaches to mask aligner lithography: (i) Contact
mode, yielding the highest resolution, (ii) canonical binary intensity proximity lithography
at various gaps, (iii) diffractive phase-shift photomasks, and (iv) Talbot lithography for
periodic patterns with near plane wave illumination.

4.3.1 Binary intensity photomask in contact and proximity lithography

The binary intensity photomasks for our proof-of-principle experiments contain structures
to evaluate the resolution, for instance lines and spaces as well as circular and square vias,
and are fabricated via e-beam lithography. We use the half-pitch as a CD to assess the
resolution, quality, and fidelity of the process. It is paramount to keep in mind that no
magnification takes place, i.e., the patterns of the mask are ideally transferred directly to
the substrate, without change in the CD.

For the experiments presented in this section, we use the non-imaging homogenizer
characterized in Section 4.2.3.1.

4.3.1.1 Contact lithography

SEM images for soft contact results between wafer and the photoresist-coated wafer are
depicted in Fig. 4.15. All resolution structures are resolved down to a CD of 375 nm (see
Fig. 4.15b), with line-end defects visible for the lines and spaces. The squares and holes
are resolved as well, but require a separate optimization of the exposure dose. For contact
lithography, the illumination wavelength has only a minor influence on the resolution,
and the results presented here are similar to i-line illumination.

While the contact mode offers the maximum resolution possible in mask-aligner lithogra-
phy, it suffers from being limited to wafers without prior topology and a possible damage
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Figure 4.15: Soft contact lithography.

a Mask design of resolution test structures, featuring various CDs varying from 200 nm
to 2000 nm. White areas are transparent to illumination, dark areas are chromium coated
and opaque (OD of 3).

SEM images of photoresist in soft contact lithography, with a CD of b 375nm and ¢
500 nm. For imaging, a thin gold layer was sputtered atop.

to the mask (see discussion in Section 2.2.1). The formation of defects reduces the re-
producibility and the yield, rendering the proximity mode the preferred method for
high-volume fabrication.

4.3.1.2 Proximity lithography

In proximity mode, we can resolve features down to a CD of 1750 nm at a proximity
gap of ¢ = 20um, as shown in Fig. 4.16. For comparison, the typical resolution under
i-line illumination is about 3 um, as discussed in the context of Eq. (2.26). Line-end
variations are more severe than in contact mode (compare Fig. 4.15), and can in principle
be addressed by optical proximity correction (OPC) [see Chapter 6]. By adapting the
exposure dose, the width of lines and spaces is subject to change, depending on the
contrast of the resist and the angular spectrum. The uniformity in the illumination is
sufficient to achieve consistent results over the printing field.

Following Eq. (2.25), we observe the expected improvement in the resolution for reducing
the proximity gap. Figure 4.17 shows test structures etched in the Si substrate fabricated
at a proximity gap of 10 pm. As a result, we demonstrate that lithography at 193 nm can
be readily combined with existing semiconductor technology.
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Figure 4.16: SEM micrographs of photoresist patterned in proximity mode, with a gap of
20 um. CDs of lines and spaces: a 1750 nm, b 2000 nm.

Figure 4.17: SEM micrographs of etched patterns in Si. The proximity gap is 10 um, and
the CD is 1500 nm in a and 2000 nm in b. The chromium etch mask is not yet removed.
The etch depth is 400 nm and 800 nm, respectively.

4.3.2 Diffractive phase-shifting photomask for periodic nanostructures

Exploiting the high coherence of our source, we proceed by investigating a two-level PSM
for proximity lithography. To achieve a phase shift of r, following Eq. (2.9) and taking
into account the refractive index of quartz glass, the nominal step height is 172.6 nm. The
experimentally determined phase shift of the fabricated mask is ~ 0.986 77, measured by
the manufacturer. By inserting an IFP as described in Section 4.2.3.1, seven illumination
channels are selected, corresponding to the central channel and the inner ring in Fig. 4.11b
with illumination half-angles of 0° and 0.57°. Since only seven beamlets contribute to the
image formation, the beam is strongly non-uniform. The proximity gap is fixed at 20 pm.
We show here two applications for a two-level chromeless PSM.

First, we introduce a one-dimensional grating with a period of 1 pm (see Fig. 4.18a). The
grating is reproduced, with visible roughness at the edges. This deviations might arise
from non-uniform illumination angles, interfering in the photoresist. Over the plot field,
variations in the linewidth arise from non-uniformities in the homogenized beam. We wish
to conclude that our light source is appropriate for performing interference lithography,
but requires the use of an imaging homogenizer for near plane wave illumination, as
discussed in Section 4.4.1 for Talbot lithography.

Second, for applications as metasurfaces [216], photonic crystals (PhCs) used in bio-
sensing [217], or microchannel plates in photomultipliers [218], nanohole arrays are of
interest. Hence, as a second implementation of a PSM, we demonstrate hole arrays in a
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Figure 4.18: SEM images of photoresist patterns structured with PSM at a proximity gap
of 20 um, demonstrating the application of a CW laser emitting at 193 nm to interference
lithography.

a 1D grating with a period of 1 um.

b Holes in a hexagonal array with a center-to-center distance of 650 nm. Imaged under
an angle of 35°.

hexagonal unit cell, with a period of about 700 nm (see Fig. 4.18b). The pattern is similar
to the dense hole array presented in Chapter 5.

In conclusion, this section introduced the experimental results using a 193 nm CW laser for
mask aligner lithography. We demonstrate print results, with efficient speckle mitigation
using a rotating diffuser and field homogenization using a non-imaging homogenizer. A
strong resolution improvement over canonical i-line illumination in proximity lithography
is demonstrated for lines and spaces patterns, culminating in resolved features with a CD
of 1.75pm at a proximity gap of 20 pm. Using a PSM, we realize a 1D grating featuring a
period of 1 um and a dense hole array with sub-micron period.

Hence, mask aligner lithography using a CW laser emitting in the DUV shows potential
for use in applications requiring a medium resolution. Its cost-effectiveness compared to
projection lithography, its parallel operation compared to slow e-beam lithography, and
its high yield compared to nanoimprint are beneficial for high-volume fabrication.

By combining the laser source with the Talbot effect, we gain a further resolution enhance-
ment for periodic nanostructures. A simple binary intensity photomask, either blocking
or transmitting incident light, is sufficient to print periodic features in high resolution,
greatly reducing the complexity of mask fabrication compared to PSMs. Experimental
results for Talbot lithography at 193 nm are discussed in the following section.

4.4 Mask aligner Talbot lithography at 193 nm

A laser is the preferential illumination source for Talbot lithography: Its narrow bandwidth
prevents spectral blur and avoids additional spectral filtering, and the high brilliance
ensures efficient beam shaping for the required near plane wave illumination. As discussed
in Section 4.1 in the context of Fig. 4.2b, a reduction in wavelength leads to an increase in
Talbot length zt, also resulting in smaller feature sizes at a fixed proximity gap, compared
to i-line illumination. Beyond the resolution, likewise the DOF enlarges, augmenting the
process window for variations in the proximity gap.

In this section, we first discuss the performance of an imaging homogenizer for near plane
wave illumination, proceed by presenting aerial image simulations, and conclude with
experimental prints in the first and higher Talbot planes.
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Figure 4.19: Beam profile for near plane wave illumination, according to the schematic

in Fig. 4.12a.

a Simulated and b measured flat-top irradiance in the mask plane. The insets show the

simulated distribution before applying a Gaussian filtering.

¢ Simulated and d measured angular spectrum in the mask plane. The white circle
denotes half-angles of 1°.

4.4.1 Near plane wave illumination

For near plane wave illumination (half-angles < 1°), only a small area in the center of the
imaging homogenizer’s MLA is illuminated, corresponding to a small number of channels.
We use an iris aperture for selecting the angular spectrum, and use an additional condenser
lens to focus the incident light to the aperture area. Due to the reduced pitch of the MLAs
compared to the non-imaging homogenizer, more channels contribute in the superposition
plane, resulting in an improved field uniformity. For plane wave illumination using
imaging homogenizers, the fundamental trade-off emerges between a narrow angular
spectrum, achieved with less channels, and a more uniform field by increasing the number
of channels. The smaller channel size renders the imaging homogenizer more suited for
Talbot lithography.

Figure 4.19 shows the simulation and the experimental results for the flat-top and the
angular spectrum in the mask plane. To facilitate a comparison between simulation and
measurement, we have to account for the aperture defining the active area of the photodi-
ode. Hence, we apply a Gaussian filter sampling to the simulation results, choosing the
standard deviation to be equal to the aperture size (see Section 4.2.3.1). We both simulate
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Normalized irradiance

Figure 4.20: Irradiance distribution measured for a static and b without optical diffuser.
The formation of speckle leads to a deterioration of the uniformity.

and measure a uniform flat-top over the print field, with a measured non-uniformity
below 3% [9].

By inserting an additional lens located in the mask plane (focal length of ~ 125mm at
193nm), we measure the irradiance in the focal plane, corresponding to the angular
spectrum (shown in Figs. 4.19c and 4.19d). Individual channels of the MLA are visible,
arising from underfilling the NA of the MLA. Both simulation and measurement agree
reasonably well, and demonstrate an angular spectrum with half-angles well below 1°. By
further reducing the opening area of the IFP and thus the number of channels, a more
narrow angular spectrum could be achieved, while sacrificing beam uniformity and total
power in the mask plane. Using optical simulations, we show in the following Section 4.4.2
that the demonstrated angular spectrum is sufficient for Talbot lithography.

Again, we rely on a rotating diffuser to mitigate the visibility of speckle. Figure 4.20
justifies the necessity of a diffuser: With either a static or without any diffuser, the non-
uniformity rises drastically. The resolution of our measurement setup is not sufficient to
resolve individual speckle (compare discussion in Section 4.2.3.1). Next, we investigate
the applicability of this near plane wave illumination to Talbot lithography in optical
simulations.

4.4.2 Aerial image simulation with near plane wave illumination

By means of optical simulations, we compare the Talbot effect under perfect plane wave
illumination and the experimentally determined angular spectrum. As an example, we
choose a circular opening with radius of 400 nm in periodic arrangement. We show the
field behind the mask in Fig. 4.21. The period of 1.4 um corresponds to a Talbot length
zr =20pm at A =193 nm.

As expected, the finite angular spectrum results in a lateral blur of the simulated irra-
diance, hence diminishing the contrast observed for plane wave illumination. However,
the circular shape is reproduced in the Talbot plane (see inset of Fig. 4.21b), which jus-
tifies the use of a finite angular spectrum for Talbot lithography. A direct experimental
measurement of the field distribution is possible, for example using scanning near-field
optical microscope (SNOM) [219] or high-resolution interference microscopy [220,221]
adapted to the DUV. Such experiments are, however, out of scope of this thesis.
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Figure 4.21: Simulated ield distribution for Talbot lithography under

a plane wave and

b the measured angular spectrum, as shown in Fig. 4.19d. Gray bars indicate the opaque
area of the unit cell with a side length of A =1.4um, corresponding to a Talbot length of
zr = 20um. To ease the comparison, the profile along the dashed line is plotted in white.
The circular shape of the feature is transferred to the Talbot plane, though with a lateral
blur arising from the finite illumination angles. Graph is not to scale.

4.4.3 Experimental results of Talbot lithography

Self-imaging of periodic mask features using the Talbot effect takes place in several planes,
as discussed in detail in Section 2.4.3.2. We restrict our investigations here to a fractional
Talbot plane with m = 1/2, the fundamental Talbot plane at m = 1, and higher Talbot
planes featuring m = 2,3, and 4. Our approach aims for a 1:1 replication of the mask
feature. Corresponding binary intensity test structures are designed for a quadratic unit
cell and a proximity gap of 20 pm, featuring basic geometric shapes such as squares,
circles, and triangles. With periods in the single-digit micron range, such patterns are
of interest for the optical lithography of metasurfaces operating in the near- and mid-IR
range [216,222,223].

4.4.3.1 Fractional Talbot plane

To begin with, we consider the fractional Talbot plane at m = 1/2, with a period of Ay, =
2.0pm calculated by inverting Eq. (2.35). We use the Talbot effect to expose the positive-
tone photoresist, and proceed with a chromium lift-off and RIE. Figure 4.22 shows SEM
micrographs of the results for square and triangular features, with the chromium hard
mask not yet removed. The insets illustrate the design and dimensions of the mask features
and unit cell. We observe a reliable replication, with rounded corners emerging for both
shapes under consideration. We attribute corner rounding to higher harmonics that do
not propagate and hence do not take part in the image formation [122]. This corresponds
to large n in Egs. (2.30) and (2.31).

4.4.3.2 Fundamental Talbot plane

In the fundamental Talbot plane (m = 1), the period corresponding to a proximity gap of
20pm is Ay = 1.39um. Figure 4.23 shows colorized SEM images of circular structures in
the photoresist after development and cylindrical structures after RIE. Again, the desired
shape is reproduced with high fidelity, but the cylinders’ sidewalls appear slanted. Here,
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Figure 4.22: Talbot lithography in a fractional Talbot plane. With a unit cell of size Ay, =
1.97pm and a proximity gap of 20 pm, the Talbot order corresponds to m = 1/2. These
colorized SEM images show the chromium hardmask (dyed in red), patterned by Talbot
lithography, and subsequent etching of

a quadratic and

b triangular Si structures (dyed in yellow, etch depth ~ 850nm). For imaging, the sample
is inclined by an angle of 30°.

The insets sketch the design of the binary intensity photomask. The transparent areas are
depicted in white, while gray areas block the illumination. White arrows denote the size
of one unit cell (A =1.97um), and black arrows indicate the side lengths of the squares
and triangles of 1.20 pm.

1pm

Figure 4.23: Experimental results of Talbot lithography in the first Talbot plane.

a SEM image of resist openings after development and Cr deposition. After lift-off, the
remaining hardmask is used for etching.

b Si micropillars after etching, with the hardmask (dyed in red) not removed.

The inset illustrates the design of the binary intensity photomask. The white arrow
denotes the period A = 1.4pm of one unit cell and the black arrow indicates the diameter
of 0.8 um.
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Figure 4.24: Colorized SEM images of the structured photoresist in

a the second (A, =0.99um),

b the third (A3 = 0.81 um), and

c the fourth Talbot plane (A4 = 0.7191um). While conserving the circular shape, the holes
in b and c are not free of photoresist down to the substrate.

for structures with high aspect ratios, deep reactive-ion etching (DRIE) like the Bosch pro-
cess might be more appropriate. The application at hand for cylindrical structures are
polarization-independent metasurfaces [216].

4.4.3.3 Higher Talbot planes

Extending the concept of Talbot lithography at 193 nm, we turn to higher Talbot planes,
with m > 1 in Eq. (2.38):

AZ
Z7 = 2mT. (2.38 revisited)

For a fixed proximity gap equal to zp, increasing m goes along with a decrease in the
period A, leading to a reduced feature size. For the sake of clarity, let us consider a
periodic pattern with a period of 710 nm. Ultimately, using Eq. (2.36), this corresponds to
a Talbot length zr = 5um. Instead of struggling to set this gap in the experiment, which is
difficult due to limited wafer flatness, the original proximity gap can be restored when
using the fourth Talbot plane. The only additional complication is the shrinkage of the
DOF under non-perfect illumination. Please keep in mind that using a higher Talbot plane
for printing requires dedicated mask structures with the actual period, i.e., no dynamic
change in the feature size is possible here.

We apply this concept to the second, third, and fourth Talbot plane, corresponding to
periods of A; = 0.99pum, A3 = 0.81pm, and Ay = 0.7191m, respectively. Figure 4.24
shows colorized SEM micrographs of the photoresist, validating the process and demon-
strating the excellent quality of the image transfer process. The smallest feature size is
hence obtained in the fourth Talbot plane, with a hole diameter of ~ 500nm. While the
structures in the second Talbot plane are fully developed to the substrate, in the third and
fourth Talbot plane resist remains in the holes after development. Further optimization is
needed to enable a lift-off process.

Three reasons are identified for this behavior: First, smaller periods result in high diffrac-
tion orders becoming evanescent, not contributing to image formation. Second, the lateral
blur due to a finite angular spread in the illumination is more severe at reduced periods
and large gaps. Third, the reduced DOF renders the placement of the wafer in the Talbot
plane more sensitive to variations.
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4.5 Concluding remarks on CW laser lithography at 193 nm

In conclusion, we successfully demonstrated the aptitude of a frequency-quadrupled CW
laser source for mask aligner lithography with high resolution. First, we introduced the
laser source in the DUV regime and discussed its properties concerning long-term stability
and advantages over excimer sources. Coherence management is performed by static
and/or rotating shaped random diffusers. We compared the performance of non-imaging
and imaging homogenizers, implemented as a DOE and a MLA, respectively.

