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INTRODUCTION

“ At present the most instructed persons are, I suppose, very far from perceiving

the full and close coincidence between all the facts of light and the physical account

of them which the theory supplies. If perfect, the theory would be able to give a reason
for every physical affection of light; whilst it does not do so, the affections are in turn
fitted to develop the theory, to extend and enlarge it if true, or if in error to correct it or

. 7
replace it by a better.

— Michael Faraday, The Bakerian Lecture -
Experimental relations of gold (and other metals) to light, 1857



CHAPTER 1. INTRODUCTION

1.1. Measuring with light

The goal of this thesis is to study applications of nanophotonics and com-
putational imaging in optical metrology. Optical metrology is the science
of measuring with light. This thesis particularly aims at dimensional metrol-
ogy challenges, i.e., physical size or distance measurements, that are typically
encountered in the semiconductor industry and other demanding nanotech-
nology areas. Over the years, a wide variety of optical concepts has been
discovered and exploited for optical metrology. In essence, these techniques
can be categorized into imaging techniques on one hand, such as microscopy,
and non-imaging approaches on the other hand, such as using spectroscopic
or diffractive fingerprints of displacement. A crucial difference is that mi-
croscopy aims to image arbitrary geometrical features with the best possible
resolution over a large field of view, whereas non-imaging approaches focus
on retrieving a given parameter in an already quite accurately known sample
with the highest precision. There are two main reasons why light is so broadly
applied in metrology. First, using the wavelength of light as a ‘ruler” ulti-
mately traces its precision to the optical frequency and coherence properties
of the light source, which can be very precisely known. Secondly, light is a
non-invasive probe that is easily converted into an electrical signal. Various
instruments, i.e. CMOS/CCD cameras or photodetectors, make the process
of digital light recording uncomplicated, fast, and with a performance at the
shot-noise limit afforded by the photon budget. The recent advancements in
computer technology allow researchers to make optimal use of these digital
signals. At the forefront of current developments is the pursuit of a higher
resolution in microscopy aided by computer algorithms, and the extraction of
precise information about an object of interest from the light it interacted with.

This work particularly focuses on optical metrology at small length scales,
i.e., micrometer to nanometer distances, which is the realm of length scales
that require microscopes to visualize them. The optical microscope is one of
the most powerful and widespread instruments in today’s laboratories since
it allows scientists to effortlessly observe small features of an object under
study. The basic idea that curved glass can be used to magnify images has
existed for many centuries. Even though since the 17th century microscopes
have undergone significant developments, and though microscopes consist of
many individual parts, to this day its most critical components remain the
lenses [1]. With the best microscope objectives, one can for instance observe
biological samples at a cellular level. At the same time, objects constituting
the cells that are below < 200 nm in size remain blurred. This is caused by a
fundamental resolution limit in optical microscopy, discovered by Ernst Abbe
in the 19th century [2]. The Abbe diffraction limit states that for two point-like
objects to be resolvable, their distance should exceed

A
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1.1. MEASURING WITH LIGHT

ABBE'S DIFFRACTION LIMIT (0.2 um)
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Figure 1.1: Size overview of macro- to nanoscopic biological objects below and above
Abbe’s diffraction limit. (reproduced with permission, Johan Jarnestad/The Royal
Swedish Academy of Sciences).

where 1 is the illumination wavelength and NA = nsin6 is the numerical
aperture of the optical system. From Eq. (1.1) one concludes that the resolution
of an optical system can be improved by collecting a larger cone of angles 6
and using a higher refractive index (1) immersion medium. High-NA ob-
jectives that are available today typically collect a cone of angles up to 72°
and use immersion oil with # ~ 1.45. This results in a maximally attainable
resolution of around 200 nm for visible light (1 = 400nm—700nm). Figure 1.1
gives an overview of typical biological objects one can and cannot resolve
due to the diffraction limit. In practice, additional factors such as signal-
to-noise ratio and aberrations can hinder a diffraction-limited optical resolu-
tion. Indeed, modern microscope objectives feature optimized arrangements
of high-quality optical elements in compound microscope objectives lenses
to combat aberrations and thereby reach, but not exceed, the best possible
imaging resolution predicted by Ernst Abbe.

With all the evidence pointing towards a fundamental resolution limit
at roughly half the wavelength, for many years any far-field technique
claiming to break the diffraction barrier was met with skepticism. In
the past two decades, however, it has been demonstrated that far-field
techniques can break the diffraction barrier, both in imaging and in optical
metrology contexts. Generally, the key to these advancements is an advanced
understanding of the imaging process, as well as the use of prior knowledge
about the sample, as input or constraint for algorithmic reconstruction
approaches. In this introductory chapter, different relevant concepts that will
be used in this work are introduced. In Section 1.2, we will introduce the
concept of non-imaging optical nanometrology techniques commonly used
in the semiconductor industry. Furthermore, this section will also introduce
inverse problems, which are a recurring motif in this thesis. Section 1.3.1
introduces the Fourier-space microscopy technique. Sections 1.3.2 and 1.3.3
mathematically describe the diffraction limit in coherent and incoherent
microscopy, while Section 1.3.4 deals with super-resolution techniques
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CHAPTER 1. INTRODUCTION

in fluorescence microscopy. Section 1.4 will describe digital holography,
which is a common approach to retrieve phase information from intensity
measurements. Further, Section 1.4.3 deals with computational phase retrieval
methods. These treat imaging as a purely mathematical problem, that can be
solved using the appropriate algorithm. Some computational methods even
go as far as removing all the imaging optics from the setup, which is why
they are referred to as ‘lensless’. Finally, since the emphasis of this thesis is
on leveraging concepts from nanophotonics for optical metrology, we will
briefly highlight a few fundamental concepts and existing applications of
nanophotonics in Sec. 1.6, before giving an outline of this thesis in Sec. 1.7.

1.2. Optical nanometrology

Optical nanometrology is a key enabler of many scientific and information tech-
nology applications. Nowadays, nanotechnology is all around us in the form
of CMOS circuitry in everyday appliances and in the smartphones sitting in
our pockets. This increasing pervasiveness of information technology in our
daily lives is enabled by, and at the same time spurs, rapid developments
in the semiconductor industry. Over the years, the minimum feature size of
semiconductor devices has been aggressively reduced, roughly doubling their
component count every two years [3]. While this semiconductor miniatur-
ization has led to exponentially faster computation performance, the require-
ments on process metrology are becoming more and more stringent [4]. IC
circuits are defined by a sequence of spatial patterning steps, with a required
relative alignment tolerance that shrinks with the minimum feature size of the
technology node.

As mentioned in the last section, the optical resolution limit hinders imag-
ing at the required scale of < 10 nm, which is a common size of the small-
est elements inside of today’s computer chips. To circumvent this imaging
resolution challenge, optical nanometrology focuses on retrieving only a few
essential dimensional parameters of nano-objects, as opposed to striving for
collecting a full image. Optical nanometrology techniques solve the inverse
problem of light scattering by accurately modeling the measurement process.
In the following, the concept of inverse problems is briefly introduced, before
proceeding to review currently used approaches in optical nanometrology.

1.2.1. Inverse problems

Optical nanometrology is a typical example of an inverse problem, in which
one attempts to quantitatively reconstruct the cause of an observed effect [5].
This should be contrasted to direct problems, which have the goal of finding
the effect due to a known cause. Unfortunately, in many applications the
parameters one wishes to identify can only be measured indirectly, requir-
ing the solution of an inverse problem. The main difficulty when trying to
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1.2. OPTICAL NANOMETROLOGY

solve inverse problems is that in some cases the accessible data is ambiguous
and the reconstruction process unstable. In 1923 Hadamard classified inverse
problems in two groups, namely ill- and well-posed problems [6]. He defined a
problem to be well-posed only if the following three conditions are satisfied:

1. the inverse problem has a solution;
2. the solution is determined uniquely;
3. the solution depends continuously on the data.

If any of these conditions are violated the problem becomes ill-posed. Even
though these three conditions seem straightforward, they are often not met in
problems encountered in physics and engineering. For instance, light scatter-
ing measurements typically contain statistical or systematic noise and usually
do not uniquely determine the underlying parameters of the scatterer. Other
prominent examples of ill-posed problems are deconvolution (deblurring) of
images [7, 8] or the phase problem [9], which will be further discussed in
Sec. 1.4.3. In general, ill-posedness indicates a lack of information that pre-
vents one from obtaining an unambiguous solution of the inverse problem.
Over the years, many techniques have been introduced in order to deal with
ill-posed problems in imaging [7, 10]. A core aspect of most approaches is the
reformulation of the inverse problem as a minimization of an error functional,
which describes the mismatch between the actually measured and modeled
data. An established approach to solving such ill-posed minimization prob-
lems is through regularization. In regularization, the effect of ill-posedness is
relaxed by slightly altering the initial problem to create another better behaved
one [11]. Commonly, this can be done through the addition of prior knowl-
edge into the reconstruction process, which reduces the number of possible
solutions.

1.2.2. Model-based optical metrology

In model-based optical metrology the inverse problem of light scattering is solved
by accurately modeling the measurement process, while heavily relying on
prior knowledge [12]. The goal of these techniques is to retrieve select pa-
rameters of a nanostructure under test with much higher precision than is
possible with a standard microscopic imaging approach. Examples of such
parameters are the relative position of two known objects (e.g., the ‘overlay’
of two patterned layers on a wafer) or a size parameter describing a nanoscale
feature (e.g., ‘critical dimension’). Important applications of model-based op-
tical metrology are in the semiconductor and nanomanufacturing industry [4].
During the semiconductor manufacturing process, critical dimension (CD)
and overlay (OV) errors are monitored and corrected to achieve a high yield,
i.e.,, a high percentage of correctly working devices per wafer. Upcoming
process nodes require a sub-nanometer range CD and OV error precision,
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CHAPTER 1. INTRODUCTION

which poses an increasing challenge for metrology [13, 14]. In addition to
a high yield, chip production needs a high throughput rate to be economically
viable. This leads to stringent requirements on the available time to perform
all the necessary metrology operations. Besides, the metrology tool should
be non-destructive, and highly accurate [13, 14]. Scatterometry is a model-
based metrology technique that fulfills these industry needs. This non-contact
and non-destructive method offers a high speed and sub-nanometer preci-
sion, even when based in visible wavelength instrumentation [15-18]. Al-
ternative methods such as scanning electron microscopy (SEM), atomic force
microscopy (AFM), transmission electron microscopy (TEM) and small-angle
X-ray scattering (SAXS), have the drawback of a lower operation speed and a
higher price. A further disadvantage of SEM and TEM is that they often cause
damage to the imaged region (for TEM the sample even needs to be cross-
sectioned) [13, 14]. Despite its disadvantages, SEM is still heavily used for CD
measurements as it does have the advantage of a high resolution and easily
interpretable results.

Figure 1.2 illustrates a common procedure used in scatterometry and other
model-based optical metrology techniques, which allows one to solve the in-
verse diffraction problem. It consists of two essential aspects: the acquisi-
tion of the scattered signature of a nanostructure under test and the replica-
tion of the measurement in-silico using a simulation technique, also known
as the forward model. In order to acquire the scattering signature, one can
use several scatterometry configurations, such as angular or spectroscopic
implementations that record reflectometry or ellipsometry signals [16-18]. In
the simulation step, the experiment is recreated in a parametrized way and
a series of scattering signatures are calculated. Since the scattering object
(metrology target) is usually approximately known, the investigated parame-
ter space can be limited in size. The resulting scattering signatures are stored
in a so-called library, which is effectively a lookup table for the precise re-
lationship between different nanostructure parameters and the correspond-
ing diffraction signals. Essential for such a forward model approach is the
speed and accuracy of the simulation technique used to calculate the opti-
cal response of the sample by solving Maxwell’s equations. Currently, the
most widely adapted forward modeling method is rigorous coupled-wave
analysis (RCWA) [19]. Other available techniques include the boundary ele-
ment method (BEM) [20], the finite element method (FEM) [21] and the finite-
difference time-domain (FDTD) [22] technique. Before comparing the mea-
surement and simulation signature, usually some sort of compression or fea-
ture extraction is performed. Popular feature extraction strategies include sin-
gular value decomposition, principal component analysis, independent com-
ponent analysis or Fourier transform analysis [23]. The inverse diffraction
problem is solved by finding the closest match between measured and sim-
ulated features. This is done by either searching library data or by directly
optimizing the simulation to match the measured signature [16-18].

6
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Scatterometry measurement Simulations + library
(Reflectometry or ellipsometry) (RCWA, BEM, FEM, FDTD)

8¢

| |

Feature Feature
extraction extraction
| Feature I
comparison/
optimization
Calculate more scattering
l signatures if needed

Output best
parameter match

Figure 1.2: Model-based optical metrology workflow, which relies on a library search
strategy to solve the inverse diffraction problem. Features from the measured scattering
signature are extracted and compared to features obtained from simulations. The closest
match yields the desired parameters of the scattering sample.

Fourier scatterometry is an extension of scatterometry that uses the full back-
focal plane image of a high-NA detection system to gather information about
diffraction gratings [24-26]. The advantage of this method is that it allows
measurements of multiple diffraction orders of two-dimensional (2D) gratings
at the same time. The diffracted light pattern can be further used to gain char-
acteristic information about the grating itself, such as pitch and orientation of
the grating [26]. As will be discussed in Chapter 4, Fourier scatterometry or
back-focal plane imaging can be augmented by polarimetry and digital holog-
raphy, in order to additionally collect polarization and phase information and
therefore gain even more insight about the scattering object.

Scatterometry is widely applied for OV error determination in semicon-
ductor wafer manufacturing, an application domain in which the technique
is referred to as diffraction-based overlay (DBO) metrology. In DBO light
back-scattered from an overlay target is measured and analyzed. This target
typically consists of a stack of two line gratings, one of them buried in already
processed layers, while the top grating is often the photoresist layer on top of
the half-finished wafer [17]. The two gratings both provide +1st diffraction
orders. Depending on the lateral displacement (overlay) between gratings,
interference causes a measurable unbalance between the intensity in the 1st

7



CHAPTER 1. INTRODUCTION

and —1st diffraction order. An outstanding challenge in DBO is to separate
this signature of overlay from systematic errors, such as fabrication fluctu-
ations [13]. Chapter 3 contributes to resolving this challenge, as we study
novel two-dimensional overlay target designs in terms of their robustness to
fabrication errors.

1.3. Important microscopy concepts

1.3.1. Fourier-space microscopy

In conventional microscopy, a lens-based system is used to create a wide-field
image of the sample plane. In Figure 1.3(a), an optical ray-trace of a regular
microscopy configuration is shown that creates a magnified image of a sample
on a detector. In this ‘infinity-corrected” microscope, the sample is placed in
the front-focal plane of the objective and a magnified image is formed on an
image sensor by the so-called tube lens. In the setup configuration, shown in
Figure 1.3(b), an additional lens is placed downstream of the objective such
that the back-focal plane (BFP) of the microscope objective is projected onto
the detector. In the BFP light rays traveling at the same angle (same color in
Fig. 1.3(b)) from sample plane to objective converge at the same position, with
the position in the BFP a direct measure for the angle.

(&) Objective Tube lens
I
|
| | g
' o
L 3
1 [0}
| \ :
Sample I
Back-focal
plane
(b) Objective Fourier lens Tube lens
I
! 0O
1 D
{(— ........................................ -
1 (]
! o
Sample i
Back-focal
plane

Figure 1.3: A sketch showing the operating principle of regular (real-space) and Fourier-
space microscopy. (a) In regular microscopy, the objective (infinity-corrected) collects a
cone of angles from every sample position. Further downstream the different angles are
focused by a tube lens onto a single point on the camera. (b) In Fourier-space microscopy
an additional lens (Fourier lens) is introduced to project the back-focal plane onto the
camera. This causes light rays scattered at the same angle (same colored lines) converge
to the same position on the camera.
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This microscopy technique, which is also known as ‘Fourier-space’ mi-
croscopy or ‘conoscopy’, can be used to measure the directionality of light
scattering or emission [27-29]. The term ‘Fourier-space’ imaging derives from
the fact that a lens performs a Fourier transform operation, rendering the
Fourier transform of the front-focal plane in its back-focal plane. All light
scattered at angles higher than the maximal acceptance angle of the lens is
blocked. As will be explained in the next section this is equivalent to low-pass
Fourier filtering and causes a blurred image to appear behind the lens.

1.3.2. Coherent imaging

Coherent imaging involves measurement of light scattering by an object that
is illuminated with a source such as a single-mode laser, that provides a large
temporal coherence (i.e., monochromatic illumination) and transverse spatial
coherence (e.g, plane waves, or a single-mode exiting from a glass fiber). A
detailed definition of coherence will be given in Sec. 1.5. Mathematically, the
coherent imaging process can be expressed as a convolution of the complex am-
plitude of the sample A(x,y) with the coherent point spread function ¢PSF [30]

M(x,v) = A(x,y) ® cPSF(x,v), (1.2)

where M (x,y) denotes the ‘blurred” complex image and ® a 2D convolution.
The cPSF describes the optical field one would attain when imaging a point
source with the optical system. This blurring process, can be described in
a more computationally efficient manner by transforming Eq. 1.2 into the
Fourier domain:

F(M(x,y)} = F{A(x,p)} -CTF, (13)

where F denotes the 2D Fourier transform operation and CTF, which rep-
resents a Fourier transformed cPSF, is the so-called coherent transfer func-
tion. The imaging process described by Eq. 1.3 is demonstrated in Fig. 1.4.
It amounts to a simple Fourier space filtering operation, whereby the CTF
represents the Fourier space filter. As shown in Fig. 1.4(c), the CTF can be
modeled as a circle in Fourier-space with a radius, that is referred to as the
cutoff frequency keyiofr- The cutoff frequency for coherent imaging can be
expressed as
27

keutoff = NA - kg = NA - T’ (1.4)
where A is the illumination wavelength. The region spanned by the CTF is
referred to as the passband of the optical system and it carries the information
about the complex object that is transported through the optical system. The
signal outside of the passband is lost during the imaging process, whereby
information about finer object features are remove. This low-pass Fourier
filtering causes the image to look blurred, and is the root cause of Abbe’s
diffraction limit.
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Max.

Filtering

3

Max.
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Figure 1.4: Simulation of the coherent imaging process via Fourier processing. (a) The
real part of the high-resolution sample amplitude A(x,y). (b) The magnitude of the
Fourier transform of A(x,). (c) Coherent transfer function assuming an NA = 0.85 and
Ao = 561.3nm. (d) The magnitude of the Fourier transform of A(x,y) multiplied with
the CTF. (e) The real part of the blurred sample image M (x,v), which was calculated by
taking inverse Fourier transform of (d). Panels (b) and (d) use a logarithmic color scale.

1.3.3. Incoherent imaging

Fluorescence microscopy is a prime example of an incoherent imaging pro-
cess. Fluorescent samples contain materials that are able to absorb photons
and re-emit them at randomized points in time, with a random phase, and
often with emission energy in a wide spectrum. This re-emission has lower
energy and therefore a longer wavelength A.,, > . To separate this emission
light from the excitation light, fluorescence microscopes use a dichroic mirror
in combination with a high-pass filter. For incoherent imaging, it is character-
istic that emission from different points on the sample adds up incoherently,
i.e., without interference effects playing a role. This should be contrasted
to coherent imaging, where field radiated by distinct points on the sample
interferes on the detector.

Similarly to the coherent case, the incoherent imaging process can be math-
ematically expressed as a convolution of the sample intensity S(x,y) with the
incoherent point spread function PSF

M(x,v) = S(x,v) ® PSF(x,v), (1.5)
where M(x,y) denotes the ‘blurred” intensity image. The PSF can be under-

stood as the intensity one would measure when imaging a point source using
the optical system. Once again, by going to the Fourier domain the expensive

10
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(a)
Filtering
5um
(e) cmrum
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® '
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Figure 1.5: Simulation of the incoherent imaging process via Fourier processing. (a)
High resolution sample intensity image S(x,v). (b) Magnitude of the Fourier transform
of S(x,v). (c) Optical transfer function assuming NA = 0.85 and Aep, = 577nm. (d)
Magnitude of the Fourier transform of S(x,y) multiplied with the OTF. (e) Blurred
sample image M (x,y) calculated by taking inverse Fourier transform of (d). Panels (b)
and (d) use a logarithmic color scale.

convolution operation can be avoided and Eq. 1.5 can be written as:
F{M(x,v)} = F{S(x,y)} - OTE, (1.6)

where OTF is the so-called optical transfer function, that can be calculated
by Fourier transforming the PSF. The imaging process as described by Eq. 1.6,
i.e. Fourier-space filtering with an OTF, is demonstrated in Fig. 1.5. It assumes
NA = 0.85 and A¢y, = 577nm. The OTF, shown in Fig. 1.5(c), looks distinctly
different from the CTF, shown in Fig. 1.4(c). Instead of a sharp cut-off, it
features a linearly declining amplitude from k = 0 to k = kcytofr. The cutoff
frequency, i.e. the frequency at which the OTF reaches a value of zero, has
also changed to
27

keutoft = 2NA - kery = 2NA - ST (1.7)
em

Here, the OTF is modeled by first generating the coherent transfer function
CTF as a circle of radius kcytoff = NA ker. Then, the PSF is computed as the ab-
solute value squared of the coherent point spread function cPSF = F~! {CTF}.
Finally, the OTF is calculated as OTF = |F {PSF}|. A Matlab implementation of
the procedure described above can be found in Ref. [31].
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1.3.4. Super-resolution fluorescence microscopy

Against the conventional wisdom of a fundamental resolution limit, many
scientists have pursued the idea that the resolution in fluorescence microscopy
can be improved well beyond the Abbe limit, essentially by bypassing its
underlying assumptions. These assumptions are that the imaging process is
linear and that thereby Fourier analysis gives a metric for the highest resolv-
able spatial frequency. Before the advent of SR microscopy, minor resolution
improvements were possible through the method known as deconvolution,
which is a purely computational approach of deblurring an image by using
the PSF of the optical system [8]. True SR techniques use either nonlinear-
ity, or they use prior knowledge about the object to circumvent the Fourier-
transform limit on resolution. Nowadays, super-resolution (SR) microscopy
techniques that result from these efforts are broadly used, particularly after
their pioneers Eric Betzig, Stefan Hell, and William E. Moerner were awarded
the Nobel prize in 2014.

Nonlinear SR techniques include two-photon excitation microscopy
(2PEM) [32], and the celebrated stimulated emission depletion microscopy
(STED) [33]. In STED, one performs raster-scanning fluorescence microscopy,
while making use of an intrinsic nonlinearity that derives from the quantum
mechanical level structure of fluorophores (i.e., the depletion of stimulated
emission depletion by a donut-shaped beam around the fluorescence
excitation beam) to narrow the point spread function. Instead, stochastic
optical reconstruction microscopy (STORM) [34] and photo activated
localization microscopy (PALM) [35] make heavy use of prior knowledge
to reconstruct images. In particular, if one is certain that a point-like object
is isolated, it can be located with accuracy much better than the 200-nm
wide point spread function by fitting. In PALM and STORM one performs
fluorescence imaging by locating isolated fluorophores in individual camera
frames, building up a full image of dense samples by combining many frames,
ensuring that fluorophores are usually off, but sometimes randomly switched
on as triggered by a stochastic process. Both STED and PALM /STORM based
approaches can reach 5 nm resolution, i.e.,, below A/100. However, they
are limited to fluorescence microscopy, require very specific fluorescence
species, and in the case of PALM/STORM also a very detailed knowledge
of the microscope point spread function. Recent reviews on SR fluorescence
microscopy are given in Refs. 36 and 37.

In this thesis, a particular emphasis is put on structured illumination mi-
croscopy, or SIM [38], which is a generally applicable fluorescence imaging
method that can increase the OTF passband by a factor of two using the moiré
effect. Figure 1.6(a) demonstrates the effect. The superposition of two patterns
results in the appearance of a third pattern with a lower spatial frequency
(higher period). In SIM this effect is being applied to shift high spatial fre-
quency information from outside of the passband down into the passband
of the microscope [38]. This is done by illuminating the sample with a light

12



1.3. IMPORTANT MICROSCOPY CONCEPTS

(d)

killum

kcutoff

Figure 1.6: Concept of structured illumination microscopy (SIM). (a) Demonstration of
the moiré effect. (b) Fourier-space representation of the passband of a conventional
fluorescence microscope. Spatial frequencies up to a maximal cutoff frequency kcyioff
are transported through the optical system. (c) Additionally recovered spatial frequency
regions of the sample (shown in blue), using the moiré effect and sinusoidal illumination
patterns, which were shifted three times over the sample. The yellow circles represent the
spatial frequencies of the sinusoidal intensity patterns. The maximal spatial frequency
kiljum ©of this illumination patterns is chosen to be close to the cutoff frequency kcytoff-
(d) Repeating this process for three different orientations allows to effectively double the
radius of the fluorescence microscopy passband.

grid possessing a sinusoidal intensity and a spatial frequency ki, close to
the cutoff frequency k.yoff Of the OTE, see Fig. 1.6(c). In the example from
Fig. 1.6(a), this illumination is the first pattern, while the second pattern that
is required for the moiré effect is provided by the sample. After recording
several sample images, which are illuminated by a series of shifted and rotated
light grid patterns, the reconstructed OTF passband can be doubled in size, as
shown in Fig. 1.6(d).

Compared to STED, SIM allows for lower required illumination intensity,
thereby preventing photobleaching. Compared to STORM and PALM, SIM is
compatible with standard fluorophores and does not require the fluorescent
labels to be localized in space [39]. Furthermore, compared to the other tech-
niques, SIM requires fewer raw image acquisitions, making it fast enough for
live-cell imaging [40]. Despite the numerous advantages SIM offers, one of its
main drawbacks is that the resolution enhancement is only moderate. For this
purpose, many concepts have been introduced to enhance the SIM technique,
with recent reviews given in Refs. 41-43. One concept that will be further
expanded upon in Chapter 2 is SIM using illumination with spatial frequen-
cies that are above the passband of the objective, which allows moving even
higher spatial frequencies into the passband [44, 45]. For instance, such an
illumination would be possible by using the near-field of periodic plasmonic
nanoparticle arrays of hexagonal symmetry, which are excited by single tilted
beams [46]. In this thesis, we expand on this concept by using plasmonic nano-
antenna arrays illuminated by two beams, which leads to a mixing of physical
grating and light grating spatial frequencies.
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1.4. Wavefront imaging

1.4.1. Origins of holography

Regular photodetectors record only the intensity of a light wave, thereby re-
moving all phase information. This consists of a problem in object reconstruc-
tion, as without the phase the inverse problem has to deal with incomplete and
ambiguous input. Over the years, several techniques have been introduced to
addpress this phase problem. The significance of phase imaging becomes evident
when considering how widespread phase objects are, i.e., specimens that pos-
sess only phase contrast. Prominent examples of such phase objects include
cellular structures and semiconductor wafers, which both possess uniform
brightness and only sub-wavelength thickness or refractive index variations
and are therefore invisible under a regular microscope. In order to convert
phase variations intro brightness variations, thereby making phase objects
visible, regular microscopes typically offer two phase-contrast techniques as
optional add-ons, namely differential interference and Zernike phase con-
trast [9, 47]. However, due to the non-linear dependence of the generated
brightness variations on the actual phase profile, both of these techniques are
considered non-quantitative. A quantitative phase imaging (QPI) technique,
on the other hand, would allow direct access to specimen properties, such
nanometer-scale thickness and refractive index changes'.

A major step towards the development of QPI is Dennis Gabor’s invention
of holography, which he initially conceived as a means to improve the resolu-
tion of electron microscopy [48]. In a proof-of-principle demonstration using
optical fields, he showed that it is possible to record the wave’s amplitude and
phase on an optical film, which can be read out later on. The introduction of
off-axis holography by Emmett Leith and Juris Upatnieks in 1962 represents a
big step towards practical applications of holography since it solved the twin-
image problem that affected Gabor’s originally proposed in-line configura-
tion, which spurred further developments in this field [49, 50].

1.4.2. Digital holography

Over the years, the optical film used for hologram recordings was re-
placed by electronic image sensors, which marked the beginning of digital
holography [51-56]. In digital holography an object wave Eg(x,y) =
Ao(x,y)exp[-igpo(x,y)] with real-valued amplitude Ap(x,y) and phase
distribution ¢o(x,y) is brought to interference with a reference wave
Er = Agrexp[+igg|. For simplicity, both the real-valued amplitude Ag
and the phase @y of the reference wave are assumed to be spatially uniform,

INote that, due to the integration time of the photodetector being much larger than the optical
period (in the order of femtoseconds for visible light), in all QPI techniques one can only attain
averaged phase quantities and not the actual instantaneous phase of a light wave (as is possible
at radio frequencies).
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Figure 1.7: (a,b) On-axis and off-axis digital hologram recording configurations.

i.e,, a plane wave. The resulting interference pattern or hologram is digitally
recorded and can be expressed as

H =|Eo + Egf
= |Eol? +|Er|* + E5Er + EoEj (1.8)
= Ao’ + Ag® + 2A0Ag cos [po (%, ) + @r],

where * denotes a complex conjugate operation. The hologram in Eq. (1.8)
consists of the DC (zero-order) term |Ep|* + |Eg|?, which does not depend on
the phase of Eg or Eg and the interference terms E;,Er and EpEp, which con-
tain the phase ¢ (x,y) one wishes to retrieve. To separate the DC term from
the interference terms two different approaches are generally used, namely
the on-axis/phase-shifting [54, 56] or the off-axis [55] technique.

In the on-axis implementation, shown in Fig. 1.7(a), the object and ref-
erence wave impinge parallel onto the detector and a variable phase shift
between the two waves is introduced [56]. By recording a series of N phase
shifted holograms

H,, = Ap* + Ag*> 4+ 2ApAg cos [po (x,v) + Qg + m21/N], (1.9)

where m = 1,2,..,N and N > 3, a set of equations can be established from
which one can solve for ¢ (x,7) [54].

The off-axis approach uses spatial instead of temporal modulation for
phase retrieval. As shown in Fig. 1.7(b), it works by introducing a slight
tilt between the object and reference wave [55]. The reference beam can be
expressed as Egr = Agexp [1? Xsin 6], where  is its wave vector and & the tilt
angle relative to Eg. The interference pattern can be written as

H = Ao® + Ag? +AoApexp[-i(po(x,y) + K- Fsind)| 110
R 1.10
+ALHAR exp[+i((po(x,y) +k- fsiné)].

The spatial frequency ‘?| sin o introduced by the tilt angle is referred to as the
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Figure 1.8: Off-axis hologram reconstruction. Zoomed-in (a) and full image (b)
of a simulated off-axis hologram. (c) Magniture of the Fourier transform of the
hologram showing the zero-order and interference terms. (d) Shifted and masked
Fourier transformed hologram from (c). (e,f) Reconstructed amplitude and phase of the
wavefront. Panels (c) and (d) use a logarithmic color scale. The hologram was apodized
with a 2D Hann window to avoid FFT artifacts.

spatial carrier frequency”’. Because of the spatial carrier frequency the two
interference terms, i.e., E{,Eg and EpE}, can be separated from the DC term
via a Fourier transform [53]. After filtering, centering and inverse Fourier
transforming the interference term, the phase distribution can be obtained.
Figure 1.8 demonstrates this reconstruction procedure using simulated data.
Note, that the width of the Fourier filter, which is usually chosen to be circular,
should be larger than the bandwidth of the interference term to prevent loss
of information. The main advantage of the off-axis approach is its single-
shot operation, which reduces the measurement time and the influence of
vibrations.

Although, acquiring holograms with a digital camera is much more conve-
nient than with an optical film, special care needs to be taken to avoid under-
sampling of the signal. Due to the finite pixel size Ax of the detector the largest
recorded spatial frequency of the hologram is given by the Nyquist criterion

1

Vmax = E (1.11)

In case of under-sampled fringes aliasing artifacts can occur. For the off-axis

2The expression ‘carrier frequency’ originates from telecommunications, where it describes a
wave that was modulated to carry a signal.
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configuration this relation defines the maximal allowed angle 6., between
the reference and object planes

A
2Ax°
Further details on the necessary recording sensor requirements (detector
space-bandwidth product) when recording a hologram in the Fourier plane
of a sample in on-axis and off-axis configurations are discussed in Ref. 57.

Several years after the discovery of digital holography it was already
applied to microscopy, which enabled phase (and amplitude) imaging with
high lateral resolution and was referred to as digital holographic microscopy
(DHM) [58-61]. An important application of DHM is label-free imaging
of living cells, where the additional phase information can be crucial for
scientists studying the physiology and pathology of cells [59, 61]. Metrology
is another well-established application area of QPI, where the technique
provides non-destructive testing and quality control of microstructures with
sub-wavelength axial resolution [58—61]. Novel applications include detection
of femtometer-scale sample vibrations [62], full optical characterization of
individual nanoparticles [63] and wafer metrology [64]. Recent reviews
focused on QPI using DHM are given in Refs. 65 and 66.

0 < 0oy = 1.12)

1.4.3. Computational wavefront imaging

With the advent of faster computing, alternative phase retrieval approaches
have been developed, that solve the phase problem in a computational man-
ner. Compared to the aforementioned interferometric methods, these com-
putational wavefront sensing techniques usually process a series of observed
intensity images, to retrieve the underlying wavefields. These images are
for instance taken from the same object using different illuminations, or in-
stead different detection geometries. Similarly to other inverse problems (see
Sec. 1.2.1), algorithmic phase retrieval works by minimizing the discrepancy
between measured and expected scattering patterns. To prevent stagnation
and non-unique solutions, the reconstruction algorithms are typically aided
by some sort of a-priori known constraints (regularization).

