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Abstract

As demand for chips increases and critical dimension keeps shrinking, the inspection of wafer becomes one
of the critical challenges in the high volume production of chips. Coherent Fourier scatterometry (CES) is a
scanning bright field technique that is capable to detect nanoparticles on Si surfaces. The optical readout of
CEFS consists of a two pixel split detector that gives a voltage signal based on the intensity difference between
the two halves. While an area of the wafer is raster scanned, the flat surface with no particles gives a zero
voltage and on the particle an asymmetrical (non-zero) signal will be detected.

In this thesis, we demonstrate the use of synthetic optical holography (SOH) as a new method to improve
the sensitivity of CFS. By adding a reference mirror with a piezo stage to the setup, we can interfere the scat-
tered field with a plane reference wave. And by moving the mirror in steps, we can change the phase of the
reference wave for every line of the raster scan, such that the 2D scan represents a digital off-axis hologram.
Applying the standard digital holography reconstruction process, we retrieve a signal that equals the complex
far field difference scaled by the reference field amplitude.

Overall, we see consistent signal-to-noise ratio (SNR) improvement over the conventional CFS. For the
detection of a polystyrene latex (PSL) particle with a diameter of 60 nm (~ A/10) on a silicon wafer, this new
implementation leads to a SNR of 10 dB, which is about 4 dB over the filtered conventional CFS signal. For
measurements of a dust particle using a very low amount of incident power (0.0014 mW on wafer), a SNR
gain of more than 6 dB is achieved compared to filtered conventional CFS, due to the attenuation of low
frequency electronic noises. Therefore, the implementation of SOH improves the sensitivity for detecting
small nanoparticles and allows low power applications, such as biological imaging.
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Introduction

As technology advances and the internet of things rises, the usage of IC chips grows rapidly. Chips that are
normally only used in computers can also be found in everyday appliances such as light bulbs, fridges and
vacuum cleaners. Furthermore, the rise of self-driving cars which utilize computationally intensive artificial
intelligence (AI) and neural networks [20] also drives up the demand for chips. That means the production of
semiconductor devices becomes more and more important in the future.

The detection of nanoparticles has been a major problem that semiconductor manufacturers have to deal
with. Those nanoparticles can cause major defects in the semiconductor devices [1], therefore the silicon
wafers need to be cleaned thoroughly before the fabrication process. This also needs to be done for the
reticles or pellicles before exposure. As the state of the art extreme ultraviolet (EUV) lithography process is
getting adapted by the industry, which requires very stringent cleaning procedures [31, 36], and the feature
size keeps shrinking, the detection of particles is even more important and challenging to ensure yielding.
Besides detection, simultaneous localization and classification of the particle without additional setups are
often required. The detection system is ideally fast, sensitive and should not damage the wafers with excessive
illumination power [29].

The most used scattering based particle detection systems are based on dark-field technique, an example
is the Rapid Nano from TNO, the Netherlands. Dark field technique is generally more sensitive than bright
field technique, due to the high signal to noise ratio (SNR). However, the high SNR is achieved by using high
illumination power [37]. The high amount of energy can be a source of unwanted damage of polymer coatings
on a substrate [26].

Coherent Fourier scatterometry (CFS) is a bright field scanning technique that is based on the scattered
light from a focused laser beam on the scanned surface. The sample is placed on top of a piezo stage that
moves in the lateral directions in order to perform a raster scan. Then a laser beam is focused on the sample,
the far field of the reflected light is imaged on a split detector. The difference between the two halves of the
split detector gives a voltage value for the current position. If a particle-free surface is scanned, the far field of
the laser beam is radially symmetric, thus the differential signal is zero for these positions. However, when the
laser is focused onto a particle, the far field becomes asymmetric. This asymmetry is detected as a differential
signal that can be either positive or negative, depending on the position of the laser spot with respect to the
center of the particle. The size and the position of the particle can be derived from a sequence of differential
signals. The performance of this technique is dictated by the signal-to-noise ratio (SNR) of the signal. The
scattering cross section decreases when the particle size shrinks [3], as well as the the performance. If one
can achieve high SNR, then the accuracy and the sensitivity of the detection will be high. It also means the
speed of scan can be increased or illumination power can be reduced, if desired.

There are various techniques that improve the signal-to-noise ratio of CFS, for instance, heterodyne de-
tection [11], inner pupil blocking [29] and radially polarized light [30]. In this thesis, we experiment with
a novel technique that has not yet been used before for the application of particle detection, which is the
synthetic optical holography (SOH) phase imaging technique. The SOH scan setup is very similar to the
Michelson interferometer setup. A laser beam is focused on the sample and a raster scan is performed. The
interference of the reflected beam and the reference beam is imaged on a point detector. While the sample
surface is being scanned, the reference mirror of the interferometer moves, creating a virtually tilted reference
wave due to the phase change per scanned line [33]. The amplitude and the phase can be reconstructed with
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standard Fourier filtering. To integrate the SOH phase imaging with the existing CFS setup, a moving mirror
can be simply added in the existing setup. We will refer to this new implementation as holographic coherent
Fourier scatterometry (HCES).

In this thesis, we investigate the possible performance gain due to the addition of the phase imaging
technique for detecting nanoparticles. The questions we try to answer are

e What extra information can we retrieve by using the HCFS technique?
* How does the signal-to-noise ratio (SNR) of HCFS compare to the conventional CFS?

This thesis is structured as follows. In Chap. 2, we start by showing and explaining the individual setups of
CFS and SOH. Following that, our combined setup and theory regarding the extra information are explained.
Chap. 3 contains the results and discussions. Lastly, Chap. 4 concludes and summaries the most important
results and finalizes with some recommendations.



Experimental methods

This chapter contains information regarding the experimental setups and the theory related to them. We first
explain the coherent Fourier scatterometry (CFS) technique, as well as the scanning scheme and differential
signal associated with it. Then, the basic principles of the synthetic optical holography (SOH) phase imaging
technique is explained. Lastly, our setup where two techniques are combined is shown, also we derive an
expression for the modulated differential signal.
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2.1. Coherent Fourier scatterometry

CFS is a scanning scatterometry technique that has been employed in grating metrology [15, 16, 28] and
particle detection [29] for the semiconductor applications. The focus of this thesis is the latter. A CFS setup is
similar to that of a confocal laser scanning microscopy (CLSM) [24]. Moreover, CFS is a sensitivity enhancing
technique, which focuses on improving the signal to noise ratio rather than the resolution. It has been shown
that CFS provides enhancement in sensitivity compared to incoherent optical scatterometry (I0S) [6, 14].

2.1.1. Standalone setup

In Figure 2.1, the experimental setup of CFS is shown, this is the same setup as in [11, 29]. It is very similar
to a confocal laser microscope operating in reflection mode. Instead of the image plane, the Fourier plane
or the back focal plane of the sample is imaged onto both the camera and the split detector. A HeNe laser
with wavelength A = 633 nm is collimated, linearly polarized and coupled through a fiber. The beamsplitter
BS1 directs the laser beam into a microscope objective (NA = 0.9) that is focused on the sample of interest.
The sample is placed on a piezo stage (PI P-629.2CD) that can be scanned in the xy-plane. The reflected
and scattered light is captured again by the objective and goes back into BS1. Then the transmitted beam is
demagnified by a telescopic setup consisting of lenses L1, L2, L3 and beam splitter BS2, before being incident
on a camera and a split detector (ODD3W2 BiCell Silicon Photodiode).

LD sp

[ 31L3
BS2
Camera L2
— 3ll
% BS1
Laser
z Objective
-
Sample

Scanning

Figure 2.1: Schematic of a coherent Fourier scatterometry particle detection setup. Meaning of the abbreviations: BS - beam splitter, L -
lens, SD - split detector.

The raster scan takes place line by line in the x-direction, after each line the stage moves one step up in
¥, then scans a line in the opposite x-direction. This scanning scheme is shown in Figure 2.2a. Typically, we
only keep the lines from left to right as our actual data. Both the control of the stage and data acquisition are
handled by one single LabVIEW program.
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Figure 2.2: (a) The scanning schematic of CFS. The fast axis of the scan is the x-axis and the slow axis is the y-axis. X and Y are the
dimensions of the scan area, and Ax and Ay are line widths. (b) Drawing of a split detector where the differential signal is obtained by
subtracting the total intensity left with the right. (c) Example of differential line signals, the blue line represents the signal if a particle is
scanned and the blacks lines are if a flat surface is scanned. The data are from a measurement of a 20 nm Au particle on Si wafer.

