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SUMMARY

In awide range of manufacturing industries, including semiconductors, photonics, trans-
portation, healthcare and energy storage, there is a need for increasingly smaller struc-
tures with strict tolerances. To continue this trend, fast, non-destructive, and traceable
metrology that can keep pace with these developments is essential. Although electron
and scanning probe microscopies have excellent spatial resolution, they suffer from low
throughput, stringent measurement conditions, and can be destructive to the sample.
On the other hand, optics-based techniques are attractive for fast, non-contact metrol-
ogy in manufacturing environments. Coherent Fourier scatterometry (CFS) meets this
need by providing an optical measurement solution that uses low light power, is non-
destructive, and has a simple optical design. The technique involves focusing a coherent
beam onto a diffraction-limited spot, collecting the field scattered in the Fourier plane
after interaction with the sample. By scanning the spot across the surface, a scatter-
ing map is constructed from which parameters of the structures can be derived using a
forward simulation model. Since scanning time accounts for most of the total measure-
ment time, this thesis focuses on accelerating CFS by investigating different approaches,
such as probe multiplexing and non-raster scanning, to increase the scanning speed.
The central research question is how each of these options balances speed, optical com-
plexity, alignment effort, and the overall noise floor of the system.

Chapter 1 places CFS in the broader metrology landscape and describes its unique
advantages and disadvantages, including the need for scanning systems with high through-
put capacity. The chapter also outlines the approach of the thesis and provides a brief
overview of the other chapters.

Chapter 2 develops the basic theory and modelling of CFS that underlines all sub-
sequent designs, from scalar to vectorial descriptions of a highly focused probe and dif-
ferential detection in the Fourier plane, to rigorous forward solvers that predict Fourier
plane signatures for known structures. Aberrations, electronic bandwidth, and input
power limitations collectively determine the smallest features that can be measured at a
given speed.

Chapter 3 investigates the practical detection limits in CFS by analysing how low-
order aberrations reshape the focal field distribution, the scattered field recorded in the
Fourier plane, and the corresponding measured difference signal. It also describes how
the focus criteria derived from the signal peak-to-peak can deviate from the actual best
focus position and how scan trajectories and power budgets interact with detector and
electronic limits to determine the operating windows.

Chapter 4 implements multi-beam CFS by parallelising the scanning using multiple
focused spots. A diffractive beam splitter produces multiple spots that share a common
focal plane, and a microlens/detector relay ensures independent readout. The research
approach validates independent detection on sparsely populated particle samples. In
addition, a calibration curve was created using a Si sample with etched silicon wells of
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X SUMMARY

different diameters, followed by the development of a phase correlation algorithm to
link the overlapping scan areas. The method offers linear throughput gains for a given
area as a function of the number of probes but requires precise alignment and careful
management of off-axis deviations.

Chapter 5 replaces the fast raster scan axis with a galvanometric mirror to achieve
scans at kHz speeds. The fast galvo scan is synchronised with a low-speed piezo axis. An
angle-dependent beam shift that occurs at the detector plane, caused by the position of
the mirror relative to the rear focal plane of the objective is modelled. The chapter also
describes the calibration of the diameters of etched pits on a Si sample and provides an
overview of the contribution of measurement uncertainty from diverse sources. Galvo
scanning provides an order of magnitude faster scan times with compact hardware, at
the expense of angle-dependent beam shifts at the detector and field aberration man-
agement.

Chapter 6 discusses a rotation-based CFS example in which the fast axis undergoes
continuous angular motion in combination with radial steps using a slow piezo. Using
a procedure for minimising frequency dispersion, the actual rotation axis can be deter-
mined directly from the frequency spectrum of the measured CFS signal to correct for
errors in probe centring. The axial wobble is quantified using a depth response curve of
the CFS signal and is measured to less than one micrometer. The polar data is mapped
onto 2D Cartesian coordinates after compensation for the deviations in probe centring.

Chapter 7 demonstrates scanning with a digital micromirror device (DMD) without
macroscopic moving parts by moving Fresnel zone plates (FZPs) on the DMD. The scan
signal per position is normalised by the input power to compensate for the non-uniform
input beam. The FZP patterns are also adapted to combine aberration correction pat-
terns for each scan position, enabling fast scanning with aberration correction without
the need for additional hardware. The main disadvantage of this scanning technique is
the poor utilisation of the input power.