An important development in computational imaging, that originates
from the field of X-ray crystallography, is known as coherent diffraction
imaging (CDI) [67]. In this technique, one records the angle-resolved intensity
in diffraction patterns of an object, which in the 1st Born approximation for
scattering is equivalent to recording the modulus of the Fourier transform of
the scattering potential. The CDI method can recover the phase of a wavefront
from the modulus of its Fourier transform while making use of a real-space
and a Fourier constraint. Similar phase retrieval reconstruction algorithms
have been pioneered by Gerchberg and Saxton and Fienup [68, 69]. Since CDI
is a lensless imaging technique, its resolution is not limited by the quality
of X-ray optics and a diffraction-limited resolution can be achieved [70, 71].
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More recently, a scanning type CDI scheme called ptychography has gained
considerable attention [72-75]. Originally proposed by Hoppe as early as
1969 [76], ptychography uses a spatially confined probe to scan over an
object on a 2D grid to collect a series of diffraction patterns. The fact that the
probe beam region is partially overlapping in between scan points, creates
redundancy in the ptychographic data set. This redundancy is used in the
iterative reconstruction algorithm to achieve a successful convergence. In
contrast, to other non-scanning computational techniques and holography,
which only recover a complex wavefront, ptychography can separate between
the probe beam profile and the object function. Instead of using real-space
and Fourier support constraints as in CDI, ptychography relies on a large set
of diffraction patterns with known scan positions as its constraint. In addition
to CDI and ptychography, a wide range of algorithmic phase retrieval
approaches have been developed that do not rely on support constraints
but rather on intensity diversity, which can be introduced by recording at
multiple propagation distances [77, 78], angles of incidence [79] or using
different wavelengths [80]. Recent reviews of this field are given in Refs. 81
and 82.

While the reconstruction process of algorithmic phase retrieval techniques
can be computationally intensive, such approaches can offer significant ad-
vantages. Indeed, since one requires no reference wave, a less sophisticated
setup with significantly relaxed mechanical tolerances can be used. In addi-
tion, the lack of a reference can also lead to improved phase accuracy com-
pared to holography, where imperfections in the reference cause artifacts in
the retrieved phase. A further advantage of reference-free techniques over
holography is a reduced requirement on light source coherence and setup
stability [83]. The ability to use lower coherent light sources, such as light-
emitting diodes (LEDs), allows to significantly reduce the effect of speckle
noise, which one commonly encounters in interferometric methods [84]. A
further advantage, which we make use of in Chapter 5, is that computational
imaging techniques can jointly recover additional information such as the
coherence properties of the beam [85].

1.5. Coherence

When shining two light sources, such as two flashlights, at a black screen one
would generally expect the intensity in the region where the two beams over-
lap, to simply add up. However, as discussed in Sec. 1.4 in some cases the two
beams interfere with each other, resulting in spatially alternating minima and
maxima of intensity. The ability of two light waves to form such interference
patterns is governed by their degree of coherence, which is the topic of this
section. For simplicity scientists often assume either completely incoherent
or fully coherent waves. However, in reality one commonly encounters a
middle ground between those two extremes, which is referred to as partial
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coherence. The field of optical coherence theory was pioneered by van Cittert
and Zernike in the 1930s. Additionally, in the 1950s Emil Wolf laid much of
the theoretical groundwork on statistical properties of light [86]. A catalyst for
more research on the subject was the invention of the laser in 1960. A broad
range of applications can benefit from coherence theory including diffraction
tomography, photovoltaics, light-emitting diodes, beam shaping, and speckle
suppression in imaging [86—88].

We can separate between two forms of coherence properties: temporal and
spatial coherence. In order to fully describe the coherence properties of a wave
E, the mutual coherence function can be calculated as [89]

[(ry,10,7) =(E(r1,t)E*(rp,t + 7)), (1.13)

where r; and r, denote two positions, 7 is a time delay and (-) stands for the
time-average integral, which is defined as

T/2

Gy =1tim = [ fr)de. (1.14)

T—oo -T/2

To make Eq. 1.13 more accessible, in the following the effects of temporal and
spatial coherence are examined separately.

1.5.1. Temporal coherence

Temporal coherence is the correlation of a wave with itself at two different
instances of time. To quantify the effect of a temporal coherence the so-called
complex degree of self-coherence can be calculated as [89]

1"(1'1,’[)
[(ry,0)

y(r,1) = (1.15)
Specifically, y(ry,7) describes how well a wave can interfere with itself after
a certain time delay 7. This effect can be easily observed in a Michelson in-
terferometer, where two waves coming from the same source travel along two
separate paths and are later recombined on a screen forming an interference
pattern. Changing the length of one of the interferometer arms introduces a
time delay 7 between the two interfering waves and influences the visibility of
the observed interference fringes, which is defined as

I — I
V max min , (1.16)
Imax + Imin

where I,,x and I;, denote adjacent maximum and minimum values of the

interferogram, respectively. This fringe visibility is directly proportional to

the modulus of y(ry, ) [89]

2A0B,
2., R2

A+ By

V:

ly(7)| (1.17)
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where Ay and B, are the amplitudes of the two interfering waves. As the
optical path difference in the interferometer and therefore 7 increase, )/(T)’
decreases in value. The time delay, at which |7/ (T)| falls to approximately zero,
is defined as the coherence time tc. At this point the path length difference in
the interferometer has surpassed the coherence length L, which is the distance
travelled by light during the time interval 7

c
Af’
where ¢ is the speed of light, Af is the spectral width that corresponds to
the finite pulse length 7. From Eq. (1.18) it becomes apparent that temporal
coherence indicates how monochromatic a source is. Since a laser generally
features a very narrow bandwidth (e.g. a stabilized He-Ne laser has L¢ ~
10cm and Af = 3GHz), its temporal coherence is considered high. Knowl-
edge of the coherence length becomes important when constructing a holog-
raphy experiment since there the optical path difference between the object
and reference beams should be smaller than the coherence length to observe
interference.

LC =Tc-'C—= (118)

1.5.2. Spatial coherence

Spatial coherence is given by the correlation of a wavefield at different points
in space. Using the so-called mutual intensity (MI), the correlation between
any two points of a wavefield can be mathematically expressed as

J(r1,12) =T(r1,12,0) =(E(r1)E*(r2)). (1.19)
The normalized form of the MI can be expressed as

 J(rry) (1.20)

y(ryr) = T ) (r ),

where I(r) and I(r,) are the observed intensities at the two locations defined
as

I(rq) = (E*(ro)E(xo))- (1.21)

The case of y(ry,r;) = 1 denotes perfect spatial coherence between the points
r; and ry; y(rq,r;) = 0 indicates complete spatial incoherence; the remaining
cases 0 < y(ry,rp) < 1 indicate partial spatial coherence. To make these equa-
tions more intuitive, we can consider Young’s double pinhole experiment with
a monochromatic but extended light source, where the two pinhole positions
are at r; and r,. If there are no correlations between the waves emitted from
pinhole 1 and 2 (y(ry,r;) = 0), no interference fringes will be observed on
a plate further away from the pinholes. In case of y(ry,r;) > 0 interference
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effects become visible. Similarly to Eq. 1.17, the fringe visibility in the double
pinhole experiment can be expressed as

_ 24B,
T 42 2
AO + BO

|y (r1,12)], (1.22)
where Aj and B are the wave amplitudes of the two pinholes.

An alternative description of spatially partially coherent light was intro-
duced by Emil Wolf and is referred to as the modal expansion [90]. In this
approach, the MI is decomposed into an orthonormal basis {¢,,} with m =
1,.,M,

Jr1,12) =) A (1) P (ra), (123)

where the ‘coherent modes’ ¢, are eigenfunctions with non-negative and real
eigenvalues 1, that fulfill the Fredholm integral equation

jw J(r1 1) b(r1) 4271 = Ao (£2)- (1.24)

The strength of this coherent mode decomposition is the ability to by-
pass the computationally expensive operations on the multi-dimensional mu-
tual intensity function, by instead directly manipulating the coherent modes,
which constitute the MI. For instance, to evaluate the MI at different propa-
gation distances, one can individually propagate the coherent modes to the
desired distance and reevaluate Eq. 1.23. Chapter 5 will further elaborate on
this approach and present a lensless computational imaging method, which is
able to retrieve these modes.

Contrary to temporal coherence, spatial coherence is greatly influenced by
objects the wave propagates through (i.e beam defining apertures) and the
distance from the source. For example, the light from a source that consists
of a collection of independent emitters, such as the sun, can be regarded as
completely spatially incoherent when the MI is measured close to this source.
However, once one views the source from a sufficient distance (i.e., the sun-
earth distance, which is of order 151 million km), it becomes partially coher-
ent. A mathematical description of this effect is provided by the van Cit-
tert—Zernike theorem [91]. It states that the mutual intensity in the far-field
zone of an incoherent source is proportional to a two-dimensional Fourier
transform of the source intensity distribution. Further, this suggests that the
spatial coherence of a wave field can be controlled by the spatial filtering of an
incoherent source. We will use exactly this concept in Chapter 5 to synthesize
different MI functions.

1.6. Nanophotonics

This thesis aims to combine nanophotonics and computational imaging con-
cepts to improve optical metrology, and conversely suggests how insights
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from computational imaging and metrology may further the understanding
of nanophotonics. Nanophotonics is the study of light and light-matter interac-
tions at the nanoscale and has over the years attracted a high level of interest
in fundamental research and nanotechnology [92, 93]. Potential applications
of nanophotonic platforms include super-lensing [44, 94, 95], single molecule
sensing [96, 97], optical nonlinearity enhancement [98, 99], flat optics [100]
and more recently all-optical machine learning [101]. Another widely studied
application of nanophotonics lies in super-resolution imaging [102, 103]. In
the following, we will briefly introduce three nanophotonic concepts that are
used in the different chapters of this thesis.

Plasmonics is a well-established field in nanophotonics that investigates
phenomena observed in nanostructured metals. A characteristic of metals
at optical frequencies is that they do not simply behave as near-perfect con-
ductors (¢ = —c0), as a consequence of the fact that the intrinsic response
time of the free electron sea in metals becomes comparable to the duration
of an optical cycle. This finite response time of the electron plasma causes
a strong coupling of charge density waves and light. At metal surfaces, this
expresses itself as Surface plasmon polaritons (SPPs). These quasiparticles are
composed of coupled charge density and electromagnetic field oscillations
that can propagate along metal-dielectric interfaces while decaying exponen-
tially normal to the interface. The wave vector in the propagation direction
of these transverse-magnetic bound surface waves can be expressed in the

dispersion relation
Em " &4
kspp = ko[ ——, 1.25
spp = Koy [ - (1.25)

where ko = w/c denotes the free space spatial frequency and ¢, and ¢4 de-
note the frequency-dependent permittivities of the metal and the dielectric,
respectively [104]. As embodied by the Drude model the real part of the
dielectric function e, for metals is strongly negative at RF and IR frequencies
(near-perfect conductors), but approaches e, = 0 for frequencies nearing the
plasma frequency, which for most metals lies in the visible/UV range. The real
part of €,, is hence expected to cross —e;, causing guided waves with a large
in-plane wave vector, and strong out-of-plane confinement. The propagation
distance of the SPP is mainly limited by absorption in the metal and can
be characterized by the propagation length L = 1/(2Im [kgpp]). Since SPPs
have a larger momentum than free space |kspp| > k¢, the surface plasmons are
confined to the interface, unless momentum matching between light and SPPs
can be achieved. Approaches for momentum matching make use of surface
roughness, nano-sized particles, apertures, or periodic gratings [105, 106]. In
this work, surface plasmons on periodic gratings are leveraged for their ability
to alter phase the polarization of light scattered into the far-field in Chapter 4.
Furthermore, in Chapter 5, plasmonic nanostructures are used to alter the
spatial coherence properties of the incident light.
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Another striking phenomenon in plasmonics are so-called localized surface
plasmon resonances (LSPRs). Similar to SPPs they are based on coupled
charge density and light wave oscillations, with the difference of being
non-propagating. Such LSPR modes can arise inside sub-wavelength metal
nanoparticles and become observable as resonances in optical extinction
spectra [107]. To understand this effect one can consider a spherical particle
with radius a, which is located inside a uniform field E. In case the radius 4 is
small compared to the incident wavelength A, the electro-static approximation
can be used to calculate the changes induced by the sphere on its surrounding
electric field. In this approximation the particle is treated as as an ideal dipole
with induced dipole moment p = «a - E(, where the polarizability « is given by

Em — &4
= dnadey [ 4. 1.26
“ 4 & €m +2&4 ( )

Considering a particle in vacuum (¢4 = 1), one expects a resonance when
Re[em (Ares)] = —2 is fulfilled, which for Ag and Au occurs in the visible part
of the spectrum. This polarizability resonance at A, leads to a resonantly in-
duced dipole moment, which in turn causes strongly enhanced local fields and
absorption as well as strong scattering. The strong local field enhancements
in the so-called nearfield zone make plasmonic nanoparticles highly interesting
for enhanced molecular sensing [96, 97] and nonlinear optical effects [98, 99].
In this work, in Chapter 2, we use the unique ability of LSPRs to concentrate
light in nanometer-sized regions of space in combination with structured illu-
mination to enhance the resolution of fluorescence microscopy.

In the case of larger nanoparticles, the quasi-static approximation breaks
down due to considerable phase delay of the incident field over the particle
volume. Instead, to simulate the scattering of a spherical particle with a size
comparable to the incident wavelength, whether made of metal or dielectric
media, one can use Lorentz-Mie theory (LMT), which is an exact solution to
Maxwell’s equation for the case of a uniform sphere [108]. In this theory,
the scattered and internal fields are expanded into a series of normal modes
described by vector spherical harmonics. While LMT is only valid for sin-
gle particles, an extended version of LMT using the T-matrix formalism was
developed for assemblies of nanoscatters and is referred to as generalized multi-
particle Mie theory (GMMT) [109]. Over the years, Mie theory-based techniques
have been applied to a large diversity of problems ranging from atmospheric
optics to plasmonics, optical trapping [110] and inverse problems involving
particle size [111] or morphology [112] determination. In Chapter 3, GMMT
will be applied to diffraction-based overlay metrology, where we study the
performance of different metrology target designs consisting of periodic and
non-periodic dielectric nanoparticle arrangements.
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1.7. Outline of this thesis

The goal of this thesis is to study applications of nanophotonics and compu-
tational imaging in optical metrology. To this end, each of the four remaining
chapters introduces a separate imaging or sensing modality, see Fig. 1.9 for
a setup overview. At first, they appear dissimilar, however each presented
technique algorithmically solves an inverse light scattering problem with po-
tential applications in optical metrology. A reoccurring concept is Fourier-
space engineering: Chapters 2, 3 and 4 use nanostructures to scatter light in
a designed manner, while Chapters 2 and 5 use spatial light modulators to
program the wavefront of the incident light. The first two methods focus on
breaking the optical resolution barrier. While the former technique creates
a super-resolved image as an output, the latter retrieves a single parameter
about an otherwise known object, which as discussed in Sec. 1.2 allows it to
have a much higher resolution. The last two methods are both able to retrieve
amplitude and phase but in two distinct ways. The setup in Fig. 1.9(c) uses
off-axis digital holography (see Sec. 1.4.2), whereas the setup in Fig. 1.9(d) uses
a lensless ptychographic approach (see Sec. 1.4.3).

This thesis is organized as follows: In Chapter 2, we report on a new SR
imaging technique, which combines structured illumination with LSPRs to
increase the lateral resolution in fluorescence imaging. A sketch of the SIM
setup is shown Fig. 1.9(a). Although techniques that break the diffraction limit
in fluorescence imaging (see Sec. 1.3.4), cannot be directly applied to wafer
metrology, nanophotonics assisted optical focusing is a highly promising ap-
proach that could have an impact on future metrology applications.

In Chapter 3, we investigate how OV metrology based on Fourier scat-
terometry can benefit from alternative metrology target designs. We develop a
statistical method, to determine the OV measurement uncertainty of different
2D target designs based on their far-field scattering signature as simulated
using GMMT. The proposed setup, depicted in Fig. 1.9(b), records the far-field
intensity by imaging the back-focal plane of a microscope objective.

In Chapter 4, we report on an experimental technique for quantitative
analysis of amplitude, phase, directivity, and polarization of wavefronts scat-
tered by single nano-objects. The Fourier polarimetry setup combined with
off-axis holography is outlined in Fig. 1.9(c). As a demonstration, the spin and
orbital angular momentum imposed by plasmonic spiral nano-antennas are
analyzed.

In Chapter 5, we report how mixed-state ptychography can be used
to quantitatively assess the spatial coherence of quasi-monochromatic
wavefields, see Fig. 1.9(d) for the imaging part of the lensless setup. The
accuracy of the method is confirmed through numerical simulations, back-
propagation to the source plane, and a quantitative phase comparison.
Furthermore, we demonstrate the ability of the method to experimentally
study SPP-mediated spatial coherence modulations.
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1.7. OUTLINE OF THIS THESIS
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Figure 1.9: Overview of the different setups studied in this thesis. The figure highlights
the light source, the setup collection path, and the output generated after additional
data analysis. (a) In Chapter 2, a microscope is used to image a fluorescent sample,
which is illuminated with structured laser light. (b) In Chapter 3, a Fourier scatterometry
setup is simulated to determine overlay from the back-focal plane intensity profile. (c) In
Chapter 4, a Fourier polarimetry setup is combined with off-axis holography to measure
the scattered wavefront of single plasmonic antennas. (d) In Chapter 5, a lensless
ptychographic setup in combination with structured partially coherent LED light is used
to recover the complex sample and probe function, as well as the spatial coherence of the
probe.
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DOUBLE MOIRE LOCALIZED
PLASMON STRUCTURED
ILLUMINATION MICROSCOPY

Structured illumination microscopy (SIM) is a well-established fluorescence imag-
ing technique, that is able to increase spatial resolution by up to a factor of two.
This chapter reports on a new way to extend the capabilities of structured illumina-
tion microscopy, by combining ideas from the fields of illumination engineering and
nanophotonics. We conduct an in-depth study of this technique using simulations
and preliminary experiments to show how the proposed technique can break the factor
of two resolution enhancement barrier of regular SIM.

33



CHAPTER 2. DOUBLE MOIRE LOCALIZED PLASMON SIM

2.1. Introduction

PATIAL resolution in optical microscopy possesses a fundamental limit.

This so-called Abbe-Rayleigh diffraction limit causes object features that
are sized at around half the wavelength to appear blurred. To circumvent this
effect several super-resolution (SR) microscopy techniques have been intro-
duced. This work presents an extension of SIM, which is a widely popular
fluorescence SR microscopy technique in which the sample is illuminated by
a series of non-uniform light patterns, typically obtained by simple two-beam
interference (Figure 2.1(a)), resulting in a lateral resolution improvement of
up to a factor of two [1, 2].

While other fluorescence SR methods, such as stochastic optical recon-
struction microscopy [3], photo activated localization microscopy [4] or stim-
ulated emission depletion microscopy [5] can offer significantly higher res-
olution improvements, a major advantage of SIM is its simple implementa-
tion in a fluorescence microscope without any specific modifications of the
photophysics of the fluorescent species that is imaged. SIM thus stands out
for versatility, speed, and its simple working principle. The general prin-
ciple behind SIM is the moiré effect, which states that the overlap of two
patterns introduces a third lower frequency pattern. More specifically, in
SIM sample frequency information is down-modulated through a mixing of
the spatial frequencies of the object with spatial frequencies of the illumina-
tion kjjjum. This allows otherwise inaccessible information about fine sample
features to be shifted inside of the spatial frequency passband of the micro-
scope, also known as the optical transfer function (OTF). The highest spa-
tial frequency still transferred through the OTF passband is called the cutoff
frequency keyiofr. Together with kjuy, it determines the highest recoverable
spatial frequency kyeconst max in moiré-based techniques:

kreconst,rnax = kcutoff + killum~ (21)

As the illumination patterns are typically offered through the same objective
as is used for collection, SIM usually leads to a factor two resolution gain.
Since its establishment, SIM has undergone continuous advancements in-
cluding resolution improvements above the initial two-fold resolution gain
limit [6-8]. The key to these improvements is that the moiré technique for
downsampling high spatial frequencies into the passband of collection optics
also works if one is somehow able to offer illumination wave vectors kijjum
higher than those that fit the far-field optics passband. An early approach for
such a resolution improvement is called non-linear SIM or saturated patterned
excitation microscopy, which relies on a non-linear fluorophore response to
effectively imbue the response to simple sinusoidal illumination patterns with
higher order spatial frequencies [9]. A drawback is that this approach requires
a non-linear fluorophore response either through the use of high illumination
intensities or special photoswitchable fluorescent labels, which limits its appli-
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Figure 2.1: Concept of double moiré localized plasmon SIM (DM-LPSIM). (a-c)
Schematics of the illumination configurations in regular SIM, localized plasmon SIM
(LPSIM) and DM-LPSIM. (d-i) Illustration of the resulting Fourier transformed object
reconstructions § in the three different techniques in the ky-k; (d-f) and the k)-$ planes
(g-1). The colors indicate different illumination frequency contributions.

cability in biological imaging [10, 11]. Another compelling idea is to illuminate
the sample not with simple pairs of plane waves but to combine several plane
waves at once, to obtain an intensity pattern pumping the fluorophores that
contains a multitude of difference wave vectors [12]. This approach has been
realized for illumination by four wave vectors simultaneously, and was coined
Double Moiré SIM or DMSIM [13]. The resulting interference pattern of four
distinct spatial frequencies allows to recover a wider region of Fourier space
as compared to regular SIM, which however is still limited by the OTF extend
of the illumination optics.

A route to truly break the resolution limits in SIM is by offering illumi-
nation spatial frequency beyond the OTF. As suggested in Refs. 14 and 15,
this would be possible by using the near-field of nanophotonic systems as the
illumination source. In particular, the use of near-field patterns of periodic
plasmonic nanoparticle arrays of hexagonal symmetry was suggested as a
source of illumination, dubbed localized plasmon SIM (LPSIM) [16-18]. As
depicted in Fig. 2.1(b), in this technique the plasmonic array is illuminated by
just a single plane wave. Although by itself the plane wave does not repre-
sent a space varying intensity at the sample plane, the plane wave can excite
evanescent grating orders with strong plasmonic local field enhancements.
By scanning the polar and azimuthal angle of this illuminating plane wave
a sequence of measurements is collected and used to reconstruct the super-
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resolved object. Since in LPSIM the plasmonic nanoparticles act as far- to
near-field transducers, maximal illumination frequencies far larger then the
cutoff frequency kijjum > kcutofr are possible (only limited by the performance
of nanofabrication techniques) and therefore kieconstmax > 2 - kcutoff- While
LPSIM can generate high spatial frequencies, a high spatial frequency illu-
mination alone is not sufficient to achieve high-resolution, artifact-free imag-
ing. Essential is not just to maximize the largest reconstructed wave vector
kreconst, max, but also to sample as best as possible all wave vectors up to that
maximum. This ideal should be contrasted to the LPSIM scheme, in which
one only collects information around k = 0, and around the grating reciprocal
lattice vector G, but not in between. Figure 2.1(e) illustrates this shortcoming
for G = 3 - kcytoft, which shows that image reconstruction should suffer from
lack of information about intermediate Fourier components. Figure 2.1(h)
highlights this fact by showing a 1D cross-cut of the Fourier transformed
SR object reconstruction § along y-axis. This leads to image artifacts such as
significant side lobes [18].

Here, we investigate a method to which we in the following refer to as
Double Moiré Localized Plasmon SIM (DM-LPSIM). It maintains the benefits
of high spatial frequencies generated in LPSIM while leveraging the idea of
double moiré SIM by sampling a large area of Fourier space. The idea is
that a plasmonic grating is illuminated by two beams simultaneously, see
Fig. 2.1(c). This leads to an illumination pattern which consists of not only the
light grating spanned by the two incident plane waves, and not only of the
plasmonic grating frequency but also of their sum and difference frequencies.
The resulting set of spatial frequencies covers a wide region of k-space, see
Fig. 2.1(f,i). A similar concept has been previously theoretically proposed by
Sentenac et. al in Ref. 19 and an initial implementation using two gratings
with 1D resolution enhancements was reported by S. Liu et. al in Ref. 20.

In this chapter, a detailed analysis of the DM-LPSIM technique is pre-
sented. First, Section 2.2 reports on numerical simulations using a full-wave
approach, demonstrating how under ideal conditions super-resolved image
reconstruction is possible using the pattern-illuminated Fourier ptychography
algorithm for reconstruction [21]. Further, in Section 2.3, initial experimental
results are presented. Finally, a conclusion is given and the illumination and
reconstruction algorithm requirements to achieve an optimal resolution en-
hancement are discussed.

2.2. Simulation results

This section deals with the numerical implementation of the DM-LPSIM ex-
periment. First, electrodynamic full-wave simulations are performed, to cal-
culate pump intensity patterns in the near-field of the plasmonic gratings.
Next, these pump intensity patterns are used in fluorescence imaging sim-
ulations. The resulting synthesized data sets serve as inputs of the SR im-
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age reconstruction algorithm. The resolution enhancing ability of different
pump fields is assessed quantitatively using the modulation transfer function
method.

2.2.1. Pump field simulation framework

To thoroughly test the DM-LPSIM technique and identify compatible recon-
struction strategies, simulations of the electromagnetic field distribution at
the plasmonic gratings based on the finite element method (FEM) were per-
formed. On the basis of earlier LPSIM reports [16-18] this work focuses on
Ag nanodisk arrays of hexagonal symmetry. Given the experimental realiza-
tion, which is also reported in this chapter, the nanodisks are assumed to be
fabricated on glass, to be covered by a thin glass planarizing spacer, on top of
which the specimen is coated. The specimen in this work is a thin polymethyl
methacrylate (PMMA) layer doped with fluorophores.

Two crucial parameters when designing DM-LPSIM experiments are (1)
the pitch p of the hexagonal array, since it controls the magnitude of the small-
est grating wave vector G = 27t/p - 2/V3 and (2) the incident in-plane wave
vector k| = k sin(leass)nglass, where kg = 21/ Ag is the free space wave vec-
tor, Og1ass the polar angle in glass and 7, the refractive index of glass, see
Fig. 2.2(a,b). As depicted in Fig. 2.1(f), in order to maximize the spatial fre-
quency domain coverage of the reconstructed/virtual aperture, the light and
plasmonic grating wave vectors ideally have the same orientation, and the
magnitude of the plasmonic grating wave vector G needs to be three times
larger than the pump-intensity grating wave vector in absence of the plas-
monic particles. This imposes G = 3 - 2k. To avoid gaps in the reconstructed
aperture, k.ytoff Needs to be at least as large as the separation between adjacent
frequency components of the illumination, which in this case equals 2k, as
depicted in Fig. 2.1(i). In a fluorescence imaging system the cutoff frequency is
set by the numerical aperture (NA) as kcytoff = 2NA -ker, where ko, = 270/ Aoy
is the wave number for the (vacuum) emission wavelength A..,. This means
that for a given NA there is an optimal configuration of illumination wave
vector kj and plasmonic grating vector G.

Here, simulations with two parameter sets are presented, which target
two different NA values, to which we from now on refer to as A; and A,.
The first parameter set A; is designed for an NA of 1.4, and therefore as-
sumes an array with pitch p = 115.1 nm and a polar angle Ogj,ss = 40°. The
parameters of A, are optimized for NA = 0.55, requiring p = 286 nm and
Oglass = 15°. Note, that the relatively large pitch and low NA of A, were
chosen deliberately in view of the experiment, in which DM-LPSIM is tested at
an NA of 0.55, so that we have access also to high-resolution reference images
taken at an NA of 1.4, as will be shown in Sec. 2.3.3. The simulations are
performed with single s-polarized plane waves incident at the six azimuthal
angles ¢ = [30°,90°,150°,210°,270°,330°], which are aligned to six smallest
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Figure 2.2: Simulation procedure. (a) Top view of the hexagonal array with the pitch p
and the nanodisk diameter d. The dashed rectangle indicates the unit cell. (b) Side view
of the system indicating the material composition of the sample stack and the incident
s-polarized plane wave. (c) The absorbance spectrum of the hexagonal Ag array A;. (d)
Phase profile arg(Ey (x,7)) of 7 x4 combined unit cells. (e,f) Example LPSIM illumination
pattern and its Fourier transform. (g,h) A simulated LPSIM measurement and its Fourier
transform. (i,j) Example DM-LPSIM illumination pattern and its Fourier transform. (k,1)
A simulated DM-LPSIM measurement and its Fourier transform. The dashed circles in
the panels (d),(e), and (i) indicate the size and positions of the nanodisks. The green
dashed circles in the Fourier plots indicate the cutoff frequency of WF imaging. Panels
(d-1) show results at an extraction height t = 40nm and an azimuthal angle ¢ = 150°.
The color scale in the panels (h) and (1) is logarithmic and otherwise linear.

plasmonic wave vector components. For both arrays, the diameter of the nan-
odisk was tuned to have maximal absorbance at the excitation wavelength of
Ao = 561.3nm. A; has the nanodisk diameter d = 99nm and the absorbance
spectrum shown in Fig. 2.2(c). The absorbance spectrum for A, is shown in
the Appendix in Fig. 2.A.1(c).

As a first step, we extract electric field profiles in 2D planes at multiple
heights above the nanodisk array (t = [40,50,60,70,80]nm for A,), so that
the reconstruction performance at different proximities to the plasmonic hot
spots can be assessed. The hexagonal array unit cell, which was simulated in
COMSOL using Floquet boundary conditions, is indicated in Fig. 2.2(a). In
order to generate large area patterns, the simulation for a single unit cell is
exported from COMSOL and in the subsequent MATLAB based analysis is
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replicated in the x and y direction 60 x 35 times in case of A;, which results
in a field of view of around 7um. At the same time, the phase offset that the
obliquely incident plane wave accumulates between unit cells is taken into
account, as verified by the arg(E,(x,)) plot in Fig. 2.2(d). For better visibility
Fig. 2.2(d) shows a zoomed-in area corresponding to 7 x 4 unit cells, while
the dashed circles indicate the nanodisk position and size. In addition to that,
Fig. 2.2(e) shows an example of a LPSIM intensity pattern at the distance t =
40nm, i.e., the field intensity |E(x,y)|> generated by just a single plane wave
incident at 0,1, = 40° and ¢ = 150°. This pattern features hot spots with the
same periodicity as the nano-sized array itself. This becomes evident in the
frequency domain as peaks at the grating wave vectors G, see Fig. 2.2(f).

Next, a set of DM-LPSIM illumination patterns is calculated through co-
herent superposition of the simulated field profiles Eggy (k) and Eppnm (K ;)
generated by two opposing parallel wave vectors:

PPMALPSIM (3, p) = [Brem (k) ) + Brom (=K ) - €112, 2.2)

where @; is the j" phase offset to one of the excitation plane waves and
j = 1,2,..,L. This phase shift ¢; is varied in 9 equal steps in the interval
from 0 to 27, to obtain a controllable shift of the incident pump light standing
wave on the sample plane. The process is continued for each of the three
azimuthal wave vector orientations, which leads to a set of L = 27 simulated
near-field DM-LPSIM illumination patterns. In Figure 2.2(i), a zoom-in of such
a pattern is shown and in Fig. 2.2(j) its Fourier transform PPM-LFPSIM The
appearance of the spatial frequency components 2k; and G+ 2k can be clearly
observed'. More simulation details and analogous results for configuration A,
are provided in Appendix 2.A.

As a benchmark comparison, regular SIM illumination patterns are created
using the squared coherent sum of two plane waves:

2
, (2.3)

P].SIM(x,y) = 'exp (ik”,j -r) + exp (—ik”,j T (pj)

where the incident wave vectors k) ; and phase shifts ¢; were chosen iden-
tical to the DM-LPSIM illumination. Strictly for regular SIM L = 9 images
would suffice. Despite this, the same number of input images (L = 27) as
for DM-LPSIM were used, in order to create a more fair comparison of the
reconstructions results.

ITo generate the Fourier transform plots in Fig. 2.2(fj,h,1) we used the full area (60 x 35 unit
cells) of the down-scaled (effective pixel size of 27.4nm) illumination patterns and windowed
the images with a 4-term Blackman-Harris function, to avoid FFT artifacts.
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2.2.2. Forward model of the SIM imaging process

The incoherent imaging process is simulated using the regular SIM forward
imaging model, which can be expressed as

) (24)

M;(x,y) = |F 1 [F {s(x,9) - B(x,p)} - OTF]

where F denotes the 2D Fourier transform, s(x,v) the perfectly resolved spec-
imen and P;(x,y) the j illumination pattern. Figure 2.2(g k) shows examples
of simulated measurements with the LPSIM and DM-LPSIM illumination for
the parameter set A;. The corresponding Fourier transformed measurements
are shown and in Fig. 2.2(j,1). Since the plasmonic grating illumination is not
optically resolved, the LPSIM intensity pattern M].LPSIM, shown in Fig. 2.2(g),
lacks any spatial intensity variations. The DM-LPSIM measurement pattern
MPM-LPSIM 5 the other hand, still contains spatial intensity variations caused
by the interference of the two plane waves. The specimen s(x,v) is a Siemens
star target, which consists of a circular pattern of spokes. This resolution test
target is employed, since it allows the examination of the imaging resolution
at a broad range of azimuthal angles. The OTF is modeled by first generating
the coherent transfer function CTF as a circle of radius kgg?(ffrfem = NA - ke

and then computing PSF = |}' -1 (CTF)|2. Finally, the OTF is calculated as

OTF = |.7-' (PSF)|. The emission wavelength is A, = 577nm and the two
simulated configurations use NA values of 1.4 and 0.55.

2.2.3. Reconstructions using simulation data
By performing the above described imaging simulation for each of the gen-
erated DM-LPSIM and regular SIM illumination patterns, we obtained data

sets containing the diffraction-limited simulated measurements {M i }jfl .- the

illumination patterns {Pj}j,l L and the OTF, which we subject to image recon-
struction.

The aim of the reconstructions is to ascertain if such a data set would allow
to retrieve the specimen image s(x,v) with a high resolution. The amount of
necessary inputs or a priori knowledge varies depending on the reconstruc-
tion algorithm one uses. In the 'non-blind” reconstruction approach of the

following section, the set of illumination patterns {P]} is assumed to be known.
Therefore, the algorithm makes use of the full data set including OTE, {M j} and
{P]} Later, in the experimental implementation discussed in Sec. 2.3.3 we will

make use of ‘blind’ reconstruction approaches, where {P]} is not considered as
known input, but jointly retrieved during the reconstruction.