2.1.2. Detectors

In the earliest iteration of CFS setups, a camera or a single pixel detector is used to measure the total intensity
at each position. A dip in intensity due to scattering implies the presence of a particle. However, particle
detection that uses the differential signals from the split detector shows significant signal-to-noise ratio (SNR)
benefits. SNR improvement of two orders is observed in [29]. A split detector, shown in Figure 2.2b, has
effectively two pixels, the intensity voltage from the left pixel is subtracted with the right pixel eliminating the
majority of noise. The differential signal is described by

V(r):Vl—V20< 11—12

=ff|Us(r,él,m)|2déldm—ff|Us(r,éz,nz)|2dfzdnz, @D
Q Dy

where Us is the scattered field on the detector plane. Coordinates r = (x, y) give the spatial position on the
sample, the coordinates (¢,n) are for the Fourier plane at each scanned position, and indices 1 and 2 denote
the two sides of the detector. This signal gives information about the asymmetry of the scanned surface. If
a particle-free surface is scanned, the far field of the laser beam is radially symmetric, thus the differential
signal is zero for these positions. However, when the laser is focused onto a particle, typically spherical, the
far field changes and becomes asymmetric. The differential signal then becomes non-zero. We display an
example of the differential signal in Figure 2.2c. The sign of the signal tells us the location of the laser spot
with respect to the center of the particle, the width and the strength of the signal are related to the size of the
particle.
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2.1.3. Signal to noise ratio
The performance benchmark of the CFS technique is the signal-to-noise ratio, or more accurately the signal-
to-background ratio. The scattering cross section is proportional to the particle’s size to the sixth power [3]. If
the size of the particles gets smaller, SNR decreases as well as the performance. If we can achieve high SNR,
then the detection system is more sensitive and we can detect smaller particles. It also means the speed of
scan can be increased or illumination power can be reduced, if desired.

In this thesis, we define the signal-to-noise ratio as follows

os
SNRdB =20 logm (0_—) (2.2)
N

with g and o the standard deviation of the signal and noise, respectively. This definition emphasises the
contrast and does not depend on the offset of the background. On the other hand, SNR computed with the av-
erage powers 10log;, (Ps/Py) does depend on the offset. In practice, for a signal with zero-mean background
two expressions give a very similar value.
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2.2. Synthetic optical holography

The synthetic optical holography (SOH) technique is quantitative method to retrieve the phase information of
an object. SOH is suitable for fast and simple phase imaging in scanning optical microscopy [33]. A synthetic
optical holography setup is based on the the Michelson interferometer [19] and a confocal microscope [24],
and the working principle is based on the off-axis digital holography [25].

2.2.1. Standalone setup

We show in Figure 2.3 a basic configuration of SOH similar to those in [22, 32-34]. The basis of SOH is a laser
confocal microscope in reflection mode. A collimated laser beam is split in two arms by a beam splitter. In
one arm the laser is focused on the sample by objective L1, which is also placed on a stage, the reflected and
scattered light Us(r) is then again collected by the objective. In the other arm, the reference mirror attached
to a piezo stage reflects the light Ug(r) back into the beam splitter. The superposition of the field from both
arms is imaged on a single pixel detector by L2, the intensity is then recorded. While the sample is scanned
following the previous scheme, the reference mirror moves resulting in a virtual reference phase. The entire
recorded image I(r) is a hologram of the sample with a synthetically tilted wave, given by

1) = |UR @) * + | Us (1)|* + Ug (1) Ur (x) + Us (1) U (x). 2.3)

The derivation of this expression can be found in Appendix A.2.

a Detetctor

— — PH
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Figure 2.3: Schematic of a SOH phase imaging setup. Meaning of the abbreviations: BS - beam splitter, L - lens, PH - pinhole, SD - split
detector.

2.2.2. Linearly moving mirror
In this mode, the reference mirror is moving with a constant speed in one direction. Due to the translation,
the reference field Ug (r) = |Ug|e'?*®™ = |Ug|e’™®IT has a virtual wave vector ky = (kx, ky) with

AT v 4w UR

R
ky=—+-— and ky=— ———, 2.4

T Y Ay-vyel2X 24
where vy is the velocity of the mirror, vy is the scanning velocity in the fast scan direction and X is the scan
length in the x-direction as shown in Figure 2.2a [33]. Note that due to the way we scan the sample, time span
of a whole line elapses between every acquired line . Therefore, the synthetic wave vector in the slow scan
direction ky is much greater than k.
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2.2.3. Stepping mirror
Instead of moving at a constant velocity, the mirror can also be moved once per scanned line to create a
similar virtual wave vector. Define N as the number of lines or steps that the reference phase is changed by
27. The position of the mirror at each line is given by
A m-1

dm—z- N for m=1,2,3---. (2.5)
Instead of stepping the mirror solely in the positive direction, another option is to cycle the positions every
N lines, because fields differ by 27 in phase can be regarded as identical. Therefore, the 1" line (I > N)
corresponds to the mirror position with m = mod(/, N). In Figure 2.4, position of the mirror for both options
are sketched. In theory, they should result in the same virtual reference wave.

The y-component of the resulted virtual wave vector k = (ky, k) is given by

21

= 2.6
Y= Nay (2.6)

while k, = 0. The benefit of this movement over linear movement is the simplicity. By choosing N = 3, our
modulation frequency can never exceed the Nyquist frequency, which is ky = 27/(2Ay). In this thesis, we are
mainly utilizing this mirror translation due to the fact that our mirror stage has a relatively short range of 15
um. If we cycle the stepping positions, we will not run out of range during a long scan.

However, the stepping actions may cause stability issues, because the stage accelerates and decelerates
rapidly every other line. While by linearly moving the mirror, no acceleration nor forces act on the mirror. To
mitigate the stability issues as much as possible, we can program such the stepping of the mirror happens
during the lines when the data are not used, so the mirror has a some time to stabilize.

5T
d 2 d
FLg 3r
2 2
T T T m T
0 0 0
> >
t t

Figure 2.4: Schematic of the mirror position versus time for the N=4 mirror stepping movement. Left: we let the stepping propagate
linearly. Right: we cycle the stepping positions in order to overcome range limitation of the stage. The resulting reference phase for each
step is indicated on the graphs.

2.2.4. Reconstruction
The reconstruction of a synthetic hologram can be done using standard Fourier transform filtering, identical
to the conventional off-axis digital hologram [4, 25]. The Fourier transform of the hologram (eq. 2.3)

I(q) = A(q) +|Ur|U¢ (q—k;) + |Url|Us (g + k) .7

contains the auto-correction term A, the Fourier transform of |Ug(r)|? + |Us(r)|?. The cross term |Ug| (75* and
its complex conjugate are shifted by +k; with respect to the DC-component. We can separate the term |Ug|Us
in the Fourier space, shift it to the center and inverse Fourier transform, then we end up with the complex
signal |UR|Us. For ideal reconstruction, the zeroth order and the first orders should have little overlap in the
frequency space, meaning that k; needs to be chosen wisely.
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2.3. Combined setup

To implement interferometer functionality in the CFS setup, we have to simply add a piezo stage (PI P-841.1)
with a mirror to our previous setup (see Figure 2.1). Also, an optional 3D printed pinhole can be attached to
the mirror to reduce the reference beam size to match that of the scattered beam due to the opening of the
objective. Our final setup is displayed in Figure 2.5. One can see that the addition of the SOH technique adds
very little complexity to our setup. If we desire to go back to the old setup, we can simply block the reference
arm.

This setup is essentially the same as interferometric coherent Fourier scatterometry (ICFS) for charac-
terizing gratings [16]. We shall refer to the combination of CFS with SOH as holographic coherent Fourier
scatterometry (HCFS), to distinguish it from the other versions of CFS.

Furthermore, raster scans of the sample and data acquisition are performed in the same way as described
previously in section 2.1. Mirror movements that are identical to SOH from section 2.2 are added in the same
LabVIEW program, so everything can be controlled from the same place (see Appendix A.4).

SD
o —
U BS2
Camera L2
L1
Moving
E |
BS1 | ]
Laser PH Mirror
z Objective
l-»m
Sample

Scanning

Figure 2.5: (a) Schematic of the combined CFS and SOH setup. (b) Picture of the setup. Meaning of the abbreviations: BS - beam
splitter, L - lens, PH - pinhole, SD - split detector.
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2.3.1. Differential signal

The implementation of the SOH changes the signal of the split detector. The HCFS differential signal for each
scanned position is the integrated intensity difference between the interference pattern on both sides of the
detector. It is described by

V(r) :V1 - VgO( [1 —Iz

=ff|UR(l‘)+Us(l‘,51,771)|2d51d771—ff|UR(l‘)+Us(l‘,§2,772)|2d52d772 2.8)
4] Dy

=L4iff no mirror () + |URIC* (1) e’ PR 4 |U| C(x) e~ 2@

, where Ug = |Ug|e!?R = |Ug|e!®IT the reference field and Us = |Us|e’?s the complex scattered field at the split
detector, and Iqisf no mirror the conventional differential signal without the mirror (as in eq 2.1). The complex
term C(r) is given by

C(r)=fos(l‘,51yTh)d51dTll—fos(l‘,fzynz)dfszlz, (2.9)
qQ 3

which equals the integrated complex field difference between both sides of the detector at every scanned
position. The complete derivation of equation 2.8 can be found in Appendix A.3. Note that Uy is assumed to
be constant across the whole detector for each scanned position.
The reconstruction can be done in the same way as described in the previous section. The Fourier trans-
form of eq 2.8
idiff,no mirror (@) + 1 Ug|C* (q - l(II) +|URIC (q + k\l) (2.10)

contains the zero order it no mirror, Which corresponds to the differential signal without interferometer, and
two first orders centered at +k;. By Fourier filtering the term |Ur|C, we can retrieve information of complex
field differences C(r). It is also noteworthy that this conjugated term contains the constant reference field
amplitude |Ug|, while the term Igiff no mirror does not depend on it. This means that the strength of the con-
jugated term |Ug|C can be controlled, for instance by choosing the reflectivity of the reference mirror. As Si
wafer has a reflectivity of approximately 30% [21], the reference field will have a greater amplitude if a highly
reflective metallic mirror is used. This way we can presumably improve the sensitivity for detecting particles.