In proximity mode, we achieve a performance surpassing the canonical i-line illumination,
arising from the fact that a wavelength reduction diminishes the impact of diffraction,
following Eq. (2.25). At a proximity gap of 20 pm, the minimum feature size for lines and
spaces is below 2 pm. Under near plane wave illumination, we use the high coherence of
the source and perform Talbot lithography, with a minimum period of ~ 700nm and a
minimum feature size of ~ 500nm.

An extension to this proof-of-principle experiment to full wafer size is straightforward,
using larger optics and adapting the Fourier lens. However, an upscaling in output
power is required to facilitate reasonable exposure times. The strongest potential for
improvement lies in the SHG within the KBBF nonlinear crystal, especially with regard to
optical bonding. One interesting extension of the setup has been introduced by Weichelt
et al. [64]. They demonstrate the use of a mirror galvanometer to scan the IFP. Along this
way, no light is absorbed, rendering the approach more efficient.

Our DUV laser source can be readily combined with other resolution enhancement tech-
niques, as for example Talbot displacement lithography [140], double patterning [119],
off-axis illumination [50], and rigorously optimized PSMs [153], as discussed in the fol-
lowing section.



Rigorously optimized phase-shift mask for creating a
dense hexagonal dot pattern

Having investigated the benefits of a reduced wavelength to proximity lithography, we turn
now towards optimizing the phase of the illumination while using canonical i-line illumination.
In this chapter, we apply the concept of rigorously optimized phase-shift masks (RO-PSMs) to
create a dense hexagonal dot pattern, i.e., a periodic pattern in a hexagonal arrangement with
sub-micron dimensions. As discussed before, in proximity lithography this usually requires
a photomask with feature sizes comparable to the desired pattern to print. To overcome the
difficulties and expenses of fabricating such a complex photomask, we apply here the concept of
angular RO-PSMs.

We present in this chapter the design and simulation of the RO-PSM, and discuss the experi-
mental results of lithographic prints. Design and fabrication of the RO-PSM has been performed
in cooperation with the group of Prof. Uwe Zeitner, Fraunhofer IOF, Jena. Special thanks to
Yannick Bourgin and Tina Weichelt from IOF for their help.

Creating a periodic dot pattern in a dense arrangement is an important task for optical
lithography, as we discussed in Section 4.4.3. Many important applications especially
for dot patterns range from bio-sensors [217], photon multipliers using multichannel
plates [218], and microfluidics [224]. The complexity of this task emerges from the high
resolution required, with dot sizes in the order of the exposure wavelength, and the
required critical dimension uniformity on a wafer scale. Of course, Talbot lithography is
an option, but a de-magnification of the mask structure is only possible in the fractional
Talbot regime, which suffers from low contrast and limited DOF. Without demagnification,
mask fabrication is aggravated. To overcome this problem, we introduce the concept of
angular PSMs, which allows to increase the dot density by shaping the angular spectrum.

The underlying idea is easy to grasp: We design the RO-PSM in a way to replicate the dot
pattern featuring a large period under plane wave illumination at normal incidence and at
a fixed proximity gap. By adding carefully selected plane waves under small angles (see
Fig. 5.1), the dot pattern is replicated again, but laterally shifted with respect to normal
incidence. In other words, we effectively create sub-lattices which are mutually shifted by
adapting the illumination angle.

We use an IFP with three individual openings to obtain the required illumination angles.
As discussed in [55], the IFP can be subdivided into small areas which are modeled as an
ideal coherent source. However, in good approximation we can assume that each of these
coherent areas are mutually incoherent. Each of the openings in the IFP forms a coherent
source, but the three sources are incoherent with respect to each other. We follow this
model in all simulations presented throughout this chapter.
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Figure 5.1: Sketch of the RO-PSM design.

a Hexagonal unit cell, with the important dimensions annotated. In the blue area, a phase
shift of 7 is obtained. An individual unit cell is highlighted in orange, with a size of about
2pm by 1 pm.

b Illustration of the discrete illumination angles. The sketch shows a slice along the
propagation from mask to wafer over the proximity gap g along the cut A-A’. The angles
a are chosen such that the shift of the pattern 6 corresponds to one third of the unit
cell’s length. Equation (5.1) describes the connection between g and the lateral shift o,
determining « as a low single-digit angle (when measured in degree).

¢ Rendered image of the hexagonal RO-PSM. The gray structure represents the fused
silica substrate, and the blue structure indicates a fused silica layer with a phase shift
of 7. The orange box denotes one unit cell.

Hence, the incoherent superposition of these individual irradiance distributions leads
effectively to a smaller period of the dot pattern. Using three discrete illumination an-
gles, we show a reduction of the printed period to one third of the mask structures. A
further objective is to have a wide latitude for setting the proximity gap, as discussed in
Section 2.4.3.3, and a high contrast, as discussed in Section 2.3.2.2.

5.1 Mask design and optical setup

The foundation for the design of the RO-PSM is a standard two-level PSM made from
fused silica. Figure 5.1a provides a sketch of the hexagonal unit cell. The blue area
indicates a 7 phase shift over the free-space propagation in the hexagonal-shaped white
areas. The phase shift arises from a height difference of d = 384nm, determined from
Eq. (2.9) at i-line illumination. Being periodically arranged in a hexagonal pattern, the

unit cell is indicated in orange!”.

17The exact dimensions of the unit cell are not disclosed here, as being part of a customer-related product.
At the same time, the dimensions are not of special interest, since the design can be optimized to other
geometries as well. We indicate the order of magnitude where applicable.
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Figure 5.2: Simulation of hexagonal RO-PSM.

The simulated irradiance distributions show an array of 3x3 unit cells for a proximity
gap of ¢ = 22um under discrete plane wave illumination under an angle of

a—a,b zero,and ¢ +a.

d Incoherent superposition of a, b, and c.

We consider unpolarized illumination by averaging over transverse-electric (TE) and
transverse-magnetic (TM) illumination [see Eq. (5.2)]. One unit cell is indicated by
a white dashed box. The insets show the IFPs to shape the illumination angles. The
increased density of dots in d is clearly visible.

Figure 5.1b illustrates the derivation of the required illumination angles +a. Here, we
choose the lateral shift 6 to be one third of the unit cell size along x. A simple geometric
relation, Eq. (5.1), allows to adapt a to the proximity gap g. To obtain the required set of
illumination angles in experiment, we employ MOEO®, as introduced in Section 2.3.1.

5.2 Simulation of rigorously optimized phase-shifting masks

Following Section 2.4.3.3, a rigorous simulation of the mask structure is required to
retrieve the aerial image. We use the FMM, as introduced in Section 3.2, to simulate
one unit cell with periodic boundaries. The irradiance distributions are retrieved for
each plane wave separately, with the plane waves mutually incoherent. This is a crucial
aspect and the fundamental difference to the method of three-plane-wave-interference, as
discussed for instance in [221].

To take the unpolarized nature of the light source into account, we average over TE and
TM polarization p. The total field Iy, is retrieved from a superposition of the individual

irradiance distributions,
Liotal = Z (Lop +Iyp + L) (5.2)
p=TE,TM

Figure 5.2 shows the simulated fields for an arrangement of 3 x 3 unit cells at the desired
proximity gap of ¢ = 22pum. We distinguish three distinct cases, corresponding to illumi-
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Figure 5.3: Light propagation in the hexagonal RO-PSM.

a Slice of the field irradiance over one unit cell in x-direction and along the gap in z-
direction. The three discrete illumination angles are clearly visible, shifting one third
of the period when propagating over the gap of 22 um. Keep in mind that the figure is
stretched along x, showing here only one unit cell.

b to g Field irradiance in planes between 20 um to 25 um behind the hexagonal RO-PSM.
An evaluation of the contrast in different planes is provided in Fig. 5.4a.

nation under —« (Fig. 5.2a), under normal incidence (Fig. 5.2b), and under +«a (Fig. 5.2¢).
The incoherent superposition of these three results is shown in Fig. 5.2d.

Under normal incidence, the periodicity of the mask is reproduced, with the hexagon
shape (white areas in Fig. 5.1a) rounded to a dot shape. Illumination under an angle leads
to a lateral shift of the irradiance pattern. The transmittance of the RO-PSM is about
89 % for all angles under consideration. From simulations of the optical near-field of the
mask (not shown here), we can observe a strong transverse redistribution of the wave
power in the hexagonal RO-PSM, indicating that the TEA is not sufficient and our rigorous
treatment is indeed necessary.

As a measure of quality, we consider the contrast C of the irradiance along the dashed line
according to

C= Imax_Imin' (5.3)

Imax * Imin
From the simulations, we extract a contrast of Cy = 0.94 under normal incidence (higher
is better). The hexagonal pattern now shifts in lateral direction under oblique incidence,
as shown in Fig. 5.2c. The contrast C,, = 0.84 is slightly reduced, compared to normal
incidence. The superposition of the two patterns, shown in Fig. 5.2d, results in the desired
dense dot pattern. The nearest neighbor distance 0 corresponds to one third of the mask
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Figure 5.4: Contrast for the hexagonal RO-PSM. The lines serve as a guide for the eye.
a Contrast Cy ., following Eq. (5.3) Around the optimized gap of 22 um, the field shows
a high contrast.

b Contrast Cy,,y, following Eq. (5.4). Here, a lower value is better, as it corresponds to a
lower peak-to-peak variation.

period, and the contrast reduces to Cy ., = 0.54.

Up to now, we considered a proximity gap of ¢ = 22um, the distance for which the angles
+a are designed for. Next, we demonstrate the high DOF of this RO-PSM, which renders
the process rather insensitive to gap variations. In Fig. 5.3a, we show the irradiance along
the propagation over the gap, in a slice indicated by the dashed line in Fig. 5.2. The three
illumination angles are visible, corresponding to the sketch in Fig. 5.1b. Other features in
this graph arise from the Talbot effect, with a Talbot length z7 e of about 5 um, following
Eq. (2.42).

Figures 5.3b to 5.3g show the irradiance for distances between 20 um to 25pm. From
these images, it is obvious that the pattern is well reproduced for variations up to £2um,
but starts to deviate above 24 pum.

For a more quantitative analysis, we consider again the irradiance distribution along a
one-dimensional slice (white dashed line) and focus on the contrast. Figure 5.4a shows
the contrast C ., as a function of the gap g (in blue).

The contrast confirms the interpretation of Fig. 5.3, namely, that a pattern transfer of the
dense dot array is possible over an extended DOF with a contrast above 0.5 for the overall
modulation. The image quality drops significantly above g = 24um.

Furthermore, as discussed in Section 2.4.3.3, imperfect zeroth order cancellation con-
tributes to a peak-to-peak variation, as observed in Figs. 5.3b to 5.3g. For evaluation, we
define the contrast C,,, of consecutive maxima, following [153]:

Imax1 - Imax2

e (5.4)

Cmax
I max; T Il max;,

Figure 5.4b shows the contrast of consecutive maxima as a function of the gap g. Please
note that here a value of 0 indicates a vanishing difference between consecutive maxima,
and hence is preferred (lower is better). We observe a low C,,,, around the design gap of
22 um, corresponding to the low peak-to-peak variation in Fig. 5.3d. Having established
in optical simulations that the hexagonal RO-PSM performs as desired, we focus in the
next section on the experimental realization.
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Figure 5.5: SEM images of experimental results for the hexagonal RO-PSM under normal
incidence.

a Overview of a larger area and

b detailed view at an exposure dose of 12.5m]J/cm?. The pattern corresponds to the
simulation shown in Fig. 5.2b. The brighter area is sputtered gold required for SEM
imaging on top of the photoresist, with the dark holes removed photoresist. For better
orientation, we provide the unit cell (in orange) and the hexagon of holes (in blue and
white).

5.3 Experimental results

For experimental verification, the fabricated hexagonal RO-PSM contains repeated arrange-
ments of the unit cell (see Fig. 5.1a), spatially extended over a pattern area several square
centimeters. For mask and wafer alignment, the prototype mask aligner described in Sec-
tion 4.3 is used. Concerning the optical setup, we use a standard SUSS lamp house (MA150,
1 kW), with MOEO® for beam shaping. An additional i-line filter ensures monochromatic
illumination.

The three illumination angles are selected simultaneously using one IFP situated in the
Fourier plane, with the optical setup similar to Fig. 2.9. We use a laser-cut aluminium IFP
with three circular openings, as schematically depicted in the insets of Fig. 5.2. The holes
in the IFP are around 2 mm in diameter, with a hole-to-hole distance of 10 mm.

Considering the photoresist chemistry, we use AZ® 1512, diluted 1:1 to achieve a thickness
of about 750 nm on Si substrates. Typical exposure doses are around 15mJ/cm?. After
exposure, the wafer is developed in AZ® 400K (diluted 1:4 with deionized water) for
3 min.

First, we perform experimental prints under normal incidence only, corresponding to
the simulation shown in Fig. 5.2b. As presented in Fig. 5.5, the hexagonal dot array is
reproduced, with the individual elements featuring a circular shape. The dot array is
reproduced over the entire pattern area, with a low number of defects. Figure 5.5a shows
an overview of a larger section, confirming the excellent shape uniformity. Ultimately,
the uniformity is limited by gradients in the design parameters for the mask fabrication,
resulting in geometry and phase errors, and the flatness of mask and wafer, introducing
local gap variations.

Using all three angles 0° and +a for illumination, we obtain the prints shown in Fig. 5.6.
To perform these exposures, we only require to change the IFP, as discussed in the
previous section. Again an excellent agreement between the rigorous simulation and the
experimental prints is observed (compare Figs. 5.2d and 5.3). For the target gap of 22 pm,
as shown in Fig. 5.6a, the shapes are again almost circular, with a slight distortion also
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Figure 5.6: SEM images of experimental results for the hexagonal RO-PSM illuminated
by three plane waves, at a gap of a 22 um and b 20 pm. As in Fig. 5.5, the brighter area is
sputtered gold required for SEM imaging on top of the photoresist, with the dark holes
removed photoresist. For better orientation, we provide the unit cell (in orange) and the
dense hexagonal arrangement of holes (in blue and white). The minimum feature size is
around 400 nm. The exposure dose amounts to 10m]J/cm?,

visible in the simulation Fig. 5.2d. In addition, the hole size is subject to variations, but
can be adapted by slightly modifying the IFP: A larger opening allows to get more light
exposing the corresponding sub-lattice, which according to the threshold model leads to
larger feature sizes (compare Fig. 2.13a).

Up to now, we assumed perfect plane wave illumination. In essence, the finite size of the
openings in the IFP leads to a blurred angular spectrum, which can be modeled by a wave
packet of plane waves, centered around the design angles. From the IFP design, we can
estimate the variation in the angular spectrum to be about @/10. In addition, the finite
spectrum for i-line illumination introduces a chromatic spread.

The fundamental tradeoff for using the proposed RO-PSM in large-scale fabrication
concerns the angular spread and the power used for exposure: Shrinking the IFP feature
size sharpens the angular spectrum, but less light is transmitted and hence the exposure
time increases. One option to increase the exposure power without sacrificing performance
is to focus light in the MOEO® setup on the discrete IFP openings, as discussed in the
context of Section 4.4.1. Otherwise, only a fractional amount of the available power of the
light source is used for actually doing lithography.

An interesting alternative to the canonical mercury lamp would be the use of laser sources
for this task. Since a coherent superposition is neither necessary nor desired, three
individual laser sources can be arranged to create the desired angular spectrum. When
only a single laser shall be used, the use of a galvanometric mirror allows to dynamically
adapt the angular spectrum, as demonstrated by Weichelt et al. [64].

Figure 5.6b shows the printed pattern for a gap of 20 pm, i.e., with a variation of 2 pm
with respect to the optimization objective. Again, the pattern is reproduced with high
fidelity, but the distortions strengthen, manifesting in slightly elliptical shapes.

The visible sub-structure inside the holes arises from the formation of standing waves, as
better visible in the resist cross-section provided in Fig. 5.7. As discussed in Section 2.3.2.2,
the standing waves form due to interference between incident and reflected light. The
solution to diminish the formation of standing waves is to apply a BARC or use a substrate
with reduced reflectance.
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Figure 5.7: SEM micrograph of the resist cross-section. The Si wafer is deliberately broken
along one crystal axis to facilitate imaging of the photoresist. We observe that the resist is
not fully developed and the formation of standing waves leads to jagged resist sidewalls.

In addition, we discover that the resist is not developed down to the substrate, but rather
about half the distance. This arises from the rather high absorption coefficient of the
photoresist in use for i-line illumination, compared to other high-resolution photoresists.
Increasing the exposure dose would mostly enlarge and eventually merge the structures. To
resolve this issue, a thinner and/or an alternative resist with a lower absorption coefficient
(e.g. AZ® 9260, [92]) can be used, to further enable RIE and lift-off processes.