Since the plasmonic near-fields in DM-LPSIM are far from harmonic or
sinusoidal patterns, a standard SIM reconstruction method is not applicable.
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Figure 2.3: Reconstruction results for simulation configuration A;. (al) WF image at
NA = 1.4. (a2-a4) Reconstructed images using regular SIM and DM-LPSIM illuminations
at t = 80nm and t = 40nm respectively. (b1-b4) Fourier transforms of (al-a4). The blue
dashed circles in panels (al), (a2) and (a4) indicate the radius of the cross-cuts shown in
Fig. 2.4(c). The green dashed circles in panels (b1-b4) indicate the cutoff frequency of WF
imaging.

To tackle this problem, we made a comparative study of several iterative
reconstruction algorithms, which do not pose restrictions on the type of the
illumination pattern. Of the investigated algorithms the pattern-illuminated
Fourier ptychography (piFP) reconstruction algorithm was found to offer the
best results [21, 22]. This iterative algorithm is an extension of the regular
Fourier ptychographic microscopy approach and was recently successfully
demonstrated in combination with saturated SIM and total internal reflection
SIM [23-25]. In the following, to establish the best-case scenario for DM-
LPSIM we report reconstruction results using this piFP reconstruction ap-
proach with known illumination patterns (‘non-blind”). The piFP implemen-
tation here slightly differs from the originally proposed version, in order to
handle different illumination patterns instead of one shifted pattern as ex-
plained in Appendix 2.B. The same N = 2000 piFP iterations are performed
for both regular SIM and DM-LPSIM to ensure that the reconstruction results
only differ in terms of the illumination conditions.

For a visual comparison Figure 2.3(al) depicts the result one would get
in case of widefield (WF) microscopy with NA = 1.4, while Fig. 2.3(a2)
shows the result using regular SIM illumination and piFP reconstruction.
Figure 2.3(a3,a4) shows the piFP reconstruction results for DM-LPSIM
illumination at heights t = 80nm and t = 40nm above the particles
respectively. It is evident that all forms of structured illumination yield
a resolution improvement over WF imaging. The corresponding Fourier
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Figure 2.4: Quantitative assessment of the resolution enhancement in simulation
configuration A; (left panels) and A; (right panels). (a,b) Modulation transfer function
(MTF) of the reconstructed images for WF imaging, regular SIM, and DM-LPSIM at
different distances t from the plasmonic array. The dashed horizontal lines indicate
the Rayleigh criterion of 9% contrast. (c,d) The normalized intensities at image cross-
cuts along circles, which are indicated in Figs. 2.3 and 2.A.2, for WF imaging (blue),
regular SIM (green) and DM-LPSIM at ¢ = 40 nm (dark red). (e,f) The minimally resolved
distances according to the Rayleigh criterion. The resolution improvement compared to
WEF imaging is indicated under each data point. The dotted vertical lines in panels (a)
and (b) indicate the normalized wave vectors at which the cross-cuts in panels (c) and
(d) were taken, respectively.

transformed images are shown in Fig. 2.3(b1-b4), suggesting that DM-LPSIM
provides additional information at higher wave vectors and small distances
t. At the same time, at small distances t periodic artifacts appear in the
image reconstructions, which are visible as peaks at the grating orders G in
the Fourier transformed images. This is because the high spatial frequency
components at the wave vector G (and multiples thereof) are not phase shifted
during the measurement sequence. Physically this means that plasmonic
gratings present nanoscale hotspots that are pinned to the plasmonic particles

and that do not shift. We will further elaborate on this in Sec. 2.4.
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In order to quantitatively assess the resolution of the reconstructed images,
the modulation transfer function (MTF) method is used as described in Ref. 26.
It uses the fact that the Siemens star target features gradually increasing spatial
frequencies towards its center. Therefore, this approach allows to quantify the
ability of an imaging system to transfer contrast at a particular frequency from
the object to the image plane. The MTF results are summarized in Fig. 2.4(a)
for A; and in Fig. 2.4(b) for A,. For both cases, DM-LPSIM shows an increased
MTF towards the tail end of the MTF curve of regular SIM, which increases
with a decreasing distance ¢ to the particles. The Rayleigh criterion for inco-
herent imaging assumes a minimal detectable MTF value of 9 % (indicated as
dashed horizontal line in Fig. 2.4(a,b)) [27]. Figure 2.4(c,d) reports normalized
intensities at image cross-cuts along circles concentric with the Siemens star
origin for WF imaging, regular SIM and DM-LPSIM at t = 40 nm. The radii,
at which these cross-cut were taken, correspond to the normalized wave vec-
tors, at which the regular SIM contrast falls below 9 %, i.e., offers imaging
performance below the one required by the Rayleigh criterion. The exact
cross-cut radii are indicated as blue dashed circles in Fig. 2.3 for A; and in
Fig. 2.A.2 for A,. The corresponding normalized wave vectors are shown as
vertical dotted lines in Fig. 2.4(a,b). It is evident that at this radius, the DM-
LPSIM reconstruction shows a higher contrast compared to regular SIM. In
Figure 2.4(e,f), the wave vector at the Rayleigh criterion for each technique is
converted into a distance, which corresponds to the minimal distance between
two resolved points. For each imaging method in addition to this Rayleigh
resolution, the resolution improvement compared to WF imaging is shown. In
the case of A, we find a resolution improvement of up to 2.65 at a distance of
t = 40 nm from the plasmonic array. When the distance increases to t > 50nm
the MTF contrast becomes almost identical to that of regular SIM. This is due
to the non-propagating nature of the wave vectors of array A;. In the case
of array A,, we find a resolution improvement of up to 3.23 at a distance
t = 40nm (reconstructed images are shown in Fig. 2.A.2 of the Appendix).
This value significantly exceeds the resolution improvement with mere SIM in
absence of plasmonic effects. For larger distances, the MTF contrast decreases,
as the contribution of the high wave vectors is associated with evanescent
diffracted modes that decay with distance away from the particles. Note, that
the 4-fold resolution enhancement reported for DMSIM in Ref. 13 was only
possible because the initial numerical aperture (NA = 0.4) was chosen to be
relatively low. Since contrary to DMSIM the illumination spatial frequency of
DM-LPSIM is not limited by the OTF of the illumination optics, the proposed
technique has the potential to improve upon a higher initial NA.
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2.3. Experiment results

2.3.1. Optical setup

In addition to numerical simulations, we conducted a series of experiments
aimed at characterizing the wave vector content of plasmonic array illumina-
tion and testing the DM-LPSIM technique. To this end, the custom-built setup,
shown in Fig. 2.5(a), was used, which consists of an inverted bright-field opti-
cal microscope complemented by an illumination unit. This illumination unit
uses a reflective, phase-only spatial light modulator (Meadowlark 1920x1152
XY Phase Series SLM) to achieve an effective amplitude and phase modulation
in the first grating order as described in Refs. 28 and 29.

A CW DPSS laser (Lasos DPSS, 561.3 nm wavelength, 50 mW power) beam
is expanded by the lenses L; (f; = -20mm) and L, (f, = 300mm). After
passing through the half-wave plate HWP;, which rotates the incident lin-
ear polarization towards the director axis of the liquid crystals in the SLM,
the beam is reflected off the SLM. The effective amplitude modulation is ac-
complished by displaying blazed phase gratings in small regions of the SLM
screen (see inset in Fig. 2.5(a) for an example SLM image). Light from these
regions of the beam profile is deflected into the 1%t grating order, while the
rest is reflected into the 0™ order. By placing an iris in the focal point of
lens L3 (f; = 250mm), the 1°t order light is transmitted and the 0'h order
light blocked. After that, lens L4 (f; = 300mm) projects the transmitted light
on the back-focal plane of an oil objective (Nikon 100x, Plan Apo VC, NA
1.4). The telescope consisting of lenses L3 and L, magnifies the SLM pixels
slightly from their initial size of 9.2 um to 11.0 pm in the objective back-focal
plane. The second half-wave plate HWP,, which is controlled by a motorized
rotation mount, rotates the polarization of the two incident beams to be s-
polarized. Since the SLM screen and the sample plane lie in Fourier planes of
each other, selecting just two points/small disks on the SLM is equivalent to
illuminating the sample with two oblique plane waves. At the same time, the
angular divergence of the beam at the SLM controls the illuminated area or
the field of view on the sample. Choosing the distance between L, and L, to
be smaller than the sum of their focal distances, causes a slight convergence
of the beam, which in turn increases the field of view in the sample plane to
around 15pm. In the imaging path emitted fluorescence light is separated
from laser light by a 561 nm dichroic mirror (Semrock Di03-R561-t1-25x36)
and a 561 nm long-pass emission filter (Semrock BLP02-561R-25). The lenses
Ls to Ly (fs = fo = f = 200mm) are used to relay the fluorescence sample
image onto the CCD (Andor Clara). Alternatively, the fluorescence can be
redirected to a spectrometer (Shamrock 303i spectrometer with iVAC CCD).
Further details on the alignment and measurement procedure are described
in Appendix 2.C.
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Figure 2.5: Experimental setup and sample fabrication. (a) A schematic drawing of
the structured illumination setup. The red and blue dashed lines indicate positions of
conjugate image and back-focal planes respectively. L, lens; HWP, half-wave plate; SLM,
spatial light modulator. The inset on the left shows example SLM images, which are
used creates two circular beams in the back-focal plane of the objective. The right inset
shows the material stack and parameters of the fabricated DM-LPSIM sample. (b) SEM
image of the hexagonal Ag nanodisk array. (c) PM605 fluorescence emission spectrum
excited at a 561.3 nm wavelength. The inset shows a sketch of the PM605 molecule. (d)
WE fluorescence image (excited at A = 532nm) of the Siemens star target patterned into
a PM605 embedded in a PMMA matrix using EBL on top of the plasmonic array.

2.3.2. DM-LPSIM sample fabrication

The samples for experimental measurements resemble parameter set A, as-
sumed for the simulations. They consist of hexagonal arrays of Ag nanodisks
created by electron beam lithography (EBL), covered by a thin protective layer
of partially planarizing sol-gel and a patterned fluorescent layer on top, as
shown in the inset of Fig. 2.5(a).

The fabrication starts by cleaning a 170 um thick glass cover slip using a
base piranha solution and an O, plasma etch. Next, the samples are prepared
for the first EBL step by spin-coating 100nm of PMMA (MicroChem 495K
AB8), evaporating 20 nm of Ge and spin-coating 50 nm of CSAR (Allresist AR-P
6200:09). The CSAR layer, which serves as the e-beam resist, is thin to improve
resolution. The Ge layer is used as a hard etch mask and as a charge dissipa-
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tion layer. The PMMA layer is used for lift-off. The EBL exposure is done in a
Raith Voyager system (50 keV, dose 130 pC/cm?), which defines the hexagonal
array patterns (50 x 50 pm? sized, MBMS path) and four alignment markers
(100 x 100 pum? sized crosses positioned around the field of arrays) into the
resist. After exposure, the CSAR resist is developed in a pentylacetate bath for
60s. An O,:SF¢ (1 : 5) plasma is used for 60s, to etch away the exposed part of
the Ge layer. Subsequently, a 60s long O, plasma etch is used to remove the
exposed PMMA and create an undercut. Next, a 3nm thick Cr adhesion layer
and a 20 nm thick Ag layer (at 0.9 A/s) are thermally evaporated. The Ag film
is lifted off by dissolving the PMMA spacer layer in acetone while leaving
the Ag nanodisk arrays and markers on the substrate. The sample is rinsed
in isopropanol and blow-dried with N,. Following this, a 50 nm layer of sol-
gel (V7, SCIL Nanoimprint Solutions) is spin-coated on top to planarize the
surface. This glass-like material cures in air at room temperature and serves
as a protective layer for the Ag nanodisks. Figure 2.5(b) shows a scanning
electron microscope (SEM, FEI Helios Nanolab 600) image of the hexagonal
array before it was embedded in sol-gel. For the purpose of SEM imaging, a
60 nm thick conductive electra layer was spin-coated. It is removed afterwards
using demi-water and isopropanol.

As a fluorescent material, we spin-coat a 50nm layer of PMMA (Mi-
croChem 950K A8 dissolved in anisole), in which a concentration of 20 mMol
of the commercially available dye pyrromethene 605 (Exciton PM605,
MW = 376.25g/mol) was embedded. The molecular structure of PM605
is shown in the inset of Fig. 2.5(c) (drawn using PubChem Sketcher V2.4). The
choice of PMMA as the host medium for pyrromethene was motivated based
on reports of its positive effects on thermo- and photostability of the dye [30].
The baking step, which is needed to evaporate the anisole solvent from the
PMMA solution, was performed at a relatively low temperature of 100°C for
10mins to prevent thermal bleaching of the PM605. A measured emission
spectrum of the fluorescent PM605 dye embedded in PMMA and excited
using a laser wavelength of 561.3 nm is demonstrated Fig. 2.5(c), displaying a
pronounced emission peak just above the excitation wavelength.

For patterning of this fluorescent layer, a second EBL step was conducted.
To avoid charging effects, an additional 60 nm, thick layer of electra (Allresist
AR-PC 5090) is spin-coated. We found that electron beam exposure without
subsequent chemical development of the polymer matrix, caused fluorescence
contrast to appear. The result is a fluorescent image without physical height
corrugation that would cause scattering. Using this EBL-based technique four
Siemens resolution test targets (sized 25 x 25 pm?) were exposed (50 keV, dose
170 uC/cm?) on top of each 100x 100 pm?-sized Ag array were patterned. The
position and orientation of the two EBL steps were aligned by locating three
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of the Ag alignment markers, that were written in the first EBL step”. For
reference measurements, additional Siemens stars were exposed in regions
without nanodisks. Finally, the conducting electra layer is removed by rinsing
the sample in demi-water and isopropanol. Figure 2.5(d) shows a widefield
fluorescence image of the Siemens star target on top of the plasmonic array.
The plasmonic array appears dark in the fluorescent image. The spatial reso-
lution of this patterning method is assumed to be far better than the upcoming
optical measurements, which is why we selected it for the generation of our
resolution test targets. Note, that since the fluorescence contrast decays over
time scales of weeks, the experiment is performed quickly after exposure.
However, the fact that the nanodisk arrays are embedded in sol-gel, allows to
remove and replace the fluorescent top layer multiple times before the sample
is degraded.

2.3.3. Optical measurements

The generation of high wave vector components in the illumination and their
transfer to the fluorescent object is a key ingredient for DM-LPSIM. To test
for the presence of these high wave vector components we perform a char-
acterization at a higher resolution (HR), prior to attempting DM-LPSIM with
a lower resolution (LR). To this end, we record fluorescence images at NA =
1.4, and consider their Fourier transforms. Figure 2.6(a) shows an example
measurement M]HR at Oglass = 15° and Fig. 2.6(b) its 2D Fourier transform

M]HR. The red dashed circle indicates the actual cutoff frequency of the NA =

1.4 microscope objective. In addition, the green dashed circle indicates the
LR cutoff frequency corresponding to NA = 0.55, which was used to create
the input images for the DM-LPSIM construction. When the correct polar and
azimuthal angles are set, the Fourier peaks are distributed equidistantly in the
Fourier plane, as shown in Fig. 2.6(b). Figure 2.6(c) shows a 1D profile along
¢ = 30° in Fig. 2.6(b). The wave vectors from just the two-beam illumination
(2kj), the grating, and their mixing can be clearly discerned.

Figure 2.6(d) shows a measurement of the two incident beams in the back
focal plane (BFP) of the objective, which was used to calibrate the angle of
incidence of the two beams®. Such a measurement is performed by moving the
objective over a reflective region on the sample (Ag film), removing the long-
pass filter, and flipping out lens L from the setup, shown in Fig. 2.5(a), which
relays the BFP image onto the CCD camera. BFP measurements were also
used to align the center of the SLM to the BFP, as described in Appendix 2.C.

2 An initial estimate of marker position was found using the edge of the substrate and the EBL
design of the first layer. Then, an SEM image is acquired to select the exact center of the markers.
Due to the low thickness of the Ag markers and the additional layers (sol-gel, PMMA, and
electra) on top of it, the markers only become visible at relatively long acquisition times.

3The NA of the microscope objective is calibrated using the sharp discontinuity in fluorescence
emission at the total internal reflection angle of the air and glass interface at NA = 1 that is visible
in BFP imaging of homogeneous dye films at an air-glass interface [31].
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Figure 2.6: Experimental DM-LPSIM illumination characterization. (a) DM-LPSIM
measurement with s-polarization, Ogjass = 15° and ¢ = 30°. (b) 2D Fourier transform

of (a). The green dashed circle indicates kgftoff and the red dashed circle kilfoff' (c) 1D

profile along ¢ = 30° in (b). (d) a measurement of the two incident beams in the back
focal plane (BFP) of the objective. (e) Sweep of 1D profiles along ¢ = 30° for a varying
in-plane wave vector k|| (y-axis). (f) 1D profile along ¢ = 30° a Fourier transformed DM-
LPSIM measurement featuring p-polarization. Note, panels (b) and (e) are shown on a
logarithmic color scale.

Using this BFP imaging technique, distances between the two circles on the
SLM image were converted into appropriate in-plane wave vectors k. Based
on this calibration we performed a sweep of k; while acquiring a series of
measurements. Figure 2.6(e) shows the results of this polar angle sweep as
a series of 1D profiles of M]-HR along ¢ = 30°. The wave vector components
of the standing light grating 2k can be directly identified as the diverging
linear features, and occur at angles matching the angle calibration. The grating
wave vectors appear as vertical lines since their values are independent of
the incident wave vector. Finally, the mixing of grating and illumination
wave vectors causes the reflected lines that converge to zero wave vector at
increasing k. The overlaid dashed curves show the expected +k, G_;; + k|
and G; _; — kj values. The excellent agreement between the measured MHR
peaks and the expected wave vector curves, that were derived from indepen-
dent measurements [31] and the array pitch p = 286nm defined in lithogra-
phy, further validates our wave vector assignment. The horizontal dashed
line indicates the wave vector and angle (6g1.5s = 15°), at which the DM-
LPSIM measurements are performed, given that the involved wave vectors
are equidistant in k-space, and only 2k falls within the NA = 0.55 bandwidth.
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While the measurement clearly confirms that the DM-LPSIM geometry in-
deed introduces the relevant wave vectors for SR, a successful SIM experiment
would also demand significant amplitude in these wave vectors. An impor-
tant parameter that influences the amplitude in the desired grating diffrac-
tion features is polarization. When comparing s-polarized and p-polarized
incident pump polarization (Fig. 2.6(b) versus 2.6(d)), it is evident that only
s-polarization yields substantial grating diffraction amplitude. In particular,
the mixed terms G + 2 -k|; seem to disappear completely from the fluorescence
pattern for p-polarized pump light. This is attributed to the fact that in-plane
electric field polarization best matches the particle polarizability tensor, and
hence also shows the strongest grating diffraction.

2.3.4. Reconstructions using experiment data

On the basis of the presence of the relevant wave vectors in s-polarized illumi-
nation, we proceeded to collect measurement sets for DM-LPSIM image recon-
struction. To this end, we generate the two-beam interference illumination by
maintaining a fixed polar angle of the incident wave vectors, yet setting three
azimuthal angles and nine phase shifts, resulting in L = 27 measurements.
With the Siemens star as the object for reconstruction, data was collected using
the high NA objective. Digitally low-passed data corresponding to an NA =
0.55 is used for reconstruction, while the high-resolution data is used as a
verification benchmark.

Since in the case of actual experiments the perfectly resolved illumination
patterns {P]} are strictly not known, finding the most suitable blind recon-
struction method becomes important. Table 2.1 summarizes different estab-
lished reconstruction algorithms in SIM and distinguishes them in terms of
pattern flexibility and the use of prior information. In the Wiener reconstruc-
tion method, which was the originally proposed SIM reconstruction method,
the illumination is assumed to be perfectly sinusoidal and its wave vectors k| ;
and phase shifts ¢; are assumed to be approximately known [1]. Since this is
not the case in DM-LPSIM we examine in the following iterative methods,

Table 2.1: Studied reconstruction algorithms with their specific requirements.

Method name Pattern flexibility Blind A priori assumptions

Wiener no no {P]} is sinusoidal, k|, i
and @; approx. known

piFP yes no P;{ is known

jRL yes no P;} is known

b-SIM yes yes  {M;} and s are positive

tb-SIM yes yes  {M;} and s are positive,

pitch p is approx. known
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which are flexible in terms of their illumination patterns. Two such methods
are the aforementioned piFP reconstruction and the joint Richardson-Lucy
(RL) deconvolution [21, 32]. However, they do assume known illumination
patterns. This requirement is lifted in blind-SIM (b-SIM) and filtered blind-
SIM (fb-SIM). Blind-SIM retrieves the illumination patterns during the itera-
tive reconstruction using a minimization approach. It was initially proposed
for unknown speckle illumination and later also applied to plasmonic illumi-
nation schemes [17, 33-35]. In the case of fb-SIM the minimization is aided by
k-space filtering of its search space [36]. Further details on the implementation
of these reconstruction methods are provided in Appendix 2.B.

Figure 2.7 shows example results of different reconstruction algorithms
and their k-space content, as applied to the low-NA data set. For reference
purposes the widefield image result is shown in Fig. 2.7(al), which was gen-
erated by averaging over {MjLR}. It displays the resolution that is possible if
one simply performs widefield imaging at the relevant NA (NA = 0.55). As
an indication of the HR specimen reconstruction that one hopes to retrieve,
Fig. 2.7(ab) displays an image obtained by averaging over the high NA data
{M].HR} and performing five iterations of the RL deconvolution. Since the M]HR
data set contains plasmonic grating features, we have apodized the image in
Fig. 2.7(a5) by a Fourier filter, which removes the plasmonic grating orders.

The remaining panels in Fig. 2.7 show results for five different reconstruc-
tion approaches. The insets show cross-cuts along the blue dashed circles and
were used to determine the MTF values given on the bottom right corner of
each image. These MTF values were obtained by fitting a sine to the cross-
cuts after removing any linear and quadratic trends from the data. For Fig-
ures 2.7(a2) and 2.7(a3) 600 iterations of the b-SIM algorithm were performed
on a data set without a plasmon grating (labelled ‘regular SIM’) and the DM-
LPSIM data set respectively. In Figure 2.7(a4), we performed 600 iterations
of the fb-SIM algorithm on the same DM-LPSIM data set, while using the
Fourier filter shown in Fig. 2.8(d). It is evident that all these three approaches
improve resolution compared to the low-NA widefield imaging. At the same
time, it is also evident that the improvement due to the plasmonic structuring
is small, as a similar resolution is obtained when processing the regular SIM
data set (i.e., the same 27 illuminations, but no plasmon grating). Fourier
analysis of the illuminations reconstructed by b-SIM and fb-SIM in Fig. 2.8(b1)
and 2.8(b2) do show that the reconstructed illumination patterns contain the
plasmon grating and moiré wave vectors. However, differences of the b-SIM
and fb-SIM reconstructions are minor and only visible upon closer inspection
of the Fourier transformed illumination patterns.

Finally, the SR image reconstruction was attempted using algorithms that
require illuminations to be specified as input. Not having access to the actual
illumination patterns in the experiment, we used the illuminations that the b-
SIM algorithm returned as inputs for piFP and jRL. The reconstruction, shown
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Figure 2.7: Experimental DM-LPSIM results. (al) WF image calculated by averaging
over the LR DM-LPSIM data set. (a2) b-SIM reconstruction using regular SIM
illumination. (a3,a4) b-SIM and fb-SIM DM-LPSIM reconstructions. (a5) High-resolution
WEF image calculated by averaging over the HR DM-LPSIM data set. (a6,a7) piFP
and jRL DM-LPSIM reconstructions using illuminations reconstructed with b-SIM. (a8)
jRL reconstruction, which used the HR DM-LPSIM data set as illumination and was
apodized with the Fourier filter shown in Fig. 2.8(c). Each of the insets in panels (al)-
(a8) shows a cross-cut along the blue dashed circle. The accompanying MTF values were
obtained through a sine fit to these cross-cuts. (b1-b8) 2D Fourier transforms of (al-a8).
The green dashed circles indicate kchtoff and the red dashed circles kIIR . (a2) uses a
regular SIM data set, while all the other panels use the same DM-LPSIM data set. Both
data sets were recorded with 300 ms exposure time.

in Fig. 2.7(a6), used 200 iterations of the piFP algorithm using the b-SIM
illumination reconstruction as input. The result looks similar to the b-SIM
reconstructions alone. Figure 2.7(a7) displays the result of 14 iterations of the
jRL algorithm using the b-SIM illumination reconstruction as input. Here, it
is evident that the combined jRL and b-SIM approach achieves a resolution
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Figure 2.8: (al,a2) The illumination patterns reconstructed using b-SIM and fb-SIM.
(b1,b2) The Fourier transforms of (al,a2). (c) The Fourier filter used to apodize the
jRL reconstruction result in Fig. 2.7(a8). (d) The Fourier filter used during fb-SIM
reconstruction.

comparable to that in the averaged HR reference images in Fig. 2.7(a5) while
exceeding the result of the b-SIM reconstruction alone. As an alternative,
approach to obtaining high-resolution illumination patterns, in Fig. 2.7(a8),
we have also considered running the jRL algorithm taking the high-resolution
DM-LPSIM measurements MR themselves as the illumination inputs. This

has the disadvantage that the Siemens star itself, i.e., the object that one at-
tempts to retrieve, is then also attributed in part to the illumination. Fig-
ure 2.7(a8) shows the reconstructed results after 6 iterations of the jRL algo-
rithm. The reconstructed image was apodized using the Fourier filter, shown
in Fig. 2.8(c), to remove the plasmonic grating features in the image. As can be
seen from the high contrast of the cross-cut and the relatively large MTF value
in the inset, jRL shows promising potential as a reconstruction algorithm for
experimental DM-LPSIM data. At the same time, the fact that the assumed
input illuminations contain the contrast variations of the object itself means
that the contrast in such a reconstruction approach may not faithfully repre-
sent that in the actual object. These findings highlight that the main limitation
in plasmonic-SIM scenarios not only comes from the need to realize sufficient
energy density in the evanescent Fourier components but also from the need
to have a precise estimate of the illuminating energy distribution in the unit
cell. This estimate is not trivially available in real experiments. Importantly,
one can not characterize the illuminations separately on a nominally identical
plasmonic reference structure first, for later use in actual imaging, since the
near-field in actual plasmonic gratings may strongly vary from realization to
realization due to nanofabrication disorder.
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2.4. Conclusion and discussion

In this chapter, we examined the potential of enhancing structured illumina-
tion microscopy resolution by combining the idea of using a nano-patterned
grating to generate high spatial frequency illumination [15-17] with the con-
cept of double moiré SIM [12] to cover a large area in Fourier space without
blank patches. Using full-wave simulations it was shown that DM-LPSIM can
indeed significantly extend the resolution enhancement possible by regular
SIM, particularly for specimens sufficiently close to the grating to benefit from
a strong field strength of the evanescent grating orders. The optical experi-
ments indicate that in real samples the relevant spatial frequencies expected
in DM-LPSIM indeed appear in the illumination. While the specimen recon-
structions point at the possibility of resolution enhancements on par with, or
in excess of, those that can be achieved with just SIM, the experiments also
points out a suite of obstacles that would need to be overcome for artifact-free
SR imaging.

A fundamental property of enhancing SIM by tapping into evanescent
grating orders is that the strength of the evanescent orders rapidly vanishes
with height above the grating. In this demonstration, we found a relatively
low amplitude ratio of the high order frequency components to the zero-order
component. At the same time, it is beneficial for SIM that all illuminations to-
gether homogeneously sample the unit cell. This requirement is hard to realize
in plasmonic systems since hot spots tend to be fixed in space at the particle
locations without significantly shifting their position in the unit cell when the
incidence angle is changed. This causes algorithms to struggle to disentangle
whether the plasmon grating is a feature of the specimen or the illumination,
as is evident from the remaining structure in the simulation results. While
it becomes easier to shift the location of hot spots in planes at larger heights
above the particles, this comes at the expense of overall smaller amplitudes
in the high-frequency components. Together these observations indicate im-
portant criteria for optimizing the grating structure. Overall, we are confident
that there is significant room to optimize the strength of evanescent orders by,
e.g., using a higher index medium between array and the image plane in com-
bination with further array design optimizations. Nonetheless, the challenge
is to simultaneously enhance the strength of the evanescent orders and gain
control to manipulate their phase independently to shift hot spots through the
unit cell. Previously proposed far-field mechanisms, that could enable control
over near-field hot spots in a plasmonic grating, are based on time-reversal
[37,38], polarization multiplexing [39, 40] or spatial phase modulation [41, 42].
A further challenge as compared to creating multi-moiré patterns with just
propagating waves is that evanescent waves inherently have a complicated
polarization state, making high interference contrast harder [43].

Aside from the physical requirements on the illumination fields, the tech-
nique of DM-LPSIM would also benefit from algorithmic improvements. A
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major challenge for any technique that uses structured illumination with near-
field features is that it is practically impossible to have full knowledge of the
applied near-field illumination. This implies that reconstruction algorithms
are confined to be blind, i.e., to those that recognize the object at the same time
as the illumination. A problem with blind-SIM reconstruction is that it can
be shown that without any a priori assumptions about the experiment, blind-
SIM can not recover illumination spatial frequencies higher than the frequency
cutoff keyioff [44]. Therefore, to make full use of the plasmonic illumination for
the resolution enhancement, additional a priori information such as sparsity
or frequency content needs to be utilized during the reconstruction process.
A further complication is that such benchmarking of illumination likely can
not be done once and for all using calibration structures that are nominally
identical to the transducer used in imaging, since fabrication disorder and
small variations in illumination may significantly change the near-field. Thus,
the technique might be most suited to applications in, e.g., liquid systems
instead of using fixed specimens, as one can then envision first calibrating
the transducer, and then using it to image, e.g., the evolution of the spatial
organization of a specimen.
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APPENDICES
2.A. Details of DM-LPSIM simulation

The FEM simulation of plasmonic nanodisk arrays were performed using
the COMSOL Multiphysics software package version 5.2. The simulation
uses Floquet periodic boundary conditions, with ports defined underneath
and above the structure for the input and diffracted waves. The mesh
employed to model the nanodisks in the configurations A; and A, are shown
in Fig. 2.A.1(a,b). The Ag nanodisks have a height of 20nm and a refractive
index npg = —13.62 - 0.41i. The absorbance (A) spectra of arrays A; and A,,
shown in Fig. 2.2(c) and in Fig. 2.A.1(c), were calculated from the simulated
reflectance (R) and transmittance (T) spectra as A = 1 — R—T. For these
wavelength resolved calculations interpolated Ag refractive index data from
Ref. 45 was used. The nanodisk diameter was selected to be d = 99nm for A;
and d = 62nm for A;. As depicted in Fig. 2.2(b), the sample consists of a glass
substrate, Ag nanodisks embedded in sol-gel and a PMMA layer on top. The
glass substrate has the refractive index 41,5, = 1.46 and is in contact with the
bottom input port. The sol-gel layer is modelled as 30 nm thick layer with
same index as the glass layer (5] _ge = 1.46). On top of that, is the PMMA
layer (npyva = 1.6), which is 50 nm thick for A; and 100 nm thick for A,. The
total height of the simulation domain in z direction is 1 pm.

The simulated complex X, y, z components of the electric field profiles
were extracted in the x-y plane at different heights ¢t above the nanodisk array
and imported in a MATLAB script, which further processes the data. The
resolution of the exported fields was 200 x 346, which resulted in an initial
step size of around 0.58 nm for A; and 1.44nm for A,. A large illumination
area is generated by copying the complex electric field in the simulated unit
cell in x and y directions. For A; we combined 60 x 35 unit cells to create a
field of view of around 7pm and for A, 57 x 33 unit cells for a field of view
of around 16um. The phase profiles of the combined fields are corrected by
multiplying neighboring unit cells with A®; = exp(ik”J -dr; ,, ), where dr(; )
is the distance vector of unit cell with index (I,m) from the origin. After
that, the DM-LPSIM illumination patterns were constructed using Eq. 2.2 and
down-scaled using bi-linear interpolation to 252 x 252 pixels. This resulted in
an effective pixel size of 27.4nm for A; and 64.0 nm for A,.

Figure 2.A.1(d-1) corresponds to Fig. 2.2(d-l) but for the parameter
configuration A, and at a distance t+ = 80nm from the array. Figure 2.A.2
shows the piFP reconstruction results for DM-LPSIM configuration A, as
compared to widefield imaging and regular SIM using the same NA =
0.55. The resolution enhancement ability of DM-LPSIM at the distances
t = [40,60,80, 100, 120] nm as compared to regular SIM can be more
quantitatively assessed using the MTF plots in Fig. 2.4(b). The images in
Fig. 2.A.2(a3,a4) have stronger artifacts resembling the plasmonic grating
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Figure 2.A.1: Simulation procedure for the A; array (a,b) The mesh of the nanodisk
array A and Aj, respectively. (c) The absorbance spectrum of the hexagonal Ag array
Aj. (d) Phase profile arg(Ey(x,y)) of 7 x 4 combined unit cells. (e,f) Example LPSIM
illumination pattern and its Fourier transform. (gh) A simulated LPSIM measurement
and its Fourier transform. (i,j) Example DM-LPSIM illumination pattern and its Fourier
transform. (k1) A simulated DM-LPSIM measurement and its Fourier transform. The
circles in the panels (d),(e), and (i) indicate the size and positions of the nanodisks. The
green dashed circles in the Fourier plots indicate the cutoff frequency of WF imaging.
Panels (d-1) show results at an extraction height + = 80 nm and an azimuthal angle ¢ =
150°. The color scale in the panels (h) and (1) is logarithmic and otherwise linear.

itself compared to the results of configuration A;. Such artifacts in plasmonic-
SIM occur because the high wave-vector components of the structured
illumination are largely concentrated in hot spots that reside at the plasmonic
particles, and that can not be shifted through the unit cell by changing
illumination conditions. It is hence a challenge to sample the entire unit cell
for high-wave vector information. Additionally, note that since the pixel size
of 64.0nm* is much larger than some of the plasmonic near-field features,
aliasing artifacts occur, which are visible at higher k values in the Fourier
plots in Fig. 2.A.2(b3,b4).

