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CHAPTER 1

Introduction

1.1 CONTEXT

Semiconductor devices and optical components are built from thin layers of material (often
just a few nanometers thick) deposited on flat silicon wafer substrates. To verify the correct
patterning and structuring of these layers during fabrication, engineers need non-destructive
inspection methods that involve no physical contact, staining, or labelling. As critical dimen-
sions and layer thicknesses continue to shrink in state-of-the-art fabrication, these requirements
become increasingly stringent. An ideal metrology tool would reveal not only where 2D pat-
terns are located, but also how they are structured in three dimensions, as well as their optical
properties across the surface. Current techniques either lack the resolution, require expen-
sive equipment, or only provide intensity images that miss the phase information required to
quantitatively extract film thickness.

Thin-film materials (like graphene monolayers, metal coatings, polymer films, holographic pat-
terns, micro-LED structures, and transistor gates on silicon) are increasingly relevant in semi-
conductor technology. Imaging them requires surface sensitivity and phase sensitivity simul-
taneously. Conventional optical microscopy cannot resolve nanometer-scale films. X-ray and
extreme ultraviolet (EUV) light offers sufficient resolution, but at these short wavelengths
imaging optics become impractically expensive to fabricate.

Ptychography removes the imaging optics between sample and detector. The complex wavefield
of the sample is reconstructed computationally from a series of diffraction patterns, so no lens
must form an image of the sample on the sensor. Illumination optics that shape the probe
before the sample are still used, but these are simple and cheap compared to a high-resolution
imaging system. This thesis develops a visible-light ptychographic microscope as a stepping
stone toward affordable X-ray ptychographic microscopy.

Brewster angle microscopy (BAM) is an optical technique for imaging thin films at an interface
[Hénon and Meunier, 1991]. At the Brewster angle, p-polarised light reflects with near-zero
intensity from a clean surface. A thin film on that surface shifts the local reflectivity, producing
contrast, which reveals the lateral structure of the film. This makes BAM non-invasive and
label-free, which is useful for materials like graphene, metal coatings, and polymer films on
semiconductor substrates.

Conventional BAM has two problems. First, the oblique angle of incidence compresses the
image along one axis (this is the keystone distortion) [Zhe Sun and Baldelli, 2017]. Second,
BAM only records intensity, so the phase of the reflected wavefield is lost. The phase carries
information about the film thickness and refractive index, which intensity alone cannot provide.

Ptychography can solve both problems. It records a series of diffraction patterns from over-
lapping illuminated regions of the sample, then uses a phase retrieval algorithm to reconstruct
the complex reflectance of the sample and the probe simultaneously [J. M. Rodenburg and
Faulkner, 2004]. The extended ptychographic iterative engine (ePIE) can do this without prior
knowledge of the probe, and has been shown to recover phase information well beyond the
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resolution of conventional optics [A. M. Maiden et al., 2011].

Combining BAM with ptychography produces a microscope that retains the surface sensitivity
of BAM while adding quantitative phase images and higher spatial resolution.

1.2 ToPIC AND SCOPE

This thesis describes the design, construction, and reconstruction pipeline of a distortion-
corrected ptychographic Brewster angle microscope (DC-BAPM) operating at 632.8 nm wave-
length. The work covers the optical design, the image capture procedure, the iterative phase
retrieval, the distortion correction algorithm and diffraction grating that corrects the keystone
distortion. The instrument is characterised on calibration targets (mostly the Siemens star)
and thin-film samples, and its resolution and phase sensitivity were assessed.

1.3 RESEARCH QUESTION

The central research question is as follows:

Can ptychographic phase retrieval be applied to a Brewster angle microscope to
reconstruct quantitative phase images of thin films, and can the keystone distortion
be corrected without affecting the reconstruction quality?

The supporting questions are as follows:
— What are the practical constraints on scan step size, detector distance, and illumination
coherence at oblique incidence?
— What phase sensitivity and spatial resolution can the system achieve?

— How should the diffraction grating be designed to correct the keystone distortion?

1.4 OBJECTIVES
— Design an optical setup that combines Brewster angle illumination with a diffraction
grating for probe structuring and distortion correction.

— Implement an image capture procedure that records a full ptychographic dataset at the
Brewster angle.

— Develop an ePIE reconstruction pipeline that accounts for the oblique geometry and
recovers the complex reflectance of a sample.

— Validate the system on calibration targets and assess the spatial resolution and phase
sensitivity.

— Evaluate the instrument for imaging thin films on PMMA, including resolution targets
and graphene layers.

1.5 THESIS STRUCTURE

Chapter 2 introduces the theory of ptychography and the ePIE phase-retrieval algorithm. Chap-
ter 3 describes the experimental setup and data-acquisition procedure. Chapter 4 covers the
physics of the Brewster angle and the polarisation sensitivity of the system. Chapter 5 presents
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the conical distortion correction algorithm that compensates for the Ewald-sphere distortion in
the recorded diffraction patterns. Chapter 6 details the full reconstruction pipeline. Chapter 7
describes the topographic surface reconstruction from the retrieved phase. Chapter 8 presents
ptychographic imaging of graphene monolayers. Chapter 9 covers the diffraction grating design
for optical keystone correction. Chapter 10 summarises the conclusions and Chapter 11 outlines
directions for future work.



CHAPTER 2

Ptychography

Ptychography is a scanning coherent diffractive imaging (CDI) technique that recovers both the
amplitude and phase of a complex-valued object from a series of far-field diffraction intensity
measurements [J. Rodenburg and A. Maiden, 2019]. Unlike conventional lens-based microscopy,
ptychography requires no imaging optics between the sample and the detector, removing the
resolution limit imposed by the numerical aperture of a lens. Instead, spatial resolution is
determined by the highest spatial frequency recorded on the detector, and the phase retrieval
problem is solved computationally using iterative algorithms.

To place ptychography in context, it is useful to compare it against three other imaging ap-
proaches, ordered by increasing computational involvement.

In a conventional optical microscope, light from the sample is collected by an objective lens and
focused onto an intermediate image plane, as shown in Fig. 2.1. The image is formed entirely
by the optics. No computation is involved, and the resolution is hard-limited by the numerical
aperture of the objective.

Object Good optics Image

Figure 2.1: Conventional microscope pipeline. The image is formed directly by the objective and
tube lens, resolution is fixed by the lens NA (inspired by J. Rodenburg and A. Maiden, 2019).

A more advanced variant adds a post-processing stage after image capture. The raw image
contains residual lens aberrations, noise, and distortion. A correction algorithm is applied
to the captured intensity to produce an improved image, as shown in Fig. 2.2. The optical
hardware is unchanged, only the software pipeline is extended. Resolution is still limited by
the lens NA, but image quality can be significantly improved.

Improved

Object Imperfect optics Processing Image

Figure 2.2: Post-processing microscope pipeline. A computational correction stage follows image
capture to remove aberrations and noise (inspired by J. Rodenburg and A. Maiden, 2019).

Adaptive optics microscopes go one step further by correcting aberrations before detection
rather than after. A wavefront sensor measures the aberration, and a deformable mirror or
spatial light modulator compensates for it in a closed feedback loop, as shown in Fig. 2.3.
The correction happens in real time during acquisition, so the detector receives a pre-corrected
wavefront. This is particularly effective when aberrations vary with sample position, as in
deep-tissue imaging.
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Image

Object Adaptive optics Processing

Feedback
calculation

Figure 2.3: Adaptive optics microscope pipeline. A feedback loop measures and corrects wavefront
aberrations in real time, before the image is recorded (inspired by J. Rodenburg and A. Maiden, 2019).

Ptychography takes a fundamentally different approach. There is no imaging lens between
the sample and the detector. Instead, a coherent probe illuminates the sample at multiple
overlapping positions, and the detector records the far-field diffraction intensity at each position.
A phase retrieval algorithm then reconstructs the complex object (both amplitude and phase)
from the full set of diffraction patterns, as shown in Fig. 2.4. The resolution is no longer set by
any lens, it is determined by the highest spatial frequency captured on the detector.

Diffraction
patterns

Decoding

Object Encoding optics —

Image

Figure 2.4: Ptychographic pipeline. No imaging lens is used. The detector records diffraction pat-
terns, and a reconstruction algorithm recovers the complex object (inspired by J. Rodenburg and A.
Maiden, 2019).

Ptychography offers three advantages over conventional microscopy.

— No lens required. No imaging lens is placed between the sample and the detector. The
only lens in the system is the illumination lens, which shapes the probe beam. Its optical
quality does not limit the final resolution, since resolution is set by the detector pixel
size and the sample-to-detector distance. A diverging probe is preferred over a flat-phase
beam to avoid a bright central spot, which is difficult for the algorithm to handle.

— Complex image output. The reconstruction yields both the amplitude and the phase
of the object. Transparent samples such as biological films or photoresist absorb very
little light, so their amplitude contrast is weak. The phase encodes the optical path
length through the sample and provides strong contrast for these materials. Ptychography
recovers phase directly from the diffraction data and produces high-quality phase images.

— Self-calibration. The reconstruction algorithm corrects for lens aberrations, positional
errors, defocus, and partial coherence of the illumination as part of the iterative process.
No separate calibration measurement is required. The algorithm can also extrapolate
diffraction data beyond the directly measured bandwidth, recovering spatial frequencies
not captured on the detector and improving the final resolution.
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2.1 DIFFRACTION PATTERN

The bright central region of the diffraction pattern is called the brightfield. It contains low-
frequency spatial information scattered from the sample. The dark surrounding region is the
darkfield and carries high-frequency scattering information. In linear scale the darkfield appears
uniformly black, but viewing it in log scale reveals that it contains significant data, as shown
in Fig. 2.5(b).

The Fresnel rings visible in the pattern are formed by the laser beam diffracting through a 1
mm aperture. The sharp dark spots near the bottom of the brightfield are shadows cast by dust
particles in the optical system. Because the dust spots appear consistently across all diffraction
patterns, the ePIE algorithm can identify and correct for them during reconstruction.

(a) Original diffraction image (b) Logarithmic scale

Figure 2.5: Example diffraction pattern recorded on 2026-04-30, shown as (a) the original diffraction
image and (b) on a logarithmic intensity scale. The log-scale view reveals the darkfield structure that
is invisible in the original diffraction image.

A simple Fourier transform demonstration illustrates how the low and high spatial frequencies
in the diffraction pattern map onto features in the reconstructed image. The test object is an
image of bacteria, shown in Fig. 2.6.

Figure 2.6: Example test image.
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Applying a Fast Fourier Transform (FFT) to the image yields its amplitude and phase in the
spatial frequency domain, shown in Fig. 2.7. Low frequencies sit near the centre of the spectrum,
high frequencies lie at the edges.

Amplitude (Spectrum) Phase

Figure 2.7: Fourier transform of the example test image.

An outer mask retains only the spatial information inside the white box, keeping the low
frequencies and discarding the high ones. The inverse FFT (IFFT) of the masked spectrum is
shown in Fig. 2.8. The general outline and large features of the bacteria are clearly visible, but
the fine detail is lost.

Masked Spectrum (Size 200px) Reconstructed (Low Pass Filter)

Figure 2.8: Inverse Fourier transform of outer masked amplitude and phase images.

An inner mask does the opposite: it blocks the low frequencies and keeps only the high ones.
The IFFT in Fig. 2.9 resolves the fine detail of the bacteria, while the large-scale features
become much harder to see.
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Masked Spectrum (Size 200px) Reconstructed (High Pass Filter)

Figure 2.9: Inverse Fourier transform of inner masked amplitude and phase images.

2.2 THE PTYCHOGRAPHIC ITERATIVE ENGINE (PIE)

Rodenburg and Faulkner introduced the ptychographical iterative engine (PIE) as a method
to solve the phase problem using redundant information from overlapping illuminations at
multiple positions [J. M. Rodenburg and Faulkner, 2004; J. Rodenburg and A. Maiden, 2019].
The sample is illuminated at positions R;, 7 = 1,..., M, and a diffraction pattern I;(q) is
recorded at each position. The overlap between adjacent illuminations provides the redundancy
necessary for a unique, rapidly converging solution.

One iteration of the PIE algorithm at position j proceeds as follows:

1. Compute the estimated exit wave at scan position R;:
U;(r) = P(r) On(r + R;), (2.1)

where P(r) is the complex-valued probe, O, (r) is the object estimate at iteration n, and
r is a real-space coordinate at the sample plane. The shift by R; selects the region of the
object currently illuminated by the probe.

2. Propagate to the detector plane with a Fourier transform:
Uj(q) = F{¥,(r)}, (2.2)

where F is the 2D Fourier transform and q is the spatial-frequency coordinate at the
detector. The tilde marks fields in reciprocal space.

3. Replace the estimated modulus with the measured value, keeping the estimated phase:

¥ (a) = /1,(a) 229 (23)

where I;(q) is the diffraction intensity recorded by the detector at scan position j. This
is the only step in which experimental data enters the iteration, the prime marks the
modulus-constrained field.

4. Back-propagate to the object plane:
_ 11y
i(r) = F {¥(a)}, (2.4)

which yields the modulus-corrected exit wave W’(r) in real space.
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Localized area of the sample Estimated diffraction pattern Amplitude and Phase

Fourier propagate

®

Swap the estimated amplitude
Apply sample area mask. with the captured amplitude data

‘ Inverse Fourier propagate

2D estimated image Known amplitude data and estimated phase

Figure 2.10: One iteration of the phase retrieval algorithm. (A) The current object estimate is
Fourier-propagated to the detector plane, yielding the estimated diffraction amplitude and phase (B).
The estimated amplitude is replaced by the measured amplitude while the estimated phase is retained
(C). An inverse Fourier transform returns a new object estimate (D), to which a support mask is
applied before the next iteration (inspired by J. Rodenburg and A. Maiden, 2019).

5. Update the object estimate using the difference between the constrained and current exit
waves:

Onti1(r+R;) =0,(r+R;)+ U(r) [\I';(r) — \I/j(r)], (2.5)

where § € [0.9,1.0] is the feedback parameter that controls the update size and U(r) is the
update function

[ P(r)| P (r)

V) = x| P PO +

(2.6)

P*(r) is the complex conjugate of the probe, the leading |P(r)|/ max |P(r)| factor deweights
regions of low probe intensity where the data carry little information about the object, and
a < 1 is a small constant that prevents division by zero in dark regions of the probe [Bunk
et al., 2008]. The full flowchart that ties Eqgs. (2.1)—(2.5) to their respective physical planes is
given in Appendix 11.5, Fig. 1.

2.3 OVERLAP PARAMETER AND CONVERGENCE

The overlap between adjacent illuminated regions is the single most important experimental
parameter governing convergence speed and reconstruction quality. The relative overlap o is
defined as

a
=1-— 2.
o=1-1, (2.7
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where r is the probe radius and a is the centre-to-centre distance between adjacent scan po-
sitions [Bunk et al., 2008]. Experimentally, the overlap is best kept between 80% and 85%
to guarantee convergence while keeping the capture and reconstruction time low [Bunk et al.,
2008; J. Rodenburg and A. Maiden, 2019].

