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The processing of spatial information, including images, is fundamental in modern sci-
entific, industrial and medical applications. Some imaging techniques rely on amplitude
information contained in a wavefield and permit conversion of optical information into elec-
tronic signals through conventional integrated photodetector technology and subsequent
digital processing. The ever increasing complexity and volume of data that often needs to
be processed in real-time and with low energy consumption in applications such as satel-
lite imagery, autonomous vehicles or object and face recognition pushes current electronic
systems to its limits. Other situations utilize the extraction of polarization or phase in-
formation from a wavefield which commonly requires the use of optical image processing
technology. The visualization of phase information underpins for example widely em-
ployed techniques to enhance image contrast in live biological cells. Conventional optical
processing approaches, however, typically involve expensive and bulk-optical components

thereby limiting their potential to be involved in next-generation compact optical systems.

These constraints on current electronic and optical processing technology require the
development of new solution approaches. Ultra-compact, analogue optical solutions that
enable real-time processing of spatial information carry potential to circumvent conversion
of optical to electronic signals and the associated digital computation while simultaneously
avoiding bulk-optical components. The significant progress in micro- and nanofabrication
over the last decades has enabled researchers to create artificial materials with unprece-
dented optical characteristics including photonic crystals, thin-film systems and optical
metasurfaces. Recently these systems have gained considerable scientific attention for
the implementation of analogue spatial computation devices and have been applied to
all-optically perform mathematical operations including differentiation and integration
on optical images. In particular approaches that enable accessing and manipulating the
Fourier content of a wavefield in the object-plane carry vast potential for the development

of flat optical image processing solutions.



The main objective of this work is to further our understanding of ultra-compact all-
optical image processing in general, and to develop specific implementation approaches
utilizing nanophotonic structures. Here the conception, modelling, fabrication and charac-
terization of three fundamentally different approaches to nanophotonic image processing
in the object plane are presented for the first time. Firstly, metal-insulator-metal thin-film
absorbers are investigated for the first time as reflective image processing devices. Sec-
ondly, the excitation of subradiant modes on plasmonic trimer metasurfaces is exploited
to perform all-optical spatial frequency filtering in reflection. Finally, plasmonic resonant
waveguide gratings are investigated as compact transmitting spatial frequency filters. The
implemented solutions are applied as high-pass spatial frequency filters to demonstrate
all-optical edge-detection in amplitude images and the visualization of phase gradients
in optical wavefields. Furthermore proof-of-concept application of the investigated struc-
tures to image processing of biological samples is demonstrated. The results of this thesis
contribute to the advancement of our understanding of nanophotonic systems for the pro-
cessing of spatial information and demonstrate their significant potential to be integrated

in next-generation optical systems.
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Chapter 1

Introduction

Images have been a pivotal medium of information storage and transmission for humans
since the earliest traces of cave art over 60, 000 years ago to the digital images of the present
day [1]. The processing of spatial information, including images, plays a paramount role
in every area of modern technology and begins with the extraction of the relevant features
from an optical wavefield. In some cases the amplitude provides sufficient information,
while other applications also require the extraction of polarization state and phase. Con-
ventional photodetector technology permits conversion of the optical amplitude into an
electronic signal that can subsequently be processed through digital computation [2]. In
applications where relevant information is contained in the polarization or phase, however,
alternative strategies usually involving optical processing are required [3-8]. Currently
available electronic and optical image processing approaches are confronted with multi-

faceted challenges and require the development of novel solutions.

As a consequence of the rapid development of electronic systems over the past decades,
computational power and efficient algorithms are broadly available in most situations
where digital processing is possible [9]. However, the constantly increasing volume and
complexity of data has pushed state-of-the art digital processing technology to its limits.
These include extremely data intensive imaging applications as diverse as remote sensing
through satellite imagery for environmental monitoring [10-12] and the prediction of the
spread of diseases [13], data driven agricultural farming [14, 15] and security concerns
such as face recognition [16]. For remote data collection in particular, as for instance in

nanosatellites [17], computational power, transmission bandwidth and power consumption

1
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generate significant challenges for current electronic systems.

A prominent example that requires evaluation of information beyond the amplitude of
a wavefield is the characterization of transparent objects such as biological cells. These
cells usually generate insufficient amplitude contrast to visualize important details of their
internal structure. Enhancing cell images through chemical staining and fluorescence la-
beling is therefore common practice in biology and medical diagnostics but inherently
implies changing, and in some cases damaging or even destroying, the cell environment
[18, 19]. Due to the thickness and refractive index profile of a cell, relevant spatial in-
formation is, however, contained in the phase of a wavefield that has passed through the
cell. Label-free visualization of these phase-gradients has been a major driver in the de-

velopment of optical microscopy and image processing technology [20].

Approaches to all-optical spatial information processing, including phase-visualization,
usually rely on sensing or manipulating the Fourier content of a wavefield. Classically,
methods employed in this field range from accessing the Fourier spectrum through a lens
and filtering with spatial masks [21, 22], to interference based systems. Zernike phase con-
trast microscopy [5], Differential Interference Constract (DIC) [7] or laser based set-ups
are widely used for the visualization of optical phase. Non-interferometric approaches for
example based on Shack-Hartmann (SH) sensors [23] or the Transport of Intensity Equa-
tion (TIE) [4] have also been demonstrated. However, the above methods either rely on
costly, bulk-optical components or are indirect and require computational post-processing
(TIE, SH). For these reasons their capacity for subwavelength miniaturization and their

integration into next-generation compact optical imaging devices is limited.

These limitations of current electronic and optical processing technology for spatial infor-
mation motivate the development of novel solution approaches. Ultra-compact, analogue
optical solutions for real-time processing in particular, represent a promising platform that
simultaneously bypasses the requirement of conversion of optical to electrical signals for
processing, the associated digital computation or the macroscopic footprint of bulk-optical
components [24]. The progress in micro- and nanofabrication technology throughout the
last decades has enabled the fabrication of synthetic subwavelength-structured materials,

so called optical metamaterials, that gather unusual properties from their morphology
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rather than their chemical composition. These artificial materials are composed of three-
dimensional arrangements of subwavelength building blocks and enable selective light
matter interactions within spatial dimensions below or comparable to the wavelength of
light [25]. This is in stark contrast to conventional optical components that rely on the
effects of refraction, diffraction and propagation over distances that far exceed the wave-
length of light. Optical metamaterials have received significant attention in the scientific
community owing to their unusual optical properties including negative refractive index
[26], perfect optical absorption [27] or giant circular dichroism [28]. However, the de-
velopment of most metamaterials is hampered by the implied complex three-dimensional
fabrication schemes [29]. As a subclass of optical metamaterials, optical metasurfaces
circumvent this limitation by reducing the dimensionality of the approach. The principle
of metasurface design is to arrange two-dimensional arrays of tailored optical scatterers
[30]. The excitation of coherent charge oscillations on metallic nanoparticles and surfaces,
so called surfaces plasmon resonances, as well as resonances on dielectric scatterers have
been widely used [29, 31]. This has enabled the development of planar optical compo-
nents with subwavelength thickness [32] such as flat lenses [33, 34], waveplates [35, 36] and
holograms [37, 38]. In combination with other micro- and nanophotonic systems which
predated the rise of optical metamaterials, such as photonic crystals and thin-film devices,
the scientific community today has promising platforms for the miniaturization of optical

technology at their disposal.

Leveraging these nanophotonic systems for spatial analogue optical information processing
has recently drawn significant scientific attention [39]. The approaches can generally be
divided into two categories. The first category comprises approaches that change between
Fourier- and object plane through conventional lenses or lens-like elements (Graded Re-
fractive Index (GRIN) elements) and manipulate the Fourier content by placing a tailored
metasurface in the Fourier plane. The second category describes systems that directly
manipulate the Fourier content of an impinging wavefield in the object plane without the
need of transformation between object- and Fourier plane. Since object-plane approaches
do not require bulk-optical lenses or GRIN elements, which typical have thicknesses of
several wavelengths and require associated propagation distances, they carry vast poten-
tial for the development of subwavelength size all-optical image processors. In principle,
any compact optical structure that exhibits a sensitivity of its reflection or transmission

coefficient to the angle of incidence carries potential to access and manipulate the Fourier
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content of a wavefield in the object plane. Prior to the recent escalation of interest, initial
demonstrations of object-plane spatial-frequency filtering date back to the 1970 and 80’s
using volume hologram filters [40, 41] as well as interference filters [42] but scientific in-
terest in their development declined with the rise of digital computers. The idea has only
recently regained popularity with approaches exploiting a large spectrum of nanophotonic
structures and mechanisms ranging from phase-shifted Bragg gratings [43, 44], the exci-
tation of surface plasmon polaritons [45], the Brewster-effect [46] and the Spin-Hall effect
of light [47] to resonant waveguide gratings [48, 49], photonic crystals [50, 51] and the
excitation of subradiant plasmonic modes [52, 53]. A particular focus has been set on
exploiting above structures to optically perform spatial differentiation and edge-detection
on phase and amplitude images. In the following chapter these and other approaches
will be reviewed in detail. It should be noted that a significant number of the associated

articles were published during the course of this research.

Despite the variety of suggested approaches, some of which have been experimentally
demonstrated, significant challenges remain. Firstly, the experimental realization of some
strategies is yet to be demonstrated owing to the implied fabrication complexity. These
include the various thin-film devices with a large number of stacked layers and little toler-
ance to irregularities in layer thicknesses or refractive indices as acknowledged in [54]. The
development of robust approaches is therefore crucial. Secondly, while some imaging ap-
plications might require processing in one spatial dimension, others will rely on processing
in two-dimensions. Although several studies have numerically investigated approaches for
two-dimensional processing [50, 53, 55-57], it has only been experimentally demonstrated
by two studies [51, 58]. Thirdly, previous studies have focused on the detection of sharp
edges in amplitude and phase images but the visualization of non-abrupt phase-gradients
in optical wavefields has received scant attention [57] and has only been experimentally
demonstrated by one study which focussed on wavefront sensing [59]. Finally, the ex-
perimental application of object-plane spatial frequency filters for the edge-detection of
biological images has only been demonstrated in one study to the present day [51]. It
is therefore the central goal of this thesis to further our understanding of nanophotonic
image processing systems and to implement novel approaches that address the limita-
tions of existing solutions. Here we investigate, for the first time, metal-insulator-metal
(MIM) thin-film absorbers, subradiant modes (or bound modes in the continuum) on plas-

monic nanotrimer metasurfaces and plasmonic resonant waveguide gratings as all-optical,
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two-dimensional spatial frequency filters. The underlying optical mechanisms will be in-

troduced in detail in the following chapters.

1.1 Thesis Goals and Contribution to Knoweledge

Above we have discussed the need for compact optical information processing platforms
as part of next generation image processing devices. The primary objective of this thesis
is to leverage nanophotonic approaches to design and implement specific image processing
devices with subwavelength thickness. In order to achieve this, the cornerstones of this

research are to:

e Establish an in-depth understanding of the potential and limitations of nanophotonic
analogue optical computation in the spatial domain with a focus on image processing

including phase-visualization.

e Develop numerical models to describe and optimize the capacity of nanophotonic
structures to perform all-optical spatial-frequency filtering inlcuding edge-detection

and phase-visualization.

e Design and fabricate novel optical nanostructures for spatial frequency filtering in

reflection and transmission based on numerical results.

e Characterise implemented structures using custom built setups and perform all-

optical image processing including contrast enhancement in biological samples.

The research outcomes that state the contribution to knowledge by this work in relation

to the above formulated goals are listed in detail below.

e Demonstration of metal-insulator-metal (MIM) thin-film absorbers as reflective spa-
tial frequency filters with subwavelength thickness.

— ([60], chapter 4).

e Investigation of the angular sensitivity in the excitation of subradiant modes (SRM)
on plasmonic metasurfaces and their potential and limitations for all-optical image
processing in reflection.

— ([61], chapter 5)
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e Development of plasmonic resonant waveguide gratings (RWG) capable of perform-
ing high-pass spatial frequency filtering on transmitted wavefields.

— ([62], chapter 6).

e Performing of numerical and experimental edge detection in amplitude images via
MIM absorbers, SRM excitation and via RWGs.
— ([60, 63], chapters 4-6)

e Numerically and experimentally demonstrating the capacity of MIM absorbers and
RWGs to visualize phase-gradients in reflected and transmitted wavefields respec-
tively.

— ([60], chapters 4 and 6).

e Performing experimental contrast enhancement in images of biological samples through
reflection from MIM absorbers and transmission through RWGs.

— ([60], sections 4.3.4 and 6.3.4).

In the following section an overview of the structure of this thesis that enables the achieve-

ment of these cornerstones is presented.

1.2 Thesis Structure

This thesis is structured as follows. In chapter 2 the theoretical fundamentals required
for the understanding and description of spatial optical information processing are dis-
cussed. Initially the relevant fundamentals of Fourier-optics are introduced and related
to space-invariant linear optical systems. Using this framework the concept of spatial-
differentiation through filtering of Fourier components is reviewed and its application
to the processing of amplitude images as well as the visualisation of phase-gradients in
wavefields discussed. Subsequently optical metasurfaces and thin-film approaches are in-
troduced as promising nanophotonic platforms to implement compact imaging devices.
Finally, recent progress in optical analogue computation in the spatial domain including
image processing is reviewed and related to the research in this thesis. The following
chapter 3 is concerned with the introduction of the numerical- and nanofabrication meth-
ods that enable this work. In particular we review the Finite Element Method (FEM) as a

versatile tool for the modelling of nanophotonic structures and introduce the operational
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principle of fabrication and characterisation techniques including Electron Beam Lithog-
raphy (EBL), thin-film deposition methods and Scanning Electron Microscopy (SEM).
Based on the introduced fundamentals and methods, the following chapters focus on

three different approaches for nanophotonic image processing.

In chapter 4 we investigate thin-film metal-insulator-metal absorber structures as sub-
wavelength thickness spatial-frequency filters. Subsequently, the excitation of subradiant
modes on plasmonic metasurfaces is investigated as a second avenue for all-optical image
processing in chapter 5. Both of these approaches rely on operation in reflection while for
many imaging applications, particularly biological applications, operation in transmission
is preferred. For this reason, chapter 6 investigates plasmonic resonant waveguide gratings
as transmitting spatial-frequency filters and its application to image processing. Finally,
in the final chapter of this thesis the key outcomes of this research are summarized and
conclusions drawn. Furthmore specific extensions of the presented approaches are dis-
cussed and put into the context of the general outlook on further developments in the

field of nanophotonic all-optical image processing.



Chapter 2

Fundamentals and Literature

Review

This section is concerned with the fundamentals of image processing and its nanophotonic
implementation. Firstly an introduction to Fourier optics as the fundamental theoretical
framework for spatial analogue optical computing will be given. Subsequently the inter-
action between metals and electromagnetic waves at optical frequencies will be discussed
as an introduction to the enabling effects of nano-plasmonics. The concept of optical
metasurfaces as a platform to implement optical analogue computing concepts will then
be introduced. Finally recent progress in the field of nanophotonics enabled optical com-

putation in the spatial domain will be reviewed in detail.

2.1 Fundamentals of Image processing

The objective of this thesis is the development of nanophotonic approaches enabling all
optical image processing. In the following, the mathematical fundamentals underpin-
ning common image processing approaches are elucidated and the connection with phase-
sensing methods is drawn. These represent a brief summary of a more comprehensive

discussion given in [22].

The degree of optical coherence of a light source is an important property of an imaging

system. Optical coherence refers to a constant relationship in the phase of an optical
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wavefield between two different points in space and time. As part of this, temporal co-
herence describes a constant relationship between a wavefield at a fixed point in space at
two different instances in time and is inversely proportional to the spectral bandwidth of
the light source. Spatial coherence on the other hand describes a constant relationship in
the phase of an optical wavefield between two different points in space at fixed instance
in time and depends on the spatial size of a lightsource and its angular spectrum. In the
following deductions we confine the discussion to monochromatic, i.e. temporally coher-

ent, and spatially coherent imaging systems.

2.1.1 The two dimensional Fourier transform

The basis of image processing methods in this thesis lie in manipulating the spatial fre-
quency content of an image or wavefield. An understanding of the fundamentals of two-
dimensional signal processing forms the foundation of these methods for which the relevant
theoretical framework will be introduced in a first step. It is assumed here that the reader
is familiar with the characteristics of the Fourier transformation of functions of a single

variable f(x) and we begin by expanding the concept to functions of two variables f(z,y).

We define the two-dimensional Fourier transform F(f(z,y)) = F(ks,ky) of the complex

valued function f:R x R — C as

—+oco
R e (2.1)

and the inverse two dimensional Fourier transform F~!(F(kg, ky)) by

+oo
flz,y) = / / F(kg, ky)e 2 @hatvks) g dk, (2.2)

It should be noted that the existence of the integrals in equations (2.1) and (2.2) puts re-
quirements on the function f(z,y). One set of sufficient conditions states that f has to be

(A) absolutely integrable over the infinite x, y plane, (B) can only have a finite number of
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discontinuities and a finite number of maxima and minima in any finite rectangle and (C)
f cannot have infinite discontinuities. Functions such at f(z,y) = 3 or f(z,y) = sin(x)
do not fulfill these conditions because they are not (A) absolutely integrable over the
infinite x,y plane. Without embarking on a detailed discussion, the solution to finding
meaningful transforms for those functions is usually to represent them by a series of trans-
formable functions that have the original function as their limit. The so called generalized
Fourier transform is then the limit of of the transforms of this series of functions. For the
purposes of this thesis the distinction between both transforms can be neglected and we
will refer to the generalized Fourier transform whenever the function under investigation

does not possess a Fourier transform that strictly satisfies conditions (A)-(C).

Following the principle of the one dimensional case, the two dimensional Fourier transform
thus decomposes a function into orthogonal basis functions e 27 (k= +vky) with k, and ky
taking the role of frequencies. A series of those basic functions are depicted in Fig.2.1.
We briefly discuss some fundamental properties of the two dimensional Fourier transform
that we will refer to later within the description of image processing applications. As for
the one-dimensional case, the two-dimensional Fourier transform is a linear operation for

which

Flaf(z,y) +bg(z,y)] = aF[f(z,y)] + bF [g(z,y)] (2.3)

With a,b € C constants. Furthermore the property of similarity states that

f[f(aa:,by)] = |a1b|F<kZ’ %) (2.4)

The two dimensional Fourier transform also holds the useful property of turning a con-
volution of two functions f(z,y) and g(x,y) in the space domain into a multiplication of

their respective Fourier transforms F'(ky, ky) and G(kg, ky):

+o0
f[//g(a,ﬂ)f(aj — o,y — B)dadf| = G(ky, ky)F(ks, ky) (2.5)
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We will utilize this property below in the context of linear space-invariant optical systems.

Finally, the Parseval-Rayleigh theorem states that

+oo +oo
[t asay = [ [ 105 P a, (2.6)

Interpreting f(x,y) as a signal, the left hand side of the equation takes the form of the
energy contained in the signal f(z,y) giving rise to the interpretation of |F(ky, k,)[* as
the energy density in the spatial spectra. Hence the theorem states that the energy of the

signal in real and in frequency space must be equal.
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Figure 2.1: Visualization of the real part of the orthogonal basis functions
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for spatial frequencies

Application of the considerations above to numerical or experimental data will always
mean discretization of the input function f(z,y) as well as its corresponding frequency
spectrum F'(k;, k). A two dimensional sample of the function f(x,y) of m data points
in z-direction and n data points in y-direction can be expressed as a series fj11 ;41 where
j runs from 0 to (m — 1) and £ from 0 to (n — 1). From this discretized representation of

f we can calculate a discretized Fourier transform (DFT) Fj,11 441 defined by
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m—1n—1 N ik
—2mijp —2mikq
Fprigrn=»_ > e m e n fiyiemn (2.7)
=0 k=0

where p and ¢ run from 0 to (m—1) and (n—1) respectively. The DFT is usually calculated
via one of several algorithms collectively referred to as the fast Fourier transform (FFT)
as for instance implemented in MATLAB R2018b - R2020a and used throughout this

thesis. Equivalently the discrete inverse Fourier transformation is given by

,_.
|
—_

m n

2mijp 2mikq
A S (2.8)
0

1
fp+1,q+1 == g

=
m 4
Jj=0

e
Il

Discretization of a function raises the question what the sampling requirements are in
order for the sampled data to be an adequate representation of the original function. In
the following we will summarize the Whittaker-Shannon Sampling Theorem for the case

of two dimensional functions that makes a statement about this.

2.1.2 Whittaker-Shannon Sampling Theorem

Assuming a regular sampling of the function f in a two dimensional lattice with spacing

X (Y) in z-direction (y-direction) yields a sampled function

fol,y) = comb<;>comb<ly/>f(w7y) (2.9)

that consist of regularly spaced § functions weighted with the respective value of the
function f. It can be shown that for a certain class of functions, so called bandlimited
functions, and a sufficiently dense sampling X, Y the resulting sampled function fs(z,y) is
not only a good but an exact representation of the original function f(z,y). A bandlimited
function is a function that is non-zero only over a finite region Ry, of the frequency space
and zero outside of that region. We denote the length and width of the smallest rectangle
that fully contains the region Ry as B, and B, respectively. The Whitaker-Shannon

Sampling Theorem then states that for
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1 1

X< —andY < — 2.1
_Bﬁan =B, (2.10)

the sampled function fs equals the original function f. It is thus important to choose
adequate sampling whenever we apply the Fourier transform to discretized data. Under-
sampling, i.e. sampling where eq. (2.10) is not fullfilled, results in artifacts in the sampled

function.

2.1.3 Invariant Linear Optical Systems

For the purpose of this thesis it is convenient to describe the nanophotonic devices de-
veloped for all-optical image processing as invariant linear systems. In the following we
will introduce the basic concepts behind this class of system. We define a system as a
mapping of a set of input functions to a set of output functions. In the particular case
of interest here, which are optical imaging systems, the input and output variables are
real valued intensities I(x,y) or complex-valued field amplitudes E(x,y) over a two di-
mensional spatial plane. In the following we will therefore elucidate the relevant concepts

with regard to the optical realm.
We describe our system by an operator S{ } such that

Eout(lf'ZayZ) = S{Ein(zlayl)}- (2]—1)

Our system is then referred to as linear if the following relation holds for all input functions

Ei(z,y), E2(x,y) : R x R — C and all constants a,b € C:

S{aE1} + S{bEs} = aS{E} + bS{E}. (2.12)

Given this linearity the response of the system to an arbitrary input signal can always be
expressed as the combined response of the system to elementary functions into which we

can decompose the input. It can be shown that the response of the system to delta-Dirac
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functions located at any position in the infinite x, y plane enables to determine the output

of the system for any arbitrary input:

+oo
Eous (22, y2) = / / Ein(a, 8)S{8(z1 — a,y1 — B)} davdB. (2.13)

Here we introduce the point-spread function h which characterizes the impulse response

of our system

M2, Y25, B) = S{6(21 — o, y1 — B)} (2.14)

Which yields a compact version of equation (2.13) for the system output

“+o0o
ot (22, y2) = / / Ein(cr, B)h(2, yo; , B) dov dB. (2.15)

So far we have investigated linear systems. An invariant linear system, in the case of
an optical imaging system, requires the additional characteristic that its point-spread
function depends only on the distance between excitation and response point but not on

the absolute position, that is

h(anyZ;O[wB) :h(xQ_O[7y2_B)' (216)

Hence for linear-invariant systems using equation (2.16), equation (2.15) simplifies to

+o0
Eout(z2,y2) = // Ei(a, B)h(xg — o, y2 — B) dadfs. (2.17)

The output of the system is thus determined by a two-dimensional convolution of the input
field Ey, with the point-spread function of the system h. Recalling the characteristic of
the Fourier transform to convert a convolution in the spatial domain into a multiplication
in the spectral domain as discussed in equation (2.5), we obtain the central result of this

chapter
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Eout(kza ky) = H(kwa ky)Ein(k:m ky) (2'18)

with Ein, Eout the Fourier transforms of the input and output field respectively and H the
Fourier transform of the point-spread function h referred to as the optical transfer function
of the system. It is thus possible, for an invariant-linear optical system, to determine the
output field for any given input field by Fourier transforming the input field, multiplying

by with the optical transfer function H and inverse Fourier transforming.

Eout(kza ky) = ]:_1 H(kxa ky)Ein(kxa ky) (219)

We will make extensive use of the result shown in equation (2.19) throughout this thesis
whenever the predicted output for an image processing device is calculated. In particular,
high-pass spatial-frequency filtering will be performed using this equation. The optical
transfer function of a system is given by its complex reflection and transmission coeffi-
cients 7(kz, ky) and t(ks, ky) for reflecting and transmitting devices respectively. The cor-
responding reflectance and transmittance of the system as a function of spatial-frequency

are then given by R(ky, ky) = |r|*> and T(ky, ky) = [t]?.

For the sake of simplicity we have neglected polarization of the electric field in the above
discussion. This is a valid approach as long as the system has a transfer function that is
independent of polarization. If this is not the case the optical transfer function becomes

a tensor

Ep,out(kzaky) _ pr(kzaky) HSp(kzaky) Ep,in(kx»ky) (220)

Es,out(kxp ky) Hps(kx, ky) Hss(kx, ky) Es,in(kwa ky)

where the subscripts p and s refer to p— and s—polarization respectively. For structures
that do not cross-polarize light, i.e. do not convert between p- and s-polarized light, we

find that Hp,s = Hg, = 0.
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2.1.4 Spatial differentiation in Fourier space

In the following we will discuss different transfer functions H (k,, k,) and their effect on
the system input. Of particular interest are transfer functions that correspond to first- and
second order spatial derivatives. We recall the definition of the two-dimensional Fourier

transform from equation (2.1) and consider the gradient operator

of af). (2.21)

Vf(x ==, =
tan = (5
Its components are calculated from the first-order partial spatial derivatives in z and y
direction respectively. Being a linear operation, first-order partial differentiation after one
of the spatial variables z,y yields

+oo
gf = / / F(ky, ky)e?™@ketvks) (327} dk, di,
X

“+oo
0 .
ajyc = / / F(ky, ky )™ @Retvko) (jok, ) dke, dk, (2.22)
—0oQ
where we define Hy(kz, ky) = 12wk, and Ho(ky, ky) = 27k, as the transfer functions. It
is apparent from equations (2.22) that a transfer function linear in k, or k, corresponds to
an operation proportional to first order differentiation in the respective spatial direction.

Equivalently, applying the Laplace operator

Cf  2f

2 =5+ 2.2
ViIiey) =521 5, (2.23)
we obtain again using equation (2.1)
+o0
V2f(x,y) = / / F(ky, ky)et2m(@katyky) ( —(2m)2 (k2 + ksj)) dk dk, (2.24)

with Hs(ky, ky) = —(2m)2 (k2 + k:g) demonstrating that taking the second order derivative
(Laplacian) in real space is equivalent to a transfer function quadratic in &, and k,, except
for a constant multiplicative factor. The central result of this section is thus that one can
perform mathematical operations, particularly spatial differentiation, on a wavefield by
engineering a system with a suitable optical transfer function. The deductions above

can be generalized to n-th order differentiation in z-direction, or in analogous fashion in



Chapter 2 — Fundamentals and Literature Review 17

y-direction, via a transfer function H with
H = (2mik,)" (2.25)

It should be noted that for non-integer values of n, eq. (2.25) describes a transfer function
that performs fractional derivatives as for example reviewed in [64]. Performing fractional
derivatives generally produces complex system outputs and we will refer to this below
when we discuss ringing artifacts in processed images. It is convenient to express a

transfer function as a complex function
H(ky . ky) = | H|e s (2.26)

such that the amplitude contribution abs(H) = |H| and phase contribution arg(H) can
be considered independently. For optical applications spatial frequencies are usually nor-
malized by divison through the wavenumber ky = 1/ of the light in use!. In the following
we will refer to these as normalized spatial frequencies. Normalized spatial frequencies

larger than one then correspond to evanescent waves.

In Fig.2.2 the amplitude and phase of transfer functions H; and Hs corresponding to
first and second order differentiators respectively are plotted along the line k, = 0. Their
linear and quadratic dependence on spatial frequency are apparent in the amplitude con-
tributions in Fig.2.2(a,c) respectively. Importantly, while the second order differentiator
exhibits a constant zero phase contribution, the phase contribution of a first-order differ-
entiator has a m phase-shift at k, = 0. This discontinuity renders the transfer function of
a first-order differentiator asymmetric while a second-order differentiator is a symmetric

function about k, = 0.

'Tf angular frequencies are considered, and the definition of the Fourier transform in eq.(2.1) and (2.2)
is adapted accordingly, then the angular wavenumber ko = 27/ is used to normalize spatial frequencies.
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Figure 2.2: Transfer function H of an ideal first- (a,b) and second-order (c,d)
differentiator. Shown are the amplitude contribution abs(H) (a,c) and the phase
contribution arg(H) (b,d) respectively.

Fig.2.3 shows examples of differentiation of a scalar electric field with a Gaussian shaped
amplitude modulation as depicted in Fig.2.3(a). While here the magnitude of the elec-
tric field is shown, in experimental situations the intensity I which is proportional to
the square of the electric field magnitude |E|? is measured. It is apparent that applying
a linear optical transfer function results in a system output that is proportional to the
first order spatial differentiation in either the x—direction (Fig.2.3(c)) or the y—direction
(Fig.2.3(f)). Applying a quadratic optical transfer function yields a field distribution pro-
portional to V2E, (Fig.2.3(i)).