In this chapter, we demonstrated a RO-PSM to create a dense hexagonal dot array by
means of proximity lithography. Relying on a rigorous simulation method and a binary
level PSM, we discussed the mask design and the aerial image after propagation over the
proximity gap. By incoherent superposition of three plane waves, the pattern density
is further increased. This reduces the requirements on mask fabrication and enables
high-resolution proximity lithography at a high contrast > 0.5. The process is designed to
be insensitive against gap variations, which has been experimentally confirmed. Further
optimization on the experimental side concerns the pattern transfer to the underlying
substrate.

In the following Chapter 6 we leave the path of modifying the phase of light and turn
towards amplitude photomasks to correct for image distortions as corner rounding.



Rule-based corner correction of non-Manhattan
structures

Modifying light propagation by intensity modulation at the mask level is appealing: The
modification is once encoded directly when fabricating the photomask. A mask aligner without
further changes to the optical setup is continued to be used for printing using such photomasks.
Adapting the photomask design offers a plethora of parameters that can be optimized, in practice
only restricted by the finite resolution of the photomask fabrication. Within this large parameter
space, a question arises concerning how to efficiently find photomask designs suited to increase
the pattern fidelity. In literature, this task is commonly summarized by the term ’optical
proximity correction’ (compare Section 2.4.2.2).

In this chapter, we discuss two approaches for rule-based corner correction using binary intensity
photomasks based on a rigorous simulation of light propagation. We discuss the design, the
simulation, the optimization routine, and the sensitivity of the approach to process variations.
Furthermore, we verify the results obtained from simulation in experimental prints. Parts of the
research presented in this chapter have previously been published in [1].

For IC applications, the vast majority of photomask designs rely solely on so-called
Manhattan geometries. Such designs consist of rectangular shapes in vertical or horizontal
orientation only, just as the grid layout of streets in Manhattan. Recent advancements in
the field of micro-optics require now to extend the technique to non-Manhattan layouts
as well, hence relaxing the design constraints, but at the same time rendering the design
of optical proximity correction structures more complex. The goal of this chapter is to
extend the applicability of mask aligner photolithography to future challenges arising in
optical fabrication.

6.1 Incentives and limitations of optical proximity correction in mask aligner
photolithography applied to non-Manhattan geometries

As discussed in Section 2.4.2.2, optical proximity correction (OPC) deals with the pre-
compensation of image shape distortions, with corner rounding and line-end shortening
as the most prominent consequences. Here, we investigate a rule-based computational
corner correction, with the goal to find simple geometric rules for OPC. Once such rules
are obtained and verified, they can be applied to an arbitrary photomask design. Here, we
impose the following prerequisites and assumptions to our method:

1. There is an efficient way to retrieve the shape of the features that are printed, either
in simulation and/or in experiment. This includes to calculate the resist image, as
discussed in Section 2.4.1.
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Figure 6.1: Optimization routine and serif bar design.

a Schematic diagram of the optimization routine. Based on a random initial guess, the
photomask layout is modified. We simulate the aerial image distribution and retrieve a
figure of merit (FOM), as described in Section 6.2.3. Using a particle swarm optimization
(PSO) algorithm, the photomask layout is iteratively modified, with the goal to improve
the FOM. The results are parameters specific to the inner angle under consideration.

b Illustration of the optimized correction structures around a corner, here exemplarily
shown for an inner angle of 80°. Degrees of freedom during the optimization are the size
of the corner serif (blue), the position, and the width of the four bars (red to magenta).
The read area indicates the desired resist image. For all non-Manhattan geometries under
consideration here, we make use of the underlying mirror symmetry along the bisectrix
(black dashed line).

2. The distance of the correction structures to adjacent structures is sufficiently large,

i.e., the mutual influence can be neglected. We investigate in Section 6.4.3 how close
adjacent structures can approach a corner of interest until such a mutual influence
is noticeable.

. The correction structures comply with the requirements for full-field photomask
fabrication using direct laser writing or e-beam lithography, especially with regard
to minimum feature size and photomask registration.

In addition, for a tangible example, we choose a specific mask aligner setup:

4. For the exposure optics, we adapt the parameters of a standard mask aligner setup,

including MOEO® and the HR-A IFP (compare Section 2.3.1). To achieve a high
resolution in the experimental prints, we use an i-line filter, with an exposure
spectrum centered at 365 nm and with a FWHM of 5 nm. However, the procedure
can be applied to arbitrary spectra with ease.

. Concerning the proximity gap, we select ¢ = 30 um as a typical gap used in proximity
photolithography. While all optimizations are performed for this gap, we investigate
the process sensitivity to gap variations as well. Please note that in general arbitrary
gaps can be selected.

Up to now, most approaches to OPC in mask aligner photolithography cover Manhattan
geometries only (see Section 2.4.2.2 for a review). Here, we describe two OPC approaches
for non-Manhattan designs, by way of example for convex corners with an inner angle
in the range of 45° to 130°, in 5° increment. This is a rather arbitrary choice but at one
point we have to get definite. It has to be stressed that the OPC rules can be adapted to
any other specific layout as well. The goal is to approach a digital twin of the lithographic
process [58], which allows to assess the performance and the limitations imposed by this
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method. It also allows to troubleshoot in case of emerging process errors and quality
issues.

In the following sections we describe the design, simulation, evaluation, and optimization
routines we apply to improve the pattern fidelity. Two approaches for the corner correction
structures, called serif bar design and pixel-flip design, are introduced. We schematically
illustrate all the ideas and concepts for an inner angle of a = 80°, but it is important to
note that this value is chosen just for the sake of illustration. The concepts apply to all
other angles under consideration in an analogous manner and indeed results thereof are
presented at a later stage.

6.2 Optical proximity correction using the serif bar design

The serif bar design consists of simple geometries surrounding the corner of interest,
which are subject to modifications of shape and size. The goal is to find a configuration
that improves the shape contour of the printed feature, in comparison to the desired
shape. The course of action is depicted in Fig. 6.1a: We start from a correction design, i.e.,
geometrical shapes that are added to or removed from the design. Next, we simulate the
resist contour of the correction design and evaluate the resulting aerial image following a
threshold resist model.

By comparison to the desired shape, we retrieve a figure of merit (FOM) that quantifies
the mismatch between desired and actual shape. Using this FOM as a cost function, the
optimization routine searches for an improved congruence. The following subsections
introduce the individual steps of the analysis as detailed in Fig. 6.1a for the serif bar
design. Except for the optimization routine, the principles apply in an analogous manner
to the pixel-flip design we introduce in Section 6.3.

6.2.1 Layout of serif bar correction structures

Figure 6.1b depicts a schematic of the serif bar OPC design for a 80° corner. The binary
intensity photomask either completely transmits or completely blocks the exposure light.
The red area illustrates the desired shape of the resist contour after printing. To bring
the simulated and the desired contour in congruence, the degrees of freedom subject to
modifications are the size of the corner serif (shown in blue) and the size and width of
four bars (red, orange, green, and magenta). All bars are designed to have the same width.
To comply with typical limitations in photomask manufacturing, we set the lower width
for the bars to be 0.6 pm. The serif correction is turned off for inner angles @ > 105°, since
less correction is necessary for obtuse angles. To simplify the optimization problem, we

exploit the symmetry of the corners by mirroring the corner design along the bisectrix
(dashed black line).

As corner rounding is a severe issue in mask aligner photolithography (see the discussion
in Section 2.4.2.2), the serif allows to use additional light to expose the corner, effectively
pushing the resist contour into the corner. At the same time, the irradiance distribution is
disturbed by the serif. It is the task of the bars to compensate for such distortions and to
homogenize the irradiance distribution.

6.2.2 Aerial image and resist simulation

In this layout, we have now six parameters to optimize. The forward optimization requires
to perform a large number of simulations, and we need an efficient and fast simulation
approach. As described in Section 3.2 in detail, we use GenlSys LAB [106,225,226] for
calculating the Rayleigh-Sommerfeld diffraction integral in TEA for the binary intensity
photomask, taking into account the angular spectrum of the exposure light.
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Figure 6.2: Simulated resist contour for a an uncorrected and b an optimized corner. We
use a threshold resist model, with a threshold value of ¢ = 0.30. The background, hatched
in gray, indicates resist remaining after development. The FOM is calculated from the
symmetric difference in the area (indicated in red) and the distance of the corner to the
simulated resist contour (arrows in yellow and green). The data in the gray box quantifies
both contributions and the FOM, following Eq. (6.1). A lower FOM indicates a better
agreement between the desired and the simulated resist contour. The slight asymmetry
with respect to the bisectrix arises from the finite resolution of the numeric simulation.
The photomask layout for b is shown in Fig. 6.1b.

The insets show the normalized irradiance of the aerial image, indicating the emergence
of a hotspot (> 1) in the uncorrected corner. For the corrected corner, the formation of a
hotspot is suppressed.

~

The simulated aerial image of the exposure light (at a proximity gap of 30 um) is then
normalized to the incident irradiance and evaluated as iso-irradiance contours. As dis-
cussed in Section 2.4.1, for thin photoresists we can apply in good approximation a simple
threshold model, as introduced in Fig. 2.13a. This means, if the irradiance exceeds the
chosen threshold value ¢, a positive photoresist dissolves in the development step. Below
this threshold, the resist is assumed to be unaffected. Throughout this chapter, we assume
a threshold value of t = 0.30. We obtain this value by comparing the width of typical
patterns subject to OPC in the original design and in the simulation for varying thresholds.

Already implemented in an algorithm, but skipped here for brevity, is the extension to
sophisticated resist models. As implemented in GenlSys LAB, the Mack model can be
employed [227].

6.2.3 Figure of merit and optimization

As an input for the optimization, we require a method to assess the quality and results of
the OPC approach. We introduce a figure of merit (FOM), evaluated close to the corner in
an area 100 pm? in size. To define the FOM, we consider two contributions:

* The shape similarity between the simulated and the desired design is evaluated as
the symmetric difference dg;s. This geometric operation can be best understood in
terms of logical operators, namely as the XOR operation. It describes the geometrical
area that is either in the simulated resist area or in the desired design, but not in
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both. Figure 6.2 shows this contribution in red color. Obviously, it is the goal of
the optimization to minimize the symmetric difference. To obtain a dimensionless
quantity, we evaluate dgig in units of pm?.

* The minimum distance d,,;, between the corner (yellow arrow in Fig. 6.2a) and
the closest point on the resist contour (green arrow). Adding such a contribution
provides an incentive to push the resist contour towards the corner. To obtain a
dimensionless scalar, we take d,,;, in units of pm.

In the scalar FOM, both contributions are combined as the weighted average
FOM = wyiff - ddiff + Wmin * Imin - (6.1)

with the weighting factors w. We obtain fast convergence with wg;g = 0.71 and wp,;, =
1 —wgig = 0.29, but different parameters can be used as well. A lower FOM corresponds to
a better agreement between the simulated and the desired design.

Regarding the optimization, we employ a particle swarm optimization routine (PySwarms
in Python 3.6 [228]) to reach a local minimum in the parameter space. Two things are
worth emphasizing: First, the optimization has to be performed for each inner angle o
separately. But of course the existing solution for a different angle can be taken as an input
for the initial guess. Second, we are not necessarily interested to reach a global minimum
in the optimization, but rather a significant improvement in the FOM with a finite number
of optimization steps.

Figure 6.2b depicts the simulated resist contour after optimization (200 steps), which
indicates a strong improvement over the unoptimized corner shown in Fig. 6.2a.

6.2.4 Optimization results

6.2.4.1 Pattern quality

Figure 6.3 illustrates the simulated performance of unoptimized and optimized corners as
a function of a. First, the FOM of the uncorrected angles decreases monotonically with
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Figure 6.3: Results of OPC optimization for the serif bar design. We apply a threshold
resist model using t = 0.30. Dark blue diamonds indicate the FOM for the OPC cor-
rected corners. For comparison, the results for uncorrected corners are depicted by blue
hexagons. By applying OPC to non-Manhattan geometries, the simulation indicates an
improvement for all inner angles. The largest improvement is expected for a ~ 45° and
around 90°.
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Figure 6.4: Sensitivity of the lithographic process to gap variations.

a Plot of the FOM as a function of the proximity gap g. The nominal gap of g = 30um
used for the optimization is indicated by a gray box (corresponding to the data presented
in Fig. 6.3). We observe a strong sensitivity to gap variations at the lower range of inner
angles under consideration.

b Resist contours as a function of the gap, here by way of example shown for a = 80°.

increasing a. Furthermore, we observe an improvement in the FOM for all a by applying
the OPC, although the magnitude of the improvement varies strongly with «. For a > 75°,
the FOM is below 1. At lower angles, the FOM increases, and hence the serif bar design is
inappropriate for such geometries.

For all simulations demonstrated up to now we assumed perfect conditions. However,
during experimental prints, in particular two parameters are subject to variations, i.e., the
proximity gap and the exposure dose. In simulations, we can assess the sensitivity of the
process to such variations, as presented in the following sections.

6.2.4.2 Gap variations

Figure 6.4a shows the FOM for variations of the gap around g = 30um as a function
of g and a. A high sensitivity to gap variations is observed for small angles, while the
method can be considered robust for angles above 80°. Even for gap variations of up to
10 pm, the simulations indicate an improvement of the optimized corners in comparison
to uncorrected ones.

Figure 6.4b depicts the resist contours for an 80° corner at all simulated gaps. It becomes
apparent that gap variations lead to ripples in the resist contour, corresponding to the
position of the correction bars.

6.2.4.3 Dose variations

In a similar manner we investigate the sensitivity to dose variations, as depicted in Fig. 6.5.
While the threshold remains at t = 0.30, the relative exposure dose is varied between 0.8
and 1.2. Similar to the gap variations investigated before, the process is quite insensitive
for angles above 75° (Fig. 6.5a). A small improvement of the FOM is observed for smaller
relative exposures doses about 0.94. A variation in the exposure dose leads to a shift of
the shape contour (see Fig. 6.5b), slightly shrinking or enlarging the printed structures.
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Figure 6.5: Sensitivity of the lithographic process to dose variations.

a Plot of the FOM as a function of the relative exposure dose. The nominal exposure
dose of 1 used in all optimizations is indicated by a gray box. The plot indicates a slight
improvement for a reduced dose for @ > 75°.
b Corresponding resist contours for @ = 80°.

6.2.5 Retrieving the process window

Of relevance for experimental fabrication is the combination of both sensitivities, i.e.,
the set of process parameters that enable manufacturing within given specifications [83].
Here, we investigate and present the results for the process window of an 80° corner,
but an extension to the other angles is of course possible. To derive the process window
from simulations, we plot the FOM as a function of gap and relative exposure dose in
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Figure 6.6: Contour plot illustrating the FOM for an 80° corner a with OPC correction and
b without OPC, as a function of relative exposure dose and proximity gap. Depending
on the FOM specifications for a given process, the process window can be derived as
the maximum variation in dose and gap. The white rectangle in a indicates the process

window for FOM < 1.0.
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Fig. 6.6, together with contour lines for different FOM values. The white rectangle in
Fig. 6.6a illustrates the OPC process window assuming the condition FOM < 1.0. We
observe the tendency of an improved performance for smaller proximity gaps below 30 pm,
which implies that smaller gaps should be favored if the gap cannot be set exactly. The
uncorrected corner, shown in Fig. 6.6b, does not reach a FOM below 1 and scales with g
following Eq. (2.26).

6.3 Optical proximity correction with the pixel-flip design

Inspired by computational inverse design approaches applied to solar cells [229] and Bloch
surface wave geometries [5], we follow a second approach for non-Manhattan OPC in mask
aligner photolithography by implementing a pixel-flip algorithm. Similar approaches
have been pursued in the field of projection lithography [230-233]. The advantage of
pixel-based OPC concerns the photomask fabrication, as the pixel size can be adapted to
the dimensions feasible for photomask writing. For example, in e-beam lithography with
variable shape beam technology, the pixel approach requires only a square pixel as the
fundamental geometrical shape for photomask writing.