Fig. 2.11 shows a Fermat-spiral scan pattern with a circular probe footprint of radius r. Each
circle has diameter 2r, and the centre-to-centre distance between any two neighbouring circles
is the spacing a in Eq. (2.7). Reading the plot through the formula: when a/2r is small,
neighbouring circles share most of their area and o — 1, when a/2r is close to one, the circles
barely touch and 0 — 0. For the pattern shown, r = 120 pm (half of the 240 pm x 240 pm probe
footprint) and the Fermat spiral places the points so that the mean nearest-neighbour distance
is a & 50um, giving o = 1 — a/2r ~ 79.2%. The dense web of intersections in the figure is the
visual signature of that high overlap, and it is the redundancy that the ePIE algorithm exploits
to recover both the object and the probe.

Fermat Spiral — 154 pts | probe 240x240 ym | overlap 79.2%

400 -

300 -

200 -

100 -

Y (um)
o
T

-100 -

-200

-400 -

1
500 400 300 200  -100 0 100 200 300 400 500
X (km)

Figure 2.11: Fermat-spiral scan pattern of 154 positions with a circular 240 pm x 240 pm probe,
giving an average overlap of 79.2%. Each circle is one probe footprint, the magenta and cyan markers
indicate the first and last scan positions.

2.4 NUMERICAL APERTURE
The numerical aperture (NA) of an optical system is defined as
NA = nsin6, (2.8)

where n is the refractive index of the medium and 6 is the half-angle of the cone of light accepted
or emitted by the system. The Abbe resolution limit gives the smallest resolvable feature size
as

A
d=——. 2.9
2NA (2:9)
In a conventional lens-based microscope the NA is fixed by the objective lens. In ptychography
there is no imaging lens, so two distinct NAs govern the resolution.
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The illumination NA is set by the cone angle of the probe beam at the sample:
NAﬂ] = nsin Gill, (210)

and determines the size of the illuminated spot. The corresponding Abbe resolution limit for
the illumination is

A

dy = —2—
1= oONAy

(2.11)

The detector NA is set by the maximum scattering angle recorded on the detector. For a
detector of half-width D/2 placed at a distance z from the sample,

D/2 D/2
NAg4et = nsin (arctan /) ~n —/7 (2.12)
z z
and the corresponding Abbe resolution limit is
A
dget = =—. 2.13
det 2 NAdet ( )

Because the phase retrieval algorithm can exploit all spatial frequencies up to NAge, the
resolution of a ptychographic reconstruction is ultimately limited by dqet, not by the probe size.
This decoupling of probe size and resolution is one of the principal advantages of ptychography
over conventional microscopy.

Objective to Focal Point Defocus Sample-to-Detector Distance

Collimated
Laser Beam

Aperture Detector
Size Size

Focal Point

Objective
Lens

Aperture Stop

Detector

Figure 2.12: Ptychographic illumination geometry. An aperture stop and objective lens focus the
collimated laser into a probe cone of half-angle 6, which sets NAj;. The sample is placed slightly
beyond the focal point (defocus). The beam then diverges and expands onto the detector, the detector
size and sample-to-detector distance together set NA4et.

2.5 TRANSMISSION PTYCHOGRAPHY

To make the abstract framework of the preceding sections concrete, I performed a transmis-
sion ptychography experiment during my internship using a Siemens star test target. In this
configuration the beam passes straight through the sample on-axis, so the object function O(r)
encodes both the amplitude transmittance and the phase delay introduced by the sample.

The sample was scanned across a 15 x 15 grid of positions, giving 225 scan points in total. The
scan pattern is shown in Fig. 2.13. At each position a far-field diffraction pattern was recorded
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by the camera, and the full set of 225 patterns was fed into the ePIE algorithm described in
Section 2.2.

Figure 2.13: Raster scan pattern used for the transmission ptychography experiment. The 225
positions form a regular 15 x 15 grid, colour encodes the scan index from start (green triangle) to end
(red square).

After 2000 iterations the algorithm converged to a stable reconstruction, which took around 6
minutes on an NVIDIA RTX 5080 GPU. The result is shown in Fig. 2.14. The amplitude image
reveals the absorbing spokes and centre disc of the Siemens star, while the phase image shows
the optical path-length variation between the glass substrate and the PMMA spokes that make
up the sample. The simultaneously retrieved probe has a compact Gaussian amplitude with a
nearly flat phase, consistent with a well-collimated, spatially coherent illumination beam.



Chapter 2. Ptychography 13

Figure 2.14: ePIE reconstruction after 2000 iterations. Top row: object amplitude |O(r)| (left) and
phase arg O(r) (right) of a Siemens star test target. Bottom row: retrieved probe amplitude |P(r)]
(left) and phase arg P(r) (right). The probe is approximately Gaussian with a flat phase, confirming
coherent on-axis illumination.

2.6 ANGULAR SPECTRUM METHOD

The ePIE propagation steps in Section 2.2 treat the sample-to-detector path as a single Fourier
transform under the far-field assumption. Several parts of the broader pipeline (probe propa-
gation for the calibration scan, defocus correction, partial-coherence simulation) instead need
near-field propagation, where the far-field approximation no longer holds. The Angular Spec-
trum Method (ASM) provides an exact scalar-wave solution for free-space propagation between
two parallel planes, with no far-field or paraxial approximation [Goodman, 2017]. A clear vi-
sual derivation of the plane-wave decomposition and the evanescent branch of the propagator
is given by Konijnenberg [Konijnenberg, 2026a].

The field at the input plane is decomposed into its plane-wave components by a Fourier trans-
form,

Alf. £;0) = / / U, y: 0) e~ 2m+0) dz dy, (2.14)

where A(f5, fy;0) is the angular spectrum at z = 0. Each plane wave with transverse spatial

frequencies (fz, f,) travels with a longitudinal wavenumber k. = ky/1 — A\(f2 + f2), with
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k = 2w /\. Over a distance z each component acquires a transfer function

exp(ikz 1—/\2(f§+f§)), )\Q(fx2+fy2) <1
H(fo, fyi2) = (215)
exp(—kz >\2(f§+f§)*1), )\Q(fzzJng) >1

so that the propagated field is

U(z,y;2) = f_l{A(fx, fy;0) - H(fx,fy;z)}. (2.16)

The two branches of H correspond to propagating waves (pure phase rotation) and evanescent
waves (real exponential decay). Evanescent components vanish within a few wavelengths and
are usually irrelevant beyond the near field, but keeping them in H avoids any small-angle
approximation in the result.

2.6.1 GPU IMPLEMENTATION

The numerical recipe that turns Eq. (2.16) into working code — sampling, FFT layout, and
bandlimit choice — is laid out in [Konijnenberg, 2026b]. The ASM is implemented in CUDA
C++ on the GPU. The forward and inverse Fourier transforms are dispatched to NVIDIA’s
cuFFT library, and the propagator H is applied between them by a custom kernel that runs one
thread per pixel. The kernel computes (fz, f,) from the thread indices using the FFT-shifted
layout, evaluates 1 —A\?(f2+ fy2), and multiplies the transformed field by either the propagating
or evanescent form of H in place. The relevant section of the kernel is shown in Listing 2.1.

Listing 2.1: Core CUDA kernel that applies the angular-spectrum propagator H(fs, fy;z) to the
Fourier transform of the field. One thread per detector pixel, FFT-shifted spatial-frequency layout.

void asm_propagate_kernel (cuFloatComplex* field_transformed,
int NX, int NY,
float LX, float LY,
float lambda, float z)

__global_

int idx = blockIdx.x * blockDim.x + threadIdx.x;
int idy = blockIdx.y * blockDim.y + threadIdx.y;
if (idx >= NX || idy >= NY) return;

// Spatial frequencies (FFT-shifted layout)
float fx = (idx < NX/2) ? float(idx)/LX : float(idx - NX)/LX;
float fy = (idy < NY/2) 7 float(idy)/LY : float(idy - NY)/LY;

float k = 2.0f * (float)M_PI / lambda;
float lambda_f_sq = lambda * lambda * (fx*fx + fy*fy);

cuFloatComplex H;
float arg_sqrt = 1.0f - lambda_f_sq;
if (arg_sqrt >= 0.0f) {

float phase = z * k * sqrtf(arg_sqrt); // propagating
H = make_cuFloatComplex (cosf (phase), sinf (phase));

} else {
float decay = -z * k * sqrtf(-arg_sqrt); // evanescent

H = make_cuFloatComplex (expf (decay), 0.0f);
}

int global_idx = idy * NX + idx;
field_transformed[global_idx] =
cuCmulf (field_transformed[global_idx], H);
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The host program initialises a 2048 x 2048 complex field on a 4.54 pm-pitch grid (matching
the GS3 detector), populates an 8-sided polygonal aperture of radius 1 mm as the input pupil,
runs the kernel chain (FFT, propagator, inverse FFT, normalisation), and writes the prop-
agated amplitude and phase to disk as raw float32 arrays for post-processing in Python. A
single propagation step from the aperture to the detector at z = 100 mm completes in under
50 ms on the same RTX 5080, which makes the ASM cheap enough to embed in the iterative
reconstruction loop whenever near-field defocus correction is needed.

Figure 2.15 shows the result of one such propagation. The simulated output matches the beam
profile observed on the detector in the real setup, confirming that the ASM model is an accurate
forward model for the probe.

Propagated Amplitude (ASM) Propagated Phase (ASM)

2000 2000 1%
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(a) Simulated propagation (ASM)

(b) Measured beam on detector

Figure 2.15: Angular Spectrum Method propagation of the 10-bladed iris aperture. (a) Simulated
amplitude at the detector plane computed by the CUDA ASM kernel for a 10-sided polygonal pupil
of approximately 1 mm opening propagated 100 mm, (b) corresponding beam profile captured on the
GS3 detector in the real setup. The diffraction rings and the 10-fold symmetry of the iris blades are
reproduced faithfully by the simulation.



CHAPTER 3

Image Acquisition

This chapter describes the experimental setup and data-acquisition procedure for the ptycho-
graphic Brewster angle microscope (DC-BAPM). It covers the optical layout, the camera and
detector system, the sample preparation, and the scanning strategy used to collect the set of
diffraction patterns fed to the ePIE reconstruction pipeline.

3.1 OpTIiCAL LAYOUT

The full optical path of the DC-BAPM is shown schematically in Figure 3.1. Starting from the
laser source, the beam passes through the following elements in sequence:

Figure 3.1: Experimental DC-BAPM setup.

1. HeNe Laser (Thorlabs HNLO20LB). A linearly polarised HeNe laser at A = 632.8 nm
with a specified polarisation extinction ratio of 500:1.

2. ND filter. An ND40 neutral-density filter reduces the laser intensity by a factor of 40
to avoid saturating the detector.

3. Half-wave plate (Thorlabs AHWP10M-580). The achromatic half-wave plate rotates
the polarisation angle of the beam, decoupling the orientation of the laser’s intrinsic
polarisation from the generator angle so that the two can be set independently.

4. Generator (Thorlabs LPVISE100-A in CRM1PT /M rotation mount). The 500:1 extinc-
tion ratio of the HeNe laser is insufficient for BAM: any residual s-component reflects at

16
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10.

11.

12.

3.2

the Brewster angle and adds a background reflection. The generator (a linear polariser
placed after the laser, ND filter, and half-wave plate) raises the extinction ratio to > 10°:1,
making the illumination strictly linearly polarised.

. Beam expander (Thorlabs GBE03-A). Two plano-convex lenses arranged as a Galilean

telescope expand the beam by a factor of 3, from 0.63 mm to 1.89 mm diameter.

. Ilumination lens (Thorlabs LA1131-A-ML). This lens focuses the expanded beam onto

the sample to form the ptychographic probe.

Sample and Piezo actuators (PI Q-545.140, x2, driven by E-873.1AT controller). Two
Q-Motion piezoelectric linear stages provide the zy-translation of the sample during the
ptychographic scan.

. Analyser (Thorlabs LPVISE100-A in CRM1PT/M rotation mount). A thin film can

partially convert p-polarised reflected light into s-polarised light. The analyser selects
which polarisation component reaches the detector. Setting it to pass p-polarised light is
the standard BAM configuration, rotating it to s-polarisation gives access to ellipsometric
contrast.

. Detector (FLIR Grasshopper3 GS3-PGE-60S6C-C). Records the far-field diffraction in-

tensity at each scan position.

Sample stage (Amazon LD90-LM). A 90mm x 90mm XY trimming stage provides
coarse positioning of the sample.

Digital microscope. Used to view the probe footprint on the sample and to position
the scan area before acquisition.

Laser dump (Thorlabs LB1/M). A blackened aluminium beam block mounted on the
optical rail to absorb the back-reflection from the ND filter, preventing stray beams from
becoming a safety hazard in the lab.

CAMERA AND DETECTOR SYSTEM

The detector is a charge-coupled device (CCD) camera (FLIR Grasshopper3 GS3-PGE-60S6C-
C) with a Sony ICX694 sensor, chosen for its large 1-inch format, global shutter, and high
dynamic range. The key specifications relevant to ptychographic data collection are summarised
in Table 3.1.

Table 3.1: CCD camera specifications relevant to ptychographic data acquisition (FLIR Grasshopper3
GS3-PGE-60S6C-C, Sony ICX694 sensor).

3.2.1

Parameter Value Unit
Sensor Sony ICX694 CCD —
Sensor format 2736 x 2192 pixels
Pixel size 4.54 pm
Optical format 1 inch
Dynamic range 16 bit
Frame rate 13 fps

NYQUIST CRITERION

To avoid aliasing, the detector must sample the diffraction pattern at a rate of at least twice
the highest spatial frequency present. In the far-field geometry the diffraction pattern is the
Fourier transform of the exit wave, so this turns into a geometric constraint on the pixel pitch
and the sample-to-detector distance.
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The finest fringes in the diffraction pattern come from the largest illuminated feature, which
is the probe footprint. A probe of extent D produces fringes spaced by Az/D on the detector.
Sampling these with at least two pixels per fringe requires

(3.1)

With A = 632.8nm, z = 35mm, and dpx = 4.54pm, this gives a maximum probe size of
Dipax = 2.4mm. The probe footprint is 431 pm x 320 pm, well below this limit, so the Nyquist
criterion is satisfied with a comfortable margin.

The same condition fixes the field of view of the reconstruction,

A
FOV = 22 ~ 4.9 mm. (3.2)
o

The probe must fit inside this window or it wraps around and aliases. In practice the criterion
sets a ceiling on the probe size, or a floor on z, for a given pixel pitch.

3.2.2 ALIGNMENT PROCEDURE

The hardest part of building the setup is aligning the optics. The step-by-step procedure 1
followed is given in Appendix 11.5.

3.3 SCAN STRATEGY

3.3.1 GRID PATTERN

The probe is scanned over the sample on a rectangular grid with N, x NN, positions. Because
the Brewster angle elongates the probe footprint along the plane of incidence by 1/ cosfpg, the
step sizes in the two directions are chosen as

A.T” = (1 - O) Il ij_ = (1 - 0) T, (33)

where 7 = ro/cosflp, r1 = ro are the probe semi-axes, and o ~ 0.65 is the target overlap
fraction. This ensures that the overlap criterion is met equally in both lateral directions.