One application of spatial differentiation is the enhancement of edges in an image. Edges
refer to abrupt changes of the intensity value in an image between two regions and their
recognition plays a key role in image processing applications such as object and face recog-
nition [2]. While homogenous areas of an image are associated with low spatial frequencies,
sharp edges and corners are associated with higher spatial frequencies. By filtering the
low spatial frequency content of an image it is thus possible to remove homogenous areas

of an image and extract the edges and regions dominated by high spatial frequencies.
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Figure 2.3: Numerical demonstration of first- and second-order spatial differ-
entiation of an amplitude image of arbitrary size, significantly larger than the
wavelength A\ of the employed light. Shown are the cases of a Gaussian shaped
input field (first column), linear and quadratic transfer functions with evanescent
waves excluded (second column) and their respective output fields (third column).
All field amplitudes are normalized to the maximum values of the respective im-
age. The transfer functions shown are Hy (b), Hs (e) and H3 (h) as defined above
with the scaling factors Hi max = 2mko and Ha max = 277214:(2].

In Fig. 2.4 we show edge enhancement in an amplitude image applying the three different
transfer functions H;,H> and Hs shown in Fig.2.3(b),(e) and (h). It is apparent that first
order differentiation in x— and y—direction in Fig.2.3(b) and (c) yields an image with
highlighted edges in the respective differentiation direction while homogenous areas of
the image appear dark. Applying the quadratic transfer function results in a processed
images with highlighted edges in all spatial directions due to the rotational symmetry of
the transfer function as depicted in Fig.2.3(d). This process is also referred to as edge

enhancement or edge detection.
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Figure 2.4: Numerical demonstration of edge detection in an amplitude image
of arbitrary size significantly larger than the wavelength A of light for a figure ‘2’
through first- (b,c) and second-order differentiation (d). Input amplitude Ej, is
shown in (a) with the output amplitude in (b)-(c). Optical transfer functions are
H1 (b), H2 (C) and H3 (d)

A key difference between edge-detection through first- and second-order differentiation
is the resulting single or double-peak in the intensity at the location of the edge in the
original image. In order to illustrate this, Fig.2.5(a) shows the example of a smooth edge
with the resulting amplitude for first- and second-order differentiation. The width and
separation of the peaks depends on the steepness of the edge. For fractional derivatives,
which commonly arise from nonlinear transfer functions, we can generally expect multiple
local intensity maxima in the vicinity of an edge. Closely related to this is the observation
of 'ringing’ artifacts originating from the limited bandwidth, usually referred to as the nu-
merical aperture (NA), of an optical system. This is also referred to as ‘Gibbs-Wilbraham
phenomenon’ [65] and illustrated in Fig.2.5(b) at the example of a sharp edge (red) and
the resulting intensity distribution for limited spatial bandwidth representation (blue)
with the typical ‘overshoot’ apparent at the edge. Together these effects contribute to the
occurrence of ringing artifacts in optical systems with complex, non-linear transfer func-
tions and limited spectral bandwidth. Examples of first- and second-order differentiation
through a system with limited spatial bandwidth are shown in Fig.2.5(c,d) respectively. In
section 2.6 we will review nanophotonic approaches that enable image processing includ-
ing edge detection. These approaches commonly generate ringing artifacts as for example
apparent in [66] and we will refer to ringing in various calculations and measurements

throughout this thesis.
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Figure 2.5: Detection of a smooth edge in an amplitude image with input ampli-
tude shown in red and output from first- (blue) and second-order differentiation
(black). (b) Ringing effects for system with limited spatial bandwidth due to the
Gibbs-Wilbraham phenomenon. Shown is a sharp edge (red) with corresponding
Fourier approximation for limited bandwidth (blue). Ringing effects for edge de-
tection through (c) first- and (d) second-order spatial differentiation in a system
with limited bandwidth. Insets show two-dimensional amplitude distribution in-
dicating ringing around the edges. In (b-d) the bandwidth is limited to 10% of
the Nyquist-frequency.

More advanced edge detection operators, that are commonly used in electronic computa-
tion, but have been implemented in bulk-optical systems as well include the Sobel, Prewitt
and Roberts edge detection operator [67]. Here we focus on optical edge detection through

high-pass spatial frequency filtering including spatial differentiation as discussed above.

While edge detection in pure amplitude images can be achieved through suppression
of low-spatial frequency content with generally low dependence on the particular mathe-
matical operations associated with the transfer function, this doesn’t hold true for images
containing phase-gradients. Below we will discuss the complex dynamics involved in

phase-visualization through spatial frequency filtering.
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2.1.5 Phase gradients and spatial differentiation

Conventional photodetector technology can directly detect the intensity of an optical
wavefield while its phase remains invisible. Spatial differentiation enables conversion of
phase gradients in a wavefield into intensity modulations, usually referred to in its most

general sense as phase-visualization.

We assume a field E(z,y) = e/*®¥) with a phase modulation ¢(z,y) : R x R — R and
constant amplitude |E(z,y)| = 1. Considering first order spatial differentiation we obtain

for the intensity of the differentiated field

OB ) [* _ | isten) 2@ ) [* _ |00z ) [ (2.27)
OB y) [* _ | istan) 2@ ) [* _ |00z ) [ (2.28)
dy 9y %y

Using first-order differentiation, we are therefore able to extract phase information from
the wavefield with the output intensity of the system being the square of the phase gradi-
ent. As an example we use a light field with a Gaussian shaped phase-profile as described
in eq.(2.29).

b2, ) = dmaxe” () HTE) (2.29)

Applying first order differentiation in either the z- or the y-direction to this phase-
modulation with a width of o = [/2 where [ is the size of the image as shown in Fig.2.6, we
obtain an intensity distribution that highlights regions of high phase gradient as expected
from eq.(2.29).

We will see in the following that, counter intuitively, application of the Laplace operator
does not yield an intensity variation purely related to the second order differentiation but
a complex function of first and second order derivative of the phase modulation. A non-
linear intensity response to phase-modulations in a wavefield is common in conventional

phase-visualization methods as we will discuss at the end of this section.
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Figure 2.6: Calculated output Intensity of a first order differentiator applied to

norm. Intensity

a wavefield with Gaussian shaped phase modulation ¢(z,y) as described in eq.
(2.29). The phase modulation is shown in (a) with o = 1/6 and [ x [ the size of
the image. (b,c) Output intensity normalized to the brightest pixel for first-order
differentiation along z- and y— direction respectively.

Applying the Laplace operator V2 we obtain

2

V2E(z,y) (2.30)
_|9E(z,y) | 0*E(x,y)|?
T2 T ap (2.31)

oxr Oz oy Oy ’

[0, 0)]° | 50%0(xy) | [0, 0)]7 | 0Pz, y)|?

—|,i9 i¢ 2 ig

e [ 5 +e 52 +e a9 +e oy (2.33)

2 2 2 2 2
Oz D2 Ay dy?
— _
1st order 2nd order 1st order 2nd order

From eq. (2.34) it is apparent that the second order derivative enables us to extract phase
modulations from the wavefield and convert them into intensity variations. However, the
presence of terms corresponding to first and second-order derivatives indicates a complex
system output. Fig.2.7 shows the intensity output of a system that applies the Laplace
operator to a wavefield with a Gaussian shaped phase modulation. It is apparent that
the functional form of the intensity modulation now changes as a function of the absolute
phase excursion ¢,y in contrast to first-order differentiation considered above. Hence,
for the purpose of phase extraction, a first-order optical transfer function is generally
required. However, as long as we assume the phase variation ¢(x,y) to be such that it

can be approximated by a Taylor-expansion around a point (zg,yo) as a linear deviation
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from a constant phase background with

0p(x N 09(x )
o) 9o, yn) + I ) 4 Iy (23
applying the Laplace operator yields
2 2 22
0 0
‘VQE(%ZJ) = ’ [aﬂ + [a;ﬂ (2.36)
96 9o

In this case an intensity variation that is a function of only the phase-gradients 7, 0 in
both spatial directions is produced. We can thus conclude that a system with a quadratic,
and more generally a non-linear, transfer-function will convert a given phase modulation
into a complex intensity modulation. Within the limits of near-linear phase-modulations

this can still be employed for phase-gradient visualization.
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Figure 2.7: Calculated output intensity arising from the application of the

-

norm. Intensity

Laplace operator V2 applied to a wavefield with Gaussian shaped phase mod-
ulation ¢(x,y) as described in eq. (2.29). Shown is the resulting intensity for
varying maximum phase modulations ¢max and o = 1/5 with I x [ the size of the
image.

As outlined in chapter 1, the visualization of phase-variations has been a major driver
in the field of microscopy due to its importance for the visualization of mostly transpar-
ent objects like biological cells. A non-linear intensity response to phase-variations as
discussed above is common in most conventional phase-visualization techniques including
dark field micropscopy [68], differential interference microscopy (DIC) [7] and Schlieren
microscopy [69, 70] as discussed in chapter 8 of [22]. Zernike phase-contrast microscopy
was historically the first method that can generate intensity contrast that is linearly related
to the phase profile of a wavefield for phase-shifts that are small compared to 27 radi-
ans [5]. The method was considered to be of such importance to the field of microscopy
that its inventor Frits Zernike received the Nobel prize in 1953 [71]. In the following

chapters we will investigate various novel nanophotonic approaches that permit filtering
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of Fourier components and discuss their capacity and limitations for the visualization of

phase gradients.

2.1.6 All-optical Spatial Frequency Filtering

While the mathematical considerations of linear-invariant systems above were formulated
in terms of an optical system, they are valid for linear electronic systems as well. In
the introduction to this thesis the potential of optical systems to outperform electronic
information processing systems in terms of speed and energy consumption were outlined
but pathways to achieve this have not yet been discussed in detail. In the following we
will review the fundamentals of traditional optical image processing and contrast it with
the general approach for spatial frequency filtering in this thesis. The following review is

based on deductions in [22].

2.1.6.1 Fourier transforming property of thin lenses

Thin optical lenses possess the ability to optically compute the Fourier transform of a
wavefield. In order to understand the origin of this property we will review how a thin
lens transforms an incident wavefield. A lens is referred to as ‘thin’ if light rays passing
through it enter and exit the lens at the same lateral position with negligible translation
inside of the lens. It can be shown that the phase transformation performed by a thin

lens centered on the optical axis (xr =y = 0) is given by
tlens(x7 y) - 67iﬁ(w2+y2) (237)

with A the wavenumber and f denoting the focal length of the lens defined by its curvature
parameters and the refractive index of the material of which it is composed. This expres-
sion assumes that only parts of the wavefront that lie near the optical axis are considered.
We now consider the situation of a flat object placed at a distance d in front of a lens Lo
as illustrated in Fig 2.8a. For illumination of the object with a monochromatic, planar
wave of wavelength A\ propagating parallel to the optical axis we denote the amplitude
distribution directly behind the object as Ey(x,y) and its Fourier transform as Eq(ky, k; ).
In order to propagate the optical field through free space, we can use the Fresnel diffrac-

tion approximation. It assumes that only small angles of diffraction are considered and is
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therefore also referred to as the ‘paraxial approximation’. In this approximation propa-
gation of a field over a distance d through free space can be performed via multiplication

of its Fourier transform with a phase factor A¢ where
For the Fourier spectrum of the field incident on the lens Ei,(ky, k,) we therefore obtain

Ein(kx7 ky) - ENO(kmv ky)A¢ (239)
= Eo(ky, ky)e im0k +E) (2.40)

Using the phase transformation of the lens given in eq.(2.37) we obtain for the field Eqy¢
directly behind the lens

Eout(xyy) = Ein(:nay)tlens(x:y) (241)

where Ey, = F! (Ein). Again exploiting the Fresnel diffraction formula it can then be
shown that in the back focal plane of the lens Lo, i.e. at a distance f behind the lens, the

intensity distribution Ef(x,y) is given by

b (1=d/ ) (2% +y?)
2f L
Ei(z,y) = - P\ / / Eo(a, B)e~ 37 @99 go, 43 (2.42)

quad. phase term
Fourier transform

From eq.(2.42) it is apparent that the amplitude and phase of the light at lateral coordi-
nates (z,y) in the back focal plane are related to the amplitude and phase of the Fourier
spectrum of the input field Ey(x,y) at spatial frequencies (k; = x/Af,ky = y/Af). The
quadratic phase factor preceding the integral disappears for d = f, i.e. when the object
is placed one focal length in front of the lens L2. In this situation the field produced in

the back focal plane is proportional to an exact Fourier transformation.



Chapter 2 — Fundamentals and Literature Review 27

L1 object Ly Fourier plane L3 Image plane Ly Ly Image plane

(a) — / (b) —

light light
: i source
—_— {(filter) —_—

source
d=f, fio fis fis

object NPSSF

Figure 2.8: Conventional Fourier plane- and meta-optical object-plane spatial
frequency filtering approach. (a) Conventional optical setup enabling access to the
Fourier plane of an Image and filtering its spatial frequency content by placing a
spatial filter in the Fourier plane. (b) Meta-optical approach for directly accessing
and filtering the spatial frequency content of a wavefield.

With the Fourier transform of the wavefield Fy being formed in the back focal plane of
lens Lo, it enables filtering of the spatial frequency content by manipulating parts of the
beam in the Fourier plane through tailored filters with varying amplitude and phase. This
permits implementation of a range of useful filtering operations such as a high- or low-pass
edge filters through the use of a blocking disc in the center of the beam or a pinhole respec-
tively. Filtering of low- and high-spatial frequencies underpins for example widely used
image processing applications such as object and face recognition [72] as well as previ-
ously discussed conventional approaches to phase visualization like Zernike phase-contrast
microscopy, DIC imaging and Schlieren imaging [5, 7, 69]. More advanced filtering oper-
ations like blocking of a particular non-zero spatial frequency can be achieved using for
example ring shaped beam-blockers. While traditionally these filters were binary masks,
recently nanophotonic devices with engineered local amplitude and phase response have
been demonstrated as potential pathways for advanced Fourier-plane spectral filtering in
the domain of analogue optical computing as we will refer to below. However, these meth-
ods inherently rely on additional, usually macroscopic, building blocks allowing to access
Fourier- and object plane respectively which implies limitations for their minituarization

and integration into future optical devices.

2.1.6.2 Nanophotonic all-optical spatial frequency filtering

Traditional image- and information processing methods relying on accessing the Fourier
plane and manipulating the spectral content through spatial filters are referred to as

Fourier-plane filtering methods in the following. These approaches rely on at least two
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lensing elements, which can be either conventional lenses or more compact graded index
(GRIN) elements, as well as a spatially structured filter element reshaping the Fourier
content of a wavefield [22, 39]. While traditionally macroscopic apertures and beam-
blockers were used [3] more recently nanophotonic approaches have drawn attention.
Two-dimensional nanophotonic structures referred to as plasmonic metasurfaces were for
example spatially tailored to perform differentiation when placed in the Fourier plane of an

imaging system [73]. We will introduce optical metasurfaces in detail below in section 2.5.

This is in contrst to methods that enable accessing and filtering the Fourier content
of a wavefield in the object plane thereby avoiding the requirement for bulky lenses or
lens-like elements. We will refer to this type of filtering methods as object-plane filtering
methods even though the devices could be positioned at other locations in the optical
path [40]. In Fig.2.8(b) the working principle of such a method is illustrated for a trans-
mitting filter. However, reflective filters are possible as well. In section 2.6 a review of
implementation approaches for object-plane filtering methods will be given. These include
metasurfaces, gratings, photonic crystals and thin-film based approaches. While methods
requiring bulky or non-subwavelength elements have limited potential for miniaturization,
the use of subwavelength nanophotonic elements operating in the object plane opens up
significant potential for ultra-compact integrated optical filters that can perform passive

all-optical information, and particularly image processing operations in real time.

2.1.7 High-pass Fourier filter performance

The focus of this work is on high-pass spatial frequency filtering. Various transmitting and
reflecting devices are numerically investigated and experimentally implemented through-
out this thesis. It is therefore natural to define a set of parameters that can be used to
quantify the characteristics and performance of the respective high-pass spatial frequency
filters. Here we define the numerical aperture NA and the standard filtering contrast C's of
a filtering function as follows. We assume a system with a two dimensional scalar optical
transfer function H (k,, ky) and define NA and C; as system specific quantities for a given
spatial direction, usually along one of the coordinate axes. The system characteristics
along the z-direction would for example be deduced from H(k,,k, = 0). Fig.2.9a shows
an exemplary high-pass filter as a function of the normalized spatial frequency compo-

nent k;/ko. We define the NA of the filtering function as the highest normalized spatial
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frequency up to which |H (kg, ky)|?, i.e. the transmittance, for transmitting devices, or
reflectance, for reflecting devices, increases monotonically. In the provided example we
obtain NA= 0.67. Furthermore we define the standard contrast as

Im - IO

- 2.4

with I, and I the transmittance or reflectance at the NA and k, = 0 respectively. From

the definition in eq.(2.43) we obtain a filtering contrast of Cs = 0.78.
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Figure 2.9: Characterisation of a high-pass spatial frequency filter. (a) Ex-
emplary high-pass filtering function with red lines indicating numerical aperture
(NA), zero-offset Iy and maximum value I,,, within the NA of the system. (b)
Plot of the standard filtering contrast C for all possible combinations of I, and
1.

The majority of the spatial frequency filters investigated in this thesis exhibit a near-
quadratic optical transfer function in at least one spatial direction. For this reason we
will on several occasions compare them with an ideal second-order differentiator. As a

measure we will fit the quadratic function

Ky ko 2
Hy| —= ) = — 2.44
2<k0> a1<k0) + ag ( )

to the transmission coefficient ¢ or reflection coefficient r of the respective devices along
ky = 0 and equivalently for the perpendicular direction. The fitting parameters a; and
as indicate the proportionality and zero-offset compared to an ideal second order differ-

entiator with a1 = —47T2k(2) and ag = 0.
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2.2 Optical Response of Stratified Media

Tailored stacks of homogenous optically thin films have gained considerable attention as
devices for nanophotonic image processing and we will review relevant work on the topic
in section 2.6.1. In this thesis an approach to utilize simple three layer stacks in the
form of metal-insulator-metal (MIM) absorbers is investigated. Below we will review the
fundamentals that permit modelling of the optical response from stratified media made
of homogenous layers and will here be used to describe MIM absorbers. The following
is a summary of the relevant aspects of more extensive theoretical deductions of light -

thin-film interactions by Macleod in chapter 2 of [74].

Initially we are considering the cases of a single thin film on top of a substrate as well as
an extension to two or more films stacked on top of each other supported by a substrate
as illustrated in figure 2.10. A film is considered optically thin when interference effects
are observable in light reflected by- or transmitted through the film. This is equivalent
to the condition that all waves propagating within a thin film stack exhibit a well de-
fined phase relation between each other. Due to the in-plane isotropy of thin-film stacks

they can be well described analytically. From Maxwell’s equations it follows that at any

(a) : (b)
. No
: incident medium
y ! No °
X ' incident medium layer 1 (Ny)
, a
layer 1 (Nq) layer 2 (N;)
c
substrate (Ns) dg=o0 substrate (Ns)
v

Figure 2.10: Numerical model of stacks of optically thin films. A number of
partially transparent films of thicknesses (d;) consisting of materials with dielec-
tric properties (1V;) are stacked on top of each other supported by a semi-infinite
substrate. Shown are examples of a one-layer (a) and two-layer system (b).

optical boundary between two media with different refractive indices, the electric field
component tangential to the boundary must be continuous. For the following derivation
it is convenient to introduce the concept of the oblique admittance n = H;/E; relating
the tangential components F; and H; of the electric and magnetic field in a medium with

refractive index N for propagation at an angle 0 to the normal of a boundary. Depending
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on the polarization state 7 is then given by

1 =noN cos @ for s — polarization (2.45)

n =mnoN/cosf for p — polarization (2.46)

with ng the free space admittance. Based on this we are now going to elaborate on the
interaction of linearly polarized incident light with a single film of refractive index Ny
and thickness d; covering a semi-infinite substrate with refractive Ny as shown in Fig.
2.10a. Due to the presence of two interfaces in this system, a number of beams will be
propagating simultaneously and their superposition will yield the reflection and transmis-
sion from and through the arrangement. Here we consider a plane wave incident on the
single film structure. In the following we will denote forward going waves (in the positive
z-direction) with the symbol ‘+’ and backward going waves with the symbol ‘-’. In the
superstrate as well as in the thin-film layer, forward and backward going waves will be
present simultaneously while the substrate will accommodate only a forward going wave

due to the lack of an underlying reflection layer.

At the boundary between the film and the substrate (boundary b) the tangential compo-
nents Ep and Hy of the electric and magnetic field then satisfy

Ey=E +E, (2.47)

Hb = 7]1E;_ — nlEb_ (248)

with 7; the oblique admittance of the thin film layer 1. From equations (2.47),(2.48)
we directly obtain expressions for the tangential field components of the forward and

backward going waves.

E = (Hy/m + Ey)/2 (2.49)
E, = (=Hy/m + Ep)/2 (2.50)
H, = (Hp +mEy)/2 (2.51)
Hy = (Hy— 1 By)/2 (2.52)

In order to deduce the fields at the other interface (boundary a) from equations (2.49)-

(2.52) at a point with identical = and y coordinates, one has to propagate the wave by
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multiplying the fields with a phase factor e*® that corresponds to the effective layer

thickness § with

N 27TN1d1 COS 01

’ )

(2.53)

for light propagating at an angle #; within the layer, where A is the free space wavelength.
Here the propagation angle 6, can be a complex number indicating a potentially evanescent

field. Introducing this phase factor into equations (2.49)-(2.52) yields

Ef = Efe? = %(Hb/m + Ey)e® (2.54)
By = By e = L(~Hy/m + B)e? (2.55)
Hf = He" = %(Hb + 1 By)e® (2.56)
Hy = Hy, e" = %(Hb —mEy)e®. (2.57)

From this we obtain a set of equations relating the tangential field strengths at boundary

a to those of boundary b

in g
By = Ef + BT = Eycosd + Hy, >0 (2.58)
m
H, = H + H, = iEyn sind + Hycosé. (2.59)
Equations (2.58),(2.59) can most conveniently be expressed as a matrix equation
E cosd  isind E
‘= fmi | Ea (2.60)
H, isin dm cos 0 Ey

To obtain the overall optical response of the thin film, it is convenient to define the

admittance Y of the system as

Y = H,/E,. (2.61)

From the system admittance Y and the admittance of the incident medium 7; the reflection

coefficient r as well as the reflectance R is then calculated using

= () oo

R=rr* = |r? (2.63)
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The experiments performed in this thesis include thin film systems with three layers as
depicted in Fig. 2.10b. It can be shown that repeating the derivation above leads to an
extension of eq. (2.60) describing stacks of thin films with an arbitrary number of layers.
For a stack of ¢ — 1 films on top of a substrate the tangential field components are then

described by

B =ﬁ cos (0;) isin(6;)/me| | 1 (2.64)
C

r=1 |@sin (6,)n,  cos(dy) 1/Nm
where B = E,/FEy, C = H,/E}, 0y, the admittance of the substrate, and 7, the admit-
tance of the r-th layer. The system admittance is then given by Y = C'/B and the optical

response can again be calculated from eq. (2.62),(2.63).

We will conclude the fundamental consideration of thin film stacks at this point. In chap-
ter 4 we will model metal-insulator-metal (MIM) thin-film absorbers using the framework
above and draw conclusions about their spatial-frequency filtering capabilities. In the
following we will move our focus to the interaction between light and subwavelength sized

metallic particles and their relevance for meta-optical imaging systems.

2.3 Metals at optical frequencies

In the radio frequency regime the interaction between electromagnetic waves and metals
can be well described by the approximation that metals behave as perfect conductors.
Hence at any time the free electrons in the metal instantaneously arrange in such a way
that an external electric field is screened out and thus cannot penetrate into the metal.
In this case all incident fields decay exponentially beneath the surface. However as fre-
quencies approach the optical spectral range, the assumption of a perfect conductor is no
longer appropriate for metals and fields begin to penetrate into the metal. In the following
we will discuss the consequences of this based on more detailled discussions provided in
[75]. In contrast to the charge carriers in a perfect conductor, the electrons now acquire
characteristics of a strongly dispersive plasma. This behavior can be observed at fre-
quencies around and above the near-infrared spectral range for most metals. Techniques,

as for instance ellipsometry, permit determining the complex dielectric function of metals
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€(w) = €1 +ieg by reflectivity studies at optical frequencies. However a deeper understand-
ing requires a theoretical model for ¢(w). For this reason we will make some fundamental
assumptions about the properties of conduction electrons in metals that finally lead to a

general equation for the dielectric function.

2.3.1 The Free Electron Gas Model of Metals

Some optical properties of metals are well described by the assumption that the conduction
electrons of a metal are a gas of negatively charged particles (an electron plasma) moving
in front of a positively charged background, which represents the ion cores of the metal.
Structural details of the potential of the crystal lattice and collisions between electrons
are neglected in this assumption. The model following from these assumptions is referred
to as the ‘free-electron gas model’ or ‘Drude-Sommerfeld model’. We consider an electron
that is driven by the electric field E of an incident EM wave and damped by collisions
with positively charged ion cores and obtain the equation of motion for an electron in this
gas:

mx = —eE — mryx (2.65)

where m is the effective mass of an electron and v denotes the frequency at which elec-
trons collide with the positive ion cores. For a harmonic time dependance of the electric
field E it can be shown that the macroscopic polarization P following from the electron

displacement described in eq. (2.65) holds

2

P=——F"—E. 2.66
m(w? + iyw) (2:66)

Equation (2.66) yields the dielectric function of the free-electron gas with

w2

=1-—L 2.67
() =1 - oo (2.67)
where wg = Z}% is the plasma frequency of the metal with electron density n.

The main factors resulting in a disagreement between the free electron model and exper-
imentally determined dielectric functions are interband transitions and highly polarized
environments caused by filled bands in the vicinity of the Fermi surface. While we do not

have to take these effects into account for alkali metals, where the free electron gas model
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yields good results up to the UV range, they occur already between near-infrared and
optical frequencies for noble metals such as gold and silver. In order to take the strongly
polarized environments occurring due to the electronic band structure in noble metals
into account, the term P, = €p(€oo — 1)E, with e a dielectric constant, is added to the

dielectric displacement. This yields a modified dielectric function with

w2

L (2.68)

€(W) = e =

In Fig.2.11 the dielectric function of the extended free-electron gas model from eq. (2.68)
was fitted to the measured dielectric data for gold [76]. It is apparent that while the
experimental data is well represented at lower energies, the prediction of the free-electron
gas model deviates significantly from experimental data at visible wavelengths due to in-

terband transitions as observable in e€5. The free-electron gas model provides important
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Figure 2.11: Complex dielectric function of gold. Left: Real part €, Right:
Imaginary part e2. Shown is a comparison between the free-electron gas model
(solid line) and experimentally measured data for gold [76] (dotted line). Figure
taken from [75]2.

insight into the origin of the dispersive nature of the interactions between metals and
electromagnetic waves at optical wavelengths. However, for quantitative analysis we will
resort to literature values of experimentally determined dielectric functions to model plas-
monic resonances in this thesis. As we will discuss when the relevant experimental results
are presented in following chapters, these values depend on the particular fabrication pro-
cess of a material. In particular for optically thin films fabricated through evaporation
processes, deviations in the dielectric function from the literature values are found and

commonly lead to spectral shifts and broadening of resonances.

2Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
"Plasmonics: Fundamentals and Applications - Electromagnetics of Metals’ by S.A. Maier, 2017.
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2.4 Plasmonic Resonances

In the previous section the dispersive characteristics of the electron gas in metals at
optical frequencies was reviewed. Based on the above discussion we will now progress to
review resonant excitations of the electron gas in metals as they are broadly exploited in
meta optics. Quantized oscillations in the electron gas density are generally referred to as
plasmons. For the field of meta-optics two different kinds of coherent plasmonic excitations
that occur as a result of the interaction between a driving electromagnetic field and the
electron plasma are of relevance - surface plasmon polaritons (SPP) and localized surface
plasmons (LSP). We will introduce both excitations as elucidated in detail in [75] in the

following before we proceed to their application in the field of plasmonic metasurfaces.

2.4.1 Surface Plasmon Polaritons (SPP)

Surface plasmon polaritons (SPP) are propagating collective charge oscillations that can
be excited at an interface between a metal and a dielectric or a semiconductor and a
dielectric. Here the term SPP refers to the charge oscillation (plasmon) as well as the
related electromagnetic field (polariton) decaying exponentially perpendicular to the sur-
face as illustrated in Fig. 2.12a,b. An incident electromagnetic wave can excite an SPP
on a planar surface if both momentum and energy are conserved. Propagation of surface
plasmon polaritons at planar interfaces can be fully deduced from Maxwell’s equations
and is analytically well understood. From this the propagation constant Sspp of an SPP
excited by light with wavenumber kg at the interface of a dielectric with dielectric constant

€, and a metal with dielectric constant ¢, can be derived as

€a€h

Bspp = ko. (2.69)

€q 1+ €

Equation (2.69) is valid for conductors without and with ohmic losses, i.e. real and
complex dielectric function. In the case of a complex propagation constant the SPP
decays exponentially along the surface. From eq.(2.69) it is apparent that the propagation
constant of the SPP is greater than the absolute value of the wavenumber of the incident
light inside the adjacent dielectric. This momentum mismatch prohibits direct excitation
of an SPP and additional phase-matching techniques are required. Among others the

most prominent excitation methods for surface plasmon polaritons exploit prism coupling
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in Kretschmann or Otto configuration, grating coupling or near-field excitation. Since
the vast majority of the work discussed in this thesis is based on plasmonic excitations
on confined subwavelength-sized particles instead of planar interfaces, the reader will be
referred to [75] for a more detailed review of SPP excitation and we will focus on localized

surface plasmons.
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Figure 2.12: Surface Plasmon Polaritons and Localized Surface Plasmons. a)
Collective charge oscillations and associated electric field of a Surface Plasmon
Polariton b) The electric field strength decays exponentially into the metal and
the dielectric for non-radiative SPPs enabling strong field confinement. c¢) Cal-
culated LSP resonances for a gold sphere in air (black) and silica (gray). a) and
b) taken from [77]3 and c) taken from [75]*.