4This pixel size is equal to the specimen pixel size expected in the experiment, where a camera
with a pixel size of 6.45um and an optical system with 100x magnification are used.
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Figure 2.A.2: Reconstruction results for simulation configuration A,. (al) WF
microscopy image for NA = 0.55. (a2-a4) Reconstructed images using regular SIM and
DM-LPSIM illuminations at + = 120nm and t = 40nm respectively. (b1-b4) Fourier
transforms of (al-a4). The blue dashed circles in panels (al), (a2) and (a4) indicate the
radius of the cross-cuts shown in Fig. 2.4(d). The green dashed circles in panels (b1-b4)
indicate the cutoff frequency of WF imaging.

2.B. Reconstruction algorithms

This section summarizes the various reconstruction algorithms tested to ex-
tract high-resolution specimen images from synthetic and experimental SIM
data. At the beginning of each reconstruction method an initial guess of the
specimen is created as an averaged sum of the raw measurements

s§(x,y) = %ZMj(x,y). (2.B.1)
=1

and by performing five iterations of the Richardson-Lucy (RL) deconvolu-
tion [32]. Hereafter, different iterative reconstruction algorithms are used to
further improve the resolution of the specimen image guess s&*, where n =

1,...,N is the iteration index.

2.B.1. Pattern-illuminated Fourier ptychography with multiple
patterns
The pattern-illuminated Fourier ptychography (piFP) algorithm allows to re-

construct high-resolution specimen images from LR pattern-illuminated mea-
surement data [21, 22]. The piFP reconstruction can be understood as a mini-

mization of the squared difference between the acquired data set {M j} and an

iteratively refined estimate of the data set {M]esnt} based on the forward model
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of the imaging process

= | ) @2

where j = 1,..L is the pattern index, s$*t is the n'h estimate of the specimen

image and P; is the j* " jllumination pattern. The high-resolution part of the

measurement estimate in Eq. (2.B.2) is in the following referred to as M]H,? st =

si*t- P;. In each piFP iteration step, M HR et

rule

is updated by following the update

~HRest _ ,HRest HR est
N = M, 1S 4 OTE - [M; - OTE - M, 15 (2.B.3)

After transforming M, HR *! back to the spatial domain, it is used to update the
super-resolved sample estimate using the following update rule

L
P.
] HRest
S ) ey
= 1max(P]-)

Note, that the originally proposed piFP implementation in Ref. 21 assumes
only one illumination pattern, which is translated or rotated to different
known positions on the sample. In contrast to that, here a series of L different
patterns, which do not have to be translations of each other, is considered.
The above extension of piFP was found to work reliably in combination with
the simulated DM-LPSIM and regular SIM illumination patterns. However,
the proposed illumination pattern recovery in Ref. 21, did not work for the
case of a series of illumination patterns, which is why piFP was only used in
combination with known illumination patterns. The convergence during each
reconstruction is studied using the mean-square-error (MSE) of the sequential
s, images. Each of the reconstructions is terminated after N = 2000 iterations,
which serves as a regularization of the piFP algorithm.

2.B.2. Blind and filtered blind-SIM

Similarly to piFP, the blind-SIM reconstruction approach is based on a mini-
mization of the squared difference between the acquired data set {M j} and an
iteratively refined estimate of the data set

M]?’st |]_- 1[}" est Pest OTF” (2.B.5)

The difference is that in blind-SIM the illumination patterns P]efqt are them-

selves part of the reconstruction and a gradient descent algorithm is used to
minimize the cost function

F( sest Pest Z”M M]es}t

(2.B.6)
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The inverse problem defined by this minimization is ill-posed and needs to
be regularized, since it is largely under-determined. Thus, in order to achieve
regularization the minimization is stopped after a fixed number of iterations.
It is well known that additional constraints to this inverse problem can yield
an improved resolution of the reconstruction results [27]. Here, the positivity
constraint is applied, which makes use of the fact that the specimen image and
the illumination patterns can not be negative. This is achieved by redefining
sest and PESt in terms of the positive auxiliary functions s&t = &2 and Pejlt =

17]2’” as proposed in Ref. 33. Furthermore, in contrast to the originally proposed

blind-SIM the sum of the illumination patterns is not assumed to be uniform,
as this condition is not generally true in DM-LPSIM. The blind-SIM algo-
rithm was implemented in MATLAB makes and using the L-BFGS (limited
memory Broyden-Fletcher-Goldfarb-Shanno) algorithm from the minFunc
package by M. Schmidt, which is a quasi-Newton minimization technique [35,
46, 47]. Each blind-SIM iteration performs 3 damped L-BFGS updates on the
specimen image and the illumination patterns simultaneously. For the line-
search in the L-BFGS algorithm the Wolfe condition with quadratic interpola-
tion was used. Moreover, the descent directions of the L-BFGS algorithm are
calculated using the following gradients for &, and 7; ,;:

aF ‘Sn! M
( ;17] — 45, lzq] w1 (Mj - MESL )@ PSF
(2.B.7)
w = —4&7 1 Mj o1 (M M]esnt 1)®PSF'

where ® denotes a convolution operation.

The so-called filtered blind-SIM (fb-SIM) approach introduces an addi-
tional constraint to the blind-SIM reconstruction by making use of the approx-
imate knowledge of the illumination wave vector components [36]. This is
achieved by Fourier filtering the illumination pattern %radient with a binary
mask consisting of a central circle with a radius of kgut off and circles with a
radius of 8 pixels at the expected illumination wave vector positions in k-
space. This effectively guides the illumination reconstruction towards the
expected k-components and was shown to make the algorithm more robust
against optical aberrations and illumination imperfections [36].

2.B.3. Joint Richardson-Lucy deconvolution (jRL)

The joint Richardson-Lucy deconvolution (jRL) reconstruction approach was
proposed by Ingaramo et al. for image scanning microscopy and was further
adapted to multifocal structured illumination microscopy data by Strohl et
al. [32, 48]. While jRL reconstruction does not reconstruct the illumination
pattern, its main strength is the ability to handle images with a varying PSF
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and SNR and merge them into a single SR image. As the other reconstruction
techniques jRL is based on modeling the underlying forward imaging model
to establish a measurement estimate

MES = |]-"’1 [7{szt- B} OTF]|. (2B.8)

After that, the ratio between the actual measurement M i and the measurement
estimate M;’it is used to iteratively update the specimen image

L
M.
Sy = Sp_1 - Z]-"‘l []:(M?Sil -OTE||- P;|. (2.B.9)
=1 jm=

2.B.4. Resolution characterization

The modulation transfer function (MTF) is calculated by first transforming the
Siemens star image from Cartesian x/y coordinates to cyllindrical p/¢ coor-
dinates. Then at every slice in p a sine function (with 3 variables for contrast,
phase and y-offset) is fitted to the data using a nonlinear least-squares fit. The
contrast of this sine fit yields the MTF:

Ias — Lini
MTF = ax "min | (2.B.10)
Imax + Imin
The normalized wave vector, which is used as the x-axis of the MTF plots, is
calculated from the radius p using:
ﬁ - N, cycles
kO p . ko ’

(2.B.11)

where Ny es = 16 is the number of black/white cycles in the Siemens star.

2.C. Measurement and alignment procedure

During the DM-LPSIM measurements, a set of light gratings is sequentially
projected on top of a plasmonic grating. This incident light grating together
with light scattered off the plasmonic grating form the pump intensity pat-
terns that are used to illuminate the specimen. Before the measurements,
the structured illumination unit was precisely calibrated to the objective and
plasmonic grating in use. In the first step, the SLM image was centered on the
back focal plane (BFP) of the objective. As described in Sec. 2.3.3, to achieve
this we first move to a reflective region on the sample, remove the long-pass
filter and switch to BFP measurement mode by flipping out lens L¢ from the
setup shown in Fig. 2.5(a). This makes it possible to capture the SLM defined
beam in the BFP. The x and y offset of the SLM image are calibrated using an
image of a ring (filled with blazed phase gratings) with a diameter equal to
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the BFP diameter, to achieve an alignment precision of only a few SLM pixels.
The blazed phase gratings have a pitch of 6 px and are oriented at 45°. The
setup, shown in Fig. 2.5(a), was aligned to transmit the first grating order of
this blazed grating through the iris and towards the BFP of the objective.

The SLM images, which were used for the DM-LPSIM illumination, feature
two circular modes of blazed phase gratings having a radius of 6 px and a
distance of 69 px. A circle with a radius of 6 px on the SLM corresponds to
a polar angle spread of around 2.7° on the sample plane. The orientation
of and distance between the two circular modes controls the azimuthal and
polar angle of the two-beam illumination pattern on the sample plane. The
correct azimuthal and polar angles of this two-beam illumination depend on
the precise orientation and pitch of the hexagonal plasmonic arrays. In or-
der to align the light grating with respect to the plasmonic grating, the 2D
Fourier transformed fluorescent image illuminated by the DM-LPSIM pattern
was utilized. For an optimal DM-LPSIM pattern, the peaks in the Fourier
transform should be uniformly distributed as described in Sec. 2.2.1. The two
crucial alignment parameters are azimuthal angle and the distance of the two
circular modes in the SLM image. To make this process more user friendly we
implemented a Python GUI using wxPython that can Fourier transform a part
of your screen in real-time.

After the alignment the DM-LPSIM measurements were performed, in
which the 27 SLM images are successively displayed. As mentioned earlier,
these images have 3 different orientations, each featuring 9 phase shifts. These
phase shifts were achieved by increasing the phase offset of one of the blazed
grating modes. Using a custom .NET-based software the phase shifted SLM
images were displayed, while simultaneously capturing CCD images. For
each azimuthal angle a 10" measurement is performed, in which a black
image is displayed on the SLM, and used for background subtraction. Addi-
tionally, for each new azimuthal angle HWP, was rotated using a motorized
rotation mount to ensure s-polarization.
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OPTIMIZED 2D TARGET
DESIGN FOR
DIFFRACTION-BASED
OVERLAY METROLOGY

Scatterometry is an optical metrology technique, in which light scattered from a specif-
ically designed grating stack (overlay target) is measured in the far-field. Using 1D
periodic overlay target designs the technique has been shown to have nanometer-scale
sensitivity to spatial misalignments of subsequent patterned layers, which are also
known as overlay errors. However, while scatterometry is highly sensitive to overlay
errors, multiple sources of systematic errors hinder its absolute accuracy. This chapter
investigates how an extended version of scatterometry called Fourier scatterometry
in combination with more complex overlay target designs can help to address those
challenges. To this end, a statistical method has been developed, which can determine
the influence of 2D overlay targets on the overlay measurement uncertainty. The
study involves periodic and deterministic aperiodic designs as well as designs that
emerged from simulated annealing optimizations. The results suggest that current
overlay target designs could be augmented by more complex 2D designs to fulfill
specific purposes, such as fabrication robustness and high sensitivity over a large
overlay range.
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3.1. Introduction

URRENT semiconductor manufacturing relies on highly accurate, real-

time process monitoring techniques to achieve a high yield in modern
integrated circuit fabrication despite hundreds of necessary processing steps.
One important type of metrology involves the measurement of spatial mis-
alignments of subsequent patterned layers, which are also known as overlay
(OV) errors. To ensure working devices, the OV error has to be smaller than
a fraction of the minimum feature size. Continuously shrinking node sizes
and increasing product stack complexity have reduced OV error tolerances
down to only a few nanometers, which is why OV metrology could become a
limiting factor for further progress of the industry [1, 2].

A widely used OV metrology technique is diffraction-based overlay scat-
terometry (DBO) [3-10], in which diffraction patterns back-scattered from two
gratings, that are stacked on top of each other, are analyzed to infer the OV
error. Typical DBO implementations make use of spectroscopic or ellipsomet-
ric diffraction signals. The idea is that for perfect alignment the OV target
possesses a symmetric scattering signature, similar to a single grating. A
spatial misalignment (JOV| > 0) results in an unbalanced Fourier-plane inten-
sity distribution in direction of the misalignment, as indicated in Fig. 3.1(a).
Indeed, interference of light back-scattered by the bottom and the top grating
transduce the misalignment into an intensity difference between diffraction
orders. For simple line gratings, for instance, the intensity in the 15 and -1%
diffraction orders I, and I_; can be used to construct the asymmetry signal
Al = I,y —1_1, which for OV values much smaller than the grating pitch p
possesses a linear dependence on the OV error with a proportionality factor
K, see Fig. 3.1(b). The exact value of K depends on the target structure and
implementation of the type of scattering signature measurement and is in
practice calibrated by measuring the asymmetry signal of two grating pairs
with a programmed overlay offset [9].

The focus of this work is Fourier scatterometry [7, 11-14], in which a cone
of light is scattered off a sample and collected by a microscope objective. Re-
laying the image of the objective back focal plane onto a 2D pixelated detector
provides a direct mapping of scattering angles to image positions in a single
shot measurement [15]. Notably, Fourier scatterometry is fast since no angle
or frequency scanning is required, and can be further enhanced to include
polarization and phase resolution [12-14].

Because the full angle-dependent diffraction pattern is collected, the limi-
tation to only periodic OV target designs is lifted. This allows the characteriza-
tion of more complex (non-periodic) 2D geometries. The purpose of this work
is to explore whether 2D OV targets provide advantages for Fourier scatterom-
etry in terms of OV accuracy, range of OV sensitivity, and robustness in the
face of measurement and fabrication noise. Figure 3.1(c, e) resp. 3.1(d,f) illus-
trate the rationale for this switch, demonstrating the diffraction patterns of a
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Figure 3.1: (a) Schematic of the measurement configuration in Fourier scatterometry,
where scattered light is measured in the upper hemisphere above the sample. The spatial
misalignment (OV error) between the top and bottom grating of the OV target causes an
asymmetric back-scattering signal. (b) This asymmetry signal AI, which is comprised
of the difference between the 15t and -15t diffraction orders, has a linear dependence
(shown in red) on OV at small OV values. (c,d) Square and aperiodic (Rudin-Shapiro)
lattice designs. (e,f) Diffraction patterns generated by grating stacks with designs from
(c) and (d) at OV = 0.

2D periodic and a deterministic aperiodic OV target as calculated using a gen-
eralized Mie scattering modeling approach. Evidently, 2D arrays offer a larger
design space as compared to line gratings. The fact that many diffraction fea-
tures appear means that there may be richer information in them, as compared
to the simple asymmetry signal Al arising from the first diffraction orders. The
investigated 2D designs borrow ideas from the branches of nanophotonics for
photovoltaics, metasurfaces and sensing [16-18] and in particular the study of
deterministic aperiodic scattering structures [19-22]. In addition to periodic
and deterministically aperiodic geometries, we investigate geometries that
emerged from simulated annealing optimizations [23]. Further details on the
implementation of the simulated annealing algorithm and the design search
strategy are given in Ref. 24. In general, numerical optimization is a popu-
lar tool to improve device performance in a wide range of fields including
mechanical design, nanophotonics, and optical metrology [25-28].
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In this chapter, a library-based Monte-Carlo method is introduced, which
aims to numerically characterize the performance of different OV target de-
signs. To do this, initially data sets containing scattering patterns calculated
for a range of OV values and different OV target designs were generated.
The underlying simulation framework is generalized multiparticle Mie theory
(GMMT), which is a method that can deal with finite clusters of scatterers
at very low computation time, yet exact position accuracy[29, 30]. Next, a
low dimensional feature extraction is performed on the data sets by means of
singular value decomposition (SVD). This type of approach originated in the
field of face recognition, where it is referred to as the ‘eigenface’ technique [31,
32]. The SVD results are used to construct libraries, which capture the effect of
OV variation on the diffraction patterns of the different OV target types using
only a few essential signatures. In subsequent Monte-Carlo simulations, these
libraries are used to retrieve the OV values of new sampling data sets, which
contain measurement or fabrication errors. Importantly, the prior knowledge
that goes into building the library means that this OV retrieval is ultimately
not limited by the optical resolution limit, but rather by the non-uniqueness
of the inverse scattering problem or by unfitted fabrication and measurement
fluctuations [2, 33]. The merit of this work thus includes both the analysis
method and the provided comparison of OV target designs.

The chapter is structured as follows. In Section 3.2, the numerical frame-
work is presented, which involves three main operations, namely, far-field
scattering simulations, library creation, and Monte-Carlo analysis. Section 3.3
deals with the OV target optimization procedure and its outcome. After this,
OV measurement uncertainty results in the presence of shot and fabrication
noise are presented in Sec. 3.4. Finally, in Section 3.5, the effectiveness of the
presented technique is summarized and an outlook on future prospects of this
methodology is given.

3.2. Simulation and uncertainty estimation

3.2.1. Far-field scattering simulation

Fourier-plane distributions of light back-scattered from an OV target were
simulated using the semi-analytic generalized multiparticle Mie theory. This
method makes it possible to compute scattered far-fields of finite-sized grat-
ing stacks at a high speed, while taking multiple scattering interactions into
account to all orders, and dealing with scatterer positions exactly, i.e., without
any discretization step. Although the method has the disadvantage that only
assemblies of spheroidal scatterers in homogeneous background media can
be dealt with, it offers large advantages over other approaches. In particular,
rigorous coupled wave analysis (RCWA), which relies on a Fourier expansion
of the dielectric constant, is a commonly used simulation method in scatterom-
etry [34, 35]. While it is known to be computationally efficient, it can not deal
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with finite truncations of infinite lattices, or with aperiodic systems. Since
in OV metrology one typically has targets of just 10 wavelengths across, the
RCWA is of limited use unless one resorts to complex extensions to finite struc-
tures [36]. More computationally intensive mesh/grid discretization based
techniques like the Finite Element Method (FEM) and Finite Difference Time
Domain (FDTD) method have been used for detailed studies of the signal for-
mation process in scatterometry, and have the advantage that more complex
systems can be dealt with [25, 37, 38]. However, in this work it was found
that discretization is inherently problematic for OV metrology simulations
since the error in determining sub-nm OV from simulated data and libraries
is limited by this discretization, and not by the OV target, fabrication noise, or
measurement scenario that one wishes to explore. While GMMT has not been
used in the context of OV metrology, it has the advantages of speed, accuracy,
and requires no discretization of real space [39].

To further decrease computation time, we only include up to dipolar elec-
tric and magnetic interactions into the Mie scattering model, which means that
the spherical Bessel functions of the first kind in the Mie scattering formalism
are expanded up to order 1. This approximation is equivalent to evaluating
a fully retarded electrodynamic multiple scattering model for the overlay tar-
gets that takes into account electric and magnetic dipole responses of each
particle but that neglects multipole corrections. Such approximations are typ-
ically used for small particles. We verified that an increase of the expansion
order did not cause noticeable changes to the far-field radiation patterns of
the OV targets. The arrays are excited by normally incident monochrome
excitation of wavelength A = 467.5nm and polarized in the y direction. Both
of the arrays consist of spherical amorphous Silicon (a-Si) particles, which
are modeled using dielectric data from Ref. 40, which leads to a refractive
index of n,g = 4.47 +i-1.37 at A = 467.5nm. The background medium is
assumed to be glass-like with a uniform refractive index of ng;o, = 1.5. These
parameters have by no means been chosen to, e.g., optimize the scattering
cross section of the particles, with the rationale that OV metrology generally
operates not with optimally chosen grating materials and dimensions, but
within customer constraints. Since in modern technology nodes the available
footprint for OV targets is limited [41], the selected array design takes up a
total area of (4.8 x 4.8)um?. This is done by limiting the design space to a
10 x 10 grid with a pitch p = 500nm, where every site can be filled or not
filled by a nanoparticle with a radius r = 150nm. Figure 3.1(c,d) shows two
possible particle arrangements following this design constraint. The complete
OV target consists of two identical gratings in the bottom and top layer, which
are = 400nm apart. Any value of OV is introduced by shifting the top
grating in x-direction, as indicated in Fig. 3.1(a).

To mimick a practical optical set up scenario, a binary ring mask is applied
to limit the scattering pattern to the angular range between NA = 0.225 and
NA = 1.42, where NA = g0, sin(60) is the numerical aperture and 6 the
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polar angle. This is equivalent to using a high NA objective for capturing the
first grating diffraction orders, with a beam block to remove directly reflected
light, i.e., zero-order light. Figure 3.2(a) shows such a masked Fourier-plane
image for an example design studied in this work, a so-called Rudin-Shapiro
target. Note that the full design space will be discussed later, and this de-
sign is merely an example. To make the comparison of the different array
designs independent of the number of scatterers, the far-field intensity |Esim|?
is normalized to a constant photon count in the detected angular region. This
normalization is computed as follows

2
Crot | Egim (OV) |

Lhorm (OV) = 27
ka,ky ‘Esim(ovm)|

(3.1)

where C; is the total photon count in the masked region and OV, is the
OV value producing the largest integrated photon count. Ci, can be also
expressed using the average photon count Cyyg as Ciot = CaygNpx, where
Npx = 27636 is the number of pixels of the ring mask. It should be noted that
the choice of any particular normalization will affect the outcome of studies
related to measurement noise. The normalization with a constant integrated
photon count roughly assumes that the detected signal will be limited by a
total source photon budget used for the measurements, as opposed to, e.g.,
normalizing images to a maximum count rate, which would be applicable if
measurements were limited by the dynamic range of a detector. Figure 3.2(a,b)
shows examples of normalized Fourier images I,o;m of the Rudin-Shapiro
target design at OV shifts of 0nm and 10 nm. In the OV = 10 nm case a slight
asymmetry between the main grating orders on the left and right side arises
due to the spatial misalignment of the two gratings. This asymmetry becomes
more visible when plotting the difference between the two intensity patterns
in Fig. 3.2(c). Further, Fig. 3.2(c) shows that also many other Fourier plane
components of lesser amplitude, introduced by the a-periodic nature of the
target, show asymmetries and hence carry information relevant for OV error
determination.

3.2.2. Library generation using SVD

Given a complex Fourier-plane distribution that varies with OV, as in
Fig. 3.2(c), it is not obvious how to quantify the performance of a target
in terms of OV metrology. To accomplish this task, a library search approach
in combination with feature extraction via singular value decomposition
(SVD) is used. Library-based techniques are known to be robust solutions to
the scatterometry inverse problem with an OV accuracy that only depends
on the library step size [42]. Since the investigated approach relies on Fourier
scatterometry, the library contains a series of Fourier images featuring the
scattering of targets with a range of OV shifts, which are referred to as library
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Figure 3.2: Library generation. (a,b) Normalized Fourier intensity maps for the Rudin-
Shapiro OV target at an OV error of 0nm and 10nm. (c) Difference between (a) and
(b). (d) Eigenbasis vectors and singular values obtained from the SVD of 101 far-field
intensities with an OV value range of -10nm to 10nm. (e) The singular values S;; are
plotted in blue on a log-scale. The sum of the singular values is normalized to one.
The red curve indicates the cumulative singular values S.ym in percent. (f) Projected
coordinates of the library images in the SVD eigenspace as a function of OV. Note that
the color scales in (a-c) are saturated at 80% of the maximum reflected intensity.

images. To make the library more efficient, an SVD-based feature extraction
is performed, which is a technique well-known for its ability to greatly
reduce the dimension of correlated data sets [31]. The SVD-based dimension
reduction works by finding a new optimal orthonormal basis for the subspace
containing all the library images of a particular OV target. Using this library
eigenbasis, any new diffraction pattern of the OV target having an OV shift
within the library range can be expressed by a linear combination without the
loss of valuable information. This fact will subsequently allow the retrieval of
OV values even if these values are not contained in the original data set.

In a first step, for each OV target a series of Ny, library images are calcu-
lated featuring linearly increasing OV values within two different OV ranges,
namely, [-10...10] nm and [0...125] nm. The images have a width and height
of n = 201 pixels, from which N, = 27636 pixels are used after a binary
masking step, as described in the previous section. For the purpose of SVD
each of the N, library images is flattened to a column vector f; and centered
around their mean f; = f; - f, wheref =1/ Ngim Zf\ls““ f; is the average library
image and i = 1,..., Nyin, is the library OV index. The centered vectors f; form
the columns of matrix A = [fi,fg,...,ff\,sim]. The SVD technique performs a
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factorization of matrix A (1% x Ny, ) of the form:
A=U-S-VT, (3.2)

where T denotes the transpose operation. The orthonormal matrices U (n? x
n?)and VT (Ngjm x Ngi) contain the left-hand and right-hand singular vectors,
and S (n? x Ngjy,) is a rectangular matrix consisting of the singular values
arranged in decreasing order along its diagonal.

Figure 3.2(d,e) shows example SVD results for the Rudin-Shapiro target
design in the OV range of [-10...10] nm. The first four singular vectors are
shown in Fig. 3.2(d). Figure 3.2(e) shows the first nine singular values on a
logarithmic scale (in blue), where the sum of all Ng;;;, singular values is nor-
malized to unity. By calculating the cumulative normalized singular values
Scum (shown in red and on a linear scale in Fig. 3.2(e)), it can be determined
how accurately the first few components represent the signal. In this case,
with only the first five eigenbasis components, the representation error of the
full library data set is on the order of 1070 %. In other words, the main OV-
dependent behavior of the far-field scattering signal is almost fully captured
by a few singular vectors, which suggests a high degree of correlation in the
library data. Thus, truncating the eigenbasis U does not lead to noticeable loss
of valuable information, while greatly reducing computation load in subse-
quent analysis steps. The truncated eigenbasis U has a size of (n> x L). The
truncation indices L and the resulting errors (for the Rudin-Shapiro target) at
both OV ranges are given in Table 3.1.

An important property of the SVD is that the column vectors constituting
U form an orthonormal basis of the column space of matrix A. This allows
us to define a new coordinate space, wherein any diffraction pattern has as
coordinate the linear expansion coefficients required to express f¢ in U. Thus,
the eigenbasis coordinates of all the library images can be computed by pro-
jecting the centered images f; onto library eigenspace for every library OV
index i =1,..., Ngm, as

x; =07 £ (3.3)

The projected coordinates x; form the columns of matrix X(Ngyy, x L). The
rows of matrix X will be referred to as y;. They reveal the OV-dependent
behavior of the library images at the different eigenbasis indices j = 1,...,L

Table 3.1: Library parameters. This table summarizes the number of interpolated
and simulated OV shifts Ninterp and Ngim, the simulated OV step size OVsim, step, the
singular value truncation index L and the remaining commutative error due to truncation
1 = Scumm (L) for the two investigated OV ranges.

OV range Ninterp  Nsim OViim, step L 1—=Scumm (L)
[-10..10lnm 20001 101 0.2nm 5  9.9-107%
[0...125]nm 125001 126 1nm 10 1.1-107°%
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and can be seen as an analogy to the asymmetry signal used in regular DBO.
As an example, Fig. 3.2(f) shows the first four rows of X for the Rudin-Shapiro
data set, where y; with j > 1 were magnified for clarity. Interestingly, y,,
which contains projections onto the first and most significant SV component,
shows a linear behavior as a function of OV (shown in blue in Fig. 3.2(f)).
This observation is in line with the simple analytic expectation for DBO based
on the asymmetry of the main first diffraction orders [10]. It is evident that
complex targets with more complex Fourier patterns carry more information
if one considers that higher order eigenbasis coordinates show variations with
overlay (see y; with j = 2,3,4 in Fig. 3.2(f)). These non-linear contributions
such as y; aid OV sensitivity primarily at higher OV values, where their slope
as a function of OV increases.

Finally, the continuous nature of y; as a function of OV allows an interpo-
lation to a much finer OV step size, which will greatly improve the accuracy
of the library-based technique without the need of additional simulation runs.
To this end, a cubic spline interpolation is performed in MATLAB with a step
size of OVinterp, step = 0-001nm for the libraries of both OV ranges. For the
resulting number of interpolated OV shifts Ninerp see Table 3.1. A completed
library for a particular OV target consists of the truncated eigenbasis U(n? x
L), the interpolated projected library coordinates Xinterp(Ninterp X L) and the

average library image f.

3.2.3. Uncertainty estimation using Monte-Carlo method

This section specifies how the SVD libraries, which contain characteristic fea-
tures extracted from the scattering profiles of particular OV targets, are used
to directly map new scattering profiles (sample images) to specific OV values,
provided that these OV values are within the library OV range. Further, it is
outlined how a Monte-Carlo analysis, which provides a numerical estimate
of the OV retrieval uncertainty, can be set up. In the context of metrology,
Monte-Carlo methods are often employed to determine measurement uncer-
tainties [43, 44]. More specifically, this method is used to study the robust-
ness of a particular OV target design to shot noise and process variations
in simulated Fourier scatterometry measurements. For this purpose, first,
Nsample Fourier images are simulated at randomly chosen sampling OV val-
ues. These images, which are assumed to have an unknown OV value, are
in the following referred to as sampling images. Figure 3.3(a) shows three
sampling images and the parameters used for their simulation. The sampling
OV values were drawn randomly according to the Latin-Hypercube Sam-
pling (LHS) method [45]. This sampling method was chosen because LHS
has been previously shown to have a superior convergence speed compared
to other sampling techniques and has been successfully applied in the field of
scatterometry [46, 47]. An inset in Fig. 3.3(a) shows a histogram of the LHS
distributed OV values that were used for the [-10...10] nm OV range.
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target design and the parameters used in the sampling simulations. The histogram
shows the distribution of the OV values, which follow a Latin-hypercube sampling.
Below, sample images at three different OV values are shown. (b) The SVD library
consisting of the eigenbasis vectors U and the interpolated OV-dependant library image
projections y;. The library is created using the same parameters as the sampling data
but with a OV values varying linearly within the OV range of -10nm to 10nm. (c)
Residual sum of squares (RSS) between projected sample image and the projected library
images as a function of OV. (d) A histogram containing the |AOV| values of 200 sample
images. Using a half-normal distribution fit (in red) a standard deviation of opoy =
0.19 £ 0.01nm was determined (in orange). (e) cpQy (in blue) and its error (in red) for a
varying number of included sampling simulations. (f) opQv as a function of the average
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Once an SVD library is created, determining the OV value of a sampling
image can be treated as a feature recognition task. Figure 3.3(b) depicts the
main ingredients of such a library, which is simulated with identical parame-
ters as the sampling images, but with equidistant OV values spanning in total
the same range as the sampling image set. The OV value recognition works by
projecting the sample image onto the library eigenspace and comparing this
projection to each of the projections stored in the library. For this, the sample
images are projected into the U subspace by calculating

x =0T £, (3.4)

where fi = f; - f are the flattened and centered sample images with k =
1, ..., Nsample- Then, the OV estimation is performed by calculating the residual
sum of squares (RSS) between the sample coordinate vector x; and the library
coordinate vectors x; with i = 1,..., Ninterp as

L
RSS,',k = Z(xk,j - xi,]- )2 . (3.5)
j=1

The index i, which minimized Eq. (3.5) determines the OV estimate OV gyess.
This approach corresponds to finding the library element with the minimal
Euclidean distance to the sample image in the L-dimensional SVD coordinate
space. An example RSS result as a function of OV is shown in Fig. 3.3(c). For
this plot, a sampling image corrupted by shot noise corresponding to Cyyg =
32 and with a “true’ OV value of OV, = —2.48 nm was used, which resulted
in an OV estimate of OVgyess = —2.06nm. Based on this estimate, the OV
estimate error can be calculated as AOV = [OVgyess — OViyel, which in this
example is 0.42 nm.

Repeating this OV estimation for each of the Ngmple sampling images
allows to construct a histogram of such OV estimate errors, as shown in
Fig. 3.3(d). The variance oppy of this histogram is indicated in Fig. 3.3(d).
It characterizes the accuracy of the OV estimation and is obtained by fitting
a half-Gaussian to the AOV data. The fit also returns a standard deviation
of oppy, which is a measure for the quality of the fit and which is referred
to as Aopoy. According to the central limit theorem Aoppy should shrink
with increasing sample size Ngample, and opoy should converge for a large
enough Ngample- To test this behavior and to determine an appropriate sample
size, we performed convergence studies as suggested in Ref. 48. Figure 3.3(e)
shows such a convergence test, where ooy and its standard deviation is
plotted in blue as a function of sample size in case of the Rudin-Shapiro
target design and a photon budget set by C,y; = 32. In addition, Fig. 3.3(e)
shows Aoppy in red (right y-axis) to demonstrate how it decreases with an
increasing sample size. For studies with a varying photon budget we found
the results to converge sufficiently for a sample size of Ngymple = 200 for the
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[~10...10] nm OV range and Ngample = 300 for the [0...125] nm OV range. For
the fabrication noise studies Ngample = 300 was used.

In Section 3.4, this Monte-Carlo technique will be used to quantify the
accuracy of OV determination for different OV target designs in presence of
noise in the sampling data, which will serve as a measure for noise robust-
ness. For this sampling data sets containing a variety of measurement and
fabrication errors are generated. As an example of such a study, Fig. 3.3(f)
shows the dependence of o)y on shot noise for the Rudin-Shapiro target. The
shot noise is controlled by varying the photon budget of the sample images.
An increasing photon budget leads to less shot noise and therefore decreased
opov. Additionally, it can be seen that opoy scales similarly to the inverse
square root of the average photon budget C,y (red dashed line).