Chapter 8 provides an overview of different scanning strategies, comparing scanning
parameters and the advantages and disadvantages of different techniques. It is impor-
tant to note that the figures do not represent final values, but only correspond to the
specific implementations discussed in the previous chapters. The scanning speed is a
compromise between input power, electronic bandwidth, and system complexity. Each
technique has unique advantages and disadvantages and must be chosen with specific
applications in mind.



SAMENVATTING

In een breed scala aan productie-industrieén, waaronder de halfgeleider-, fotonica-,
transport-, gezondheidszorg- en energieopslagsector, bestaat een groeiende behoefte
aan steeds kleinere structuren met strikte toleranties. Om deze trend voort te zetten is
snelle, niet-destructieve en traceerbare metrologie die gelijke tred kan houden met deze
ontwikkelingen essentieel. Hoewel elektronen- en scanning-probe-microscopieén een
uitstekende ruimtelijke resolutie bieden, hebben zij een lage doorvoersnelheid, vereisen
zij stringente meetcondities en kunnen zij destructief zijn voor het monster. Optisch ge-
baseerde technieken zijn daarentegen aantrekkelijk voor snelle, contactloze metrologie
in productieomgevingen. Coherent Fourier-scatterometrie (CFS) voorziet in deze be-
hoefte door een optische meetoplossing te bieden die weinig lichtvermogen gebruikt,
niet-destructief is en een eenvoudige optische opstelling heeft. De techniek omvat het
focussen van een coherente bundel op een diffractielimietspot en het verzamelen van
het veld dat na interactie met het monster in het Fourier-vlak wordt verstrooid. Door de
spot over het oppervlak te scannen, wordt een verstrooiingskaart opgebouwd waarvan
structuurparameters kunnen worden afgeleid met behulp van een voorwaarts simulatie-
model. Aangezien de scantijd het grootste deel van de totale meettijd bepaalt, richt dit
proefschrift zich op het versnellen van CFS door verschillende benaderingen te onder-
zoeken, zoals probe-multiplexing en niet-rastergebaseerd scannen, om de scansnelheid
te verhogen. De centrale onderzoeksvraag is hoe elk van deze opties snelheid, optische
complexiteit, uitlijningsinspanning en de algehele ruisvloer van het systeem in balans
brengt.

Hoofdstuk 1 plaatst CFS in het bredere metrologielandschap en beschrijft de unieke
voor- en nadelen, waaronder de noodzaak van scansystemen met hoge doorvoercapaci-
teit. Het hoofdstuk schetst ook de aanpak van het proefschrift en geeft een kort overzicht
van de overige hoofdstukken.

Hoofdstuk 2 ontwikkelt de basistheorie en modellering van CFS die aan alle daar-
opvolgende ontwerpen ten grondslag ligt, van scalair tot vectorieel beschreven sterk ge-
focusseerde probes en differentiéle detectie in het Fourier-vlak, tot rigoureuze forward-
solvers die Fourier-vlaksignaturen voorspellen voor bekende structuren. Aberraties, elek-
tronische bandbreedte en beperkingen in het invoervermogen bepalen gezamenlijk de
kleinste kenmerken die bij een gegeven snelheid kunnen worden gemeten.

Hoofdstuk 3 onderzoekt de praktische detectielimieten van CFS door te analyseren
hoe laag-orde-aberraties de brandveldverdeling, het verstrooide veld in het Fourier-vlak
en het overeenkomstige gemeten differentiesignaal vervormen. Het hoofdstuk beschrijft
ook hoe de focuscriteria, afgeleid uit de piek-tot-piek van het signaal, kunnen afwijken
van de werkelijke beste focuspositie en hoe scantrajecten en vermogensbudgetten inter-
ageren met detector- en elektronicalimieten om de operationele vensters te bepalen.