2.4.2 Localized Surface Plasmons (LSP)

The second plasmonic excitation of interest in the context of this work are localized surface
plasmons (LSP). SPP’s were introduced above as dispersive propagating electromagnetic
waves associated with charge oscillations at material interfaces. On the other hand LSP’s
are non-propagating dispersive excitations of the electron plasma on subwavelength sized
conductive particles immersed in an ambient dielectric and coupled to an electromagnetic
field. In the optical realm, these particles are usually referred to as metal nanoparticles.
Upon interaction with an incident electromagnetic wave the forces acting on the electron
plasma in the nanoparticle displace the electrons from their median position. Following
this displacement restoring forces from Coulombic attraction between electrons and the
positively charged nuclei as well as charge accumulations on the nanoparticle result in

a dispersive oscillation of the electron cloud. For a combination of nanoparticle shape,

3Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
Nature, ’Surface plasmon subwavelength optics’, William L. Barnes et al., 2003

4Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
’Plasmonics: Fundamentals and Applications - Localized Surface Plasmons’ by S.A. Maier, 2017.
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size, material and dielectric environment, this oscillation can go into resonance with an
incident electromagnetic wave of given frequency. This resonance is referred to as a lo-
calized surface plasmon resonance (LSPR). For nanoparticles consisting of metals such as
gold and silver, LSPR can occur at visible wavelengths resulting in bright color effects
in transmitted and reflected light historically used for example in remarkably colourful,
stained glass windows. A second characteristic of localized surface plasmons are strongly
enhanced electric fields in the direct vicinity of the surface, an effect referred to as near
field enhancement. These strong electric fields offer the potential for sensing applications
[78, 79] including surface enhanced Raman scattering (SERS) and near field microscopy,
improvements in the efficiency of nonlinear optical effects [80] and the excitation of zero
net-dipolar moment modes as discussed below. For this reason considerable scientific ef-
fort has been directed to the fabrication of nanoparticles with tailored spectral responses.
Nanoparticles with shapes including for instance cubes [81], rods [82], prisms [83] and
core-shell structures [84] have been investigated. Control over their spectral response by
geometry adjustments and sensitivity to changes in the ambient dielectric have for in-

stance been demonstrated in disordered layers of ring-shaped structures [85].

The particular set of resonances that can be excited on a nanoparticle depends on a
complex interplay of its shape, material, dielectric environment [81-84] and, as we will
see below, the illumination conditions. For a very limited number of cases an analytic
expression for the LSP resonances can be deduced while other cases require numerical
treatment. However, analytic treatment of the problem provides a fundamental under-
standing of the resonance phenomenon for which we here review the case of a plane wave

incident on a metallic sphere placed in an ambient dielectric as an example.

2.4.2.1 Plasmonic Resonance of a Conductive Sphere

In the case that the radius a of the particle under consideration is small compared to
the wavelength A of an incident electromagnetic wave, i.e. a < A, one can assume that
the phase of the electromagnetic field is constant over the entire volume of the particle.
This is referred to as the quasi-static approximation and allows us to model the particle
response in a static electric field E = Eye, and add the harmonic time dependance after
solving for the field distribution. This approximation well describes the optical response

of nanoparticles with sizes of up to approximately 100 nm. Further below we will discuss
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numerical ways to model nanoparticles for which the quasi-static approximation fails.
The derivation of the optical response of the nanoparticle thereby simplifies to solving the
Poisson equation V2¢ = 0 for the given boundary conditions with ¢ the electric potential.
Due to the symmetry of the problem it can be shown that the general solution to this

problem is of the form

0o
6(r.0) =" [Alrl + BﬂfH} Py(cos ) (2.70)

=0
with A;, B; the coefficients to be determined, Pj(cosf) the Legendre polynomials of order
[ and 60 describing the angle between the position vector r and the z axis of the coordinate
system. Applying the boundary conditions at » = co and r = a permits a derivation of
the potential outside of the particle ¢oy as a superposition of the applied field and the

field of a dipole situated at the center of the sphere given by

p-r

Pout = —Eorcos ) + Trcoerd (2.71)
p= 47reoema36€:_62n; Eo. (2.72)

Here € and ¢, denote the dielectric functions of the dielectric and the metal. For the field

of the dipole p we can define the polarizability « as

€—€m

_ 2.73
€+ 2em, ( )

a = 4ra®

It is apparent that « exhibits a resonant maximum when |e + 2¢,,| is minimized. This
is fulfilled for the so called ‘Frohlich condition’, real(e) = —2e¢,,, in the case of a slowly
varying imaginary part of the metallic dielectric function. As the essential result of this
deduction, eq.(2.73) shows the existence of a resonant response of a metallic nanosphere
upon interaction with an incident field. The mode associated with this resonance is the
dipole surface plasmon of the metallic sphere. From this result characteristic resonances
in the absorption and scattering cross section can be deduced. Exemplary numerical cal-
culations for a gold particle in air and silica in Fig.2.12(c) illustrate their resonance at
optical wavelengths. While the analytic derivation above enables a fundamental under-
standing of the origin of LSP resonances, more complex nanoparticle shapes as well as
larger particles for which the quasi-static approximation fails, generally have to be treated

numerically. This involves in particular higher-order multipolar modes on complex shaped
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nanoparticles which will be discussed in the context of subradiant modes below. In this
thesis we employ the finite element method (FEM) to model plasmonic resonances on

metallic nanostructures as introduced in section 3.1.1.

2.4.3 Plasmon Hybridization and Subradiant Resonances

The discussion above revolved around resonances on isolated, individual nanoparticles
and we will now extend our considerations to nanoparticle ensembles. In close proxim-
ity, the behavior of nanoparticles can vary significantly from their individual response
to light due to interparticle coupling effects [75, 86]. This can be described as bonding
and antibonding combinations of the individual particle plasmons resulting in a modal
hybridization analogous to molecular orbital interaction as described by Prodan et al.

[87]. The effect is spectrally observable as a splitting of the individual resonances into the

antibonding

W

Aw(d)
A 0a

nanodisc dimer
Wp

bonding

Figure 2.13: Modal hybridization on nanodisc dimer in dipole approximation
as desribed in [88]. For small separation d of the nanodiscs, resonance hybridizes
from the resonance w, of the individual disc into wy for the bonding mode and w,
for the antibonding mode. The degree of hybridization Aw is a function of the
particle separation.

hybridized resonances as the coupling strength between the particles increases. Although
higher order multipoles on the participating particles contribute to the hybridization, to
first approximation the response of the ensemble can be described by coupling between
the lowest order modes, the dipole plasmons of the individual particles. For instance, in
the simple case of two adjacent nanodiscs, a so called dimer, a bonding mode of lower
energy and an antibonding mode of higher energy arise [88]. The strength of the modal
hybridization of the dimer increases with decreasing interparticle separation. Investigation

of the phenomenon with a range of nanoparticle geometries and ensembles has received
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considerable attention. Complex and symmetry broken nanoparticle ensembles in partic-
ular exhibit interesting hybridization effects [79, 89]. In order to systematically study the
emerging hybridizations on nanostructures, symmetry arguments from group-theory can
be exploited. This was for example demonstrated using the example of nanodisc trimers
as illustrated in Fig.2.14(a) [90]. In this case a set of orthonormal modes, consisting of

different combinations of dipole modes on the individual discs, was derived.

While the fundamental resonance of a nanoparticle or nanoparticle ensemble is its electric
dipole mode, various structures support higher-order modes with zero net-dipolar mo-
ment. These modes are referred to as subradiant modes and are an example of bound
modes in the continuum (BIC) [91, 92]. As we consider individual nanoparticles, sub-
radiant modes refer to higher-order multipole resonances such as quadru- or octupolar
modes that exhibit zero electric dipole moment. On the other hand modal hybridiza-
tion in nanoparticle ensembles as discussed above can also result in resonances with a
zero-net electric dipole moment of the ensemble. Due to their vanishing dipole moment
these modes cannot couple to, or only weakly couple to, normally incident, linearly po-
larized light for which they were also coined dark modes. Consequently, in order to excite
dark modes, one needs to introduce either a symmetry breaking in the geometry of the
nanostructure or employ alternative excitation schemes [79, 89, 93, 94]. These include for
instance: excitation by focussed electron beams [95], evanescent near field excitation [96],
off-normal incidence [79, 97] and subwavelength phase-engineered beams [98]. Compared
to their electric dipole counterparts these modes suffer reduced radiative damping and
thus enable more efficient energy storage in nanoparticle structures and exhibit a reduced
resonance linewidth [92, 93]. In this work we will confine our considerations to light based
excitation schemes. The central result of the research discussed above for the purposes
of this work is the angular sensitivity of the optical excitation of these subradiant modes.
While here we discuss the fundamental resonant characteristics of dark modes, in the
following section 2.6.2 we will review how meta-optical approaches can exploit this effect

to perform all-optical spatial-frequency filtering.
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Figure 2.14: Subradiant modes on nanoparticle ensembles. (a) Orthonormal
set of modes of a disc trimer arrangement deduced from group theory consider-
ations taken from [90]°, (b,c) Oligomer nanodisc ensemble in breathing and ro-
tation mode with corresponding calculated spectral response for excitation with
azimuthally polarized light (d) and radially polarized light (e) as a function of
nanodisc separation. (b-e) reprinted with permission from [99]°.

We will conclude this section by reviewing some relevant examples of subradiant reso-
nances on plasmonic nanostructures. Various studies have employed a broken geometric
symmetry for the excitation of resonances with subradiant character. Examples for such
geometries are the non-concentric ring disk cavity [79] or its three dimensional equivalent,
the core-shell particle with an offset core [89]. The concentric ring disk cavity (CRDC)
consists of a metallic disk concentrically surrounded by a metallic ring. Fao and coworkers
have demonstrated excitation of higher order modes in this structure through off normally
incident light as well as through the systematic introduction of a geometric asymmetry in
the form of an off-centered disk [79]. Symmetric arrangements of rods and disks have also
received increased attention with regard to their subradiant mode characteristics. Exam-
ples are the oligomer geometry (cf. Fig. 2.14(b-e)) consisting of five circularly arranged

metallic discs with an additional central disc [99] as well as plasmonic trimers consisting

®Reprinted with permission from ’Plasmonic Properties of Silver Trimers with Trigonal Symmetry
Fabricated by Electron-Beam Lithography’, Joan Alegret, Tomas Rindzevicius, Tavakol Pakizeh, et al., J
Phys Chem C, vol. 112, no. 37, pp. 14313-17. Copyright 2008 American Chemical Society

SReprinted with permission from 'Near- and far-field properties of plasmonic oligomers under radially
and azimuthally polarized light excitation.’; Avner Yanai, Meir Grajower, Gilad M. Lerman, et al., Acs
Nano, vol. 8, no. 5, pp. 4969-74. Copyright 2014 American Chemical Society



Chapter 2 — Fundamentals and Literature Review 43

of discs [90] (cf. Figure 2.14(a)) or rods [93] arranged on the vertices of a triangle. As an
example, two subradiant modes of a nanodisc oligomer as illustrated in Figure 2.14(b-e)
are considered. The modes can be categorised as a ‘rotation mode’ and a ‘breathing mode’
according to the corresponding energy density distributions. It should be noted that out-
of-plane dipole moments were neglected here. One way to excite a particular mode such
as the breathing or rotation mode in this nanostructure is to choose a polarization state
of the incident light that matches the structural symmetry of the dipolar displacements.
The excitation of the different modes is apparent from the extinction spectra with the
lower energy rotational mode (bonding) appearing at longer wavelengths compared to the

higher energy breathing mode (anti-bonding).

To summarize we have reviewed localized plasmonic resonances of nanoparticles and
near-field coupling effects in nanoparticles ensembles above and stated their relevance
for historical and modern optical applications. We will now transition to a review of
recent work on repetitive arrays of nanostructures, so called optical metasurfaces, and

particularly their relevance as ultra-compact all-optical image processing platforms.

2.5 Introduction to Optical Metasurfaces

Classical optics employs components that rely on the effects of refraction, diffraction and
light propagation over distances longer than the wavelength of light in naturally occurring
materials. This enables control over the amplitude, polarization and phase distribution of
an optical wave in bulky components like classical lenses and waveplates [100]. Recent ad-
vances in nanofabrication technology however have enabled the fabrication of artificially
structured materials, termed metamaterials, that obtain their physical properties from
their designed morphology rather than their chemical composition. Metamaterials have
been demonstrated to enable control over optical, microwave, radio frequency, acoustic
and heat transfer response not attainable with naturally occurring materials [32]. Pho-
tonic metamaterials have received enormous attention in the scientific community owing
to their unusual optical properties. These include, for instance, metamaterials with nega-
tive refractive indices due to negative permittivity and permeability, impedance matched
zero-reflection materials, perfect optical absorbers or materials exhibiting giant circular

dichroism [25].
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Meta materials generally consist of three-dimensional arrangements of fundamental build-
ing blocks, coined meta-atoms, that act as tailored optical resonators. Unfortunately the
implementation of three-dimensional structures naturally requires complex fabrication
and design methods in order to stack several layers of meta-atoms [29]. Approaches such
as direct laser writing [101], templating approaches and lithographic techniques such as
membrane projection lithography have been considered to enable fabrication of thin meta-
materials [25]. The complex fabrication and limited compatibility of three-dimensional
meta materials with planar optical chip-designs hence elicits a demand for two dimensional

counterparts with similar properties.

2.5.1 Operational principle of optical metasurfaces

A subclass of metamaterials with reduced dimensionality, so called metasurfaces, are of
particular interest for overcoming these limitations due to their ability to enable highly
specialized optical devices with reduced fabrication complexity and without the need for
macroscopic light propagation. Their designs are based on arrays of dielectric or metallic
optical scatterers as illustrated in Fig.2.15 [32]. These are commonly combined with un-
textured optically thin films. Owing to their mostly two dimensional nature and typically
subwavelength thickness, metasurfaces are suitable for on-chip photonic devices for next

generation information technology, imaging and sensing applications. The principle of
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Figure 2.15: Operational principle of optical metasurfaces. (a) Photonic struc-
tures of commonly subwavelength thickness process an incident optical field with
the output contained in the reflected and transmitted field. (b) Optical Metasur-
faces consist of arrays of optical scatterers (meta-atoms).

metasurface design is to arrange fundamental scatterers with varying geometric orienta-

tions or shapes in order to create a desired, potentially spatially varying, optical response
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to an incident field. In turn the collective scattering of these arrays results in modification
of amplitude, phase and polarization of the reflected or transmitted field [29]. Based on
this approach optical wavefronts can either be moulded into a desired shape [32, 100] or
information carried by them can be extracted [102]. In the following we will briefly review
applications of optical metasurfaces in general before we proceed to a detailed review of

their role in approaches for analogue optical computation.

In addition to the geometry and other properties of the unit cell, the operational na-
ture of optical metasurface arrays depends precisely on the separation of the meta atoms
which can be divided into three regimes [29]. Firstly, as the distance between neighbour-
ing meta atoms is comparable to the resonance wavelength of the structure, diffractive far
field interactions can lead to collective modes referred to as surface lattice resonances. In
the second regime, the separation of the meta atoms is large enough to neglect near field
interactions but smaller than the resonance wavelength and thus disables the collective
modes mentioned above. Phase-gradient meta surfaces that enable wave front shaping
are of this category and will be discussed below. Thirdly, as meta atoms are placed in
close proximity, near field-interactions dominate their optical response as discussed above

in section 2.4.3.

2.5.2 Plasmonic and Dielectric Metasurfaces

A particularly promising platform to implement optical metasurfaces are plasmonic res-
onances. Plasmonic metasurfaces are composed of arrays of metallic meta atoms and
exploit localized surface plasmon resonances [29] as discussed in detail in the previous
section. These metallic meta-atoms exhibit an effective electric and, under certain cir-
cumstances, magnetic polarizability and can be as simple as antenna rods or exhibit more
complex geometries inspired from common shapes in the radiofrequency realm [103]. In
accordance with Babinet’s principle [104] apertures in metallic films can also be considered

to be plasmonic meta-atoms.
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Figure 2.16: Scanning electron microscopy (SEM) images of exemplary plas-
monic and dielectric metasurfaces. (a) array of V-shaped antennas to generate
out-of plane reflection and refraction (b) Babinet inverted meta-atom as slits in
a gold film to enhance nonlinear effects in carbon nanotubes (c) Dielectric res-
onator array for infrared flat lenses (d) Dielectric antenna array implementing a
metalens at visible wavelengths. Images reprinted with permission from (a)[105],
(b) [106]®, (c) [107]°and (d) [108]'°.

While initially research on optical metasurface has mainly exploited plasmonic resonances,
recently dielectric metasurfaces have gained considerable attention as alternative pathways
[30]. An overview of exemplary plasmonic and dielectric metasurface architectures is pro-
vided in Fig.2.16. The motivation for using resonances on dielectric nanoparticles, rather
than metallic ones, originated from the additional degrees of freedom available with mag-
netic resonances as well as reduced losses [31]. Plasmonic nanoantennas in their basic rod
form are limited to inducing phase shifts of 7 on an incident wavefield and require hybrid

solutions involving resonant phase shifts and engineering of the geometric phase to cover

"From ’Light propagation with phase discontinuities: Generalized laws of reflection and refraction’, N.
Yu, P. Genevet, M. A. Kats, F. Aieta, J. Tetienne, F. Capasso, and Z. Gaburro, Science, vol. 334, no.
6054, pp. 333 — 337, 2011. Reprinted with permission from AAAS.

8Reprinted figure with permission from A. E. Nikolaenko, F. De Angelis, S. A. Boden, N. Papasimakis,
P. Ashburn, E. Di Fabrizio, and N. I. Zheludev, Physical review letters, vol. 104, p. 153902, 2010.
Copyright (2010) by the American Physical Society.

“Reprinted with permission from OSA publishing, taken from [107].

0From "Metalenses at visible wavelengths: Diffraction-limited focusing and subwavelength resolution
imaging’, M. Khorasaninejad, W. T. Chen, R. C. Devlin, J. Oh, A. Y. Zhu, and F. Capasso, Science, vol.
352, no. 6290, pp. 1190 — 1194, 2016. Reprinted with permission from AAAS.
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the entire 27 range as we will discuss further in the following section. This particularly
limits the design of metasurfaces for wavefront control. Dielectric nanoparticles on the
other hand support strong dielectric and magnetic resonances thereby enabling full 27
phase-coverage [109]. While magnetic resonances can be exploited in certain plasmonic
nanoparticles, so called Huygens resonators, as well, they imply complex fabrication and
high optical losses. Dielectric nanoparticles offer lower losses at optical wavelengths and
have therefore become a popular platform for wavefront shaping metasurfaces [31]. How-
ever, we argue that for the particular case of spatial frequency filtering metasurfaces
considered here, high losses from plasmonic resonances can aid the suppression of light
reflection or transmission and are, therefore, of considerable interest. For this reason,
the research presented in this thesis focuses exclusively on approaches based on plasmonic
resonances. To facilitate an adequate overview of the field, plasmonic and dielectric meta-

surface approaches will be discussed together in the following section.

Below we will review relevant theoretical and experimental work on optical metasurfaces.
Initially we will provide a brief overview of various kinds of metasurfaces and their fields
of application. Due to the tremendous speed at which the research in this field has devel-
oped over the last decades a full review is out of the scope of this thesis and representative
work will be discussed instead. We then proceed to a detailed review of metasurfaces that
are able to manipulate the spatial frequency content of an optical field, which is the cen-
tral point of interest of this thesis. It is exactly this category of metasurfaces that can
perform all-optical computing including image processing and holds potential to facilitate

ultra-compact phase-imaging for biological applications.

2.5.3 Overview of Metasurface Applications

Major fields in which optical metasurfaces find applications are wavefront shaping, bio-
logical and chemical sensing, the generation of structural colour, energy harvesting and
photodetection as well as analogue optical computation. We will provide a brief introduc-
tion to the first four categories here and, owing to its relevance for this thesis, review the

latter in detail in the following sections.
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2.5.3.1 Wavefront control with optical metasurfaces

As a broad term wavefront control metasurfaces describes metasurfaces that allow the
reshaping of an incident wavefront manipulating its intensity and polarization distribution.
It should be noted that, in opposition to metasurfaces discussed in the following section,
we here refer to metasurfaces that are not designed to sense properties of the incident field,
such as its phase profile. Among other applications of optical metasurfaces they possess
particular potential for next generation imaging systems as ultra compact equivalents to

conventional bulk optical components.
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Figure 2.17: Examples of wavefront control metasurfaces. (a) SEM capture
of phase gradient metasurface for the generation of vortex beams with (b) the
generated vortex beam upon interference with a Gaussian beam (c¢) SEM image
of plasmonic metasurface array with generated hologram shown in (d). Images
reprinted with permission from (a,b) [105]'*and (c,d) [37]'2.

For this reason a review of their underlying principles is of importance for the presented
work. According to the Huygens principle, the secondary waves emitted from different

scatterers interfere such that their envelopes form a modified wavefront. Via engineered

"Erom ’Light propagation with phase discontinuities: Generalized laws of reflection and refraction’, N.
Yu, P. Genevet, M. A. Kats, F. Aieta, J. Tetienne, F. Capasso, and Z. Gaburro, Science, vol. 334, no.
6054, pp. 333 — 337, 2011. Reprinted with permission from AAAS.

12Reprinted with permission from B. Walther, C. Helgert, C. Rockstuhl, F. Setzpfandt, F. Eilenberger,
E.B. Kley,F. Lederer, A. Tiinnermann, and T. Pertsch, 'Spatial and spectral light shaping with metama-
terials’, Advanced Materials, 2012, copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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introduction of spatially varying discrete phase-changes A¢(x,y) and potentially ampli-
tude changes AFEy(x,y) on a surface one can thus create arbitrarily shaped wavefronts
upon interaction of an incident wavefield with the metasurface. For this purpose meta-
atoms that are able to induce a tailored phase shift in the range of A¢ = [0 — 27] between
the scattered and the incident light are required. We can distinguish between meta-atoms
generating phase shifts based solely on their resonance curve, meta-atoms generating
phase differences solely due to their geometric shape and orientation (Pancharatnam-
Berry Phase) and those employing a combination of both [30, 110]. As discussed in the
previous section, a simple plasmonic antenna oscillator cannot cover the entire phase range
and approaches based on geometric phase engineering are required. Due to their favorable
amplitude conserving characteristics particularly V-shaped plasmonic antennas consisting
of two rod antennas connected at an angle a have received scientific attention [105]. Spa-
tially varying orientations of the V-shaped antenna allow implementation of phase-control
metasurfaces on the basis of resonant features in combination with the Pancharatnam-
Berry phase. These modal properties of V-shaped antennas enable extended control over
the amplitude, phase and polarization of the radiated light. Furthermore V-shaped an-
tennas usually achieve large scattering amplitudes for a broad wavelength range due to
their high radiative losses and their two eigenmodes enabling the design of broadband
optical components [100]. It is worth noting that a variety of alternative approaches for
introducing phase-shifts with metasurfaces have also been proposed. These include for
instance gap surface plasmon resonances [111] and nanoparticle clusters. More recently
high-index dielectric, rather than plasmonic, resonators have gained attention for the en-
gineering of phase gradient metasurfaces. As outlined in the previous section dielectric
meta-atoms can cover the full 27 phase-shift range without relying on geometric phase
engineering by manipulating their electric and magnetic resonances. Their additional low
losses at optical wavelengths have made them the platform of choice for wavefront shaping
metasurfaces [31, 109]. The artificially engineered phase-gradients on a metasurface can
result in unusual anomalous refraction and reflection effects not occurring at conventional
optical interfaces such as out-of-plane refraction and the existence of two angles for total

internal reflection [105, 112].

Phase-gradient meta surfaces have received great attention as potential replacements
for bulk optical components by chip-compatible equivalents [110], particularly flat lenses

[33, 34, 113, 114] and waveplates [35, 36, 115]. Ni et al. for instance have used circular
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arrays of Babinet inverted V-shaped antennas to achieve extremely strong focusing at vis-
ible wavelengths on length scales below 10pum [116]. Yu et al. have created a broadband
quarter-wave plate to change the polarization state of transmitted light from linear to cir-
cular in the far-infrared regime [36]. Finally various groups have demonstrated the ability
of phase-gradient metasurfaces to generate and manipulate vector beams [105, 117, 118]
and implement holograms [37, 38, 119-122]. Representative examples in Fig.2.17 show the
generation of a vortex beam upon transmission through a metasurface and a metasurface

producing holograms at infrared wavelengths.

2.5.3.2 Other Applications of Optical Metasurfaces

Other prominent applications of optical metasurfaces relate, for instance, to enhance-
ments in chemical and biological processes, near-perfect absorption and the generation
of structural colour. Here we include a limited selection of examples to emphasize the

astonishing number of potential applications of optical metasurface approaches.

Figure 2.18: Structural colour from plasmonic metasurfaces. (a) Floating metal
dipole unit cell as a platform for the generation of structural colour pixels (b)
colour mixing test pattern and (c) metasurface reproduction using the floating
dipole architecture (d) colour camera pixel using metasurface colour filters instead
of conventional dye based filters for reduced spatial footprint and colour cross talk.

Images reprinted with permission from (a-c) [123]'3, (d) [124].

Within chemical and biological applications particularly surface enhanced Raman spec-
troscopy (SERS) has received enormous attention as a high resolution molecular sens-

ing technique [125-127]. SERS is based on the enhancement of Raman scattering from

13Reprinted with permission from *The plasmonic pixel: large area, wide gamut color reproduction using
aluminum nanostructures’, T. D. James, P. Mulvaney, and A. Roberts, Nano Letters, vol. 16, no. 6 , pp.
3817-3823, 2016. Copyright 2016 American Chemical Society

1Reprinted with permission from E. Panchenko, L. Wesemann, D. E. Gémez, T. D. James, T. J. Davis,
and A. Roberts, 'Ultracompact camera pixel with integrated plasmonic color filters’, Advanced Materials,
2019, copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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molecules on a structured surface by orders of magnitude (=10 — 10'!) such that single
molecule detection becomes accessible and biological analysis is enhanced [128, 129]. Both
plasmonic and dielectric nanostructures have been demonstrated to facilitate the SERS

approach [130, 131].

A broad area of research focuses on optical metasurfaces for the generation and filtering
of colour through nanostructuring [132-135]. The approach is usually referred to as struc-
tural colouration since the formation of colour stems from the nanostructure of the surface
rather than its chemical composition. Through engineering of the absorption spectrum
of electric and magnetic resonators as well as thin-film stacks, full color representation
has been achieved [123, 136-138]. Fig.2.18 shows examples of structural colour genera-
tion through a floating dipole architecture together with a metasurface colour filter for
ultra-compact camera pixels. Structural colour mechanisms are often inspired by bio-
logical environments [139] and have potential applications in the coloration of consumer
products [140, 141], as optical document security features and as optical spectral filters

[124] among others.

Related to the generation of structural colour are metasurfaces designed for near-perfect
absorption that find applications for example as efficiency enhancements in optoelectron-
ics and photocatalysis [142]. A full summary of the above topics lies outside of the scope of

this work and the reader is referred to comprehensive reviews on the topics [137, 143-145].

2.6 Nanophotonic Spatial-Frequency Filtering in the Object-

plane

Optical computation can take place in the temporal or spatial domain. While there is a
large area of research focused on engineering approaches in the temporal domain [146-151]
here we focus exclusively on spatial domain approaches. In section 2.1.6.2 we have intro-
duced the concept of all-optical analogue computation in the object-plane. In principle
any nanophotonic structure exibiting a transmission or reflection that is a function of the

angle of incidence has the capacity to perform object-plane spatial frequency filtering on
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an incidence wavefield. The first implementations of the approach were initially demon-
strated in the 1970 and 80’s using thick grating structures [40, 41] as well as using inter-
ference filters [42]. With the rise of digital computation, however, scientific interest in the
development of these optical approaches declined and has only recently regained attention
owing to the advances in nanofabrication technology and concepts emerging from studies
of metasurfaces. This section is dedicated to a review of recent progress in nanophotonic
approaches for all-optical computation in the object plane. The emerging approaches fall
into two different categories: devices based on stacks of non-structured optical thin-films
and approaches incorporating one or several layers textured on the nanoscale. In the
following we will review recent work on both approaches and discuss their relevance for
analogue optical computation including optical image processing. It should be noted that
a significant number of the articles reviewed below have been published in parallel to the

research carried out in this thesis.