Results & Discussions

In this chapter, several results are showcased and discussed. First, we demonstrate the capability of our setup
to replicate the SOH phase imaging technique by retrieving the height of a etched micro-structure on a silicon
wafer. For particle detection, we start by showing a simple simulation of the HCFS signal from a PSL particle
and its reconstruction. Following that, the two sets of result from actual dust contaminants are presented,
and the performance of HCFS are evaluated and compared to the conventional CFS. Then, measurement of
a 60 nm (A/10) PSL sphere is shown and evaluated, also a note is made about the localization of particles.
Lastly, all findings above are discussed and elaborated.

11
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3.1. Synthetic optical holography phase imaging
In this section, we demonstrate and verify that our combined setup is capable of performing phase imaging
with the SOH technique. A metallic mirror is used with a high reflectivity of approximately 99%, and no
pinhole is used.

As demonstration, we use a phase-only etched silicon sample where a letter ‘P’ has a height of 150 nm.
A schematic drawing is displayed in Figure 3.1a. For localization, we first scan the sample using the conven-
tional CFS. In Figure 3.1b, the obtained differential signal is shown. We can clearly recognize the shape of the
letter from the outlines. CFS is not an imaging technique, as it is only sensitive to scattering structures. In this
case, CFS is sensitive to the edges of the structure, where a jump in height of 150 nm is present. Since the split
detector is oriented in the x-direction, orthogonal edges (in y) give a stronger signal than the parallel edges.
Additionally, the width and amplitude of the signal depends on the sidewall angle and height of the etching.
Hence, CFS is also a suitable method for characterizing structures for semiconductor applications, although
it is not the focus of this thesis.

( a) S drawing (b) diff. signal

+150 nm

20 um -0.1

b

Figure 3.1: (a) A drawing of the silicon sample with a letter ‘P’ etching of 150 nm. The length of the letter is about 100 um. (b) The
intensity measurement with the conventional differential CFS, (210x 160 pixels, 120x100 umz, imaging time 120 seconds).

As our setup is equipped with a split differential detector instead of a single pixel detector, a change is
needed to replicate the SOH technique. We can replace the split detector or use additional electric circuits
to sum up the voltage from both sides. But instead, we obtain the sum signal by simply shifting the detector
to one side, such that the whole beam is captured by one single pixel (Figure 3.2), thus requiring very little
modification to the setup.

diff. signal sum signal
1{2 112
1 — -
Vi—-V, Vi—0

Figure 3.2: Drawing of a split detector. On the left, we center the laser beam, the output equals the differential signal. On the right, we
shift the detector to one side, the output is the signal from the entire beam intensity.

Next, we scan using our implementation of SOH with the mirror stepping option N =4, i.e. every 4 lines
the reference phase changes by 2. A schematic of the phase map can be seen in Figure 3.3a. The recorded
hologram I, shown in Figure 3.3b, exhibits a fringe pattern where the signal maxima repeat every 4 lines. How-
ever, modulation in the x-direction can also be observed, this is explained by a small tilt of the sample plane.
This tilt results in a shift of the two first orders, thus can be completely removed during the reconstruction
process in theory.

The Fourier transform of the hologram (Figure 3.3c) contains clearly 3 orders as we expect. In order to
reconstruct the phase of the object, we apply a Gaussian window to the Fourier spectrum indicated by the
red dotted circle, followed by shifting it to the center and taking the inverse Fourier transform. The full width
at half maximum (FWHM) of the Gaussian window equals the diameter of the red circle.
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The reconstructed amplitude of the object is displayed in Figure 3.3d and the phase in e. The phase is
unwrapped with a unwrap algorithm [8, 10]. The phase image shows phase drift, mainly in the y-direction,
caused by the instabilities of the interferometer due to vibrations, air turbulence and thermal expansions,
introducing changes of the phase difference between the scattered field and reference field [33]. Also, the
phase image exhibits some artifacts near the edges. Some phase distortions are present at the upper part of
the image and the inner part of the ‘P’, which are caused by the wrapping of the phase, as a result the phase is
offset by a factor of 2. With the phase, we can calculate the height profile of the sample using the equation

A
h(x,J/)— E(pbs(xry)- (31)
We also apply some post-processing to the height profile to remove the artifacts. We first trim off the edges to
get rid of the artifacts. Then we line-wise subtract a straight line obtained from data at the left and right end
of each line and assign both ends a value of 0. Each line is also median filtered to remove spikes at the edges
of the structure, yielding a correct height profile (Figure 3.3f).

Furthermore, we can compute the average height of the structure by applying a mask of the shape of
the letter ‘P’ (Figure 3.3g), the mask is acquired by taking data points between 100 and 200 nm of the entire
surface profile. Averaging the entire letter ‘P’ area, we found 145.3 nm as the average height, which deviates
to the theoretical value of 150 nm by only 3%. So we have shown the SOH technique is quantitatively accurate
for height profiling of an uniform structure, even though our setup is not well optimized.

200

(©)

(a) ¢R
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(e)
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(g) Ravg = 145.3 nm

Figure 3.3: (a) The reference phase map ¢p of the scan, where every 4 lines the phase changes by 27. The number of lines shown does
not equal the actual scan. (b) The intensity of the hologram obtained from the raster scan, (210x 160 pixels, 120x100 um?, imaging time
120 seconds). (c) Amplitude of the Fourier transform of the recorded hologram (log scale). A Gaussian filter is used for Fourier filtering,
where the FWHM is indicated by the red circle. (d) The amplitude of the reconstruction. (e) The unwrapped phase of the reconstruction.
(f) Post-processed height profile in nm. (g) Height profile after applying a mask for the letter ‘P’, the average height of the structure is
145.3 nm.
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Sample tilt

We have noticed a tilt in the sample from the change of the interference pattern during the raster scan. The
pattern changes constantly while a line is scanned, implying a constant phase change. Looking at the holo-
gram (Figure 3.3c), we can see the intensity varies sinusoidally within one line. Furthermore, the right part of
the image has a higher average intensity than the left part, implying the presence of defocus due to tilt.

If the tilt is small, the SOH technique is in theory able to get rid of the tilt completely during the Fourier
reconstruction process. The tilt adds a phase ramp to the scattered field Us — Use’™™, in the Fourier trans-
form of the hologram the two first orders are simply shifted by +k;. In Figure 3.3d, we indeed can see the first
orders are not centered in the x-direction.

An attempt is made to minimize this tilt, which is presumably caused by the tolerance of the sample
holder blocks. We place a few pieces of paper underneath the sample stage to counteract the tilt. However,
the perceived tilt on the interferometer when scanning remains quantitatively identical with or without the
paper. We are yet unable to explain this phenomenon. More details can be found in Appendix A.5. In the
following parts of this thesis, we still have to deal with this tilt. However, if we scan smaller areas, the effect of
the tilt should become less noticeable.

Some other limiting factors and sources of error are: the stability of the Michelson interferometer, external
vibrations and air turbulence, stability and precision of the mirror piezo stage and aberration of the high NA
optical setup.
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3.2. Particle detection

3.2.1. Simulation
In order to understand the behaviour of the differential signal, we start with a simple simulation of HCFS for
detecting a spherical polystyrene latex (PSL) particle.

First, one line of complex scattered far fields with linearly polarized incident light is generated by a finite-
difference time-domain method (FDTD) [17], provided by D. Kolenov. The field amplitude of two data points
are shown in Figure 3.4. To save computational time, this line is repeated multiple times in the y-direction.
Then the differential signal is generated by dividing the field in two halves and subtracting their intensities
with each other. Consequently, a 2D cosine squared window is applied on top of the signal replicating a
spherical particle. At last, we apply a zero padding to the signal simulating the flat surface of the substrate
around the particle.
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Figure 3.4: Amplitude of scattered far fields of a particle from the simulation using linear polarized light. Left: the laser beam is focused
on the center of the particle, so the field is symmetric w.r.t the left-right halves. Right: the laser beam is focused on the right side of the
particle resulting in a left-right asymmetric field. The units of the axes are pixels.
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The simulated signal from the conventional CFS (using eq. 2.1) is displayed in Figure 3.5a, the signal
contains two opposite peaks and a zero crossing at the center of the particle as expected.