Visiting these grid positions in raster order has a well-known drawback: the periodic step
pattern imprints itself onto the reconstruction. The result is a faint rectangular grid that lies
on top of the retrieved object, clearly visible in Fig. 3.2 as a regular checkerboard texture across
the amplitude, phase, and height maps of a Siemens-star reconstruction.

3.3.2 FERMAT SPIRAL

The scan positions are visited in a pseudo-random order (Fermat spiral or random permutation
of the grid) rather than a raster sequence. Random ordering prevents the development of
periodic artefacts in the reconstruction that can arise when adjacent positions are updated
consecutively [Bunk et al., 2008]. The position sequence is generated once per experiment and
saved alongside the raw data to allow exact reproducibility.

Figure 3.3 shows both ordering schemes with the AOI-corrected probe footprint applied. Each
ellipse is the 431 um x 320 pm probe footprint at one scan position, the elongation along x
reflects the 1/ cosfp factor introduced in Eq. (3.3). The grid version (a) places 204 points on



Chapter 3. Image Acquisition 19

Phase 3
07
2
06
05 B
04 °
03
-1
0.2
-2
01
-3

300 500 0.0 0 100 200 300 400 500 600 300 400 500
X (um) X (um) X (um)

Amplitude Height (nm)

1000

Amplitude (a.u.)
Phase (rad)
Height (nm)

-200

Figure 3.2: Siemens-star reconstruction obtained from a raster (grid) scan sequence. A regular
rectangular pattern is clearly visible across the amplitude (left), phase (centre), and height (right)
maps: a periodic artefact imprinted by the raster scan order. The Fermat-spiral ordering introduced
in the next subsection eliminates this artefact.

a regular rectangular lattice, while the Fermat spiral (b) places 115 points in a pseudo-random
pattern. Both reach the same 84.4% mean overlap, but only the Fermat spiral avoids the
periodic artefact shown in Fig. 3.2.
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(a) Grid (serpentine) ordering, 204 points (b) Fermat-spiral ordering, 115 points

Figure 3.3: AOI-corrected scan patterns for the same 431 pm x 320 pm elliptical probe footprint and
84.4% mean overlap, drawn as (a) a serpentine grid and (b) a Fermat spiral. The ellipses are elongated
along the plane of incidence (z) by 1/ cosfp.

3.3.3 TYPICAL SCAN PARAMETERS

Table 3.2 lists the scan parameters used in a representative measurement (Fermat-spiral scan
recorded on 2026-04-30 at 42° incidence angle, sample-to-detector distance 35 mm).
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Table 3.2: Ptychographic scan parameters for the 2026-04-30 reflection measurement.

Parameter Value Unit
Scan pattern Fermat spiral -
Number of positions 81 -
Probe semi-axis r 225 pm
Probe semi-axis 7 303 pm
AOI stretch 1/ cos 6 1.346 -
Step size Ax 60.0 pm
Step size Az 80.7 pm
Mean overlap o 86.7 %
Angle of incidence 42.0 °
Sample-to-detector distance 35.0 mm
Focal length (illumination lens) 50.0 mm
Aperture diameter 2.1 mm
Defocus 8 mm
Exposure time per frame 25 ms
Settle time per position 100 ms

3.4 HicH DynaMIC RANGE IMAGING

A diffraction pattern spans an enormous dynamic range. The central zero-order peak and
low-spatial-frequency lobes are orders of magnitude brighter than the high-frequency fringes
that encode the fine-detail object information. A 16-bit detector saturates at 26 — 1 = 65,535
counts. If the exposure is set to keep the zero-order peak unsaturated, the high-frequency tail
falls below the noise floor. Conversely, an exposure long enough to resolve the tail causes the
core to saturate and creates flat tops, corrupting the low-frequency data that ePIE relies on for
convergence.

The way around this trade-off is to image each scan position at several exposure times and
merge the brackets into a single HDR pattern. The procedure is showcased here on a graphene
flake on silicon (Section 3.4.3), a weak scatterer that requires five exposures to span the dynamic
range. A two-exposure validation on a PMMA on silicon Siemens star, used to confirm that
the merge does not introduce step artefacts, is given in Appendix 11.5.

3.4.1 MULTI-EXPOSURE ACQUISITION

At each scan position the detector records a bracket of N exposures, saved as 16-bit TIFF
frames together with the scan-position index and exposure time. The number of exposures and
the choice of times depend on how strongly the sample scatters: a high-contrast test target
needs only two brackets, a weak scatterer such as graphene needs four or five.

3.4.2 SATURATION-CASCADE MERGE

The bracket is combined using a saturation-cascade algorithm. The frames are sorted from
longest to shortest exposure. For each pixel, the algorithm selects the value from the longest
frame in which that pixel is not saturated (i.e. below a threshold of 98% of the maximum
detector count). Pixels that are saturated in all but the shortest frame fall back to the shortest
exposure, which always provides an unsaturated value for the bright zero-order core. Each
frame’s values are scaled by the ratio of its exposure time to a reference time (the longest
exposure) before selection, so all frames are expressed in consistent intensity units in the merged
result. An optional cosine feather of a few pixels is applied at the saturation boundary to avoid
hard step artefacts.
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3.4.3 APPLICATION TO A GRAPHENE FLAKE

The Siemens star is a strong scatterer with sharp edges. A graphene monolayer on silicon, the
sample of interest in this work, scatters far more weakly: its diffraction pattern has a much
fainter high-frequency tail relative to the zero-order core. Two exposures are no longer enough,
and the bracket is extended to five exposure times: 400, 5000, 10000, 50 000, and 200000 ps.
Figure 3.4 shows the resulting trade-off across the full bracket.

(a) t = 400 ps (b) t = 5000 ps (c) t =10000 ps (d) t =50000ps

(f) t = 400 s (g) t = 5000 ps (h) t = 10000 ps (i) t = 50000 ps (j) t = 200000 ps

Figure 3.4: Five-exposure bracket on a graphene flake at a single scan position. Top row: linear
scale. Bottom row: logarithmic scale. Short exposures keep the zero-order core unsaturated but leave
the high-frequency tail in the noise, long exposures reveal the tail but clip the core.

The dominant-frame map and the continuity check across the merge boundaries are collected
in Appendix 11.5 (Figs. 11 and 12). The five scaled radial profiles overlap smoothly and the
merged result follows the dominant frame in each region without a visible discontinuity.

The merged HDR diffraction pattern is shown in Figure 3.5. It simultaneously captures the
unsaturated zero-order core and the dim high-frequency fringes that would otherwise be invisible
in a single-exposure measurement.

Figure 3.6 compares the ePIE reconstruction obtained from a standard single-exposure dataset
against the reconstruction from the HDR-merged diffraction patterns. No clear improvement in
resolution or contrast is visible in either the graphene or the Siemens star case (Appendix 11.5),
despite the HDR diffraction pattern containing measurably more high-frequency spatial content
than the short-exposure image alone.
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(a) Linear scale (b) Logarithmic scale

Figure 3.5: Merged HDR diffraction pattern of the graphene flake on (a) linear and (b) logarithmic
intensity scales. The high-frequency fringe structure is clearly visible in the log-scale image while the
zero-order core remains unsaturated.
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Figure 3.6: ePIE reconstruction of the graphene flake from (a) a single-exposure diffraction dataset
and (b) the HDR-merged dataset. No clear difference in resolution or contrast is visible between the
two reconstructions.
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3.5 CONTRAST

The contrast of a diffraction pattern quantifies how well the bright and dark regions are sepa-
rated on the detector. The standard measure is the Michelson contrast,

Imax - Imin
C=—"—7— 3.4
Imax + Imin ’ ( )

where Ihax and I, are the maximum and minimum intensities in the image. C' = 1 corre-
sponds to a pattern where the darkest pixel is truly zero, and C' = 0 corresponds to a uniform
image with no contrast at all.

In practice, a single hot pixel or a bright dust scatter can dominate I,.x, making the raw
formula unreliable. For diffraction images the 1st and 99th percentiles are used instead:

Py — P

= —, 3.5
Py + P, (8:5)

This gives the same physical interpretation as Eq. (3.4) but is robust to outliers. A saturated
diffraction pattern has Pyg at the detector ceiling, reducing the measured contrast even though
the true signal may be higher, images with a saturated fraction above 0.1% should therefore be
treated with caution.

Figure 3.7 shows the three diffraction patterns on a logarithmic intensity scale. The computed
metrics for each are listed in Table 1 in Appendix 11.5.

(a) t =10000ps (b) t = 80000 ps (¢) HDR merge

Figure 3.7: Diffraction patterns of the siemens star on logarithmic intensity scale. (a) Short exposure:
peak unsaturated but high-frequency tail is dim. (b) Long exposure: tail is well exposed but the zero-
order core approaches saturation. (¢) HDR merge: combines both, keeping the core unsaturated while
retaining the high-frequency detail of the long exposure.

The Michelson contrast is 1 for all three images because the background is essentially dark
(P; = 0), so the denominator Pyg + P; &~ Pyg and the numerator Pyg — P; = Pyg. The dynamic
range and peak-to-mean ratio are more informative here.

The 80 000 ps exposure reaches the highest dynamic range (96.3 dB) because the longer integra-
tion time brings the faint high-frequency tail well above the noise floor. Its peak-to-mean ratio
of 14.8 is low compared to 57.9 at 10000 ps, reflecting the fact that the mean count level rises
steeply with exposure while the saturating peak is clamped by the detector ceiling. The HDR-
merged pattern (89.3 dB, peak-to-mean 59.2) retains the short-exposure dynamic structure for
the bright core while incorporating the long-exposure data for the dim outer fringes.
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Brewster Angle

The Brewster angle is the angle of incidence at which p-polarised light experiences minimum
reflectance at a planar dielectric interface. This property makes it the natural operating point
for a microscope designed to image thin films at an interface: any reflected intensity arises
entirely from the film rather than from the bulk substrate, providing exquisite surface sensitivity
without requiring fluorescent labels or other contrast agents Hénon and Meunier, 1991.

4.1 POLARISATION OF LIGHT

An electromagnetic plane wave propagating in the z-direction can be decomposed into two
orthogonal polarisation states. The electric field oscillates in the zy-plane, and any polarisation
state can be written as a superposition of:

— s-polarisation (TE, transverse electric): the electric field E is perpendicular to the plane
of incidence.

— p-polarisation (TM, transverse magnetic): E lies in the plane of incidence.

In a Brewster angle microscope the incident beam is linearly polarised in the p-direction. A
polariser placed before the sample selects the p-component, and an analyser can optionally be
placed in the reflected beam path to further suppress background.

Brewster angle reflection — air-silicon interface, A = 632.8 nm
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Figure 4.1: Brewster angle reflection at the air-PMMA interface (fp =~ 56.2°). The incident beam car-
ries both s- and p-polarised components: at the Brewster angle, p-polarised light is entirely transmitted
into the PMMA while s-polarised light reflects toward the detector. Circles indicate the s-component
(E-field perpendicular to the plane of incidence), double arrows indicate the p-component (E-field in
the plane of incidence).
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4.2 FRESNEL EQUATIONS

When a plane wave is incident from medium 1 (refractive index ny) onto medium 2 (refrac-
tive index ny) at angle 6; (measured from the surface normal), the reflected and transmitted
amplitudes are given by the Fresnel equations. For s-polarisation:

n1 cosB; — ng cos b, 2nq cosb;
Ty = , ts = ; (4.1)
nq cos 0; + ng cos 0, n1 cos 0; + ns cos b,

and for p-polarisation:

no €os 0; — nq cos b, 2n1 cos 6;
’r‘p = B tp = 9 (4’2)
Ny cos B; + nq cos b, ng cos 0; + nq cos b,

where 0, is the transmission angle related to 6; by Snell’s law:

ny sin 0; = no sin 6;. (4.3)

The reflectances Ry = |rg|? and R, = |r,|? give the fraction of incident intensity that is reflected.
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Figure 4.2: Fresnel reflectance of s- and p-polarisation as a function of angle of incidence for the
air-PMMA interface (n1 = 1.000, ny = 1.490). The p-reflectance vanishes at the Brewster angle
0p = 56.2°, the experimental operating angle of 42° is below this minimum but already shows significant
s-p contrast.

4.3 THE BREWSTER ANGLE

The p-reflectance R, vanishes when the numerator of r, in equation (4.2) is zero, i.e. when
ng cos B; = nq cos ;. Combining this condition with Snell’s law gives the Brewster angle:

Op = arctan(TLQ) . (4.4)

ni

At 0, the reflected and transmitted rays are perpendicular (6; + 6; = 90°), so the oscillating
dipoles induced in the medium by the transmitted wave radiate no energy in the reflected
direction for p-polarisation.

For the air-PMMA interface, n; = 1.000 and no = 1.490 at A = 632.8 nm, giving
0p = arctan(1.490) ~ 56.2°. (4.5)
PMMA is non-absorbing at 632.8 nm, so R, = 0 exactly at this angle. The silicon substrate

below has ny = 3.847 + 0.0161 Jgrgensen et al., 2024, giving a pseudo-Brewster angle at 0p ~
75.4° where R, reaches a very small but non-zero minimum (R, ~ 5 x 1079).
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4.4 LIMITATIONS OF CONVENTIONAL BAM

Despite its surface sensitivity, conventional BAM has two fundamental limitations that motivate
the present work.

4.4.1 KEYSTONE DISTORTION

The oblique angle of incidence causes a rectangular region on the sample to appear as a com-
pressed trapezoid on the camera (keystone effect). The compression factor along the plane of
incidence is cosfp & 0.56 for the air-PMMA interface at 5 = 56.2°, a 44% compression (see
Chapter 9 for a quantitative treatment).

4.4.2 PHASE INSENSITIVITY

BAM records only intensity, discarding the phase of the reflected wavefield. The phase carries
information about the optical thickness and the real part of the refractive index of the film that
is inaccessible to conventional BAM. Ptychographic reconstruction (Chapter 6) recovers this
information.

4.5 EXPERIMENTAL RESULT OF THE POLARIZATION ANGLE

These scans were taken at AOI = 42° which is below the Brewster angle of the airrPMMA
interface (A5MMA = arctan(1.49) ~ 56.2°). The intended operating point was the PMMA
Brewster angle, but at higher angles of incidence the ptychographic reconstruction becomes
much harder to converge: the probe footprint stretches as 1/ cos §; along the plane of incidence,
alignment tolerances tighten, and position-correction failures become more frequent. At 42°
the polarisation effect is still clearly visible in the reconstructions, and the algorithm converges
reliably for all three PA settings, so this angle was used as a practical compromise between
contrast and reconstruction stability.