2.6.1 Thin-film absorbers

While the approaches for all-optical spatial frequency filtering reviewed in the following
section rely on structures with one or more layers textured on the nanoscale, first we
discuss devices consisting of stacks of non-structured optically thin films. Structured op-
tical metasurfaces usually require complex fabrication techniques including lithography
[152, 153]. Uniform thin-film structures on the other hand are commonly fabricated by
thermal or electron beam evaporation or sputtering methods, thus enabling scalability

due to low-cost, large area fabrication of devices [74].

One approach that has recently gained attention as a platform for analogue optical com-
puting and was investigated in various theoretical studies are phase-shifted Bragg gratings
(PBSG) [43, 44, 154] (¢f. Fig.2.19(a)). Optical Bragg gratings are periodic modulations
of the refractive index of a transparent material, such that near-complete reflection oc-
curs for a particular wavelength [155, 156]. PSBG’s in their simplest form consist of two
consecutive Bragg gratings with a defect layer between them introducing a phase-shift.
Owing to this additional phase-shift a Fabry-Pérot type cavity is formed between the
first and the second Bragg grating resulting in ultra narrow absorption bands [157] and
enabling optical computation in the temporal domain [158]. Subsequent to these results

it was theoretically demonstrated that PBSG’s also enable analogue optical computation
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in the spatial domain due to a steep change in the interference condition as a function of
angle of incidence. In particular it was shown that a PBSG can perform first-order spatial
differentiation in reflection for a wavefront incident under a device specific angle 8y and
compute the Laplace operator of the incident field for normally incident light [43, 44]. It
should be noted that these results demonstrate the possibility of the approach to engineer
devices with both odd- and even optical transfer functions. Additionally, the potential
of PBSG to perform all-optical integration of a transmitted wavefront was theoretically
investigated [154]. As pointed out in [44] the quality of the computation as well as the
energy efficiency are determined by the total number of layers in the Bragg gratings for
which a case-dependent compromise is required. In the above study devices with a total
number of layers between 13 and 21 were considered. At the time of writing these devices

had yet to be experimentally demonstrated.

Figure 2.19: Object plane spatial-frequency filtering using optical thin-films.

(a,b) Phase shifted Bragg gratings (PSBG) as reflective optical differentiators
with differentiated Gaussian beam (electric field amplitude) [43]'5, (c-e) Spatial
differentiation upon interface reflection based on spin-hall effect (SHE) of light
[47)'with edge detection in amplitude images (f-h) Surface Plasmon Polariton
(SPP) excitation on metal thin-films for spatial differentiation upon reflection
[45]'"with edge detection in phase-image. Scalebars are 50 um (d,e) and 100 um
(g,h). Figures reprinted with permission from provided references.

A recent theoretical study has investigated how a more general thin-film stack consisting

of alternating layers of Si and SiOs can be tailored to optically perform a custom linear

5Reprinted with permission from OSA publishing, taken from [43].
16Reprinted with permission from American Physical Society.
'"Reprinted with permission from Springer Nature (Creative Commons CC BY license).
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operation on a reflected wave front [54]. Using an optimization algorithm the optical
transfer function of a thin-film stack with a given layer number is fitted to the optical
transfer function corresponding to the desired linear operation. The technique is used
to design devices that can perform second order spatial differentiation. Requirements
for total numbers of layers are discussed in terms of the width of the spatial frequency
spectrum they are designed to process. The examples investigated in the study include
between 5 and 20 layers for processing of narrower and broader spectra respectively and

have not yet been experimentally demonstrated.

Another thin-film enabled concept for analogue optical computing that has been stud-
ied numerically is that of dielectric slab waveguides. The concept operates on the distinct
angular sensitivity of modal coupling in the vicinity of the excitation angle of the modes
of a dielectric slab waveguide. One study demonstrated that for a specific angle of in-
cidence reflection from a slab waveguide can enable spatial differentiation in reflection
[159]. A second study using this concept demonstrated spatial integration for transmitted
wavefields [160]. In both studies the authors use Si on SiOg for numerical case studies.
As more compact versions of the investigated concept both studies propose and calculate
an example based on graphene sheets with engineered surface conductivities instead of
dielectric layers forming the slab wavguide. Various approaches discussed in the following
section of this review also exploit the angular sensitivity in the excitation of slab waveg-

uide modes but utilize grating-type coupling mechanisms.

Neither of the previously discussed thin-film stack approaches have yet been experimen-
tally demonstrated. As acknowledged in [54] nanometer precision in thin-film deposition
thickness as well as high-requirements regarding deviations of the refractive indices imply
complex fabrication schemes for devices requiring a large number of layers. Additionally
the large number of layers required for the above described approaches usually results in
devices thicker than the wavelength of the light they are designed for thus rendering the

approaches non ultra-compact.

The excitation of surface plasmon polaritons (SPP) on thin metallic films has also been
proposed for optical computation and was initially investigated in a theoretical study

[161]. The approach exploits the angular dispersion in the excitation of SPP resonances
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on metallic thin-films for the computation of the first spatial derivative in one dimen-
sion. Furthermore the study points out the potential of the structure to act as an optical
integrator when an additional pump beam incident from the back of the film is used.
To the present day, only the differentiator functionality has been experimentally demon-
strated. The approach requires the use of a prism in Kretschmann configuration and
reflection of the wavefield from the film under an angle that ensures matching of the
lateral wavenumbers of incident light wave and SPP which in turn depends on the ma-
terial and thickness of the film. The first experimental demonstration of of this device
was provided by Vohnsen and Valente who employed a thin gold film on a glass prism
to perform wavefront sensing through spatial differentiation [59]. In a subsequent study
Zhu. et al. demonstrated first-order spatial differentiation using a thin silver film on a
glass prism [45] (cf. Fig.2.19(f)). This was employed by the authors to perform exper-
imental edge detection in a reflected amplitude and a phase image with sizes of several
hundred micrometers. While the thin-films in these studies had subwavelength thick-
nesses of approximately 50nm, the requirement for a macroscopic glass-prism prevents
device integration of the method in its current form. The authors of [45] suggest using a
two-dimensional grating coupler in order to extend the device’s functionality to differen-
tiation in both directions as well as eliminating the requirement for a macroscopic prism
element. A seperate study has numerically investigated this alternative approach for SPP
excitation on graphene at Terahertz wavelengths [162]. By placing a graphene film on top
of a silicon grating, supported by a reflective gold substrate, the authors achieve second

order differentiation in reflection at normal incidence.

Two studies have investigated single planar optical interfaces as a simple platform for
optical analogue computation. The first study proposes exploiting the Brewster effect
that occurs for TM-polarized light reflected at an optical interface [46]. The study nu-
merically demonstrates that first order differentiation is performed on a wavefield reflected
from a planar surface at the material specific Brewster angle. A second approach was re-
cently proposed and experimentally demonstrated exploiting the spin-hall effect (SHE)
of light [47] (¢f. Fig.2.19(c)). The approach is based on the principle that a linearly
polarized beam refracted at a surface is spatially split into its left- and right-circularly
polarized components [163]. Using a second, perpendicular polarizer as an analyzing ele-
ment the effect can be used for spatial differentiation. The authors employ the approach

to demonstrate edge detection in an amplitude and a phase image with sizes of several
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hundred micrometers reflected from an air-glass and from an air-gold interface. While
the SHE vanishes for normally incident light, no specific angle of reflection is required for
which the authors were able to perform differentiation for light incident onto the surface

at angles ranging from 25° to 65°.

While the multilayer thin-film structures discussed in the beginning of this section com-
monly require large numbers of layers, in this thesis an approach based on three layer
metal-insulator-metal (MIM) absorber structures is demonstrated to enable all-optical

spatial frequency filtering in reflection [60].

2.6.2 Metasurfaces, Gratings and Photonic Crystals

Following the introduction of plasmonic and dielectric metasurfaces we will now review
nanophotonic approaches for analogue optical image processing that incorporate one or
several layers textured on the nanoscale. These include gratings, photonic crystals and
metasurfaces. Subwavelength gratings, including resonant diffraction gratings (RWG),
have received considerable attention as object plane spatial frequency filters. RWG re-
fer to a class of nanostructures incorporating subwavelength gratings that support leaky
guided modes along the grating as reviewed in [164]. Among other configurations they
consist, for example, of a shallow grating on top of a slab waveguide layer such that
the grating enables coupling of incident light into resonant modes supported by the slab
waveguide. Based on the angular dispersion of this coupling mechanism, the structure
enables analogue optical computation in reflection and transmission. RWG should be dis-
tinguished from high-contrast gratings (HCG) that rely on the excitation of vertical Bloch
modes in deep grating grooves rather than guided modes traveling in horizontal direction.
Initial theoretical work has derived a differential equation describing the spatial transfor-
mation of a two dimensional beam upon diffraction by a resonant wave guide grating [48].
The study establishes a framework in which conditions for a resonant waveguide grating
to operate as an optical integrator and differentiator are given. The model approximates
transmission and reflection from the structure in the vicinity of a resonance in terms of the
respective non-resonant optical coefficients and propagation constants of the eigenmodes
of the structure. In an explicit numerical example of an aluminium arsenide grating on a

silica layer the differentiation of a transmitted Gaussian beam is demonstrated. It should
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be noted that the approach requires operation at oblique incidence in order to achieve

first-order differentiation.
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Figure 2.20: Object plane spatial-frequency filtering through gratings, metasur-

faces and photonic crystals. (a) Resonant waveguide grating (RWG) for first-order
differentiation in transmission [49]'8(b) Wavelength multiplexed differentiation
with RWG in reflection [165]'?(c) Photonic crystal slab resembling a transmitting
optical Laplace operator [50]?°(d) Photonic crystal implementing a Laplace-like
operator in transmission [51]*!enabling (e) Edge detection of amplitude images
and (f) contrast enhancement in Biological samples. Shown are the examples of
a pumpkin stem (top) and a pig motor nerve (bottom) for imaging without (left)
and with the photonic crystal (right). Scalebars are 50 um. Images adapted with

permission from provided references.

Several studies have experimentally implemented the proposed design for differentiation
along one spatial direction. Bykov et al. have used a structure consisting of a TiO4 layer
and a ERP40 electron resist grating operating in the visible wavelength range [49] (cf.
Fig.2.20(a)). The study demonstrates differentiation of a Gaussian beam upon transmis-
sion. The same principle was exploited to realize a one-dimensional structure consisting

of a silicon grating on a quartz thin-film for near-infrared operation [166]. An extension of

!8Reprinted with permission from OSA publishing, taken from [49].

9Reprinted with permission from OSA publishing, taken from [165].

20Reprinted with permission from OSA publishing, taken from [50].

21Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
Nature Photonics, vol. 14, pp. 316 — 323, ’Flat optics for image differentiation’, Y. Zhou, H. Zheng, I. 1.
Kravchenko, and J. Valentine, Copyright 2020.
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the resonant wave guide grating design for wavelength-multiplexed spatial differentiation
in reflection was suggested in a theoretical study [165] (¢f. Fig.2.20(b)). The design is
based on a silicon grating on top of a SiOs slab and a reflecting Au substrate operating
at telecommunication wavelengths and oblique incidence. By storing each image at a dif-
ferent wavelength in the input field and diffracting them under a wavelength dependent
output angle, the device enables demultiplexing of the processed output. As an example
edge detection is performed on four different images stored within a spectral bandwidth
of approximately 260 nm. A plasmonic subwavelength grating operating without a waveg-
uide layer was recently demonstrated for operation in the visible wavelength regime using
a gold grating on a quartz substrate [167]. The approach exploits excitation of surface
plasmon polaritons (SPP) on the grating surface at a particular angle of incidence. Fur-
thermore this study demonstrated the ability of the device to perform edge detection on
transmitted images. While the above studies focus on one-dimensional spatial-frequency
filtering, a numerical study has investigated how a two-dimensional silicon nitride grating
embedded in a SiOj slab can extend this functionality to two-dimensional operation [55].
The study demonstrates high-pass spatial frequency filtering and edge detection for trans-
mitted amplitude images. The authors acknowledge the anisotropy and complexity of the
optical transfer function as a limiting factor for uniform edge detection in all directions.
This also prevents the device from performing ‘clean’ first- or second order differentiation.
In chapter 6 of this thesis plasmonic RWG consisting of subwavelength silver gratings on
a TiOo waveguide layer are investigated. Two-dimensional object-plane filtering in trans-

mission using a plasmonic RWG will be investigated for the first time.

The concept of engineering guided mode structures has further been extended to ex-
ploit Fano-type resonances and leaky modes in photonic crystals. A theoretical study by
Kwon et al. proposes engineering of arrays of resonant particles with a superimposed pe-
riodic spatial- or dielectric modulation such that interference between particle resonances
and guided surface modes results in narrow Fano-type resonances [56]. The authors
demonstrate, using the example of an array of split ring resonators with varying dielectric
constant of the gap material, that the resulting angular response of the device enables
first- and second-order differentiation of transmitted wavefields in one dimension. Using
an extended design, the authors also demonstrate the ability of the approach to imple-
ment a device performing the Laplace operator and apply it to numerically demonstrate

two-dimensional edge detection on a transmitted image. Subsequent work numerically
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and experimentally demonstrated how gratings consisting of dielectric nanobeams with
suitable parameters can be engineered to support narrow-band Fano-resonances [66]. Us-
ing this structure first- and second-order differentiation in one spatial dimension were
numerically demonstrated. An experimentally implemented silicon nanobeam grating
was subsequently proven to enable one-dimensional second order differentiation at near-
infrared wavelengths. Two dimensional photonic crystal slabs have also been proposed
as a platform for all-optical analogue computing [50]. In a theoretical study Guo et al.
demonstrate that the band structure of a photonic crystal slab, consisting of a hole array
and a homogenous dielelectric layer interrupted by an air gap, can be engineered to per-
form the Laplace operator on a transmitted wavefield. Edge detection upon transmission
through the photonic crystal slab was also numerically demonstrated. The most extensive
study based on a guided-mode metasurface to the present day has recently experimentally
demonstrated performing the Laplace operator on a transmitted wavefield using a two di-
mensional photonic crystal [51]. The design consists of an array of Silicon nanorods on
top of a SiOy slab operating at near-infrared wavelengths. By engineering the geometry
such that leaky-modes are excited in the silica slab and interfere with directly transmit-
ted light to form Fano-type resonances the authors obtain a device with quadratic optical
transfer function. Experimental edge detection of amplitude images as well as contrast
enhancement in images of several biological samples including onion epidermis, pumpkin
stems and pig motor nerves was demonstrated. As an extension of the proposed design
the authors combine the photonic crystal with a metalens forming a bilayer system that
can directly be placed on top of an image sensor to perform edge detection. Centimeter

sized test-objets were sucessfully processed using this compound device.

Another physical mechanism that has been suggested as a platform for all-optical ana-
logue computing is the excitation of subradiant modes of resonant particles as introduced
in detail above in section 2.4.3. While the electromagnetic response of a nanoparticle or
ensemble thereof is usually dominated by its electric or magnetic dipole resonance, weaker
and spectrally narrower higher order modes with zero net-dipolar moment can be excited
under specific circumstances [168]. These modes are usually referred to as subradiant- or
dark modes as well as bound modes in the continuum (BIC). The excitation of subradiant
modes of plasmonic metasurfaces has received considerable attention [93, 169]. Owing
to their zero electric net-dipole moment these higher-order modes do not couple to nor-

mally incident, linearly polarized light. However, off-normally incident light introduces
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a phase-difference across the particle or particle ensemble thereby enabling excitation of
subradiant modes. This angular sensitivity in their excitation provides a platform for
all-optical spatial frequency filtering, particularly edge detection and phase visualization,
as theoretically described by Roberts et al. [53, 57] within the framework of angular
sensitive metasurface modes. The framework is based on the electrostatic eigenmode ap-
proximation which considers a limited number of dipole resonances of each particle within
a unit cell and from their interaction constructs higher-order electromagnetic responses of
the metasurface. Furthermore the model assumes perfectly conducting elements (PEC).
It was numerically demonstrated how various arrangements of three nanoantennas per
unit cell enable excitation of subradiant modes for oblique incidence . The appearance of
ultra-narrow Fano resonances as a consequence of interference between dipole and dark
modes is also discussed [53]. Numerical case studies were carried out demonstrating edge
detection and phase-visualization upon transmission through arrays of coaxial ring aper-

tures [57].

A particular structure that has been investigated by several studies as a platform for
all-optical analogue computation through subradiant mode excitation are dolmen-shaped
rod arrangements [52, 58, 170]. The structure is also referred to as a ‘plasmonic Wheat-
stone bridge’. In an initial numerical study a dolmen structure consisting of two parallel
rods and a third perpendicular arm centered above was proposed as a reflective and trans-
missive method for phase visualization along one spatial dimension based on the spatial
frequency filtering ability of the structure [52]. The structure operates on the principle
that phase differences in the dipole LSP oscillations on the parallel rods excite an oscilla-
tion on the third rod. It should be noted that the approach requires input that is linearly
polarized along the two parallel rods and generates cross-polarized output for which a
polarizer before, and an analyzer behind the metasurface are required. An extension of
the structure for two-dimensional spatial frequency filtering has later been proposed and
experimentally implemented [58]. Recently a related structure has been numerically en-
gineered to perform second-order spatial differentiation on a transmitted wavefield in one

direction [170].

Asymmetric optical transfer functions, as discussed in section 2.1.4, are essential to per-
form mathematical operations including first order differentiation. Kwon et. al have

argued that these can only be generated from two-dimensional structures by breaking
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the symmetry in horizontal and vertical direction [56]. However, Davis et al. have
subsequently theoretically demonstrated that, if polarization is taken into account, an
asymmetric metasurface response can be generated without breaking the up-down mirror
symmetry of the metasurface [171]. Using the example of a plasmonic Wheatstone bridge

the authors provided experimental evidence to support this claim.

Another nanoplasmonic structure that drew attention as a platform for spatial-frequency
filtering based on subradiant mode excitation are plasmonic radial rod-trimers [93]. As
part of this thesis ordered arrays of radial rod-trimers are investigated as reflective object
plane filters in Chapter 5. The excitation of electrical and magnetic subradiant modes
will be investigated and inter-unit cell coupling discussed as a reason for the emergence
of complex optical transfer functions [61]. Furthermore the capacity of the structure to
perform edge-detection on amplitude images and limitations of the approach due to high

sensitivity towards deviations in the trimer geometry will be investigated [63].

2.7 Summary and Conclusion

The first part of this chapter was dedicated to the introduction of fundamental mathe-
matical and physical concepts underpinning analogue optical computation in the spatial
domain including optical image processing. Relevant aspects of Fourier optics were dis-
cussed and their relationship to spatial differentiation, edge-enhancement in amplitude
images and visualization of phase gradients were elucidated. The significance of these
processes for biological imaging applications has been emphasized. Following the con-
cepts of Fourier- and object plane spatial frequency filtering were introduced. Developing
nanophotonic approaches that enable manipulation of the Fourier content of a wavefield in
the object plane was stated as the central goal of this thesis. The approaches for all-optical
image processing in this thesis employ optical metasurfaces and stacks of optically thin
films. Their underlying mechanisms were introduced beginning with the mathematical
description of the optical response of stratified media which provides an analytical model
for the description of metal-insulator-metal absorber in chapter 4. Subsequently the inter-
action between electromagnetic waves at optical frequencies and metallic nanostructured
was reviewed and the concept of optical metasurfaces was introduced. The significance
of optical metasurfaces was underpinned by an exemplary review of their broad range

of applications. In chapter 5 and 6 we will use the concept of optical metasurfaces as
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object plane spatial frequency filters. In the final part of this chapter a detailed review of
existing nanophotonic approaches to spatial analogue optical computation were reviewed

and the research chapters of this thesis motivated in their context.



Chapter 3

Modelling and Nanofabrication

Methods

This chapter is concerned with the numerical modelling and experimental fabrication and
characterisation methods on which this thesis relies. We will first introduce the Finite
Element Method (FEM) as a useful tool for quantitative modeling of nanophotonics struc-
tures. In the second part of this chapter the nanofabrication techniques of Electron Beam
Physical Vapour Deposition (EBPVD), Electron Beam Lithography (EBL) and Chemi-
cal Vapour Deposition (CVD) will be discussed. Finally, Scanning Electron Microscopy
(SEM) will be introduced as an essential characterization method in nanophotonic re-

search.

3.1 Numerical Methods

The fabrication and characterization of prototype photonic nanostructures is a time con-
suming and costly process. For this reason, computational methods, that permit time
efficient simulation of the interaction of light with matter in complex geometries, are
crucial [172, 173]. This section is dedicated to a brief general introduction to commonly
used methods in numerical electrodynamics while the focus will be on the Finite Element

Method (FEM). The following review is based on chapter 2 and 4 of [174].

The interaction of electromagnetic waves with matter is described by Maxwell’s equations,

63
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which represent a set of partial differential equations that are subject to problem-specific
boundary conditions. Apart from a very limited number of electromagnetic field prob-
lems, these equations cannot be solved analytically and one needs to resort to numerical

methods to find an approximate solution.

The core principle of any numerical method aiming to solve partial differential equa-
tions is to transfer the operator equations into a discretized and approximate algebraic
matrix equation, which can then be solved by standard methods. In developing such
a procedure, one should carefully consider two major aspects. First of all one should
assess how well the simplified model describes the actual physical state of the system.
This consideration will provide crucial information about the value and accuracy of any
solution to be obtained from this numerical model. Secondly, the economical usage of
computing power has to be taken into account. In particular, numerical calculations for
electromagnetic field problems can require enormous computing capacity. Thus a balance
between accuracy and required computation time needs to be found. Two of the most
commonly used numerical methods to simulate electromagnetic field problems are the
Finite Difference Time Domain method (FDTD) [175] and the Finite Element Method
[174]. While these methods offer a high degree of generality, other approaches such as
Rigorous Coupled Wave Analysis (RCWA) [176, 177] are more problem specific but can
offer higher computational efficiency. Comparison of different numerical techniques in
terms of flexibility, efficiency and accuracy is a matter of ongoing research and generally

highly problem specific [178-180].

Historically one of the earliest class of methods to emerge were the ‘finite difference meth-
ods’ [174]. While its principles date back to the 1910s, its development advanced rapidly
in the 1930s and has been used to solve a broad spectrum of engineering problems ever
since. The FDTD method belongs to the class of finite difference methods. Its principle of
operation is to divide the solution domain into a regular grid and replacing the differential
space- and time derivatives in Maxwell’s equations by discrete difference quotients. The
solutions for the electric and magnetic field are then represented by the discrete values
obtained at the grid nodes from solving these algebraic equations [175]. Due to its opera-
tion in the temporal domain, the method permits calculation of the optical response of a

structure for a wide frequency spectrum in a single computational run which commonly
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enables time-efficient calculation of spectral data. Furthermore it permits direct simu-
lation of nonlinear optical phenomena including four wave mixing [181-183]. However,
a major limitation of the method is the requirement for a regular grid in its standard
formulation which does not allow locally increased spatial resolution where required. In
particular, complex geometries with feature sizes varying over a wide range, common in
nanophotonics, need to be discretized with a fine grid over the entire solution domain.
This significantly increases the computational overhead. Alternative formulations of the
FDTD method to overcome this limitations by introducing non-uniform discretization
approaches have been proposed, but usually require the introduction of complex, problem

specific modifications into a numerical model as reviewed in chapter 11 of [175].

The finite element method later gained popularity in the 1950s for solving problems in
structural mechanics and about a decade later was applied to solve electromagnetic field
problems [174]. In contrast to the FDTD method, the FEM enables discretization of the
solution domain into elements with varying size and shape in its standard formulation and
thus overcomes its major drawback. The FEM method therby offers better modelling of
curved surfaces and dispersive materials [178]. For this reason the finite element method
is selected to solve the considered electromagnetic field problems in this thesis. We use
the COMSOL 5.3a and 5.4 software package with the RF-module for CAD design and

FEM analysis of nanophotonic metasurfaces.

3.1.1 The Finite Element Method (FEM)

In the following we will review the fundamentals of the finite element method. Since a
rigorous derivation of the method’s complex mathematical background has been exten-
sively published elsewhere - see for example [184-186], we will focus on a brief overview

of the fundamental steps of the method.

3.1.1.1 Fundamentals of the finite element method

One of the essential steps in the finite element method is the conversion of the differential
equation under consideration into an algebraic matrix equation. Here we assume a partial
differential equation of the form

Ou(z,y,2)=f (3.1)
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where O is a differential operator, u is the solution function we seek and f is an arbitrary
known function. In a first step, the solution function u is approximated by a linear

combination of IV so called ‘shape functions’ iy, such that

N
un S (32)
k=1

so that eq. (3.1) becomes
N
0 < Zuklﬁk) =f (3.3)
k=1

It will be discussed further below that the FEM method also requires discretization of the
solution domain. Fach shape function vy, is usually non-zero over only a small number of
discretization elements. At this point there are two common approaches to convert the
obtained partial differential equation (3.3) into a matrix equation. The first one is the
‘variational approach’ and the second one, which we will follow here, is the ‘method of
weighted residuals’, most commonly the ‘Galerkin method’. The concept is to multiply

the residual R following from eq. (3.3) with

N
R= O(Zukwk) —f (3.4)
k=1

by appropriate shape functions v; and integrating over the domain under consideration

J

G so that we obtain

1 dG =0 (3.5)

N
O(;uk%) —f

N
;“k/G(OI/Jk)% dG:/Gf% dG (3.6)

for j = {1.N}. If one now defines A = [, (O )1 dG as well as f = Jo f;dG and u
as the column vector containing the coefficients w; then eq.(3.6) can be expressed as an
algebraic matrix equation

Au=f (3.7)

The solution u can then be obtained by solving this matrix equation under consideration
of problem specific boundary conditions. While, in principle, inverting matrix A solves
the problem, in practice there are usually more efficient approaches due to mathematical

details evolving around the sparse nature of A with most elements being zero. This is
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discussed in more detail below.

The FEM method as implemented in the RF module of COMSOL Multiphysics 5.3a
and 5.4 and used throughout this thesis solves the inhomogenous Helmholtz equation

(3.8) for the electric field E for given boundary conditions

1
V x (u—v xE)-ki¢,E=0 (3.8)

where p, and ¢, denote the relative magnetic permeability and electric permittivity re-
spectively and kg the free space wavenumber. In the problems discussed in this thesis the
relative magnetic permittivity is set to u, = 1 due to the vanishing magnetic susceptibility

of the investigated materials at optical frequencies.

3.1.1.2 Discretization and termination of the solution domain

The FEM operates on the principle of discretizing the solution domain and computing
values of the solution function u at the nodes of the discretization elements. This process
is commonly referred to as ‘meshing’ due to the decomposition of the entire domain into
a complex mesh of varying geometric shapes, so called ‘finite elements’. An example of

a three dimensional mesh for a nanophotonic structure is given in Fig. 3.1. Usually the

Figure 3.1: Example of three dimensional domain discretization (‘meshing’) as
step of the finite element method (FEM). Shown is a nanophotonic silver rod-
trimer geometry in a dielectric environment for increasing mesh density from
coarser in (a) to finer in (c¢). The mesh density is locally increased at the silver
rods compared to the dielectric environment in all cases.

algorithms involved in this process take into account requirements for locally increased
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resolution as it is the case for instance at metallic interfaces and corners in electrody-
namic problems. It should be noted that the resolution of the meshing directly impacts
the convergence and accuracy of the solution. Hence, the precise choice of the meshing is
crucial. As a rule of thumb for the initial set up of a model, the meshing resolution for
problems in electrodynamics can be taken as a fifth of the considered wavelength inside
the investigated medium. However, certain geometries or parameter configurations can
require even higher resolution to ensure appropriate sampling of the geometry. On the
other hand, increased meshing resolution usually implies longer computation times. It is
thus crucial to balance mesh resolution with consumption and availability of computa-

tional resources in the design process of an FEM model.

The geometry defined in any FEM model has to be spatially terminated at some point.
Boundary conditions are essential in terminating the geometry without yielding unphysi-
cal results. In this thesis two different types of boundary conditions were used to model
infinite arrays of plasmonic metasurfaces: port boundary conditions and periodic boundary
conditions. For the lateral boundaries of any model, periodic boundary conditions, imple-
menting Floquet boundary conditions, were chosen thus modeling the infinite repetition
of the defined unit cell. For this particular case, identical meshing on opposing boundaries
was implemented since it has shown to reduce numerical artifacts and improve solution
convergence. The upper and lower boundaries of the model were terminated by port
boundaries. Port boundaries prevent unphysical backreflections of plane waves travelling
in specified directions that correspond to propagating diffracted orders of periodic struc-
tures. At the same time they facilitate the calculation of important secondary quantities

such as transmittance and reflectance via S-parameters from electronic system theory.

3.1.1.3 Solving the global matrix equation

For the final solution step to solve the global matrix equation of the model, COMSOL
provides a range of solver packages each of which provides advantages in certain situations
[187]. We will briefly review the different solver options at this point to justify choices
made in upcoming investigations. The different solvers can generally be classified as either
direct (e.g. MUMPS, PARDISO, SPOOLES) or iterative methods. All direct methods
are based on variations of the principle of LU-decomposition, which expresses a matrix as

a product of a lower and an upper triangular matrix. Even though all direct methods will
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arrive at the same solution for well conditioned problems, they exhibit differences in their
relative speed, use of memory, capacity for out-of-core storage of the problem on the hard
disk as well as cluster computing features. In contrast to direct solvers, iterative solvers
arrive at a solution in multiple steps rather than in one computational run. The methods
available in COMSOL are mostly based on adaptions of the conjugate gradient method.
The major advantage of iterative solver methods is the lower requirement for memory
compared to direct solvers. However, depending on the problem, the convergence towards
a defined error threshold can be monotonic or exhibit an oscillatory behavior implying
extensive computation time. It can generally be said that direct solvers are to be pre-
ferred if memory permits, since they tend to be more robust compared to iterative solvers.
In this thesis only direct solvers were employed. Once the approximate solution for the
function u has been obtained, post processing allows extraction of secondary quantities
that are derived from u. In the case of FEM simulations for electromagnetic problems the
method would solve for the electric field E or the magnetic field H from which secondary

quantities such as reflectance, transmittance etc. can be extracted.