Next, we introduce a reference phase corresponding to the stepping mirror with N = 4, i.e. each line has
a constant phase and every 4 lines the reference phase changes with 2z. The modulated differential signal
can be generated using eq. 2.8, which is shown in Figure 3.5b. The particle signal exhibits fringe behaviour
as we expect. The background is again padded with zero, because in theory the interference pattern remains
symmetrical when scanning a flat surface. Taking the Fourier transform (Figure 3.5d), we clearly see three
orders, the zero order at the center and the - and +1%¢ order at the upper and lower halves.

By reconstructing the zero order with a rectangular window, we retrieve the exact signal (Figure 3.5e)
as the conventional CFS technique. To reconstruct the complex term C, we apply a rectangular window to
the upper plane, shift the result to the center and take the inverse Fourier transform. The amplitude of this
complex term C is shown in Figure 3.5f, together with the real and imaginary component in Figure 3.5g and
h, respectively. Looking at the real and imaginary part, we see a similar differential signal as the signal with
no mirror, however lower in amplitude. Two peaks with opposite signs are located at the sides of the particles
and a zero crossing occurs at the center. Note the complex term C is scaled by the amplitude of the reference
field, meaning that we can in theory boost this first order signal by using a stronger reference beam. In this
case, the scattered fields are normalized and the reference field amplitude |Ug| equals 1.

The phase, which is the argument of the complex differential term C is shown in Figure 3.5i. We can
see an anti-symmetrical behaviour and a discontinuity at the center of the particle. The background signal,
which has amplitude of 0, exhibits a chaotic phase behaviour due to numerical errors. Therefore, we can not
utilize this phase information to distinguish particles. Despite that, if we can identify the particle through the
differential signals, we can possibly utilize the discontinuity to determine the center position of the particle
w.r.t. the position of the laser beam on the surface.

So far, we have shown that HCFS gives us additional information while preserving the original CFS infor-
mation.
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Figure 3.5: (a) Simulated differential signal of a particle with the conventional CFS. The units of the both axes are pixels (64x64 pixels),
the unit of the signal is an arbitrary unit of voltage. (b) Simulated differential signal of a particle with HCFS. (c) The reference phase map
¢R of the synthetic reference wave, where every 4 lines the phase changes by 27. (d) Amplitude of the Fourier transform of the signal in
(b). (e) The reconstructed signal of the zero order Fourier spectrum using a rectangular window indicated by the green dashed rectangle
in (d). The first order Fourier spectrum is reconstructed using a rectangular window indicated by the red solid rectangle, the amplitude
of the reconstruction is shown in (f), the real part is shown in (g), the imaginary part is shown in (h) and the phase is shown in ().
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3.2.2. Dust particle
In this section, we measure a spherical dust particle on a wafer with moderate incident power (0.012 mW on
the wafer) and evaluate the performance between CFS and HCFS. Again a highly reflective metallic mirror is
used without a pinhole.

Focus

First we may make a note on focusing. As we are using a high NA objective (NA=0.9) with a focal distance
of ca. 100 um, meaning a relatively low depth of focus [18]. In our case, the depth of focus is approximately
560 nm. So maintaining proper and consistent focus during different scans is important, because the focus
affects the amplitude and shape of the signal. Previously, the method for achieving good focus is by first
estimating the focus position z;, followed by measuring a (known) particle numerous times while varying
the focus depth z. The imbalance of the differential signal (| Imax| — |Iminl) Versus position z can be plotted
as a S-curve, where the zero-crossing gives the best focus [12]. However this procedure is tedious and time
consuming. With the implementation of SOH technique, we can use the reference mirror as a tool to focus. If
the beam is focused on the surface of a Si substrate, the interference pattern of the reflected and the reference
beam tells us about the phase of the reflected beam, assuming the reference is a plane wave. Defocus seen as
aberration gives radially symmetric quadratic phase shift in the form of 2r? — 1 [2]. On the left of Figure 3.6,
we can clearly see a fringe pattern corresponding to the phase profile of defocus, so we assume the beam is
out of focus. Minimizing the fringes, as shown on the right of Figure 3.6, is a quick way to get good focus.
With a few through-focus scans (Appendix A.6), we found this method gives us £100 nm (+A/6) accuracy of
focusing. Although not guaranteeing the sharpest focus, this is a fast and consistent method for focusing,
especially useful when changing samples.

out of focus in focus

Figure 3.6: The interference pattern on the camera for determining the focus. Left: there are fringes corresponding to defocus aberration.
Right: minimized fringes, we assumed the beam is in focus.

Measurements

After localizing an isolated particle, a few scans are done with the conventional CFS technique as a point of
reference. An example is shown in Figure 3.7, where we can clearly see a circular shaped particle and the
signals left to right are opposite with respect to each other. The area of this scan is 75x12 um?, where 300
lines are acquired in 90 seconds. As a moderate amount of incident power is used and the size of this particle
is relatively large, the SNR of this scan is about 20 dB. Although not necessary for this particle, we will still
seek possible SNR improvement by using HCFS.
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Figure 3.7: Measured differential signal of a dust particle with the conventional CFS, (1500x300 pixels, 75x12 um?, imaging time 90
seconds). The unit is Volt.

Next, we unblock the reference mirror and apply the stepping movement with N = 4, where every 4 lines
the reference phase changes by 2z. With the same raster scan, we obtain the hologram image shown in
Figure 3.8a. The zoom (Figure 3.8b) shows a clear fringe pattern on the particle. However, the background
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also exhibits a fringe pattern. Although, the background should be uniform and have value zero in theory.
The cause is the slightly asymmetrical interference pattern at the split detector due to aberrations and beam
non-uniformity, as seen in Figure 3.6.

The Fourier transform of the hologram, || (Figure 3.8c), contains clearly 3 orders. The frequencies in the
center correspond to the signal without a reference mirror Iyt nomirror- TWO first order terms at the upper and
lower halves of the Fourier plane correspond to |Ug|C and |Ug|C*.
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Figure 3.8: (a) Measured differential hologram I of a particle with HCFS, (1500x300 pixels, 75x12 umz, imaging time 90 seconds). (b)
Zoom into the particle region outlined by the dashed square in (a). (c) Amplitude of the Fourier transform of the signal in (a), logarithmic
scale. (d) Real component, (e) imaginary component and (f) amplitude of the first order reconstruction with a cosine window indicated

by the solid red rectangle in (c). (g) The reconstructed signal of the zero order Fourier spectrum using a cosine window indicated by the
blue dashed rectangle in (c).

Cosine filter

To reconstruct the first order signal, we first try applying a 2D cosine window to the upper plane, indicated by
the solid red rectangle, followed by shifting and inverse Fourier transform. This cosine window is of first order
in f)-direction and second order in fy-direction, i.e. Weosine = cos(a fx)2 cos(bfy), a surface plot is displayed
on the left of Figure 3.9. The reconstructed first order signal is a complex quantity, in Figure 3.8d-f we show
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the real part, imaginary part and the amplitude of the reconstruction. The imaginary part appears quite
symmetrical, but the real part seems distorted. However, the first order signals might not always look like the
zero order signals, because the phase of the field is a major factor. Another explanation is aberration, e.g. tilt,
defocus, spherical aberration, as any phase changes of the scattered field will affect this complex signal. As we
don’t know the exact material and shape of this particle and have no simulation data of it, no conclusion can
be derived here. Furthermore, we see that the background still contains some fringes, which will greatly affect
the SNR, especially when detecting weaker scattering particles. In the same manner, we can also reconstruct
the zero order signal (Figure 3.8g), which is the same as the conventional CFS signal as expected, but with a
distorted background.

The mirror movement and mechanical instabilities are the main cause of the error. As noise measure-
ment, we launch a scan with the sample stage being fixed and the mirror moving (details in Appendix A.7).
We see that the majority of the noise has a low frequency component in the x-direction, located vertically in
the center of the Fourier plane. The Fourier transform of the signal from a particle contains mainly non-zero
x-frequencies, e.g. in Figure 3.5d from the simulation. We intend to use a low cut filter to remove the low
x-frequencies, and superimpose it on the existing cosine window, yielding a band pass filter. On the right of
Figure 3.9, the center cross section of this band pass filter is shown.

2D cosine filter

band pass filter
T T T

fo (um™t) fo (um™1)
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Figure 3.9: Left: surface plot of the cosine window for Fourier reconstruction. Right: center cross section in fy of the band pass filter
obtained by combining the cosine window with a high pass filter.

Band pass filter

Repeating the reconstruction process with the new filter, we can see the reconstructed first order images
have an uniform background (Figure 3.10a-c). The same can be said for the zero order (Figure 3.10d), also
the shape of the signals is kept intact. As reference, we also enclose in Figure 3.10e the result from the con-
ventional CFS and in f the filtered version using the same filter as the others. In order to see whether there
is a gain in SNR, we compute the SNR for each plot by using a circular mask that defines the signal portion,
the same mask is used for all plots. By filtering the reference signal, we see a SNR gain of more than 6 dB. The
imaginary part out of the first orders has the highest SNR in this case. Compared to the reference (e), there
is almost 10 dB of gain in SNR. And compared to the reference after filtering (f), a gain of more than 3 dB is
achieved. Additionally, the first order signal has a higher peak-to-peak value or amplitude than the conven-
tional CFS, because this cross term |Ug|C contains the relatively strong reference field amplitude. Note that
the zero order reconstruction (d) has a lower SNR with regard to the filtered reference scan (f). This is due to
the additional noise caused by the instabilities of the reference mirror.