3.3. Overlay target optimizations

In this section, the simulated annealing approach is used to find target designs
that allow for the greatest OV sensitivity. In simulated annealing one needs to
minimize a chosen merit or cost function. Ideally, this function can be quickly
evaluated to reduce total computation time. As the full SVD-based approach
described in the last section requires significant computation time, we chose a
cost function based on the correlation of the complex-valued far-fields at two
different OV values. The cost function is calculated as follows

2(Eov,,Eov,)

(I) =
<EOV1 4 EOV1 ) + <EOV2’ EOV2>

(3.6)

in which

§ (3.7)

(Eov,,Eov,) = Z
kK
represents the cross-correlation of the far-field responses for two different OV
values, namely OV; = 0nm and OV, = 5nm along the positive x direction.
The idea behind this cost function is, that target designs minimizing @, will
cause the most changes of the scattering signature as a function of OV and
therefore enhance OV sensitivity. The spatial misalignment in the OV target
generating Egy, causes a phase shift between the scattered waves originating
from the bottom and top grating, which in turn alters their Fourier plane
interference pattern. Since this spatial misalighment is only 5nm (1/100 of
the pitch), the observable effect on the interference pattern is expected to be
relatively small. Therefore, we expect that Eqy, and Egy, are highly corre-
lated, which is why even for the globally optimum scattering target the value
of the cost function should be only slightly reduced from 1. We note that the
performance of the Monte-Carlo technique for finding global minimums is in
itself not dependent on the cost function contrast.
We constrain ourselves to identical particle arrangements in both particle
planes, and start from a random distribution of particles given a particular

E6V1 (erky> : EOVZ (kxl ky)
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Figure 3.4: Overlay target optimizations. (a) Optimizations with temperatures varying
between Tpax = 107! and Tin = 10710, The horizontal dashed lines indicate the
temperature range we selected. The plot shows 12 optimizations in light blue and
their average in dark blue. (b) Number of iterations Njte; study using the temperature
extremes from panel (a). At each Njtr 36 optimizations are shown, while the red
line represents the median values. (c) Cost function evolution using the optimized
temperature extreme and Nij¢e, settings. The light blue lines show 150 superimposed
optimizations and the dark blue line shows their average. (d) Converged optimization
results for a sweep of the number of particles per layer Np,rt. The circles are color-coded
with respect to a 2D FFT-based hierarchical clustering, which identified different lattice
families. Insets (A-E) indicate the cost functions of the target design realizations shown
in panel (f). (e) A dendrogram of the clustering analysis. The subtree colors match the
corresponding results in (d). The horizontal dashed line indicates the selected cutoff
distance. (f) Examples of a randomly initiated geometry with Np,rt = 50 and optimized
results for Npare = 50 and Npart = 34, respectively. Design C is referred to as rectangular
array, A and D as diagonal arrays and B and E as alternating arrays.
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lattice fill fraction. We generate new designs by randomly permuting filled
and empty lattice sites. For each design, we compute the far-field response
for the two OV values, and evaluate the cost function according to Eq. (3.6).
The probability of accepting a new configuration depends on the change of
the cost function A® caused by the rearrangement of one particle. While in
case of A® < 0 the new configuration is automatically accepted, for A® > 0
acceptance probability is calculated as follows

P(AD) =e T, (3.8)

where the control parameter T is referred to as the annealing temperature and
is used to tune the acceptance probability of new candidate solutions with
higher cost functions. We choose a fixed number of iterations Nji; over which
we quench the temperature from T,y to Ty, SO that at iteration step n the
temperature reads

1/ Niter
) 3.9)

T(”) = Tmax( Tonin
Tmax
The search for optimal values of Tp,,x and Ty, relied on the same parameter-
selection strategy as in Ref. 24. To this end, the temperature study shown in
Fig. 3.4(a) was performed, where 12 optimizations (superimposed light blue
lines) were performed using Np,,¢ = 50 particles per layer and Njer = 10%.
The average cost function is shown in dark blue. The temperature is exponen-
tially decaying in the range between T, = 107! and Ty,;, = 10710, For large
temperatures (T > 1073) any change in the OV target design is accepted, and
the cost function fluctuates around the same higher values. For intermediate
temperatures (1077 < T < 107°) the cost function is effectively minimized,
with a probability of converging to the global minimum. For temperatures
T < 1077 the algorithm can only converge to local minima. After selecting
the temperature extremes to be Ty, = 1073 and Ty, = 1077, the role of the
cooling rate is investigated. This is done by varying the number of iterations
Niter, While keeping the temperature extremes Ty, and T, fixed. In Fig-
ure 3.4(b) the final cost function values of 36 optimization runs for each Nji,
are shown, where the red line represents the median value. Following this, the
cooling rate was set using the associated number of iterations Nj,., = 8000,
and 150 optimizations were performed using the chosen parameter settings,
see Fig. 3.4(c) for a convergence history of all solutions. The results converge
to two optimal particle distribution families, diagonal and alternating lattices,
which account for about 85% and 15% of the results, respectively. Example
realizations of these two solution families are shown in Fig. 3.4(f) (designs A
and B).

Next, the dependence of the optimized solutions on the numbers of parti-
cles is investigated by performing optimizations with a particle number Ny,
varying from 22 to 49, while using the same optimization parameters as for
the study in Fig. 3.4(c). At each Np,, 36 optimizations are completed. In
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Figure 3.4(d) all final cost function values are shown as a function of Np,,
including the 150 results obtained for Ny, = 50. In order to group similar
geometries of particle arrangements, a weighted-average distance hierarchical
clustering is performed, which relies on the absolute value of the 2D FFT of
the particles positions. This cluster analysis was able to identify three differ-
ent design families remarkably well, despite the presence of a few misplaced
particles. The three designs families were colored in blue, red, and green
in Fig. 3.4(d). In the following, these solution families will be referred to
as diagonal, alternating, and rectangular lattices, see Fig. 3.4(f) geometries
D, B, and C, respectively. The dendrogram in Fig. 3.4(e) depicts the results
of the cluster analysis'. The horizontal dashed line indicates the employed
cutoff distance of 1.2. As can be seen in Fig. 3.4(d), the three solution families
persist for a varying number of particles, whereby the rectangular design is
only found up to a particle number of Ny, = 34. When going from low
to high particle numbers the grid is gradually filled. In case of the diagonal
lattice for Np,r¢ > 34, the optimization introduces defects to the optimal so-
lution, in order to accommodate more particles, see Fig. 3.4(f) geometry A.
The alternating lattice design shows a similar behavior, where for Np,. =
[30 — 50] sub-optimal solutions emerge, which are characterized by a higher
cost function and a more irregular particle arrangement. The global optimum
of the optimizations in Fig. 3.4(d), which corresponds to an OV target with
minimal correlations between the far-fields at OV values OV; = Onm and
OV, = 5nm, is a diagonal lattice with Ny, = 34 particles.

3.4. Uncertainty analysis results

3.4.1. Designs overview

Figure 3.5 gives an overview over the OV target designs and their scattering
patterns considered in this work. The designs are classified as being essen-
tially 1D-like, 2D-periodic, and 2D-aperiodic. The class of 1D designs includes
the 1D line grating, which was approximated using a very dense arrangement
of Mie spheres with a distance of 150 nm in y direction and the same pitch
p =500 nm in x direction. Furthermore, the rectangular and diagonal designs
that emerged from the optimizations in Sec. 3.3 were included in the following
study. Compared to geometry C in Fig. 3.4(f), the rectangular lattice was
completed to fill the whole grid. While the 1D line grating generates just
two diffraction orders, all other designs in Fig. 3.5 result in more complex
Fourier-plane light distributions, generally showing a multitude of (quasi)-
diffraction orders. Qualitatively, the smallest and largest interparticle dis-
tances determine the largest and smallest diffraction angles respectively. This
behavior can be easily observed in the case of the rectangular and diagonal
target diffraction patterns.

IFor clarity the number of shown leafs in the dendrogram was limited to 70.
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Figure 3.5: Designs overview. Overview of investigated OV target designs with the
corresponding masked and normalized Fourier intensity profiles.

In addition to 2D-periodic designs, which include the square (all lattice
sites occupied), the alternating (from optimization), and the diamond design,
three 2D-aperiodic targets generated from deterministic design rules were
considered. Deterministically aperiodic plasmonic and dielectric arrays have
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been studied in the context of scattering, fluorescence control, and lasing [19-
22]. On the basis of a square lattice, one can generate designs according to,
e.g., the Fibonacci, Rudin—-Shapiro, and Thue-Morse number sequences, as
described in Ref. 19. The limitation to a finite size of only 10 x 10 scatterers
prevents the full development of the Fourier patterns one would expect for
their nearly infinitely-sized counterparts. Furthermore, the targets were re-
quired to maintain a 180° rotational symmetry, which is commonly utilized
for calibration purposes. This calibration makes use of the fact that upon a
180° target rotation only the sign of the OV shift is flipped to remove any
additional tool-induced errors, e.g., lens or illumination imperfections from
the scattering signature [35]. In the case of the deterministically aperiodic
designs, the 180° symmetry was achieved through a careful choice of the
10x10 truncation region from a larger aperiodic lattice. Surprisingly, the com-
pleted optimization designs already obey this rotational symmetry constraint,
without the need of enforcing it during the optimization.

3.4.2. Shot noise robustness

In Figure 3.6(a), the effect of shot noise on the variance opgy is examined in
the selected OV range. The amount of shot noise is controlled by normalizing
the sample images to a certain photon budget, which here is specified as
the average count per pixel Cyyq = 2! where I = 5,6,...,20, and applying
Poisson noise to the Fourier images. A lower photon count results in more
shot noise, which leads to higher ooy values. For large enough photon counts
all lattice geometries converge towards an essentially zero opoy (limited by
the OV library step size of OVipierp,step = 0.001nm). The colored curves in
Fig. 3.6(a) correspond to different target designs and are sorted according to
their opov values at C,,; = 128. The idea behind this comparison is that a
faster convergence speed implies better robustness to shot noise. The results
in Fig. 3.6(c), which show the opoy values at C,yy = 128, suggest that the
line grating design has a vastly superior shot noise performance compared to
the other designs. This outcome can be explained by the fact that the Fourier
intensity signal of the line grating is concentrated on fewer pixels as compared
to other target designs, which decreases the impact of shot noise. The three
optimized designs (rectangular, diagonal, alternating) follow on positions 2 to
4 after the 1D line grating (which itself is not captured by the design space
of the optimization). Figure 3.6(b) depicts a similar shot noise robustness
study, but for a scenario where OV tolerances are much more relaxed and
one aims to determine OV in a 125nm range. These types of tolerances can
occur during lithography steps of non-critical wafer layers. This time the
results at C,yg = 128 in Fig. 3.6(d) feature overall larger and less distributed
opov Vvalues. In addition, the line target does not show the best performance
anymore. Instead, the diagonal target design is superior for large overlay
ranges.
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Figure 3.6: Shot noise robustness. (a,b) Photon count-dependent OV error variance
(oaov) for the OV range of [-10...10] nm and [0...125] nm. The error bars denote the
standard deviation of the variance (Aopoy) obtained from a half-Gaussian fit. (c,d)
apov and Aoppy values of the different OV targets at C,yg = 128 for the OV range
of [-10...10] nm and [0...125] nm, respectively.

An additional factor causing the overall low opoy values presented here
is the noise reducing ability of the SVD algorithm; The noisy part of the data
tends to be encoded in the higher eigenvectors, which were truncated during
the library creation step. This property of the SVD is often employed for noise
filtering in digital signal and image processing applications [49]. At the same
time, as mentioned in the library generation section, the SVD based approach
does allow to leverage information encoded in multiple basis functions, as
opposed to only looking at the asymmetry between 1% diffraction orders,
which benefits the OV detection at larger OV values.

3.4.3. Fabrication noise robustness

The overall high OV detection accuracy (low opoy values) in the shot noise
study can be primarily attributed to the large amount of a-priori informa-
tion on, e.g., array pitch, layer distance, radius, and refractive indices, that
is assumed in the library generation. In an experimental setting, uncertainties
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in these parameters, i.e. fabrication noise instead of detection shot noise, is
often the dominating error source. In this section, the impact of three different
sources of fabrication noise on the OV estimation accuracy is investigated.
Process variability and imperfections of the product stack are reported to be
the dominating source of error in scatterometry [1, 10]. Mitigating these sys-
tematic error sources is therefore of high interest for the semiconductor indus-
try. To distinguish between the different detrimental effects, we performed
separate studies for the three different fabrication noise sources and do not
introduce additional shot noise. As in the shot noise study, the fabrication
noise is introduced to the sampling data, while we use the same libraries with
the OV range of [-10...10] nm and OV as its only input parameter.

Figure 3.7(a) depicts OV uncertainty results in case the distance between
the two lattices is fluctuating with a variance of o; = 20nm, which corre-
sponds to 5% of the average layer distance t = 400nm. Next, Figure 3.7(b)
shows OV uncertainty results with particle position variations op, = 2.5nm,
which corresponds to 0.5% of the lattice pitch. The schematics in the inset
of Fig. 3.7(b) show such position fluctuations, but exaggerated by a factor of
15 for visual clarity. Note, in case of the line grating, instead of fluctuating
the position of every particle, we fluctuated the positions of the 10 complete
lines. Lastly, Figure 3.7(c) shows OV uncertainty results in case of particle
radius variations with o, = 7.5nm, which corresponds to 5% of the radius.
The result of the radius variation study for the diamond design is oroy =
2.4+0.1nm, which is surprisingly high. It is omitted from the plot in Fig. 3.7(c),
as it otherwise would skew the plot range for this data set. Figure 3.7(d-f)
shows histograms of the 300 layer distance, position error, and particle radius
values used for these fabrication robustness studies.

The results carry several messages. First, different fabrication error sources
can be partially mitigated by using a particular target design, whereby the
most suited design is different for each error type. Out of the three fabrica-
tion error sources investigated here, the 5% layer distance fluctuations have
resulted in the most severe impact on OV determination. Therefore, the rect-
angular lattice might be the most suited target design for OV metrology appli-
cations, where other types of errors are negligible. A second message is that
when one wants to be robust against multiple fabrication error sources at the
same time, combining the scatterometry measurements with multiple target
designs i.e., rectangular, square, and diagonal target designs could be advan-
tageous. Furthermore, by expanding the library parameter space one could
simultaneously determine overlay and dimensional variations (CD metrology,
here radius variations are the ‘critical dimension’). A third observation is that
it is not obvious from the results by which mechanism a given target is more
advantageous than another, and why optimality depends on the source of
error considered. A third observation is that it is not obvious from the results
by which mechanism a given target is more advantageous than another, and
why optimality depends on the source of error considered.
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Figure 3.7: Fabrication noise robustness. (a-c) OV error variance results of different
OV targets in case of layer distance fluctuations with a variance of o; = 20nm (a),
particle position fluctuations with a variance of o, = 2.5nm (b) and radius fluctuations
with a variance of o, = 7.5nm (c). The insets in (a-c) depict the respective situations
schematically. The position fluctuations in the inset of panel (b) were increased by
a factor of 15 for visual clarity. (d-f) Histograms displaying the distribution of the
fluctuations of layer distance (d) particle positions (e) and radius (f). The red line in
the histograms is a Gaussian fit.

While it is not the ambition to explain in this chapter for each scattering
structure the origin of its robustness to a given disorder, in the following we
will provide a generic insight on how to leverage the SVD analysis approach
for optimizing robustness/sensitivity. To exemplify this, we have performed
simulation sweeps, where the layer thickness t is continuously varied in a
range of 300nm to 500nm and OV in a range of —100nm to 100nm for
the rectangular and square geometry, that are respectively optimal and quite
poor in robustness. At first, using SVD the optimal eigenbasis for the t =
400nm data set is determined, before projecting the complete data set into
this eigenspace. As an example, the first two projected coordinates y; for the
rectangular and square lattice are shown in Fig. 3.8 as a function of OV and
t. A large sensitivity to overlay comes with a large |dy;/JdOV], i.e., a large
left-right gradient in the projected coordinate. At the same time, robustness
against fabrication error requires a flat dependence on t, i.e., no derivative
|dy;/dt|. Examining y; in Fig. 3.8(a,b), it can be concluded that the higher
robustness to t fluctuations of the rectangular lattice traces back to the the
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Figure 3.8: Parameter sweep. (ab) Eigenbasis projection y; as a function of layer
distance t for the rectangular and square target respectively. (c,d) Absolute valued
partial derivative of (a) and (b) with respect to OV. (e-h) Same as (a-d) but for the second
eigenbasis projection y,.

more flat distribution of y; as a function of t in the parameter region t =
[350-450] nm. Further, Figure 3.8(e,f) shows the same plots but for the second
projected coordinate y,, which in the suggested OV determination method is
expected to provide additional information on top of just the first coordinate.
For both target designs at hand, y; is most important for OV determination at
small OV values (JOV| < 50 nm), while y, becomes more important at larger
OV values. In general, the |dy;/JOV]| plots show which parameter ranges
have the highest OV sensitivity. In particular, one can identify parameter
regions that have zero OV sensitivity (|dy;/dOV| = 0) and should therefore be
avoided, since there the solution of the inverse Fourier scatterometry problem
is not unique.
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Note that the results with a fixed choice of target and illumination param-
eters presented here by no means imply that any of the proposed structures
are working at their optimum in parameter space. While outside of the scope
of this work, such optimal parameters can be found by performing separate
multi-parametric SVD analysis, as shown in Fig. 3.8 for each target design
and each parameter combination. Thus, the presented results on performance
variability between structures are to some degree incidental. However, the
results highlight the importance of target design, which is often neglected in
other OV metrology studies. In practice, there are several ways to decrease
the impact of systematic errors, such as fabrication imperfections, to achieve
lower oppy numbers than the ones reported in Fig. 3.7. A common way to mit-
igate imperfections is to include them into the library as an input and therefore
a fitting parameter for the sampling data. This would in turn increase the com-
plexity of the library creation and library search process. Another approach
to mitigate systematic OV errors is the fabrication and measurement of two
neighboring OV targets with known programmed overlay [9]. Besides, one
could improve upon the single-shot measurements presented here by com-
bining several measurements with a varying angle of incidence, polarization,
or wavelength. Such approaches can improve robustness to systematic errors
caused by equipment or process fluctuations [50].

3.5. Conclusion and outlook

In summary, this chapter introduced a new Monte-Carlo-based method for
characterizing the performance of non-periodic 2D Fourier scatterometry tar-
get designs. The workflow consists of rigorous electromagnetic simulations of
‘reference’ diffraction patterns featuring known overlay errors, SVD analysis
in order to generate a library and an optimal basis onto which one should
project sampling diffraction patterns at unknown OV values for the most effi-
cient determination of OV.

We used this method to assess the overlay estimation uncertainty in face
of measurement noise and nanofabrication disorder for nine different overlay
target designs. Three of the investigated designs resulted from simulated an-
nealing optimizations and another three were chosen as quasiperiodic motifs.
The results suggest that 2D OV target designs might be a promising alterna-
tive to the well-established line grating design regarding some of the main
challenges of diffraction-based OV metrology, such as systematic errors due
to fabrication variations. One possible way to take advantage of the findings
would be to perform OV measurements with multiple target designs, which
have complementary fabrication noise robustness properties. Combinations
would allow to simultaneously optimize robustness, sensitivity, range of OV
detection, and multiplexing OV and CD detection.

In real-world conditions, the reported levels of uncertainty would likely
be difficult to achieve, because of the large number of measurements required
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to build up an accurate library and the precision with which the ‘true” OV
needs to be known. This underlines the importance of simulations for library
construction and design exploration. In addition, this work demonstrates the
strength of semi-analytical calculations for proof-of-principle metrology stud-
ies as compared to discretization-based full-wave solvers. For instance, initial
tests with FDTD have shown that it tends to introduce meshing-based errors
that far exceed the overlay values of interest. In this work, these issues were
addressed using the GMMT approach, while limiting ourselves to spherical
particles in free space. Other multipole multiple scattering methods for scat-
terers in stratified media [51], and the boundary element method in layered
systems [52] can be employed in order to increase the realism of the simula-
tions, yet avoiding the impractical gridding of FDTD and FEM.

As an outlook, the OV target design space used in this chapter could be
further extended. For instance, the requirement of identical designs for the
bottom and top gratings could be lifted. It could be advantageous to e.g.
choose different tiles cut out from the same quasicrystal motifs as the lower
and upper grating, since those tiles share similar diffraction patterns in terms
of amplitude, but have differences in phase. Also, instead of using a fixed
periodic lattice as the underlying template on which to place particles, one
could consider continuous particle placements to optimize diffraction pattern
correlations, in the vein of work on plasmonic Vogel spirals and hyperuniform
designs [53-55]. Regarding numerical optimizations to generate designs, an
outstanding challenge is to define the most effective cost function and opti-
mization approaches, so as to optimize sensitivity, OV range, to multiplex OV
and CD sensitivity, and to multiplex sensitivity to OV in both directions.

Finally, using the presented uncertainty estimation approach one could
study more complex measurement schemes, that involve capturing signals
at multiple wavelengths, multiple polarizations, or introducing phase sen-
sitivity, which would increase the captured information content and allow
more elaborate mitigation of systematic error sources. The following chapter
presents such an extension of Fourier microscopy. Its performance is demon-
strated by characterizing the phase and polarization profiles of several plas-
monic nanoscatterers.
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POLARIMETRIC AND
INTERFEROMETRIC K-SPACE
MICROSCOPY OF TWISTED
LIGHT EMERGING FROM
SINGLE NANOANTENNAS

Optically resonant nanoantennas are key building blocks for metasurfaces, nanosen-
sors, and nanophotonic light sources due to their ability to control the amplitude,
phase, directivity, and polarization of scattered light. This chapter introduces, an
experimental technique for the full recovery of all degrees of freedom encoded in the far-
field radiated by a single nanostructure using a high-NA Fourier microscope equipped
with digital off-axis holography. This method enables the decomposition of antenna-
physics in its multipole contributions and gives full access to the orbital and spin
angular momentum properties of light scattered by a single nanostructure. These
capabilities are demonstrated through a quantitative assessment of the purity of the
‘selection rules” for orbital angular momentum transfer by plasmonic spiral nanos-
tructures.
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CHAPTER 4. POLARIMETRIC AND INTERFEROMETRIC K-SPACE MICROSCOPY

4.1. Introduction

A cornerstone of nanophotonics is to precisely control the resonances of
individual metallic and dielectric scatterers that form elementary build-
ing blocks of nanophotonic devices such as metasurfaces and nanoantennas.
The underlying physics is based on the fact that subwavelength geometric tai-
loring controls the near-field multipolar resonances of nanoscatterers, which
in turn allows for a precise manipulation of the amplitude, phase, and polar-
ization of light scattered into the far-field. For instance, the past decade has
seen the realization of plasmonic nanoantennas [1-3] to tailor directivity [4—8]
and polarization [9-12] of scattering and fluorescence, even down to the level
of single-photon sources [13]. Additionally, metasurfaces based on metallic
and dielectric nanoresonators provide near-arbitrary control over the phase,
amplitude, spin, and orbital angular momentum content of transmitted wave-
fronts [14-17].

Even though a successful design requires a precise understanding of the
type of multipolar resonances supported by a nanostructure, the complex
superposition one can excite, and how these radiate into the far-field, such
an understanding commonly relies largely on numerical results and is sup-
ported only indirectly by experimental evidence. In principle, a measurement
of the full polarization, amplitude, and phase of light for each angle in the
47 far-field radiation pattern of a nanoantenna enables the full decomposi-
tion of the antenna’s response in its locally induced multipoles (see Fig. 4.1).
Thus, full field radiation pattern measurement at all angles can enable com-
plete nanoantenna polarizability tomography. In this work, a phase- and
polarization-resolved Fourier microscope is presented that meets this chal-
lenge over the NA spanned by a high-NA microscope objective. The potential
of this method is demonstrated by phase resolving the radiation pattern of

Fourier microscopy
IS(kaky)?

b - ) 1) Fourier polarimetry

S0, S, S5, S,

Off-axis holography
o (kx,ky)

Figure 4.1: Conceptual sketch. A single nanoantenna radiating a spherical wave with a
characteristic phase profile as well as amplitude and polarization. This spherical wave
is transformed into a plane wave in the back focal plane of a microscope objective.
Measuring the amplitude, polarization, and phase content of light over all angles enables
a detailed reconstruction of the antenna physics.
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single spiral-shaped nanoscatterers that generate orbital angular momentum
(OAM) [18].

OAM beams have envisioned applications in optical communication tech-
nology [19, 20], quantum information processing [21] and optical manipu-
lation [22]. Since these applications require precise knowledge of the OAM
mode content, the detection and analysis of paraxial OAM beams have been
a subject of great interest [23-26]. However, a quantitative assessment of the
purity with which plasmonic nanostructures, such as spiral nanostructures,
transfer OAM to scattered, spherical waves is still missing. The measurement
results presented here do not only demonstrate this technique’s capabilities
but are also highly relevant in view of shrinking applications for OAM beams
to length scales of, e.g., single-photon emitters. In addition to opening up
new possibilities in the research of nanoantennas and metasurfaces, OAM
decomposition in combination with nanoantennas could have a large impact
on optical metrology applications [27].

4.2. Experimental setup

The proposed experimental technique for angle-resolved amplitude, polar-
ization, and phase imaging of single nanostructures is based on a combina-
tion of Fourier microscopy, polarimetry, and digital holography. The setup
is illustrated in Fig. 4.2(a). The light source is a frequency-stabilized HeNe
laser A =633nm. The beam is expanded by a telescope (f = —25mm and
f = 200mm) and transmitted through the first polarimeter consisting of a
linear polarizer LP; (Thorlabs LPVIS100) and a quarter wave plate QWP;
(Thorlabs AHWP10M-600), which are used to prepare the incoming polariza-
tion state. Just after LP; the beam is split in an object and reference beam by
a 50/50 beamsplitter. The reference beam possesses a linear polarization and
is transported in free-space parallel to the object beam. A f = 125mm lens
weakly focuses the object beam onto the glass substrate side of the sample,
which features only the central aperture of the structures. Light scattered
from the patterned gold side of the nanostructure is collected downstream
by a high-NA microscope. This collection path is based on a 100x objective
(Nikon LU Plan Apo, NA = 0.9), a 200mm tube lens, and a CCD camera
(Photometrics CoolSNAP EZ, pixel pitch 6.45pm). In addition, the collection
path encompasses a 4f-telescope (two fr = 50mm lenses) with a circular
pinhole (diameter of 400 pm) as a real space filter that selects only the light
coming from the nanostructure.

A Fourier lens (ff = 200mm) is placed at a distance 4f; + fr from the
objective back focal plane (BFP) so that it is focused on the BFP of the infinity-
corrected objective. Thus, in the presence (absence) of the Fourier lens, a
Fourier space (real space) image of the sample is projected onto the CCD
camera. This projection maps the in-plane wave vectors k; of the scattered
light with a high angular precision of approximately 0.5° over the full 70°
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a)

Sample 4f-telescope

LP, QWP,"" Tt Fourier lens CCD

; -

QWP, LP, HWP

Figure 4.2: Schematic view of the setup and plasmonic spiral antenna. (a) Combined
Fourier polarimetry and holography setup, consisting of a transmission microscope,
two polarimeters, and a reference beam. The microscope contains a 4f-telescope for
spatial filtering of light from a single antenna. (b) Principle of plasmonic bullseye/spiral
nanostructure. Light impinging from the glass substrate side excites the single aperture
in a thick metal film. SPPs launched by the aperture at the air side scatter out at the
spiral or concentric (bullseye) corrugation. The red arrows denote the directions of the
SPPs and free-space electric fields. (c) SEM image of a m = —5 spiral antenna.

opening angle of the objective [28-30]. A second polarimeter consisting of a
quarter wave plate QWP; and linear polarizer LP, projects the outgoing wave
onto the desired polarization channel. Combined the two Stokes polarimeters
enable one to control and measure the full polarization state of incoming and
outgoing light for each wave vector [31]. To enable phase resolution using off-
axis digital holography the two beams are recombined on the camera using a
second 50/50 beamsplitter [32, 33]. A half waveplate HWP is used to rotate
the linear polarization of the object beam back onto that of the reference beam,
which improved the interference contrast.

To increase the dynamic range of the measurements beyond that of the
CCD camera, the intensity and interference patterns were acquired at two
different exposure times (t; = 50ms and t, = 2000ms) and merged by using
I(t;) in a circular region around the high-intensity part of the image and I(t,)
for the remainder, while compensating for the ratio of integration times. The
reference beam is attenuated by optical density filters to approximately half of
the intensity maximum of the object wave in the co-polarized channel.
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4.3. Spiral nanostructures

This work demonstrates the large potential of Fourier-space holography by
applying it to single plasmonic bullseye and spiral nanostructures, which are
expected to generate significant orbital angular momentum content and spin-
orbit coupling signatures in their response [11, 31, 34, 35]. While a single
subwavelength aperture is a non-directional scatterer, the addition of concen-
tric or spiraling grooves causes directional outcoupling (‘beaming’) of surface
plasmon polaritons (SPPs) that are launched when exciting the aperture, as
indicated in Fig. 4.2(b) [4, 36]. According to earlier reports [34, 37], these
structures should imprint OAM onto scattered light, governed by the propa-
gation delay experienced by the SPPs en route from the aperture to the outcou-
pling grooves and through a phenomenon called spin-orbit coupling [38—40],
which introduces changes between the incident and the outgoing spin angular
momentum (SAM). For plane waves, SAM is associated with helicity so that
0 = +1 and ¢ = -1 for right-hand circular (RHC) and left-hand circular
(LHC) polarizations, respectively. Additionally, in this case, the term OAM
does not refer to the common OAM studied for paraxial, cylindrical beams,

but rather indicates that the scattered spherical wave S(6, ¢) % carries helical
phase fronts of the form exp(il¢) in its complex scattering amplitude function.
Here, | is an integer and ¢ is the azimuthal angle, while 6 denotes the angle
relative to the optical axis through the gold film.

The nanostructures consist of N = 10 grooves milled approximately 80 nm
deep into a 200 nm thick Au film using a focused ion beam (FEI Helios). The
optically thick Au film is thermally evaporated on a 170 um thick glass cover
slide with a 5nm thick chromium adhesion layer on top. Figure 4.2(b,c) shows
a schematic and an SEM image of the sample. The central aperture with a
diameter d = 250nm is milled entirely through the gold and chromium. The
distance between the first groove and the center is @ = 375nm. The pitch of
grooves p = 500nm and the width is w = 250nm, which leads to a duty cycle
of 50 %. These parameters were selected for operation near the wavelength of
633nm by using the results of previous studies [31]. Throughout the text, the
handedness of the spirals is defined when looking along the wave propaga-
tion direction. Using this convention, m denotes the number of spiral grooves
with m > 0 for clockwise (CW), m < 0 for counterclockwise (CCW) spirals and
m = 0 for bullseye structures. While for the bullseye structures, the grooves
are concentric, for the m-armed spirals the radius r depends on the azimuthal
angle ¢ according to:

,((,,):Hm.p%, 0< ¢ < 2nN. (41)

In the case of |m| > 1, adjacent spiral arms are arranged using an angle offset of

A¢ = 21 /|m|. The minimal separation between neighboring spirals is 25 um
to prevent inter-structure coupling.
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Figure 4.3: Demonstrations of Fourier microscopy, polarimetry and holography. (a)
Fourier map of intensity, (b) polarization ellipse parameters € and «, (c) Digital Fourier
transform of an interferogram with RHC polarized detection, (d) reconstructed phase
profiles for RHC and LHC polarized detection. In all sub-figures RHC polarized input
and a m = -5 spiral nanostructure were used. The green and red arrows indicate the
input and output polarizations, respectively.

4.4. Experimental workflow

Figure 4.3 highlights the main measurement modalities required to fully quan-
tify an antenna radiation pattern, taking a m = —5 spiral nanostructure with
RHC excitation (input polarization indicated as green arrows in all figures)
as an example. First and foremost, the setup is a Fourier microscope, which
enables one to record the intensity radiation pattern [S(6,¢))|* or more pre-
cisely [S(ky, k,)|*dk.dk, with (k,,k,) = (cos¢sin0,sin$sin0). The intensity
distribution in Fig. 4.3(a) (logarithmic color scale) was measured by remov-
ing the polarization filters (QWP,, LP, and HWP) in the collection path and
blocking the reference beam in the setup shown in Fig. 4.2(a). It features a
high intensity peak in its center, which signifies strong beaming into a narrow
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cone of angles normal to the sample. As shown in previous studies, this is
a consequence of diffractive outcoupling of surface plasmon polaritons by
the grooves [4, 31, 36]. This beaming stands in sharp contrast to an isolated
hole, which would produce an isotropic pattern [31]. The |m| spiraling fringes
and oscillations in the radial direction in the intensity map are caused by
interference of the near-spherical wave scattered by the central aperture and
the helical phase wave out-coupled by the spiral grooves [34].

The second capability of the setup, namely, polarization-resolved imaging,
relies on measurements of intensity profiles in different output polarization
bases (linear along 0°,45°,90°,135° and circular left and right, red arrows
indicate polarization in each panel) to determine the Stokes parameters. An
example raw data set with the corresponding Stokes parameter results is re-
ported in Appendix 4.A. The Stokes parameters S; with i = 0,1,2,3 fully
characterize the polarization state of the wavefront for each collected wave
vector in the radiation pattern [41] and can therefore be converted into a polar-
ization ellipse for each detected wave vector in the radiation pattern (see Ap-
pendix 4.A). Figure 4.3(b) reports the polarization ellipse parameters, namely,
the ellipticity angle € (¢ = 0 for linear polarization, resp. +7t/4 for RHC/LHC
polarization) and the orientation a of the major axis of the ellipse relative
to the k, axis. In the particular case of RHC input polarization, ¢ = —nt/4
represents full helicity conversion, and € = 7/ 4 represents the retained polar-
ization. The wave vector-resolved € map in Fig. 4.3(b) clearly shows complete
helicity conversion (¢ = —n/4) in a doughnut-like shape with five spiraling
arms around it. Regions close to these features are characterized by an equal
distribution of LHC and RHC polarization (¢ = 0, linear polarization), with
the remaining k-space containing an unchanged helicity € = 7/4). This di-
rectly evidences helicity conversion at oblique scattering angles, i.e., spin-orbit
coupling in scattering. The reader should note that since the nanostructure
scatters the incident beam (cylindrical geometry) into a spherical wave, the
polarization definition is not trivial. For instance, given that the input polar-
ization RHC implies an input E-field vector along (% + i9)/V2 (with z being
the optical axis), the definition of the helicity conserving/reversing channel
actually means projection of the full measured field S on (6 +i¢)/ V2.