The FEM simulations in COMSOL Multiphysics in this thesis were carried out on a
high performance computer with 32 2.5 GHz Intel Xenon E5-2650 CPUs and 256 GB of
RAM.

3.2 Nanofabrication and characterization methods

We have so far discussed the potential applications of optical metasurfaces in chapter
2 and the means to numerically model their optical properties above but disregarded
potential approaches to enable their experimental implementation. This section is thus
concerned with a review of suitable fabrication methods for nanostructures and discusses
their applicability for high resolution fabrication, prototyping and rapid throughput, low-

cost mass production.

3.2.1 Electron Beam Physical Vapour Deposition (EBPVD)

The fabrication of nanophotonic devices in this thesis relies on the deposition of metallic

and dielectric thin films. Electron beam physical vapour deposition (e-beam evaporation)
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is a nanofabrication method that enables deposition of metallic and dielectric films with
thicknesses commonly ranging from 1 nm to 1pm and is commonly used in nanophotonics
[188]. The method relies on the heating of a material through an electron beam resulting
in the transition of the material into the gas phase and subsequent deposition of the

vapour onto a target substrate. A typical e-beam tool setup is shown in Fig.3.2.
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Figure 3.2: Schematic illustrating the operational principle of a high-vacuum

EBPVD tool. Image reprinted with permission from [189]%2.

The evaporation chamber is kept under high vacuum during the deposition process and
in some devices the target substrate can be heated. The electron gun emits a beam of
electrons that is directed to the material to be evaporated which forms the anode. Above
the anode the material deposits on the target substrate thus growing the thin film. The
deposition process is monitored and controlled via crystal type film thickness sensors and
a mechanical shutter that screens the target from the crucible. For the device fabrication
in this thesis an Intlvac NanoChrome II e-beam evaporator was used. Prior to deposition,
the tool pumps down to a pressure of approximately 7 x 10~® Torr. The evaporation
takes place at a rate defined by the user and depends on the material in use. Based on
empirically determined values dielectric materials including SiO2 and TiO2 are evaporated
at slower rates below 0.5 A/ s to ensure high film quality while metals such as Al, Ag and

Au can be evaporated at higher rates between approximately 0.6 A /s and 1 A /s.

22Reprinted from Materials Science and Engineering: R: Reports, vol. 48, no. 2-5, N. Xu and S. E.
Hugq, ’Novel cold cathode materials and applications’, pp. 47 — 189, Copyright (2005), with permission
from Elsevier.
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3.2.2 Chemical Vapour Deposition (CVD)

For the deposition of thin films of dielectric materials, chemical vapour deposition (CVD)
represents an alternative fabrication method to electron beam evaporation [190, 191]. The
technique has distinct advantages over EBPVD in some cases as will be discussed below.
For the work carried out in this thesis CVD is employed for the time efficient deposition

of SiO9 thin films.
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Figure 3.3: Typical plasma enhanced chemical vapour deposition (PECVD)

setup for the fabrication of SiOo thin films. Image reprinted with permission
from [192]%3.

We will briefly outline the basic working principle of CVD based on an extensive review
given in [193]. CVD works on the principle of chemicals in the gas phase reacting in
a controlled environment thereby yielding a solid byproduct that forms a thin film on
a substrate. While CVD systems are commonly designed for particular deposition pro-
cesses, a CVD setup usually involves a supply system for chemical vapour precursors, a
CVD reaction chamber and an effluent gas handling system. The principle setup is shown
in Fig.3.3. The supply system provides chemical precursors for the intended reaction
and delivers them to the CVD chamber. Depending on whether the required precursors
are provided in gas, liquid or solid form different components are required in the supply
system. It should be noted that the precursors involved can be toxic which implies a poten-
tial health hazard which is a clear disadvantage of CVD over EBPVD. The CVD reaction
chamber is the place where the chemical precursors react to yield the solid byproduct that

forms the thin film of dielectric material on top of the substrate. In order to facilitate the

23Reprinted from [192] with permission from The European Physical Journal under the Creative Com-
mons Attribution License.
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reaction, the chamber is kept under vacuum and is heated. An advanced version of CVD,
so called plasma enhanced chemical vapour deposition (PECVD), a plasma is formed in
the chamber in order to lower the required reaction temperature thereby avoiding phase
transitions of the thin films [194]. The presence of a plasma furthermore usually enhances
the achievable deposition rate as well as film density. In the particular case of SiOs typical
deposition rates of approximately 100 A/s can be achieved [195] which significantly ex-
ceeds those typical for EBPVD. The basic reaction for the formation of SiO2 from gaseous
precursors in CVD is the reaction of silene (SiH) and oxygen (Og) forming silica (SiO2)
and hydrogen (H2). Subsequently undesired byproducts and residues from the reaction
inside the chamber are transported out of the chamber via gasflow into the efluent gas
handling section. Throughout this thesis CVD is performed using an Oxford Instruments
PLASMALAB 100 PECVD tool operating at temperatures below 350°C". The tool has
a load lock which enables fast pumping and venting thereby considerably reducing the

fabrication times compared to EBPVD.

3.2.3 Electron Beam Lithography (EBL)

A versatile non-optical method for the fabrication of nanophotonic structures is Electron
Beam Lithography (EBL) [196]. The fabrication of optical metasurfaces in particular
takes extensive advantage of patterning through this nanolithography technique [100,
110, 197]. We will shortly review the technology based on a more elaborate introduction
given in [198]. Optical lithography reaches its limits as a nanofabrication technique in
the regime of feature sizes approaching approximately 30 — 50 nm due to issues evolving
around focal depth near the diffraction limit and the unavailability of optical components
and photoresists that arises with decreasing wavelength. EBL utilizes focused beams of
electrons instead to create two dimensional, or in some cases three dimensional, patterns
in electron sensitive films, so called EBL resists, coated on substrates. As a result of the
smaller wavelength of electrons compared to visible light, the technique operates beyond
the optical diffraction limit. The method allows the creation of nanostructures with a
resolution finer than 5nm in commercially available resists for which it is a common
prototyping technique in current research and development. Electron beam lithography
refers to two different fabrication approaches, the variable-shape beam type and the point-
beam type. With only the point-beam type offering the required precision for the optical

nanostructures fabricated in this thesis, we focus on this approach and refer the reader
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to secondary literature on variable-shape EBL [199]. The principle of point-shape EBL is
to scan the surface point-by-point with a focussed electron beam, thus inducing tailored
chemical changes in the electron resist according to a previously determined pattern. It
should be noted that due to the serial nature of this approach, long fabrication times
can occur so it is not suitable for rapid throughput, mass production applications. The
achievable resolution of an EBL is mainly hampered by electron scattering processes in
the resist and the substrate. A complex interplay of the electron energy, the resist and the
substrate governs this scattering process, and thus the lower resolution limit. The precise
choice of the writing parameters for a particular setting is therefore crucial. Quantitative
data supporting this choice is commonly deduced employing Monte Carlo simulations of

the scattering process and from experimental data for similar settings.

3.2.3.1 Setup of an electron beam lithography tool
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Figure 3.4: Electron Beam Lithography (EBL) for fabrication of optical and
electronical nanostructures. (a) Schematic of an EBL tool reprinted with permis-
sion from [198]%*, (b)-(e) Typical fabrication steps of an EBL process in PMMA
resist for the fabrication of a Ag nanostructure.

An EBL device consists of an electron emission unit, a subsequent accelerator, and a
focussing unit as illustrated in more detail in figure 3.4a. The thermal field emission gun

provides free electrons based on the quantum mechanical tunnelling effect that occurs

24Copyright 2010 Wu CS, Makiuchi Y, Chen CD. Published in [198] under CC BY 3.0 license. Available
from: http://dx.doi.org/10.5772/8179.
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when a strong electric field is applied to the surface of a metal. These electrons are sub-
sequently accelerated by voltages of the order of 100kV towards the specimen. A set
of electromagnetic lenses finally enables focusing and directing of the beam towards the

desired locations on the surface of the specimen.

The EBL tool used for fabrication of samples in this thesis is a Vistec EBPG 5000+
device with an accelating voltage of 100kV. The setup enables a minimum beam spot
size of 2nm at an electron beam current between 50 pA and 100 nA using beam apertures
with diameters ranging from 200 pm to 400 pym. Automatic astigmatism- and sample tilt
correction are implemented in the EBL tool. The EBL system is used together with
a commercial software package called ‘BEAMER’ [200] that converts CAD designs into
control sequences understandable by the EBL. The data preparation process for pattern
design is as follows. Patterns are initially designed as GDSII files in a software called
Klayout and subsequently have to be converted into production files interpretable by the
EBL tool. This conversion is carried out using the BEAMER software and a software
called CJOB provided by the tool manufacturer. During this conversion process details
about the exposure conditions including beam step size, beam spot size and dosage are
specified and communicated to the tool. The BEAMER software also includes algorithms
for proximity error correction (PEC) compensating for inevitable charge accumulations.
While fabrication steps vary, depending on the device to be implemented, we here review
a common device fabrication process using Electron Beam Lithography. Whenever de-
vices are fabricated throughout this thesis, more detailled specifications are provided in

the relevant section.

3.2.3.2 Typical EBL fabrication process

A typical EBL fabrication process, following the above data preparation, is depicted in
Fig. 3.4(b)-(e). A substrate, usually silica or silicon, is cleaned with isopropanol and
acetone. A layer of resist, in this thesis PMMA or HSQ), is spincoated onto the substrate

with a thickness controlled by the rotational speed of the spincoater.
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Figure 3.5: SEM images of typical nanopatterns fabricated using an EBL pro-
cess in PMMA as outlined above. (a) successful fabrication of a two-dimensional
subwavelength Au grating and (b) non successful fabrication of a one-dimensional
Au grating due to local overexposure without PEC.

Typically, the resist thickness is chosen to be four times as thick as the structure to be
fabricated. The resulting thin layer of resist is subsequently hard baked by placing the
sample on a hot plate. In the case of non-conductive substrates such as Silica a thin layer
of approximately 30nm of chromium is sputtered onto the resist to avoid charge accu-
mulation before the EBL exposure is carried out. Following the exposure, the chromium
layer is removed using chromium etchant and the pattern is developed in a mixture of
methylisobutylketone (MIBK) and isopropanol (IPA) and rinsed in IPA. Subsequently
the sample is metalized using electron beam evaporation. Finally, a lift-off step removes
the remaining resist by placing the sample in acetone. For some metals, particularly alu-
minium, heating the acetone and placing the sample in an ultrasonic bath can be required
in order to perform this step successfully. Other metals, such as silver or gold, commonly
have lower adhesion and one runs the risk of destroying the structure by applying ul-
trasonication. SEM images of two typical Au nanostructures fabricated using an EBL
process are shown in Fig. 3.5. While Fig. 3.5(a) indicates successful fabrication, Fig.
3.5(b) shows a typical result of a failed fabrication due to local overexposure arising from

not having performed adequate proximity error correction (PEC).

3.2.4 Scanning Electron Microscopy (SEM)

Visualizing photonic nanostructures requires an image resolution well beyond the diffrac-
tion limit of light. Scanning electron microscopy (SEM) is a technique that utilizes
electron-matter, instead of light-matter, interactions for the visualization of samples which

enables operation beyond the optical diffraction limit due to the shorter wavelength of
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electrons compared to photons [201, 202]. SEM imaging has been demonstrated to enable
resolutions of up to 0.4 nm [203]. In the following we briefly review the working principle
of an SEM [204]. An SEM operates on the principle of accelerating electrons emitted
by a thermionic, Schottky or field-emission electron gun by an applied bias and focusing
them onto the surface of a sample with a magnetic lens systems. The SEM operates
in a vacuum chamber in order to avoid collisions between electrons and air molecules.
There are several modes of operation in which an SEM can subsequently evaluate the
interaction of the incident electron beam with the sample in order to obtain an image
of its topology. While the most common method is the detection of secondary electrons
emitted by the sample, others exploit the detection of backscattered electrons, X-rays or

cathodoluminescence among others.
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Figure 3.6: Schematic of the setup of a scanning electron microscope (SEM)
reprinted with permission from [205]%°. The device chamber is kept under a deep

vacuuiml.

For the characterization purposes in this thesis, SEM imaging is carried out in secondary
electron detection mode. The electron beam is scanned in a raster pattern over the surface
of the sample so that an image is obtained. In this thesis a FEI NovaNanoSEM-430 mi-

croscope was used operating under a vacuum below 10~% Torr and an accelerating voltage

#5Reprinted with permission from [205]. Available from https://ecommons.udayton.edu/bio_fac_pub/158/.
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between 3 —5kV at beam currents of up to 360 pA. SEM analysis of EBL fabricated sam-
ples in this thesis provided a means of validation of a successful fabrication process as well
as providing geometric information of fabricated structures and potential deviations from
nominal values. Examples of typical SEM images of a successful and a failed fabrication

of Au nano gratings through electron beam lithography are shown in Fig.3.5 above.

3.3 Summary and Conclusions

This chapter was dedicated to the introduction of relevant methods for numerical modeling
and nanofabrication. Initially the finite element method (FEM) was discussed as a pow-
erful numerical approach to model plasmonic metasurfaces by solving the inhomogeneous
Helmholtz equation for a given set of boundary conditions. In this thesis the method, as
implemented in COMSOL Multiphysics with the Radiofrequency (RF) module, is used.
Secondly the nanofabrication and characterization methods employed in this thesis were
introduced. These include techniques for thin-film deposition (EBPVD, PECVD), Nano-
lithography (EBL) and electron microscopy (SEM). The introduced set of methods enable
modelling and fabrication of plasmonic metasurfaces and thin-film absorbers as investi-
gated in this thesis and additional details about modeling and fabrication procedures will

be provided where necessary.



Chapter 4

Image processing via thin-film

near-perfect absorbers

In section 2.6.1 we reviewed the recent scientific interest in untextured optical thin-film
devices as analogue optical computation platforms. In this chapter the potential of metal-
insulator-metal (MIM) near-perfect absorber (NPA) structures as ultra-compact solutions
for all-optical information processing is investigated for the first time. The initial part
of this chapter reviews recent developments in the field of optical MIM absorbers and
motivates their potential for all-optical spatial-frequency filtering in the object plane.
Subsequently, the information processing capacity and limitations of MIM type absorbers
are investigated in a numerical study employing the numerical framework previously in-
troduced in section 2.2. Finally, in the last part of this chapter we experimentally demon-
strate all-optical information processing in the visible region of the spectrum through the
use of ultra-compact MIM absorbers. The material discussed in this chapter is partly

covered in the following publications.

L. Wesemann, E. Panchenko, K. Singh, E. Della Gaspera, D. E. Gémez, T. J. Davis,
and A. Roberts. ”Selective near-perfect absorbing mirror as a spatial frequency filter for

optical image processing.” APL Photonics, 4(10):100801, 2019.

C. Ng, L. Wesemann, E. Panchenko, J. Song, T. J. Davis, A. Roberts, and D. E. Gémez.
”Plasmonic Near-Complete Optical Absorption and Its Applications.” Advanced Optical
Materials, 14(7):1801660, 2019.
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4.1 Introduction to thin film NPA structures

Near-perfect absorption through Fabry-Pérot type cavities has recently received increased
attention. The underlying concept is inspired by the Salisbury screen for radio frequency
waves patented in the 1950s [206]. An optical Salisbury screen as shown in Fig.4.1 con-
sists of a transparent dielectric layer of approximately a quarter-wavelength thickness
between a semi-transparent thin metallic film and a fully reflective metal substrate. This
three-layer thin-film stack can act as a wavelength selective and angle-dependent near-
perfect absorber [207-210]. Near-perfect absorption in this metal-insulator-metal (MIM)
structure has been physically explained using interference theory [211]. The near-perfect
absorption originates from destructive interference between reflection from the air-metal
interface and multiple reflections within the quarter-wave cavity. We denote the phase
accumulation of the light propagating through the dielectric layer with 5, the phase-shift
upon reflection from the substrate with ¢, and the phase shift after transmission through
the absorbing cover layer with ¢.. Destructive interference then occurs if the total phase

accumulation compared to the light reflected at the air-metal interface is a multiple of 27,

¢s + 28 + ¢ = n2m (41)

with n beiing an integer number. The absorption wavelength of the MIM absorber is
mainly determined by its spacer layer and can therefore be engineered through choice
of the layer thickness and dielectric material. As discussed in section 2.3 however, met-
als cannot be considered as perfect conductors at optical wavelengths which results in
non-trivial phase changes different from 0 or 7w upon reflection from the substrate and
transmission through the cover layer [208, 212, 213]. This effect alters the condition for
destructive interference and thus needs to be taken into account in the design of MIM

absorbers.

Several experimental studies have demonstrated near-perfect absorption using MIM ab-
sorbers. Li et al. have for example demonstrated that a Ag/SiO2/Ag stack enables near
perfect absorptance of 97% of the incident light at wavelengths in the visible spectrum
[213]. Another study concluded that other metals such as Au, Ag and Cu are also suitable
for MIM absorbers with resonances at optical wavelengths [208]. The concept, however,

does not rely on metallic reflectors and dielectric Bragg-reflectors have been demonstrated
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to offer similar absorption performance [214]. While the focus of this thesis is based on
operation in the visible spectrum, it is worth noting that the concept of MIM near-perfect
absorbers can be extended into the near- and mid infrared. Through doping of silicon,
characteristics of noble metals in the visible spectrum, particularly high cavity confine-
ment and low loss, become available at infrared wavelengths [215]. MIM absorber as
described above are designed to operate at a specific angle of incidence and polarization
state. Near-perfect absorption through destructive interference in MIM absorbers com-
monly relies on a particular angle of incidence and polarization. Changing the angle of
incidence or polarization thus alters the interference conditions and thereby the absorp-
tance efficiency. In conventional MIM absorbers the absorption wavelength blue-shifts
when the angle of incidence is increased [213]. It is particularly this characteristic that
enables spatial frequency filtering using MIM absorbers which make them a suitable can-
didate for research carried out in this thesis. We will elucidate the absorption and spatial
frequency filtering characteristics of Salisbury screen type devices extensively with the

support of numerical calculations in the following section.

An alternative approach to near-perfect absorption using thin-film stacks made of only
two layers should be noted here: a metal film under a thin dielectric film with large optical
losses (i.e. with a complex part of its refractive index comparable to that of its real part).
In this case, reflection of light is suppressed by the non-trivial phase shifts taking place
during propagation and at the mirror and dielectric-air interface, which can lead to val-
ues not limited to 0 or 7, resulting in strong suppression of reflectance (high absorption),
which can take place for dielectric film thickness far below the quarter-wave condition as it
is the case for Salisbury screen type absorbers (cf. equation (4.1)). While in conventional
MIM structures losses are considered an undesired perturbation, this design particularly
exploits high losses. The principle was experimentally demonstrated by Kats et al. [216]
using thin 7 to 25 nm thick Ge films on top of Au mirrors. The demonstrated absorbers
exhibited experimental absorption efficiencies of up to approximately 80% — 97% at wave-
lengths in the visible to near infrared. However, due to the relatively thin dielectric
layer with regard to the wavelength of light, phase accumulation during propagation is
relatively low compared to interface phase-shifts resulting in significantly lower angular
sensitivity than exhibited by the previously discussed Salisbury-type absorbers. For this
reason, although beneficial for some applications, ultra-thin film systems of this kind are

not suitable as spatial frequency filters.
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In summary, Salisbury screen (MIM) type absorbers offer strong absorption paired with
angular sensitivity in reflection while requiring comparably low complexity in fabrication.
For this reason the following chapter investigates the potential of Salisbury type absorbers

for all-optical information processing including image processing and phase imaging.

4.1.1 Implementation of a numerical thin film model

A numerical model based on the thin film theoretical framework introduced in section
2.2 has been developed. The simulation implements equation (2.64) based on input pa-
rameters d, for the layer thicknesses, dielectric functions €,(A) for the layer materials, the
wavelength A and the angle of incidence 6. From this the effect of variations in dielec-
tric functions of deposited materials, fabrication inaccuracies in layer thicknesses and the
impact of finite spectral linewidth can be investigated. Furthermore the model enables
the determination of the optical transfer function (OTF) for a given thin film stack via
calculation of its complex reflection coefficient 7(\, 8) as a function of wavelength A and
angle of incidence 6 for different polarization states. From this its spatial frequency fil-
tering capability can be assessed. While a qualitative explanation for the occurrence of
absorption in MIM absorbers has been given in the introduction of this chapter, we will
now investigate its quantitative absorption characteristics employing the numerical model

outlined above.

4.2 Numerical Results

In the following we investigate a thin film absorber in the classical Salisbury three-layer
configuration. Gold (Au) is chosen as the thin partly reflecting layer and the substrate
layer while SiO2 (silicon dioxide) serves as the dielectric spacer layer as illustrated in
Fig.4.1(a). We will refer to this device as ‘SBS1’ for Salisbury screen 1. From Fig.4.1(b)
the absorbing effect of a typical three layer stack is apparent. At A\, = 631 nm at nor-
mal incidence the reflectance of the film drops to approximately 0.2% with an absorption
bandwidth (FWHM) of A,ps = 35nm, rendering the device a narrowband near-perfect
absorber at this wavelength and angle of incidence. As expected a phase-shift of ap-

proximately 7 in the amplitude of the reflected field is apparent from Fig.4.1(c) as the
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Figure 4.1: Numerical simulation of reflection from a three layer thin film stack
at normal incidence. A layer of SiOs on top of a Au substrate is covered by
a thin layer of Au as indicated in (a). The reflectance spectrum is shown in
(b) and the magnitude (blue) and the complex argument (phase shift Ay, red)
of the amplitude reflection coefficient are shown in (c). Layer thicknesses are
di = 30nm and do = 155nm with the underlaying Au-layer as the substrate
(ds = 00). Sources for dielectric functions of SiOy and Au are taken from [217],
[76]. (a) Reprinted with permission from [60], licensed under a Creative Commons
Attribution (CC BY) license.

wavelength is tuned through the resonance. As demonstrated before in [210, 213], the
spectral position of the absorption maximum of MIM absorber structures is primarily de-
fined by the thickness of the dielectric spacer layer, in this case the SiOq layer. In Fig. 4.2
the tunability of the spectral position of the absorption maximum is numerically demon-
strated. Within the limitations of the chosen fabrication method and the reproducibility
of the optical properties of the materials, this enables precise design of highly specialized

spatial filtering devices at optical wavelengths.
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Figure 4.2: Numerical simulation of the reflection spectrum of the three layer
thin film SBS1 for normally incident light with adjusted thickness of the SiO9
spacer layer (a). Exemplary line plots for devices with SiOy layer thicknesses
ranging from 130 nm to 200 nm.



Chapter 4 — Image processing via thin-film near-perfect absorbers 83

From Figure 4.2(b) it is apparent that the different simulated absorber structures reach
different maximum absorption efficiencies. For this reason, in order to maximize ab-
sorption at a particular wavelength, fine tuning of the thickness of the semitransparent
metallic layer (Au) is crucial. Typical results of a calculation of the reflectance from the
SBS1 device with fixed SiO9 layer thickness and varying thickness of the top Au layer is
shown in Fig. 4.3. The result indicates that only a layer thickness of around 31 nm (red
circle) yields strong absorption in this configuration. We will use a thickness of 31 nm for
the thin Au layer for further considerations. For smaller and larger thicknesses different
reflectance and induced phase shifts at the upper layer diminish the capacity of the device
to suppress reflection through destructive interference. A +10% deviation in evaporation
thickness is a typical value for an electron beam evaporation process. For the investigated
device this corresponds to a range of 28 — 34 nm for the superstrate thickness for which the

reflectance of the device is still below 3% based on the calculations presented in Fig.4.3.
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Figure 4.3: Numerical simulation of reflectance from device SBS1 for varying
thickness of the Au superstrate. The red circle indicates the suitable working
point for this configuration.

Experimentally, dielectric functions of metals and dielectrics can differ from values ob-
tained from the literature due to a range of reasons. Firstly, differences can occur due
to the fabrication method that can have an impact on the porosity of evaporated films
[218]. Secondly deviations appear due to inherent differences between dielectric functions
for bulk material and in optically thin films. The potential impact of typical small de-
viations in refractive index in the SiOs spacer layer and the gold superstrate have been

investigated numerically with the results shown in in Fig. 4.4. We choose a range of +£5%
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as a typical variation between bulk gold and thin-film gold as well as between different
film thicknesses of gold [76, 219]. It is apparent that the absorption maxima shift by up
to approximately £30nm for in each case. For this reason deviations from the design

absorption wavelength are to be expected in experimental demonstrations.
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Figure 4.4: Numerical demonstration of impact of small deviations (£5%) in
refractive index of (a) the SiOs layer (b) the Au superstrate for the SBS1 config-
uration described above.

4.2.1 Angular filtering with MIM absorbers

In order to employ this MIM absorber for image processing applications, it is relevant
to investigate its spatial frequency filtering capability, i.e. its reflectance as a function of
the incidence angle R(6) for different polarizations. For this reason we will now move our
focus towards the angular sensitivity of MIM absorber structures. Fig.4.5 (a),(b) show
the reflectance of the device SBS1 as a function of angle of incidence for p- and s-polarized
light respectively. In line with the qualitative explanation above the plot confirms that
the absorption wavelength of the thin film stack shifts towards the blue as the angle of
incidence 6 increases. For this reason, the reflectivity at A, = 631 nm increases towards
R =1 for 0 approaching 90°. Hence, the device under consideration only represents a
near-perfect absorber at A, under illumination at normal incidence, while a large fraction
of the incident light is reflected at higher angles. It is particularly this characteristic
that is the key to the spatial-frequency filtering capability of MIM absorbers. The re-
spective lineplots in Figures 4.5 (b),(d) show the reflectance as a function of normalized
spatial-frequency for both polarization states at the absorption wavelength. Owing to

the fact that the device has no lateral surface structure, reflection from the absorber
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Figure 4.5: (a),(c) Numerical simulation of reflectance from device SBS1 as
a function of angle of incidence. (b),(d) Reflectance R = |r|? as a function of
spatial frequency at the wavelength A\, = 631 nm indicated by dashed lines with
kx/ko = sinf. Reprinted with permission from [60], licensed under a Creative
Commons Attribution (CC BY) license.

is independent of the polar angle. While minor differences in the sensitivity of the re-
flectance toward angle of incidence between p- and s- polarization are evident, both follow
the same pattern and enable high-pass spatial frequency filtering. For some applications
the remaining sensitivity of the reflectance to polarization might represent a challenge.
However, it also offers a prospect for switching between different optical transfer func-
tions of the device through an adjustable polarizer in the beam path. As introduced in
section 2.1.7, the filter function of the device exhibits a numerical aperture of NA= 1 for
both p— and s—polarization with a filtering constrast of Cs = 0.997 for both polariza-
tion states. Low pass spatial frequency filtering is possible at wavelengths shorter than

the absorption wavelength where maximum absorption is achieved at off-normal incidence.