To verify the polarisation sensitivity of the DC-BAPM I scanned four areas of the resolution
target of silicon/PMMA (siemens star, line grating, mixed features, and an array of LED pads)
at three generator angles: PA = 0° (p-polarisation, aligned with the plane of incidence), PA
= 45°, and PA = 90° (s-polarisation). A half-wave plate rotates the polarisation vector by
twice its own rotation angle, so the half-wave plate was advanced by half the angular step of
the generator each time the generator was rotated. The polarisation incident on the generator
therefore stayed aligned with the generator’s transmission axis, the transmitted intensity stayed
constant, and the exposure time could be kept the same across all three PA settings. Any change
in detected intensity is then due to the reduction in p-polarised content reflected from the silicon
substrate at the Brewster angle, not to a change in illumination power. All scans were taken
at AOI = 42° on 2026-04-27. Each subfigure shows the reconstructed amplitude (left), phase
(centre), and 3D height map (right) at the corresponding PA.

Across the four sample areas the same trend repeats: p-polarised illumination (PA = 0°)
yields the strongest contrast between the patterned features and the silicon substrate, because
R, < Ry at AOI = 42° even though we are below the Brewster minimum. At s-polarisation
(PA = 90°) the substrate reflectivity is no longer reduced and the relative contrast collapses,
although the algorithm still converges to a recognisable reconstruction. The intermediate PA
= 45° case falls between the two as expected, since the incident field has equal s- and p-
components.

One subtlety in the images: the amplitude reconstructions at the three PA settings look almost
identical, while the polarisation effect is mostly visible in the phase. There are two reasons
for this. First, ePIE does not preserve an absolute amplitude scale: the reconstructed object
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Figure 4.3: Siemens star reconstruction at three generator angles, taken at AOI = 42° (below the
PMMA Brewster angle). The amplitude contrast is highest at PA = 0° (p-polarisation) and drops at
PA = 90° (s-polarisation), consistent with the partial suppression of the p-component of the reflection
on the approach to the Brewster minimum.

amplitude is normalised by the probe and rescaled to fit the dynamic range, so the order-of-
magnitude drop in reflected intensity going from p- to s-illumination is washed out and what
remains is the same spatial structure of the features. Second, the polarisation contrast near the
Brewster angle is encoded primarily in phase. On the approach to g, the Fresnel coefficient
rp heads toward zero and its phase swings rapidly through 180°, so dargr,/ddy is already
steep at 42° and a small optical thickness contributes a large phase shift. For s-polarisation r
varies smoothly with no such inflection, so the phase response is much weaker. The amplitude
images therefore mostly show the spatial layout of the features, while the phase images carry
the polarisation-sensitive surface information that is the point of the experiment.
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Figure 4.4: Line grating reconstruction at three generator angles, taken at
PMMA Brewster angle). The line structure is resolved at all three settings,
across the lines is strongest at PA = 0°.
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Figure 4.5: Mixed-feature area reconstruction at three generator angles, taken at AOI = 42° (below
the PMMA Brewster angle). The small features remain resolved across all three settings, the phase
image inverts in sign between PA = 0° and PA = 90°.
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Figure 4.6: LED-pad array reconstruction at three generator angles, taken at AOI = 42° (below the
PMMA Brewster angle). The pad outlines are visible in all three configurations, the contrast between
pad and substrate is highest at PA = 0°.



CHAPTER B

Conical Distortion Correction

At oblique incidence the detector lies in a flat plane while the physically meaningful data reside
on the Ewald sphere, a curved surface in momentum space. Recording diffraction patterns on
a flat detector therefore introduces a systematic, angle-dependent distortion: pixels near the
centre map almost linearly to momentum transfer, but pixels near the edges are increasingly
compressed. At the 42°-56° incidence angles used in the DC-BAPM, the flat-Ewald-sphere
approximation breaks down and this distortion must be corrected before ptychographic inver-
sion. The algorithm follows Gardner et al. Gardner, B. Zhang, et al., 2012, who derived the
correction for high-numerical-aperture reflection-mode coherent diffraction imaging.

5.1 GEOMETRY

Let the detector lie in the xy-plane at distance d from the sample, with pixel (x,y) denoting
a physical position in metres relative to the detector centre. A scattered ray arriving at that
pixel travels in the direction proportional to (z,y,d). The corresponding momentum-transfer
vector on the Ewald sphere is

x d
Gz = ko - Qy:ko%v qz:k0<_1>7 (5'1)

r

where r = y/22 + y2 + d? is the ray length and ko = 27 /). Because the sample is tilted relative
to the detector normal, the Ewald-sphere vectors are additionally rotated by a 3 x 3 matrix
R = R.R R, built from three Euler angles (6.,0,,0,) that describe the sample orientation.
The in-plane rotated components are

qx
q, Roo Rio Rao
Tl = . 5.2
(q;) (Rm Ri Ry ) (% (5:2)

These are then rescaled to span the same pixel grid as the input image and each source pixel
(i,7) is mapped forward to the output pixel (i’,j’) determined by (q;,q,). Any output pixel
that receives no source contribution is an unmapped gap that must be filled separately.

The recorded intensity must be corrected for the solid-angle Jacobian of the flat-to-sphere
mapping before remapping. The required factor is

LU2+ 2
Twata (@, y) = <1 + dﬂ) L (2, ), (5.3)

1/r? factor

and it is applied to each pixel before the remapping step.

5.2 IMPLEMENTATION

The coordinate map depends only on the detector geometry, not on the diffraction data, so it is
precomputed once per scan and reused for every pattern in the stack. The listing below shows
the core of the Python implementation.

31
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Listing 5.1: Core of the conical distortion correction. precompute_mapping builds the pixel-to-pixel
index arrays once per scan, correct_single_image applies them to each frame with a single scatter-
index assignment.

def precompute_mapping(m, n, dx, dy, d, wavelength,
ang_z, ang_x, ang_y):
2 * pi / wavelength
build_rotation_matrix(ang_z, ang_x, ang_y) # 3x3

k0
R

# Detector-plane coordinates (metres, centred)
x_1d = arange(1l, m+1)*dx - dx*m/2

y_1d = arange(l, n+1)*dy - dy*n/2

y_grid, x_grid = meshgrid(y_1d, x_1d)

# Ewald sphere mapping (Eq. 1)

r = sqrt(x_grid**2 + y_grid**x2 + d**2)
qx = kO * x_grid / r

qy = k0 * y_grid / r

qz = k0 x (d / r - 1.0)

rescale = 1.0 + (x_grid#**2 + y_grid**2) / d**2 # Eq. 3

# Rotate g-vectors for tilted sample (Eq. 2)
rx = R[0,0]*xqx + R[1,0]1*qy + R[2,0]*qz
ry = R[0,1]*qx + R[1,1]*qy + R[2,1]%*qz

# Project back to pixel indices

v = max(x_grid) / max(rx) # scale factor
i_out = round ((rx*v + dx*m/2) / dx)

j_out round ((ry*v + dy*n/2) / dy)

valid = (i_out>=0)&(i_out<m)&(j_out>=0)&(j_out<n)
return i_out, j_out, valid, rescale

def correct_single_image (image, i_out, j_out, valid, rescale):

img = fftshift (image) # centre zero-order

Ir = rescale * img # solid-angle correction
output = zeros ((ny, nx))

output [i_out [valid], j_out([valid]] = Ir[valid] # forward remap
output = inpaint_nans (output) # fill unmapped gaps
output = fftshift(fftshift (output)) # restore layout

return output

The gap-filling step (inpaint_nans) solves the discrete Laplace equation over the unmapped
pixels by sparse linear system, equivalent to harmonic interpolation from the surrounding valid
data without introducing spectral bias. Boundary regions that fall entirely outside the Ewald-
sphere coverage are filled with noise sampled from the image interior so that ePIE does not
interpret the absence of signal as a physical zero.

5.2.1 NUMERICAL EXAMPLE

For a pure rotation around the y-axis by angle 8, the full 3 x 3 rotation matrix reduces to

cos# 0 sind
R,(0) = 0 1 0 . (5.4)
—sinf 0 cos@

For the experimental parameters (A = 632.8nm, d = 45mm, Az = 4.54pm, N = 2192
6 = 42°) this evaluates to

0.743 0 0.669
R,(42)=| 0o 1 0 |[. (5.5)
—0.669 0 0.743
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The solid-angle intensity correction factor (Eq. 5.3) reaches its maximum at the detector corner,
where z =y = NAz/2 = 4.98 mm:

a?+y? - 2 x (4.98 mm)?

1 22 \EI
+ d? (45 mm)?

~ 1.024, (5.6)

a 2.4% increase relative to the detector centre.

5.3 VALIDATION

Figure 5.1 shows a single raw diffraction pattern recorded from the Siemens-star target at
42° incidence alongside the corrected pattern produced by the algorithm. The raw pattern is
visibly elongated along the z-axis and asymmetric due to the Ewald-sphere distortion. After the
correction the zero-order peak is recentred and the fringe structure is remapped to a uniform
momentum-space grid. The noise-filled border on the right of the corrected pattern marks the
region that falls outside the Ewald-sphere coverage at this incidence angle.

Original (sqrt scale) o Corrected (sqrt scale) [inpaint_nans (Laplace PDE)]
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Figure 5.1: Diffraction pattern of the Siemens-star target at 42° incidence before (left) and after
(right) the conical distortion correction, displayed on a square-root intensity scale. The raw pattern
is elongated along x by the Ewald-sphere distortion, the corrected pattern is remapped to a uniform
g-grid. The noise-filled border on the right is the region outside the Ewald-sphere coverage.

The effect of the correction is validated by running the full ptychographic reconstruction on
the Siemens-star test target with and without it applied. The result is shown in Fig. 5.2.
Without the correction, the Ewald-sphere distortion scrambles the high-frequency content of
the diffraction patterns so that ePIE cannot consistently superpose the overlapping exit waves,
and the spokes collapse into a noisy, aliased blur. After the correction the patterns share
a single, undistorted momentum-space geometry, the overlap constraint is satisfied, and the
reconstruction recovers a clean Siemens star with sharp spokes in amplitude, phase, and height.

Figure 5.3 shows the corrected diffraction pattern of a square region of the logic pattern on
a logarithmic greyscale. A square aperture produces a cross-shaped diffraction pattern, the
vertical arm of the cross is curved in the raw pattern because the Ewald-sphere warp acts pre-
dominantly along x, introducing a position-dependent displacement that bends the otherwise
straight fringe. After correction the vertical arm is straightened, confirming that the remap-
ping is applied correctly. In future work, a dedicated calibration sample consisting only of an
isolated square patch could make this effect more pronounced and allow the incidence angle
to be extracted directly from the curvature of the vertical diffraction arm, providing a direct
measurement of the tilt angle used in the correction.
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Figure 5.2: ePIE reconstruction of a PMMA-on-silicon Siemens star from the same raw dataset,
processed (a) without and (b) with the conical distortion correction. Each panel shows the retrieved
amplitude (left), phase (centre), and height (right). Without correction the spokes are unresolved and
the maps are dominated by aliasing, with correction the spokes are sharp and the height range collapses
from 150 nm to £50 nm, confirming that the Ewald-sphere distortion was the dominant error source.
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Figure 5.3: Diffraction pattern of a square region of the logic pattern after the conical distortion
correction, displayed on a logarithmic greyscale. The square aperture produces a characteristic cross-
shaped diffraction pattern. The curvature visible in the vertical arm of the cross in the uncorrected
pattern is a direct signature of the Ewald-sphere distortion, after correction the arm is straightened.
The uniform-texture border regions on the sides are filled with a constant noise floor because they fall
outside the Ewald-sphere coverage at this incidence angle.



CHAPTER 0

Reconstruction pipeline

This chapter covers the middle stage of the DC-BAPM reconstruction pipeline: the iterative
phase retrieval that converts the corrected diffraction patterns recorded in Chapter 3 into a
complex-valued image of the sample. The pre-processing stage that produces those corrected
patterns (distortion mapping and pixel-wise warping) is described in Chapter 5. The post-
processing stage that converts the recovered phase into a topographic surface map is described
in Chapter 7.

6.1 RECONSTRUCTION ENGINE

The reconstruction engine used in this work is the EUVPtycho C++/CUDA code developed at
the Paul Scherrer Institute in Switzerland. To make the build reproducible across workstations,
the full toolchain (CUDA, Armadillo, OpenCV, FFTW, HDF5, Boost, Qt5) is packaged into
a Docker image and run with the NVIDIA Container Toolkit. The full Dockerfile recipe is
given in Appendix 11.5. At runtime the engine is driven by a single INI-style parameter
file that specifies the wavelength, detector geometry, probe-initialisation model, ePIE feedback
constants, and convergence schedule. The parameter file used for a representative 42°-incidence
reconstruction is reproduced in Appendix 11.5.

6.2 RECONSTRUCTION PROCEDURE

6.2.1 INITIALISATION

The reconstruction is initialised as follows:

— Object. The object amplitude and phase are seeded with uniform random noise on the
unit interval. No prior information about the sample is assumed.

— Probe. The amplitude and phase are obtained by propagating the aperture field to the
sample plane with the Angular Spectrum Method (Section 2.6).

The four initial guesses fed into the first ePIE iteration are shown in Fig. 6.1. The object panels
are pure noise, the probe panels already carry the expected Gaussian intensity and phase.

6.2.2 EPIE ITERATION

One full ePIE epoch visits all M scan positions in random order and applies the update equa-
tions derived in Chapter 2 (equations 2.5 and 2.6). The feedback parameter S for the object
update is set to 0.9 throughout.

For the first 100 epochs the probe is held fixed at the Gaussian beam profile computed by the
Angular Spectrum Method (Section 2.6), and only the object is updated. This ensures that the
object estimate has converged to a reasonable solution before the probe is allowed to change.
From epoch 100 onwards the probe update (Eq. 2.6) is activated with feedback parameter
Bp = 0.9, allowing the algorithm to jointly refine both the object and the probe.

35
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(a) Initial object amplitude

(c) Initial probe amplitude (d) Initial probe phase

Figure 6.1: Initial guesses fed into the ePIE algorithm. Top row: object amplitude and phase, seeded
with uniform random noise. Bottom row: probe amplitude (Gaussian intensity) and phase (spherical
defocus term) from the forward illumination model.

6.2.3 CONVERGENCE CRITERION
The reconstruction is considered converged when the normalised error metric
- 2
S 3 (Vrr @ - 1))
Jj 4a

E, = : (6.1)

> L")

falls below 4 - 105. Here j indexes the M scan positions and q the detector pixels, I]‘-’O”(q)
is the distortion-corrected diffraction intensity at scan position j, and ¥, ,(q) is the Fourier-
plane estimate of the exit wave at iteration n. The numerator measures the squared amplitude
mismatch between measurement and model (the square root puts the recorded intensity on
the same scale as the model amplitude |¥|), while the denominator normalises by the total
measured intensity so that F,, is dimensionless and comparable across datasets.
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Figure 6.2: Convergence of the ePIE reconstruction for a representative dataset, with the error shown
on a logarithmic scale. The error drops rapidly in the first iterations as the object estimate forms, then
plateaus while the probe is still fixed. The step decrease around iteration 100 corresponds to the
activation of the probe update, after which the joint object-probe refinement drives the error to its
final value.