Hoofdstuk 4 implementeert multi-beam CFS door het scannen te paralleliseren met
meerdere gefocusseerde spots. Een diffractieve bundelsplitser genereert meerdere spots
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die een gemeenschappelijk brandvlak delen, terwijl een microlens-/detectorrelais voor
onafhankelijke uitlezing zorgt. De onderzoeksaanpak valideert onafhankelijke detectie
op schaars bevolkte deeltjesmonsters. Daarnaast werd een calibratiecurve opgesteld
met behulp van een Si-monster met geétste siliciumputten van verschillende diame-
ters, gevolgd door de ontwikkeling van een fasecorrelatie-algoritme om de overlappende
scangebieden te koppelen. De methode biedt lineaire doorvoersnelheidswinst voor een
gegeven gebied als functie van het aantal probes, maar vereist nauwkeurige uitlijning en
zorgvuldig beheer van off-axis afwijkingen.

Hoofdstuk 5 vervangt de snelle raster-scan-as door een galvanometrische spiegel om
scans op kHz-snelheden te realiseren. De snelle galvo-scan wordt gesynchroniseerd met
een langzame piezo-as. Een hoekafhankelijke bundelverschuiving die optreedt in het
detectorvlak, veroorzaakt door de positie van de spiegel ten opzichte van het achterste
brandvlak van het objectief, wordt gemodelleerd om het bruikbare galvo-hoekbereik te
bepalen. Het hoofdstuk beschrijft ook de calibratie van de diameters van geétste put-
ten op een Si-monster en geeft een overzicht van de bijdragen van meetonzekerheden
uit diverse bronnen. Galvo-scanning levert een orde van grootte snellere scantijden met
compacte hardware, ten koste van hoekafhankelijke bundelverschuivingen bij de detec-
tor en het beheer van veldaberraties.

Hoofdstuk 6 bespreekt een rotatiegebaseerd CFS-voorbeeld waarin de snelle as een
continue hoekbeweging ondergaat in combinatie met radiale stappen via een langzame
piezo. Met behulp van een procedure voor het minimaliseren van frequentiedispersie
kan de daadwerkelijke rotatie-as direct worden bepaald uit het frequentiespectrum van
het gemeten CFS-signaal, om fouten in de positionering van de probe te corrigeren. De
axiale “wobble” wordt gekwantificeerd aan de hand van een diepte-responskromme van
het CFS-signaal en blijkt kleiner dan één micrometer. De polaire data wordt na compen-
satie voor afwijkingen in de probe-centrering omgerekend naar 2D Cartesische coordi-
naten.

Hoofdstuk 7 demonstreert scannen met een digital micro-mirror device (DMD) zon-
der macroscopische bewegende delen door Fresnel-zoneplaten (FZP’s) op de DMD te
verplaatsen. Het scansignaal per positie wordt genormaliseerd op het invoervermogen
om te compenseren voor de niet-uniforme invoerbundel. De FZP-patronen worden ook
aangepast om aberratiecorrectiepatronen voor elke scanpositie te combineren, wat snel
scannen met aberratiecorrectie mogelijk maakt zonder de noodzaak voor extra hard-
ware. Het belangrijkste nadeel van deze scan techniek is het geringe rendement van het
invoervermogen.

Hoofdstuk 8 biedt een overzicht van verschillende scanstrategieén, waarbij scanpa-
rameters en de voor- en nadelen van verschillende technieken worden vergeleken. Het is
belangrijk op te merken dat de weergegeven waarden geen eindwaarden vormen, maar
enkel betrekking hebben op de specifieke implementaties die in de voorgaande hoofd-
stukken zijn besproken. De scansnelheid is een compromis tussen invoervermogen,
elektronische bandbreedte en systeemcomplexiteit. Elke techniek heeft unieke voor- en
nadelen en moet worden gekozen met specifieke toepassingen in gedachten.



INTRODUCTION

Sarika Soman

When you can measure what you are speaking about, and express it in numbers, you
know something about it; but when you cannot measure it, when you cannot express it in
numbers, your knowledge is of a meagre and unsatisfactory kind: it may be the beginning

of knowledge, but you have scarcely, in your thoughts, advanced to the stage of science,
whatever the matter may be.