In Tabel 3.1, we show the SNR values for 3 scans of HCFS and 3 scans of conventional CFS on the same
particle. Compared to unprocessed data from conventional CFS, the HCFS improves the SNR up to 10 dB. If
we apply the same (noise) filtering to that data, there is still a gain up to 3 dB. Furthermore, the (statistical)
average gain is computed to be 2.2 dB, the gain here is defined as the difference between the highest SNR
signal of HCFS (highlighted) and the filtered signal of conventional CFS.

Table 3.1: Signal-to-noise ratios for 3 scans of HCFS and 3 reference scans on the same particle. Also the (statistical) average gain
compared to filtered reference scans is computed. The results of the extra two sets of scans are shown in Appendix A.9.

scan #1 | scan#2 | scan#3
SNR (dB) first order Re 22.11 24.57 29.42
SNR (dB) first order Im 30.73 28.46 19.89
SNR (dB) zero order 24.31 24.10 23.91
SNR (dB) reference 20.78 20.44 20.48
SNR (dB) reference filtered 27.26 27.11 27.54
average gain (dB) 2.23
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Figure 3.10: Using the band pass filter: (a) the real component, (b) the imaginary component and (c) the amplitude of the first order
reconstruction. (d) The zero order reconstruction. (e) Signal of the conventional CFS without filtering. (f) Signal of the conventional
CFS after filtering with the band pass filter. For each plot, 5 um of data are removed from both sides of x to eliminate the scanning
artifact, then SNR are computed and shown.

In this section, we have shown the HCFS measurement of a dust particle. We introduced a band pass filter
which drastically improves the reconstruction compared to a regular low pass filter. The first order signal
using HCFS has a higher amplitude and a SNR gain of up to 3 dB compared to the conventional CFS with
noise filtering.
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3.2.3. Low power detection

In this section, we lower the incident power by roughly one order of magnitude, to 0.0014 mW on the wafer,
and measure another dust particle. Then, we will evaluate HCFS’s performance compared to the conven-
tional CFS.

We begin by measuring the particle with the conventional CFS as reference, this is shown in Figure 3.11a.
We can see the signal is quite weak, as the signal amplitude is linear to the power. In the background, we can
see some periodic noise of different frequencies. So at this power level and particle size, we can say that the
measurement is limited by the electronic noise. The signal-to-noise ratio is only about 7 dB.
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Figure 3.11: (a) Conventional CFS and (b) HCFS measurement of a dust particle with low incident power, (1500x300 pixels, 100x15 um?,
imaging time 90 seconds).

Next, using HCFS with N = 4 mirror stepping movement, i.e. every 4 lines the reference phase changes by
27, we recorded the hologram I (Figure 3.11b). Applying the same Fourier reconstruction process as in the
previous section, the results are shown in Figure 3.12 together with their SNR. Also, we included the results
of the conventional CFS before and after noise filtering as a point of reference. Again, the reconstructed zero
order signal (d) is identical to the conventional CFS as expected. Not only that, the SNR is comparable to
the reference post filtering (g). On the other hand, the first order signal (a) has a SNR of 8 dB higher than
the zero order. We can see that the background fluctuation of the zero order is huge compared to the first
order. The main reason is that the first order signal gets rid of the 1/ f noise of the electronic components
(typically < 200 Hz), electrical interference and cross-talk (50 - 60 Hz), similar to the heterodyne detection
[11]. However, weaker high frequency electronic noises are aliased in the first order as lower frequencies, as
seen in Figure 3.12e.

To illustrate the consistency, we again list the SNR values for 3 scans of both HCFS and conventional CFS
in Tabel 3.2. Compared to raw CFS data, we improve the SNR by up to 15 dB with HCFS. Even compared to
the noise filtered CFS data, we achieve a significant SNR gain of up to 8 dB.

Table 3.2: Signal-to-noise ratios for 3 scans of HCFS and 3 reference scans on the same dust particle. Also the (statistical) average gain
compared to filtered reference scans is computed. The gain here is defined as the difference between the highest SNR signal of HCFS
(highlighted) and the filtered reference signal. The results of the extra two sets of scans are shown in Appendix A.9.

scan #1 | scan#2 | scan#3

SNR (dB) first order Re 22.52 18.24 19.02

SNR (dB) first order Im 21.57 19.77 17.01
SNR (dB) zero order 14.57 14.17 13.60

SNR (dB) reference 7.35 7.28 6.89
SNR (dB) reference filtered 14.24 14.18 13.79
average gain (dB) 6.37

We have shown hereby that the HCFS technique is very suitable for detecting particles with low incident
power, where the signal strength is comparable to the electronic noise. This means HCEFS is also suitable for
the application of biological imaging, where excess power can damage the specimen.



22 3. Results & Discussions

first order Re

(a) ‘ SNR = ‘22.52 dB ‘ 4.4339
5F B
,E\ 0
= e 1
= -
51 4
1 1 1 1 1 1 1 1 1 -6.0702
-40 -30 -20 -10 0 10 20 30 40 x10°3
z (um)
first order Im
(b) SNR = ‘21.57 dB 35075
5k al 1]
= 0 (e) -10 ‘
g 8
Eof < 1 |
E - 6
5F o N 4
| | | | | | | | | . ~
-40 -30 20 -10 0 10 20 30 40 x10° = 2
 (um) £ 0 : 0
C o e i i MBI
first order amplitude s ; -2
— x 10" 5
(C) SNR = 21.61 dB 6.4803 ‘ -4
J -6
-5 0 5
m fr (um ™)
0.0001
-40 -30 -20 -10 0 10 20 30 40
2 (um)
zero order 5
— x10™
(d) ‘ SNR = ‘14A57 dB ‘ 45515
5 4
i oF TN il 0
2 >
5 1l
1 1 1 I | | | I I 4.2395
-40 -30 -20 -10 0 10 20 30 40
z (um)
reference
(f) SNR = 7.35 dB
\ . 5.4249
5F e
— 0
2 oF L 2l (h) || without mirror
= S -10 7 [
5F L 6
L L L L L I L L L 11.9124 4
-40 -30 -20 -10 0 10 20 30 40 %1078 -5
z (um) —~ 2
reference filtered 5 0 0
SNR = 14.24 dB <1072 -
(g) : 43794 - 2
5 5| 5 ‘ -4
E of “*y 4 0 B
= -
-5 0 5
5 [@ w1 r
1 1 1 1 1 1 1 1 1 -3.9925 'f' (Hlll ‘)
-40 -30 -20 -10 0 10 20 30 40

2 (um)

Figure 3.12: (a) The real component, (b) the imaginary component and (c) the amplitude of the first order reconstruction. (d) The zero
order reconstruction. (e) Amplitude of the HCFS signal in logarithmic scale. The solid red window indicates the first order, and the
dashed blue window indicates the zero order. (f) Signal of the conventional CFS without filtering. (g) Signal of the conventional CFS
after filtering with the band pass filter. (h) Amplitude of the conventional CFS signal in logarithmic scale. The solid red window indicates
where the filter is applied. The exact same band pass filter is used for each Fourier filtering step. For each plot, 6.7 um of data are removed
from both sides of x to eliminate the scanning artifact, then SNR are computed and shown.
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3.2.4. PSL particle 60 nm

In this section, we measure a polystyrene latex (PSL) nanosphere with a diameter of 60 nm (~ A/10) using
0.016 mW of incident power on the Si wafer. In this case, we are using a pinhole on the mirror to reduce the
size of the reference beam in order to reduce background fluctuations. Again we evaluate the performance
between CFS and HCFS.

We start by showing a measurement of the particle using the conventional CFS technique, which is dis-
played in Figure 3.13a. As the scattering cross section varies with the sixth power of the scatterer size (3],
we see that the SNR of the particle is low (= 2.6 dB) even with relatively high incident power. It is below the
requirement for surface inspection in the semiconductor industry of 3 dB [9]. For clarification, the particle
location is indicated by the red circle.
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Figure 3.13: (a) Conventional CFS measurement of a 60 nm PSL particle and (b) its Fourier transform (logarithmic scale). (c¢) HCFS
measurement of the same particle and its FT (logarithmic scale). Raster scan parameters: 700x400 pixels, 28x16 um?, imaging time 80
seconds. In (a) and (c), the particle location is indicated by a red circle. In (b), the solid red window indicates where the filter is applied.
In (d), the solid red window indicates the first order, and the dashed blue window indicates the zero order. The exact same band pass
filter is used for each Fourier filtering step.