Finally, while the Stokes parameter measurements allow for the retrieval
of phase differences between two orthogonally polarized field components,
adding digital holographic microscopy capabilities to the setup enables
measurements of individual phase profiles of the respective polarization
states. More specifically, digital off-axis holography is used for this task.
Off-axis holography offers the advantage of operating in a single-shot manner
by making use of single digitally Fourier-transformed camera images for
phase resolution, as opposed to delay scanning. Although digital holographic
microscopy was recently applied to nanophotonic structures [42-45], these
studies were mostly aimed at real space, i.e., sample plane, imaging. However,
real-space images of nanoantennas have the drawback of being restricted by
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the diffraction limit and therefore, typically cover just a few camera pixels.
In contrast, Fourier-space holography of single nanoantennas generates a
signal over an entire CCD chip, providing far richer information. To this
end, the reference beam Ejy, polarized identical to the detection channel, is
overlapped with the object wave Eg = Apexp[-ig], i.e., the Fourier-space
image, on the CCD camera, which results in the hologram H = |Ep + Exl*.
As discussed in Sec. 1.4.2, in the simplest case of the reference beam being

a plane wave with Ex = Agexp [zl_é - ¥'sin 6], where & is its wave vector and

o the angle between the object and reference beam, the hologram H can be
mathematically expressed as

H =A%+ A} + Ao~ Agexp[i(p+ K- ¥sind)|. 4.2)

From this equation, it becomes apparent that only the cross-terms contain
@, which is the object wave phase information. The additional phase term

k-Xsin § arises from the deliberately introduced tilt 5, which serves to separate
the cross and direct terms upon digital Fourier transformation. Figure 4.3(c)
shows such a digital Fourier transform of the hologram corresponding to a
m = =5 spiral in circular co-polarization. This inclination angle ¢ is cho-
sen to be sufficiently large such that upon Fourier transformation, the cross,
and direct terms are well separated yet sufficiently small that the hologram
fringes are well sampled by the pixelated detector. The remaining digital
reconstruction process consists of selecting (i.e., binary masking), shifting,
back-Fourier transforming one of the cross-terms, and a digital correction for
residual parabolic phase aberrations in the imaging optics (see Appendix 4.B).
Figure 4.3(d) shows two measured phase maps for the co- and cross-polarized
channel. They reveal a helical evolution of the phase around the optical axis,
which is especially evident for the cross-polarized channel. The phase profile
in the co-polarized channel contains five spiraling arms, with an overall phase
increment of 5- 27t when going full circle around the origin. The phase profile
in the cross-polarized channel contains 2 fewer arms and an additional feature
around its center. The origin of these effects will be further discussed in the
next section.

4.5. Analysis of spiral radiation patterns

Having introduced the experimental workflow for full quantification of the
amplitude, polarization, and phase information in the radiation of a nanos-
tructure, this section presents an example of the type of rich insight one can
gain. For this, an in-depth quantification of the OAM-conversion efficiency
plasmonic spiral antennas depending on their geometry, i.e., the number and
orientation of the spiral arms, was performed. Figure 4.4(a,c) demonstrates
a subset of the measured full electric fields radiated into the polarization-
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helicity-conserving and helicity-changing channel using RHC input polariza-
tion.

To support the measured results, the simulated field profiles of the
corresponding spiral/ bullseye structures are shown in Fig. 4.4(b,d), which
demonstrate a good qualitative agreement. These plots show simultaneously
the field phase (from hologram) as hue and the field amplitude (|S(0, ¢)|) as
brightness (logarithmic scale). Figure 4.4 highlights results for CCW spirals
with up to 9 arms (m = —-9), starting from the case of a bullseye (m = 0). It
is evident that the number of spiral grooves |m| has a big impact on both the
amplitude and phase in both co- and cross-polarized measurements. As in
Figure 4.3(d), the number of spiraling arms in the Fourier maps coincides
with the number of arms of the spirals in co-polarization, while in cross-
polarization, the field profiles show 2 fewer arms. These arms are visible
both in the amplitude and phase because they bring a phase increment of
27t per arm when traversing a circle at constant 6 through the radiation
pattern. These observations highlight that OAM conversion is controlled by
a combination of propagation phase (number of arms) and SAM conversion
(£2 for helicity-reversing scattering). Figure 4.C.1 in the Appendix shows
further examples with the same input/output polarization settings but with a
reversed spiral orientation (m > 0). In this case, not only does the orientation
of the field profiles flip but also the observed number of arms in cross-
polarization is increased, instead of diminished, by an offset of 2 compared
to the number of physical grooves. In all datasets, the overall pattern is quite
different near the center of the images, i.e., for radiation angles near-normal to
the gold film. All co-polarized radiation patterns show a bright feature exactly
at kj = 0 with a flat phase, while the cross-polarized measurements reveal
a donut-shaped feature with a phase advance of 2 - 2n when traversing a
circle around the optical axis. The OAM transfer corresponding to this donut-
shaped feature is equal to the change in the SAM (Ao = +2), independent
of the geometry or handedness of the grooves. Since this feature persists in
the case of a bullseye geometry, it can be concluded that it arises from light
that has undergone spin-to-orbital-angular-momentum conversion caused by
the subwavelength aperture and scattered in the normal direction (kj = 0)
into the far-field irrespective of the grooves [39]. This is confirmed at the
end of this section by OAM decomposition of the measured fields. In any
case, the above observations indicate that the radiation patterns do not map
directly onto pure OAM-carrying Laguerre-Gauss beams. Instead, the spiral
structures scatter into a variety of OAM contributions, the superposition of
which is observed as a radiation pattern.

The observations indicate that the conversion of input plane waves into
output OAM-carrying spherical waves leads to an OAM-mixture, in contrast
to the ‘binary’ selection rules reported in Ref. 34. The expected selection rules
originate from a simple picture, taking the central aperture as a point launch-
ing SPPs that then accumulate propagation delay due to the twist of the spiral
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Figure 4.4: Example set of interferometric and polarimetric k-space microscopy
measurement and simulation results. Measured ((a) and (c)) and simulated ((b) and
(d)) Fourier plane field profiles of a bullseye (m = 0) and spirals with m = -3,-6,-9.
The transmitted polarization channels are co-polarized (a,b) and cross-polarized (c,d)
with RHC-polarized input. The green and red arrows indicate the input and output
polarizations, respectively. The plots show a combined representation for the phase as
hue and field amplitude as brightness (logarithmic scale). A circular representation of
the color map is shown in Fig. 4.A.3(a). Each amplitude profile is normalized by its
maximum.

grooves, where light is coupled into free space. The resulting superposition of
wavefronts at an m-armed spiral results in an offset of m in the OAM index.
Spin-to-orbital angular momentum conversion causes an additional offset of
+2 in the generated OAM mode for helicity-non-conserving detection [38—-40].
This leads to the selection rule proposed by Y. Gorodetski et al. [34]:

Al = m+ Ao, 4.3)

which states that the amount of generated OAM mode difference Al compared
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to the input wave (OAM = 0 in this work) should be equal to the number of
spiral arms m plus the helicity change Ao = 0,+2 (conserving, resp. conver-
sion from RHC to LHC or vice versa) [34].

A main strength of the proposed measurement scheme is that the purity of
the selection rule can be quantitatively analyzed by computationally decom-
posing the complex field into the desired basis. This is done by representing
the complex electric field E(6, ¢) as a linear combination of OAM states:

BO.0)= Y Cl0)explilg) 4

I=-c0

where, to consider the spherical nature of the scattered wave, spherical coor-
dinates are used, with coefficients C;(6) defined as

1 (7 ,
Ci(0) = EJ E(0,6) - exp(=ilg)dp. (4.5)
0
The complex-valued, azimuthal overlap integral results C;(6) can be used to
calculate the polar angle resolved OAM mode density (see Fig. 4.E.1(a,b)).
From this, the purity or power of an OAM mode [ is derived as

arcsin(NA) )
pI= Jo (C1(6)| -sin(60)de. (4.6)

Normalizing p; by the sum of its values results in the modal power spectrum
B =pi/ Y72 _, pi- For further implementation details see Appendix 4.D.

As an example, Figure 4.5(a) reports the OAM power spectrum for a m =
-5 spiral in the helicity-non-conserving channel with RHC input, showing
dominant contributions at Al = 42, Al = 0 and Al = -3. The corresponding
OAM power spectrum in the helicity-conserving channel is shown in the Ap-
pendix in Fig. 4.E.1(a). In this case the main contributions are at Al = m =0
and Al = m = -5. Figure 4.5(b-d) combines the OAM mode decomposition
results for m = —9 to m = 9 spirals (each OAM power spectrum is normal-
ized to unit integrated content) for three different input-output polarization
combinations. Throughout, there are dominant features at the selection rule,
i.e., at the diagonal = m in the helicity-conserving channels [Figs. 4.5(b) and
4 E.1(b)], | = m ¥ 2 respectively for conversion from LHC to RHC [Fig. 4.5(c)]
and vice versa [Fig. 4.5(d)]. In addition, a strong leakage into the / = 0 mode
can be observed in case of the polarization-conserving measurement, resp.
I = +2 for the polarization non-conserving data. On average, the purities of
the OAM modes following the selection rule are (13 +4)% for co-polarization
and (38 + 3)% for cross-polarization.

In general, the dominant OAM contributions fit the interpretation that only
a fraction of the light interacted with the spiral grooves, while the remainder
essentially gained no OAM upon direct transmission or gained only OAM
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Figure 4.5: OAM decomposition results. (a) Individual OAM power spectrum for a m =
-5 spiral with RHC input and LHC output. (b-d) OAM power spectra as a function of
m in co- (b) an cross-polarization (c and d) with RHC (b and d) and LHC (c) polarized
input. The dashed lines in (b-d) indicate I = m. Panels (c) and (d) possess the same color
scale.

corresponding to a change of the SAM, i.e., spin-orbit coupling at the aperture.
Additionally, the presence of the OAM mode I = 0 in cross-polarization is
likely due to the non-perfect extinction ratio of the polarizers employed.

While from the perspective of functional nanostructures for generating
OAMV,, it is evident that performance is imperfect, these measurements high-
light that the proposed measurement method allows for an unprecedented
quantification. The performance of the nanostructures in terms of OAM mode
purity can be further improved by optimizing the geometrical parameters of
the spiral such as the aperture radius or by using metal-insulator-metal ar-
rangements as proposed in Refs. 46 and 47. The observations suggest a trade-
off between overall transmission efficiency (requires a large central aperture)
and leakage into OAM = 0,+2 (requires low direct transmission). A more
precise analysis of the full radiated field at hand allows us to gain additional
insights into the underlying physics. For instance, one can precisely determine
the OAM mode density within any given band of angles 8,6 + A6, enabling
one to determine the polar angles into which particular OAM content is scat-
tered (see Fig. 4.E.1(c,d)).

4.6. Method validation and minimum redundancy

Returning to the proposed measurement scheme, note that polarimetry plus
interferometry provides not only abundant but also redundant information
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on the wavefront. The reason for this lies in the fact that polarimetry al-
ready determines the phase difference between orthogonally polarized field
components, which should be strictly identical to the difference in phase pro-
files measured with holography in the same two crossed polarizations. For
instance, the following simple combinations of Stokes parameters represent
phase difference profiles

arg(S; +1iS3) = pv —pn (4.7a)
arg(S1 —iS3) = pa—¢p (4.7b)
arg(S; +1S3) = PrHc — PrRHC (4.7¢)

where ¢ is the phase profile corresponding to the polarization state labeled in
the subscript (V=vertical, H=horizontal, A=anti-diagonal, D=diagonal, taken
to refer to the camera plane). On one hand, this redundancy can be used to
check the consistency of the method by comparing maps of phase differences
determined with polarimetry and holography. On the other hand, one can use
the redundancy to reduce the total number of measurements required to fully
determine S(0, ¢) (up to an arbitrary phase offset).

Figure 4.6(a) shows an example consistency check through a direct com-
parison of ¢y — @y and arg(S, + iS3) again for the case of a m = -5 spiral
(the remaining two phase difference comparisons listed in Eqs. (4.7b)-(4.7c) are
shown in the Appendix in Fig. 4.F.1). Evidently, these measurements confirm
the consistency between phase difference maps obtained using holography
and polarimetry, with the only notable distinction lying in the noise character-
istics. Stokes polarimetry relies on pixel-by-pixel image subtraction, leading to
uncorrelated shot-noise propagating into the phase map. Instead, the hologra-
phy images are effectively low-pass filtered by the reconstruction procedure
(Fourier transform & masking of interferogram). Figure 4.6(b) provides an
example of how the Stokes parameters in combination with a single holog-
raphy measurement (in this case ¢y) can be used to reconstruct the phase
profile in any arbitrary polarization channel. Here, Figure 4.6(b) shows the
reconstructed phase profile for a m = -5 spiral for RHC polarized detection,
alongside a direct holographic determination of the phase for comparison.
This illustrates how the number of measurements needed to fully quantify
a radiation pattern can be reduced. Instead of independent polarimetry and
holography measurements for each polarization, it is enough to perform a
single holographic measurement plus the four measurements required to re-
trieve the Stokes parameters (required calculus is described in Appendix 4.F).
In addition, the phase profile reconstructions for four additional polariza-
tion channels (vertical, diagonal, anti-diagonal, LHC) are shown in Fig. 4.F.1.
These comparisons show excellent agreement.

The minimally redundant measurements could be advantageous both
from the viewpoint of efficiency as well as reduced requirements on camera
dynamic range in polarimetry compared to holographic measurements.
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Figure 4.6: Validation and redundancy removal in combined holographic and
polarimetric measurements. (a) Difference between phase profiles with vertical and
horizontal output polarizations retrieved using polarimetry and holography. (b)
Example of a phase profile with RHC polarized output, which was retrieved using
a combination of polarimetry and holography with correspondent purely holographic
profile for comparison. In both cases, a RHC polarized input and a m = -5 spiral were
used. The green and red arrows indicate the input and output polarizations, respectively.

Holography works best with a large fringe contrast throughout the recorded
interferogram, with fringe intensities spanning the camera dynamic range.
This fringe contrast (visibility) increases as the intensity ratio of the two
interfering waves (object and reference wave) gets closer to one [32]. For
strongly focused radiation patterns, this requirement is difficult to fulfill.
The data redundancy enables one to perform the holography in just a single
polarization channel that has the most suited intensity distribution, i.e.,
polarization channels where directly transmitted light is (partially) blocked.
On top of that, this approach allows for improvements in measurement speed,
since the minimum number of required images can be reduced to only four:
a single hologram to determine amplitude and phase in one polarization
channel, and intensity measurements through three complementary polarizer
settings.
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4.7. Conclusion and discussion

In this chapter, we studied a measurement technique for the characteriza-
tion of scattered radiation patterns from individual nanoscatters in terms of
amplitude, vector, and phase. To demonstrate the remarkable insight that
this technique can offer for studies of optical antennas, the OAM content of
light scattered by a family of plasmonic spirals was analyzed. The quanti-
tative analysis of the wavefronts scattered by spiral antennas revealed that
the interaction process produces a more complex OAM state mixture than
a binary mode distribution indicated by reported OAM selection rules [34].
Conversely, this shows that using our measurement technique the OAM mode
purity of spiral antennas can be further increased through optimization of the
nanoantenna design.

Contrary to other OAM measurement techniques, the proposed method
does not require the use of spiral phase plates or holograms [23, 24]. In princi-
ple, the technique could be performed even with a single camera shot, given
that off-axis holography requires just a single image and that polarization
can be multiplexed [48]. The current limit to the technique presented here
is the NA of the employed optical system. Extending the method to a 4m
microscopy arrangement could fulfill the quest for full quantification of the
multipole content of any scattering geometry using its far-field.

As such, we expect our work to directly apply to several important prob-
lems in nanophotonics, such as the use of plasmonic antennas for enhanced
sensing and emission, metasurfaces for controlling transmitted and reflected
wavefronts, and nonlinear metasurfaces, in which phase gradients imprinted
in the metasurface geometry determine the efficiency and angular distribution
of, e.g., frequency conversion. In all these cases, access to angle-resolved
amplitude, polarization, and phase properties of the far-field is of paramount
importance.

Finally, we are confident that the described approach will find applications
in the field of optical nanometrology, where diffraction-based experiments are
used to solve an inverse problem as described in Chapter 3. For instance,
polarimetry using a differential Mueller matrix formalism [49, 50] as well as
holography using a dark-field holographic microscopy approach [51, 52] were
recently reported to offer benefits for overlay metrology.
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APPENDICES
4.A. Details on Stokes polarimetry

Stokes polarimetry is a technique that can be used to completely characterize
the polarization state of light, which includes partially polarized light, by us-
ing four measurable quantities called Stokes parameters (S-parameters) [41].
Experimentally these S-parameters S;, where i = 0,1,2,3, were retrieved
through six intensity measurements I(B,y), i.e., Iy, Iv,Ip,I4,Ircp, I cp with
the required angles  and y of QWP, and LP,

soy [ (L) H{EF) 10, 0°) 1(90°,90°)
si| | (B |2> (IE,P) | | 1(0°0°) -1(90°,90°) LAL
Syl < > < > T |1(45°, 45° )—1(135°,135°) [ (&A1)
S3 (< > < > 1(0°,45°)-1(0°,135°)

where E, and E, are the orthogonal electric field components and x and y
refer to camera coordinates. It should be noted that this set of 6 intensity
measurement is redundant, as in principle four measurements suffice (e.g.,
I, Iv,Ip,Ircp). An example set of such intensity measurements with six
different outgoing beam polarizations (horizontal, vertical, diagonal, anti-
diagonal, LHC and RHC) for the m = -5 spiral and RHC polarized input
is shown in Fig. 4.A.1(a). Simulation results for corresponding intensity
profiles are shown Fig. 4. A.1(b). In addition to intensities, phase profiles in
each of the six different polarization channels were measured using off-axis
holography as shown Fig. 4.A.1(c). For comparison, simulated phase profiles
in corresponding polarization channels are shown in Fig. 4. A.1(d).

Using the set of intensity measurements shown in Fig. 4.A.1(a) the S-
parameters, shown in Fig. 4.A.2, were calculated. Each S-parameter S;,
i = 1,2,3 is normalized by Sy and therefore ranges from —1 to +1. The
physical connotation of the S-parameters can be described as follows:

* S, is equivalent to the total field intensity.

* S1/Sy quantifies whether the light is preferentially linearly polarized in
the horizontal /vertical basis (positive, resp. negative values).

* S;/S( quantifies whether the light is preferentially linearly polarized in
the diagonal/antidiagonal basis (positive, resp. negative values).

* S3/Sy describes the degree of circular polarization (sign encoding for
helicity).

e Additionally, {/S? 4 S3 + S3/S, describes the degree of polarization.
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Figure 4.A.1: An example set for intensity and phase profiles. (a,b) Measured and
simulated intensity profiles in units of CCD counts and normalized units, respectively.
(c,d) Measured and simulated phase profiles. All panels use the same m = -5 spiral, 6
different outgoing polarizations, and RHC polarized input. The green and red arrows
indicate the input and output polarizations, respectively.
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Figure 4.A.2: An example set of measured Stokes parameters for a m = —5 spiral with
RHC polarized input.

Note, that while the field intensity S (k,, ky)lz, shown in Fig. 4.3(a), is the same
physical quantity as the S-parameter S, shown in Fig. 4.A.2, operationally S
was determined by summing all 6 polarization channels, averaging over three
measurement basis choices, i.e. So = (Ig + Iy + Ip + 4 + Irgc + Irac) /3. The
minor differences between the two plots are explained by a higher signal-to-
noise ratio of the latter approach.

Further, the S-parameters can be converted into the so-called polarization
ellipse parameters using

€= % 'arg(\/Slz +82+ i53) (4.A.2a)
1
a=3 -arg(S; +1S,), (4.A.2b)

where € denotes the ellipticity angle and « the elipse orientation. Example
€ and a plots derived from the S-parameters from Fig. 4.A.2 are shown in
Fig. 4.3(b). A geometric representation of € and «a is shown Fig. 4.A.3(a) by
plotting the values that 1:?“ (t) can take at a fixed position z as a function of time
t. From this sketch it becomes clear that € = +7/4 means complete circular
polarization and e = 0 complete linear polarization.

4.B. Phase correction in off-axis holography

In digital holographic microscopy phase aberrations can occur due to the high
NA microscope objective and a non-flat phase front for the reference beam [33,
53]. The aberration consists of an overall parabolic phase profile that is present
already when imaging a single subwavelength aperture. We perform a nu-
merical correction using the complex conjugate of the spherical phase term
that results in the flattest residual when multiplied with the phase measured
for a single aperture [33]. This phase correction calibration step needs to be
repeated each time the sample position, objective focus, or reference beam
tilt angle change. To ease this process we implemented a Python GUI using
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Figure 4.A.3: (a) Polarization ellipse representation of an elliptically polarized electric

-Tt/2

field E“(t) showing the parameters @ and e. (b) Illustration of the apodization effect
occurring in high NA objectives. A point source radiates an isotropic, spheric wave,
which turns into a collimated beam with a non-uniform intensity distribution in the back
focal plane of the objective. The increased ray density at higher p indicates the higher
intensities. (c) A circular representation of the color map used to jointly represent the
amplitude and phase of the measured wavefronts.

wxPython. Note, that although the curvature of the parabolic phase correction
value does not influence the retrieved OAM power spectrum, lateral misalign-
ments of the phase correction with respect to the propagation axes can cause
a minor mode crosstalk.

4.C. FDTD simulation procedure

Far-field profile simulations are performed using 3D finite-difference time-
domain software (Lumerical FDTD). The bullseye/ spiral structures are mod-
eled using the same parameters as the fabricated structures and are excited
using two normally incident plane waves, which are shifted 90° in phase and
rotated 90° in polarization (RHC polarized input) and have a wavelength of
A = 633nm. The total simulation region has dimensions (17 x 17 x 0.8) pm3
and is enclosed by perfectly matched layers (PMLs). A mesh grid size of 12nm
is used to model the spiral grooves. The gold film permittivity was modeled
using a Drude model fit to values reported in Ref. 54:

2

_ p
—w(w ) (4.C.1)

w

€ = €5

where €, = 9.54, w, = 1.35- 10'°rad/s and y = 1.25 x 10'*rad/s. The
electromagnetic field is recorded using a monitor on a plane located 10nm
above the nanoscatterer; the standard Lumerical Stratton-Chu near to the far-
field projection technique is applied to calculate the field 1 m away from the
structure. It should be noted that this technique is not rigorous for systems
with interfaces.
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Figure 4.C.1: Additional set of interferometric and polarimetric k-space microscopy
measurement and simulation results for spirals with positive m. Measured ((a) and
(c)) and simulated ((b) and (d)) Fourier plane field profiles of spirals with m = 1,3,6,9.
The transmitted polarization channels are co- (a,b) and cross-polarized (c,d), with RHC-
polarized input. The green and red arrows indicate the input and output polarizations,
respectively. The plots show a combined representation for the phase as hue and field
amplitude as brightness (logarithmic scale). A circular representation of the color map is
shown in Fig. 4.A.3(a). Each amplitude profile is normalized by its maximum.

Table 4.D.1: Jacobian determinants for cylindrical to spherical and Cartesian to
cylindrical transformations.

Cylindrical to spherical ~ Cartesian to cylindrical

det{%} = fcos(60) det{%} =p




4.D. DETAILS ON OAM DECOMPOSITION PROCEDURE

4.D. Details on OAM decomposition procedure

In the following, we describe the implementation of the OAM decomposition
method. As mentioned in the main text, the measured complex wave field
forms the basis of this analysis. By computationally expanding the field as a
series of the fundamental helical modes exp(il¢), the underlying OAM mode
powers can be identified. Since a regular CCD camera is used for image ac-
quisition, the measured field E,s(x,v) is sampled on a Cartesian grid. To take
this into account, Egs. (4.5) and (4.6) were transformed into Cartesian coordi-
nates. This can be achieved by substituting the coordinates and including the
appropriate Jacobian. The Jacobian for the spherical to Cartesian coordinates
transformation consists of the inverse of the two Jacobian determinants, that
are shown in Tab. 4.D.1, and is given by:

1 1
]_fcose.g'

where f is the objective focal length, cos(0) = /1 —p?/f? and p = \/x? + y2.
By using this Jacobi determinant, substituting spherical coordinates and re-
stricting the integration region to p = f sin(0), the integral in Eq. (4.5) can be
rewritten as:

4.D.1)

1 ) 1
Cl (6) = Z J‘J;fSin(Q) E(X, y) - exp (—114)) . m dx d}}, (4D2)

where ¢ = arctan (y/x). In practice the integral in Eq. (4.D.2) is replaced by a
discretized sum over x and y coordinates, while a ring-shaped, binary mask

1 for 0-AO/2< arcsin(—W) <0+A0/2

Ry(x,y) = f (4.D.3)

0 else.

is introduced as a factor in the integrand to confine the integral to a narrow,
annular region, whereby the angle 6 is varying in a range of 6 = 0 and 6 =
arcsin(NA). For infinitesimally small A6 this procedure becomes equivalent
to the integration over ¢ described in Eq. (4.5). The angle 6 was sampled in
100 steps to get accurately resolved C;(0) overlap integrals.

Furthermore, when using the Fourier imaging technique for quantitative
purposes, a general property of high NA objectives called apodization needs
to be considered. This purely geometric effect causes isotropic spherical waves
to be transformed into collimated beams with non-uniform intensity profiles
since the objective lens transformation causes increasing ray densities at in-
creasing polar angles 6, as illustrated in Fig. 4.A.3(b) [28, 55]. Given that
the employed objective satisfies Abbe’s sine condition, this effect leads to
the following relation between the electric field E and the observed electric
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field Eps: E = Egps - y/cos(0). This results in the following modification of
Eq. (4.D.2):

_ L B np (i) —— dx
Cl(e)_ZTC \[J;)—fsin(e) cos(0) exp (il¢) f cos(@)pd . 4DY

———
Eobs

The OAM mode decomposition is performed for a finite range of OAM indices
I = -20...20, whereby in the OAM power spectrum plots the index range
was reduced to | = —15,...,15, where most of the signal is situated. Note
that the apodization factor is included in all OAM power spectra, while in
the presented amplitude and intensity plots the actually measured amplitude
E,ps is shown, without the apodization factor.

4.E. Additional OAM decomposition results

With the full k-resolved field at hand, one can computationally determine
the 6-resolved OAM density or in fact project the field on any desired ba-
sis function set. This is a large advantage over other reported measurement
schemes to determine OAM in paraxial beams, which rely on sequential mea-
surements of integrated transmission through a combined set of spatial filters
(to select 0) and (digital) holograms (to select a target e''?) [24, 56]. Such
results are reported as polar-angle-resolved plots of the integrand of Eq. (4.6),
namely (C;(0))? - sin(6) normalized by Y2 prinFig. 4 E1(ab) for co- and
cross-polarization, respectively. One can see that the main contribution to the
OAM density at around 6 = 0° is the OAM mode | = 0, which is partially
suppressed in cross-polarization in favor of | = +2. The high directionality
of these two OAM modes can be explained by transmission of the weakly
focused excitation light through the gold film. The presence of the OAM
mode | = 0 in cross-polarization is likely due to the non-perfect extinction
ratio of the polarizers. As the aperture itself is sub-wavelength it does radiate
at off-center angles giving rise to contributions at I = 0 in the co-polarized
and | = +2 in the cross-polarized channel. For co-polarized scattering, shown
in Fig. 4.E.1(a), the maximal OAM density at | = -5 is at around 6 = 18.9°.
For the cross-polarized case shown in Fig. 4.E.1(b) the maximal OAM density
I = -3 is scattered at an angle 6 = 16.4° and the maximal OAM density
value of the parasitic OAM mode | = 2 at 6 = 4.8°. In general, for the
spiral nanostructures studied here, the leakage channels with ! = 0 and | = +2
appear at lower angles than the desired, groove-number (1) dependent OAM
modes.

112



4.F. DETAILS ON VALIDATION AND REDUNDANCY REMOVAL

0.8 0.3
T ol . i
g P g
g 0° £ g
ko] 3 oS
g 0.4 ) _g
g 5 g
£ 02 £ S
§ I o| 2 =

0.0 0

. o Max.

o (c) 60

>
5
@ 30° @ 30° ;
g
-
0° L] 0° 0
45 10 -5 0 5 5 15 -10 -5 0 5

OAM index | OAM index |

Figure 4.E.1: (a) Individual OAM power spectrum with RHC input and RHC output.
(b) OAM power spectra as a function of m in co-polarization with LHC polarized input.
The dashed line indicates | = m. (c,d) O-resolved OAM density spectra in co- (c) and
cross-polarization (d) with RHC input. The green and red arrows indicate the input and
output polarizations, respectively. Panels (a), (c) and (d) feature a m = -5 spiral.

4.F. Details on validation and redundancy removal

The Fourier polarimetry technique provides access to wave vector-resolved
phase differences between orthogonally polarized fields, as described in the
main text. In Equation (4.7) three different combinations of S;, S, and S3
are shown and expressed in terms of phase differences between vertical and
horizontal, anti-diagonal and diagonal and LHC and RHC polarizations. As
an example, Figure 4.6(a) examines Eq. (4.7a) using polarimetrically and holo-
graphically determined phase differences between the vertical and horizontal
polarizations for a m = -5 spiral. Here, the two remaining consistency checks
are shown in Fig. 4.F.1 in accordance to the Egs. (4.7b) and (4.7c), which again
show a good visual match. As mentioned in the main text, off-axis holography
contains an arbitrary phase offset. Here, the two phase offsets are equalized
by minimizing the integrated difference between the phase difference profiles
retrieved from holography and polarimetry, as suggested in Ref. 57.

Furthermore, the main text discusses the possibility of utilizing the infor-
mation redundancy present in combined polarimetric and holographic ap-
proaches to reconstruct phase profiles in polarization channels, in which holo-
graphic measurements have not been performed. This becomes evident when
taking a look at the electric field amplitudes in the horizontal and vertical
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Figure 4.F.1: Validation of holography using polarimetric phase difference maps. (a,b)
Difference phase maps with LHC and RHC (a) and anti-diagonal and diagonal (b)
outgoing polarizations. Retrieved using polarimetry and holography for RHC polarized
input light and a m = -5 spiral.

polarization basis:
Ey = Exexp (ipn), (4F1a)
Ev =Eyexp(ipy), (4.F1b)
1 . ]
Ep = ﬁ [Exexp (ipy) + Ey exp (1(pv)], (4.F.1¢)
1 . )
Ea=5 |[Evexp (ign) - Eyexp (ipy)), (4.E1d)
1 . . .
Erpc = ﬁ [Exexp (ipy) - iE, exp (1(pv)], (4.F1e)
1 , . .
Erpc = NG [Exexp (ipn) +iE,xexp (lqov)], (4.F1f)

where @y and @y are the phase profiles in the x-direction and y-direction,
respectively. Note, that since the integration time of the detector is much
larger than the electric field oscillation time, the measured intensities are av-
eraged, scalar quantities I = <|E|2>. As evident from Egs. (4.F.1a)-(4.E.1f), only
four quantities (E,, Ey, ¢y and ¢y ) need to be known to reconstruct all other
polarization channels. This fact is utilized in the reconstruction procedure
described below.

First, arg(S, + iS3) in combination with the holographically determined
phase profile @y are used to reconstruct ¢y, as given in Eq. (4.7a). Then,
using these two phase profiles and E, and E,, which are also known from

polarimetry measurements (+/I(0°,0°) and /I(90°,90°)), the remaining com-
plex electric fields Epy,Ep,E4,Erpc and Eppc were determined as specified in
Egs. (4.F.1a)-(4.FE.1f). The phase profiles of these reconstruction complex fields
are shown in Figs. 4.6(b) and 4.F.2(a). For comparison, the respective purely
holographic phase profiles are also shown in Figs. 4.6(b) and 4.E2(b). The
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€) Phase profiles from combined polarimetry & holography

Phase (rad)

o
Phase (rad)

|
a

0.9-0.9 0.9-0.9
ki /Ko

!

0
ky/ko

Figure 4.F.2: Phase profiles from the minimally redundant, combined holography and
polarimetry approach. (a,b) Phase profiles in four polarization channels retrieved using
a combination of polarimetry and holography (a) with correspondent purely holographic
phase profiles for comparison (b). A m = -5 spiral and RHC input polarization are used.
The green and red arrows indicate the input and output polarizations, respectively.

phase offsets for the combined phase reconstructions are adjusted such that
the integrated phase differences between the phase profiles under comparison
are minimized [57].
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SPATIAL COHERENCE
MODULATION WITH
MICROMIRRORS AND
SURFACE WAVES ANALYZED
VIA MIXED-STATE
PTYCHOGRAPHY

Flexible and fast control of the phase and amplitude of coherent light, enabled by
digital micromirror devices (DMDs) and spatial light modulators (SLMs), has been
a driving force for recent advances in optical tweezers, nonlinear microscopy, and
wavefront shaping. In contrast, engineering spatially partially coherent light remains
challenging due to the lack of tools enabling a joint analysis and control sequence. In
this Chapter, we first present a technique for spatial coherence measurement based on
a ptychographic scanning microscope. We apply this method to two different spatial
coherence engineering techniques. The first is based on a DMD to control the size of
an LED source, while the second technique explores surface plasmon polariton (SPP)
excitations in plasmonic nanostructures. The reported methods open up new routes to
low-cost coherence control, with applications in micromanipulation, nanophotonics,
and quantitative phase contrast imaging.
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5.1. Introduction

PTICAL coherence measures the degree of correlation that electromag-
O netic radiation exhibits in space and time [1]. Theoretical progress com-
bined with experimental control of partially coherent light continues to ad-
vance modern technology [2]. For instance, temporally partially coherent light
is leveraged for depth-gating and three-dimensional imaging in optical coher-
ence tomography, a major scientific and technological breakthrough of the last
decades [3]. An example of the utility of partial spatial coherence is very long-
baseline interferometry (VLBI), where measuring spatial correlations enables
imaging far distance incoherent sources using the van Cittert-Zernike theo-
rem [4]. This has recently produced the first image of a black hole at radio
frequencies [5]. These examples illustrate the importance of experimental
access to both temporal and spatial coherence properties of electromagnetic
radiation. However, for visible light the state of the art of coherence manip-
ulation is arguably unbalanced. Measurement and control of temporally par-
tially coherent light are possible thanks to the availability of high-resolution
spectroscopy, supercontinuum light sources, pulse shaping devices, and a
plethora of nonlinear optical phenomena allowing for frequency conversion
and broadening [6]. The manipulation of spatially partially coherent light
remains at a less advanced stage. While beam and coherence manipulating
devices such as DMDs and SLMs are readily available, there are two primary
factors that prevented efficient control of spatially partially coherent light.
First, in contrast to VLBI, operating at radio frequencies and allowing to di-
rectly record phase, visible light coherence measurements require additional
interferometric devices, which poses challenges in terms of stability. Second,
a practical difficulty is the computational complexity of spatially partially
coherent light, as it requires the specification of all two-point correlations
within a beam cross-section, scaling with the fourth power of the number of
samples per dimension upon discretization. This poses challenges both in
terms of data acquisition and numerical processing.