The basic idea of our pixel-based OPC approach is sketched in Fig. 6.7: The area of
interest on the photomask is subdivided into pixels, and each of those pixels is subject to
modification. The pixels are oriented along the left edge of the pattern. Here, the initial

opaque u

transparent

Figure 6.7: Schematic of the pixel flip algorithm.

a Starting point is an empty grid blocking the exposure light, where the side length of
each square is 0.6 um.

b The first pixel (green) is momentarily flipped, transmitting light.

c Iteratively, all pixels are flipped, the photomask layout is simulated, and the FOM is
calculated.

d At the end of the iteration, the pixel with the strongest improvement (lowest FOM) is
permanently flipped (illustrated in red).

e During the next iteration, all remaining pixels are flipped. Again, the objective is to
find the strongest improvement, under condition of all previously flipped pixels.

f The optimization stops when flipping all remaining pixels leads to no further improve-
ment, taking into account not-optimal sub-trees.
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design consists of the corner we want to optimize, with a square grid centered at the corner
being deliberately cut out. This grid consists of 10x10 pixels with a side length of 0.6 pm
per pixel. The grid size is chosen as a compromise between the size of the correction
structures and the optimization time.

At the beginning of the optimization routine, all pixels are opaque (Fig. 6.7a). One after the
other, the pixels are “flipped’ (Fig. 6.7b), i.e., they are turned transparent to the exposure
light. Likewise as explained in Sections 6.2.2 and 6.2.3, the FOM is calculated from the
simulation of the aerial image (Fig. 6.7c). After simulating all pixels, the pixel with the
strongest improvement will be flipped permanently (red pixel in Fig. 6.7d).

The meander pattern starts all over again (Fig. 6.7¢), with the already flipped pixel being
unaffected. If no further improvement is obtained after flipping all remaining pixels, the
algorithm starts a subtree optimization [5]. The idea is here to avoid being stuck in a
local minimum. The algorithm reverts the last optimization step and flips the second-best
pixel (instead of the best), and proceeds with the routine. For the results presented in this
chapter, we use a subtree search depth of 3. That means the optimization does not search
deeper than three non-optimal pixel-flips.

6.3.1 Optimization results

The optimization result for the 80° corner is illustrated in Fig. 6.7f. On the first glance
we notice the missing symmetry with respect to the bisectrix (which we enforced for the
serif bar design) due to the discretization in the simulation step. However, we notice a
certain resemblance to the serif bar design, shown in Fig. 6.1b, especially the emergence
of a serif-like corner element.

Figure 6.8 shows the FOM for the pixel-flip design, once more shown as a function of «.
Here, we obtain a FOM below 1 for all angles under consideration. This is a strong
improvement compared to the results of the serif bar design, as presented in Fig. 6.3.
Two reasons lead to this improvement: First, the extended parameter space offers more
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Figure 6.8: Results of OPC optimization for the pixel-flip design. We apply a threshold
resist model using ¢t = 0.30. Red diamonds indicate the FOM for the OPC corrected corners.
For comparison, the results for uncorrected corners are depicted by blue hexagons (same
data as presented in Fig. 6.3). The predicted improvement is bigger compared to the serif
bar design, as the pixel-flip design provides more degrees of freedom to shape the aerial
image.
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Figure 6.9: Schematic on the interpretation of the experimental results.

a Example of how a printed test structure looks like under an SEM, with inner angles
a; <90° and a; > 90°. The top corners are OPC corrected. The bottom corners are
uncorrected and allow for a direct comparison.

b Diagram of the experimental process, illustrated along the cut line A-A. First, the
positive photoresist (red) is exposed (light red) through the photomask (orange). The
exposed volume is dissolved in the development step (not shown).

¢ The resulting resist etch mask is subject to RIE, removing material in the exposed
areas. As indicated in the graph, the etched regions appear brighter in the SEM images.
Furthermore, the edge effect in electron microscopy enhances the contrast around the
contour of the structures.

possibilities to reach a low FOM. Second, the subtree optimization routine prevents getting
trapped in local minima.

6.4 Evaluation and characterization of experimental results

For evaluating the performance of the optimized OPC corners in experiments, we designed
dedicated test structures, depicted in Fig. 6.9a. The rhombus shape allows to combine
two corner angles, @; and a, = 180° — a;, in the same structure, and to compare the
corrected (top) and uncorrected corners (bottom) in vicinity to each other. Hence, a direct
comparison is made possible, with minimized variation in the experimental conditions
(such as proximity gap and exposure dose). With a side length of > 50 um, the corners are
sufficiently far apart to not influence each other.

6.4.1 Experimental setup

The test structures for all corner angles between 45° and 130° are arranged in the pho-
tomask design. The binary intensity photomask is fabricated by a commercial supplier.
The nominal photomask specifications indicate a critical dimension of 200 nm on a writ-
ing grid with a resolution of 1 nm. For the test exposures, we use our prototype mask
aligner setup, with the light source described in Section 5.3 and the high precision stage
introduced in Section 4.3. The angular and the optical spectra of the exposure light were
discussed in Section 6.1. To level substrate and photomask, we use the AvaANTEs AvaSpec
ThinFilm bundle, featuring three individual spectroscopic channels for gap metrology.

The experimental prints were performed using AZ® 1512 positive photoresist on a Si
wafer, with a measured thickness of 1.2 um (see Fig. 6.9b). We don’t apply a BARC to
enable dry etching into the substrate. All results presented within this section have been
obtained using an exposure dose of 250 mJ/cm? under i-line exposure. Resist development
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50° 130° 55° 125°

Figure 6.10: Experimental results on corner optimization for the serif bar design. The
SEM images show the test structures etched into the Si substrate. As explained in Fig. 6.9,
the top corners are OPC corrected, while the bottom corners are uncorrected to facilitate
a direct comparison.

The inner angles range from a 45° to j 90°. All scale bars are 10 pm in length.
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Figure 6.11: Evaluated shape contour for an inner angle of 80°, as retrieved from the SEM
image shown in Fig. 6.10h by applying clustering-based image evaluation.
a The blue area is enclosed by the shape contour, which is used to determine the FOM.
b Magnified view of the top left corner, overlaid by the symmetric difference. In compari-
son to Fig. 6.2b, the FOM is diminished, arising from an increased symmetric difference.
The SEM resolution (here a pixel size of 83.8 nm) limits the precision of the evaluation.

is performed using AZ® 400 (diluted 1:4 with deionized water). We evaluate the dry etched
test structures (OxrorD Plasmalab 100 ICP 180, Cl, and HBr plasma) after resist removal
in an SEM (ZEg1ss Supra 55 VP, compare Fig. 6.9¢c).

6.4.2 Evaluation of serif bar design

Figure 6.10 depicts images of the test structures, sorted by inner angle a. By comparing
the corrected to the uncorrected corners, we observe qualitatively an improvement by
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Figure 6.12: Using cluster-based image evaluation of the test structures, we retrieve the
FOM. The markers indicate the mean value of six independent structures, while the error
bar denotes the standard deviation. By applying OPC, we note an improvement for a
between 70° and 115°.
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uncorrected

Figure 6.13: Iso-dense bias in OPC.

a Schematic illustration of test structures dedicated to investigate the iso-dense print bias.
The distance d of the corrected and the uncorrected corners to the adjacent structure
(shown in green) is varied.

b — g SEM images of fabricated test structures. d is varied from 20 pm to 1.75 pm. For
d =~ 2.51um and below, the surrounding introduces distortions to the OPC corrected
corners. Coalescence emerges at d = 1.75um. In contrast, the uncorrected corners show
only a weak dependence on the surroundings, here even below the resolution limit of
r=~3.3um, Eq. (2.26).

All scale bars correspond to a length of 10 pm.

applying the OPC. Arguably this is best visible for the 90° corner (Fig. 6.10j). Here, the
corner rounding is clearly visible for the uncorrected corners, but is significantly reduced
in our OPC implementation. Furthermore, we also observe an improvement when we
compare our results to previously reported OPC approaches reported on in [55,110]. Small
ripples arise in the contour around the corner (for example shown in Figs. 6.10a and 6.10j;
see also the discussion in Section 6.2.4.2). They are a consequence of the discreteness of
the correction bars, i.e., they can be diminished by increasing the number of bars and
reducing their width.
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Next, we systematically evaluate the SEM images in a quantitative manner. First step
is to retrieve the shape contour using clustering-based image evaluation, also called
Otsu’s method [234]. We use the computer vision package OpenCV with a Python
interface. Figure 6.11a shows the contour of 80° and 100° corners after image evaluation
of Fig. 6.10h. The structure is centered with respect to the contour, while no additional
image manipulation is required.

In a second step, we apply the same procedure as introduced in Section 6.2.3 to retrieve
the FOM. This is illustrated for the 80° corner in Fig. 6.11b. Performing this evaluation for
six individual test structures per inner angle, both for corrected and uncorrected corners,
results in the data presented in Fig. 6.12. The first thing to notice is that the FOM of
the uncorrected corners follows the general trend predicted by the simulations (compare
Fig. 6.3), and saturates for @« > 95°. Especially for @« > 70° we observe a considerable
improvement by applying the OPC over the uncorrected corners.

Compared to the results expected from optimization, the agreement is rather poor, with
the best FOM obtained for the right-angled corner. The difference between expected
and measured performance can be attributed to inaccuracies in the resist modeling and
in the SEM evaluation, exposure dose as well as gap variations, reflections at the Si
substrate, and imperfections in photomask fabrication. An improved performance can be
expected especially when the resist development is taken into account during optimization.
Nevertheless, applying the serif bar design leads to an improvement in the pattern fidelity
and corner sharpness in non-Manhattan geometries, with minor overhead in photomask
fabrication. In the presented configuration, our rule-based approach guarantees that the
optimization has to be performed only once for a given proximity gap.

6.4.3 Iso-dense print bias and the influence of adjacent structures

One question that we raised in Section 6.1 remains: How close can adjacent structures be
located without influencing the OPC corrected corners? Obviously, the approach breaks
down when this structure overlaps with the OPC layout, distorting the optimized solution.
Even more, a photomask opening close to the OPC corner increases the irradiance. What
we observe is termed the iso-dense print bias in literature: the aerial image of features looks
differently, depending on whether they are in an isolated or in a dense arrangement [28].

Figure 6.13a shows our approach to assess the iso-dense print bias experimentally for a
90° corner. The gray structure contains the OPC corrected corners (top) and uncorrected
corners (bottom), which is surrounded by an additional photomask opening (shown in
green). We vary the distance d between the additional opening and the test structure to
estimate the mutual influence. Figures 6.13b to 6.13g show SEM images for d between
20pum and 1.75pum. For d = 4pum, no influence is visible, while at 3 um the tip of the
corner is slightly rounded. At d = 2pum the structures start to coalesce. In contrast, the
uncorrected corners remain mainly unaltered down to d = 2pm. All in all, for the given
experimental setup and design of correction structures, we estimate that our proposed
method works down to d ~ 3um reasonably well. This range can be extended by designing
correction structures with a reduced additional footprint.

6.4.4 Evaluation of the pixel-flip design

Figure 6.14 shows SEM images of test structures of the pixel-flip design. The experimental
conditions are identical to the test structures in Section 6.4.2, except that the exposure
dose has been slightly reduced to 230 mJ/cm? for the best results. Compared to the serif
bar design, the corners are more rounded, which also results in an increased FOM (shown
in Fig. 6.15). Well visible in Fig. 6.14j is the shrinkage of the printed area around the
corner, compared to the contour of the uncorrected corner (as depicted in Fig. 6.10j).
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Figure 6.14: Experimental results on corner optimization for the pixel-flip design, with
angles a 45° to r 130°. The white scale bars are 10 um in length.
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Figure 6.15: FOM of the test structures for pixel-flip design. Here, we only evaluate a
single print, and hence the error bars are omitted. Compared to the optimization results
with a FOM below 1 for all a, the experimental results are strongly deteriorated. For
a = 45°, the FOM is about 8.3 and hence not shown in the graph. As a reference, we
show the FOM for the uncorrected corners (blue circles), with the same data as already
presented in Fig. 6.12.

In the current configuration, the pixel-flip design seems inferior with regard to the serif
bar design, despite the superior optimization results (shown in Fig. 6.8). We attribute this
disagreement to an increased sensitivity to gap and exposure dose variations (not shown
here), and a stronger influence of the resist development process. Further investigations
are necessary to exploit the full potential of the pixel-flip design.

6.5 Concluding remarks on optical proximity correction in mask aligner pho-
tolithography

In this chapter, we described two methods to increase the pattern fidelity in mask aligner
photolithography, deriving a rule-based OPC method for non-Manhattan geometries. This
approach relies on correction elements added to the photomask design, with minimal
overhead to photomask fabrication. The lower size limit of the correction structures is
fixed to 0.6 pm, in compliance with established wafer-level fabrication. Apart from the
photomask, no additional modifications to the optical setup are necessary, and we use our
prototype mask aligner with i-line illumination at a proximity gap of 30 um.

We introduced two kind of correction structures to provide a glimpse on the capabilities
offered by this technique. The ultimate goal is to mitigate distortions in the image shape
and to increase the pattern fidelity. In a more general sense, we investigated to which
extend OPC is useful in modern lithographic applications: While OPC is a well-established
technique in projection photolithography, it is rarely applied to mask aligner lithography.
In this proof-of-principle work, we showed that rule-based OPC can be adapted to mask
aligners as well, being useful especially for non-Manhattan geometries.

OPC relies heavily on the simulation of the lithographic processes. Our approach relies
on a scalar FOM quantifying the shape similarity between the simulated and the desired
pattern. This measure allows to investigate the sensitivity of the process to variations in
the proximity gap and the exposure dose.

We observe experimentally for the serif bar design a slight improvement of pattern fidelity,
especially for corner angles between 70° and 115°, which appears to be quite insensitive
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Figure 6.16: Sketch of experimental setup to focus Bloch surface waves (BSWs).

a A 1D photonic crystal (PhC) crystal (alternating black and violet layers) supports BSWs
at the interface of the top layer and the air environment. By frustrated total internal
reflection, BSWs are excited in Kretschmann coupling configuration at a free space
wavelength of 1j = 1555nm in TE polarization 100 pm away from the device (light gray)
on top of the BSW platform. A scanning near-field optical microscope (SNOM) with an
aperture size of 200 nm images the intensity distribution about 40 nm over the surface.
b Illustration of a device that focuses BSWs 5um atop the element. The total device
size is 40 pm by 10 pm, divided into pixels with a side length of 0.67 pm. The light gray
structure is made from SizNy atop of the SiO,/SizN4 multilayer, and provides an index
contrast of An~0.1.

to gap and dose variations. The pixel-flip based approach promises a better performance
in simulations, but requires additional work to bring simulations and experimental prints
in agreement.

This section precludes the topic on RETs based on intensity modification. Nevertheless,
there would be a lot more to discuss though: A more holistic approach requires to include
both source-mask optimization and sophisticated resist development models. Regarding
the pixel-flip design, the dependence of the FOM on the pixel size allows to determine the
fundamental resolution of this technique. An extension to more complex patterns should
go hand in hand with the development of dedicated optimization routines, as for example
with neural networks, which is beyond the scope of our discussion here.

At the end of this chapter, we describe the application of a very similar pixel-flip algorithm
to a different optical system, i.e., the shaping of surface waves at the interface of a photonic
crystal (PhC) and air.

6.6 Application of pixel-flip algorithm to inverse design in Bloch surface wave
devices

The pixel-flip algorithm introduced in Section 6.3 was motivated by work we performed
in the field of beam shaping applied to surface waves, previously published in [5]. Here,
we summarize the most important concepts and results. For more details and additional
results, we refer to the corresponding publication and its Supplementary Information.
In this work the optimization of the structures and simulations in 2D were made by
MSc. Y. Augenstein, at that time a master student in our group, and the experimental
characterization has been performed by Dr. B. V. Lahijani and Dr. M.-S. Kim from the
Ecole Polytechnique Fédérale in Lausanne. It has been my contribution to perform 3D
simulations and to fabricate the samples.

A multitude of optical sensing techniques requires the confinement of light on small length
scales [235]. In addition, a strong interaction of light with the material under investigation
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Figure 6.17: Focusing BSWs 5 um behind the device. Data previously published in [5].
a Simulated and b measured intensity distributions. The insets provide a magnified view
around the focus, in b with a high-resolution SNOM scan.

¢ SEM image of a fabricated device. The black and white grains in the image emerge from
the conductive layer applied to avoid charging during imaging, which is removed prior
to measurements. The white scale bar in the upper left corner indicates a length of 2 pm.
d Comparison of simulated and measured intensity distributions through the focus. We
retrieve a FWHM of 0.495 Aggw in simulation and 0.529 Aggy in measurements. The peak
intensities are 37.41 % and 38.32 %, respectively.

is desirable [236]. One interesting option is to confine the electromagnetic wave at the
interface between two media. The solutions to Maxwell’s equations lead to propagating
surface waves, in a way that they travel along the interface and decay exponentially in
both adjacent media [237]. The complete characteristics of the surface wave comprises
a dispersion relation that describes the wave propagation and a field profile inside the
media.