In the fundamentals chapter of this thesis it was discussed that the shape of the opti-
cal transfer function, in this case the reflection coefficient r, determines the mathematical

operation performed by the system. While for edge-detection applications suppression of
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low spatial frequencies is sufficient, other applications including phase-visualization, are
highly dependent on the particular shape of the transfer function. For this reason Fig.4.6
shows the amplitude- abs(r) and phase contribution arg(r) of absorber SBS1 at its absorp-
tion wavelength A,. From the device symmetry it follows that its optical transfer function
must be symmetric for which it is relevant to compare it with the quadratic transfer func-
tion Hy of a second order differentiator as given in eq.(2.44). The corresponding fitting
parameters are summarized in table A.2 in the appendix. The amplitude coefficient of
absorber SBS1 exhbits a near-quadratic dependence on spatial frequency for normalized
spatial frequencies up to about 0.4 while the phase transfer function shows considerable
deviation from the flat phase contribution of a second order differentiator. This implies

consequences for phase-visualization applications as will be discussed below.
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Figure 4.6: Optical transfer function of MIM absorber SBS1 at A = 631 nm
shown as the amplitude- abs(r) and phase contribution arg(r) of the reflection
coefficient r for p— (top row) and s—polarization (bottom row) in blue. Fit-
ted optical transfer function Ho of a second-order differentitor as introduced in

eq.(2.44) shown for comparison in red. Fitting parameters provided in table A.2
in the appendix.
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4.2.2 Edge enhancement with MIM absorber

Based on the above, spatial frequency filtering of an amplitude image through reflection
from the thin film absorber has been investigated numerically . The given wavefield
E(ks, ky) associated with an image is decomposed into plane wave p- and s-components
with E,(kz, k) and Eg(k,, k,) describing their Fourier transforms respectively. Amplitude
reflectance for both polarization states is given by 7,(kz, k) and rs(kg, ky), which are
calculated from (2.63) as described in the thin-film model in section 2.2 and serve as
optical transfer functions here. The p- and s-components of the Fourier spectrum of the

reflected wavefield are then given by

Ereﬂp(kx? ky) = rpEp(kma ky) (4.2)

Eref,s(kxv ky) = TsEs(kxv ky) (43)

In this model we neglect cross polarization induced by the image. The reflected fields
Eierp and Eyer 5 are obtained from inverse Fourier transforming. From the resulting fields
the intensity distribution of the reflected field is calculated. The angular sensitivity of
the reflectance from the absorber enhances regions in the reflected image dominated by
high spatial frequencies, e.g. sharp edges, while regions dominated by low spatial frequen-
cies, i.e. homogeneous areas, will appear darker (¢f. Chapter 2). Fig.4.7 illustrates the
enhancement of edges in an amplitude image reflected from device SBS1. It is apparent
that the edges of the figure ‘2’ for reflection at the absorption wavelength (Fig.4.7 (i-k)
appear bright compared to homogenous areas, thus demonstrating the edge enhancement
capability of the device for p-, s- and unpolarized light. The output intensity for unpolar-
ized light I.np has been calculated as an averaged result of the p- and s-polarized output

intensities according to eq.(4.4), neglecting polarization effects induced by the object.
Iunp = (Egut,p + Egut,s)/2 (44)

At longer (I-n) and shorter (c-e) wavelengths, where the device does not suppress reflec-
tion of low spatial frequencies (¢f. Fig.4.5), the output images do not show enhanced
edges in line with expectations. It should be noted that ‘ringing-effects’ are apparent in

the vicinity of the edges in (i-k). These are the result of the nonlinear optical transfer
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Figure 4.7: Numerical demonstration of edge enhancement in an amplitude
image reflected from the thinfilm absorber structure. (a) Amplitude of the orig-
inal image (b) conceptual illustration of the amplitude image projected onto
the surface of the absorber (input) and the image reflected from the absorber
(output), normalized intensity of reflected images for p-polarisation (top-row),
s-polarisation (middle row) and unpolarized light (bottom row) at wavelengths
of 590 nm, 621 nm, 631 nm and 700 nm. The image size is chosen as 15 x 15 ym?.
Spatial frequencies associated with evanescent waves are excluded from the cal-
culation except for (o) shown for comparison. All images are normalized to their
brightest pixel.

function of the system as apparent from Fig.4.5 and the filtering of spatial frequencies
associated with evanescent waves in order to account for the finite numerical aperture of
real imaging systems as discussed previously in section 2.1.4. The effect has been observed
in [66] as well. These effects become less apparent for increased image sizes as will be
discussed below. At shorter wavelengths in the vicinity of the the absorption wavelength
as shown in Fig.4.7(f-h) the absorber enables filtering of higher spatial frequencies thereby
acting as a bandpass filter. Here this results in blurring of the images as expected for

high-pass spatial frequency filtering.

The edge enhancement capability of the device depends on the spatial frequency con-
tent of the image projected onto the thin film stack (cf. sections 2.1.4, 2.1.7). For this
reason the absolute scaling of the image determines whether its spatial frequency spectrum
overlaps with the range of spatial frequencies in which the absorber is able to discriminate
between ‘high’ and ‘low’ spatial frequencies to a degree that is reasonably high for detec-

tion in experiments. In particular noise and non-complete absorption at normal incidence
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reduce edge contrast. While for the purpose of demonstration a suitable image size of
15 x 15 um? was chosen for the calculations in Fig.4.7, the device performance changes
for different sizes. We demonstrate this by calculating images reflected from the device

for varying sizes of the input image as shown in Fig.4.8.
15 um 50 pm 200pm 1000pum

BN

Figure 4.8: Numerical demonstration of edge enhancement in an amplitude im-

10 um

age reflected from SBS1 absorber as a function of the absolute image size with
decreasing edge intensity as size increases. Original image (a) and normalized
intensity of reflected images for unpolarized light and sizes of the original im-
age of (b) 3um, (c) 10 um, (d) 100 um and (e) 1000 pm (not visible - contrast
diminishes). Normalized intensity given as a fraction of the incident intensity.

For the image under consideration one can observe that clear edge enhancement is per-
formed only for an image scaled to a size larger than approximately 10 ym (c)(d), while
the spatial frequency content for the smaller (b) image does not provide the required
overlap with the filtering function of the absorber. Larger images as shown in (e,f) will
generate comparably low intensity images for which we conclude that image sizes between
approximately 10 um and 200 um are suitable for experimental confirmation. Due to the
relatively low angular sensitivity of the absorber, small objects or demagnified images of
larger objects are required to perform spatial frequency filtering using this device. This
imposes a limitation on the applicability of the absorber since additional optics for the
mapping of the spatial frequency content will be required for object outside of the above
deduced scale interval. In section 4.4 an approach to engineer the steepness of the op-
tical transfer function of the device through replacement of the dielectric spacer layer is
discussed, which allows to shift the applicability of the approach to different image sizes.
In summary correct scaling of the image will be crucial in performing experimental edge
detection. However it should be noted that in the case of edges, their sharpness also
strongly influences the spatial frequencies contained in the image. Since the sharpness of
experimentally used images is hard to determine, the numerically obtained scaling factors
from Fig.4.8 can only serve as a guide for experimental measurements. We will discuss

this aspect in the experimental section below.
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Figure 4.9: Numerical demonstration of the impact of a finite linewidth of the
illumination on the edge enhancement capability of the device at the example
of the device SBS1 for an image of 15um size. (a) Overlap between reflectivity
minimum of the absorber SBS1 at normal incidence and illumination spectrum for
bandwidths (FWHM) of A\ = 0,20, 50 and 100 nm. (b)-(g) averaged intensity of
reflected image for a bandwidth of AX = 2.5nm (b), 5nm (c¢), 10nm (d), 15nm
(e), 20nm (f) and 50nm (g). All images are normalized to their brightest pixel.

While so far we have assumed monochromatic illumination, experimentally any light
source will have a finite bandwidth. It is evident from Fig. 4.5, that the optical transfer
function of the device changes for deviations from the absorption wavelength. As far as
filtering of low spatial frequencies is concerned, one can observe a decrease in performance
for wavelengths deviating from the absorption wavelength A # A,. In Fig. 4.9 we numeri-
cally demonstrate the impact of a finite bandwidth of the illumination source on the edge

enhancement capability of the absorber.

For the wavelength distribution we assume a Gaussian line shape G(\) with line width
(FWHM) A\ centered on the absorption wavelength A,. The results have been calculated
from the weighted average of the intensities at m = 5 points centered around the central

wavelength according to equation (4.5)
m
Iaverage = Z G()\n)lout()\n) (45)
n=1

A decrease in edge enhancement contrast for increasing illumination bandwidth is ap-
parent. While edge enhancement can still be observed for a bandwidth of up to A\ =

15nm (b)-(d), contrast vanishes for larger bandwidths (e)-(g) in this particular case. In
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experimental measurements it is therefore crucial to minimize the illumination bandwidth

in order to maximize image contrast.

4.2.3 MIM absorber for visualization of phase gradients

As outlined in chapter 2 the use of nanophotonic devices for image processing is of partic-
ular interest for phase visualization. In order to demonstrate the conversion of a phase-
gradient in the incident wavefield into an intensity variation in the reflected image, the
reflectance from the absorber for an electric field E(x,y) = '*(*¥) with Gaussian shaped
phase distribution ¢(z,y) = @max €Xp [ — (ﬁ)z - (ﬁ)Q] with ¢ = 1pum was calcu-
lated as shown in Fig.4.10. The calculated intensity distributions are clearly related
to the incident phase-distribution demonstrating the ability of the absorber to visualize
phase-modulations. Differences between the different polarization states can be mainly
seen in the image brightness with s—polarized light yielding the highest intensities in
agreement with the calculations above. However, in line with the theoretical deduction of
section 2.1.5 for systems with a quadractic optical transfer functions, the particular inten-
sity distribution depends on the strength of the input phase gradient. While Fig.4.10(b-d)
exhibits intensity maxima in regions of large phase-gradient, this does not hold for smaller
maximum phase excursions (e-j). This needs to be pointed out as a limitation of the ab-
sorber as a phase-visualization tool since it implies a complex relationship between phase-

and intensity distribution after processing.

In summary we have numerically demonstrated the ability of thin-film MIM absorber
structures to function as high- and low-pass spatial frequency filters in reflection. Fur-
thermore we demonstrated its all-optical image processing capability at the examples of
edge enhancement in an amplitude image and the conversion of a phase gradient in a

wavefield into an intensity modulation.

The amplitude contrast of light directed through a biological cell is commonly not suf-
ficient to resolve details associated with its internal structure. To enhance the contrast
without adding chemical stains, the phase gradients that arise from the refractive index
or thickness modulation across the cell must be converted to intensity variations. Here
we investigate the potential of the thin-film absorber to visualize phase gradients of the

order of those induced in light directed through red blood cells (¢f. Fig. 4.11).
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Figure 4.10: Numerical demonstration of conversion of a Gaussian shaped
phase-gradient in an incident wavefield (a) into an intensity modulation upon
reflection from absorber SBS1. Intensity of the reflected light as a fraction of
the incident intensity (b-j) for p-polarization (top row), s-polarization (middle
row) and unpolarized light (bottom row) for different maximum phase-excursions
®max- The image size is 10 x 10 gm in all cases.

In our calculations we assume a pure phase object, neglecting refraction and assume
parallel light rays passing undeviated through a model of a red blood cell of homogenous
refractive index [220] (ncen = 1.41) immersed in water [221] (nyater = 1.33) with the rays
experiencing a phase shift due to the thickness profile of the cell. Using the obtained
phase modulation ¢(z,y) we calculate the reflection from the mirror for an input field
E(x,y) = exp (i¢). The thickness profile of the red blood cell with a diameter of 7.82um
is calculate from the approximately biconcave shape (Fig. 4.11(a)) of the cell given in
[222] with the resulting phase profile shown in Fig. 4.11(b). In the reflected intensity
(Fig. 4.11(c)) two dominant bright rings around the steep phase gradient at the outer
part of the cell are apparent with the inner part of the cell appearing considerably darker.
It should be noted that the resulting complex intensity distribution is a result of the
nonlinear transfer function of the absorber as well as the exclusion of evanescent waves
in the calculations as discussed for Gaussian shaped phase modulations above. In the
calculation shown here we have neglected refraction and the double-passing of the light
through the cell that occurs after being reflected from the mirror which will potentially

add distortions to the images.
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Figure 4.11: Calculated conversion of the phase gradient associated with light
of wavelength A = 631nm transmitted through a red blood cell into an intensity
modulation using the thin-film absorber. (a) Spatial profile used for the model
of a red blood cell on top of the thin film absorber (b) corresponding phase
modulation ¢(z,y) and (c) reflected intensity as a fraction of the intensity of
the incident field, (d) lineplots of the phase- and intensity modulation along the
dashed lines shown in (b),(d).

The results indicate, however, the potential of the absorber to increase imaging contrast
for biological cells which are directly placed on top of the mirror. The thin-film ab-
sorber, therefore has potential as a simple platform for the development of nanophotonic
enabled biological phase imaging applications. Based on these numerical considerations
we will now experimentally investigate the applicability and limitations of MIM absorber

structures for all-optical information processing.

4.3 Experimental results

The numerical framework outlined above has been utilized to design a range of different
thin film near-perfect absorber devices that were subsequently fabricated and character-

ized.

4.3.1 Fabrication and characterization of MIM absorbers

All devices were fabricated on [100] p-type silicon wafers. A titanium adhesion layer with a
thickness of 3nm was deposited on the wafer at a deposition rate of 0.2 A /s. Subsequently
a 150 nm thick layer of Au was deposited at 0.7 A /s using an IntlVac NanoChrome II e-
beam evaporator. A layer of SiOs with varying thickness do was grown on the sample

using the Oxford Instruments PLASMALAB 100 PECVD system. Finally a Au film of
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thickness d3 was deposited on the SiOy layer using e-beam evaporation. In an initial
attempt an absorber device with nominal parameters set to d;y =35nm and ds =150 nm
was fabricated, thus lying within the range of parameters predicted as suitable by the
numerical calculations above. We will refer to this device as SBS-expl in the following.
The reflectance from the device was measured for both p- and s-polarization as a function
of angle of incidence using a spectrometer (Agilent Cary 7000 UV-Vis-NIR Universal
Measuring Spectrometer (UMS) 26) as schematically illustrated in Fig.4.12 with the results

shown in Fig.4.13.
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Figure 4.12: Schematic illustration of setup used for angle dependent reflectance
measurements uding the Agilent Cary 7000 UV-Vis-NIR Universal Measuring
Spectrometer (UMS). The sample is tilted with a step size of Af = 1° and
specular reflection at an angle of 26 detected. Reprinted with permission from
[60], licensed under a Creative Commons Attribution (CC BY) license.

The design of the spectrometer limits the minimum and maximum measurable angle of
incidence to O, = 6° and 6, = 84° respectively. The measurements show absorption
of approximately 91% of the incident intensity around 662nm at 6° angle of incidence
shifting towards the blue as the angle of incidence increases for both p- and s- polarized
light consistent with the numerical results. From this a filtering contrast of C's ~ 0.86
for p— and C, =~ 0.85 for s—polarized light is obtained (cf. eq.(2.43)). The absorption
maximum at near-normal incidence is shifted by approximately 45 nm to towards the red
spectral range compared to the numerical prediction (Ayum = 615nm) for these nominal
parameters. This can be attributed to variations in the dielectric function of silicon
dioxide and gold in thin films compared to bulk material. Furthermore an uncertainty of
approximately +10% in deposited film thickness for both thin film fabrication methods

contributes to this shift as demonstrated above in Fig. 4.4.

26Measurements involving the Agilent Cary 7000 UV-Vis-NIR Universal Measuring Spectrometer (UMS)
were carried out in colaboration with Prof. Gomez and Dr. Della Gaspera at RMIT University, Melbourne.
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Figure 4.13: (a),(c) Experimentally measured reflectance from device SBS-
expl as a function of angle of incidence. (b),(d) Reflectance as a function of
spatial frequency at the wavelength A\, = 662 nm indicated by dashed lines with
kx/ko = sin6.

In order to improve the filtering performance of the device, an absorber with an absorption
efficiency at the absorption wavelength under normal incidence as close as possible to
unity, i.e. R(A = \;,0 = 0) = 0, is required. Due to the inevitable deviations in layer
thicknesses and dielectric functions during the e-beam evaporation and chemical vapor
deposition processes, it was decided that a series of devices should be fabricated and the
sample with the best performance used for imaging experiments. Five devices with fixed
thickness ds =31 nm of the covering Au layer and varying thickness ds of the SiO4 spacer
layer were fabricated. The Au backmirror and the covering Au layer have been fabricated
on all devices in a simultaneous step for which they are assumed to be identical. From
this series of devices that with a nominal spacer layer thickness of do =155 nm has been
selected for further investigation based on its absorption characteristics shown in Fig.4.14.
These reflectance measurements were taken in the same manner as outlined above for the

device SBS-expl.



Chapter 4 — Image processing via thin-film near-perfect absorbers 96

reflectance
—— ] [ 5BS_exp2
| (b)

10
20

30
40

50
60
70
80

450 500 550 600 650 700 750 800 O 0.5 1

A[nm] kx7 ko

angle of incidence 6 [deg]
reflectance

10 (c)

20
30
40
50
60
70
80

90 . . . . . . .
450 500 550 600 650 700 750 800 O 05
A[nm] kx/ko

reflectance

angle of incidence 6 [deg]

Figure 4.14: (a),(c) Experimentally measured reflection from device SBS-exp2
as a function of angle of incidence. (b),(d) Reflectance as a function of spatial
frequency at the wavelength A\, = 640 nm indicated by dashed lines with ky/ko =
sinf. Adapted with permission from [60], licensed under a Creative Commons
Attribution (CC BY) license.

We will refer to this second device as ‘SBS-exp2’ in the following. To streamline presen-
tation, reflection measurements of the remaining devices from this series are shown in the
appendix in Fig.A.1, A.2, A.3 and A.4. It is apparent that the absorption wavelength
of the absorbers is tuned from 600nm to 640nm as the thickness of the spacer layer
is increased. The data experimentally confirms the possibility of shifting the operation
wavelength of the thin film absorber as an all-optical image processing device as numer-
ically demonstrated above in Fig.4.2. Limitations in setting the operational wavelength
of the device arise, however, from the accuracy of the thin-film deposition method and
reproducibility of material properties as discussed earlier. For all devices in this series an
absorption efficiency above 98.5% was achieved for which the thickness of the superstrate,
which influences the absorption efficiency as well (c.f. Fig.4.3), was not varied further
in this experiment. For experiments that require further improvement of the filtering

contrast, variation of this parameter should be included in the experimental optimization
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process. It should be noted that this could imply significant fabrication time since a
separate e-beam evaporation step would be required for each device. These usually take

several hours of vacuum pumping and evaporation.

The reflectance from device SBS-exp2 shows that the absorption efficiency of the ab-
sorber reaches 98.5% at near-normal (§ =6°). From this a filtering contrast of Cy ~ 0.97
for p— and s—polarized light is obtained from the measurements for absorber SBS-exp2.
For this reason the filtering contrast between high- and low spatial frequencies is sig-
nificantly enhanced compared to device SBS-expl and device SBS-exp2 is used for all

following image processing measurements.

The results from Fig. 4.13 and 4.14 experimentally confirm the capacity of the MIM
absorber to filter low spatial frequencies in reflection. In order to demonstrate image
processing, a Kohler-illumination setup has been designed as shown in Fig. 4.15. The

setup enables projection of demagnified images of an object onto the device.
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Figure 4.15: Kohler-illumination setup used for demonstration of edge enhance-
ment and phase gradient detection. Spatial frequency mapping through demagni-
fication using the telescope consisting of L1 and MO2. For simplicity the distance
between the object and lens L1 is not shown to scale as here indicated by the
break sign. Adapted with permission from [60], licensed under a Creative Com-
mons Attribution (CC BY) license.

Unpolarized light from a supercontinuum laser source (Fianium SC-450-2) is passed
through a fiber-coupled tunable filter (Fianium Superchrome VIS-FDS-MM) in order to
limit the bandwidth to 5nm. The light is guided to the Kohler-illumination setup using
a single mode fiber (Thorlabs SM600) and the output collimated via a NA 0.3 Nikon
LU Plan Fluor objective (MO1). The collimated beam is transmitted through an object
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under investigation. The image is then projected onto the sample surface via a telescope
consisting of a f = 100mm lens (Thorlabs LA1509-A) (L1), a beamsplitter (Thorlabs
CM1-BS013) and an infinity corrected NA 0.90 Nikon Plan NCG x100 objective (MO2)
with a working distance of 1 mm. This telescope effectively enables 50x demagnification
of the image thus broadening its spatial frequency distribution in Fourier space. The light

reflected from the absorber device is then imaged onto the camera via lens (L2).

As a proof-of-concept, Fourier plane images in reflection were obtained using this setup
with object and lens (L1) removed as shown in Fig. 4.16. The Fourier plane images
are consistent with the results from the spectrometer measurements shown in Fig. 4.13.
Suppression of low spatial frequencies is evident in Fig. 4.16(c). It should be noted that
the results also confirm the ability of the device to filter high spatial frequencies at lower
wavelengths and perform bandpass filtering at intermediate wavelengths as apparent in

4.16(b) in line with the numerical results above.

Figure 4.16: Measured Fourier plane images in reflection from absorber SBS-
exp2 with central wavelength set to 596 nm (a), 630 nm(b), 640 nm (c) and 693 nm
(d) with the dashed lines indicating NA = 0.9. All images are normalized to their
brightest pixel. Adapted with permission from [60], licensed under a Creative
Commons Attribution (CC BY) license.

4.3.2 Edge enhancement in reflected amplitude images

To demonstrate the spatial frequency filtering capability of the device in an amplitude
image, a USAF-1951 resolution test target (Thorlabs R1IDSIN) (Fig. 4.17(a)) has been
inserted into the setup as the object. The images of the figure '2’ reflected from the
absorber as a function of wavelength are shown in Fig. 4.17(b)-(1). The results show
clearly enhanced edges of the figure ‘2’ in the vicinity of the absorption wavelength of
the absorber (Fig. 4.17e-g) which are not observable at shorter (4.17(b), (c)) and longer
wavelengths (Fig. 4.17(h),(i)). The bandwidth of the light source of 5nm reduces the
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edge enhancement contrast as elucidated above in Fig.4.9 for which the use of a laser
system with lower bandwidth would increase the image contrast. Filtering of low spatial
frequencies at wavelengths shorter than the absorption wavelength is apparent in Fig.
4.17(d) with a blurred figure ‘2’ compared to the reflected image at wavelengths where
spatial filtering is negligible (Fig. 4.17 (b),(h),(i)). To confirm the findings, the experiment
was repeated using a different microscope objective (Nikon Plan N 20x NA 0.4) as the MO2
in order to decrease the demagnification to 10x. Fig. 4.17 (j-1) show that at this lower
demagnification the image quality is increased but the contrast between the edges and the
homogenous areas of the image is too low for edges to be apparent. This is in line with
the numerical findings above and confirms the requirement for adequate demagnification
or selection of appropriately sized objects. It should be noted that the lower NA of the
objective also reduces the spatial frequency content captured by the imaging system for

which the results in (b-i) and the results shown in (j-1) are not fully comparable.

50x demagnification 10x demagnification

598 nm

(b)

Figure 4.17: Experimental demonstration of edge enhancement in an amplitude
image reflected from the thinfilm absorber structure SBS-exp2. (a) USAF reso-
lution test target (top) and microscope image of figure ‘2’ with scalebar 50 um,
(b)-(i) Normalized intensity of reflected images for unpolarized light at wave-
lengths ranging from 597 nm to 694nm. (j-1) Images recorded for lower demag-
nification (10X) exhibiting no edge enhancement. All Images are normalized to
the brightest pixel.

The results above experimentally confirm the ability of the absorber to filter low and high
spatial frequencies in an amplitude image. The double-ringing around the edges of the
figure ‘2’ are a result of the nonlinear transfer function of the screen and the resolution

of the sample and imaging system (cf. section 2.1.4). The appearance of this effect
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after spatial-frequency filtering was also observed above in our numerical calculations and
experimentally in [66]. In summary, the results experimentally demonstrate for the first
time all-optical high- and low pass spatial frequency filtering in an amplitude image using

a Salisbury screen type near-perfect absorber.

4.3.3 Visualization of phase gradients in embossed PMMA film

In the following experimental evidence for the capability of the absorber to convert phase
gradients in a wavefield into a readily detectable intensity modulation will be provided.
We have numerically illustrated this capability for a Gaussian-shaped phase modulation
in Fig. 4.10. Experimentally, generating a pure phase gradient, with negligible amplitude

modulation, is challenging.

Here we use a PMMA film with a spatially varying thickness profile in the shape of
spherical caps (a microlens array - FINLENS Flyeye 80 LPI) as the test sample in the
Kohler-illumination setup with a brightfield microscope image shown in Fig. 4.18(a).
By immersing the PMMA film in index matching oil (Cargille, n,; = 1.518), scattering
of light transmitted through the PMMA film, and thereby the amplitude contrast asso-
ciated with the thickness modulation, was minimized. As apparent from the resulting
brightfield image of the same sample shown in Fig. 4.18(b), the thickness modulation
becomes almost invisible except for scattering at the edges of the spherical caps. In a
differential interference contrast (DIC) image of the same sample, however, the thickness

modulation is clearly visible demonstrating the presence of a near-pure phase modulation.

In Fig. 4.18(e) reflected images of the PMMA film at the absorption wavelength of the
absorber device are shown. The central part of the spherical caps, which is associated with
low phase gradients, remains dark while the outer parts show increased intensity thereby
indicating a steep phase gradient consistent with the differential interference contrast
(DIC) image of the sample shown in Fig.4.18(c). At the reference wavelengths shorter (d)
and longer (f) than the absorption wavelength of the Salisbury screen, the lens regions
appear almost uniform. Remaining bright lines in these images originate from residual
scattering at the edges of the spherical caps. The intensity contrast that is generated from
the phase-gradient is furthermore emphasized by vertical and horizontal lineplots through

the central lens (Fig.4.18(g-1)) as indicated by the blue crosses. In order to reduce noise,
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these line profiles were averaged over an interval of +28 um around the horizontal (ver-
tical) center of the lens. This result experimentally confirms the ability of the thin film
absorber to convert a phase gradient in an incident wavefield into an intensity modulation

in the reflected image which can be detected by conventional photodetector technology.
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Figure 4.18: Experimental demonstration of phase-gradient visualization using
a PMMA film with modulated thickness profile as a test object in the Kohler-
illumination setup. Brightfield image of the object (a) without and (b) immersed
in index matching oil, (c) differential interference contrast (DIC) image of PMMA
film immersed in index matching oil. Images reflected from mirror and corre-
sponding line profile plots through the horizontal and vertical center of the cen-
tral spherical cap (as indicated by the blue crosses) at 598 nm (d) and (g), 640 nm
(e) and (h) and 694 nm (f) and (i). Reprinted with permission from [60], licensed
under a Creative Commons Attribution (CC BY) license.

4.3.4 Image enhancement in filamentous algae

As previously discussed, biological cells commonly provide relatively low amplitude con-

trast but have refractive index and thickness variations corresponding to features within
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the cell. For this reason visualization of internal cell features without chemical staining
requires contrast enhancement based on the phase variations induced by the structure
of the cell. As an example of the potential of this method, we investigate a sample of
pond-water containing filamentous-algae. The sample was fixed between two coverslips
and sealed with clear nail varnish. The filaments of the algae that are investigated here
typically consist of chains of cylindrical cells [223]. Fig.4.19 shows the images of the algae
reflected from the thin-film absorber SBS-exp2 at central wavelengths of 598 nm, 638 nm
and 694nm. It should be noted that for the presented data all measurements were car-
ried out using an intensity of the incident light below 30 mW /cm? ruling out the risk of
phototoxicity for common biological cells [224]. The internal structure of the algae fila-
ments is not or only marginally visible in images recorded at the reference wavelengths
in Fig.4.19(a) and (c). At 638nm in Fig.4.19(b), however, increased contrast indicating
a typical segmented algae filament becomes apparent. Furthermore increased contrast at
this wavelength in other features in the pond water, that are unidentified, is also evident.
Limitations in image quality are attributed to scattering by the surrounding water, noise
from back reflection of the two cover slips as well as the demagnification of the image
through the telescope. Since the biological specimen was obtained from pond water, the
scattering and speckle are inevitable but could be reduced in future experiments by using
cleaned biological samples. This result is the first experimental indication of the potential

of the device to be employed for biological phase-imaging.

1.0

Figure 4.19: Phase imaging of a biological sample using the example of fila-

mentous algae. Images reflected from the mirror at a central wavelength of A =
598 nm (a),638 nm (b)and 694 nm (c), scale bar indicates 250 um. Reprinted with
permission from [60], licensed under a Creative Commons Attribution (CC BY)
license.

We propose two ways to increase the resolution of the imaging system. Firstly a better
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trade-off between the demagnification (i.e. combination of L1 and MO2 in Fig. 4.15)
and the spatial frequency mapping could be found for a specific object of interest. While
a higher demagnification Q = f11/fmo2 elevates the spatial frequency content, thereby
increasing the contrast between low and high spatial frequencies (c¢f. Fig. 4.8), aberra-
tions in the elements L1, L2 and MO2 become stronger with increasing (de)magnification
particularly when operating close to the diffraction limit. Hence, a slightly lower demagni-
fication might be sufficient to generate contrast while maintaining appropriate resolution.
A second option is placing the object of interest directly on top of the mirror, thereby
avoiding demagnification completely. However, the spatial frequencies generated with-
out demagnification might be too low for specific objects considering the relatively low

sensitivity of the Salisbury screen to angle of incidence (cf. Fig. 4.14).

microspheres with
index matching oil
pristine absorber placed on surface

Figure 4.20: Failed attempt at imaging polystyrene microspheres (20 um di-
ameter) in refractive index matching oil directly placed on the surface of the
Au/SiO2/Au absorber. Pristine region of the Salisbury screen (left) and regions
where microspheres in index matching oil were placed (right).

An initial attempt to place polystyrene microspheres in index matching oil, serving as
phase objects, directly on top of the mirror to circumvent the demagnification, destroyed
the thin film absorber as show in Fig. 4.20. We attribute this to the low chemical stability
of the covering Au layer. It is therefore suggested that an additional optically thin SiOs
protection layer is deposited on top of the absorber in order to increase stability. This
involves a process development step to assess the required thickness of the protecting layer
that sufficiently improves the stability of the device surface and solves the adhesion issue
observed for the semitransparent Au cover layer. As a starting point, a 100 nm thick SiO9

layer is suggested. This does not affect the image processing capacity of the device and
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should in principle permit phase imaging of objects directly placed on top of the device

as discussed for the numerically simulated phase-imaging of red blood cells in Fig. 4.11.

4.4 Summary and Outlook

Inspired by the concept of the Salisbury screen we have reported a simple metal-insulator-
metal (MIM) thin-film device that performs high-NA, all-optical 2D spatial frequency
filtering on a reflected wave field, with the relevant thickness of the device being less than
200nm thick. This capacity was numerically and experimentally demonstrated using the
examples of edge enhancement in a micrometer sized amplitude image and the conversion
of a micrometer sized phase gradient into an intensity modulation. The spatial frequency
filtering capability of MIM absorbers suggests an avenue for the development of ultra-
compact, all-optical information processing devices with application in biological phase
imaging. This claim was numerically supported by demonstrating that the absorber holds
potential to visualize phase gradients typically arising in light directed through red blood
cells. Experimental confirmation of this finding would therefore be an interesting aspect
of future research. Here experimentally contrast enhancement in samples of filamentous-

algae using the absorber device was demonstrated.