Again, using HCFS with N = 4 mirror stepping movement, i.e. every 4 lines the reference phase changes
by 27, we recorded the hologram I (Figure 3.13c). Following the standard Fourier reconstruction procedure
with a band pass filter, the first and zero order reconstructions are shown in Figure 3.14 together with their
SNR. Also, the unfiltered and filtered maps of the conventional CFS are included as a reference. We see both
the real and imaginary part of the first order contains a signal that is similar to the conventional CFS signal,
where two peaks with opposite signs are located adjacent to each other. From the simulation in section 3.2.1,
we expect that real and imaginary signals to be flipped versions of each other, i.e. one signal is a "plus-minus"
(first maximum and then minimum) and other is a "minus-plus". However, both signals are "minus-plus" in
this case, we explain this by the extremely phase-sensitive nature of HCFS and unavoidable aberrations, such
as tilt and defocus. On the other hand, the first order amplitude is fairly consistent with the simulation, as we
can see two symmetrical peaks.

Regarding the signal-to-noise ratios, the imaginary part of the first order reconstruction (displayed in
Figure 3.14b) achieves a SNR of approximately 10 dB, despite the size of the particle and the wavelength of
our laser. Therefore, we expect that this setup is able to detect even smaller PSL particles. Compared to the
reference, HCFS has a higher signal amplitude, a SNR gain of 7.5 dB is achieved over the unfiltered signal and
a gain of 4 dB over the filtered signal. Dealing with low SNR measurements, a SNR increase of 4 dB is very
meaningful, as it makes the particle much more distinguishable from the background.
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Figure 3.14: (a) The real component, (b) the imaginary component and (c) the amplitude of the first order reconstruction. (d) The zero
order reconstruction. (e) Unfiltered signal of conventional CFS. (f) Filtered signal of conventional CFS with the same band pass filter.
For each plot, 4.8 um of data are removed from both sides of x to eliminate the scanning artifact, then SNR are computed and shown.
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Localization

Previously, localization of spherical particles was done by determining the zero-crossing position of the dif-
ferential signal [30]. Here, we will briefly demonstrate an alternative method for particle localization using
the phase information. As mentioned in section 3.2.1, the phase or more accurately the argument of the first
order contains a discontinuity between the left and right sides of the particle. Assuming the particle is a per-
fect sphere, this discontinuity gives the x-coordinate of the particle location. To get the precise y-coordinate,
we need additionally the top-bottom differential signal, for instance, by using a quadrant detector.

In Figure 3.15a, we show the argument of the first order reconstruction. As we expect, this information
does not help us detect the particle, as the background contains mainly noise. However, we can identify the
region where the particle is located using the differential signals. Subsequently, we can cut out this region as
indicated by the red circle, additionally, the zoom into this region is shown in b. We can see that the left and
right side have more or less constant arguments and there is about a 7 difference between them. Moreover,
there is clearly a discontinuity in the center. By computing the finite difference in the x-direction (shown
in ¢), we accentuate this discontinuity and the peak gives us the location of the particle. A cross section of
the argument and its difference is displayed in Figure 3.15d. It seems like this method gives us pixel level
precision of the particle location. However, the accuracy in this case should be in the order of 2-4 pixels (80-
160 nm), as uncertainty of the argument grows if the amplitude gets closer to zero, and depends on the noise
level. This explains the spikes around the discontinuity. Thus, higher SNR will translate to a higher level of
accuracy of localization.
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Figure 3.15: (a) The argument of the first order reconstruction. (b) Zoom of the particle region, indicated by the red circle. (c) Zoom of
the particle region after computing the finite difference in the x-direction. (d) Cross sections in x as indicated by the white arrows in (b)
and (c). All values are in units of 7 rad.
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3.3. Discussions

In this chapter, we demonstrated the use of SOH in order to improve the sensitivity of CFS for detecting
particles on a Si wafer. Using SNR as the performance metric, we saw consistently that HCFS is more sensitive
than conventional CFS.

The SOH technique, commonly deployed for phase retrieval, allows us to retrieve the complex value dif-
ferential signal C. But instead of utilizing the amplitude and phase information, in this thesis we mainly use
the real and imaginary part of this complex signal. First of all, because the phase information does not help
us distinguish the particle from the background. Another reason is that one out of the real and imaginary sig-
nals has a higher SNR than the amplitude, as we observed throughout this chapter. Amplitude, which is the
incoherent sum of both parts, will therefore have a signal-to-noise ratio in the middle of the two. However,
the real and imaginary part of C are subject to phase offsets, hence, it is inconsistent over different scans.
Therefore, the amplitude of C is a more consistent benchmark.

One of the reasons we are able to achieve a higher SNR is due to the relatively strong reference field.
Even though the field difference C (when |Ug| = 1 normalized) should produce a lower amplitude than the
intensity difference, as we demonstrated in section 3.2.1 with the simulation. Thanks to the high amplitude
of the reference field, the first order term |Ug|C(x, y)e‘i‘/’“(x'y) gets a boost in signal strength without using
additional power. Considering the 30% reflectivity of silicon and slight optical losses from the objective, we

estimate the average amplitude ratio between the reference and scattered field % to be approximately 2.

Mirror movement

The HCEFS results found in the chapter are all acquired using the stepping mirror movement we described,
which is recently also used in [22, 34]. More specifically, the mirror positions are being cycled such that
only the first 1/2 of piezo’s range is used. Previously, linear ramp movement was generally used in synthetic
optical holography [32, 33]. The main reason for us to choose stepping over the ramp has to do with our
piezo’s limited range of 15 um.

The main difference between the two movements is that stepping produces modulation only in the y-
direction. However, with the linear movement the synthetic reference wave component ky is typically 2-3
orders smaller than k), meaning that the modulation in x is scarce nonetheless. On the other hand, it is ad-
vantageous to use a smaller part of total piezo range, as the reference phase is more consistent throughout the
whole scan. In fact, we see that the reference phase becomes more tilted as the reference mirror propagates
with the linear movement, implying a tilt of the piezo mount.

Fourier reconstruction

The reconstruction process of HCFS is non-different from the standard digital off-axis holography. It involves
isolating a particular order in the Fourier space with a window, typically a low pass filter e.g. Gaussian, Ham-
ming or cosine, followed by shifting and inverse Fourier transforming.

We found in section 3.2.2 that the use of a band pass filter is needed to reconstruct the HCFS signal prop-
erly. This is because we need to get rid of the vertical frequencies that distort the background of the recon-
struction. This "noise" comes mainly from the moving mirror and the background fluctuation, as discussed
in Appendix A.7, and we can justify cutting out this part of the frequencies, because the expected particle
signal doesn’t occupy this part of the Fourier spectrum. Furthermore, there are horizontal frequency compo-
nents at each order, e.g. in Figure 3.8c; they are also present in previous works of SOH [32, 33]. We suspect the
cause to be instability of the raster scan, as this phenomenon is also present with the conventional CFS, and it
is amplified by the interferometer. After reconstruction, this phenomenon results in big swings in amplitude
near the left and right edges on the image, an example is displayed in Figure 3.16. For now, we deal with it by
cropping the edges of the image, meaning that we lost some information. However, we can afford to scan a
relatively large distance in the fast-scanning direction x without increasing too much the scanning time.

Other limitations
Although we are able to scan and reconstruct a relatively large area, the speed of the scans is limited by the
required oversampling. Because SOH is a method that relies on spatial filtering, thus the zero and first orders
need to be separate in the Fourier space. Therefore, some degree of oversampling is required in the slow-
scanning direction y for smaller particles, which ultimately limits the imaging speed. In this case, we are able
to detect the smallest particles with line separation (between two left-right lines) 2Ay = 0.04 um.

One of the major performance limiting factors of the HCFS is the mechanical stability. Our setup is based
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on a Michelson interferometer, where the object and reference beams interfere via separate paths. Thus, any
mechanical vibration or air disturbance, even marginal, can cause different influences on the two separated
interference beams [38]. Randomness in the optical path difference results in multiplicative noise propor-
tional to the intensity [5]. Furthermore, alignment is a major limiting factor too. As the first order differential
signal is phase dependent, any misalignment (e.g. defocus, tilt) will affect the signal. Because the sample
is slightly tilted, the focal spot on the wafer can go in and out of focus during the raster scan. Moreover, we
demonstrate in Appendix A.8 another tilt related issue with simulations, namely, a tilted reference beam. We
see that a small tilt can cause unbalance and distortion of the first order signal. In contrast, the conventional
CFS is much less sensitive to these two factors, so the measurements are more consistent and repeatable.

Ultimately, the resolution of HCFS is still limited by the surface roughness of the Si wafer, where the scat-
tering cross section of the particle is in the order of the surface roughness [13]. We recall that CFS is not a
resolution enhancement technique, but a sensitivity enhancement technique.

y {um) 0 4 -10 '5!. (um) 0

Figure 3.16: Surface plot of the amplitude shown in Figure 3.14c without removing the scanning artifact on both sides.