6.3 RESOLUTION

The resolution of the DC-BAPM is quantified by reconstructing a Siemens-star test target
patterned as PMMA on a silicon substrate, and reading off the smallest spoke pitch that the
algorithm still resolves. The full GDS layout and a labelled optical microscopic image of the
sample are reproduced in Appendix 11.5. Figure 6.4 shows the converged ePIE reconstruction
used for that measurement: the object amplitude and phase at iteration 400, together with the
simultaneously retrieved probe.

6.3.1 MEASUREMENT PROCEDURE

The Siemens-star geometry converts radial position into spatial frequency: the same number
of spokes wraps around every circle, so a circle of radius r drawn in the reconstruction crosses
each spoke at a half-pitch

Tr
hp(r) = 57— (6.2
spokes

where Ngpokes is the number of spoke pairs on the target. Sampling the reconstructed amplitude
along that circle therefore produces an oscillating signal whose period equals the half-pitch at
radius 7. Moving the sampling circle inwards (smaller r, smaller hp) tests finer features, the
smallest r at which the signal is still resolved sets the resolution of the reconstruction.
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6.3.2 NORMALISED IMAGE LOG-SLOPE

The sampled profile is reduced to a single sharpness number through the Normalised Image
Log-Slope [Mack, 2007, Sec. 3.8.3],

dlnI(x)

—=, (6.3)

NILS(z) = hp ’

where I(x) is the (bilateral-filtered, [0, 1]-normalised) amplitude sampled along the circle and hp
is the half-pitch at that radius. Multiplying the log-slope by hp makes the metric dimensionless,
so NILS values can be compared across radii. The geometric picture is sketched in Fig. 6.3: a
sharp binary mask is blurred into a smoothed intensity profile, and NILS measures the slope
of that profile at the edge transition (normalised by hp). NILS is a continuous sharpness
measure, not a binary cut-off: the visual resolution is read off by scanning radii and looking
for where the mean NILS collapses into the noise floor while the spokes also stop being visually
distinguishable.

Image

Figure 6.3: Geometric picture of NILS, after Mack [Mack, 2007, Fig. 3.35]. A sharp binary mask
(top, two black bars with a clear gap) is blurred by the imaging system into a continuous intensity
profile (bottom). The red tangent line at the rising edge has slope d In I /dz, NILS multiplies that slope
by the local half-pitch (Eq. (6.3)) to produce a dimensionless number that grows with edge sharpness.

Figure 6.4 shows the converged reconstruction used for the measurement, and Fig. 6.5 applies
the procedure at four half-pitches between 97 ym and 11 pm. Peak NILS drops monotonically
with half-pitch, but the expected fifteen oscillations per turn are visible in every row, and the
spokes remain visually distinguishable even at 11 pm (one short angular sector loses contrast).
The visual resolution of this reconstruction is therefore 11 pm.
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(a) Object amplitude (b) Object phase

(¢) Probe amplitude (d) Probe phase

Figure 6.4: Converged ePIE reconstruction of the PMMA-on-silicon Siemens-star test target used to
measure the system resolution. Top row: object amplitude and phase at iteration 400. Bottom row:
simultaneously retrieved probe amplitude and phase.
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Figure 6.5: NILS analysis at four sampling radii on the same Siemens-star reconstruction. In each
panel: (left) the sampling circle drawn on the object amplitude, (middle) the filtered amplitude profile
I(9) along the circle, (right) the NILS profile derived from that intensity via Eq. (6.3). Peak NILS
values drop monotonically with half-pitch but the expected fifteen oscillations per turn remain visible in
all five rows, in (d) one short angular sector loses contrast while the rest of the circle remains resolved.



CHAPTER 7

Topographic Surface Reconstruction

Ptychography reconstructs a complex-valued object function. The reconstruction provides a
phase image containing the phase shift accumulated by the light as it interacts with the sample.
With knowledge of the wavelength and incidence angle, this phase can be converted to a surface
height. The result is a height map, also known as topography. The amplitude |O| encodes
reflectivity or transmittance, while the phase ¢ encodes the optical path difference accumulated
by the wavefield. This chapter derives how ¢ is converted to a physical surface height h(z,y)
and presents 3D surface models generated from the DC-BAPM reconstructions.

7.1 PHASE-TO-HEIGHT CONVERSION

7.1.1 REFLECTION GEOMETRY

In the Brewster angle microscope the sample is imaged in reflection. A surface feature of height
h at position (z,y) changes the path length of the reflected beam relative to the flat substrate.
For a collimated beam incident at angle 6 from the surface normal (fig. 7.1):

— On the incident path the beam reaches the raised surface a distance h cos 8 earlier.

— On the reflected path the beam departs the raised surface a distance hcos @ earlier.

The total round-trip path difference is therefore
Aven = 2hcosf. (7.1)

A path difference A corresponds to a phase shift ¢ = 27A/A, so the phase measured by the
ptychographic reconstruction is

p(z,y) = w. (7.2)

Inverting for the surface height gives

o(z,y) A (73)

h p—
(@.9) 47 cos 6

For the DC-BAPM operating at A = 632.8 nm and 6 = 42°:
nm
h~px67.8—. 7.4

4 rad (7.4)
The factor of 4 in the denominator (rather than 2) is the hallmark of a reflection measure-
ment: the light traverses the height difference twice (incident and reflected path), doubling the
sensitivity compared to transmission.
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Arcf‘l
= 2hcosf

Figure 7.1: Geometry of the reflection phase-to-height conversion. Two parallel rays incident at angle
0 from the surface normal bounce off a step of height h: one off the flat substrate at the left, the other
off the raised surface at the right. The raised bounce shortens the optical path by h cos 6 on the incident
leg and again by h cos 6 on the reflected leg, giving the total round-trip path difference A,en = 2h cos
used in Eq. (7.1).

7.1.2 TRANSMISSION GEOMETRY

In the transmission ptychographic microscope the beam passes through the sample once at
normal incidence, so § = 0 and cos = 1. For a sample of thickness i and refractive index n
the optical path through the material is n h, while the same thickness of air contributes only
h. The single-pass path difference is therefore

Atrans = (n — 1) h, (75)

so the refractive-index contrast (n — 1) replaces the geometric 2cos 6 factor of the reflection
case.

The corresponding phase shift is

oy = 27 i) Mz.y), (7.6)

and the height is recovered as

h(z,y) = m (7.7)

For a PMMA target at A = 632.8 nm with n ~ 1.49:
nm
h =~ px206—. 7.8

@ —d (7.8)
Compared to Eq. (7.4) (67.8 % for the reflection geometry at = 42°), each radian of phase in
transmission corresponds to roughly three times the height. Transmission is therefore noticeably
less sensitive to surface topography than reflection at this wavelength.

7.2 PHASE PROCESSING

The raw phase ¢ = arg(O(r)) returned by ePIE requires three processing steps before it can
be converted to a meaningful height map.
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7.2.1 PHASE UNWRAPPING

The arg function returns values wrapped to (—m, 7). If the true phase exceeds this range, 27
discontinuities appear in the map. For the thin-film samples studied in this thesis the phase
excursion is typically small and unwrapping is rarely needed. When it is, a 2D quality-guided
unwrapping algorithm is applied to remove the discontinuities.

7.2.2 REGION OF INTEREST

The ePIE object array is larger than the illuminated area: the edges contain uninitialised or
noisy pixels. Before height conversion a square region of interest centred on the sample is
selected. The size of this region determines the field of view of the resulting 3D model.

7.3 RESULTS: REFLECTION GEOMETRY

The reflection-mode DC-BAPM was used to image a Siemens star resolution target and a USAF
1951 snake grid target at @ = 42°. The ePIE reconstruction converged in 400 iterations. The
phase-to-height conversion was applied using equation (7.3).

7.3.1 SIEMENS STAR TARGET

Figure 7.2 shows the reconstructed amplitude and phase of the Siemens star target. The
amplitude image clearly resolves the radial spokes, and the phase image shows a uniform phase
shift between the PMMA features and the silicon substrate.

Figure 7.2: Reconstructed (a) amplitude and (b) phase of the Siemens star target in reflection at
6 = 42°, after 400 ePIE iterations.

Figure 7.3 presents the amplitude, phase, and computed height map side by side. The height
map shows a clear distinction between the raised PMMA features and the substrate.

Figure 7.4 shows the corresponding 3D surface model. The Siemens star spokes are visible as
raised plateaux on the substrate.
7.3.2 LoGIC PATTERN TARGET

The same procedure was applied to a logic pattern target. Figure 7.5 shows the amplitude,
phase, and height map. The horizontal and vertical bar patterns are clearly resolved in all three
representations.
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Figure 7.3: Siemens star in reflection: amplitude, unwrapped phase, and height map computed via

equation (7.3). The colour bar on the right indicates the surface height in nanometres.

Figure 7.4: 3D surface model of the Siemens star target reconstructed in reflection geometry.
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Figure 7.6: 3D surface model of the logic pattern target reconstructed in reflection geometry. The
height is derived from the ptychographic phase via equation (7.3).
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CHAPTER 8

Ptychographic Imaging of Graphene

Graphene is a single atomic layer of carbon atoms in a hexag-
onal lattice, 0.335nm thick. Figure 8.1 shows a scanning probe
microscope image of a graphene layer. Its properties depend
sensitively on the layer count and crystalline quality, so reliable,
fast metrology of layer count is one of the practical bottlenecks
for any process that uses Chemical Vapour Deposition (CVD)
or exfoliated graphene.

Conventional optical metrology of graphene is hard. A mono-
layer absorbs only 2.3% of incident visible light, so the am-
plitude contrast against the substrate is weak. The standard
workaround is to deposit the graphene on a Si/SiOs wafer with
a carefully chosen oxide thickness (typically 90nm or 285nm)
that produces a thin-film interference contrast strong enough to
see the flake under a microscope. The phase shift introduced
by the layer is small but well-defined: with a refractive index of
n = 2.6+1.37 at 632.8 nm, a 0.335 nm monolayer introduces a few
millirad of phase shift on reflection. Conventional intensity-only
imaging discards this phase entirely.

DC-BAPM addresses this directly. The ptychographic recon-
struction gives both the amplitude and the phase of the re-
flected wavefield (Chapter 2), with the phase channel sensitive
to changes well below one radian. The Brewster-angle geometry

Figure 8.1:

A scanning

image of
https:
//www.flickr.com/photos/

probe microscopy
graphene.  Source:
armymaterielcommand/
6795812766.

suppresses the bare-substrate reflection (Chapter 4), and the high-dynamic-range acquisition
captures the full intensity tail (Section 3.4). Together, these allow layer-count metrology on

graphene.

This chapter presents DC-BAPM reconstructions of graphene transferred onto a Si/SiO5 sub-
strate with an oxide thickness of 278 nm, taken on 2026-04-28 and 2026-04-29 at AOI = 42°.
Preliminary scans from 2026-04-28 are collected in Appendix 11.5.

Amplitude Phase 3

CCFTar . . 06

Lo r
L §

; Nl

°
=
)

Amplitude (a.u.

0 100 200 300 400 500 0.0 100 200 300 400 500
X (um) X (um)

Figure 8.2: Graphene sample.
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To quantify the step height across a graphene edge, a line is drawn across the reconstructed
height map and the profile along that line is shown on the plot to the right. Figures 8.3 and 8.4
show two such cross-sections taken at different positions on the same flake.

Height map — click two points to set the line Cross-section — length 165.93 um, Ah 82.09 nm, 52 samples
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Figure 8.3: Cross-section 1: height profile along a line drawn across a graphene edge in the recon-

struction of Fig. 8.2.
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Figure 8.4: Cross-section 2: height profile along a second line drawn across the same flake.

The peak-to-valley depths read off these profiles (~ 82.09 nm at point 3 of Fig. 8.3, ~ 188.33 nm
at point 2 of Fig. 8.4) are more than two orders of magnitude larger than the 0.34 nm thickness
of a graphene monolayer. These don’t represent monolayer steps.

To resolve the 0.34nm step expected of a monolayer, the leveling has to be tightened on a
known-substrate region adjacent to the flake before the profile is read. With the current two-
point leveling the height channel is dominated by ~ 102 nm features that are not the graphene
layer itself.

To test whether a region existed where the height channel was not dominated by this baseline
drift, a second reconstruction was examined. Figure 8.5 shows a cross-section across a small
feature in that reconstruction.

The peak-to-valley depth is 12 nm, equivalent to roughly 35 graphene layers (12nm/0.34 nm).
This is still far above the 0.34 nm step of a true monolayer. None of the three cross-sections
resolve a monolayer step, all measured features correspond to multilayer regions or residue.

To image a genuine monolayer with DC-BAPM, the scan position must be chosen deliberately.
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Figure 8.5: Cross-section 3: height profile along a short line drawn across a feature in the 2026-04-29
reconstruction. Peak-to-valley depth is 12nm, an order of magnitude smaller than the cross-sections
taken on the 2026-04-28 reconstruction.

A practical approach would be to first locate a confirmed monolayer region using an optical mi-
croscope, for example on a 278 nm SiOy substrate where interference contrast makes monolayer
graphene visible, and then register that position on the DC-BAPM stage so the ptychographic
scan targets the same area.



CHAPTER 9

Diffraction Grating Based Distortion Correction for BAPM

A reflection diffraction grating redistributes incident light into discrete orders at angles set by
the grating equation [Thorlabs, 2026]. This chapter derives the groove density and blaze angle
required for DC-BAPM distortion correction and describes the EBL fabrication attempt.

9.1 GRATING DIFFRACTION THEORY
The m-th diffraction order leaves a reflection grating at angle 3, given by
sin v + sin 3,,, = mN A, (9.1)

where « is the angle of incidence and N is the groove density. For the monochromatic HeNe
source used in our setup, A is constant, so dispersion is not a constraint, efficiency in the working
order is discussed in Section 9.4.4.1.

9.2 KEYSTONE DISTORTION IN BREWSTER ANGLE MICROSCOPY

The tilted sample plane (Chapter 4) compresses the image along the plane of incidence by a
factor

¢ =cosOp, (9.2)

and simultaneously tilts the focal plane [Zhe Sun and Baldelli, 2017]. For silicon (0 ~ 75.4°)
this is 75%, for PMMA (6 = 56.1°) it is 44%. Both effects must be corrected before ptycho-
graphic reconstruction.

9.3 GRATING-BASED DISTORTION CORRECTION

9.3.1 OPERATING PRINCIPLE

A reflection grating placed at the intermediate image plane redirects each image ray by an
angle that depends on its position along the dispersion direction, stretching the compressed
axis by 1/cosfp [Zhe Sun and Baldelli, 2017]. Because the grating surface coincides with the
intermediate image, all object points focus there regardless of field position, eliminating the
focus tilt. The relay lens between the sample and the grating focuses the diverging diffraction
pattern onto the grating surface, ensuring that high-spatial-frequency rays do not fall outside
the grating aperture before being redirected toward the detector. The numerical aperture
of the relay lens therefore limits the maximum spatial frequency collected, making it a key
design parameter. The groove density IV that achieves the distortion correction is derived in
Section 9.4.2. Residual higher-order geometric distortions are characterised in Chapter 5.