Limitations of the approach were identified in the requirement for micrometer sized images
usually associated with demagnification of existing images as well as a spectral bandwidth
of the illumination below approximately 10nm. Furthermore chemical instability issues
prevented objects being placed directly on top of the device. Fabrication of a modified
device with an additional thin dielectric protection layer could solve this issue. Finally
the nonlinear optical transfer function of the device, the finite numerical aperture of real
imaging systems as well as the common requirement for demagnification of larger images
results in ringing artifacts in the processed images that place limitations on the complex-

ity of images and phase modulations that can be processed.

Potential for an increased steepness of the spatial frequency filtering function of the thin-
film absorber lays in a dielectric spacer material with lower refractive index than SiOs.
In order to estimate the limit of this approach, the reflectance as a function of spatial

frequency was calculated for a spacer layer of refractive index n = 1.025. This unusually
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low index of refraction corresponds to a synthetic aluminum oxide based dielectric mate-

rial recently proposed by Zhang et al. [225].

In Fig.4.21 the reflectance of a SiOy based device as investigated in this thesis and the
lower-refractive index device are compared. The normalized spatial frequency k,/ko at
which the reflectance of the absorber reaches 50% can be shifted towards lower frequencies
by up to 0.21 for s—polarized light, and 0.45 for p—polarized light. While an increase in
the reflectance is therefore possible, most commonly available dielectrics with n > 1.025

would induce a relatively small change within these limits.
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Figure 4.21:
through choice of a lower refractive index dielectric material for the spacer layer.

Increase of the angular sensitivity of MIM thin-film absorbers

Reflectance for (a)s-polarized and (b)p-polarized light as a function of lateral
spatial frequency k;/ko for a SiOy spacer layer (dashed gray) and a low-index
dielectric material with n = 1.025 [225] (solid blue).

Furthermore, extensions of the approach inspired by one-dimensional metal-dielectric pho-
tonic crystals (MDPhC) [226, 227] with multiple absorption wavelengths could enable
all-optical real-time processing of colour images. Finally, for biological applications it is
often essential to avoid contact between living cells and metallic surfaces. The absorber
architecture could either be modified by adding a covering dielectric layer or by replacing
the metallic mirror elements by dielectric Bragg-reflectors as previously demonstrated in
[214]. This could make the design fully bio-compatible and enable integration of the entire
device into biological tissue. This approach does, however, imply increased fabrication

complexity due to a higher number of thin-film layers.
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In conclusion, MIM absorbers have potential to be part of next generation all-optical
information processing devices within the limits discussed above. However, the fact that
they work in reflection and not transmission is an obstacle to easy integration into ultra-
compact systems. This issue is addressed and further discussed in chapter 6 where an
approach to perform nanophotonics enabled all-optical spatial frequency filtering with

transmitting metasurfaces is demonstrated.



Chapter 5

Subradiant modes for Spatial

Frequency Filtering

In the previous section we examined unstructured optical thin-films as a platform for
analogue optical computation. We will now proceed to investigate nanotextured meta-
surfaces as introduced in section 2.5 above. In particular, this chapter is concerned with
the capacity of nanostructures supporting subradiant modes as previously discussed in
section 2.4.3 to perform spatial-frequency filtering on an optical wavefield. The content

of this chapter is partially covered in the following journal publication

L. Wesemann, P. Achmari, K. Singh, E. Panchenko, T. D. James, D. E. Gémez, T. J.
Davis, and A. Roberts. ”Metasurfaces, dark modes, and high NA illumination.” OSA
Continuum, 1(2):727-735, 2018.

5.1 Introduction

Previous work has investigated subradiant resonances of individual nanorod trimers ar-
ragened in a triangular configuration as shown in Fig.5.1 [93]. The results demonstrated
modal hybridization into plasmonic dark- and bright modes. In particular, a plasmonic
dark mode with the dipole moments of the nanorods oriented radially was investigated. It
was shown that with decreasing separation of the nanorods the electric dipole mode of the
individual nanorods hybridizes and splits into a higher energy dark mode and lower energy
bright modes leading to two distinct features in the spectral response of light reflected

107
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from the nanostructure. It is specifically the presence of these plasmonic dark modes of
radial nanotrimers that carries potential for all-optical, ultra-compact spatial frequency
filtering. For this reason nano trimers are a suitable platform for testing subradiant mode

excitation for spatial frequency filtering and identifying potential issues.
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Figure 5.1: Excitation of a subradiant mode and superradiant modes on ra-
dial nano rod trimers. Spectral separation of the resonances arises from modal
hybridization as a result of coupling between the nano rods as their separation
decreases. Figure reprinted with permission from [93]27.

While the excitation of the subradiant mode has been demonstrated experimentally for
individual nanotrimers [93], the particular application of the approach to spatial-frequency
filtering in images requires arrays of nanotrimers. For this reason the existing research is
here extended to investigate the spatial frequency filtering capability and limitations of
arrays of plasmonic nanotrimers. In the following we will numerically and experimentally
investigate the excitation of subradiant modes of an array of silver nanotrimers. Silver
was selected here since it offers sharper plasmonic resonances than for example aluminium
in the visible region and does not suffer from intraband transitions at shorter wavelenghts
like gold (c.f. sections 2.3, 2.4). Optical features will be discussed using the example
of a particular device that has been fabricated and permits observation of the relevant

characteristics. More general numerical considerations will be presented where required.

2"TReprinted with permission from *The dark side of plasmonics’, D. Gémez, Z. Teo, M. Altissimo, T.
Davis, S. Earl, and A. Roberts, Nano Letters, vol. 13, no. 8 , pp. 3722—8, 2013. Copyright 2013 American
Chemical Society
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5.2 Fabrication and characterization of radial trimer meta-

surfaces

We consider an array of silver rod trimers illuminated by a high-NA objective as schemat-
ically shown in Fig.5.2a. A silver nanotrimer metasurface was fabricated using electron
beam lithography (EBL). The pattern was written into a bilayer of polymethyl methacry-
late (PMMA: 80nm A2 on top of 200nm LMA ELG6, baked at 180 degree for 3min after
each deposition) resist that was spun onto a microscope glass slide, using an electron
beam lithography tool (Vistec EBPG 5000). The sample was then developed in a 3:1
mixture of isopropanol: methylisobutyl. A 40nm thick layer of silver was deposited on
the sample through physical vapor deposition on a 2nm adhesion layer of germanium.
Lift-off was performed in acetone. In order for the silver nanostructures to be embedded
in a near-homogeneous environment that also protects the device from degradation due to

exposure to air, an approximately 1 um thick layer of PMMA was spun onto the sample.
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Figure 5.2: Optical metasurface consisting of an array of Ag nanorod trimers.
(a) Schematic of nanotrimer array illuminated with a focussed beam (b) individ-
ual nanotrimer and geometric parameters rod length [, rod width w and spacing
between the center of each rod and the centroid of the configuration s. (¢) SEM
image of fabricated silver nanotrimer metasurface with scale bar 1 um. (b,c)
Adapted with permission from [61], copyright The Optical Society.

The structure of the sample was investigated using scanning electron beam micrscopy
(FEI Nova Nano SEM 430) as introduced in section 3.2.4 in order to obtain information
about the actual geometrical parameters of the fabricated structure. Using the software
package ImageJ with the thresholding-method, the periodicity p, rod width w, rod length

[ and the rod spacing (distance from center of rod to center of structure) s were measured
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at 41 locations in the image and the average was calculated with the standard deviation
taken as the error. In the appendix in Fig.A.5 details of the thresholding process are
provided. Table 5.1 compares the nominal fabrication values with the values obtained

from the SEM image.

parameter nominal value [nm] measured value [nm]

P 300 304+9
1 100 104 +7
w 40 61+4
S 80 75E£5

Table 5.1: Comparison of nominal fabrication parameters and measured gemoet-
rical paramaters of nanotrimer metasurface from SEM image shown in Fig. 5.2c
with uncertainties given as the standard deviation.

5.3 Numerical modelling of subradiant resonances

The metasurface was numerically modeled using the finite element method as implemented
in COMSOL Multiphysics 5.3 with the RF module based on the measured parameters
given in table 5.1. The array has been modeled using periodic boundary conditions in the
lateral (x,y) directions and ports terminating the model on the upper and lower boundary
of the model. Linearly polarized electromagnetic waves are launched into the model via
the port on the upper boundary of the model. A mesh with a maximum element size of
10 nm was used to resolve the silver nanotrimers where increased simulation accuracy was
required. The optical constants for silver were taken from [76] and the array is assumed to
be embedded in a homogenous environment of refractive index 1.5. Figure 5.3 shows a plot
of the simulated reflectance and transmittance obtained from the S-parameters as a func-

tion of wavelength from the metasurface for different polarizations and angles of incidence.

For normally incident light polarized along the z- and y- directions (Fig. 5.3a,b) a broad
resonance near 710nm for z- and 740 nm for y-polarized light is evident in reflection and
transmission. Based on the calculated surface-charge distribution shown in the inset,
this resonance can be attributed to the excitation of a dipole mode. The polarization sen-

sitivity arises from differences in coupling between the unit cells in the z- and y-directions.

As the angle of incidence is increased, thereby introducing a phase retardation across
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each unit cell, we expect additional spectral features corresponding to the excitation of
dark modes to arise. In the following we will discuss the excitation of different modes with
zero net electric dipole moment as well as the impact of lattice effects as a function of
angle of incidence in order to obtain insight into the spectral frequency filtering capability
of the nanotrimer metasurface. Figure 5.3c,d show the reflectance from and transmission
through the metasurface for light incident at an angle of 12.5° for s-polarized light with
the transverse component of the wavevector aligned with the z- (¢) and y-axes (d) of the
array. For both orientations new resonances in the vicinity of 580 nm appear that have not
been present for illumination at normal incidence thus suggesting the excitation of a dark
mode. The calculated surface charge density shows an azimuthal symmetry confirming

the hypothesis that a mode with zero electric dipole moment was excited.
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Figure 5.3: Calculated normalized reflectance (solid) and transmittance
(dashed) from the metasurface as a function of free-space wavelength for (a)
z- and (b) y-polarized, normally incident light. Optical response for light inci-
dent at an angle of 12.5° for (c,d) s-polarization and (e,f) p-polarization with the
transverse component of the incident wavevector along the z- (c,e) and y- (d,f)
direction. Adapted with permission from [61], copyright The Optical Society.
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In Fig.5.3e,f the optical response for illumination with p-polarized light incident at the
same angle of 12.5° is shown. For this polarization a dark mode near 600 nm with radially
oriented dipole moments is excited in the case of illumination with the horizontal compo-
nent of the wavevector aligned with the x-axis. The mode is however only weakly excited
for illumination along the perpendicular direction at a longer wavelength of approximately
610 nm. We attribute this difference to the smaller spacing between elements of adjacing
unit cells in y-direction for which we expect increased coupling causing suppression of
the dark mode with radial symmetry. Approaches to avoid this suppression of the ra-
dial dark mode for excitation in one direction would be choosing an alternative lattice
symmetry such as a hexagonal orientation or increasing the lattice periodicity at the cost

of reduced power reflectance and the appearance of additional diffraction related artifacts.

It should be noted that weak excitation of the radial dark mode near 600 nm is apparent
for illumination at normal incidence in Fig.5.3a which we attribute to near-field excita-
tion caused by the spectral overlap between the dark- and the bright-mode in this case.
Finally, several resonances are apparent near 500 nm. These are due to lattice diffraction
as well as a dipole mode along the short axis of the nanorods. We will not discuss these
features further, but focus on the characteristics of the excitation of the subradiant modes.
In summary we have numerically demonstrated the excitation of two different dark modes
with radial and azimuthal symmetry on an array of silver nanotrimers. Furthermore we
have discussed the suppression of a dark mode on a meta atom due to the arrangement

in an array using the example of the radial dark mode.

5.3.1 Angular filtering with radial trimer metasurfaces

Based on the angular sensitivity in the excitation of subradiant modes on nanotrimer
arrays identified throughout the analysis of Fig.5.3, we expect to observe characteristic
features in Fourier plane images at the corresponding wavelengths in reflection and trans-

mission.

From the previous analysis the suppression of low spatial frequencies for dark mode ex-
citation in reflection is expected in particular, while the suppression of higher spatial
frequencies is anticipated for the corresponding Fourier images in transmission. On the

other hand a more uniform structure, with a maximum at zero spatial frequency, in the
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Fourier plane image is expected for the excitation of bright modes. Below we will discuss
the ability of nanotrimer arrays to filter spatial frequencies using calculated Fourier im-
ages. These insights will support assessment of their suitability and limitations as ultra

compact devices for optical information processing.

0.9

norm. reflectance "

o

-0.9
-0.9 0 0.9-0.9 0 0.9-0.9 0 0.9

kx/ko kx/ko kx/ko

Figure 5.4: Calculated Fourier plane images in reflection for s- (top row) and
p-polarized (bottom row) illumination at wavelengths of 580nm (a,d), 600 nm
(b,e) and 740nm (c,f). Images normalized to their brightest pixel. Reprinted
with permission from [61], copyright The Optical Society.

Figure 5.4 shows calculated Fourier plane images in reflection for p- and s- polarized
light at the wavelengths associated with dark mode excitation (a,b,d,e) and bright mode
excitation (c,f). Suppression of low spatial frequencies in reflection is apparent in the
Fourier plane images calculated at 580 nm (Fig.5.4a,d) and 600 nm (Fig.5.4b,e) which can
be attributed to the excitation of dark modes. At 580 nm one can observe the excitation
of a dark mode with azimuthal orientation of the electric dipole moments for s-polarized
illumination. While the excitation of this mode is largely independent of the direction
of the incident wavevector, the excitation of a dark mode with radial symmetry under
p-polarized illumination at 600 nm is suppressed for wavevectors oriented along the y-
direction. This is in line with discussions of the suppression of a radial dark mode along
this lattice direction. Fourier plane images calculated at 740 nm, corresponding to excita-

tion of the bright mode, show a more uniform structure with no suppression of low spatial
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Figure 5.5: Calculated Fourier plane images in transmission for s- (top row) and
p-polarized (bottom row) illumination at wavelengths of 580nm (a,d), 600 nm
(b,e) and 740 nm (c,f). Images normalized to their brightest pixel.

frequencies evident. It should be noted that Fourier plane features at high angles of inci-
dence in Fig.5.4(a,b,d,e) are partly due to lattice diffraction. Owing to the sharp spatial
signature of lattice diffraction, the demonstrated Fourier images cannot, however, be ex-
plained by their contribution alone. The corresponding calculated Fourier plane images
in transmission are shown in Fig.5.5. At the wavelengths associated with excitation of
the azimuthal and radial mode (580 nm, 600 nm), the modal features previously discussed
for reflection are visible. However, in contrast to that seen in reflection, suppression of
higher spatial frequencies is apparent while the metasurface shows strong transmission for
normally incident illumination. The Fourier plane images at the excitation wavelength of
the bright mode at 740 nm indicate strong suppression of transmission with little spatial
dependence. The remaining angular dependence of the bright mode can be attributed to
the spectral red shift of the bright mode as the excitation changes from the x-directions
to the y-directions as discussed in Fig.5.3. In summary the complex spatial frequency
dependance shown in the Fourier plane images in Figures 5.4 and 5.5 arises from the sig-
nificant difference in coupling strength between unit cells in different directions and the

contribution of effects associated with lattice diffraction as previously outlined.
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5.3.2 Edge enhancement via subradiant mode excitation

We have numerically demonstrated the ability of nanotrimer arrays to filter low spatial
frequencies in a reflected beam for p- and s-polarized illumination. While suppression of
higher spatial-frequencies for transmitted light was also demonstrated, we focus on the
discussion of low spatial frequency filtering in the following motivated by its application
discussed in section 2.1.4. Based on the calculated Fourier plane images discussed above,

we numerically demonstrate the image processing capability of the metasurface in the

following.
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Figure 5.6: Calculated reflectance of an amplitude modulation in the shape of a
figure ‘2’ with the intensity image shown in (a) from the radial trimer metasurface
at the excitation wavelength of the azimuthal dark mode for s-polarized illumi-
nation (b-d), the excitation wavelength of the radial dark mode for p-polarized
illumination (e-g) and at the excitation wavelength of the bright mode for unpo-
larized light (h-j) as a function of image size as indicated by the respective scale
bars. Intensities in (b-j) are shown as fraction of the input intensity of the image

in (a) for a numerical aperture of NA= 0.9.

The calculated complex reflection coefficients for both polarization states 74(k,, ky) and
rp(kz, ky) of the metasurface serve as the optical transfer function and the filtered images
are determined as previously in chapter 4 using eq.(2.20). Owing to the time-intense
nature of FEM simulations calculation of one Fourier plane image took approximately
20h thus not permitting calculation of the reflection coefficients with higher resolution.

Instead a cubic convolution interpolation, as implemented in MATLAB R2020, was used



Chapter 5 — Subradiant modes for Spatial Frequency Filtering 116

to smoothen the results of the FEM calculation with the interpolation always passing
through all original datapoints. An example of this approach is shown in Fig.A.12 in the
appendix. Fig.5.6 shows the calculated reflectance of an amplitude image in the shape of

a figure ‘2’ from the metasurface for p- and s- polarized light.

From the images reflected at the dark mode wavelengths at 580 nm for s-polarization and
600 nm for p-polarization, enhanced edges with homogenous areas appearing darker are
apparent. The images show, however, strong artifacts, particularly at 600 nm (Fig.5.6(e-
g)) which can be attributed to the complexity, particularly the anisotropy, of the optical
transfer functions of the radial trimer metasurface (c.f. Fig. 5.4). The degree of dis-
tortion strongly limits the complexity of images that can be processed using the radial
trimer metasurface. In comparison the images calculated at the bright mode wavelength
at 740nm (Fig.5.6(h-j)) show good fidelity imaging of the object. Remaining artifacts
arise from the non-zero angular sensitivity of the bright mode excitation as evident from
Fig.5.4(c,f) as well as diffractive effects in the case of the 4 um image. It should be noted
that the intensity of the edge enhanced images at the excitation wavelengths of the dark
mode lies below 4% of the incident intensity thereby indicating the risk of a low signal to

noise ratio for experimental implementations.

5.3.3 Phase gradient visualization through subradiant modes

In section 2.1.5 the relationship between spatial-frequency filtering and the visualization
of phase-gradients was introduced with an emphasis on the the requirements for the op-
tical transfer function. From the investigation of the complex structure observable in the
Fourier plane images of the trimer metasurface in Fig.5.4 it is apparent that the structure
does not approximate a first- or second-order differentiator. This implied complex artifacts
in edge-detection images as seen in Fig.5.6 above. The conversion of phase-modulations
into intensity variations is generally more sensitive to the particular shape of the optical
transfer function. For this reason phase-visualization with radial trimer metasurfaces can
be expected to yield complex intensity patterns. In Fig.5.7 the reflected intensity for an
incident wavefield with microscopic Gaussian shaped phase-modulation FE(z,y) = ei@y)
is shown with ¢(z,y) = dmax exp [— (ﬁ)2 — (ﬁ)ﬂ for varying values of ¢max and
o = 5 um. The resulting intensity distributions in Fig.5.7(b-i) are related to the incident

phase modulation but form complex patterns from which it is not possible to reversely
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deduce the incident phase modulation precisely. From the investigated numerical data it
does not seem possible to tailor the trimer metasurface in a way that yields a clean first-
or second-order differentiator. For this reason we will not investigate the capacity of the
device to visualize more complex phase gradients. In summary the results indicate strong

limitations on the applicability of the device for biological phase imaging.
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Figure 5.7: Calculated reflectance of a Gaussian shaped microscopic phase mod-

ulation (a) with maximum phase excursions of ¢max = 47 (b,c), 37 (d,e), 27 (f,g)
and 7 (h,i) for s-polarized illumination at 580 nm (top row) and p-polarized illu-
mination at 600 nm (bottom row). Intensities are normalized to the Intensity of
the input field. All images are calculated for an NA= 0.9.

5.3.4 Response to focussed linearly polarized light

So far we have discussed the optical response of the metasurface in terms of p- and s-
polarized illumination. However, experimental illumination with linearly polarized light
is most accessible. For this reason we use the results from Fig. 5.4 to calculate Fourier
plane images for z- and y- polarized light when incident on a lens focusing the light
onto the metasurface. References [228] and [229] based on which we derive equations
yielding the reflectance R;(04, 04y) and Ry(0,,0,) when the lens is illuminated with 2-or
y-polarized light respectively as given in equations (5.2). Here o,, 0, denote normalized

spatial frequencies k;/ko and k,/ko. A detailled derivation of the equations is given in
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the appendix in section A.2.2.

U;%Rp<‘7w> oy) + USRS(UM Uy)

z\Ox, = 5.1
Ry (04, 0y) o1 o2 (5.1)
02R,(04,0,) + 02Rs(0y,0y)
yltp\ Oz, Oy 2z1ts\Ox, Oy
T T - 2
R (U Uy) 0'% 0’; (5 )

where Ry and R, describe the reflectance for s- and p-polarized light. Figure 5.8 shows the
calculated Fourier images for z- and y- polarized input illumination at the wavelengths
of dark- and bright-mode excitation. We expect significant experimental overlap between
the two different dark modes due to their small spectral separation of approximately 20 nm
and broadened plasmonic resonances compared to numerical results. For this reason the

intensities of the dark modes at 580 nm and 600 nm have been averaged in Fig.5.5.

5.3.5 Spatial frequency filtering with linearly polarized light
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Figure 5.8: Calculated averaged Fourier plane images in reflection for z- (a,c)
and y-polarized (b-,d) illumination at the dark- (a,b) and bright-mode (c,d) wave-
lengths. Images normalized to their brightest pixel. Reprinted with permission
from [61], copyright The Optical Society.

Based on the results obtained for s- and p- polarized illumination complex Fourier plane
images are expected for - and y- polarized linear illumination as well. From Figure 5.8a,b

we can again observe suppression of low spatial frequencies in reflection as anticipated
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for dark mode excitation with minor differences in the sensitivity to angle of incidence
between z- and y-polarization. The excitation of the bright mode on the other hand
shown in Fig.5.8¢c,d is again associated with strong reflection at low spatial frequencies

for both polarizations.

5.4 Experimental results

In the following we will experimentally investigate the excitation of dark modes on the

nanotrimer metasurface and evaluate its spatial frequency filtering capability.

5.4.1 Detection of subradiant mode excitation

The reflectance from the metasurface was experimentally measured using the optical setup

shown in Fig. 5.9. The light emitted by a tungsten-halogen bulb (Ocean Optics HL-2000)
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Figure 5.9: Experimental setup for the measurement of reflectance spectra and
Fourier plane images in reflection of the radial trimer metasurface. Adapted with
permission from [61], copyright The Optical Society.

was collimated by a NA 0.3 Nikon LU Plan Fluor objective and sent through a linear
polarizer. Subsequently the light was transmitted through an infinity corrected NA 0.90
Nikon Plan NCG x100 objective to illuminate the metasurface. Due to the high numerical
aperture of the illuminating objective, the sample is illuminated with a broad range of
incident angles. While the light incident on the NA 0.90 Nikon Plan NCG x100 objective
was linearly polarized in either the z- or y-direction, the illumination of the metasurface
will consist of a superposition of s— and p— polarized light. The resulting complex

incident angular spectrum is described by eq.(5.2) based on [228, 229]. Subsequently the
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reflected light was guided via a beam splitter (BS1, Thorlabs CM1-BS013) and a thin film
beam splitter (BS2, Thorlabs BSW013) to a spectrometer (Ocean Optics QE65000) where
reflection spectra were captured. The measured spectra shown below were normalized to

spectra obtained from an unpatterned region of the sample.
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Figure 5.10: Measured reflectance of the radial trimer metasurface for z- (blue)
and y-polarized (gray) illumination using an infinity corrected NA 0.90 Nikon
Plan NCG x100 objective. Reflectance normalized by reflectance from unpat-
terned region of the glass substrate. Adapted with permission from [61], copyright
The Optical Society.

Figure 5.10 shows the normalized reflectance spectra for - and y-polarized illumination.
For both polarizations two broad peaks at wavelengths longer than 700nm and near
550 nm are apparent. We can assign these to the excitation of dipole modes along the
long and short axis of the trimer rods respectively in line with the numerical results from
Fig.5.3. Lattice diffraction also contributes to the peaks around 550 nm. In addition to
the dominant dipole resonances, the spectra show weaker features around 630 nm (for -
pol. illumination) as well as near 600 nm and 640 nm (for y-polarized illumination). They
appear between the long- and short-axis dipole excitations where dark mode excitation
was observed in Fig.5.3. We thus hypothesize that these peaks are associated with the

excitation of one or both dark modes identified in the numerical calculations above.

5.4.2 Experimental Fourier plane analysis

In order to test this assumption, Fourier plane images of the metasurface in reflection were

recorded. The setup shown in Fig.5.9 was used with the spectrometer beamsplitter (BS2)
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removed in order to reduce back reflections. The back focal plane of the objective (NA
0.90 Nikon Plan NCG x100) was imaged onto the camera using a f = 50 mm lens (Thor-
labs LA1131-A). Instead of the halogen lamp light source, a supercontinuum laser source
(Fianium Superchrome VISFDS-MM) set to the minimum bandwidth of 10 nm (FWHM)

was used to record Fourier plane images as a function of the illumination wavelength.
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Figure 5.11: Normalized Fourier plane images recorded using z- (a-h) and y-
polarized light (i-p) with central wavelengths at 549 nm (a,i) 597 nm (b,j) 616 nm
(¢,k) 626 nm (d,1) 635nm (e,m) 654nm (f;n) 714nm (g,0) and 741 nm (h,p). All
images normalized to their brightest pixel with dashed lines indicating NA= 0.9.
Adapted with permission from [61], copyright The Optical Society.

For illumination with z-polarized light (Fig.5.11(a-h)), the Fourier plane images recorded
at the wavelengths where we expect dark mode excitation (Fig.5.11(c,d)) show suppressed
reflectance at low spatial frequencies in line with the characteristics of subradiant mode
excitation seen in Fig.5.4. We attribute residual reflectance at low spatial frequencies at
these wavelengths to contributions from the dominant bright mode and background re-
flections from the glass-air interface. For wavelengths longer than 714nm (Fig.5.11(g-h))
one can observe a more uniform reflectance with a decrease in reflectance towards higher

spatial frequencies in line with the characteristics derived for bright mode excitation. A
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similar pattern is apparent at wavelengths around 549nm (Fig.5.11(a)) with additional
characteristic diffraction lines confirming the presence of the bright mode with dipoles

oriented along the short axis of the nano rods.

Considering illumination with y-polarized light (Fig.5.11(i-p)) at wavelengths associated
with the excitation of radiant modes (Fig.5.11(i),(o-p)) a similar pattern as that observed
for z-polarized light is apparent with strong reflectance at low spatial frequencies and
declining reflectance for higher spatial frequencies. Suppression of low spatial frequencies
is evident between approximately 597 nm and 654nm (Fig.5.11(j-n)) where dark mode
excitation was assumed for this polarization based on the spectral measurements from
Fig.5.10. The residual reflection at low spatial frequencies is, however, higher for y—
polarized light than for z-polarized light. Direct identification of the two assumed dark-
mode features from the spectral measurements in the Fourier plane measurements was
not possible for y—polarized light. We attribute the appearance of this double peak to
the stronger coupling between unit cells in y-direction than in x-direction as discussed

previously.

In summary the analysis of Fourier plane images experimentally confirms the excitation
of one or both subradiant modes on the nano trimer metasurface. The results experi-
mentally confirm the ability of the device to suppress reflection at low spatial frequencies
at wavelengths associated with subradiant mode excitation. Due to imperfections of the
fabricated metasurface and the small spectral separation between both modes, Fig.5.11
does not permit precisely distinguishing between the Fourier plane signatures associated

with the excitation of the two different subradiant modes.

5.4.3 Edge enhancement in reflected amplitude images

Given the numerical results (¢f. Fig.5.6) we expect the device to be able to perform
edge enhancement in an amplitude image reflected from the device. The associated mea-
surements are, in principle, equivalent to those performed in chapter 4 where edge en-
hancement was demonstrated using a Salisbury screen with the system shown in chapter
Fig.4.15. Modification of the setup in terms of the telescope system consisting of MO2
and L1 was required due to mechanical limitations which will be discussed further. Pre-

viously the Salisbury screen was cut into a small piece and directly mounted into the cage
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system of the setup itself. This supported the fine alignment of the sample perpendicular
to the propagation axis of the incident beam. The nanotrimer metasurface with a total
size of about 150 x 150 um on the other hand was fabricated as one of a series of metasur-
faces on a microscope glass slide. Mechanical separation of the metasurfaces is, therefore
challenging and carries a high risk of damaging the glass substrate. This firstly prohibits
mounting the sample direclty into the cage due to the size of the glass slide. Secondly
shifting the sample in the z- or y-direction was required in order to project the image
onto the desired metasurface. Hence, mounting the sample on a free-standing separate
stage was necessary. The alignment precision of the sample in this configuration perpen-
dicular to the propagation axis of the incident beam is limited. This limits the degree to
which the image can be demagnified for the purpose of spatial frequency mapping in the
telescope system while maintaining focus. This is particularly the case, when micrometer
sized images are to be reflected from the sample as it is the case here. For this reason
a lower demagnification of the image was selected through the replacement of MO2 by
an Olympus Uplan FLN, NA0.75 40x and L1 by 75 mm plano convex LA1608-A thus

yielding a demagnification of ~ 17.