Showing deeply sub-wavelength wave confinement and strong interaction, propagating
surface plasmon polaritons (SPPs) arising at the interface between a metal and a dielectric
medium [238] are the prime example for surface waves used in optical sensing schemes
[239,240]. Here, the energy of the excitation is shared between the oscillations in the
charge density of conduction electrons in the metal layer and the electromagnetic field
in the dielectric medium. The main disadvantages of SPPs are connected to the large
dissipative losses in the metal, limiting the Q-factor of the surface plasmon resonance
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as well as the propagation length [241]. Typical propagation lengths of SPPs are tens of
micron in the visible regime and below one millimeter at telecom wavelengths [242]. This
limits their use in optical sensing.

For this reason, the notion of surface waves based on all-dielectric constituents is of
particular beauty. One class of such devices relies on Bloch surface waves (BSWs), which
exist on the interface between a dielectric (in our case air) and a one-dimensional PhC
(consisting of an alternating succession of high- and low-permittivity layers), as illustrated
in Fig. 6.16a [243]. At frequencies inside the photonic band gap of the PhC, the evanescent
fields decay exponentially in both half spaces. In many material platforms, the absorption
in the dielectrics can be neglected, and the propagation length is fundamentally only
limited by the number of layers the PhC is made of. Propagation lengths of several
millimeters [244] and the application of BSWs to biosensing have been demonstrated
[245,246].

To further enhance the interaction with the sensing medium, for example contained in
microfluidic channels [247,248], beam shaping and focusing of the BSWs is a desirable
feature. For this purpose, a device layer atop the PhC is deposited. A spatially structured
device layer locally changes the dispersion relation and hence the effective refractive
index that the BSWs experience. However, the performance is hindered by the limited
effective refractive index contrast of An = 0.1 between the presence or absence of the
device layer [249]. Isosceles triangles have emerged as a suitable candidate to boost the
focusing behavior at visible and near-infrared wavelengths [250]. Still, the performance
suffers from a broad focus far from the diffraction limit and a low intensity in the focus.

Inverse photonic design gives an opportunity to overcome these limitations. In analogy
to the optimization routine already introduced and discussed in Section 6.3 [5,229], the
device domain is subdivided into individual pixels. Figure 6.16b illustrates the result
of such an optimization, with the objective to focus light 5 um behind the device. As a
FOM, we take the simulated intensity in the anticipated focal region, and the optimization
problem can be written as [5]

b, (b
max FOMBSW:m(a)xj j |IEx(x,2)7 + |E,(x,2) | dxdz (6.2)
e(r a, a,

e(r)

with the material distribution €(r) in the device domain and [a, b] defining the focal region
considered during optimization. Please note that the optimization here seeks to maximize
the FOM (in contrast to Section 6.3, where we aimed to minimize the FOM).

The BSW platform relies on an established design adapted to Ay = 1555nm and TE
polarization, with multilayers made of SiO, (thickness 450 nm) and SizNy (260 nm). The
thickness of the Siz;Ny device layer is 70 nm (compare Fig. 6.16a). The optimization result
shown in Fig. 6.16b corresponds to a pixel size of 0.67 pm.

For the experimental realization, we utilize a scanning near-field optical microscope
(SNOM) to measure the electromagnetic near-field close to the surface. To manufacture
the spatial distribution in the device layer sketched in Fig. 6.16, the following fabrication
procedure is applied. We start from depositing the PhC multilayers on a SiO, wafer using
plasma-enhanced chemical vapor deposition. To structure the device layer, we employ
e-beam lithography (JEOL JBX-5500FS 50 kV e-beam writer) on a negative photoresist
(ma-N 2403) and a conductive polymer (Espacer). The polymer is removed in deionized
water after exposure, and the resist is developed (MF-319). Finally, the device layer is
etched using a CHF3 and O, plasma, and the resist is removed in a pure oxygen plasma.



106 Resolution enhancement in mask aligner photolithography

Figures 6.17a and 6.17b show the simulated and measured field intensities |E,(x,z)|* +
|E,(x,2)|> around the device. We observe an outstanding agreement between simulation
and experiment, with the bright focal area 5pum behind the device clearly visible. Fig-
ure 6.17c shows an SEM image of the fabricated device. The large pixel size enables a
high pattern fidelity. Finally, in Fig. 6.17d, we compare the intensities in the focal region.
Again, an excellent agreement is obtained, with a FWHM of .495 Aggy in simulation and
0.529 Apgw in measurements indicating a diffraction-limited performance. This clearly
outperforms previous approaches of focusing elements adapted to the BSW platform. This
statement holds true as well considering the collected intensity, reaching close to 40 %
both in simulation and experiment.

The design obtained from the computational optimization approach resembles an arrange-
ment of waveguides that collect the waves over the device width and funnel the light into
the focal region. Constructive interference is achieved via proper phase accumulation in
the side wings.

In conclusion, this work shows how a computational approach to electromagnetic field
propagation can be harnessed to design integrated optical circuitries with limited effective
refractive index contrast. As an example, we show here the focusing of BSWs to a sub-
wavelength domain, using a pixel-flip algorithm. Our approach is not limited to focusing
only, but is rather adaptable to the requirements of the application in mind.



Proximity lithography based on optical metasurfaces

In this section, we introduce and discuss an approach to extend the capabilities of beam shaping
and wavefront control at the photomask level. In recent years, optical metasurfaces emerged as a
new line of research, promising compact optical components with unprecedented opportunities
to shape wavefronts in amplitude, phase, polarization, and direction. Such rationally designed
planar optical components consist of two-dimensional arrays of scatterers, with a unit cell size
typically smaller than the wavelength. However, the diffractive nature manifests itself in strong
chromatic aberrations, similar to conventional DOEs, which currently limits the applicability of
metastructures in broadband optical imaging.

In this chapter, we demonstrate that optical metasurfaces operating in the UV represent an ideal
building block for proximity lithography, as the operation at a fixed frequency avoids chromatic
aberrations. We show that full 2 7t phase coverage at near-unity transmittance is feasible. First,
we introduce suitable material platforms and layouts, and then discuss a modus operandi to
retrieve metasurface designs for printing arbitrary patterns. In the Appendix C, we discuss the
necessary steps for an experimental realization.

Metamaterials are artificial structures assembled from rationally designed building blocks,
often aiming to extend the capabilities of their bulk counterparts [251]. In a sense, besides
the intrinsic bulk properties, the design of the metamaterial define its physical properties.
This is in contrast to the bulk materials, whose properties are simply defined by the
actual material. Closely related is the notion of effective constitutive parameters, i.e.,
to homogenize the complex structure and to replace it with a homogeneous material
that has effective properties such that the homogeneous material offers the same optical
response as the actual metamaterial [251-253]. Originally, the field of metamaterials
aimed to implement negative-index materials [254,255], with the combination of electric
and magnetic responses leading to simultaneously negative!8 effective permittivity e and
permeability y. Nowadays, the concepts of metamaterials are adapted to farther-reaching
applications in physics, from tailoring the propagation of electromagnetic waves [256-261]
to sound waves in acoustics [262-264] and material properties in mechanics [265,266]. All
lines of research benefit from the recent advances in fabrication techniques (compare also

Appendix B) and optimization approaches of metamaterial designs using computers!®.

18Negative index metamaterials at optical frequencies are commonly realized with less restrictive conditions
on permittivity and permeability, as it is difficult to obtain magnetic activity at such frequencies. For
example, to focus electric fields, it is sufficient to have an effective material with e = —1 at arbitrary y [256].

19 Anisotropic metamaterials can be used to create so-called hyperlenses [267]. Such metamaterials overcome
the diffraction limit inherent to conventional lenses by converting evanescent components of the wave
to propagating waves. Sun and co-workers used a cylindrical hyperlens constructed from alternating
Ag/Ti3Os5 layers to demagnify the mask pattern [268,269].

107
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7.1 Introduction to optical metasurfaces

Within this broad area of metamaterials, here we investigate nanoscatterers arranged in
periodic two-dimensional arrays, commonly called metasurfaces [270-273]. This subclass
of metamaterials consists of one or few layers of functional planar structures, and is
hence compatible with large-volume fabrication methods [272]. The optical metasurfaces
commonly consist of individual building blocks or metaatoms located in a unit cell with
sub-wavelength size. Despite the small layer thickness, a strong interaction between an
incident electromagnetic wave and the metasurface can be achieved. The distinct and
crucial feature of metasurfaces is the capability to introduce spatial variations in the
wavefront emerging in transmission or reflection by spatially varying geometries.

7.1.1 The physics of optical metasurfaces

In this section, we want to provide a brief overview of state-of-the-art optical metasurfaces.
As it is a vivid topic with the contributions of many research groups, we can only scratch
the surface of a broader research field; for more in-depth information, we advert to a list
of reviews, aiming at various aspects of optical metasurfaces [271-283].

It is the unique properties of planar metamaterials that attracted increasing interest in
recent years: They allow to introduce abrupt modifications of the properties of light
(compare Fig. 2.15) on length scales of about one free-space wavelength. This is the crucial
difference to conventional optical devices, where the change in polarization, amplitude,
phase, or direction emerges from propagation through layers typically much thicker
than the wavelength. Two distinct advantages of metasurfaces are the elimination of
undesired diffraction orders and the possibility to alter the magnetic field components as
well, enabling impedance-engineering to minimize reflection losses [271].

The applications of optical metasurfaces are diverse; they often aim to mimic or replace
existing bulk optical elements. Hence, the applications are manifold: From metalenses
[284] for imaging over polarization control [285,286] to holography [287,288]. Before we
address the operation mechanisms in detail, we discuss material classes used in optical
metasurfaces.

* Plasmonic metasurfaces are built from small metallic nanoscatterers whose op-
tical response is dominated by localized plasmonic resonances of the individual
metaatoms [289]. The displacement of the conduction electrons around the equilib-
rium position generates both a polarization and a restoring force. Upon excitation
by an external field, the conduction electrons perform a collective motion. This
response can be approximated by a Lorentz oscillator. Depending on the spectral
location of the Lorentz peak with respect to the operating frequency, a strong phase
shift is induced.

The main disadvantage of plasmonic metasurfaces is the presence of Joule losses
inherent to the material that lead to absorption losses, often limiting the transmission
efficiencies to below 10%. An encouraging approach based on multipole engineering
demonstrated recently an efficiency above 40% [290].

* All-dielectric metasurfaces are made from high-permittivity dielectric materials,
with low inherent absorption losses. The notion of dielectric resonators is already
80 years old [291], and has gained increasing attention over the last two decades.
Depending on material properties and the shape of the nanoscatterer, such resonators
support magnetic and electric Mie-like resonances [272]. The lowest order resonance
for spherical building blocks is typically the magnetic dipole mode, arising from
circular displacement currents [292]. The resonances are engineered varying the
geometrical parameters, for example the aspect ratio for nanocylinders.
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* Hybrid metal-dielectric metasurfaces aim to combine the best of both worlds [275]:
High Purcell factors and highly directive emission at near-unity efficiencies have
been demonstrated for hybrid nanoantennas [293,294].

Which physical mechanism is responsible for the modification of optical waves on a
sub-wavelength scale? In general, three categories can be distinguished:

* Huygens’ metasurfaces are based on the interference of incident light with induced
electric and magnetic dipole radiation, which strongly affects the directional char-
acteristics of scattering. If the dispersion in the electric and the magnetic dipole
moment is equal in magnitude and phase, the interference leads to a complete
cancellation of backward scattered light over a broad spectrum and every light
is scattered in the forward direction. This promises high efficiency metasurfaces.
Dielectric metasurfaces with a suitable design show such characteristics. As a
consequence, the transmittance is close to unity, and the phase varies by 27t over
the resonances?’ [275]. Polarization-insensitive holographic projections have been
demonstrated [222,296]. Also, as most metasurfaces are operated at a fixed frequency,
the phase of the transmitted signal can be controlled by changing the periodicity.
This is the key to implement any holographic picture.

* Waveguide-confinement metasurfaces rely on the non-resonant propagation delay
in high-permittivity dielectric nanostructures [297-299], and have already been
discussed within the framework of high contrast optical gratings over 20 years
ago [176,299-302]. Multi-mode propagation inside the scatterers dominates the
optical response. With a height in the order of one wavelength, the phase difference
can reach values of up to 2 7. In principle, the phase difference is fundamentally only
limited by the height-to-width ratios that can be fabricated. Here, high permittivities
enhance the effect and hence allow to reduce the height.

To tune the phase, geometrical parameters as the radius of nanocylinders can be
varied, which corresponds to a waveguide with a varying effective refractive index.
The high permittivity guarantees that the fields are mainly concentrated inside the
waveguide, and hence coupling to an adjacent nanoscatterer that would act as an
adjacent waveguide is low. A low coupling enables to simulate the transmission
characteristics in a global design approach for a perfectly periodic arrangement,
with negligible changes for non-periodic designs where the adjacent nanoscatterers
actually vary in size?!.

* Geometric or Pancharatnam-Berry phase metasurfaces [307, 308] are based on
the change in polarization by suitably rotated anisotropic scatterers. The main
difference to the waveguide-confinement metasurfaces is the mechanism responsible
for the phase shift: Here, all metaatoms have the same geometrical shape, and the
orientation (mostly the rotation) of the individual metaatoms defines the phase.
This structural birefringence is hence independent of the wavelength, and is thus
frequently used to realize broadband metasurfaces.

The mechanism is presumably best understood within the framework of Jones calcu-
lus. For an anisotropic scatterer with scattering coefficients f, and t, in transmission
along the two principal axes, the Jones matrix in a linear base reads as [272,309,310]

M =R(a) (to Z)R(—a) (7.1)

201f only an electric resonance contributes to the optical response, as it is the case for symmetric plasmonic
particles [295], the maximum phase variation is 7.
21 There are some approaches to correct for the nearest-neighbor coupling in the design, see [303-306].



110 Resolution enhancement in mask aligner photolithography

with R (a) indicating a rotation by an angle of «,

A cosa sina
R{a) = (—sin a  cos a)‘ (7.2)

If we now consider the illumination of a Pancharatnam-Berry phase metasurface
with light that is left or right circularly polarized, EiL/R, the transmitted field Ef/R is
given as [272]

E/R = M ER (7.3)
to + 1 fo—t .
= %EiuR + %exp(mﬂa)Ef/L (7.4)

with m =1 for left and m = —1 for right circularly polarized light. The first summand
is the contribution of light scattered in the same polarization. More important is the
second summand, which describes the contribution of the cross-polarized light. If this
second component is selected (in experiments in transmission using a quarter-wave
plate and a polarizer), the entire 27t can be assessed by rotating the anisotropic
scatter by up to ap.y = 7.

7.1.2 Wavefront shaping

We want to discuss how the wavefront can be shaped behind a metasurface, assuming
plane wave illumination. This requires to derive the optical characteristics of individual
metaatoms arranged in a periodic array. As it turns out, for our purposes it is beneficial
to translate the effective material parameters (permittivities and permeabilities) to the
language of diffractive optics. Hence, we characterize the individual metaatoms in terms
of the phase difference A¢ (compared to free-space propagation) and the amplitude of the
transmitted wave (similar to phase-shift masks (PSMs), compare Section 2.3.2.1).

This is a valid approach, as the sub-wavelength size of the unit cells ensures that the
reciprocal lattice vectors are larger than the wavenumber kj in vacuum. Hence, all
diffraction orders — except for the zeroth order — are evanescent outside the metasurface.
Thus, we are able to directly apply well-established concepts of photomask design to
optical metasurfaces.

Let us consider an example to showcase the operating principle of wavefront manipulation
using optical metasurfaces. We consider a metasurface at the interface between two media,
and arrange the nanoscatterers in a way that A¢ forms a phase gradient d(dAx(P) along x.
Fermat’s principle of stationary phases allows to derive the generalized law of refraction

as [312-314]

d(A¢)
dx

and similar expressions in reflection and for an additional phase gradient in y-direction
[313]. The angles and refractive indices are defined in Fig. 7.1a. ky/ are the transverse
wavevectors and ky = 27/1,. Hence, by introducing a spatially varying phase difference,
the direction of a transmitted wavefront can be tuned, independent of but in addition to
the angle of incidence. For the trivial case of % = 0 (no metasurface), the expressions
reproduce Snell’s law.

kix —kix = ko (n;sin6; — njsin 6;) = (7.5)

To put it in other words, the metasurface adds an effective wavevector kq¢ = d(fx¢) to the
transverse wave components, which are conserved over the interface for isotropic media.
This anomalous refraction is the starting point for more complex wave manipulation, as
we will discuss in the following sections.
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Figure 7.1: Beamshaping and projection lithography using optical metasurfaces.

a Generalized law of refraction. A phase-gradient metasurface at an interface between
two media with refractive indices #; and n; leads to anomalous refraction (here shown in
transmission only). ¢, = 0 in the absence of a phase gradient in the y-direction.

b Optical setup for off-axis metasurface projection lithography. The illumination consists
of circularly polarized light at A = 380nm. The optical system behind the metasurface
images the field to the photoresist, with a demagnification factor of 20. Adapted from
[311].