Lord Kelvin

Metrology drives progress across a wide range of fields from semiconductors to nano-
medicine. This chapter introduces coherent Fourier scatterometry (CFS) as an optical
metrology tool that uses a focused spot as a probe to characterise nano-structures, while
highlighting one of its principal limitations: long measurement time. Competing metrol-
ogy tools are surveyed, their strengths and shortcomings compared, and CFS is positioned
within this landscape. The chapter concludes with a discussion on possible approaches to
solve the problem of long scanning time.



2 1. INTRODUCTION

1.1. IMPORTANCE OF METROLOGY

He history of metrology mirrors the history of humans. Every milestone in human
T achievement also marks a step in the advancement of tools of measurement. “Man is
the measure of all things”, said Protagoras [1]. While he likely meant this in a philosoph-
ical sense, for early societies, this statement had a more literal meaning. Body-based
units of measurement were used as convenient measurement standards across the world
[2]. In ancient Egypt, a cubit (the length of the pharaoh’s arm from his elbow to the fin-
gertip) was used as a standardised unit of measurement [3]. The lengths were marked
in black granite and stored in temples as references [4]. In fact they were so serious that
the priests who failed to recalibrate the cubit standard on time were beheaded [5]. The
use of such standards greatly aided the commerce and trade at the time. As civilizations
advanced, so too did their need for precision. This is exemplified by the steam engine,
a symbol of the first industrial revolution. Manufacturing its cylinders demanded such
tight tolerances that uniformity was said to be "within the thickness of a worn shilling"
[6]. It is no coincidence that James Watt, the engineer who invented the rotary steam
engine, also invented the screw micrometer, a tool capable of measuring differences of
just a few microns. He made it a standard practice in his factories, proving that no mean-
ingful innovation happens without the ability to measure precisely.

As technology advances, metrology tools face increasing pressure to keep up. Where
measuring a micron was a challenge more than 300 years ago, today we routinely deal
in nanometers, or even smaller. This demand is driven by the widespread adoption of
nanotechnology across industries and its infiltration into everyday products. Nanos-
tructures and nanoscale devices are no longer confined to academic research or niche
sectors; they are embedded in the chips powering our electronics, in pharmaceuticals
enabling targeted drug delivery, in lightweight composites used in aircraft and electric
vehicles and in energy technologies from high-efficiency solar cells to next-generation
batteries [7]-[13]. The age-old adage “you make what you measure” has never been more
relevant. Metrology is a core enabler of modern manufacturing and innovation. In in-
dustries striving for near-zero defects, such as those adhering to Six Sigma standards,
measurement has evolved from a product-level concern to a process-level imperative
[14]. Producing fewer than 3.4 defects per million means every aspect of production
must be tightly monitored and controlled, and that starts with measurement.

A classic example of the critical role of metrology is the semiconductor industry. The
ongoing miniaturisation in electronics has been fuelled by the ability to precisely manu-
facture and monitor ever-smaller components. Modern integrated circuits now contain
billions of transistors, each built using complex nano-fabrication processes involving
multiple layers of different materials. At the “2 nm” node, the gate pitch has shrunk
to just 45 nm (still some way from 2 nm) [15]. Device architectures have evolved from
planar transistors to gate-all-around (GAA) nanosheet transistors and even to sequen-
tial or monolithic 3D field-effect transistors (FETs) [16]-[19]. These innovations not only
introduce finer geometries but also highly complex three-dimensional shapes, often in-
corporating heterogeneous materials like III-V compounds, and 2D materials [20], [21].
With nodes approaching physical limits, metrology now faces a convergence of chal-
lenges: stochastic variation, materials diversity, and architectural complexity [15]. Tools
must be capable of measuring at sub-nanometer resolution, operate in-line and non-
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destructively, and adapt to hybrid materials and advanced process flows.

While the semiconductor industry has benefited from decades of metrology-driven
refinement, emerging fields may depend on it even more critically. Nanomedicine and
nano-enabled medical device therapeutics exemplify this need. Positioned at the in-
tersection of biology, pharmacology, microfluidics, advanced materials, and photonics,
these technologies are tackling complex medical challenges that traditional approaches
cannot always solve. Breakthroughs such as COVID mRNA vaccines and over 50 clin-
ically approved nanomedicine formulations demonstrate their rising importance, with
many more than 400 in clinical trials [22]-[24]. To ensure safety, efficacy, and regula-
tory compliance, accurate measurement of critical quality attributes like particle size,
size distribution, surface properties, and drug loading is essential [25]-[28]. This calls
for dedicated measurement strategies not only during development but throughout the
manufacturing process. The increasing number of research projects focused on refin-
ing metrology standards for nanomedicine reflects the urgency and complexity of this
requirement [29].