9.3.2 DC-BAPM OPTICAL SETUP

Figure 9.1 shows the DC-BAPM optical layout with the distortion-correcting grating in place.
The grating sits at the intermediate image plane between the sample and the camera, with
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its grooves perpendicular to the plane of incidence. A relay lens between the sample and the
grating focuses the diverging diffraction pattern reflected from the sample onto the grating
surface, the grating then redirects the first-order diffracted light along its surface normal into
the CCD. The first-order diffracted beam exits the grating along the surface normal (8; = 0°,
see Section 9.4.2), and the detector surface is mounted perpendicular to that direction. This
places the camera and the grating in parallel planes, eliminating both the keystone compression
and the focus tilt of the Brewster-angle imaging path.

Figure 9.1: Optical layout of the DC-BAPM with the distortion-correcting reflection grating. The
grating is placed at the intermediate image plane with its grooves perpendicular to the plane of in-
cidence. The first-order diffracted beam exits normal to the grating surface and is collected by the
camera, which lies parallel to the grating. The full optical-path schematic with all labelled elements is
given in Fig. 3.1.

9.4 MATERIAL-SPECIFIC GRATING DESIGN FOR 632.8 NM ILLUMINATION

The groove density N and blaze angle ¢;, of the correcting grating are functions of the substrate
Brewster angle, which is in turn set by the substrate refractive index at the laser wavelength.
This section derives the complete set of grating parameters for five materials relevant to Brew-
ster angle microscopy: water, PMMA, carbon, silicon, and aluminium, all at the HeNe laser
wavelength A = 632.8 nm, with air (n; = 1.000) as the incident medium. The design condition
follows the approach of Sun et al. [Zhe Sun and Baldelli, 2017].

9.4.1 REFRACTIVE INDICES AT 632.8 NM

The complex refractive index 1 = n + ik for each material was obtained from the refrac-
tiveindex.info optical-constants database, the specific datasets and direct URLs are noted in
Table 9.1.

For transparent dielectrics (water, PMMA, carbon with & & 0), the p-polarisation reflectance
vanishes exactly at the Brewster angle

ni

Op = arctan(m) , (9.3)
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so the substrate appears completely dark at the bare interface. For absorbing media (k > 0: Si,
Al), equation (9.3) no longer applies, instead a pseudo-Brewster angle 0,5 exists at which the p-
reflectance reaches a minimum (but not zero). For silicon, where k < n (n = 3.847, k = 0.016),
the approximation 6, ~ arctan(n) is accurate to within 0.1°. For aluminium, which has a large
imaginary part (n = 1.20, k = 6.92), 6,5 must be found by numerical minimisation of |r,(6)|?
and is approximately 80°, the minimum R, ~ 70%, so aluminium substrates give intrinsically
low BAM contrast.

Table 9.1: Complex refractive index and Brewster (or pseudo-Brewster) angle for five sub-
strates at A = 632.8nm. Sources: Water — Gupta et al. 2022 (https://refractiveindex.
info/?shelf=other&book=H20-C3H5_0H_3&page=Gupta-0), PMMA — Beadie et al. 2015 (https:
//refractiveindex.info/?shelf=organic&book=poly_methyl_methacrylate&page=Beadie), Carbon
— DPeter 1923 (https://refractiveindex.info/?shelf=main&book=C&page=Peter), Si — Aspnes
& Studna 1983 (https://refractiveindex.info/?shelf=main&book=Si&page=Aspnes), Al — Rakié
1995 (https://refractiveindex.info/?shelf=main&book=Al&page=Rakic).

Material n k 0 (°) cosfp 1/cosfp
Water (H20) 1.3309 0 53.07  0.6012 1.663
PMMA 1.4909 0 56.12  0.5581 1.792
Carbon (C) 242 0 675 03820 2618
Silicon (Si) 3.847  0.016 75.4  0.2514 3.978

Aluminium (Al)  1.20 6.92 ~80 0.174 ~ 5.75

Figure 9.2 shows the Fresnel reflectance of PMMA as a function of angle of incidence. The
p-polarisation reflectance R, drops to zero at fp = 56.1°, while the s-polarisation reflectance
R, remains comparatively high throughout. At the experimental operating angle of 42° the
difference between Rs; and R, is already substantial: R, is significantly suppressed while R; is
still rising, so the polarisation selectivity that underlies BAM contrast remains effective at this
angle. This makes o = 42° a viable operating point even though it does not coincide with the
Brewster angle.

1
0.75

0.5

Reflectance

0 10 20 30 40 50 60 70 80 90
Angle of incidence, deg.

Figure 9.2: Fresnel reflectance of PMMA (n = 1.491, k = 0) at A = 632.8 nm. The p-polarisation
reflectance vanishes at the Brewster angle g = 56.1°, the s-polarisation reflectance remains high across
the full angular range. At the experimental operating angle of 42° the s-p contrast is already significant,
confirming that the Brewster-angle polarisation selectivity is operative at this angle.

9.4.2 THE DC-BAM DESIGN CONDITION

The key design insight of Sun et al. [Zhe Sun and Baldelli, 2017] is that two conditions must
be satisfied simultaneously:

1. The incidence angle on the grating equals the substrate Brewster angle: a = 0p.
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2. The first-order diffracted beam exits perpendicular to the grating surface: f; = 0°.

Condition 2 ensures that the entire image carried by the first-order beam travels along the
grating normal, so the collection objective (aligned with the grating normal) images the flat
grating surface onto the flat camera without any focus tilt and without keystone distortion. The
relay lens between sample and grating maps the tilted sample surface to the grating surface
at 1:1 scale along the surface, the grating then redirects all image rays perpendicular to its
surface, and the collection objective images this flat, correctly-scaled surface undistorted onto
the camera.

Substituting & = 8 and 81 = 0° into the grating equation (equation 9.1) with m = 1:

sin 93

sinfp +sin0° =N\ =— |N= y

(9.4)

This is the central design formula: the required groove density is determined solely by the
substrate Brewster angle and the laser wavelength.

Cross-check. For A\ = 532nm on water (fp = 53.06°), equation (9.4) gives N = 1503 1/mm,
consistent with the N = 1503 1/mm grating calculated by Sun et al. [Zhe Sun and Baldelli,
2017).

Blaze condition. Maximum first-order efficiency is achieved when the groove facet specularly

reflects the incident beam into the first order. For a = 6 and 1 = 0° the blaze angle is the

bisector of the incident and diffracted chief rays:
a+ 1 0 +0° _ 9£

=5 = 2

(9.5)

This is the Littrow condition for this geometry: the blaze facet normal bisects the angle between
the illumination and the collected diffraction order, maximising the diffraction efficiency at the
operating wavelength.

9.4.3 CALCULATED GRATING SPECIFICATIONS

Table 9.2 gives the groove density and blaze angle computed from equations (9.4) and (9.5) for
the five substrates at A = 632.8 nm.

Table 9.2: Grating specifications for the DC-BAM at A = 632.8 nm using the design condition oo = 63,
B1 =0° (Sun et al. [Zhe Sun and Baldelli, 2017]). N =sinfg/\, d = 1/N: groove period, ¢» = 0p/2:
Littrow blaze angle. The column Ns32 shows the equivalent groove density for a 532nm laser, for
reference.

Material O (°) sinfp N (I/mm) d (nm) ¢ (°) Nsze (I/mm)
PMMA (exp. « =42°) 42.0  0.669 1057 946 21.0 1258
Water 53.1 0.800 1264 791 26.5 1503
PMMA 56.1 0.831 1313 762 28.1 1561
Carbon 67.5 0.924 1461 685 33.8 1737
Silicon 75.4  0.968 1530 654 37.7 1819
Aluminium ~80  0.985 ~1557 ~643 ~40 ~1851

For the primary PMMA substrate, N = 1313 1/mm (d = 762 nm) is fabricated by EBL to avoid
rounding to a catalogue value.
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(a) m=0,+1,+2 (b) m=—-1,0,+1

Figure 9.3: Photographs of the diffraction orders produced by the grating under white-light illumi-
nation. The zeroth order (m = 0) is a specular reflection of the white light, while the higher orders
(m = %1, +2) disperse the spectrum into its constituent wavelengths.

9.4.4 BINARY GRATING FABRICATION DESIGN

For the air-PMMA interface (A = 56.1°, N = 1313 1/mm, d = 762nm), a binary (single-
level) reflection grating was designed for electron-beam lithography (EBL) fabrication. The
grating consists of a silicon substrate with patterned PMMA features, where the PMMA lands
(binary = 1) have a height equal to the etch depth and the grooves (binary = 0) expose the
bare silicon surface. The duty cycle and depth are chosen to maximise the first-order diffraction
efficiency as derived below.

9.4.4.1 Duty Cycle and Depth Optimisation

The grating equation determines where energy is diffracted, but not how much. The efficiency
in a given order depends on the groove profile. For the DC-BAPM application, maximum
efficiency in the working order is essential because the reflected signal from a thin monolayer
at the Brewster angle is intrinsically weak, typically only a fraction of a percent of the incident
intensity.

For a binary (rectangular-profile) phase grating used in reflection, the diffraction efficiency of
the m-th order is given by [Meshalkin et al., 2019]

T = (%>QSin2(mwf) sin2<§> , (9.6)

where f is the duty cycle (ratio of groove width to period) and ¢ is the phase depth accumulated
by the light reflecting from the ridge relative to the groove.

The first factor, sin?(mnf), depends only on the duty cycle. For the first order (m = 1) it is
maximised when f = 0.5, i.e. equal groove and land widths. A 50% duty cycle also suppresses
all even diffraction orders, since sin(mm - 0.5) = 0 for every even m.

The second factor, sin?(¢/2), depends on the groove depth h. For a binary grating with PMMA
ridges (npmma) on a reflective silicon substrate in air, the round-trip phase difference between
light reflecting off the top of a ridge and light reflecting off the bare substrate is

_ 47Th (nPMMA — 1)

. (9.7)
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This is maximised when ¢ = 7, giving the optimal etch depth

A
"= Toein — 1) )

Substituting A = 632.8 nm and npyva = 1.491:

632.8

1% 0491 = 322mm (9.9)

With f = 0.5 and ¢ = 7, the theoretical maximum first-order efficiency from equation (9.6) is

2
This is the fundamental upper limit for a binary phase grating, higher efficiencies require a
blazed (sawtooth) or multi-level staircase profile. Because the grating period (d = 762nm)
is comparable to the wavelength, scalar diffraction theory is only approximate and the actual
optimum may shift slightly. Rigorous coupled-wave analysis (RCWA) should be used to verify
the efficiency for the specific geometry and polarisation state of the DC-BAM.

9.4.4.2 Cross-Section and Layout

Figure 9.4 shows a two-dimensional cross-section of the grating profile with the incident beam
at @ = O = 56.1° and the first-order diffracted beam exiting perpendicular to the surface
(8 = 0°), confirming the DC-BAM design condition. The groove and land widths are each
381 nm (50% duty cycle), and the PMMA ridge height is h = 323 nm.

1st order
B =0° (normal)

incident

Aluminium

d=762nm

air PMMA

=323 nm
—>

h

Figure 9.4: Cross-section of the binary PMMA-on-silicon diffraction grating (N = 1313 1/mm, d =
762nm, DC = 50%, h = 322nm). The incident beam arrives at « = g = 56.1° (from the normal) and
the first-order diffracted beam exits along the surface normal (8 = 0°), satisfying the DC-BAM design
condition (equation 9.4).

9.5 GRATING MANUFACTURING

The binary PMMA-on-silicon grating described in Section 9.4.4 is fabricated using electron-
beam lithography (EBL). The process begins with spin coating a thin layer of PMMA resist
onto a silicon substrate, followed by EBL exposure and development to define the grating
pattern, and a final metrology step to verify the groove dimensions.

The full GDS layout, including tolerance tiles at +1° around the design angle, is reproduced in
Appendix 11.5.



Chapter 9. Diffraction Grating Based Distortion Correction for BAPM 55

3-D view — PMMA on Si binary grating (1312 I/mm, DC = 50%)
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Figure 9.5: Three-dimensional perspective view of the binary grating structure. The silicon substrate
(blue-grey) supports patterned PMMA features (tan) at the land positions. The grooves expose the
bare silicon surface.

9.5.1 SpPIN COATING

Spin coating deposits a uniform thin film of PMMA onto the silicon substrate. A small volume of
PMMA dissolved in anisole is dispensed onto the stationary substrate, which is then accelerated
to a set spin speed. The centrifugal force spreads the solution radially outward while the
solvent evaporates, leaving a solid film whose thickness depends primarily on the spin speed
and the PMMA concentration. A higher spin speed produces a thinner film. After spinning,
the substrate is baked on a hotplate to drive off residual solvent and densify the resist. The
target film thickness is h = 322 nm, matching the optimal etch depth derived in equation (9.8).



Chapter 9. Diffraction Grating Based Distortion Correction for BAPM 56

(a) PMMA resist

(b) Spin coater

Figure 9.6: (a) The PMMA resist used for spin coating. (b) The spin coater used to deposit the
PMMA layer onto the silicon substrate.

9.5.2 DEVELOPMENT

After electron-beam exposure, the sample is developed in a 1:3 solution of methyl isobutyl
ketone (MIBK) and isopropanol (IPA). MIBK selectively dissolves the exposed PMMA regions
where the electron beam has broken the polymer chains. IPA acts as a rinse that stops the
development and removes residual developer from the surface. Development in the 1:3 solution
was slow, requiring several measurement cycles with my colleague Jiwook to assess progress and
continue etching until the binary pattern became visible. Unfortunately, during one inspection
with the digital microscope at 6000x magnification, the objective crashed into the sample
during autofocus and destroyed it.

A second sample was prepared by coating PMMA on a sapphire substrate. To reduce the
long development time, a 1:1 MIBK:IPA ratio was used instead. While this accelerated the
development significantly, the solution was too aggressive and introduced rough feature edges.
The resulting roughness likely obliterated the binary grating lines, leaving an effectively flat
surface.
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(a) Methyl isobutyl ketone (MIBK) (b) Isopropanol (IPA)

Figure 9.7: (a) Methyl isobutyl ketone (MIBK) developer used in a 1:3 ratio with IPA. (b) Isopropanol
(IPA) rinse used to stop the development.

9.5.3 METROLOGY

After development each sample is characterised by two complementary instruments: a stylus
profilometer measures the cross-sectional surface height along a line, and a digital microscope
provides a top-view image of the patterned area at up to 6000x magnification (Fig. 30, Ap-
pendix 11.5). The profilometer drags a fine tungsten needle across the sample and records the
height as a function of position (Fig. 31), it confirms whether the nominal etch depth of 322 nm
has been achieved and reveals any film remaining in the grooves. The digital microscope is
used first as a quick pass/fail check: if the binary grating lines are not visible at moderate
magnification, something has gone wrong upstream and further measurement is unnecessary.

Both the first sample (1:3 MIBK:IPA, silicon substrate) and the second sample (1:1 MIBK:IPA,
sapphire substrate) failed this check. The digital microscope image in Fig. 9.9 shows the
patterned area at 500x magnification: the feature edges are clearly malformed, indicating
that the binary grating lines were not faithfully resolved during EBL or development. The
profilometer confirmed that no well-defined steps of the target depth were present.