Among the experimental techniques to quantify spatial coherence, Young’s
double slit is most prominent [7, 8]. Several techniques based on this concept
have been brought forward such as redundant [9] and non-redundant aper-
ture arrays [10] as well as non-parallel [11] and programmable slits [12, 13].
However, despite significant improvements in speed, these techniques are
either limited in resolution by the spacing of the apertures or slow due to
their sequential acquisition scheme. Other methods such as lateral-shearing
Sagnac interferometry (LSSI) [14, 15] and phase-space tomography (PST) [16,
17] require sophisticated optical elements, potentially introducing aberrations
in the coherence function to be measured. An additional complication in LSSI
is the long measurement time [14]. PST is limited to paraxial optical fields and
the experimental setup reported in [17] required three SLMs, driving up cost
and calibration effort.
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In this work, we use ptychography [18], a lensless imaging and wave-
front sensing technique, for spatial coherence analysis. Ptychography has
been demonstrated for label-free, quantitative phase imaging (QPI) [19, 20],
and beam characterization [21-27], with added benefits through various self-
calibration methods [21, 28-30]. An important extension is mixed-state pty-
chography, which uplifts the problem of fully coherent wavefront sensing to
the computationally more complex problem of characterizing multiple inco-
herent contributions in a spatially partially coherent beam [31]. This technique
can be used to retrieve orthogonal modes in the decomposition of the mutual
intensity (MI) of a spatially partially coherent beam [32] and has become a
standard tool in both x-ray and electron diffraction [33-35]. However, par-
tial spatial coherence is considered a nuisance for high-resolution x-ray and
electron diffraction imaging [33, 35-37], despite flux advantages as compared
to fully coherent radiation [38]. In contrast, some visible light applications
benefit from reduced spatial coherence. Examples include speckle noise re-
duction [39], enhanced optical sectioning [40], and partially coherent opti-
cal diffraction tomography [41]. A fast and low-cost experimental coherence
control and analysis system could drive new insights in open research fields
such as coherence transfer in nanophotonics [42-44] and optical tweezers with
spatially partially coherent illumination [45, 46].

In Section 5.3, first a combined coherence analysis and control scheme
is presented, which is based on a scanning microscope with a DMD-based
programmable spatial filtering of an LED source. According to the van Cit-
tert-Zernike theorem, which states that the intensity distribution of an inco-
herent source and its mutual intensity in its far-field are related through a
Fourier transform, such an approach allows engineering a wide variety of
spatial coherence responses by defining different source shapes and sizes.
Also, a gap in the literature is the verification of the reconstruction accuracy of
mixed-state ptychography for spatially partially coherent fields. We provide,
to our knowledge, the first quantitative comparison of experimental mixed-
state ptychography to theoretical predictions. Finally, in Section 5.4, we apply
mixed-state ptychography to a novel topic in nanophotonics, which studies
the influence of surface plasmon waves on statistical properties of light. To
achieve this, we combine the ptychography setup with a high-NA transmis-
sion microscope. The presented initial measurement results highlight how
mixed-state ptychography can benefit research on spatial coherence transfer
in nanostructures.

5.2. Methods

5.2.1. Spatial coherence theory

Throughout this chapter, we restrict the discussion to quasi-monochromatic
light, which allows us to omit the frequency dependence of all fields involved.
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Under this assumption, spatial coherence is quantified using the mutual in-
tensity J(r,r,), which captures correlations between pairs of points in two
independent spatial variables r; and r,. These spatial correlations can be
decomposed into an orthonormal basis {¢,,} withm =1,..., M,

J(ry,1) = Z/\m¢:n(r1)¢m(r2); (6.1)

where the ‘modes’ ¢, are eigenfunctions with eigenvalues 1, that fulfill the
Fredholm integral equation as reviewed in Sec. 1.5.2 and in Refs. 32, 47. The
normalized MI

J (I’ 1, 1'2)

I(ry)I(r2)
is bounded in magnitude by 0 and 1 and will be used in the following as a
measure for spatial coherence. The distribution of the eigenvalues 1,,, which
expresses the occupancy of the different modes, can be used to calculate an
alternative coherence metric given by

2
ﬁZ — Zm /\m (5.3)

(T An)®

This quantity ji € [0,1] is referred to as the overall coherence. The inverse
square of ji provides an upper bound for the number of coherent modes re-
quired for an accurate mode representation in Eq. (5.1) [48]. In the following,
we refer to this quantity as the effective number of modes Mg = 1/ i%.

y(ry,r,) = (5.2)

5.2.2. Mixed-state ptychography

Ptychography is based on measurements of diffraction patterns generated
by the interaction of a spatially bounded probe beam P (r) and a scattering
object O (r), which is laterally scanned while a series of diffraction patterns is
recorded [18]. The scan step is chosen small enough to guarantee adjacent
diffraction signatures are correlated. High overlap promotes overdetermi-
nation in the inverse problem underlying ptychography, allowing to solve
the inverse scattering problem by iteratively recovering the complex probe
and object transmission functions [22, 23]. The mixed-state formulation of
ptychography expands on this concept by recovering the orthogonal modes
P, (r) = VA,.¢,, (r) in the expansion of the MI of a spatially partially co-
herent illumination [31]. Partial spatial coherence manifests itself as reduced
visibility in the diffraction intensities observed in ptychography. However,
the loss of contrast in diffraction patterns is not exclusively caused by spatial
decoherence but may for instance be caused by object vibrations or temporal
incoherence [33, 49]. Therefore, in order to single out spatial incoherence one
has to take some precautions by e.g., ensuring object stability and by spectrally
filtering the light source. The forward model of ptychography assumes the
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exit wave downstream of the specimen (r) as product of the estimated probe
and the object functions

P (1) = Pa(r) 0" (r - t;), (5.4)

where 7 is the iteration index and ¢; is a translation vector. The exit waves
for each illumination mode are propagated into the detector plane (q) and

incoherently added

2 (5.5)

H@)=) |bn(a)

where ¥, (r) and 1,, (q) are related through free-space propagation. The for-
ward model is inverted by iteratively applying gradient steps in the detector
and object planes [23, 31], to wit

Tn+l _ \/E

™
llbm,j - N 24}m,j’ (5'6)
\’Zm’ l,b:ln,,]’
n+l _ pn /5 n* n+1 nyn
p! me+mo (' = Bno"), (5.7)
ot =0t —F Y R -mo"). 6

max) |P£,

m

where g is a parameter that controls the step size of the probe and object up-
dates. We omitted the functional dependencies for notational simplicity. The
reconstructed probe state mixtures are iteratively orthogonalized, for instance
using the Gram-Schmidt procedure or singular value decomposition. Further
algorithmic details are provided in Refs. 31 and 50.

5.3. DMD-assisted coherence modulation

5.3.1. Experimental setup

The setup used for joint spatial coherence control and analysis is depicted
in Fig. 5.1(a). A light control module (Texas Instruments DLP3010EVM-LC)
combining an RGB LED source and a DMD is used to generate a beam with
static, binary amplitude pattern encoded into it. The DMD consists of an array
of 1280 x 720 micromirrors with a pitch of 5.4um. The micromirror pixels
of the DMD are in the following denoted as dpx. We switch on only the red
LED and further spectrally filter the light using a bandpass (BP) filter centered
at A = 632.8nm (FWHM of 1nm) further downstream. An iris is used to
limit the beam size to approximately half the angular range of the detector.
After this a lens (100mm focal length) is focusing the probe beam, forming
an image of the DMD 6.2mm upstream of the object plane. This image is
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Figure 5.1: (a) Sketch of the micromirror-based mixed-state ptychography setup. The
light control module consisting of an LED source and a DMD generates a beam with a
binary amplitude pattern. This beam is spectrally filtered using a bandpass (BP) centered
at A = 632.8nm (1nm FWHM) and defined by an iris. A lens (L) images the DMD
upstream of an object, which is mounted on a translation stage. The inset indicates the
concentric object scan trajectory. A sequence of diffraction intensities is recorded on a
CCD. (b) The reconstructed probe intensity in the xz plane. The planes of the DMD
image, object, and CCD are indicated as dashed lines. The intensity is shown on a
logarithmic color scale. (c-e) The probe intensities in the xy planes of the DMD, object,
and CCD respectively. (f-h) The first four out of a total of 36 reconstructed coherent
modes in the planes of (c-e). The amplitude is encoded as brightness and phase as hue.
The phase curvature of the probe modes in panels (g) and (h) was removed. In panel (a)
for simplicity, the reflective DMD is shown operating in transmission.
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demagnified by approximately a factor 2 as compared to the original pattern
displayed on the DMD. The object, a USAF resolution test target (Thorlabs
R3L154P), is mounted on a xy-translation stage (Smaract SLC-1770-D-S, 70nm
repeatability). Finally, the scattered signals at each scan position are recorded
by a CCD camera (AVT prosilica GX1920, 14bit, 4.54pm pixel size). The
ptychography scans were performed on a concentric grid (shown as an inset
in Fig. 5.1(a)). The scan grid consists of 260 steps with a step size of 70 pm and
aFOV of 1.3x1.3 mm?. Since in all our measurements the minimally observed
beam size in the object plane had an FWHM of 262 pm, this resulted in a linear
probe overlap of at least 73 %. Further setup implementation details are given
in Appendix 5.A.

5.3.2. Setup characterization

The coherent mode representation offers flexibility in the characterization of
partially coherent optical systems, as it allows to numerically propagate the
beam to any desired propagation distance once a ptychography reconstruc-
tion has been completed. For propagation, we use the band-limited angular
spectrum method described in Ref. 51. The observable intensity at a par-
ticular plane is calculated by individually propagating the coherent modes
before summing them incoherently, as described by Eq. (5.5). In Figure 5.1(b),
we show such a propagation result by plotting an xz-cross-section the in-
tensity on a logarithmic scale. The plot displays a z range of —10mm to
40mm with a step size of 0.1 mm, whereby z = 0 is defined as the object
plane. In this example, we use a ptychographic reconstruction of a mea-
surement using a DMD image of a ring as its partially coherent source. The
exact DMD image displayed a ring with an outer diameter of 15dpx and
width of 2dpx. Figure 5.1(c-e) shows the reconstructed probe intensities at
three z positions of particular interest. Fig. 5.1(c) displays the reconstructed
intensity at z = —6.2mm, which is an image plane of the DMD. The z position
is indicated in Fig. 5.1(b) by a vertical dashed line. In addition to the mostly
focused beam, the logarithmic color plot in Fig. 5.1(b) reveals the presence of
background light, which is caused by the imperfect amplitude contrast of the
DMD. This effect, which becomes more prominent when fewer DMD pixels
are activated, did not hinder successful reconstructions since the background
signal is usually captured by higher order coherent modes. The z coordinate of
the DMD image plane was found manually by comparing the sharpness of the
DMD pattern reconstruction in steps of 0.1 mm. The demagnification factor
of around 0.5 was obtained by comparing the size of the reconstructed DMD
image to the size of the programmed DMD image (ring diameter multiplied
by the DMD pixel size of 5.4pum). Figure 5.1(d) shows the probe intensity at
the object plane (z = 0), which for instance can be used to estimate the average
probe overlap. The probe intensity in the CCD plane (z = 37.6 mm) is shown
in Fig. 5.1(e). The probe was slightly cropped by an iris, which possesses an
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image plane further downstream at around z ~ 50mm. The sample-detector
distance was calibrated using the method described in Ref. 30.

The corresponding first four coherent modes are presented in Fig. 5.1(f-h).
Figure 5.B.2 in the Appendix depicts all 36 reconstructed coherent modes of
this example, where one can see that higher order modes contain the noisy
part of the signal. Due to the focusing lens, the probe modes in the object
and CCD plane have a quadratic phase curvature. To aid visual inspection,
this phase curvature is compensated by multiplying with the conjugate phase
of the respective primary coherent mode. This means that the phase of the
coherent modes, shown in Fig. 5.1(g,h), is relative to the phase of the first
coherent mode.

5.3.3. Quantitative coherence analysis

In this section, we first experimentally examine the coherence analysis ca-
pabilities of mixed-state ptychography by comparison to simulation results.
Following this, we demonstrate how the two metrics described in Sec. 5.2.1,
the MI y(Ay) and the overall coherence ji, can be controlled by variation of
the source shape using the DMD.

In Figure 5.2, we compare experimentally obtained curves for [y (Ay)| (blue
dots) to simulations (red line). The DMD images, used in these measurements
are composed of a ring with a thickness of 2dpx and the outer diameters d =
15dpx and d = 35 dpx. We model these two extended sources as a collection
of point sources, that emit mutually incoherent spherical waves from a ring-
shaped area at z = —6.2mm (conjugate plane of the DMD). To model the
intensity distribution in this source area, we first generate a binary amplitude

1
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Figure 5.2: Measured and simulated magnitude of the normalized MI |y(Ayp)| of
two differently sized ring-shaped sources at z = 10mm. The ring diameters in the
DMD images are 15dpx (a) and 35dpx (b). The insets show the simulated (top) and
reconstructed (bottom) source intensity distributions together as well as their overall
coherence ji.
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mask and then blur its edges using a circular averaging filter with a radius of
2 px, approximating the low-pass filtering operation of the iris upstream of the
lens in Fig. 5.1(a). The probe pixel size in both the simulated and reconstructed
source images is 3.6 pm. The resulting simulated source intensities are shown
in the insets of Fig. 5.2 above the corresponding experimentally reconstructed
source intensities. All non-zero pixels of the simulated DMD plane act as mu-
tually incoherent point sources. At the iris plane (z = 50mm) a circular mask
with a diameter of 3.6 mm is applied. Performing a singular value decompo-
sition (SVD) on the set of spherical waves, an orthogonal mode representation
of the spatially partially coherent beam is found. Finally, we propagate both
the simulated and measured probe modes to z = 10 mm and calculate the 2D
normalized MI y(y;,y,) as given by Eq. (5.2) at x = 0. To reduce the influence
of noise on the 1D cross-sections y (Ay), shown in Fig. 5.2, we average over the
first 18 pixels above and below the main diagonal of the 2D mutual coherence.
The simulated and measured magnitude of the normalized MIin Fig. 5.2 show
an excellent agreement, quantitatively verifying the coherence measurement
abilities of mixed-state ptychography.

We performed additional measurements to investigate the influence of the
source shape on the MI and its associated coherence measures. In addition to
the ring shape, we chose two source shapes to which we refer as Costas [52]
and hexagonal arrays. Both the Costas and the hexagonal array consist of
seven square elements but in different spatial arrangements. Costas arrays are
latin squares in which every displacement vector is unique. Hexagonal arrays
on the other hand consist of square elements arranged at the vertices and
center of a regular hexagon. To give an overview over the investigated source
shapes, six examples of reconstructed probe intensities in the DMD plane
are shown in Figs. 5.3(a,b) and 5.4(al-a4), where each source shape is present
in two varying choices of size parameters (d,w,p). Note, that the successful
reconstruction of the different source shapes through back-propagation of
coherent modes further supports the validity of the presented results. The
corresponding first nine coherent modes in the DMD plane are shown in
Figs. 5.3(d,e) and 5.4(b1-b4). These modes can be used to gain insight into
spatial correlations in the partially coherent source. Our data shows such
insight beyond the fully expected localization of the reconstructed modes
on the DMD mask, as an unexpected symmetry breaking, whereby the first
modes preferentially show zero crossings in the horizontal direction. We
attribute this to ensemble decoherence effects as a result of switching between
on and off state of the micromirrors during the pattern streaming cycle, which
appears even in static mode for the DMD control module deployed in our
setup.

In Figure 5.3(c), we show reconstructed MI cross-sections for various sizes
of the ring sources, evaluated at z = 10 mm. MI cross-sections results for the
Costas and hexagonal array sources are shown in Fig. 5.5(a,b). Supporting
details on DMD control are given in Appendix 5.A.2. The results in Figs. 5.3(c)
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Figure 5.3: Reconstruction results for ring-shaped sources. Intensity distribution (a,b)
and first nine coherent modes (d,e) of the probe at the DMD plane. (gh) Reconstructed
object intensity. (c) Magnitude of the normalized MI at z = 10mm. The inset shows
the FWHM of |y (Ay)| as a function of the ring diameter d. (f) Normalized eigenvalue
distribution plotted on a logarithmic scale. The inset shows the overall coherence . (i)
Object Fourier ring correlation (FRC) as a function of normalized spatial frequency. The
half-period resolution at the intersection of the FRC and the 1/2-bit curves is shown as
an inset.

and 5.5(a,b) demonstrate our ability to control and measure the MI |y (Ayp)|.
From the insets in Figs. 5.3(c) and 5.5(a,b), we observe that an increasing
source size leads to a decreasing FWHM of |y (Ay)| and therefore lower spatial
coherence lengths. Since the sizes of the hexagonal arrays were chosen such
that the largest separations approximately matched the ones in the Costas
array, they possess FWHM values of a similar range. The 1D MI cross-section
of the hexagonal array features side lobes, which are less pronounced in the
other two source shapes. This can be understood as a consequence of the
van-Cittert-Zernike theorem, which implies a Fourier-transform relationship
between an incoherent source and its far-field mutual intensity [4]. Thus,
periodic sources exhibit more pronounced correlation peaks than aperiodic
sources, as seen here by comparing the MI of the hexagonal array with the MI
of the Costas array.
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Figure 5.4: Reconstruction results for Costas and hexagonal array sources. The intensity
distribution (al-a4) and the first nine coherent modes (b1-b4) of the probe at the DMD
plane. (c1-c4) The reconstructed object intensity.

The semi-logarithmic plots in Figs. 5.3(f) and 5.5(c,d) show the distribution
of the eigenvalues A, over the first m = 1,...,36 modes for the three source
shapes. The sum over the 1,, values was normalized to unity. For the ring-
shaped source in Fig. 5.3(f), a higher diameter d continuously increases the
number of occupied modes, due to the larger number of source points con-
tained in the source. The overall coherence shown as an inset in Fig. 5.3(f)
decreases from ji = 0.41 to ji = 0.18 as a function of d, which corresponds to
an increase in effective modes from Mg = 6 to Mg = 32.

For the Costas and hexagon array sources in Fig. 5.5(c,d) the mode oc-
cupancy remains nearly unchanged during the size sweep, which is due to
a fixed number of source points. Further, we observe that the eigenvalues
of the Costas and hexagonal array undergo step-like changes between several
plateaus of approximately constant values at integer-multiples of 7, indicating
partial spatial coherence over each of the 7 active sub-areas displayed on the
DMD. The insets in Fig. 5.5(c,d) show that the overall coherence for the Costas
and hexagonal arrays are approximately equal. In case of the Costas array
the overall coherence remains nearly constant and fluctuates around i = 0.24,
which corresponds to Mg = 17. For the hexagonal array the overall coherence
fluctuates around ji = 0.22, which corresponds to Mg = 20.
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Figure 5.5: Quantitative characterization of the reconstruction results for Costas and
hexagonal array sources. (a,b) Magnitude of the normalized MI at z = 10 mm. The insets
show the FWHM of |y (Ay)| as a function of w and p, respectively. (c,d) The normalized
eigenvalue distribution plotted on a logarithmic scale. The inset panels show the overall
coherence fi. (ef) Object FRC as a function of normalized spatial frequency. The half-
period resolution values are shown as insets.

5.3.4. Influence of illumination on object reconstruction

Above we have focused on the characterization of partially coherent illumi-
nation. In this section, we examine several aspects regarding the influence
of partial spatial coherence on the object reconstruction quality. Structured
illumination has previously been reported to offer advantages for fully coher-
ent ptychography, due to relaxed detector dynamic range requirements [38,
53-56]. First, we investigate whether controlling the structure of partially
coherent illumination affects the reconstruction quality. Second, by varying
the source size we effectively alter degrees of coherence of the illumination.
Previous studies have suggested that decreased spatial coherence generally
leads to reduced reconstruction quality [36]. We test how the lateral spatial
resolution depends on the illumination spatial coherence under variation of
the source shape. Third, we compare the reproducibility of QPI via ptychogra-
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phy, by comparing reconstruction obtained through fully coherent and mixed-
state ptychography.

We use Fourier ring correlation (FRC) as a function of spatial frequency to
quantify resolution [57]. In this method two object reconstructions, which are
independently acquired under the same experimental conditions, are corre-
lated on concentric rings in Fourier space. Here, we obtain these two indepen-
dent object reconstructions by splitting the data into two half sets, each con-
taining 130 diffraction patterns (see Appendix 5.B). Figures 5.3(i) and 5.5(e,f)
summarize the FRC results for the same three source shapes as discussed
in the last section with various sizes. The horizontal axis shows the spatial
frequency as a fraction of the Nyquist limit. The spatial frequency at the
intersection between the FRC and the 1/2-bit information threshold curve
is converted into a half-period resolution value and used as a measure for
spatial resolution [57]. The insets of Figs. 5.3(i) and 5.5(e,f) show all half-
period results as a function of each respective scaling parameter. The results
with a ring source in Fig. 5.3(i) show an improved FRC for increasing ring
diameters d, with the corresponding half-period resolution shrinking from
6.7um to d = 3.7 pm. The reason for this behavior is the increased photon flux
as a function of ring diameter, see Fig. 5.A.1(c) in the Appendix. Two examples
of reconstructed objects with a small and large ring diameter are shown in
Fig. 5.3(g) and 5.3(h), respectively. Next, in Figure 5.5(e,f), we show FRC
results for the Costas and the hexagonal source arrays. Here, the source size
variation changes the angles of illumination but keeps the total source area
constant. The inset of Fig. 5.5(e) shows the half-period resolution extracted
from the FRC results with Costas array illumination. The values do not show
a clear trend but rather fluctuate around a resolution of 4.8 pm. For the hexag-
onal array the half-period resolution, shown in the inset of Fig. 5.5(f), seems
to increase from 3.8 um to 5.2 um as a function of p. This is due to a decrease
of incoming flux with larger p values, as shown in Fig. 5.A.1(i), caused by
apodization of the source by the iris upstream of the lens in Fig. 5.1(a).

Next, we replaced the USAF target, which represents a binary amplitude
object, with a biological sample containing a histological section of a human
muscle. This sample features richer phase variations compared to the USAF
target and is, therefore, better suited to demonstrate the QPI capabilities of
mixed-state ptychography. In Figure 5.6, we compare the reconstructed object
amplitude and phase under coherent and partially coherent illumination. The
coherent source is a supercontinuum laser (NKT Photonics WhiteLase Micro),
which was spectrally filtered to a wavelength of 708 nm (bandwidth 0.6nm) to
achieve high temporal coherence and is expected to be fully spatially coherent.
For the DMD-defined LED source, we used a Costas array with w = 10dpx.
The DMD reconstruction used 25 modes and the laser reconstruction a single
mode. For further implementation details see Appendix 5.A.1. The recon-
structed single mode object image was scaled to the same pixel size as the
DMD reconstruction and a constant phase offset between the two images was
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Figure 5.6: Amplitude and phase of a histological section of a human muscle imaged
with mixed-state ptychography (a,b) and with fully coherent ptychography (c,d).

removed. As can be seen from Fig. 5.6(a,c), the two reconstructions show
differences in the transmissivity of the object, which is caused by the stain
(hematoxylin and eosin) of the sample. However, the quantitative phase pro-
files shown in Fig. 5.6(b,d) are in excellent agreement. This result affirms the
reproducibility of mixed-state as compared to fully coherent ptychography.

5.4. Surface plasmon-assisted coherence modulation

In this section, we explore whether the above presented method can be used to
study the coherence conversion induced by surface plasmon polariton (SPP)
excitations in a plasmonic nanostructure. The ability of such electromagnetic
surface waves to modulate the statistical properties of light has been the sub-
ject of increasing research interest [42-44, 58-62]. This effect was first ob-
served in the well-known Young’s double slit configuration [42—44]. Plas-
monic waves, that are excited at either of the slits, propagate back and forth
between slits before they are coupled out. The interference of the outcoupled
waves with each other and the directly transmitted light causes a modula-
tion of the spatial coherence properties of the output field. The increased
or decreased correlation of waves emitted at the two slits is governed by
the slit coupling efficiency and the slit separation. Other proposed surface
plasmon-mediated coherence converting devices include the three-slit inter-
ferometer [58], subwavelength hole arrays [59] and metallic line gratings [62].
So far, most of the studies in this field focused on theoretical or numerical
calculations [42, 43, 58-60, 62]. Experimental realizations as in Refs. 43 and 44
use the relatively simple far-field interference contrast method to experimen-
tally characterize spatial coherence (as described in Sec. 1.5). In this work,
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we leverage the reconstructed coherent modes to point out the insights the
mixed-state ptychography technique can offer to this novel research field.

5.4.1. Sample fabrication

The nanostructure we study here is illustrated in the left inset of Fig. 5.7(a) and
will be in the following referred to as triple bullseye (TBE) antenna. Similar
designs have been used in Ref. 63 in the context of spectral imaging. The
general idea behind this design is that the field scattered by this nanostructure
consists not only of the directly transmitted fields from the three apertures
but also of contributions mediated by SPP waves that traveled in-between the
apertures and that are diffracted out by the apertures and grooves. Each bulls-
eye antenna possesses a central aperture and three concentric grooves around
it. The side-view sketch of a single bullseye antenna in Figure 5.7(b) points out
the main design parameters. The sample is fabricated on a 170 pm thick glass
cover slide, where a 5nm thick Cr adhesion layer and a 250nm thick layer of
Au were deposited using electron beam physical vapor deposition (Polyteknik
Flextura). The grooves were milled approximately 110nm deep into the Au
film using a focused ion beam (FEI Helios). The other parameters were chosen
to be d = 400nm, w = 220nm, p = 550nm and a = 500nm, which based on
previous studies should achieve maximal transmission at around A = 640nm.
The distance L between the bullseyes is varied between 4.0um and 5.8 pm in
steps of 0.2um. The minimal distance between different TBE structures is
40pm. An SEM image of an example TBE structure with L = 4.6 um is shown
in Fig. 5.7(c).

5.4.2. Experimental setup

As shown in Fig. 5.7(a), the previous setup, shown in Fig. 5.1(a), was modified
by essentially replacing the light control module with a high-NA transmission
microscope. In addition, we switched the light source to a diode laser with a
wavelength of 642nm (Thorlabs LP642-SF20)!. This light source is assumed
to be fully spatially and temporally coherent. As indicated in the left inset
of Fig. 5.7(a), the linear polarization of the laser is oriented perpendicular
to the connecting line of nanoapertures 1 and 3. After being coupled out
of a single-mode fiber and collimated, the laser beam is focused onto the
glass side of the nanoantenna sample by lens L;, which has a focal length
of 75mm. On the other side of the sample a 100x objective (Nikon CFI L
Plan EPI 100xCRA) with an NA of 0.85 is used to collect the scattered light.
To image the sample plane, a mirror on a magnetic mount can redirect the
beam through a tube lens L, with a focal length of 200mm to CCD; (The

1 This was done to achieve sufficient light transmission through the sample, to be able to perform
ptychography measurements further downstream. In initial experiments, we found that the use
of a focused high-powered LED source is also possible, which will be explored in follow-up
work.
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Figure 5.7: (a) Combined high-NA microscopy and ptychography setup. The left inset
shows a sketch of the TBE antenna, where red arrows denote the in-plane SPP wave
vectors and the blue arrow shows the incident polarization. The right inset shows
the object scan trajectory. (b) Side-view sketch of a single bullseye antenna indicating
the design parameters. (c) SEM image of a fabricated TBE antenna. (d) Defocused
sample plane image captured by CCD;. (e) Reconstructed probe intensity in the xz
plane, showing the beam propagating from z = —-58 mm to z = 44mm. The positions
of the nanoantenna, object, and CCD planes are indicated as dashed lines. The intensity
is shown on a logarithmic color scale. (f-h) Probe intensities in the xy planes of the
nanoantenna, object, and CCD, respectively. Panels (c-h) feature a triple bullseye antenna
with L = 4.6pum. Note, the difference in scale bars between panels (d) and (e-h) arises
from the different focal distances of lenses L and L3 and the fact that the microscope
image in panel (d) takes into account the 100x objective magnification.
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Imaging Source DMK21AU04). This image is used to navigate and focus on
the nanoantenna sample. An example image acquired with CCD; is shown in
Fig. 5.7(d), displaying a slightly out of focus image of a TBE with L = 4.6 pm.
Such a defocus was also used during the ptychography measurements and
allowed to use Iris; as a spatial filter to remove light of nearby scattering
structures.

The ptychographic part of the setup is kept as described in Sec. 5.3.1. The
lens L3 (100mm focal length) brings the probe beam in focus at around 13 mm
in front of the scattering object (USAF target), which is mounted on a trans-
lation stage. The ptychographic scan grid uses now a Fermat spiral design,
see inset in Fig. 5.7(a). It consists of 202 points with a step size of 90.2 um
and a FOV of 1.4 x 1.4mm?. The probe beam size in the object plane has an
FWHM of around 640 pum, which results in a linear probe overlap of around
86 %. In Figure 5.7(e), we show a propagated probe reconstruction by plotting
an xz-cross-section the intensity on a logarithmic scale. The plot displays a z
range of —58mm to 44mm with a step size of 0.2 mm. The z positions of the
nanoantenna, object, and CCD planes are indicated as dashed lines. Due to
the defocus of the objective, the image plane of the TBE antennas was found
at around z = —57mm, see Fig. 5.7(f). Figure 5.7(g,h) shows the probe inten-
sity further downstream in the object (z = 0) and CCD (z = 42.9mm) plane,
respectively. As expected for three-beam interference, a hexagonal pattern
emerges. This result shows that it is in principle procedurally and in terms of
signal strength possible to perform ptychograpy in order to characterize the
scattering properties of plasmonic nano-antennas. Due to the high degree of
coherence, we used only a total of 9 modes and 500 iterations for the following
reconstructions.

5.4.3. Coherence modulation results

We can now use the flexibility of the coherent mode representation to numer-
ically propagate the beam to any desired position downstream of the sam-
ple. Propagating the beam to the TBE antenna plane enables us to evaluate
the two-point correlation at the locations of the individual nanoapertures.
Figure 5.8(al-a4) shows four example probe intensity reconstructions in the
plane of the TBE antennas for four aperture spacings L in the interval L =
[5—5.6]um. Some of the apertures appear darker, which is likely due to
fabrication defects. The probe and the coherent modes were rotated counter-
clockwise by 27.5° to align the two apertures (indicated by the green and cyan
dashed circles) along the y-axis. The x and y positions of nanoapertures 1 and
2, see Fig. 5.8(al), were manually calibrated for each probe reconstruction. The
position of aperture 1 was set to be in the center of the image (x = y = 0) by
adjusting the image margins. The pixel size of the reconstructed probes was
recalibrated by matching the reconstructed and expected aperture distance L,
which is known from the nanofabrication design.
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Figure 5.8: Probe reconstruction and spatial coherence analysis results for TBE antennas
with L = [5-5.6]pm. Reconstructed probe intensities (al-a4) and first four coherent
modes (b1-b4) in the TBE antenna plane. The dashed circles in panels (al-a4) indicate
the manually determined positions of the two apertures. The percentages in panels (b1-
b4) show the relative energies in each mode. The phase curvature of the modes in (b1-b4)
was removed through multiplication with the conjugate phase of the first coherent mode.
(c1-c4) Magnitude of the 2D normalized mutual intensity |y (1,72 )| at x = 0 in the TBE
antenna plane. (d1-d4) 1D cross-cuts of (c1-c4) along y, = 0. The green and cyan dashed
lines indicate the positions of apertures one and two, respectively. The length scales were
calibrated using the aperture distance L known from the fabricated design.
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The corresponding first four coherent modes are shown in Fig. 5.8(b1-b4).
The phase curvature contained in these modes, which is caused by the defocus
of the objective, was removed by multiplying with the conjugate phase of
the first coherent mode. These coherent modes allow further insight into the
physics behind SPP-assisted coherence conversion effects. For instance, the
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fact that all three apertures are visible in each of the first four modes indicates
that waves emerging from these three apertures are highly correlated. In
contrast to that, in initial measurements with a tightly focused LED beam each
of the nanoapertures appeared in a separate probe mode. The fact that probe
modes 2 to 4 contain considerable relative energies indicated the presence
of decoherence effects, which we expect to be generated by surface plasmon
propagation, i.e., the effects of cross-talk between apertures discussed by Gan
et. al., that can both raise and lower the partial coherence of radiated light
relative to the illumination [42].

In follow up work, it would be highly interesting to investigate in de-
tail how the coherent modes are affected by varying the spatial degree of
coherence of the input light, for instance, comparing LED and laser illumi-
nation, and shaping the input light in phase and intensity. A crucial role
is played according to theory by the properties of the guided modes that
mediate the interaction between the apertures. By varying the wavelength,
film thickness, and geometry (e.g., MIM plasmonic systems) one could hope
to independently vary the SPP mode index, loss tangent, and the mixing ra-
tio between direct and SPP-mediated transmission. The concentric features
around each aperture have a periodicity that roughly corresponds to the laser
wavelength. It is tempting to assign these features to a guided mode (SPPs,
quasi-cylindrical waves) feature, out-coupled by surface roughness. However,
we note that such an assignment is hampered by the fact that the periodicity
of the fringes in the data cannot be determined within a very high accuracy
from the few fringes at hand, meaning that the extracted periodicity cannot
be uniquely matched to either SPPs, quasi-cylindrical waves, or the free-space
wavelength.