Conclusion and recommendations

4.1. Conclusion

In this thesis, we demonstrated the use of synthetic optical holography (SOH) as a new method to improve
the sensitivity of coherent Fourier scatterometry (CFS) for particle detection. The implementation of SOH in
the CFS is relatively simple, as only a 1D piezo stage with a mirror needs to be added. The hologram from
this combined technique (HCFS) still contains the conventional CFS signal, which is the intensity difference
between the two halves of the far field, as the zero order centered at the origin of the Fourier space. Further-
more, we derived that the first order modulated signal equals the complex far field difference scaled by the
reference field amplitude. With simulation, we showed the real and imaginary parts of this signal are very
similar to the conventional differential signal.

Overall, we could see consistent signal-to-noise ratio (SNR) improvement over the conventional CFS, as
the reference field boosts the signal strength. We demonstrated with measurements of a dust particle using
a very low amount of incident power (0.0014 mW) a SNR gain of more than 6 dB compared to filtered CFS
signal. It is thanks to the attenuation of low frequency electronic noises, similar to the heterodyne detection
[11]. For the detection of a PSL particle with diameter of 60 nm (~ A/10) on Si wafer, this new implementation
leads to a SNR of 10 dB, which is about 4 dB over the filtered conventional CFS signal. We envision that HCFS
is able to detect even smaller particles with the current wavelength of 633 nm.

However, this implementation is more prone to mechanical instabilities and alignment tolerances. As a
result, the measurements are less consistent and some artifacts arise. We dealt with these artifacts by using a
non-trivial band pass filter and removing distorted edge data during the reconstruction process. Thus, further
investigation and research are needed to optimize this technique.
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4.2. Recommendations

First, we would present an idea of a "dark-field" cross polarization CFS. In typical dark-field particle detection
techniques, specular reflections are blocked, so only scattered light is captured by the detectors. We propose a
similar approach for CFS utilizing polarization states. The idea is that when linearly polarized light is focused
on a flat surface, the specularly reflected light will have the same polarization as the incidence. If we block
this polarization using a polarizer in the orthogonal direction, only the change of polarization due to the
presence of a scatterer is captured by the detector. Typically, the signal of a dark-field technique is very weak,
thus a lot of illumination power is required. However, we envision that HCFS can boost the signal strength
a lot with the reference beam. The implementation will probably look like that in Figure 4.2. The incident
light is a s-polarized beam. In front of the detector a polarizer is installed to capture only the p-polarization
component of the scattered far field. The reference beam is converted to p-polarization by passing through
a Faraday rotator twice, for interfering with the dark-field.

Next, we would like to suggest a few ways to further improve the sensitivity of the current system. We
showed in equation 2.8 that the first order signal of HCFS is a product of |Ur| and C (complex field difference).
So, to enhance sensitivity, we would aim to increase one of these two terms.

It is demonstrated that the use of radially polarized light improves the sensitivity of CFS [30]. Thus, we
suggest a theoretical study for using radially polarized light in HCFS. The x and y components of radial po-
larization have a # phase difference between the two halves of the beam. In Figure 4.1, the x-component
is shown. One can investigate the use of a radially polarized sample beam and a linearly polarized reference
beam. We imagine that the first order signal, which is phase dependent, will be drastically different from now.

In theory, we can boost this first order signal further by increasing the strength of the reference beam with-
out extra incident power on the wafer, similar to optical heterodyne detection [23]. This could be beneficial
for biological applications or inspection of plastic substrates, where too much power would mean damage
to either the substrate or the specimen [11]. However, increasing the intensity will also increase the noise
caused by mechanical instabilities. We suggest to investigate the optimal ratio of ‘URl , where the sensitivity
enhancement is maximum.

|E'[)ll[)ll‘ arg(E'p“["l

O 0

Figure 4.1: The x-component for a radially polarized beam at the pupil plane. The normalized amplitude is shown on the left and the
phase on the right.

In order to implement some of the above mentioned ideas, the setup needs to be adjusted. As the current
setup does not allow us to increase the reference beam intensity nor to apply different polarization to the
sample and reference beam. A possible configuration has already been suggested for the interferometric CFS
[27], where an extra beam splitter is placed before BS1 to split the incident beam into a sample beam and a
reference beam. Instead of a flat reference mirror, a retro-reflector is attached to the moving piezo stage. The
intensity of the two beams is controlled by the split ratio of this extra beam splitter and the polarization states
can be controlled individually.

We suggest hereby another configuration that is closer to the current one, it is displayed in Figure 4.3. The
incident beam is split accordingly at the source, subsequently, the reference and sample beams are coupled
individually to the main setup, thus the polarization states can be separately controlled with polarizers P1 and
P2. However, this configuration acquires a lot more extra space, decreasing the compactness of the original
CES. Also, it is also more subject to misalignment and instability, as the two beams have mostly separate paths
and the number of optical components is increased.

Beyond the detection of contamination on wafers, HCFS could also be employed when the contrast be-
tween the nanoparticles and substrate is low, such as PSL particle on glass or pellicle. Due to the phase
sensitive nature, HCFS could be much more sensitive than conventional CFS.
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Figure 4.2: A possible dark-field HCFS configuration. The incident beam is s-polarized by P1. The Faraday rotator in the reference arm

converts s-polarization into p. At the detector, polarizer pair P2-P3 allows us to select the p-polarization component of the far field.
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Figure 4.3: A possible HCFS configuration. The laser beam is split with a beam splitter with the desired split ratio (R:T) before being
coupled individually to the main setup. Polarizer pair P1-P2 allows us to select the polarization state of the two beams independent of

each other, and P3-P4 lets us select the field component (x or y) at the detector.
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Appendix

A.l. Fourier transform

In this thesis, we use the following general definition of 2D Fourier transform (FT) and inverse Fourier trans-
form (IFT).

Fgx = f f glx, e #s ) gy
FHG(fu )} = f f G(fu f) 2SIV d fod f,

However, we deal with sampled intensity images in digital holography, thus fast Fourier transform (FFT) is
used instead. The 2D Fourier transform Y of a m-by-n matrix X is given by:

(A.1)

m-1n-1
Yp+1,q+1 — Z Z e—zZn]p/me—ﬂnkq/nXj_'_l,k_'_1 (A.2)
j=0 k=0
, p and j are indices that run from 0 to m-1, and g and k are indices that run from 0 to n-1.

Some useful Fourier properties are listed below [7].
1. Modulation property. If #{g(x, y)} = G(f%, f}) then

g{g(x’y)ei2ﬂ(0x+bﬂ} — G(fx_a'fy_b). (A.3)
2. Convolution property. If & {g(x, y)} = G(f%, f}) and F{h(x, y)} = H(fx, f) then

g:{g(x’y)®h(x»w}:G(fx,fy)H(fx’fy) (A.4)

and
g{g(x)y)h(x’y)}:G(nyfy)®H(fJC)fy), (AS)

where ® denotes the operation of convolution.
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A.2. Derivation of SOH signal
In this Appendix, we derive the equation of the hologram obtained from SOH phase imaging technique. The

voltage of the photo-detector is proportional to the total intensity of the interference pattern between the
scattered and the reference beam.

V(x,y) x 1:[[|UR(x,y,§,n)+Us(x,y,cf,17)|2 dgdn (A.6)

The absolute square can be written as a product of complex conjugates and the whole expression can be
worked out further.
= [[ 1w+ st s vs1* acan
(A.7)
=[f (|UR|2 +|Us|* + Uy Us + URUg)dEdn

If we assume that Ur and Ug are uniform on the detector plane (both amplitude and phase), we can drop the
integration and obtain the following expression.

o |Ur(x, )1+ |Us(x, )1 + U (x, ) Us (x, y) + Ur (x, ) Ug (x, ) (A.8)

But in practice, these two beams are often the center part of a large Gaussian beam, so the amplitudes will
vary slightly. Also, the reflected field Us is generally not constant in phase, as it contains defocus of a certain
degree and aberrations from the objective.
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A.3. Derivation of differential signal

We start by writing the differential signal as the integrated intensity difference between the interference pat-
tern on both sides of the detector. For convenience, we may drop the notation of sample spatial coordinates
(x,y), because virtually every quantity has this dependency.

V(x,y) 11—12=ff|UR+Us(fl,m)lzdfldm—ffww' Us(fz,ﬂz)|2d52d772 (A.9)
qQ Dy

We can expand the square modulus terms.