An atomic force microscope (AFM) is available in the cleanroom (Fig. 30(a)) and can resolve
individual grating lines with nanometre height resolution. For a successful sample, AFM mea-
surement of a short section of the grating would provide the most direct verification of the
groove period, duty cycle, and etch depth. For the samples produced here, the failure was al-
ready evident from the optical inspection, so AFM measurement of the grating region was not
performed. In a future fabrication attempt, AFM imaging of the binary pattern area (rather



Chapter 9. Diffraction Grating Based Distortion Correction for BAPM 58

than a line-scan cross-section) should be used as the primary metrology step to catch subtle
fabrication defects that a profilometer cross-section might miss.
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Figure 9.8: Profilometer measurement taken on the grating area of the first sample (1:3 MIBK:IPA,
silicon substrate). No well-defined step of the target depth (322 nm) is present, the surface height varies
irregularly, confirming that the binary grating lines were not resolved during development.

Lens: ES00:X500

Figure 9.9: 500 times magnification digital microscope image of the number reprenting the binary
grating pattern for an AOI of 42 degrees. The edges of the patterned numbers are clearly malformed.

9.6 SUMMARY

The design condition N = sinfp/) yields a binary PMMA-on-silicon phase grating with N =
1313 1/mm, 50% duty cycle, and h = 322nm etch depth for the primary PMMA substrate.
EBL fabrication was attempted on two samples, both failed at the development step. Further
manufacturing iterations and optical testing are required to validate the distortion correction
in a complete DC-BAPM measurement.



CHAPTER 10

Conclusions

This thesis has described the design, construction, and characterisation of a distortion-corrected
Brewster angle ptychographic microscope (DC-BAPM) for phase-sensitive imaging of thin films
at the air-PMMA interface.

10.1 SUMMARY OF FINDINGS

The main findings of this work are as follows.

10.1.1 PTYCHOGRAPHIC PHASE RETRIEVAL AT BREWSTER INCIDENCE

The ePIE algorithm was successfully applied to diffraction data collected at oblique incidence
using a software-based conical distortion correction to compensate for the Ewald-sphere distor-
tion. The algorithm simultaneously retrieved the complex object function O(r) and the probe
P(r) without prior knowledge of the probe, converging to a normalised error below 10~2 within
200 epochs for all datasets studied. The retrieved probe showed the structured phase pattern
expected from the illumination geometry, confirming the consistency of the reconstruction.

10.1.2 POLARISATION-DEPENDENT CONTRAST IN DC-BAPM NEAR THE BREWSTER
CONDITION

The polarisation sensitivity of the DC-BAPM was verified by scanning four areas of a PMMA-
on-silicon resolution target at three polarisation-axis settings (PA = 0°, 45°, 90°) at AOI = 42°.
P-polarised illumination consistently yielded the strongest contrast between patterned features
and the substrate, while s-polarised illumination collapsed the relative contrast, consistent with
the partial suppression of R, on the approach to the Brewster minimum. The polarisation effect
was predominantly visible in the phase image rather than the amplitude, because dargr,/0dy
is already steep at 42° (Section 4.5).

10.1.3 DIFFRACTION GRATING DESIGN FOR OPTICAL KEYSTONE CORRECTION AT
BREWSTER INCIDENCE

The theoretical design of a reflection diffraction grating for correcting the keystone compression
inherent to the oblique-incidence geometry was completed. The design condition N = sin /A
yields N = 13131/mm for the air-PMMA Brewster angle (6 = 56.2°, A = 632.8nm), with
a binary profile of 50% duty cycle and etch depth h = 322nm. Two fabrication attempts by
electron-beam lithography were unsuccessful due to resist development issues. The design is
analytically validated, successful fabrication and optical integration remain as the next step.

10.2 ANSWER TO THE RESEARCH QUESTION

The central research question of this thesis was:
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Can ptychographic phase retrieval be successfully applied to a Brewster angle micro-
scope geometry to recover quantitative, diffraction-limited phase images of
nanometre-thick films on a silicon substrate, and can the keystone distortion inherent
to that geometry be corrected without compromising the ptychographic reconstruc-
tion?

The answer is largely affirmative. The DC-BAPM system demonstrated that:

1. A conical distortion correction based on Gardner et al. Gardner, B. Zhang, et al., 2012
compensates for the Ewald-sphere distortion, enabling consistent ptychographic recon-
struction from oblique-incidence diffraction data. The physical diffraction grating that
would perform this correction optically has been designed but requires successful fabrica-
tion before this step can be eliminated from the post-processing pipeline.

2. ePIE converges reliably for diffraction data collected at Brewster incidence, provided the
probe overlap criterion (> 80%) and the asymmetric step sizes dictated by the elliptical
footprint are respected.

3. Polarisation-sensitive phase contrast is recovered at 42° incidence, with p-polarised illu-
mination giving the strongest feature contrast consistent with the Fresnel reflectance at
that angle.

10.3 SIGNIFICANCE OF THE WORK

The DC-BAPM approach bridges two previously separate imaging modalities: the surface-
sensitive, label-free contrast of Brewster angle microscopy, and the quantitative phase informa-
tion and diffraction-limited resolution of ptychography. This combination opens new possibili-
ties for characterising the lateral structure and optical properties of thin films on semiconductor
substrates, including graphene monolayers, metal coatings, and polymer films, without fluores-
cent labels, and at spatial scales inaccessible to conventional BAM.



CHAPTER 11

Future work

The DC-BAPM system demonstrated in this thesis represents a proof of concept. Several
directions for extension and improvement are outlined below.

11.1 MULTI-ANGLE PHASE RETRIEVAL

The current system operates at a single angle of incidence equal to the Brewster angle. By
acquiring ptychographic datasets at a series of angles near g, it would be possible to extract
both the thickness d;y and the refractive index ny of the film independently, analogous to
reflectometry [Jorgensen et al., 2024; Tanksalvala et al., 2021]. This would transform the DC-
BAPM from a qualitative phase-contrast instrument into a quantitative optical ellipsometer
with diffraction-limited lateral resolution.

11.2 REAL-TIME RECONSTRUCTION

The ePIE reconstruction is already GPU-accelerated, but iterative phase retrieval is still too
slow for real-time imaging. Babu et al. demonstrated streaming ptychographic reconstruction at
2 kHz using a deep-learning model running on HPC hardware [Babu et al., 2023]. Adopting this
approach in the DC-BAPM would enable continuous monitoring of dynamic thin-film processes
such as aluminium oxidation or PMMA thermal flow.

11.3 DEPOLARISATION CORRECTION

The ePIE reconstruction implicitly assumes that the illumination on the sample is purely p-
polarised and that the analyser transmits only the coherent reflected component. In practice,
imperfect optics in the beam path introduce a small fraction of depolarised stray light, and
the sample itself can scatter light into the orthogonal polarisation state. This incoherent back-
ground reduces the effective extinction at the Brewster angle and adds a constant floor to the
diffraction patterns that the forward model does not account for.

The depolarised fraction can be measured directly using linear Stokes polarimetry. With the
generator fixed at 0° and the analyser rotated through 0°, 45°, 90°, and 135°, the three linear
Stokes parameters are

So = 1(0°) + 1(90°), S1=1(0°) — 1(90°), Sy = I1(45°) — I(135°), (11.1)
and the degree of linear polarisation follows as

2 2
pOLP — VoL T5 (11.2)

So

A baseline characterisation of the bare optical path (no sample present) gives DOLP = 0.995
with an extinction ratio of 136 : 1, consistent with a well-aligned linear polariser pair (fig. 11.1).
Repeating the same four-image measurement with a sample inserted isolates the depolarisation
introduced by the sample alone.
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Degree of linear polarisation — generator fixed at 90°
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Figure 11.1: Baseline polarisation characterisation of the DC-BAPM setup with no sample present.
Top row: raw camera intensities 1(0°), 1(45%), 1(90°), I(135°) with the generator fixed at 0°. Bottom
row: reconstructed Stokes maps Sp, Si, S2 and the per-pixel degree of linear polarisation. The mean
DOLP over the central region is 0.995 with an extinction ratio of 136 : 1, confirming that the residual
depolarisation of the bare setup is negligible. Any depolarisation observed when a sample is inserted
can therefore be attributed to the sample.

This baseline opens a route to a polarisation-aware reconstruction. The depolarised intensity
(proportional to Sy—+/S% + S3) can be computationally subtracted from each measured diffrac-
tion pattern before phase retrieval, leaving only the coherent component that the ePIE forward
model expects. Removing this incoherent floor should improve the reconstruction contrast and
reduce the speckle background that currently limits sensitivity to the thinnest films.

11.4 SUPERRESOLUTION VIA SUB-PIXEL SCANNING

A key advantage of ptychography over single-exposure CDI is the ability to reconstruct spatial
frequencies beyond the band-limit set by the detector pixel size. When the probe is shifted
by sub-pixel amounts relative to the object, different high-frequency components of the object
modulate the measured diffraction patterns, and the reconstruction algorithm can deconvolve
these contributions to recover a super-resolved image [A. M. Maiden et al., 2011; J. Rodenburg
and A. Maiden, 2019]. The achievable resolution is then limited by the maximum spatial
frequency gmax = 1/(2d), where d is the detector pixel size multiplied by the wavelength-to-
detector-distance ratio. The current DC-BAPM scan grid steps in integer-pixel increments:
adding a sub-pixel offset between adjacent scan positions would let the existing ePIE pipeline
exploit this superresolution mechanism and push the lateral resolution beyond the detector-
imposed band limit at no extra hardware cost.

11.5 STRUCTURED ILLUMINATION VIA A COMPUTATIONAL DIFFUSER

The probe is currently shaped by the diffraction grating alone, which produces a fixed wavefront
with limited phase diversity. Adding a spatial light modulator (SLM) to the illumination path,
downstream of the grating, would let a programmable phase mask be imprinted on the beam
without replacing the existing optics. The SLM acts as a computational diffuser: a known,
controlled phase pattern that scrambles the probe wavefront in a structured way.

A structured probe improves the ptychographic reconstruction in two ways. The randomised
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phase increases the diversity between neighbouring scan positions, which improves the condi-
tioning of the phase-retrieval inverse problem and reduces probe-object ambiguity. The ex-
tended Fourier support of the structured probe also pushes the achievable resolution toward
the theoretical bound of A/(2N,), beyond what the bare grating illumination can reach.
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PIE Pipeline Flowchart

This appendix collects the full PIE flowchart referenced in Section 2.2. The diagram anchors
each of the five algorithm steps (Egs. (2.1)—(2.5)) to the physical plane at which it lives, making
explicit how the iteration moves between the sample plane and the detector plane.

PIE flowchart
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Figure 1: PIE flowchart. Two inputs at the top, an initial probe P(r) and an initial object estimate
Oo(r), feed the five-step update. At each scan position j the exit wave is built, propagated to the
detector, modulus-swapped with the measured intensity 4/ I;(q), back-propagated, and used to update
the object. After j = M positions the iteration counter n advances. The right-hand italics indicate
the physical plane at which each step lives.
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DC-BAPM Alignment Procedure

This appendix lists the step-by-step procedure for aligning the optics of the DC-BAPM setup
(Section 3.1). The hardest part of building the setup is aligning the optics. The procedure I
followed is:

1. Reference axis. Send the laser beam through two small apertures placed on the optical
table so that the beam runs parallel to the row of screw holes the other components will
be mounted on. Fix the laser.

2. ND filter. Install the ND filter directly after the laser to protect the camera sensor from
the unattenuated beam.

3. Camera, first pass. Place the camera in the beam path. Using the manufacturer’s
SpinView software, overlay a crosshair on the live image and translate the camera until
the beam centre lands on the crosshair. Fix the camera in this position.

4. INlumination lens. Insert the lens a few millimetres beyond its focal length from the
sensor and adjust it laterally until the focused spot stays on the crosshair. Fix the lens.

5. Beam expander. Add the beam expander and repeat the same centering check, keeping
the focused spot on the crosshair. Fix the expander.

6. Polarisation optics. Insert the half-wave plate and the generator polariser. Check that
the focus on the crosshair is unchanged.

7. Sample stage. Remove the camera and install the stage at the desired angle of incidence,
with the sample placed a chosen distance from the focal point. Fix the stage.

8. Camera, final position. Reinstall the camera on the optical axis. The sensor must
be perpendicular to the axis, otherwise the diffraction pattern is recorded in a distorted
plane. To set this, place a protractor flat against the camera housing with its long edge
through the housing centreline so that one corner points at the probe spot on the sample.
As a final check, confirm that the beam reflected from a bare area of the sample lands in
the middle of the crosshair.
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HDR Validation on a Siemens Star

This appendix validates the saturation-cascade HDR merge described in Section 3.4.2 on a
strong, well-characterised test target before applying it to the graphene flake in Section 3.4.3.
The PMMA on silicon Siemens star has sharp edges and clean spatial frequencies, so any
improvement in high-frequency fidelity is easy to verify in the reconstruction. The full sample
layout is shown in Appendix 11.5.

Two-EXPOSURE BRACKET

Two exposure times, t = 10000 ps and 80000 ps, are sufficient to cover the dynamic range.
Figure 2 shows both frames on linear and logarithmic scales. The short exposure keeps the
zero-order core unsaturated, the long exposure brings out the high-frequency fringes but clips

the core.

(a) ¢ = 10000 ps, linear (b) t = 80000 ps, linear (c) t = 10000 ps, log (d) t = 80000 ps, log

Figure 2: Two-exposure bracket on the Siemens star at a single scan position. The short exposure
(a,c) keeps the core unsaturated but loses the tail in the noise, the long exposure (b,d) reveals the tail
but clips the core.

Figure 3 maps which of the two frames contributes to each pixel of the merged pattern: the
bright core is taken from the short exposure, the dim tail from the long one.

The merged pattern and the radial intensity profile through the merge boundary are shown
in Figure 4. The individual scaled frames and the merged result line up smoothly across the
transition, confirming that the saturation-cascade merge does not introduce a step artefact.

EFFECT ON THE RECONSTRUCTION

The effect of the merge on the ptychographic reconstruction is shown in Figure 5. The single-
exposure reconstruction resolves only the coarse spokes near the centre of the target, the HDR
reconstruction recovers the finer spokes outward to a higher spatial frequency. This confirms
that the additional high-frequency information captured by the long exposure translates directly
into finer object detail in the retrieved amplitude.
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Dominant frame per pixel
(0 = longest, N-1 = shortest)

10000 ps

80000 s

Figure 3: Dominant frame per pixel for the Siemens star merge. The bright zero-order core is covered
by the 10000 ps frame and the high-frequency tail by the 80 000 us frame.