Evaluating two point correlations allows to single out the contributions
of the two apertures on the overall spatial coherence conversion. This abil-
ity to disentangle nanoaperture contributions represents a clear advantage of
our technique compared to techniques that evaluate spatial coherence based
on far-field interference contrast. Figure 5.8(c1-c4) shows 2D normalized MI
[y (v1,v2)| plots at x = 0, calculated using Eq. (5.2) and the assumed nanoaper-
ture positions indicated in Fig. 5.8(al-a4). In these 2D color plots, values at
11 = v, = 0 indicate the spatial correlation of the aperture 1 with itself and the
values around y; = y, = L show the correlation of the aperture 2 with itself.
The respective L values are indicated in Fig. 5.8(al-a4). The cross-correlation
between the two apertures can be found at y; = 0 and y, =L or y; = L and
v, = 0. Figure 5.8(d1-d4) shows 1D cross-sections |y (Ayp)| extracted from the
2D normalized MI plots along y, = 0. These 1D cross-sections were averaged
over the first 14 pixels above and below y, = 0 to reduce noise. Each of the
1D cross-sections features a maximum at Ay = L, indicating a high degree
of spatial correlation between the two nanoapertures. In between the two
apertures the |y (Ayp)| curves show an oscillatory behavior, expect for the case
of L = 5.6um, where [y (Ay)| stays remarkably high.
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Figure 5.9: (a,b) 1D cross-cuts of the normalized MI for different aperture distances L
shown as a function of Ay with an y-offset of 0.5 (a) and as a function of 5.8 ym/L- Ay
without y-offset (b). The scaled x-axis in panel (b) causes the positions of the second
aperture to coincide (indicated by vertical dashed line). (c) Correlation between the two
points (x; = 0,93 = 0) and (y, = 0,y = L) as a function of L. (d) Overall coherence ji
as a function of L. The green dashed line in (c,d) shows the y(Ay) and i results of the
reference measurement from Fig. 5.C.1.

Figure 5.9(a,b) plots the retrieved |y (Ayp)| results in two different manners.
In Figure 5.9(a), the different |y (Ayp)| curves are offset in y, which can help
to identify eventual common peaks. In Figure 5.9(b), the x-axis was scaled
by a factor of 5.8pum/L. This re-scaling causes the positions of the second
aperture to coincide and makes the fluctuations of |y (0, L)| more easily visible.
In Figure 5.9(c), we show the values of |y(y;,9,)| fory; =0and y, =L as a
function of L. As reported in the literature for the double slit configurations in
combination with thermal light sources, the mutual intensity is fluctuating as
a function of the aperture separation [42—44]. The maximal value of |y (0,L)|
is 0.9998 for L = 5.6um and the minimal value is 0.9456 for L = 5.8 um.
Even though the observed coherence fluctuations are minor in the magnitude,
our results suggest that mixed-state ptychography can successfully provide
access to the physics of coherence manipulation by nanophotonic structures.
In follow-up work, we intend to further optimize the fabrication process and
nanostructure design, as well as use a less coherent source to systematically
study the coherence converting effect. Another limitation of these initial re-
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sults could be resolved by fabricating and measuring more TBE structures
with a finer step size in L. This would provide a more precise sampling of the
expected coherence fluctuations.

To assure ourselves that the spatial coherence modulation is not simply
due to the illuminating probe beam itself, or at the experiment noise floor,
we evaluated the spatial coherence of the probe beam by following the same
procedure as described above but passing the beam through a large equilat-
eral triangle with a side length of 5.8 um that was milled into the gold film
on the same sample. The results are shown in Fig. 5.C.1 in Appendix 5.C.
Figure 5.9(c) shows the normalized MI |y (Ay)| result of this measurement as a
dashed green line. This reference measurement resulted in a spatial coherence
very close to unity over the evaluated distance of 5.8 um. Therefore, any
deviations from |y(0,L)| = 1 in Fig. 5.9(c) indicate a modulation of the spatial
coherence due to the TBE structure.

In Figure 5.9(d), an overview of the retrieved overall coherence as a func-
tion of the nanoaperture distance L is shown. The fluctuations reach a maxi-
mal value of ji = 73.4% for L = 5.6um and a minimal value of ji = 55.7 % for
L = 5.0pm. The reason for the imperfect correlation between |y (0,L)| and i
might be that j is influenced more strongly by parasitic scattering of nearby
fabrication defects and surface roughness since it is a global coherence met-
ric. In contrast, |y(0,L)| describes the correlation between two points and is
therefore less influenced by such error sources. For comparison the horizontal
dashed line shows the overall coherence (ji = 99.9 %) retrieved in the refer-
ence measurement from Fig. 5.C.1. The large difference in overall coherence
between reference measurement and the TBE antennas can be explained by
the fact that in the reference measurement most of the laser light is directly
transmitted instead of being coupled into and out of SPP modes.

5.5. Conclusion and discussion

In this chapter, we presented a technique for a joint modulation and analysis
of spatially partially coherent beams, relying on mixed-state ptychography.
The coherence modulation was enabled by a DMD to achieve a programmable
source shape and SPPs that propagate along a metal-dielectric interface. The
suitability of this measurement method for quantitative retrieval of the MI was
confirmed by comparing experimental and simulation results. Using three
different types of DMD-defined source shapes in a variety of sizes, an exten-
sive coherence study was performed by means of the MI and its associated
spatial coherence length, as well as the distribution of mixed-state eigenvalues
and the resulting overall coherence. Through back-propagation to the source
plane, the different source shapes could be recovered successfully, offering
an additional consistency check of the method. Furthermore, we systemati-
cally studied the relationship between the source size and the recovered object
spatial resolution. The results suggest that for small illumination angles the
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retrieved object resolution is mainly influenced by the light flux and not by
the degree of coherence. However, despite requiring a longer reconstruction
time, lower coherence was found not to be detrimental for spatial resolution,
as suggested elsewhere [36]. For imaging applications, this means that in cases
where the flux and coherence quantities are linked, one has the choice between
reconstruction speed (low flux, high coherence) and high spatial resolution
(high flux, low coherence). A measurement of a biological specimen con-
firmed the quantitative phase imaging abilities of mixed-state ptychography
under partially coherent illumination, showing an excellent agreement with a
laser-based, single-mode reconstruction. Finally, the technique was applied
to study spatial coherence modulations caused by surface plasmon modes
in a TBE geometry containing three nanoapertures, which were illuminated
with coherent light. The initial results reveal intriguing new possibilities to
characterize coherence conversion effects in nanophotonics.

Overall, mixed-state ptychography was found to be a robust and insightful
measurement scheme, that allows the characterization of a broad class of spa-
tially partially coherent beams with an arbitrary spatial structure. Commonly
used spatial coherence analysis techniques that rely on interference contrast
caused by, e.g. programmable apertures, rely on lengthy sequential acquisi-
tion schemes to sample the spatial coherence of the full beam. In contrast to
that, the retrieved coherent-modes in mixed-state ptychography contain the
full spatial coherence information of the beam, which allows one to a pos-
teriori evaluate any desired two-point correlation in any propagation plane
of the beam. We leverage this ability in Sec. 5.4 by propagating the partially
coherent light back to the plane of the TBE nanostructure and analyzing the
spatial correlations between the locations of the nanoapertures. This allows
us to experimentally discern the source of coherence fluctuations.

Moreover, being a lensless technique, ptychography requires less sophisti-
cated optical elements as compared to LSSI and PST and the operation wave-
length is not limited to the visible range [15, 17]. A possible future improve-
ment is a further increase in operation speed. This could be accomplished by
incorporating a priori knowledge. As an example, Schell model sources can be
represented as Toeplitz matrices, which could be used as a constraint during
the reconstruction process [65]. In addition, when one is only interested in
characterizing the probe, the object can be pre-characterized and provided as
an initial guess, which significantly speeds up the convergence of the recon-
struction. Together with further advancements in GPU hardware and soft-
ware performance [66], we envision fast operation of the proposed technique,
which would enable closed-loop coherence control. This would streamline the
generation of engineered and optimized spatially partially coherent beams.
On top of that, the presented method could yield a deeper understanding of
the physics behind decoherence and coherence conversion in nanophotonics,
paving the way for new types of flat metadevices that manipulate statistical
properties of light.
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APPENDICES
5.A. Setup details

5.A.1. Measurement procedure

In ptychography, a sample is laterally scanned through a stationary beam. The
step size of the scan determines the overlap between successively illuminated
areas on the sample and therefore the redundancy in the ptychographic data
set. The linear probe overlap 7 is calculated using the FWHM of the probe o,
and the scan step size s

op—s

]7_

(5.A1)
%

For the spatially partially coherent illumination condition studied here the
overlap was approximately 7 = 70 % [67, 68]. For the DMD-based illumina-
tion, shown in Fig. 5.1 of the main text, a concentric scan grid with 260 points
and a step size of 70 pm was used. The size variation in the three investigated
source geometries caused variable overlap in the object plane. Table 5.A.1
gives an overview over the encountered probe size and overlap values for the
smallest and largest source size of each shape.

Figures 5.A.1(a,b), 5.A.1(d,e) and 5.A.1(g,h) show averages over the 260
recorded diffraction patterns, each for two sizes of the ring, Costas and hexag-
onal sources, respectively. The exposure time was 18 ms for the ring-shaped
sources and to 19ms for the Costas and hexagonal array sources. To esti-
mate the available photon flux in the different data sets we plot the aver-
age integrated photon flux as a function of the three scaling parameters in
Figs. 5.A.1(c), 5.A.1(f) and 5.A.1(i). These values were calculated by integrat-
ing over all pixels of each data set and dividing by the number of scan points.

For the measurements of the histological section of a human muscle,
shown in Fig. 5.6, the scan grid was changed to encompass a larger field of
view (FOV). Both the SC laser and the DMD measurement used a concentric
grid with a FOV of 3.6 x 1.5mm?, 496 scan points and a step size of 95 um,
as shown in Fig. 5.A.1(1). For the DMD illumination, we used a Costas
array source with w = 10dpx. The probe had an FWHM of 440 ym in the
object plane, which resulted in a beam overlap of 78%. This higher probe

Table 5.A.1: The first and last probe size oy 5 and probe overlap 7 during the size sweep
of the three different source shapes. oy, denotes the minimum of the FWHM in x and y
direction. The first size indicates the smallest and last size the largest source size.

Source 0y, (first size) oy, (last size) 1 (firstsize) 7 (last size)
Ring 421 pm 262 pm 83% 73%
Costas 394 um 394 pm 82% 82%
Hexagonal 277 pm 270 pm 75% 74 %
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Figure 5.A.1: Average diffraction pattern for two differently sized ring (a,b), Costas (d,e),
and hexagonal (g,h) array sources. (c),(f) and (i) Average integrated photon flux as a
function of the three scaling parameters d,w and p. (j k) Average diffraction pattern with
the filtered supercontinuum laser (j) and DMD-defined LED (k) illumination that were
used for the muscle section measurement. (1) Concentric scan grid with a rectangular
FOV that was used for the muscle section measurement.

beam size was achieved by moving the focusing lens further away from the
object. For the laser-based illumination, the probe had an FWHM of 160 pum,
which resulted in a beam overlap of 41 %. In addition, for this measurement
polarization filters were introduced before and after the object to rule out
birefringence as a source for mixed states [69]. In previous measurements,
this was not done since the object (USAF target) was assumed not to be
birefrigent. The exposure time was set to 9ms for the laser and 180 ms for
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the DMD measurement, which resulted in average photoelectron counts of
3.5-107 for the laser and 5.6 - 107 for the DMD measurement. An average of
the recorded 496 diffraction patterns for laser and DMD-based illumination
are shown in Fig. 5.A.1(j k).

The CCD image acquisition and stage scan procedure are automatically
controlled by an in-house developed .NET software. Background signals were
removed by subtracting a CCD image, which was acquired with a blocked
DMD beam.

5.A.2. DMD control

The Digital Micromirror Device (DMD) consists of an array of almost a million
micromirrors, which each can be set to an on or off state. The DMD is con-
nected via HDMI to a computer as a second screen. The pattern is controlled
using a Python GUI we implemented using wxPython and code from Ref. 70.
To avoid pixel interpolation the Python script creates a window with the same
resolution as the DMD (1280 x 720). Further DMD and LED settings were
controlled with the DLP Display and Light Control EVM GUI tool by Texas
Instruments. At low exposure times, flickering can occur due to a finite dark
time of the DMD micromirrors, unless the DMD and CCD are synchronized.
We attribute the ensemble coherence effects mentioned in the main text to be
due to switching between the dark and bright states of the DMD.

Figure 5.A.2(a-c) shows cropped false-color versions of three different
DMD images used to create the ring, Costas, and hexagonal array sources.
The indicated parameters (d,w, p) were used to scale the three source shapes.
The ring-shaped DMD images had a width, which remained 2 dpx and an
outer diameter d, which was varied between 7dpx and 39dpx in steps of
4dpx. For the Costas array, the source size was varied by increasing the
distance w from 4dpx to 10dpx in steps of 1dpx, while the edge length of
each of the 7 square elements stayed 5dpx. The size parameter p of the
hexagonal array was chosen such that the largest distances in the Costas and
hexagonal arrays approximately matched each other.

(a) (b)v|_vi m Cm =
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Figure 5.A.2: Examples of DMD images used to create the ring, Costas, and hexagonal
array sources. Shown in false color. The indicated parameters (d,w, p) were used to scale
the three source shapes.

143




CHAPTER 5. SPATIAL COHERENCE MODULATION AND ANALYSIS

5.B. Reconstruction details

The mixed-state ptychography algorithm was implemented in MATLAB. The
feedback parameter f in Egs. (5.7) and (5.8) in the main text is set to 0.25. As
an initial guess of the probe reconstruction, a binary circle of 300 pm diameter
is used.

Real-space sampling in the object plane is given by

Ar = AZo ,
NAq

(5.B.1)

where A is the wavelength, z, the object-detector distance, N the number of
detector pixels, and Agq the detector pixel size. In addition to that, Ag also
influences the probe field of view (pFOV), which is given by

Az

FOV =
pFO Aq

(5.B.2)

We binned the detector images by a factor of 4, which leads to an effective
detector pixel size of Aq = 4.54pmx4 = 18.16 um, while significantly reduc-
ing the reconstruction time. In the case of our DMD-based measurements, the
binning resulted in an object plane sampling size of Ar = 3.6 um and a probe
FOV of pFOV = 1.31mm, which was still large enough to fully capture the
probe beam in the object plane.

Each reconstruction for the DMD based source variations was run for 5000
iterations. In order to monitor the convergence during reconstruction, an error
metric is calculated at every iteration as the difference between the measured
and estimated diffraction patterns

€n = Z Imeas,j (q) - Z
j

m

Figure 5.B.1 shows the evolution of the error curves normalized to their max-
imum for the reconstructions of the three source shape size sweeps. One can
see that for more incoherent cases the reconstructions tend to converge slower.

During the reconstruction in intervals of 10 iterations, the SVD-based
orthogonalization of the probe is carried out [50]. The number of modes
L was kept at 36 for most of the reconstructions. In Figure 5.B.2(a-c),
we show all 36 reconstructed modes in the DMD, object and CCD plane,
respectively for the data set with a ring-shaped source with d = 15dpx .
The quadratic phase curvature of the modes, shown in Fig. 5.B.2(b,c), was
removed through multiplication with the conjugate phase of the primary
coherent mode. For the reconstructions with ring-shaped illumination with
diameter d = [27,31,35,39] dpx the mode number was increased to 49 to take
the lower overall coherence of those data sets into account. The MATLAB

P (q)|2|- (5.3
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1
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Figure 5.B.1: Convergence of the normalized error during the reconstruction of data sets
using ring, Costas and hexagonal array sources of different sizes. The x-axis is shown on
a logarithmic scale.

e

(&) DMD plane (b) Object plane
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Figure 5.B.2: (a-c) Reconstructed 36 coherent modes for a ring-shaped source with d =
15dpx in the DMD, object, and CCD plane, respectively. The phase curvature of the
probe modes in panels (b) and (c) was removed. (d) A circular representation of the
color map used to jointly represent the amplitude and phase of the mixed-modes.

reconstruction code was accelerated using NVIDIA CUDA. A reconstruction
with 36 modes running for 5000 iterations took around 30 minutes on a
workstation with an NVIDIA Geforce RTX 2080 Ti GPU.

For a quantitative resolution assessment of the reconstructed complex ob-
ject function we use the Fourier ring correlation (FRC) approach. The FRC
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results, shown in Figs. 5.3(i) and 5.5(e,f), were calculated using

L 0i(4):0:(a)
FRC(q) = — et

(5.B.4)

\/qz |01(Q')2' L |O2(Q')|2

'eRy q'€R,

where q denotes a spatial frequency magnitude, R, defines a set of Fourier
space pixels in a ring with radius g, O; and O, are the Fourier transformed
object functions from two independent data sets. These two independent
object reconstructions were obtained by performing 2000 mPIE iterations on
two halves of each data set (130 images). Before the FRC is calculated the two
images are spatially aligned using subpixel registration, the phase offsets are
synchronized and a Hann window is applied, which removes reconstruction
artifacts outside of the FOV.

5.C. Reference measurement for Section 5.4

AN (h) 99.86% 0.09%

0.02%

0
1
€ 0.6
E 4
=N =04
0.2
0o o
6 -3 0 3 6
Yq [um] Ay [um]

Figure 5.C.1: Reference measurement with a triangular aperture of side length 5.6 pm.
Reconstructed probe intensity (a) and first four coherent modes (b) in the aperture plane.
The percentages in panel (b) show the relative energies in each mode. (c) Magnitude of
the 2D normalized MI |y (y1,v7)| at x = 0 in the aperture plane. (d) 1D cross-cuts of (c)
along y = 0. The green and cyan dashed lines indicate the positions of apertures one
and two, respectively. The length scales were calibrated using the aperture size known
from the fabrication design.
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SUMMARY

Unconventional metrology: Merging nanophotonics with com-
putational imaging

The advent of nanofabrication enables the realization of ever smaller
structures reaching down to scales below the wavelength of visible light.
These opportunities ushered in a new era of nanosciences, which leverage
extremely small structures to solve large problems. Nanophotonics is the
part of nanoscience that aims to improve our understanding of the nature
of light at very small length scales. On top of that, nanophotonic research
has lead to the creation of novel ultra-compact devices that could help us
to create a more sustainable future. Applications of nanophotonics include
energy harvesting, single molecule sensing, super-resolution imaging, and
computation at the speed of light. In this work, nanophotonic structures
are explored to improve optical metrology and microscopy. Nanofabrication
processes require extremely tight process control, and optical metrology
and microscopy are measurement techniques that play an important part
in benchmarking the required tolerances in position and dimensions of the
fabricated nanostructures, both during and after the fabrication process.

Driven by significant advancements of computing speed and data pro-
cessing algorithms, computational imaging has emerged as an intriguing new
research area. For example, in recent years the field of smartphone photogra-
phy has widely embraced computational imaging. By algorithmically fusing
images, the dynamic range and sharpness of smartphone camera images have
been drastically improved, which nowadays allows smartphone cameras to ri-
val professional camera systems. Compared to traditional imaging, where im-
ages are formed directly on a detector, in computational imaging techniques
images are formed indirectly after additional processing on a computer. The
additional work that goes into this data processing is usually well worth it,
since it enhances the measured data (e.g., super-resolution) or retrieves addi-
tional not directly detectable information (e.g., phase and coherence).

This thesis explores combinations of nanophotonic structures and compu-
tational approaches, intending to improve state-of-the-art optical microscopy
and imaging. Nanophotonic structures are used in this thesis to generate
extremely fine light gratings in Chapter 2 that in combination with an iterative
image retrieval algorithm can improve the optical resolution in fluorescence
microscopy. In Chapter 3, we propose structures to engineer far-field scatter-
ing patterns for sensitive detection of relative displacement (termed ‘overlay’,
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in the wafer metrology community). Chapters 4 and 5 focus on the concepts
of phase imaging and coherence, for which we leverage digital holography
and ptychography. We show how quantitative phase imaging can give new
insights into nanophotonic structures, such as nanophotonic antennas that
create twisted light, while conversely investigating how nanophotonic struc-
tures can change the scattering profile and spatial coherence of light. The main
conclusions of the studies in this work are summarized in the following.

In Chapter 2, we develop a new super-resolution fluorescence imaging
technique, which we call double moiré localized plasmon SIM. It uses a com-
bination of structured illumination and localized surface plasmons to improve
the spatial resolution enhancement of SIM. In this technique, plasmonic arrays
of hexagonal symmetry are illuminated with structured light. The result-
ing interference between the light grating and plasmonic grating creates a
wide range of spatial frequencies above and below the cutoff of microscope
passband. To investigate this technique we implement a rigorous simula-
tion procedure, which simulates the near-field illumination of the plasmonic
grating and uses it in a subsequent imaging forward problem. The inverse
problem, of obtaining an SR image from multiple low-resolution images, is
solved using different numerical reconstruction algorithms. The experimental
realization proves the existence of the expected spatial frequencies and shows
initial resolution improvement results.

Chapter 3 numerically investigates how more complex grating designs
can offer benefits for overlay metrology. Overlay metrology characterizes
spatial misalignments of subsequent patterned layers on a wafer. In Fourier
scatterometry, overlay errors are determined by analyzing the light that was
back-scattered by so-called overlay targets, which are grating stacks with ap-
proximately known size parameters. An outstanding challenge in Fourier
scatterometry that limits the overall accuracy of the overlay determination is
process variation. In this work, we study the influence of the overlay target
design on its metrology performance. Specifically, we examine finite 2D arrays
of scatterers as an alternative to the well-established 1D line gratings. The far-
field scattering response of these arrays is simulated using generalized multi-
particle Mie theory. Using an SVD-based feature extraction method a library
of compressed scattering signatures is created, which allowed us to efficiently
solve the inverse scattering problem of Fourier scatterometry. In subsequent
Monte-Carlo simulations, periodic and deterministic aperiodic designs as well
as designs that emerged from simulated annealing optimization are compared
in terms of their accuracy in the presence of different noise sources. Our
results reveal that, compared to the well-established line grating, the proposed
2D designs can maintain a superior overlay estimation accuracy in the pres-
ence of process variations.

Chapter 4 presents a measurement technique that combines digital off-
axis holography, polarimetry, and Fourier-space microscopy to quantitatively
measure amplitude, phase, directivity, and polarization of light scattered by
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single nanostructures. Furthermore, we showcase how digital off-axis holog-
raphy and polarimetry complement each other from the viewpoint of the prac-
tical implementation, such as measurement speed and dynamic range require-
ments, and can provide further insight into the underlying physics of the scat-
tering objects. As a demonstration, we quantify the spin and orbital angular
momentum imposed by plasmonic spiral nano-antennas. The results suggest
that the interaction process of circularly polarized light with plasmonic spiral
and bullseye antennas produces a more complex OAM state mixture than
expected from theory. Therefore, the proposed method can be used to further
optimize the OAM mode purity of such optical elements. From the viewpoint
of scatterometry, we argue that phase and polarization contrast could give
new degrees of freedom that may add sensitivity to optical metrology.

Chapter 5 studies the use of mixed-state ptychography for spatial coher-
ence measurements of quasi-monochromatic wavefields. This lensless com-
putational imaging technique is able to recover the coherent-mode represen-
tation of partially coherent beams, which is a computationally efficient way to
fully represent spatially partially coherent light. To highlight the abilities of
this method, we measure a broad class of spatially partially coherent beams,
that were generated by spatially filtering an LED source using a DMD. The
quantitative validity of the method is confirmed by comparing experimental
and simulation results and by propagating back to the DMD plane. The re-
trieved spatial coherence results are further evaluated using three additional
metrics, namely the spatial coherence length, the distribution of mixed-state
eigenvalues, and the resulting overall coherence. After this, we assess the
suitability of the presented method for studies of coherence transfer through
nanophotonic structures. For this, we combine the ptychographic setup with
a high-NA transmission microscope and fabricate plasmonic triple bullseye
structures that exhibit SPP waves, traveling along the metal-dielectric inter-
face. The coherent mode decomposition results hint at the emergence of de-
coherence effects due to the surface plasmons even for coherent illumination.
Furthermore, we show our ability to a-posteriori correlate two points in the
focus plane of a microscope objective, which could provide unique insights
into the local influence that nanophotonic devices can exert on the statistical
properties of optical beams.
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Onconventionele metrologie door nanofotonica en computatio-
nele beeldvorming te combineren

De ontwikkeling van nanofabricage technieken maakt het mogelijk om steeds
kleinere structuren te realiseren, op lengteschalen veel kleiner dan bijvoor-
beeld de golflengte van zichtbaar licht. Deze mogelijkheden luiden een nieuw
tijdperk van nanowetenschap en nanotechnologie in, waarin extreem kleine
structuren worden gebruikt om grote problemen op te lossen. Nanofotonica
is die tak van de nanowetenschap die ons begrip van de natuurkunde en
het gedrag van licht op zeer kleine lengteschalen wil verbeteren. Bovendien
heeft nanofotonisch onderzoek geleid tot de ontwikkeling van nieuwe ultra-
compacte componenten die ons kunnen helpen een duurzamere toekomst te
creéren. Toepassingen van nanofotonica zijn onder meer in het oogsten van
energie uit bijvoorbeeld zonlicht, detectie van enkele moleculen, superresolu-
tie beeldvorming en berekeningen met de snelheid van het licht. In dit werk
worden nanofotonische structuren onderzocht met als doel de verbetering van
optische metrologie en microscopietechnieken. Nanofabricageprocessen ver-
eisen een extreem nauwe procescontrole en optische metrologie en microsco-
pie zijn meettechnieken die in de halfgeleiderindustrie een belangrijke rol spe-
len bij het benchmarken van de vereiste toleranties in positie en afmetingen
van de gefabriceerde nanostructuren, zowel tijdens als na het fabricageproces.

Gedreven door de aanzienlijke vooruitgang van rekensnelheid en algorit-
men voor gegevensverwerking is computationele beeldvorming ontstaan als een
intrigerend nieuw onderzoeksgebied. In de afgelopen jaren heeft bijvoorbeeld
het gebied van de smartphonefotografie computationele beeldvorming breed
omarmd. Door het algoritmisch samenvoegen van beelden zijn het dynamisch
bereik en de scherpte van smartphone-camera’s drastisch verbeterd, waar-
door smartphone-camera’s tegenwoordig kunnen wedijveren met professio-
nele camerasystemen. In vergelijking met traditionele beeldvorming, waarbij
beelden direct op een detector worden gevormd, worden bij computationele
beeldvormingstechnieken de beelden indirect gevormd na extra verwerking
op een computer. Het extra werk dat voor deze gegevensverwerking is ver-
eist is meestal de moeite waard, omdat het de gemeten gegevens verbetert
(bijvoorbeeld voor superresolutie) of extra niet direct detecteerbare informatie
ophaalt (zoals fase en coherentie).

Dit proefschrift verkent combinaties van nanofotonische structuren en
computationele benaderingen, met als doel het verbeteren van state-of-the-
art optische microscopische beeldvorming en metrologie. Nanofotonische
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structuren worden in dit proefschrift gebruikt om extreem fijne lichtroosters
te genereren in Hoofdstuk 2 die in combinatie met een iteratief algoritme
de optische resolutie in fluorescentiemicroscopie kunnen verbeteren. In
Hoofdstuk 3 stellen we structuren voor om verre-veldverstrooiingspatronen
te ontwikkelen voor gevoelige detectie van relatieve verplaatsing (‘overlay’
genoemd, in de wafermetrologiegemeenschap). Hoofdstukken 4 en 5 richten
zich op de concepten van fasebeeldvorming en coherentie, waarvoor we
gebruik maken van digitale holografie en ptychografie. We laten zien
hoe kwantitatieve fasebeeldvorming nieuwe inzichten in nanofotonische
structuren kan geven, zoals nanofotonische antennes die gedraaid licht
creéren, en omgekeerd onderzoeken we hoe nanofotonische structuren het
verstrooiingsprofiel en de ruimtelijke coherentie van licht kunnen veranderen.
De belangrijkste conclusies van de studies in dit werk worden hieronder
samengevat.

In Hoofdstuk 2 ontwikkelen we een nieuwe superresolutietechniek voor
fluorescentiebeeldvorming, die we double moiré localized plasmon SIM noe-
men. Het maakt gebruik van een combinatie van gestructureerde belichting
en gelokaliseerde oppervlakteplasmonen om de ruimtelijke resolutie van SIM
te verbeteren. In deze techniek worden plasmonische roosters met hexagonale
symmetrie belicht met gestructureerd licht. De resulterende interferentie tus-
sen het lichtrooster en plasmonisch rooster creéert een breed scala aan ruim-
telijke frequenties boven en onder de cut-off van de doorlaatband van de mi-
croscoop. Om deze techniek te onderzoeken voeren we een volledige nume-
rieke simulatie van het beoogde experiment uit, die de nabije-veldverlichting
van het plasmonische rooster simuleert en daarna gebruikt in een voorwaarts
beeldvormingsprobleem. Het omgekeerde probleem, het verkrijgen van een
SR-beeld uit meerdere lage-resolutiebeelden, wordt opgelost met behulp van
verschillende numerieke reconstructie-algoritmes. De experimentele realisa-
tie bewijst het bestaan van de verwachte ruimtelijke frequenties en toont de
eerste resultaten van de resolutieverbetering.

Hoofdstuk 3 onderzoekt numeriek hoe complexere roosterontwerpen
voordelen kunnen bieden voor overlaymetrologie.  Overlaymetrologie
karakteriseert ruimtelijke uitlijnfouten van opeenvolgende lagen op een
wafer.  In Fourier-scatterometrie worden overlayfouten bepaald door
het analyseren van licht dat terugverstrooid wordt door zogenaamde
overlaytargets, wat gestapelde roosters zijn met ongeveer bekende af-
metingen. Een open probleem in Fourier-scatterometrie die de totale
nauwkeurigheid van de overlaybepaling beperkt zijn fabricagevariaties.
In dit werk bestuderen we de invloed van het ontwerp van de overlaytargets
op de metrologische prestaties. Specifiek onderzoeken we eindige 2D roosters
van verstrooiers als een alternatief voor de huidige 1D lijnroosters. De verre-
veldverstrooiingsrespons van deze roosters is gesimuleerd met behulp van
gegeneraliseerde meer-deeltjes Mie-theorie. Met behulp van een op SVD
gebaseerde methode om kenmerken te achterhalen wordt een bibliotheek
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van gecomprimeerde verstrooiingssignaturen gecreéerd, die ons in staat stelt
het inverse verstrooiingsprobleem van Fourier-scatterometrie efficiént op te
lossen. In daaropvolgende Monte-Carlo-simulaties worden periodieke en
deterministische aperiodieke ontwerpen, alsook ontwerpen die voortkomen
uit een simulated-annealing-optimalisatie, vergeleken in termen van hun
nauwkeurigheid in aanwezigheid van verschillende ruisbronnen. Onze
resultaten tonen aan dat, in vergelijking met het lijnrooster, de voorgestelde
2D-ontwerpen in staat zijn om een superieure nauwkeurigheid van de
overlayschatting te behouden in aanwezigheid van fabricagevariaties.

Hoofdstuk 4 presenteert een meettechniek die digitale off-axis holografie,
polarimetrie en Fourier-ruimte-microscopie combineert om kwantitatief de
amplitude, fase, directiviteit en polarisatie te meten van licht dat verstrooid
is door enkele nanostructuren. Verder laten we zien hoe digitale off-axis ho-
lografie en polarimetrie elkaar aanvullen vanuit het oogpunt van de prakti-
sche implentatie, zoals meetsnelheid en vereisten in dynamische bereik, en
meer inzicht kunnen geven in de onderliggende fysica van de verstrooiende
objecten. Als demonstratie kwantificeren we het spin- en baanimpulsmo-
ment dat wordt opgewekt door plasmonische spiraalvormige nano-antennes.
De resultaten suggereren dat het interactieproces van circulair gepolariseerd
licht met plasmonische spiraal- en bullseye-antennes een complexer meng-
sel van OAM-toestandsen oplevert dan verwacht vanuit de theorie. Daarom
kan de voorgestelde methode worden gebruikt om de zuiverheid van OAM-
toestanden van dergelijke optische elementen verder te optimaliseren. We
verwachten dat fase- en polarisatiemetingen in Fourier-ruimte microscopie
ook voor optische metrologie belangrijke nieuwe vrijheidsgraden voor hogere
gevoeligheid kunnen toevoegen.

Hoofdstuk 5 bestudeert het gebruik van mixed-state ptychografie voor
metingen aan de ruimtelijke coherentie van quasi-monochromatische golfvel-
den. Deze lensloze computationele beeldvormingstechniek is in staat om de
ontbinding in coherente toestanden van een gedeeltelijk coherente bundel te
achterhalen, wat een computationeel efficiénte manier is om gedeeltelijk ruim-
telijk coherent licht volledig te beschrijven. Om de mogelijkheden van deze
methode te onderzoeken, meten we een brede klasse van gedeeltelijk ruimte-
lijk coherente lichtbundels die werden gegenereerd door het ruimtelijk filte-
ren van een LED-bron met behulp van een "digital mirror device"(DMD). De
kwantitatieve validiteit van de methode wordt bevestigd door de resultaten
van experimenten en simulaties met elkaar te vergelijken en terug te propa-
geren naar het DMD-vlak. De verkregen resultaten aan ruimtelijke coherentie
worden verder geévalueerd aan de hand van drie bijkomende metrieken, na-
melijk de ruimtelijke coherentielengte, de verdeling van de eigenwaarden van
gemengde toestanden en de resulterende algemene coherentie. Daarna beoor-
delen we de geschiktheid van de gepresenteerde methode voor studies naar
coherentieoverdracht in nanofotonische structuren. Hiervoor combineren we
de ptychografie-opstelling met een hoog-NA transmissiemicroscoop en fabri-
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ceren we plasmonische drievoudige bullseye-structuren die SPP-golven ver-
tonen, reizend langs het metaal-diélektricumoppervlak. De resultaten voor de
ontbinding in coherente toestanden wijzen op het ontstaan van decoherentie-
effecten als gevolg van oppervlakte plasmonen. Bovendien tonen we ons
vermogen om a posteriori twee punten in het brandvlak van een microscoop-
objectief te correleren, wat unieke inzichten zou kunnen opleveren in de lokale
invloed die nanofotonische componenten kunnen uitoefenen op de statisti-
sche eigenschappen van optische bundels.
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