¢ From left to right: i SEM image of fabricated metasurface. Scale bar indicates 500 nm.
ii Holographic test pattern. iii Measured field distribution in an intermediate focal plane
(between the two lenses in b). iv Exposed photoresist. Scale bar is 10 pm in length.
Reprinted from [311] with permission.

7.1.3 Advantages of all-dielectric metasurfaces in proximity lithography

We aim to replace traditional PSMs relying on the phase difference a wave picks up when
traversing through a bulk material (see Fig. 2.10) by flat optics, i.e., designer optical meta-
surfaces. To the best of our knowledge, the first experimental application of metasurfaces
in optical projection lithography is reported on in Ref. [311]: Deng and co-workers used Si
nanorods as building blocks for a Pancharatnam-Berry phase metasurface with 32 phase
levels. As shown in Fig. 7.1b, they used an inverse Keplerian telescope to demagnify the
transmitted wavefronts to the photoresist layer, with a demagnification factor of 20. The
off-axis configuration ensures that transmitted light that is not diffracted does not expose
the photoresist. Figure 7.1c shows the excellent reproduction of the test pattern in the
photoresist.

As mask aligner lithography involves full field prints at a small separation between
photomask and resist-coated substrate, the use of imaging optics as used in this prior
literature, therefore, is not possible. Figure 7.2 illustrates how a metasurface might be
used to modify the wavefronts in proximity lithography. The lithographic pattern we like
to print is encoded in the arrangement of dielectric metaatoms on a fused-silica substrate.
The field behind the metasurface is the multiplication of the incident field (for instance
a plane wave) with the complex transmission coefficient of the metaatom in a periodic
array. To guarantee polarization-independent operation, we rely on centrosymmetric
scatterers?? [298]. All nanocylinders have the same height that is in the order of the
exposure wavelength. However, they vary in radius (indicated by different shades of blue
and green in Fig. 7.2b) within the 2D array, which modulates the phase difference.

22 An interesting alternative based on anisotropic nanostructures is discussed in [315].
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Figure 7.2: Schematic illustration of a metasurface used in proximity lithography.

a Analogue to a multilevel PSM, the metasurface locally modifies the phase of the trans-
mitted wavefront. The superposition of the wavefronts in the photoresist performs the
exposure. The illustration is not to scale.

b An array of nanocylinders forms a polarization-insensitive metasurface. Each individual
nanocylinder, indicated by different shades of blue and green, corresponds to a specific
complex transmission coefficient characteristic for this unit cell. The arrangement of the
nanocylinders is determined from a CGH and contains the structural information of the
mask structures.

Several advantages of such a metasurface photomask over conventional masks can be
identified. The most striking advantage is the implementation of a quasi-continuous
range of phase differences (i.e., transmission coefficients with amplitude close to 1 and
full 27t phase coverage) in a single fabrication cycle. Conventional multi-level DOEs are
fabricated in sequence, i.e., alternating lithographic and etching steps. The step-to-step
alignment and the etch depth accuracy limits the applicability of this procedure and
increases the fabrication costs. As a consequence, mostly binary PSMs that can encode
only two different phase values are applied in photolithography.

In contrast, the nanocylinders with varying radii can be fabricated in a single process, with
the number of phase steps only limited by the inherent resolution and the registration
accuracy of the underlying fabrication process (see Appendix C). As we show in the
following section, metasurfaces in the UV can be designed in a way that they show near-
unity transmittance, enabling highly efficient lithographic prints. The sub-wavelength
size of the individual unit cells renders the concept robust to fabrication errors, as the
information is redundantly stored across the photomask.

Furthermore, we introduce a hybrid metasurface design that combines planar layers of
a plasmonic absorber and a dielectric nanocylinder. Such a hybrid platform allows the
complete control over the transmission coefficients in the entire complex plane, greatly
increasing the opportunities of metasurface proximity lithography.

7.2 Layout of metasurface building blocks with complex transmission coeffi-
cients and 27t phase coverage working in the deep ultraviolet

First, we stipulate a list of necessary requirements on optical metasurfaces for efficient
proximity lithography. We demand

1. asingle-layer metasurface working in the UV, to comply with standard photoresists
and UV light sources (compare Section 2.3.1),
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Figure 7.3: Complex transmission coefficient of a TiO, metasurface at 1y = 405nm,
decomposed in a the phase difference A¢ and b the transmitted power. We simulate
different radii r and periods p of TiO, nanocylinders in a quadratic unit cell on a SiO,
substrate using the FMM. The height of the nanocylinders is fixed at h = 400 nm.

The insets illustrate the geometry, in a with a top view and b a rendered three-dimensional
image of one unit cell.

To avoid that the nanocylinders touch each other, we impose 2r < p; as a fabrication
constraint, we impose r > 30nm to allow for the fabrication of the metasurface with
conventional e-beam lithography. The white lines denote a period of p = 180nm with full
27 phase coverage at near-unity transmission for 30nm < r <75nm.

2. alossless material platform with near-unity transmittance to maximize the power
throughput and reduce thermal effects due to heating,

3. full 27t phase coverage at a single wavelength in transmission,
4. a high permittivity to achieve reasonable height-to-width ratios,

5. a polarization-independent operation to avoid the implementation of additional
polarizers reducing the efficiency,

6. a low sensitivity to variations in the illumination angle, and

7. no additional optical elements between the metasurface and the wafer (free-space
propagation).

The first two items require a material with negligible absorption at the wavelength of
choice. We select 1y = 405nm for three reasons: (i) This wavelength is close to the h-line
of high-pressure mercury lamps (compare Table 2.1), (ii) compact high power solid-state
laser sources are available as well?3, and (iii) suitable high-permittivity dielectrics have
been identified and demonstrated [297,301,315-324].

Two materials of particular interest are amorphous titanium dioxide, TiO,, and gallium
nitride, GaN, with permittivities of erjo, = 6.92 [316] and egan = 6.50 [325] at A, re-
spectively. Both materials can be grown by atomic layer deposition (ALD) on fused silica
substrates (see also Appendix C). At lower wavelengths of about 387.4nm and 364.6 nm,
respectively, the onset of interband transitions strongly increases the material absorp-
tion [311]. In the following, we discuss TiO, metasurfaces, as fabrication procedures with

23For example iBeam smart from TopTica PHOTONICS.
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Figure 7.4: Design of a TiO, metasurface for UV proximity lithography, with p = 180nm
and h = 400nm. The data presented here corresponds to the white line indicated in
Fig. 7.3.

a Polar plot of the transmission coefficients in the complex plane. The size and the color
of the markers indicate the radius of the nanocylinder. The bold black ring indicates an
amplitude of unity.

b The same data, decomposed into transmitted power and phase difference A¢. In
addition, gray diamonds indicate the phase difference obtained from two-dimensional
waveguide simulations.

height-width ratios and low sidewall roughness have been demonstrated [297,316]. Due
to the similarity of the permittivities, the simulation results for GaN are comparable.

Here, we use a metasurface design relying on waveguide-confinement (see Section 7.1.1).
The non-resonant character of light manipulation ensures a low dependence on the angle
of incidence, in contrast to Huygens’ metasurfaces. The close proximity of metasurface
and photoresist results in insufficient space for additional optical elements to filter out
the co-polarized light in Pancharatnam-Berry phase metasurfaces.

We consider here TiO, nanocylinders arranged on a quadratic two-dimensional grid, as
illustrated in Fig. 7.2 and initially proposed in [297]. Here, we use a height of h = 400nm,
and the phase is controlled by changing the radii of the nanocylinders.

To simulate a perfectly periodic arrangement of unit cells, each one containing a single
nanocylinder, we apply the Fourier modal method (FMM), as introduced in Section 3.2.1
(M =N =15). For the graph shown in Fig. 7.3, we systematically vary the period p as well
as the radii r and retrieve both the phase difference A¢ (Fig. 7.3a) and the transmitted
power (Fig. 7.3b). We observe a 21 phase coverage when varying the radii from 30 nm
to about 90 nm, only weakly depending on the period. However, the transmitted power
depends strongly on p: For p > :\/—%, the (1,1)-diffraction order is no longer evanescent and
reduces the transmitted power in the zeroth diffraction order considerably. In addition,
several Mie-like resonances of isolated nanocylinders influence the transmitted power
as well. By selecting p = 180nm and 30nm < r < 75nm, we obtain full 27t coverage at
near-unity transmittance. Hence, the minimum distance between the surfaces of the
nanocylinders is 30 nm.

We analyze this configuration in Fig. 7.4 in more detail. Figure 7.4a shows the transmission
coefficients in the complex plane, and in Fig. 7.4b the same data is presented decomposed
into transmitted power and phase. We observe near-unity transmittance and a nearly
linear dependence of the phase difference on the radii. In addition, we plot in Fig. 7.4b
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Figure 7.5: Field distribution in and around the nanocylinders, as obtained using the
FMM. The hatched area visualizes the substrate, the illumination is from the bottom and
polarized in y-direction. The aspect ratio is not to scale, and the intensities are normalized
to the incident field.

a — ¢ Sketch of the geometry. a Plane through the middle of the nanocylinders (green box).
b Plane just above the nanocylinders (pink box). ¢ 3D sketch with the annotated axes.

d - f Real part of the y-component of the electric field for r = 30nm, 50 nm, and 75 nm.
The graphs illustrate the phase differences light picks up when propagating along the
nanocylinders. A 27 phase difference in the field above the cylinder emerges when the
radius is changed between r = 30nm and 75nm, once more illustrating the complete
phase coverage of this particular metasurface design.

g — i Field intensity |E,|> + II:"yl2 +|E,|)? in a cut through the middle of the nanocylinders.
The gray rectangle indicates the device dimensions. The field is mainly located inside the
high-permittivity dielectric, and for large radii a strong field enhancement emerges.

j — 1 Field intensity in a plane parallel to the substrate just above the nanocylinders. The
white arrows denote the direction of polarization.

Normalized |Ex|? + |Ey|? + |E,|?
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A¢ as obtained from two-dimensional waveguide simulations, according to
A = ko [nege(r) = 1] (7.6)

with ko = 277/2,. The effective refractive index n.g(r) is obtained from a two-dimensional
finite element solver (Comsol Multiphysics 5.4) with periodic boundary conditions. We
observe an excellent agreement between both approaches, with a maximum difference
of 0.08 . As discussed in Section 7.1.1, the nanocylinders act as individual mono-mode
waveguides [297,302,326,327], truncated to a height of h.

In other words, according to Eq. (7.6) we can select h in a way that the full 27 phase
shift is covered. A height of 400nm is a reasonable choice for TiO, nanocylinders at
the wavelength of interest. Figure 7.5 shows the field distributions inside and on top of
the nanocylinders for three selected radii, simulated using the FMM. In Fig. 7.5d—f, the
phase shift as a function of cylinder radius is demonstrated, again illustrating the full
27 coverage. Figure 7.5g—i shows that the electric field is mainly concentrated inside the
high-permittivity nanocylinders, in accordance with the variational principle [328].

Here, the metasurface is supposed to be operated under normal incidence only. As
discussed in Sections 2.3.1 and 4.4.1 in detail, this can be implemented using for example
an imaging homogenizer, although a finite angular spectrum can emerge. Figure 7.6
shows that the performance of the metasurface is insensitive to small variations in the
illumination half angle 6. The transmitted power in the zeroth order starts to drop for
6 > 6°, and a resonance appears for 6 > 8° and larger radii. However, for 6 < 2°, no
considerable effect is observed.

Up to this point, we merely considered phase-only metasurfaces. However, for DOEs and
holograms with increased accuracy and lower noise, complex amplitude transmission
coefficients are desirable [281]. For this purpose, we design a hybrid metasurface that
combines plasmonic and dielectric nanostructures. The main idea is based on a division of
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Figure 7.6: Performance of the metasurface as a function of the angle of incidence 6,
equal to the illumination half angle in proximity lithography (compare Fig. 7.1a), and the
nanocylinder radius r.

a Phase difference and b relative transmitted power. We observe that up to 6 ~ 8° and
r ~ 70nm the metasurface still operates as desired, with phase difference and transmitted
power close to the values obtained at normal incidence.
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Figure 7.7: Metasurface design for complete control over the complex transmission coeffi-
cients. As before, # = 400nm and p = 180nm. In contrast to the design shown in Fig. 7.3,
a thin absorber layer (Cr, thickness f,,3 = 20nm) is added in two different configurations:
a Ring design for low absorption and b patch design for high absorption. In the patch
design, the nanocylinder are located on top of the absorber layer. For radii greater than
p/2 = 90nm, the parts of the absorber layer exceeding the size of the unit cell are cut off.

¢ Phase difference A¢ and d relative transmitted power as a function of nanocylinder
radius r and patch radius o/outer ring radius p. The inner ring radius is fixed at 75 nm.
The phase difference is mainly unaffected by the absorber structure.

labor: A thin plasmonic absorber layer allows to modify the amplitude, and the dielectric
nanocylinders enable phase modifications, as discussed before.

For ideally complete control over the transmission coefficients in the complex plane, we
introduce an absorber/reflector design based on two configurations, as shown in Figs. 7.7a
and 7.7b. In the following, we denote the plasmonic structure solely as absorber, while also
considerable reflection is involved, which causes no problems in mask aligner lithography.

The absorber consists of a chromium layer with a thickness of 20nm. Just as for the
nanocylinders, all absorber structures can be fabricated in a single process (see Appendix C
for details). For a high relative transmitted power, > 60% of the incident power, we
introduce a ring surrounding the nanocylinder, as presented in Fig. 7.7a, with varying
outer ring radius p. For a further reduction of the power, we use a patch underneath the
nanocylinder, as shown in Fig. 7.7b, with varying patch radius o.

The FMM simulations of the design reveal that the phase difference is insensitive to the
absorber layer and depends only on the radius r of the nanocylinders (see Fig. 7.7c¢). In
contrast, the relative transmitted power depends only weakly on r (see Fig. 7.7d). Selecting
seven absorber configurations, each with 23 different nanocylinder radii, allows to cover a
large part of the complex plane, as shown in Fig. 7.8.

The polar plots of Figs. 7.4a and 7.8a illustrate the quasi-continuous distribution of
transmission coefficients. We store these values in a look-up table as fundamental building
blocks of the metasurface, and discuss in the following section how to design a metasurface
that prints an (arbitrary) test pattern.
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Figure 7.8: Parameter study for complete control over the complex transmission coeffi-
cients. The plot shows the data of Fig. 7.7 for six selected absorber configurations and the
design without absorber (gray circles and dashed line).

a Polar plot of the transmission coefficient in the complex plane. Except for small ampli-
tudes, the complete complex plane is covered.

b Relative transmitted power as a function of nanocylinder radii . We observe that the
transmitted power follows a weak dependence on the radii, except for r > 70nm.

7.3 Designing lithographic metasurfaces with an iterative soft-quantized prop-
agation algorithm

Equipped with a building set of complex transmission coefficients as a look-up table, con-
necting the geometry to the optical performance, we need to retrieve suitable photomask
layouts. Evidently, we can apply optical metasurfaces directly to replace conventional
PSMs, as for instance the RO-PSMs presented in Chapter 5. Instead, we want to follow a
different path here, i.e., adapting CGHs to proximity lithography?#. This method allows
for printing arbitrary patterns, and has been adapted to mask aligner lithography by
Weichelt et al. using conventional PSMs [56].

The basic principle is to encode the desired pattern in a phase-amplitude or phase-only
metasurface, with the goal to modify the wavefront transmitted by the metasurface. Then,
the coherent superposition in the image plane (where the substrate with the photoresist is
positioned) results in the desired pattern distribution.

The task at hand is to solve the inverse problem: Starting from the desired intensity
distribution in the image plane, how can a corresponding diffractive element or CGH
be designed? If we had the complete complex plane of transmission coefficients at our
disposal, the solution would be quite simple: we would perform the backpropagation of
the image field to the hologram, and translate the corresponding distribution of complex
transmission coefficients to the parameters defining the metasurface.

However, as presented in Section 7.2, depending on the fabrication resolution only a
subset of coefficients covering the complex plane can be used. Since the invention of the
CGH by Lohmann and colleagues in the 1960s [331,332], a large variety of approaches
emerged to overcome this restriction [112,333-337]. Some of these methods are based on
a Fourier transformation for wave propagation, and hence are limited to the far-field.