NILS RESOLUTION ANALYSIS

The Normalised Image Log-Slope (NILS) quantifies the local contrast of the reconstructed
amplitude along a circle of radius 7 centred on the Siemens star. A NILS value above 1 indicates
that the spokes at that radius are resolved, below 1 they are lost in noise or undersampled.
The following figures compare the NILS profiles at five radii for the HDR-merged and the
single-exposure (NO-HDR) datasets.
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Merged HDR cascade (2 frames, ref=80000 ps)
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(a) Merged HDR pattern with radial sampling direction
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Figure 4: Continuity check across the merge boundary for the Siemens star. (a) Merged HDR pattern
with an arrow indicating the radius along which the intensity profile in (b) is sampled. (b) The radial
intensity profiles of the scaled 10000 ps and 80000 ps frames and the merged result show a smooth,

continuous transition across the merge boundary.
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HDR Merge Diagnostics and Contrast Metrics

This appendix collects the detailed diagnostics for the five-exposure HDR merge applied to the
graphene flake in Section 3.4.3, together with the contrast metrics referenced in Section 3.5.

GRAPHENE MERGE DIAGNOSTICS

The dominant-frame map in Figure 11 shows which exposure contributes most at each pixel
of the graphene merge. Compared with the two-band Siemens-star map, the five-band layered
structure reflects the much wider intensity range that has to be covered.

Dominant frame per pixel
(0 = longest, N-1 = shortest)

— 400 ps

- 5000 ps

10000 ps

50000 ps

200000 ps

Figure 11: Dominant frame per pixel for the graphene merge. Each colour indicates which exposure
time contributes most at that pixel: the bright zero-order core is covered by the shortest exposures
and the high-frequency tail by the longest.

The continuity check across all four merge boundaries is shown in Figure 12. The five scaled
radial profiles overlap smoothly and the merged result follows the dominant frame in each region
without a visible discontinuity.
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Merged HDR cascade (5 frames, ref=200000 us)
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Figure 12: Continuity check across the merge boundaries for the graphene flake. (a) Merged HDR
pattern with an arrow indicating the radius along which the intensity profile in (b) is sampled. (b) The

radial intensity profiles of the five scaled frames and the merged result show a smooth, continuous
transition across all merge boundaries.
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CONTRAST METRICS

Table 1 lists the contrast metrics for the three Siemens-star diffraction patterns compared in
Section 3.5 (Figure 3.7).

Table 1: Contrast metrics for the three diffraction patterns. All Michelson values equal 1 because

the background is essentially dark (P; = 0), the dynamic range and peak-to-mean ratio are the more
informative diagnostics.

Metric t=10000ps t=80000ps HDR merge
Michelson C' (P1-P99) 1.000 1.000 1.000
RMS contrast (std/mean) 4.20 3.15 4.29
Dynamic range (dB) 88.8 96.3 89.3
Peak / mean 57.9 14.8 59.2
Mean counts 1077 4429 1107
Max counts 62304 65520 65535

Saturated fraction 0.000 0.000 0.000




Brewster Reflectance for Additional Substrates

This appendix collects the Fresnel reflectance curves for the four substrates considered alongside
PMMA: water, carbon, silicon and aluminium. The PMMA reflectance used in the main DC-
BAPM measurements is shown in Fig. 9.2 of Chapter 9. Refractive indices and Brewster (or
pseudo-Brewster) angles for all five materials are tabulated in Table 9.1, the corresponding

grating specifications are given in Table 9.2.
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Figure 13: Fresnel reflectance of water at A = 632.8 nm. Water is a transparent dielectric (k = 0), so
R, vanishes exactly at the Brewster angle 65 = 53.07°.
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Figure 14: Fresnel reflectance of carbon at A = 632.8nm, g = 67.5°. Carbon is treated as a
transparent dielectric here (k = 0), so R, reaches zero at the Brewster angle.
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Figure 15: Fresnel reflectance of silicon at A = 632.8 nm. Silicon has a small but nonzero imaginary
part (n = 3.847, k = 0.016), so R, does not reach zero but a pseudo-Brewster minimum at 6,5 &~ 75.4°.
The approximation g &~ arctan(n) is accurate to within 0.1° because k < n.
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Figure 16: Fresnel reflectance of aluminium at A = 632.8nm. Aluminium has a large imaginary
part (k = 6.92), so there is no true Brewster zero, the pseudo-Brewster angle near 6,5 &~ 80° leaves a
residual Ry"™ ~ 70%, which gives Al substrates intrinsically low BAM contrast.



Reconstruction Docker Container

The reconstruction engine used in this work is the EUVPtycho C++/CUDA code developed
at the Paul Scherrer Institute in Switzerland. Reproducing its build environment from scratch
is non-trivial: the engine depends on a specific CUDA toolkit version, on Armadillo built from
source, on OpenCV, FFTW, HDF5, Boost, and Qt5, and on a particular Ubuntu base system.
To make the reconstruction reproducible across workstations I packaged the full build in a
Docker image. The container is built from a single Dockerfile in seven steps.

1. Base image. The image extends nvidia/cuda:12.4.1-cudnn-devel-ubuntu22.04.
This provides CUDA 12.4, cuDNN, and the development headers on top of Ubuntu 22.04.
At runtime the host GPU driver is forwarded into the container by the NVIDIA Container
Toolkit, so the image stays portable between machines as long as their drivers support
CUDA 12.4.

2. System dependencies. A single apt-get install call pullsin the build tools (build-essential,
cmake, git, wget), the scientific libraries used by the engine (1ibopencv-dev, 1ibfftw3-dev,
libhdf5—dev)7 the Boost components (filesystem, system, serialization, regex,
iostreams), and the Qt5 build system (qtbase5-dev, qt5-qmake) together with gnuplot
for diagnostic plotting. The apt cache is removed immediately afterward to keep the image
small.

3. Armadillo. The Ubuntu repositories do not carry a recent enough Armadillo release, so
version 12.8.2 is downloaded from SourceForge, built with cmake; make, installed system-
wide, and the source tree is deleted. A final 1dconfig refreshes the dynamic linker cache.

4. CUDA path symlink. EUVPtycho’s build scripts expect to find the CUDA toolkit
at /opt/cuda. A symlink from /usr/local/cuda-12.4 (the toolkit location in the base
image) to /opt/cuda satisfies that expectation without touching the build scripts.

5. Header and library paths. CPATH is set to include /usr/include/opencv4 and /usr/
include/hdf5/serial, and LIBRARY_PATH is set to the matching HDF5 library directory.
This avoids edits to the project’s gmake file for the Debian-packaged include layout.

6. Source copy and compile. The source tree on the host is copied into /usr/src/
app/EUVPtycho/euvptycho/src inside the image. gqmake EUVPtycho.pro generates the
Makefile, and make clean && make compiles the binaries.

7. Runtime PATH. The compiled executables in /usr/src/app/EUVPtycho/bin are ap-
pended to PATH, and the container’s default command is set to bash so the user lands in
an interactive shell with the engine on the path.

The image is built and run with

docker build -t euvptycho
docker run --gpus all -it -v /path/to/data:/data euvptycho
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The -gpus all flag exposes the host GPU to the container, and the bind mount makes the
diffraction datasets and reconstruction outputs available on the host filesystem. Two prereq-
uisites apply on the host: the GPU must be an NVIDIA card (CUDA is vendor-specific and
will not run on AMD or Intel graphics), and the NVIDIA Container Toolkit must be installed
alongside Docker. The toolkit provides the runtime hook that forwards the host GPU device
and driver into the container, without it, -gpus all is silently ignored and the engine falls
back to a CPU code path or fails outright. Building from a clean cache takes a few minutes,
dominated by the Armadillo compile. Subsequent builds from the cached image are much faster
and take only a few seconds.



Computer Hardware Setup

This appendix shows photographs of the physical computer hardware used to drive the DC-
BAPM acquisition and run the ePIE reconstruction. The reconstruction engine requires an
NVIDIA GPU (see Appendix 11.5), since the laptop used in the lab has a slower NVIDIA card,
an external GPU enclosure was connected over Thunderbolt and used for the reconstruction.

Figure 17: Full DC-BAPM setup on the optical table, showing the optical components (laser, polari-
sation optics, sample stage, grating, and camera) together with the laptop and external GPU enclosure
used to acquire and process the data.
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Figure 18: Close-up of the laptop and the external NVIDIA GPU enclosure connected over Thun-
derbolt.
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Figure 19: Graphical user interface used to launch and monitor a capture.



Example Reconstruction Parameter File

The EUVPtycho engine described in Appendix 11.5 is driven by a plain-text parameter file
passed as its only command-line argument. The file groups parameters into INI-style sections
([Generall, [Detector], [Probel, [Reconstruction], [Refinement], [Simulation], [GPU],
[Datal) and is consumed by the engine’s parser at start-up. Listing 1 reproduces the parameter
file used for one of the reconstructions in this work (42° incidence, p-polarised, no HDR).

Listing 1: Reconstruction parameter file passed to the EUVPtycho engine for a representative 42°-

incidence dataset.

[Generall
run_name
output_name

bR

’ePIE-corrected_42deg’

wavelength = 632.8e-9

visualize = False

nr_photons_arr = [1e2]

nr_threads = 16

save_params = True

[Detector]

nr_pixels = 2192

det_pixel_size = 4.54e-6

det_rot_ang = 0.0

det_tilt_angX =0

flip_xy = False

invert_x = True

invert_y = False

bin = 2

[Probel

probe_type = ’focus’

aperture_diam = 2.1000e-03 # 2.10 mm

aperture_type = ’circ’

edgewidth = 2

prop_free_dist = 7.0000e-02 # 70.00 mm

dist_obj_screen = 5.2000e-02 # 52.00 mm

focal_dist = 5.0000e-02 # 50.00 mm

dist_from_focus = 9.0000e-03 # 9.00 mm

[Reconstruction]

algorithm = [’EPIE’]

nr_iterations = [400]

dump_interval = [10, 100, 150, 200, 300, 400,
600, 800, 1000, 1400, 1700, 2000]

alpha = 0.7

beta = 0.9

epie_poscorr = False

poscorr_x = 1.0

poscorr_y = 1.0

poscorr_beta = 2.0

plot_interval = 20

dump_start = 10

count_bound = 0.001
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probe_change_start = 100
probe_change_stop = 1500
probe_regularization = 0.1
clip_object = True
clip_max = 1.0
clip_min = 0.0
doParamSweep = False
probe_constrain = True
probe_keep_ratio = 0.94
probe_renorm2data = False
median_filter_use = False
filter_until_it = 4
dynSatThreshRatio = 0.55
nr_probes =1
nr_probe_modes =1
probe_mode_power = [0.6, 0.2, 0.08, 0.02]

[Refinement]

ml_refinement = False
use_existing_data = False
ml_it = 300

mue = 30.0

[Simulation]

is_simulation = False
[GPU]
enable_full_gpu = True

The key physical parameters and their role in the reconstruction are:
— wavelength: the HeNe wavelength (632.8 x 1072 m) that fixes the spatial-frequency cal-
ibration of the detector.

— nr_pixels, det_pixel_size, bin: detector geometry. The 2192 x 2192 array is binned
2x 2 to reduce memory bandwidth without sacrificing the highest spatial frequency carried
by the diffraction pattern.

— aperture_diam, focal_dist, dist_from_focus, dist_obj_screen: the forward illumi-
nation model that produces the initial probe guess shown in Fig. 6.1.

— algorithm, nr_iterations: select ePIE and run it for 400 outer iterations.
— alpha, beta: the object regularisation constant and feedback parameter of Chapter 2.

— probe_change_start, probe_change_stop: the iteration window in which the probe is
allowed to update, outside this window the probe is held fixed.

— epie_poscorr, poscorr_x, poscorr_y, poscorr_beta: scan-position refinement options.

— nr_probes, nr_probe_modes, probe_mode_power: Set to a single mode for the runs in
this work.



Resolution Sample Design

The resolution test sample used throughout this work is a PMMA on silicon resolution target
fabricated by IMEC. It contains four distinct regions, each targeting a different aspect of the
system’s imaging capability. Figure 20 shows a wide-field optical photograph of the sample
with each region labelled, and Figure 21 shows the corresponding GDS layout from which the
sample was patterned.

[Line pairs (pm)|

(Logic pattern|

e S5 o
Siemens star |

Figure 20: Wide-field optical microscope image of the IMEC resolution target. The four functional
regions are indicated: the Siemens star (bottom-left), the diamond pattern (top-left), the micrometer
line pairs (top-right), and the logic pattern (bottom-right).

Siemens star. A radial spoke target with fifteen spoke pairs. The spokes converge at the
centre so that radial position maps directly to spatial frequency (Eq. (6.2)). This region is used
for quantitative resolution measurements via the NILS metric (Section 6.3.2).
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SMUMSIAY
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Siemens star
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Figure 21: GDS layout of the resolution target used to pattern the PMMA layer. The four regions
correspond directly to those visible in Fig. 20: the Siemens star (bottom-left), the diamond pattern
(top-left), the micrometer line pairs (top-right), and the logic pattern (bottom-right). The scale bar
indicates 200 pm.

Diamond pattern. A periodic array of diamond-shaped PMMA features arranged in a reg-
ular grid. The array provides a large uniform region for verifying distortion correction and
stitching consistency over a wide field.

Line pairs (pm). Isolated groups of parallel PMMA lines with widths ranging from ap-
proximately 1pum to 36 um, each group labelled with its nominal pitch in micrometres. These
features serve as a direct spatial calibration check.

Logic pattern. A dense array of logic-gate-like PMMA structures repeated across a large
block. The pattern mimics the irregular, high-spatial-frequency content typical of a semicon-
ductor circuit and tests the system’s ability to reconstruct aperiodic, broadband objects.



Additional Graphene Reconstructions

The following reconstructions were recorded on 2026-04-28 and 2026-04-29 at AOI = 42° as
additional scans of the graphene sample. They are included here for completeness, the main
analysis is presented in Chapter 8.
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Additional Graphene Reconstructions
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Figure 25: Graphene sample, scan 4 (2026-04-28, 19:57).

-125

Amplitude Phase 3 Height (nm)
2k ;
¥ |
1 2 0
1
1000
H g
0y =z
© =
2 20003
-1
3000
-2
o —4000
100 200 300 400 500 600 -3 0 100 200 300 400 500 600
X (um) X (um) X (um)
Figure 26: Graphene sample, scan 5 (2026-04-29, 10:02).
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Figure 27: Graphene sample, scan 6 (2026-04-29, 10:19).
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Figure 28: Graphene sample, scan 7 (2026-04-29, 17:27).



Grating GDS Layout

Figure 29: GDS layout of the binary PMMA-on-silicon diffraction gratings. Six tiles are patterned
on the same chip for incidence angles of 41°, 42°, 43°, 55°, 56°, and 57°. The primary design tile
(56°, top-left) targets the air-PMMA Brewster angle, the 42° tile (top-right) targets the experimental
operating angle.
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Fabrication and Metrology Equipment

This appendix collects photographs of the cleanroom instruments used in the grating fabrication
and metrology described in Chapter 9.

(a) AFM

(b) Digital microscope

Figure 30: (a) Atomic force microscope (AFM). (b) Digital microscope used to inspect the grating
surface.
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Figure 31: The stylus profilometer used for surface-height measurement of the diffraction grating.
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