1.2. SURFACE METROLOGY

Every metrology tool has three basic components: a probe, interaction between the
probe and the sample, and a detector to record the effect of the interaction. For surface
measurement tools, the probe can be a mechanical structure such as in stylus-based
tools, electromagnetic fields such as optical or electron microscopy, or even acoustic
waves [30]. Atomic Force Microscopy (AFM) is one of the most widely used stylus-based
measurement techniques [31], [32]. As the probe scans the sample surface, attractive or
repulsive surface forces cause the probe to deflect. A laser beam reflected off the probe
is detected by a photodetector, converting the deflection into an accurate surface topog-
raphy map at the nanometer scale. The advantage of using an AFM is that the sample
topography information can be measured with high spatial resolution along both lateral
and axial directions. One of the major disadvantages is that the measurement process
is contact-based and quite slow, limiting its use to small scan areas and for reference
measurements. There is also the issue of tip wear and contamination, causing tip re-
placement after prolonged use [33]-[36].

A complementary technique is scanning electron microscopy (SEM) [37]. It uses a
focused electron beam to scan the sample and records the backscattered electrons. SEM
has high spatial resolution and can also give additional material information about the
sample [38]. However, the measurement can be damaging to delicate samples such as
biological specimens, metal oxide semiconductor field effect transistor (MOSFET) logic
gates, and for non-conducting samples, additional coatings are often required to in-
crease contrast [35], [39]-[41]. It also requires high vacuum conditions, which can be
challenging during production. These examples underscore a common challenge in
metrology: the trade-off between resolution, speed, and sample compatibility. High-
resolution tools often struggle with throughput and stringent measurement conditions,
making them less ideal for high-volume manufacturing environments.

Optical metrology tools use electromagnetic waves in the optical spectral range as
the probe [42]-[44]. It includes a wide range of tools such as interferometry, scanning
microscopy, scatterometry, speckle-based techniques, fringe-projection and so on [45]-
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[50]. These tools use different properties of light such as intensity, phase and polarisa-
tion to retrieve information about the sample. Optical tools are advantageous due to
their non-contact and non-destructive measurements, fast measurement times, and ca-
pability to measure large scan areas. The biggest disadvantage however is the limited
spatial resolution. Spatial resolution is inversely proportional to the wavelength of the
field used as the probe and the smaller the wavelength, the better the resolution. Elec-
tron beams have a much shorter wavelength (0.0388 nm for 1 keV) compared to light in
the visible range (400-700 nm), enabling the superior spatial resolution for the electron
microscopy tools. Prior information about the sample can help resolve the information
in the measurement which is highly non-linearly entangled in the signal.

Scatterometry refers to a branch of metrology techniques in which changes in the
light scattered off a sample combined with a priori information is used to infer certain
properties of the sample [49], [51]. When light interacts with a structure on the sample
surface, the scattered field encodes a unique “fingerprint” of that structure in its polar-
isation state, diffraction intensities or phase. By comparing this measured fingerprint
with the response predicted by an accurate electromagnetic model of the sample, an
inverse problem is solved that yields quantitative parameters such as film thickness,
critical dimension (CD), side-wall angle or refractive index [52]-[55]. Variants of opti-
cal scatterometry such as spectroscopic scatterometry, fixed-angle scatterometry and
spectroscopic ellipsometry differ mainly in which part of the fingerprint they record
(wavelength-dependent intensity, angular distribution, or polarisation changes) [56]-
[58]. All three can reconstruct sub-nanometer variations in material or geometric prop-
erties, yet their applicability is limited by poor lateral resolution because their probe
beams are only weakly focused or even collimated; the illuminated spot typically spans
tens to hundreds of micrometers [49].