24We refrain from using the term holographic lithography, as it is commonly used in the context of mask-less
interference lithography [329,330]. However, we still use the term hologram for the photomask design.
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Figure 7.9: Iterative propagation algorithm to retrieve the mask configuration, given a
subset of complex transmission coefficients. The goal is to obtain the distribution of
metasurface elements in the hologram plane (blue box) that projects the desired image
(signal window, top left) to the image plane (red box). For the propagation of the field
distribution, we apply the ASM. Soft quantization iteratively restricts the transmission of
each pixel to the subset of predefined coefficients (blue circles in top right graph, shown
here after completing one third of all iteration steps). The result is a hologram (right), here
restricted to ten complex transmission coefficients corresponding to ten nanocylinder
radii.

Here, we introduce an implementation of an iterative propagation procedure, adapted
from the original Gerchberg-Saxton algorithm?> [112], and adapt the implementation
of Walther et al. reported on in the Supplementary Material of Ref. [115]. Initially, we
constrain the set of transmission coefficients to a finite number (see Section 7.2), here
11¢ =10.

The underlying idea is now to make use of the remaining degrees of freedom?%, i.e., the
phase distribution in the image plane [338] to find a solution. As we are only interested in
the absolute field irradiance, the phase distribution in the image plane is arbitrary and
indeed a degree of freedom. As an input, we impose the desired irradiance distribution in
the image plane. Iteratively, the constraints are applied, and the algorithm converges to a
solution only consisting of the discrete set of transmission coefficients.

25The Gerchberg-Saxton algorithm is known by many names; Ping-pong algorithm, methods of generalized
projection, and iterative Fourier transform algorithm are only three terms often used in literature.

260ther degrees of freedom could be used as well, for instance by separating the image into a signal window
and the remaining area, where an arbitrary field is allowed. However, in proximity lithography, we often
desire a 1:1 mapping of hologram and image, and the signal window covers the entire image.
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The deterministic procedure to obtain the CGH comprises four steps that we want to
introduce with the help of Fig. 7.9. The algorithm starts in the image plane by imposing
the desired irradiance distribution of the lithographic pattern on an array of pixels. For
our example here we use the 1951 USAF resolution test chart (left upper graph in Fig. 7.9,
not to scale). Initially, the phase ¢ in the image plane is set to zero.

1. The field is subsequently backpropagated to the hologram plane. If the absolute
amplitude of a pixel exceeds unity, it is shifted back to the unit circle of the complex
plane to exclude gain during the propagation.

2. The soft quantization applies the constraints on the hologram, with regard to the
look-up table of allowed transmission coefficients (see Section 7.2).

3. Forward propagation from the hologram to the image plane.

4. The desired irradiance distribution is enforced on the amplitude of the field, while
keeping the phase distribution as obtained from the field propagation.

These four steps are iteratively repeated, and the algorithm is stopped after a fixed number
of iteration steps (here iy, = 300).

The algorithm now involves two important concepts we want to discuss in more detail.
First, the repeated simulation of light propagation requires a suitable algorithm. The typi-
cal separation between hologram and image plane in mask aligner lithography amounts
to about ¢ ~ 30um (compare the discussion in Section 2.2.1). For the sake of our example,
we consider a quadratic metasurface with a side length of s = 180um (10° by 103 unit
cells) at a wavelength of Ay = 405nm. From the Fresnel number Ng [339],

52

Ng = m:667 >1, (7.7)
it follows that simulating wave propagation requires a rigorous method, and the Fresnel
approximation (Ng ~ 1) is not valid. Hence, we use the angular spectrum method (ASM),
as introduced in Section 3.2.2, assuming plane wave illumination. Please note that an
extension to a finite angular spectrum is possible, as the individual building blocks operate
just as well under oblique illumination (compare Fig. 7.6). However, modifications to the
iterative algorithm are required, which are beyond the scope of our discussion here.

Second, we apply a soft quantization [115,340] to impose the constraints on the transmis-
sion coefficients. The concept is depicted in the upper right graph of Fig. 7.9. Blue dots
indicate the look-up table of ny = 10 constrained coefficients. In each step, we calculate
the distance between the transmission coefficient of each pixel (indicated by individual
small dots, with colors yellow to black) to the closest blue dot. If this distance is below
a certain threshold dy, (i), the transmission coefficient is replaced by the corresponding
constraint coefficient. We linearly increase dy, (i) as a function of the number of iterations 7,
in a way that at i = i, all pixels are being replaced [115].

Figure 7.10a shows the resulting hologram. The initial intensity distribution of the test
pattern is still visible, with strong phase gradients emerging at the edges (see inset). To
quantitatively assess the performance of the algorithm, we define the SNR in analogy to
image processing as [341]

SNRyg = 10 1og10(ﬁ) (7.8)
ON

with pg the mean of the signal power (white regions in the test pattern, Fig. 7.9) and oy

the standard deviation of the background noise (black regions). Figure 7.10b presents the

evolution of the SNR as a function of the number of iterations, together with the linearly
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Figure 7.10: Example of iterative propagation algorithm results, assuming ten complex
transmission coefficients for the metasurface for 30nm < r < 75nm and 5nm increment.
a Phase distribution of the resulting hologram. Colors indicate the ten different phase
values, as obtained from the soft quantization (see top left graph of Fig. 7.9). The pixel
size is equal to the period, 180 nm in our example. The total extent of the hologram is
103 by 103 pixels.

b The soft quantization restricts the possible transmission of the pixels to the predefined
subset in an iterative procedure. The constraint distance d ., increases linearly as a
function of the number of iterations, and the number of pixels replaced by the soft quanti-
zation rises. Restricting to a subset of transmission coefficients reduces the signal-to-noise
ratio (SNR).

¢ Simulated irradiance distribution in the image plane for the hologram shown in
Fig. 7.10a. The side length of the image is 180 pm.

d Normalized irradiance distribution along the green line in c. We observe strong fluctua-
tions both in the signal and the noise background.
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Figure 7.11: SNR for the simulated test pattern at varying proximity gaps g and three
different subsets of transmission coefficients. For illustration, we chose a binary PSM
(number of phase levels n = 2), the subset used for Fig. 7.10 (n = 10), and with additional
amplitude modulation (n = 23, number of absorber configurations n,,s = 7). The mask
patterns are optimized for ¢ = 30pum. The simulated test patterns for the amplitude
modulation and the ten phase-only configurations are shown in the top and bottom row,
respectively.

increasing dy;, and the normalized number of replaced pixels. Initially, the SNR increases,
as the iterative procedure improves the quality of the hologram. As the constraint distance
grows, more pixels are replaced, and the SNR drops.

Figure 7.10c shows the resulting irradiance distribution, which closely resembles the
initial test pattern, with a SNR of about 14.5dB. However, the resulting signal shows
significant fluctuations, as visible in the cross-cut in Fig. 7.10d. As discussed in [114], for
a phase-only hologram (ng = 10) the phase freedom is not sufficient to obtain a flat-top
intensity distribution.

Apart from the SNR, the efficiency of the hologram is a quantity of interest. Here, we
differentiate between the transmission efficiency, that is how much power of the incident
wave contributes to the formation of the image, and the signal efficiency, which describes
the power ending up in the desired area of the image. For the presented example the
transmission efficiency is with 93.8 % close to unity — almost all light transmitted by the
metasurface contributes to the image formation. The deviation from unity mainly arises
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as a consequence of the dip in the transmitted power for radii around r = 60nm (compare
Fig. 7.4b). Due to the considerable background noise, the signal efficiency is 81.9% and
thus clearly reduced compared to the transmission efficiency.

A third efficiency of interest is the diffraction efficiency, i.e., which amount of the incident
power is scattered. Light that does not interact with the metasurface will contribute to a
constant background and hence reduces the contrast of the printed pattern. The diffraction
efficiency depends strongly on the quality of the fabrication process (compare Appendix C
and Table1 in [342]). Important parameters are the sidewall roughness

One solution to reduce the strong irradiance fluctuations is to add amplitude modulation
to the hologram, as we introduced in Section 7.2 with the hybrid plasmonic/dielectric
metasurface. In Fig. 7.11 we present the SNR as a function of the gap g for three different
configurations:

* Ten transmission coefficients with a transmittance near unity, as used in the above
example,

* the hybrid metasurface with 23 transmission coefficients for each out of seven ab-
sorber configurations,

* and a binary PSM as a reference.

Here, we optimize the hologram for a ¢ = 30um, and calculate the field distributions in
planes between 20 um and 40 pm.

We observe a strong improvement of the SNR for the hybrid metasurface of up to 20.8dB,
while the transmission efficiency drops to 21.2%. The signal efficiency is 20.5 %, which
again expresses the strongly reduced noise background. Gap variations lead in all con-
figurations to a strong deterioration in the SNR. While for ny = 10 gap variations of
more than 1 pm lead already to a strong image blur (bottom row in Fig. 7.11), the hybrid
metasurface preserves the edge locations for even larger variations (top row in Fig. 7.11).
In comparison, the binary PSM leads to a degraded performance, with a maximum SNR
of 9.0dB.

7.4 Concluding remarks on proximity lithography using optical metasurfaces

Metasurfaces are planar metamaterials that allow an unprecedented control over the prop-
agation of wavefronts, in polarization, scattering amplitude, phase, and direction. Optical
lithography and metasurfaces are an ideal combination, for several reasons: Photolithog-
raphy is typically a monochromatic technique, and chromatic aberrations often limiting
the application of metasurfaces in modern broadband optics are avoided. In addition, a
photomask in mask aligner lithography is used for large-volume manufacturing, and in
proximity mode the operational lifetime of the photomask is not limited by wear. Hence,
the higher costs of fabricating an optical metasurfaces with sub-wavelength dimensions
over conventional photomasks can be justified by the possible gain in resolution and yield.

In this section, we presented a novel approach to proximity lithography based on dielectric
and hybrid plasmonic/dielectric metasurfaces. In combination with an iterative propa-
gation algorithm, arbitrary patterns can be printed with high fidelity. We investigated
the signal-to-noise ratio of a test pattern, and demonstrated that holographic printing is
rather insensitive to gap variations.

Approaches to large-area metasurface fabrication have been presented [343, 344]. With
an arbitrary control over the transmission coefficients in the complex plane, proximity
lithography with metasurface masks allows a high pattern quality at a high contrast.
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Alternative approaches might require to investigate novel materials [278], active tuning
of metasurfaces to correct imperfections in the fabrication process [345-347], disorder-
engineered metasurfaces [348], holographic multiplexing [349-352], or light-emitting
metasurfaces [353]. As usual, such principles are often first demonstrated for infrared
wavelengths; they have to be adapted to the UV regime to become useful for optical
lithography.



Conclusion and outlook

The presented work establishes diverse resolution enhancement technologies applied to
mask aligner photolithography. As discussed in the introduction, the primary motivation
of this work is to extend the range of applications that can be covered by mask aligner
photolithography by enhancing the resolution. The feature sizes in electronics and nano-
optics are ever shrinking, increasing the complexity of fabrication routines. At the same
time, back end of line electronics and micro-optics require a cost-efficient fabrication
method at a competitive price.

The canonical task of photolithography is to replicate a desired pattern, encoded in a pho-
tomask, in a photosensitive material on top of a wafer. A mask aligner is a well-established
alignment and exposure tool that relies on shadow printing. The photomask is brought
into contact or close proximity of tens of micron. No additional optical components are
situated between both photomask and the photoresist. Contact lithography offers the best
resolution because the impact of diffraction is minimized. However, in high-volume man-
ufacturing the intimate contact of photomask and photoresist is not desired, as possible
damage decreases the lifetime and requires frequent photomask cleaning.

For all these reasons, we investigated several techniques to enhance the resolution of
mask aligners working in the proximity mode. All these techniques can be categorized
according to the fundamental properties of light and light propagation that they affect,
i.e., polarization, direction, wavelength, phase, and amplitude. We discussed techniques
based on modifications of the last three characteristics in this list.

First, we reviewed the fundamentals of advanced optical lithography, with the focus on the
proximity mode of mask aligner lithography. As we rely heavily on a digital representation
of light propagation, we introduced four methods to simulate light propagation through
and behind photomasks and in optical systems.

In equivalence to optical microscopy, decreasing the wavelength reduces the impact
of diffraction and allows to resolve smaller features. The resolution in mask aligner
photolithography scales in good approximation with the square root of the wavelength.
We demonstrated that the implementation of a frequency-quadrupled continuous wave
laser source, emitting a a wavelength of 193 nm, is well suited for this task. We investigated
the performance of two concepts for laser beam shaping, the non-imaging and the imaging
homogenizer. An additional rotating diffuser in the beam path diminishes the impact of
the high coherence of the source. Using an amplitude photomask and chemically amplified
photoresist, we reported on resolved features with a size of 1.75pum at a proximity gap of
20 pm, compared to a resolution of about 3 pum when relying on illumination using the
canonical mercury arc lamp.
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The high coherence and the narrow linewidth of the laser source facilitates its application
to Talbot lithography, i.e., the self-imaging effect of periodic structures. Decreasing the
wavelength allows to shrink the feature size at a fixed proximity gap of 20 pm and simul-
taneously increases the depth of focus, enlarging the process window. We successfully
demonstrated experimental prints with sub-micron periods, as required for the fabrication
of optical metasurfaces working in the near-infrared regime.

Turning back to the canonical i-line illumination, we examined the application of rig-
orously optimized phase-shift masks to print dense periodic dot patterns in hexagonal
arrangement, as for instance required in microfluidics and for the fabrication of bio-
sensors. The design and optimization of the binary level phase-shift mask requires to
assess the light propagation by a rigorous simulation method under oblique angles. The
illumination with a well-defined angular spectrum allows to achieve a demagnification of
the structure from the photomask to the photoresist. We successfully confirmed the per-
formance in experimental prints, with an excellent agreement between optical simulations
and scanning electron microscope images of the fabricated structures.

The aerial image of the illuminated photomask on the wafer suffers from image shape
distortions due to diffraction at the mask features. By adding dedicated correction struc-
tures to the photomask design, we were able to partly counteract the detrimental effects
manifesting as corner rounding or line-end shortening, also for non-Manhattan geometries.
Our computational approach to optical proximity correction includes the simulation and
optimization of the correction structure for a set of simple geometries. In addition, we
showed in simulations that the process is quite insensitive to variations in the exposure
dose or the proximity gap. Furthermore, we investigated a pixel-flip approach relying on
quadratic correction features.

In the final chapter of the thesis, we proposed a novel class of photomasks, based on
optical metasurfaces for wavefront manipulation. We discussed two designs that can
readily be combined with existing mask aligners. Our first design contained the pattern
encoded in the radii of TiO; cylinders with sub-wavelength dimensions arranged on a
regular grid. This platform enables a 27 phase coverage at near-unity transmittance,
as experimentally already demonstrated by the group of F. Capasso. The second hybrid
approach additionally includes metal patches and rings that introduce a decent amount
of absorption. This allowed to access almost the complete complex plane of transmission
coefficients. Based on rigorous simulation methods, we discussed the design of the unit
cells as well as an iterative algorithm to retrieve the photomask design, i.e., the radii
of the nanocylinders. We demonstrated that metasurface photomasks are beneficial for
printing arbitrary patterns, compared to canonical binary intensity and two-level phase-
shift masks.

We conclude that the presented techniques and results extend the current capabilities
of mask aligner photolithography. Sub-micron feature sizes for periodic structures as
well as an improvement of the shape fidelity enable to address new application fields, in
high-volume manufacturing previously only accessible via projection photolithography.

We envision that digital models of the production processes will gain in importance
for feasibility studies, troubleshooting, and process development. One important issue
is to improve the simulation of photoresist exposure, development, and etching steps,
especially for thick photoresists. Upgrades on a system level require novel concepts of
powerful light generation at deep ultraviolet wavelengths to facilitate rapid full-field
exposures in mask aligners. Also soft factors as for instance the suppression of reflections,
the resist chemistry, and mechanical stability have to be considered. In addition, efficient
computational approaches to model the entire photolithographic process are required to
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Figure 8.1: Artistic illustration of a metasurface for zeroth-order cancellation.

a Schematic view of the optical setup. The array of core-shell spheres has to be optimized
in a way to cancel the zeroth order under plane wave illumination, similar to the rigorously
optimized phase-shift mask discussed before.

b Detailed view of the dielectric core-shell particles, made from two concentric shells with
different permittivities. The materials and the size of the concentric shells are degrees of
freedom and hence are subject to optimization.

keep up with the growing complexity in pattern designs. Eventually, concepts of machine
learning can be adapted to improve and speed up the optimization processes.