=ff(|UR|2+|US(£1,m)|2+UgUs(fl,m)+URU§(51,m))d61dm
U1

(A.10)
—f/ (|UR|2 +|Us(E2,m2)1* + Ug Us(&2,m2) + UrUg (fzynz))dfzdnz
)

We assume Uy to be uniform across the entire detector (both amplitude and phase), so the first terms of the
two integrals cancel each other out. Also, we can separate the two terms with |Us|?, and replace them with
I4iff no mirror from eq 2.1, yielding

 atnomiror + [ (VR Us(61,m0) + URUS €10 gy = [[ (U7 Ustarmo) + UnUE G2 ddadnz. 11
[} )

Next, we take out Ug from the integrals and rearrange the terms.
=14iff,no mirror + UR{ff Ug (§1,m)dérdm —[f Ug (&2,m2)dédn; }
i D2

+Up {ff Us(flﬂh)dfldnl—ff Us(fzynz)dfzdnz}
3

U]

(A.12)

We see that the two terms in accolades are complex conjugates with each other, so we replace them with
Clx, ).
= I4iff,no mirror + l]RC)k (x, )+ Uf{kc(x»J’) (A.13)

Lastly, we write the reference field Ur(x, y) as |Ug|ei®r(xy) ending up in a formula containing three orders.
= I4iff no mirror + |UR|C>k (x, J’)eid)R(x’y) + |URIC(x,y) e—igbR(x,y) (A.14)

The complex term C(x, y) equals the integrated complex field difference between both sides of the detector
at each position.

ff Us(fbfh)dfldm—ff Us(&2,m2)dé2dn; (A.15)
Dy

G

The Fourier transform of the intensity (A.14) is
jdiff,no mirror (@) +1 URlé* (q - kI|) + |UR|C (q + kll) ’ (A.16)

where I4iff no mirror the Fourier transform of I4it no mirror» Which corresponds to the differential signal without
interferometer, and C the Fourier transform of C(x, y).
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A.4. LabVIEW measurement program

We have added the mirror movements of SOH from section 2.2 to the existing LabVIEW scanning program,
so every parameter related to a HCFS measurement can be controlled from this program. In Figure A.1, the
front panel of the LabVIEW program is shown. The red window indicates the additional controls for the
reference mirror, and the rest of the program is the existing part. Both the linear movement and the stepping
are implemented, where one can toggle between using the switch on the left. Currently, these movements
are programmed with for-loops, but ideally it should be done with wave forms. However, the stepping option
works very well, as the synchronization with the raster scan is good and it doesn’t have range issues thanks
to position resetting. Hence, we mainly use this option in this thesis. The two important parameters are
"wavelength" A and "# steps" N, the positions of the mirror are then calculated automatically.
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G

8 Co. KG, E-T27, 0116042447,

HAMy Documents\ Test data

Conn. Axis
PHYSK NSTRUMENTEE-T09, A
120063876.5.001 E

v

Mirrer position
|
(target)

Figure A.1: The LabVIEW program for our measurements with newly implemented mirror controls indicated by the red window.
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A.5. Sample tilt

As mentioned in section 3.1, where we are using the SOH technique to retrieve the height of the letter 'P’
structure , we have noticed a small tilt of the sample while scanning. An effort has been made to get rid of this
tilt in order to improve the quality of scan.

First, we look at the tilt in the x-direction with the manual control. With the beam focused on a flat area of
the wafer, we adjust and fix the (silicon) reference mirror such that vertical fringes are visible on the camera,
these fringes help us to see the change of phase or height. An example is displayed in Figure A.2, the setup
is essentially a Michelson interferometer if the height of the sample changes, we will observe a shift of the
fringes. By turning a knob on the x-axis, the whole stage and sample are moved, the amount of displacement
is measured with a digital profile gauge. Initially, a distance of about 140 um is measured that takes to change
the phase by 27, corresponding to a height change of /2 or a tilt of 0.13°. The base of the stack has a length of
14 cm, so we need to raise one side of the base by 320 um to compensate for the tilt, which is done by placing
4 pieces of paper under the stack. Repeating the previous steps, we see that the tilt is mostly gone. Next, when
we perform a raster scan with the stage, however, we observe again the same amount of tilt in the x-direction
as before the compensation. So this method of minimizing the tilt seems not to be affecting the actual scan.

The same findings are seen on the y-axis, also for a different smaller xy-stage (PI P622.2). We are yet not
able to understand the cause of this phenomenon, so a more thorough and systematic investigation of the
setup is needed.

Figure A.2: The interference pattern that is used to determine the tilt of the sample. A silicon mirror with a pinhole is installed here. The
vertical arrow is for identifying a single fringe. When the phase of the scattered field changes, we see a horizontal shift in the interference
pattern.
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A.6. Through-focus scans

In section 3.2.2, we demonstrate a new method for quick focusing by minimizing the interference fringes
between the reflected and the reference beam. In order to determine how well the focus is using this method,
we use the so-called through-focus procedure [12]. First, we estimate the optimal focal position by looking at
the interference pattern. This position will be our zero point of reference. Next, we scan a known particle or
structure on the wafer multiple times while varying the z-position with a vertical stage with the conventional
CFS. In our case, a round Si structure of 518 nm in diameter with a height of 150 nm is scanned, and the
change in height Az ranges from -1 to 1 um in steps of 0.1 um, plus two extra steps of 0.05 um near zero.
Signals of some of the positions are plotted in Figure A.4. The largest peak-to-peak amplitude and the smallest
imbalance of the signal tell us the optimal focal position.

In Figure A.3, the peak-to-peak and the S-curve (imbalance) is plotted against Az. Note that Az is defined
as the z-stage’s change in height, so larger Az means smaller distance between objective and sample. From
these graphs, we conclude that the position with Az = —0.1 um is the optimal focus, where the peak-to-peak
value is maximal and the signal imbalance is small. So with an accuracy of about 100 nm, we can say that
focusing by means of the interference pattern is a fast and accurate method.
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Figure A.3: Top: peak-to-peak amplitude of the signal against through-focus positions. Bottom: imbalance of the signal against through-
focus positions.
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Figure A.4: CFS signals for the 7 center through-focus positions, also the two most extreme positions are included. The color scale is
consistent through all graphs.
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A.7. Background noise from reference mirror

In order to design an optimal filter to retrieve the particle signal, we look at the background noise spectrum
from the stepping movement of the reference mirror. With the laser beam focused on the surface of a Si
wafer, we start a measurement with N = 4, i.e. every 4 lines the reference phase changes with 27x. However,
the sample stage is now stationary instead of performing a raster scan. Therefore, the entire measured signal
is essentially noise from the imperfections and instabilities of the reference mirror.

In Figure A.5, we show the differential signal measured and its Fourier transform. A metallic mirror is
used without a pinhole. The ideal signal is an uniform zero-valued image, however, we can see horizontal
fringes where the maxima repeat every 4 lines. This is mainly caused by aberrations, as the reflected field
contains aberrations from the objective. These aberrations are not necessarily symmetrical, thus the phase
differences cause a non-zero differential signal when a reference beam is used. Furthermore, we can see small
fluctuations within each line, caused by vibrations of the setup.

Looking at the Fourier transform, it is quite notable that the spectrum contains mainly frequencies in the
y-direction and 0 in the x-direction. Coincidentally, the Fourier spectrum of a particle signal contains mainly
non-zero x-frequencies, shown in Figure 3.5 from the simulation. Meaning that we can possibly remove this
error without sacrificing the signal of the particle too much by cutting out the low spatial frequencies in the
x-direction.

I
= 1
— — 8
20 6
— — 0
40 4
> _— 2
| —— — -1
60
r———— 0
80 = ) -2
-4

Figure A.5: Left: the measured differential signal with N = 4 stepping mirror and fixed sample. Right: amplitude of the Fourier transform
(log scale). Units of the x and y axis are pixels.
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A.8. Simulation - effect of tilt

Due to tolerance in alignments, an unavoidable source of error is the relative tilt between the reference field
and the scattered field. This is unrelated to the sample tilt we investigated in Appendix A.5. In this Appendix,
we look at how the signals are affected by the tilt modeled as an aberration with simulation.

We introduce a small tilt in the x-direction, the axis along which the signal is differentiated. The Zernike
polynomial le corresponding to this tilt is shown in Figure A.6a. Applying this aberration to the scattered
far field, we then simulate the HCFS signal, which we display in b. It looks very similar to the signal without
aberration. However, we can see a significant change of the first order spectrum from the FT (c), it is no
longer symmetrical. Zero order signal is unaffected, because of its independence of phase. By reconstructing
the first order, we see the real part (e) is distorted, the imaginary part (f) as well as the amplitude (d) becomes
unbalanced. Thus, we can say that the HCFS technique is extremely sensitive to aberrations due to phase
dependency. On the other hand, a benefit of HCFS is the fact we still have the conventional differential signal
as the zero order, which we can always fall back to.
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Figure A.6: (a) The tilt applied to the scatter far field, corresponding to Zernike polynomial le. (b) Simulated HCFS signal with tilt
aberration. (c¢) Amplitude of the Fourier transform of the HCFS signal. (d) Amplitude of the first order reconstruction using a rectangular
window indicated by the red solid rectangle in (c), followed by (e) the real part and (f) the imaginary part.
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A.9. Extra supporting results
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Figure A.7: Results of HCFS and conventional CFS (reference), corresponding to scan #2 in section 3.2.2.
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Figure A.8: Results of HCFS and conventional CFS (reference), corresponding to scan #3 in section 3.2.2.
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Figure A.10: Results of HCFS and conventional CFS (reference), corresponding to scan #3 in section 3.2.3.
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