Coherent Fourier scatterometry (CFS) fills this niche. By tightly focusing a coher-
ent light beam with a high-NA objective and analysing the complete diffraction pat-
tern in the Fourier plane of the objective, CFS preserves the parameter sensitivity inher-
ent to scatterometric techniques while shrinking the spot to the diffraction limit (spot
size = 0.55um for A = 405 nm, NA = 0.9) [59]. Consequently, CFS enables classical
scatterometry-style parameter extraction together with the lateral resolution required
for mapping sub-wavelength structures. An additional advantage is that since CFS col-
lects all the light reflected from the sample, the input power is a few orders of magni-
tude lower compared to similar dark field techniques with comparable sensitivity. Hav-
ing detection capabilities limited only by the noise floor along with high spatial resolu-
tion makes CFS a powerful tool. The technique has been employed with great success
across a wide range of applications, including diffraction grating characterisation, label-
free nerve crossing detection, killer-defect detection on SiC layer for power electronics,
shape determination of sub-wavelength structures, and nanoparticle characterisation
on Si wafers and plastic substrates [60]-[64].

When CFS is used for large area inspection of defects, contamination and detection
of isolated particles on surfaces, the small focused spot needs to be scanned across the
sample to map the entire area of interest. Typically this necessitates the use of piezo-
based scanning stages often having sub-nanometer positioning accuracy and repeata-
bility. The fast axis follows a triangular waveform while the slow axis moves incremen-
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tally following a staircase pattern or slow ramp as illustrated in Figure 1.1. These systems,
while being precise, are slow and can limit the range of applications in which CFS can be
used [65]. For instance, in high-throughput environments such as fast-moving produc-
tion lines, the in-line metrology tools must keep pace with the production requirements.
Furthermore, during measurements over a large area (a few millimeters), the scanning
time can increase from a few tens of minutes to a few hours. The system can undergo
significant drift within the duration of one measurement contributing to measurement
uncertainties. This can pose a significant challenge in the adoption of CFS as a commer-
cial metrology tool. For comparison, Table 1.1 shows the scanning times of a piezo-based
CES system and comparable commercial metrology tools. The order-of-magnitude dif-
ference in the scanning time is a daunting deterrent.

AVAVAVANIR——
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Time, s

@ (b)
Figure 1.1: a) Input waveforms for fast (x) and slow (y) axes, b) combined 2D raster scan pattern.

Table 1.1: Side-by-side comparison of different surface-inspection tools.

Technique Scan time for 100pum x  Pros Cons
100 pm
AFM Very slow. Scan time Excellent  lateral Slow with lim-

~27.7 min for pixel size and vertical res- ited field of view;
of 10 nm and 60 kHz olution; Absolute Needs regular tip
feedback loop 3D topography; replacement due
bandwidth [66]. Compatible  with to tip wear; Can be
different surfaces. potentially damag-
ing to the sample

surface;

Continued on next page
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Technique Scan time for 100pum x Pros Cons
100 pm
SEM Slow. Scan time =75s  Excellent  lateral Stringent mea-
with dwell time of 10 us  resolution; Ele- surement con-
and pixel size 36.6nm  mental and crystal- ditions;  requires
[67]. lographic  studies high/ultra-high
possible. vacuum; charg-
ing effects for
non-conducting
samples; can cause
sample contamina-
tion due to carbon
deposition.
Dark-field Very fast. Scan time High throughput; Requires high laser
=~0.003 s for a system High sensitivity to power;  Dynamic
using 193 nm scatterers; Simple range limits de-
wavelength to detect optics design. tection near edges
contaminants >35 nm! due to detector
[68]. saturation; Model-
based inference;
Difficulty in mea-
suring low-contrast
particles.
Confocal Fast. Scan time of Good lateral and Complicated op-
microscopy =~0.06 s with a pixel size axial resolution. tical system; Low

of 100 nm using

rotating polygons [69].

signal-to-noise
ratio for small and
low contrast par-
ticles; Correction
required for off-axis
beam aberrations.