We anticipate an advancement of photomask technology towards implementing novel
concepts of wavefront manipulation. Here, the ever-improving nanofabrication technology
paves the way for more complex photomask structures at affordable prices. We envision
a growing importance of tailored materials for light manipulation in photomasks. One
possible example is illustrated in Fig. 8.1. A dense arrangement of so-called core-shell
nanoparticles, i.e., concentric shells composed of two different materials, can be optimized
in a way to cancel the zeroth order. The effect is similar to the rigorously optimized phase-
shift masks discussed before, with the difference that the core-shell nanoparticles can
be assembled via large-area fabrication methods as template patterning or self-assembly,
enabling efficient photomask production.

With all these advancements leading to resolution enhancement, improved process stabil-
ity, an enlarged process window, and in consequence a yield improvement, mask aligner
photolithography will remain a relevant technology in the field of microfabrication in the
future.
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Appendix

A Documentation of contributions by co-authors

This section once states clearly which contributions to the results have been made by
colleagues and co-authors whom I would like to thank for her invaluable support and
availability.

1. Toptica PHOTONICS Lochhamer Schlag 19, 82166 Graefelfing (Munich), Germany
(D. Opalevs, C. Gilfert, M. Scholz, P. Leisching): Developing the optical setup for the
193 nm laser, Figs. 4.4 to 4.7.

2. Raoul Kirner, SUSS Microoptics SA, Rogues-Terres 61, 2068 Hauterive, Switzer-
land, raoul.kirner@suss.com: Beam shaping optics and the corresponding optical
simulations, leading to Figs. 4.9 to 4.12 and 4.19.

3. Jeremy Béguelin, SUSS Microoptics SA, Rogues-Terres 61, 2068 Hauterive, Switzer-
land, jeremy.beguelin@suss.com: White light interferometer image and goniometric
measurements, Fig. 4.8.

4. Yannick Bourgin, Uwe Zeitner, and Tina Weichelt, Fraunhofer IOF, Albert-Einstein-
Strafse 7, 07745 Jena, Germany, uwe.zeitner@iof.fraunhofer.de: Design and fabrica-
tion of rigorously optimized phase-shift mask presented in Chapter 5.

5. Y. Augenstein, Institute of Theoretical Solid State Physics, KIT Karlsruhe, Germany,
yannick.augenstein@kit.edu, B. V. Lahijani and M.-S. Kim, Ecole Polytechnique
Fédérale Lausanne, Route Cantonale, 1015 Lausanne, Switzerland: Simulations and
measurements leading to Figs. 6.16b and 6.17.

B Next-generation lithography

This section looks beyond the horizon of canonical optical lithography, as applied to
modern semiconductor fabrication nowadays. In the future, other techniques may emerge,
complementing or even replacing optical lithography at DUV wavelengths. The following
short summary makes no claim to be exhaustive, and rather aims to give a glimpse at
possible future developments. We divide the techniques into two categories, depending
on whether they are related to optics or not. Despite the overwhelming multitude of
approaches to nanofabrication, Tennant observed in 1999 that all fabrication technologies
follow a simple scaling law [354],

r:kT-Al/S (Bl)

with r the resolution in nm, A the areal throughput in nm?/s, and kr ~ 0.75 a constant
empirically found by Tennant. In other words, an improvement in the resolution affects
the throughput to the power of five. Tennant’s law strikingly illustrates the tradeoff
between resolution and throughput in methods of modern nanofabrication, as illustrated
in Fig. B.1 for the techniques discussed here.
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Figure B.1: Tennant’s law in micro-and nanofabrication shows the relationship between
resolution and areal throughput, scaling with Eq. (B.1) (dashed gray line). We discuss
only 2D area techniques, not including volumetric fabrication methods as 3D additive
manufacturing.

Abbreviations: Scanning probe lithography (SPL), chemically amplified resist (CAR),
Gaussian beam lithography (GBL), variable shaped beam (VSB), deep ultraviolet (DUV),
extreme ultraviolet (EUV), and nanoimprint lithography (NIL). Adapted from [354, 355].

B.1 Future trends in optical lithography

The continuing trend of wavelength reduction, following Eq. (2.21), culminates in the
development and recent market launch of EUV lithography [48,356], centered around a
wavelength of 13.5 nm. Optics in this regime requires a fundamentally different approach:
The generation of light relies on a laser-produced plasma, beam shaping and steering
as well as the photomask requires reflective catoptric systems, and everything has to be
operated under vacuum conditions due to spurious absorption in the atmosphere. Due
to the significantly increased photon energy compared to DUV lithography, secondary
electrons and photoelectrons are generated upon light absorption in the resist and the
substrate, effectively smearing out the image. Many properties in the EUV are reminiscent
of X-ray lithography, where the resolution is basically limited by these effects [66]. With
the higher photon energy, a smaller number of photons is required to achieve a certain
exposure dose. Stochastic variations in the absorption of the photons arise, which can
ultimately result in individual small features not being printed at all [357]. In addition,
shot noise adds to this variation, further reducing the critical dimension uniformity. These
problems can be circumvented using higher doses, however, at the price of reducing the
throughput. Following Eq. (2.22), further increasing the NA imposes in particular issues
regarding the DOF. Despite these challenges, this technology is believed to have the
potential for a further shrinkage in feature size at high volume production [48], especially
upon implementing high-NA systems, and is driving Moore’s law.

Other interesting approaches to high resolution optical lithography move on from classical
linear optics, and aim to surpass the associated resolution limit relying on nonlinear
and quantum properties of light. Multiphoton lithography relies on the polymerization
of a photoresist upon nonlinear absorption of tightly focused photons [358-361]. A
common additive manufacturing scheme working in three dimensions exploits two-photon
absorption (TPA) [362]. In a small volume around the focus, a voxel, eventually the
threshold for multiphoton polymerization is surpassed [359]. Scanning the focus through
the resist generates 3D structures, with the nonlinear process enabling feature sizes
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well below the Abbe diffraction limit [361]. Commercially available systems claim a
lateral resolution below 200 nm, with a slightly increased voxel size in axial direction
below 1000nm [363]. Several approaches resulting in resolution enhancement have
been demonstrated, for instance using stimulated emission depletion (STED)-assisted
DIW [364,365] and dip-in DLW [366]. Bottleneck for nanofabrication is the serial writing
process, with several ideas towards parallel DLW demonstrated [367-369].

Quantum lithography takes the concept of multiphoton lithography one step further and
includes quantum effects to beat the classical diffraction limit [370-373]. For an intuitive
understanding of the concept perceived by Kok and co-workers, let’s consider the famous
double-slit experiment, in many aspects similar to the discussion concerning Figs. 2.10
and 2.13. In the classical wave picture, we understand the emerging pattern behind the
double-slit as the interference of waves passing the slits, with the width of the interference
fringes approximately proportional to the wavelength. In a quantum-optical picture,
we now consider single photons, which can take all possible paths through one of the
slits [374]. In the limit of many photons, we obtain again the same interference pattern as
in the wave-optical picture. The sum of single-photon interference intensities leads to the
overall observed interference pattern.

The concept of quantum lithography now relies on the entanglement of photons, in our
example two photons. The two-mode state of a double-slit with possible paths a and b for
two identical photons is

12)a10)b +10)412)1,
\/E ’
that means their paths are entangled. This is reminiscent of the Hong-Ou-Mandel (HOM)

effect, and indeed HOM interference was exploited for the first demonstration of quantum
lithography [373].

(B.2)

In essence, the two photons behave as a single entity, provided a TPA process is involved.
The path-entangled photons behave as one photon with twice the energy (and hence
half the wavelength), improving the resolution over classical lithography. This concept
can be extended to NOON states, many-body entangled states with [IN).|0),+0).IN)]/v2, as
well as splitting of the states, [IN=m),|m),+Im),IN-m)y]/v2 with integer m < N, for arbitrary
patterns [374]. Prerequisite for this quantum lithographic scheme are suitable photoresists,
sensitive to the absorption of N photons.

B.2 High volume non-optical fabrication

The chief advantage of optical lithography is the parallel structuring approach, enabling
the pattern transfer with high information density. Extending the realm of discussion
to alternative lithographic techniques, such approaches frequently outperform optical
lithography in terms of resolution. The sequential approach of such serial scanning
methods, however, can be only applied to rapid prototyping and master generation, and is
restricted for the use in high volume fabrication. To have an overview over the available
possibilities for nanofabrication, we briefly summarize sophisticated approaches to scale
up such methods, relying on either electrons, an ensemble of sharp tips in scanning
probe lithography (SPL), self-organization of matter on a nanoscale, or imprint techniques,
showing the potential to complement and eventually replace optical lithography in high
volume fabrication.

E-beam lithography, relying on the scanning of a Gaussian electron beam over or projecting
elementary shapes (rectangles, triangles) on a suitable resist in vacuum, is the prevalent
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tool for maskmaking and a competitor for high volume direct wafer writing [375,376]. The
resolution is restricted by aberrations of the electron optics and the spread of secondary
electrons generated by the impinging beam, leading to a proximity effect [376]. For this
maskless technology, the writing speed is inherently limited by the beam current, the
equivalent to the light source intensity in optical lithography. However, increasing the
beam current facilitates electron-electron interactions, reducing the beam quality and
ultimately the resolution. The industrial standard is to use many beams in parallel, greatly
increasing the throughput, while adding complexity to the system [375,377,378].

Scanning probe lithography can be divided into two basic techniques, scanning tunneling
microscope (STM) and atomic force microscopy (AFM) lithography, and three categories,
i.e., the modification, the addition, or the removal of material on a surface [355,379,380].
In STM lithography, a sharp voltage-biased metallic tip is brought within atomic range of
a surface, enabling electron tunneling over the gap. A resist can be exposed by forming an
e-beam in miniature in a similar fashion as in e-beam lithography. The voltages are several
orders of magnitude lower than in e-beam lithography, but the currents are increased
by about three orders of magnitude [380]. The highly localized current does not diverge
and allows a high resolution. Multi-tip STM lithography multiplies the throughput of
one individual single tip. Material deposition, the second category, is implemented by
field-induced atom transfer from the tip to the substrate, for example demonstrated for a
Pt tip [381]. For the removal of material, typically decomposition processes are initiated
through e-beam heating. For completeness, STM also enables the accurate positioning of
single atoms, as demonstrated by the seminal work of Eigler and Schweizer [382], showing
only limited use for large-scale fabrication.

Considering AFM-related lithographic methods, primarily thermal and thermochemical
induced effects have attracted the interest of the community [355]. In the thermal SPL,
a resistively heated tip introduces the removal of a suitable material [383], for instance
polymers resistive to heat or molecular glass resists. The modification is highly localized at
the contact area between AFM tip and the surface. In thermochemical SPL, the heat is used
to induce changes in the chemistry of the material. Despite the limited throughput in SPL
(compare Fig. B.1), the use of parallel probes promises a route for upscaling [384]. A major
benefit of SPL is the ability to image the surface in-situ, for instance during the retrace
step, operating in the established AFM mode. Adding material in SPL is also a mature
technology, for example relying on dip-pen nanolithography (DPN) [385]. The operation
of 55000 levers in parallel have been demonstrated, replicating the same structure over a
2D array [386].

In contrast to SPL, nanoimprint lithography (NIL) is a parallel printing technique, promis-
ing decent resolution at high throughput (compare Fig. B.1) [387-391]. NIL relies on a
stamp transferring the pattern to the substrate, by pressing a hard mold containing the
structure as a topography into a soft polymer cast [389]. A thin residual layer protecting
the substrate is subsequently removed in an anisotropic etch step, for instance using RIE.
Promising properties of NIL are an excellent resolution: Already over two decades ago,
the printing of sub-10nm holes in a periodic arrangement has been demonstrated [392].
High aspect ratios have been shown as well as UV curable casts. It allows the fabrication
of multi-level DOEs in one iteration, whereas optical lithography requires several steps. In
addition, the mold can be reused thousands of times, compensating the costs for creating
a high-resolution mold, and renders NIL a cost-effective technique. Nanoimprint is since
2003 part of the International Technology Roadmap for Semiconductors [393], and is suc-
cessfully used for instance for the large-area fabrication of MSs [376,394-396]. Remaining
problems of NIL revolve around achieving a high yield by reducing defect formation.

All techniques discussed so far rely on the top-down approach, inherently limited by
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either the diffraction limit or the nanoscopic size of the probe. Fundamentally different
are self-assembled or self-organized structures that emerge in a bottom-up fabrication
approach, applicable on greatly varying length scales [397-400]. As a manufacturer,
one relies on the interaction of fundamental building blocks, for instance chemical and
biological processes or electrostatic forces. Such self-guided fabrication or directed self-
assembly enables the generation of complex 3D materials, while regularly suffering from
limited process control and defect formation.

In summary, several techniques such as NIL and EUV are on the verge of becoming an
alternative to canonical DUV optical lithography as a high resolution and cost-effective
fabrication tool. Nevertheless, optical lithography remains the tool of choice for high
throughput fabrication at decent resolution.
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Figure C.2: Schematic of metal absorber fabrication.

a — b Spincoating ebeam resist and a conducting polymer (Espacer®).

¢ Ebeam lithography, using a positive resist (for instance PMMA, shown in red). The
volume of the absorber structure is removed in the development step.

d Metal layer deposition via ebeam physical vapor deposition.

e Lift-off in acetone. The resist and the metal layer on top of it is removed.

f Final absorber structure. The next step is to add the phase modulation using dielectric
structures, see Fig. C.3.

C A route to experimental realization of hybrid UV metasurfaces

In this section we discuss a possible fabrication procedure for the metasurfaces discussed
in Chapter 7. The most complex case, the hybrid metasurface, would first require to add
the plasmonic absorber layer (Appendix C.1), followed by the dielectric nanocylinder
array (Appendix C.2). For the phase-only metasurface, the first step is omitted.

C.1 Fabrication of the plasmonic absorber layer

For the plasmonic absorber layer, we propose to use a standard lift-off process [34], as
illustrated in Fig. C.2. First, a ebeam resist (for example a thin PMMA double layer) is
spincoated on the fused silica substrate, followed by the coating of a conducting polymer
(for example Espacer®) to prevent charging effects during ebeam lithography. The positive
photoresist is exposed with the pattern corresponding to the distribution of absorbers.
With the PMMA double layer, where the bottom resist has a higher sensitivity during
exposure, a so-called undercut is created. Following resist development, the chromium
metal layer is deposited on the substrate and the photoresist. Using a highly directional
method (for instance ebeam physical vapor deposition) prevents the coverage on the resist
sidewalls. Together with the undercut, this facilitates a dedicated lift-off step, where the
photoresist and the metal on top of it is removed in a solvent. Having finished the metal
absorber layer, the next step is to fabricte the dielectric nanocylinders.



Appendix 161

A- -A
Resist coating Polymer coating A [AEELLS A Hl nl H
Ebeam lithography Initial ALD

THT =
ulll“ HIIIH B o

ALD RIE Resist removal

Figure C.3: Schematic of TiO, metasurface fabrication. Adapted from [316].

a — b Spincoating ebeam resist and a conducting polymer (Espacer®).

¢ Ebeam lithography, using a positive resist (ZEP 520A, shown in red). The volume of the
nanocylinders is removed in the development step.

d — e Atomic layer deposition (ALD) of TiO, (green). The layer is overgrown until a flat
surface is obtained.

f Reactive-ion etching (RIE) of the TiO, down to the photoresist layer.

g — h A removal of the ebeam resist results in the desired metasurface.

C.2 Fabrication of the dielectric nanocylinder array

The task at hand is to fabricate the dielectric nanocylinders with a challenging height-
to-width ratio > 10. Early publications relied on RIE of the TiO, layer [301], but suffer
from slanted sidewalls and considerable sidewall roughness which limit the diffraction
efficiency. Considerable improvement is achieved following the fabrication procedure
outlined in [316]. Here, the basic idea is to use atomic layer deposition (ALD) on top
of the structured ebeam resist. ALD is a conformal deposition technique which allows
high height-to-width ratios and an exact control over the layer thickness, and a uniform
film featuring a reduced defect density and surface roughness with respect to alternative
deposition techniques [316,401].

Figure C.3 illustrates the individual fabrication steps. The lithographic patterning of the
positive photoresist creates the cylindrical volumes that are subsequently filled up by ALD.
One important parameter is the temperature during the ALD process, which has to be
below the glass transition temperature of the photoresist to prevent shape modifications.
As depicted in Fig. C.3e, the TiO, is grown beyond the height of the photoresist to obtain
a void-free volume. Subsequently, the overgrown layer is etched away using RIE, and the
resist is removed in a solvent.

In this process, the resist thickness defines the final height of the nanocylinders. The
absorber patch underneath the nanocylinder, as depicted in Fig. 7.7b, might induce small
variations in the height of the nanocylinders, which can be fully taken into account in the
simulations.
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