Continued on next page
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Technique Scan time for 100pum x  Pros Cons

100 pm
CFS — Slow. Scan time 300 s Good lateral res- Slow; Model-based
piezo-based for a system with pixel ~olution and axial inference.

size of 100 nm 2. resolution;  High

sensitivity to low-
contrast scatterers;
Simple optics de-
sign; Low power
ideal for delicate
samples; Possi-
ble to retrieve the
size and shape of
sub-wavelength
nanostructures
[64], [70], [71].

1.3. RESEARCH QUESTION

CES is a low power, sensitive metrology tool with good spatial resolution. Adding fast
scan speed to the arsenal can increase the range of applications of CFS-based tools to
those requiring high throughput or video-rate measurements. The goal of this thesis is
to investigate the use of non-piezo based scanning platforms to replace one or both scan
axes and the implementation of parallel probe illumination. The study does not focus on
the design or mechanical properties of the scanning systems but only on its impact on
the CFS scan signal.

KEY QUESTIONS
1. What are the different ways to improve the scanning speed of the system?

2. How can they be adapted to be used in CFS systems?

3. What s the influence of each scheme on the system performance?

1.3.1. THESIS APPROACH

The primary aim of this research is to enhance the scanning speed of CFS systems,
making them more suitable for high-throughput and dynamic measurement
environments. To accomplish this, various strategies are explored. In literature, some
approaches involve improving the mechanical design of scanning stages - for instance,
designing flexure-guided nano-positioning stages with resonant frequencies exceeding
several kilo Hertz [72], [73]. Such designs exploit the advantages of compliant
mechanisms, thereby increasing achievable scanning speeds while maintaining high

Polystyrene latex (PSL) particle equivalent.
2Scan frequency = 1/35 of the first resonant frequency of the piezo (P-625.2 CD, Physik Instrumente).
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positional accuracy [65], [74]. However, in this thesis, we specifically adopt a
complementary strategy, integrating existing high-speed optical scanning devices such
as galvanometric mirrors, rotating polygon mirrors, resonant mirrors, acousto-optic
modulators, digital micro-mirror devices (DMD), rotational stages and so on into
conventional CFS setups [75]-[82]. The existing CFS designs are adapted for each
scanning strategy. The research evaluates the impact of these optical adaptations on
measurement signals, in terms of the influence on signal-to-noise ratios (SNR) using
calibrated targets. Additionally, to further boost measurement throughput, the thesis
explores parallelisation of scanning probes, using diffraction gratings to generate
multiple simultaneous illumination spots, each independently detected and analysed.

1.4. THESIS OUTLINE
This dissertation is divided into different chapters as follows:

* Chapter 2: Coherent Fourier scatterometry: Theory. Discussion of the theory be-
hind coherent Fourier scatterometry.

* Chapter 3: Practical limits to detectability. We define the important quantities in-
fluencing the performance of the system and quantify the effect on the system in
terms of signal quality. These include the optical aberrations, input power, elec-
tronic detection bandwidth, and numerical aperture.

e Chapter 4: Multi-beam coherent Fourier scatterometry. The chapter details the
design, implementation and performance of probe multiplexing in a CFS system.
The approach uses a diffractive beam splitter to generate multiple probes to scan
a sample surface with separate detection and acquisition channels corresponding
to each probe. The scan speed improvement for a given area scales inversely with
the number of probes.

e Chapter 5: Galvo-based coherent Fourier scatterometry. The chapter details the
design and implementation of a galvo-based CFS system. The setup uses a galvo
mirror to replace the piezo stage used for the fast axis. The mirror scans the beam
before the objective and the sample moves along the slow axis. The setup is limited
to movements along the slow axis.

e Chapter 6: Rotation-based coherent Fourier scatterometry. The chapter details
the design and implementation of rotation-based CFS. The setup uses a rotation
stage to rotate the sample continuously while the CFS scan head is mounted on a
piezo stage to step along the radial direction.

e Chapter 7: Scanning using digital micromirror device. The chapter details the de-
sign using a digital micromirror device (DMD) for a fast multiplexed CFS setup.
The key advantage of the design is that there are no moving parts and the sam-
ple can be kept fixed while the DMD mirrors are used to scan a beam across the
sample.

* Chapter 8: Conclusions and outlook. The chapter includes the thesis summary
and a discussion on the possible future work.
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