Furthermore a shift of the dark mode feature by approximately 15nm towards the blue
spectral range compared to the results shown in Fig.5.11 was detected when a series
of Fourier plane images of the metasurface was recaptured (c¢f. Appendix Fig. A.6).
We attribute this to two factors. Firstly a temporal gap of approximately one year lay
between the results demonstrated above and the following experimental demonstration
of edge enhancement. This temporal gap is believed to have led to degradation of the
sample over this time. Specifically oxidation of silver nanorods due to oxygen diffusion
through the protective PMMA layer could be the reason. Secondly a conductive coating
(30 nm of chromium) had to be deposited on the sample prior to investigation in the SEM
after the Fourier measurements in Fig.5.11 had been completed, and was removed sub-
sequently exposing the sample to chromium etchant solution, sulfuric acid and distilled
water throughout the process. This chemical treatment can cause slight changes in the
dielectric environment resulting in shifts of the plasmonic resonances. While this was
outside of the scope of this work, future studies could employ methods such as Energy-
dispersive X-ray spectroscopy to detect such chemical changes in the device structure,

which would allow further assessment of their longevity.
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Figure 5.12(a-d) show Fourier plane images of the metasurface in reflection recorded using
the Olympus Uplan FLN, NA0.75 40x Objective at 611 nm and corresponding line plots
in the horizontal and vertical direction. For both polarization states the device operates
over the entire numerical aperture of the MO with NA= 0.75. The filtering contrast is
higher for x— polarized light (Cs =~ 0.8, along both directions) than for y—polarized light
(Cs =~ 0.5, along k, = 0) as can be seen from Fig.5.12(b,d). No high-pass filtering along
k, = 0 is apparent for y—polarized light (Fig.5.12(d)).

In Fig.5.12(e-g) an amplitude image of a micron sized figure ‘2’ reflected from the sam-
ple is shown. The result from Fig.5.12(e) confirms the 2D low spatial frequency filtering
capability of the structure in reflection for z-polarized illumination. For y-polarized illu-
mination on the other hand (¢f. Fig.5.12(e)) the filtering capability at this wavelength
is observed only weakly and only in the y-direction and with lower contrast, in line with
previous findings. For the image reflected from the unpatterned region of the sample, no

edge enhancement can be observed.
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Figure 5.12: Experimental demonstration of edge enhancement of an image
reflected from the radial trimer metasurface at A =611nm. (a,c) Fourier plane
images in reflection for z- and y-polarized light with dashed circles indicating
NA= 0.75 and with corresponding line plots shown in (b,d) in vertical (blue) and
horizontal direction (gray). Images reflected from the metasurface for z-(e) and
y-polarized light (f) with reference of image reflected from unpatterend region of
sample under z-polarized illumination (g). Line plot along dashed lines in (e-g)
averaged over 4.5 ym for noise reduction. Scalebar is 5 um.
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While experimental Fourier images showed a higher degree of uniformity than their numer-
ical counterpart, significant noise in the Fourier images (Fig. 5.12(a-c) placed limitations
on the quality of the obtained reflected images. Additionally a comparably low signal-to-
noise ratio of the recorded images further decreased the image quality. This result is in
line with the numerical calculations in Fig.5.6 that indicate a maximum contrast of around
5% between the edges and homogenous areas of the image in the reflected intensity. For
these reasons the investigation of the device as a spatial frequency filter was concluded
at this point and the experimental demonstration of phase-gradient detection, while in

principle possible, is outside of the scope of this thesis.

5.5 Summary and Conclusion

In conclusion, we have numerically and experimentally demonstrated the presence of sub-
radiant modes on a plasmonic metasurface. We have numerically identified two different
subradiant modes of nanotrimer unit cells and investigated their ability to filter spatial
frequencies in reflection and transmission with high numerical aperture. In particular,
the suppression of low spatial frequencies in reflection demonstrated in this chapter opens
up the potential for the device, or other devices based on similar principles, to perform
all-optical edge-detection and conversion of phase gradients in incident wavefields into
intensity modulations. Complex polarization dependent effects in Fourier plane images
associated with the coupling between unit cells of the metasurface array were identified.
These indicate the intriguing possibility of further tuning the array structure of the device
to engineer its spatial frequency filtering capabilities. However, lattice effects resulting
in anisotropic spatial frequency filtering also place limitations on the flexibility of the
plasmonic metasurface as a pathway towards all-optical image processing. In particular,

it was discussed that the device does not resemble a first- or second-order differentiator.

The ability of the metasurface to perform edge enhancement in an amplitude image and
conversion of a phase gradient into an intensity modulation was numerically demonstrated.
In line with expectations the complex optical transfer function of the metasurface caused
significant distortions and anisotropies in the filtered images. The visualization of phase-
gradients in particular yielded complex intensity distributions from which a reconstruction

of the incident phase modulation seems practically impossible. This is in agreement with
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the complex dynamics governing phase to intensity conversion upon spatial differentiation

as discussed in section 2.1.5.

The excitation of subradiant modes on the metasurface was experimentally demonstrated
through illumination with a high-NA objective (NA= 0.9). Characteristic signatures
of dark mode excitation confirmed the broad conclusions of the numerical results. The
quality of the presented data was, however, not good enough to be able to distinguish
between details associated with the excitation of different subradiant modes. This is
partly attributed to fabrication imperfections that inevitably occur during the process of
electron beam lithography. Secondly the bandwidth of the available laser system limits
the ability to distinguish between signatures of different subradiant modes due to their
small spectral separation and experimentally broadened plasmonic resonances. In future
experiments additional spectral filters or a light source with narrower bandwidth could

overcome this particular limitation.

Experimentally, edge enhancement in an amplitude image of the size of approximately
20 x 20 pm reflected from the metasurface was demonstrated. Due to the polarization
dependance, strong contrast could be achieved for polarization of the light incident on the
objective polarized along only the z-axis. Finally, the use of subradiant modes on optical
metasurfaces was demonstrated to provide an avenue for all-optical, ultracompact spatial
frequency filtering. Limitations of the spatial frequency filtering capability of the device
were seen. While experimental imaging of phase gradients through subradiant mode ex-
citation will in principle be possible, the previously discussed complexity of the resulting
intensity distribution of converted phase-gradients ultimately places strong limitations on

the applicability of the device.

While here we have focussed on nanotrimer unit cells, various other nanostructures have
been demonstrated to support subradiant resonances including disc ensembles, ring-disc
combinations and other rod arrangements [79, 90, 93] (¢f. section 2.4.3). The capacity
of these structures, and potentially combinations of them, to perform all-optical process-
ing of images is yet to be theoretically and experimentally investigated and should be
the subject of future research. Investigation of subradiant modes, or bound modes in

the continuum (BIC), on dielectric metasurfaces has recently gained increased attention
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[230-232]. These modes usually yield sharper resonances and may permit better mode dis-

crimination. Future research could therefore also include subradiant modes on dielectric

nanostructures to engineer optical transfer functions [109].



Chapter 6

Resonant Wave Guide Gratings as

Spatial Frequency Filters

The previous chapters of this thesis focused on photonic nanostructures enabling spatial
frequency filtering in reflection. However, for most applications, particularly biological
imaging applications, a device that performs filtering in transmission is essential. Past
research has indicated that resonant wave guide gratings (RWG) have characteristics
that make them suitable candidates for ultra-compact devices that can perform spatial
frequency filtering operations on a transmitted wavefield as reviewed in section 2.6.2 of
this thesis. In this chapter we investigate how we can capitalize on the angular filtering
capability of RWG’s and engineer a device that holds potential for biological imaging
applications. Due to the transmitting mode of operation RWGs could be integrated into
a generic microscope coverslip in order to optically perform image processing operations
using existing microscopy setups. For this reason we will also refer to this device as a
metasurface enhanced coverslip (MEC) in the following. A provisional patent application

has been filed for the results presented in this chapter under
A. Roberts, T. J. Davis, and L. Wesemann. ‘Electromagnetic Filter Device and Method

of Use.” Australian Provisional Patent Application, Appl. no. 2019904670, in the name
of The University of Melbourne, December 2019.
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6.1 Introduction

The term resonant waveguide gratings describe a range of resonant nanostructures in-
corporating subwavelength gratings that support leaky guided modes [164] as introduced
in section 2.6.2. Here we confine ourselves to metallic gratings on top of dielectric slab

waveguides as depicted in Fig. 6.1.

lincident light

Figure 6.1: Exemplary resonant wave guide grating (RWG) structures with (a)
a one-dimensional and (b) a two-dimensional grating on top of a dielectric slab
waveguide. The design parameters of the devices are the thickness ¢; and refrac-
tive index n; of the slab waveguide, the thickness to and dielectric function €, of
the grating material, the width of the grating elements g, the grating period p as
well as grating duty cycle g/p and the refractive index of the sub and superstrate
ny. (c) Grating coupler on top of dielectric slab waveguide with made of dielectric
materials with refractive indices ni,no and mode propagation angle 6 in the ray
picture.

It is well known that a given symmetric slab waveguide (¢f. Fig.6.1(c)) consisting of a
dielectric layer of thickness ¢1 and refractive index ni between media of lower refractive
index ny < mp can support a number of propagating electromagnetic modes at a given fre-
quency weyt < w above a cutoff frequency that is specific to the slab waveguide [233]. The
transverse electric (TE) and transverse magnetic (TM) modes for a particular waveguide
configuration can be determined by solving its characterstic transcendental eigenvalue
equations. For a symmetric dielectric slab waveguide these are given for TE and TM

modes respectively by

tan (kd) = (6.1)

tan (kd) = (6.2)
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with xk = n%k% — B2,y = —\/W, d =t1/2, ko the wavenumber and /3 the prop-
agation constant for the particular mode [234]. For a given propagation constant we can
determine the associated propagation angle 0,,,q of the mode in the ray picture from
cos(f) = 8/kni. The basic working principle of a RWG is to place a grating on top of this

waveguide such that an incident electromagnetic field couples into the waveguide modes.

The simplest model to describe a RWG is to consider its waveguide and grating com-
ponent independently as discussed in [164]. In this model we can then employ the well
known grating equation to determine at which angle of incidence 6, a given diffraction
grating will produce orders with propagation angles that match the propagation angle

Omod of a particular mode of the slab waveguide.

einc =

n nip

sin~ ! (7”02 sin (Omod) + m)\> ‘ (6.3)

As an example we assume a symmetric slab waveguide of thickness t;1 = 100nm and re-
fractive index ny = 2.25 embedded in a dielectric with refractive index ny = 1.5. In the
wavelength regime considered A € [500 nm, 750 nm| the waveguide supports one TEy and
one TMy mode as solved by [235]. In Fig.6.2 the angle of incidence i, required for light
diffracted by the grating to couple into the waveguide mode is shown as a function of the

wavelength A\ for three different grating periods p. It is now reasonable to assume that

TEq ™™,
50 35
(a) (b)

p=350nm ——

p=400nm -----

20 f-.,

resonant incidence angle [deg]
resonant incidence angle [deg]

500 550 600 650 700 750 500 550 600
A [nm] A [nm]
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Figure 6.2: Resonance angle i, of the RWG as a function of free space wave-
length A for (a) the TEq and (b) the TMy mode based on the model described
in eq.(6.3). Calculated results are shown for gratings of period p = 350,400 and
450 nm.
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excitation of a mode will be associated with a fraction of the incident energy travelling
in a lateral direction and thus not transmitted through the RWG. For this reason the
qualitative considerations above indicate that a RWG should, in principle, enable angular

filtering in transmission.

While the above model qualitatively explains the basic working principle of RWGs it has,
of course, serious limitations that we now review. First of all the model makes no quanti-
tative statements about reflection and transmission coefficients of the structure. Secondly
the assumption that the waveguide and grating component can be treated independently
is generally incorrect since the presence of a metallic grating will significantly alter the
dispersion properties of the waveguide. Furthermore, the model does not take the specific
profile of the grating into account. The grating itself will exhibit resonances, particularly
plasmonic resonances in the case of a metallic grating. Finally complex crosstalk between
the grating resonances and the waveguide modes will generally be present but is not taken

into account.

The utilization of dielectric RWG-type structures as transmitting spatial frequency fil-
ters was studied by other authors previously. In the literature review in section 2.6.2 we
reviewed the different approaches implementing transmitting one-dimensional [48, 49, 166]
and two-dimensional [55] spatial frequency filters. Recently two-dimensional filtering in
transmission was for the first time experimentally demonstrated using a dielectric pho-
tonic crystal structure [51]. While the studies above are exclusively based on dielectric
structures, an approach utilizing a plasmonic grating was demonstrated parallel to our
research for the first time [167]. This study by Yang et al. investigates one-dimensional
spatial frequency filtering with a gold grating on top of a quartz substrate through the
excitation of grating SPP resonances without the addition of the dielectric waveguiding
layer. This role is played by the grating itself. The use of plasmonic nanostructures gen-
erally implies higher losses than dielectric structures, which can aid in the suppression of
light associated with particular spatial frequencies. Here we extend the concept of using
plasmonic resonant waveguide gratings for spatial frequency filtering to two-dimensional
devices for the first time. Furthermore we investigate the visualization of phase-gradients
in a wavefield via transmission through the filter device, which was not included in any
of the previous studies above and is one of the major findings of this thesis. Various

approaches for numerical modeling of the filter devices were investigated. Golovastikov
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et al. have derived an analytical method to approximate the complex coupling dynam-
ics between grating and slab waveguide [48] while other authors use full-field simulations
such as the FDTD (Finite Difference Time Domain) method [51]. Here we choose another
full-field approach, the Finite Element Method, as introduced in section 3.1.1 in order
to quantitatively model resonant wave guide gratings as transmitting spatial-frequency

filters.

6.2 Numerical modeling of Resonant Waveguide Gratings

In the following section we will numerically investigate the impact of the design parameters
of RWG on their spatial frequency filtering capability in transmission. Here we investigate
one-dimensional grating structures and also expand the principle to two-dimensional plas-
monic gratings enabling high-pass spatial frequency filtering in both directions. We will
investigate the particular case of one- and two-dimensional Ag-gratings on high-dielectric
index slab waveguides consisting of TiOy. The resonant wave guide structure was numer-
ically modeled using the finite element method (FEM, c¢f. section 3.1.1) as implemented
in COMSOL Multiphysics 5.5 with RF module. The metasurface was modeled using
periodic boundary conditions in the transverse direction and port boundary conditions
terminating the model at the upper and lower boundary of the model. Electromagnetic
waves are launched into the model via the port on the upper boundary of the model.
A mesh with a maximum element size of 15nm was used to resolve the silver patches
and the titanium dioxide layer. The mesh was locally adapted where increased spatial
meshing was required. The optical properties for silver were taken from [76]. The re-
fractive index of TiO2 thin-films typically varies substantially due to differences in the
chemical stochiometry originating from the specific parameters used in the fabrication
process [236, 237]. Throughout this thesis constant evaporation parameters as specified
in the experimental part of this chapter were used. Based on spectral reflectance measure-
ments using a Filmmetrics F20 tool a refractive index of nrijo2(A = 633nm) = 2.25 was
determined and used as a non-dispersive refractive index for the numerical calculations
in the following. This is a typical value for evaporated TiOs films as shown in Fig.A.7 in
the appendix where reported refractive indices [236, 237] of TiO2 thin-films are shown for
comparison. The reported values are situated between approximately n = 2.1 and n = 2.5

in the wavelength interval [500, 750jnm in line with the results for the sample fabricated
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here. The array is assumed to be embedded in a homogeneous environment of refractive

index n = 1.5 simulating a glass substrate and a PMMA superstrate.

6.2.1 Suppression of transmission

In a first step we demonstrate the ability of one- and two-dimensional plasmonic RWG’s
to suppress transmission at normal incidence using the implemented FEM model. In Fig.
6.3 the transmittance of devices with varying grating periodicity is shown for the electric

field polarized along the y— direction with the coordinate system as defined by the inset.
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Figure 6.3: Transmittance through resonant wave guide gratings (RWG) with
one- and two-dimensional gratings as a function of grating period p and wave-
length A for normally incident light polarized along y-direction as defined by the
insets. Shown are the calculated results for devices RWG-A with a one dimen-
sional grating (a), and two-dimensional grating structures RWG-C (b), RWG-D
(c) and RWG-E (d) with parameters as summarized in table 6.1.

Strong suppression of transmission at normal incidence in the visible wavelength regime is
apparent with the wavelength of minimum transmittance . shifting towards longer wave-
lengths as the grating period p increases in line with expectations from the qualitative
model discussed above. For exemplary one- and two-dimensional gratings with periods of
p = 350nm, 400 nm and 450 nm the transmittance is reduced to below 1% for one- and

two-dimensional gratings.

In Fig.6.4(a,e) the excitation of TE and TM waveguide modes at the wavelength of min-

imum transmission is shown for a RWG device with one-dimensional grating (RWG-A).



Chapter 6 — Resonant Wave Guide Gratings as Spatial Frequency Filters 134

Illumination with s—polarized light indicates excitation of TE waveguide modes, while il-
lumination with p—polarized light excites TM waveguide modes. At oblique incidence
(Fig.6.4(b)) the incident light does not couple into the waveguide for which no sig-
nificant suppression of transmission occurs. For devices with thicker waveguide layers

(Fig.6.4(c,d,f)) higher order TE and TM modes are excited for normally incident light.

TE, TE,

300 nm
500 nm

500 nm

Figure 6.4: Coupling into TE and TM waveguide modes of resonant waveguide
grating with period p = 350nm as a function of TiOs slab thickness and angle
of incidence at A = 589nm. (a-d) Shown is the E;, component of the electric
field for incident s—polarized light with the electric field along y—direction. (a)
Excitation of TEg mode in RWG-A for illumination with normally incident light,
(b) At oblique incidence (6 = 6°) no waveguide mode is excited (c,d) Excitation
of higher-order TE-modes at normal incidence for increased layer thicknesses of
300nm and 500nm. (e,f) Shows H, component of the magnetic field indicat-
ing excitation of TM modes for incident p—polarized light with the magnetic
field along y—direction and waveguide layer thicknesses of 100 nm (RWG-A) and
500 nm.

In the following we will investigate the spatial frequency filtering capability of the devices
in transmission. For the purpose of demonstrating the functionality of the devices, suit-
able parameters were chosen for the calculations in Fig.6.3 based on numerical parameter
scans. A detailed description of the the impact of the grating geometry on the spatial
frequency filtering performance is given in the appendix in section A.3.2. In summary,
the thickness of the waveguide layer was kept constant at a typical value of £ = 100 nm
and variations of the grating duty cycle and grating thickness were investigated with the

aim of finding a reasonable compromise between suppression of low spatial frequencies
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and filtering contrast. The selected parameters are summarized in table 6.1. It should be
emphasized that for specific applications other parameters could yield improved perfor-
mance. However due to the time-intense nature of finite element method simulations, we
here proceed with the derived parameters since the resulting performance is sufficient to
demonstrate the relevant characteristics of resonant wave guide gratings as transmitting

all-optical spatial frequency filters.

ID type wunit cell p[nm] g/p ¢ [nm] to [nm] Ao [nm]
RWG-A 1D beam 350 0.5 100 40 589
RWG-B 1D beam 400 0.5 100 40 650
RWG-C 2D square 350 0.6 100 40 587
RWG-D 2D square 400 0.6 100 40 647
RWG-E 2D square 450 0.6 100 40 705

Table 6.1: Geometric parameters of resonant wave guide gratings RWG-A,B,C,D
and E investigated in the following. Shown for one- and two-dimensional gratings
are unit cell type, grating period p, grating duty cycle g/p, thickness of the
TiO2 layer t; and the silver grating to and the resulting calculated absorption
wavelength Ag.

6.2.2 Spatial Frequency Filtering

After suitable parameters for the resonant waveguide gratings were found above, the
following section is concerned with determining the two dimensional optical transfer func-
tion of the devices. Initially we will investigate the properties of one-dimensional gratings
(device RWG-A and B) followed by a discussion of two-dimensional structures (devices
RWG-C,D,E). In the following we will refer to the characteristics of the filter functions,

namely contrast Cs and numerical aperture NA, as introduced in section 2.1.7.

6.2.2.1 One-dimensional resonant wave-guide gratings

Fig.6.5 shows calculated Fourier plane images for device RWG-A. For p- as well as s-
polarization broad suppression of transmission is apparent along k, = 0 with the exception
of increased transmission in the vicinity of k, = 0.4. For the resonant waveguide gratings

investigated in this chapter cross-polarization can be neglected for which it is not included
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in the following calculations. For the perpendicular direction along k, = 0 a steep increase
in transmission with an NA= 0.05 and contrast Cy = 0.999 is apparent for s-polarized
light. For p-polarized light the structure exhibits a broader suppression of transmission
with an NA = 0.20. Hence, the one-dimensional grating structure acts as a polarization
dependent and directional high-pass spatial frequency filter. This indicates potential
for ultra-compact image processing approaches that are optically switchable through the

choice of the polarization state.
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Figure 6.5: Fourier plane images in transmission of resonant waveguide grating
with a one-dimensional grating (RWG-A) with period p = 350 nm at wavelength
A = 589nm for p-polarization (a), s-polarization (b) and unpolarized light (c).
Images are normalized to their brightest pixel. Lineplots through k, = 0 (gray)
and k, = 0 (blue) in (d,e) respectively.

Calculation of the Fourier plane images (¢f. Fig.6.5 and Fig.6.7) is computationally intense
and took on average 20h per Fourier plane image using the available high-performance
computer with specifications as described in section 3.1.1. A higher resolution was thus
not achievable with reasonable computation time. For the image processing calculations
the transfer functions were smoothened via cubic-spline interpolation. An example of a
Fourier plane image with increased resolution and the corresponding low-resolution coun-

terpart is shown in the appendix in Fig.A.12.

As discussed in the introduction to this thesis, for edge detection the suppression of
low spatial frequencies is usually sufficient in order to highlight edges and suppress the
intensity in homogenous image parts. However, for phase visualization, the particular
mathematical operation represented by the optical transfer function has a major impact

on the resulting intensity distribution. In Fig.6.6 we investigate the amplitude |t| = abs(t)



Chapter 6 — Resonant Wave Guide Gratings as Spatial Frequency Filters 137

and phase component ¢ = arg(t) of the optical transfer function t(k,, ky) = [t|e*? of de-
vice RWG-A for s-polarized light along the filtering direction of the device (along k, = 0),

that was here calculated with increased resolution for the relevant interval.
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Figure 6.6: Comparison between the one-dimensional resonant wave guide grat-
ing RWG-A and a second order differentiator for s-polarization. Calculated re-
sults for the magnitude (b) and phase (c¢) of the transmission coefficient of device
RWG-A at A = 589nm along k, = 0 shown in blue with the respective fit of
H = ay(ky/ko)? + az, determined over the NA of each filter function, shown in
red. Fitting parameters a1, as provided in table A.2 in the appendix. Transmit-
tance T = |t|? shown in (a) for reference.

The amplitude coefficient of the device shows a near-quadratic dependence on spatial
frequency for which the optical transfer function of a second-order differentiatior (cf. fun-
damentals, sections 2.1.4 and 2.1.7) was fitted to the calculated result for device RWG-A.
A second-order differentiator exhibits a quadratic dependence of the amplitude transfer
function [¢| on the spatial frequency and a flat phase-transfer function ¢. Here we fit
the function given in eq.(2.44) over the NA of the transfer function corresponding to an
operation proportional to a second-order differentiation with an amplitude offset. The
result is shown in red in Fig.6.6(b,c). The fitting parameters are summarized in table A.2
in the appendix. It is apparent that there is good agreement between the calculated and
fitted amplitude transfer function while the phase transfer function shows considerable
deviation. These deviations have implications for artifacts in phase-visualization appli-
cations using one-dimensional resonant wave guide gratings as will be discussed further

below in section 6.2.4.
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6.2.2.2 Two-dimensional resonant wave-guide gratings

While for specific applications one-dimensional spatial-frequency filtering can be required,
two-dimensional filtering is generally desirable. In the following we will investigate the ca-
pability of two-dimensional resonant wave-guide gratings as introduced in Fig.6.1(b) using
the examples of devices RWG-C,D,E. For many applications it is desirable for the optical
transfer function to be isotropic, i.e. show a high degree of rotational symmetry. We cal-
culate the Fourier plane images in transmission for the three grating periods investigated
throughout the optimization process above at their respective absorption wavelengths A,
with the results shown in Fig.6.7. All three grating structures show strong suppression
of low spatial frequencies with increased transmission at higher spatial frequencies in all

directions.
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Figure 6.7: Fourier plane images in transmission of two-dimensional resonant
waveguide gratings at their respective absorption wavelength A.. Results shown
for RWG-B (a-c), RWG-C (d-f) and RWG-D (g-i) and p-polarization (first col-
umn), s-polarization (second column) and unpolarized light (third column). Line-
plots through £, = 0, and equivalently k;, = 0, for unpolarized light are shown in
(j-1). Fourier plane images are normalized to their brightest pixel.
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The transmittance exhibits a reasonable degree of rotational symmetry, particularly for
unpolarized light. For s-polarized light a steeper increase in transmittance is appar-
ent along k, = 0 or equivalently along k, = 0 compared to the diagonal direction
along k, = —k; and k, = k;. The numerical aperture of the filter function decreases
from NA= 0.175 to NA= 0.075 as the grating period is increased from p = 350 nm to
p = 450nm. This will, for example, result in slightly different processing of images of
a particular size between the three devices. The filtering contrast of the devices is cal-
culated to be Cs = 0.954 (RWG-C), Cs = 0.979 (RWG-D) and Cs; = 0.993 (RWG-E)
along k; = 0 or equivalently k, = 0. In summary the results numerically demonstrate
the potential of two-dimensional resonant waveguide gratings for bi-directional high-pass

filtering of spatial frequencies using unpolarized light.
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Figure 6.8: Comparison between the two-dimensional resonant wave guide grat-
ing RWG-C and a second order differentiator for s- (a-c) and p-polarization (d-f).
Calculated results for the magnitude (b,e) and phase (c,f) of the transmission
coefficient of device RWG-C at A = 647nm along k, = 0 shown in blue with
the respective fit of H = a1(kz/ko)? + az, determined over the NA of each filter

function, shown in red. Fitting parameters ai, as provided in table A.2 in the
appendix. Transmittance 7' = |t|> shown in (a,d) for reference.

As for the one-dimensional grating RWC-A above, we here again investigate the similarity
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between the two-dimensional resonant waveguide gratings and a second-order differentia-
tor with the optical transfer function calculated with higher resolution within the relevant
interval. Using the example of device RWG-D (p = 400nm) its amplitude- and phase-
transfer function along k, = 0, or equivalently k; = 0 for symmetry reasons, are shown in
Fig.6.8(b,c) and (e,f) for s— and p—polarized light respectively. The quadratic transfer
function provided in eq.(2.44) was again fitted to the calculated amplitude- and phase
transfer function with the result shown in red in Fig.6.8 with the fitting parameters pro-
vided in table A.2 in the appendix. It is apparent that, similar to the one-dimensional
grating discussed earlier, the amplitude transfer function closely resembles a quadratic
transfer function while considerable discrepancies can be seen in the phase-transfer func-
tion. The deviations of the optical transfer function from the transfer function of an ideal
second-order differentiator implies possible artifacts in two-dimensional edge-enhancement

and particularly phase-visualization applications as will be discussed in section 6.2.4.

6.2.3 Edge enhancement

Based on the spatial-frequency filtering characteristics of the resonant wave guide grat-
ings described above we will numerically demonstrate edge enhancement in transmitted
amplitude images in the following. Initially we will briefly demonstrate directional, polar-
ization dependent edge detection using devices with one-dimensional grating structures.
With the focus of this chapter on two-dimensional operations, we subsequently investigate

edge-enhancement using two-dimensional grating structures in more detail.

6.2.3.1 One-dimensional edge-detection

The Fourier plane analysis from Fig.6.5 indicates potential for one-dimensional resonant
wave-guide gratings to perform edge-enhancement in one spatial direction. In Fig.6.9
images of a figure ‘2’ as shown in Fig.6.9(a) transmitted through device RWG-A are
shown as a function of the polarization state. For s-polarized light (Fig.6.9(b)) enhanced
edges are apparent along the x-direction with perpendicular edges remaining dark. In line
with the calculated Fourier plane images only modest edge enhancement for p-polarized
light is apparent (Fig.6.9(c)). For unpolarized light (Fig.6.9(c)) the resulting image shows
edge enhancement along the x-direction although with reduced suppression of the low-

spatial frequency content of the image compared to the result for s-polarized light. As
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previously discussed in section 2.1.4 ringing effects are due to the numerical aperture as
well as the non-linearity and non-isotropy of the optical transfer function. In summary
the results demonstrate that one-dimensional RWGs carry potential for directional edge

detection in transmitted amplitude images.

s-pol p-pol unpolarized

input

T

€))

100 pm
norm. intensity

o

100 pm

Figure 6.9: Numerical demonstration of one-dimensional and polarization de-
pendent edge enhancement in an amplitude image (a) with the transmitted images
shown in (b-d) for device RWG-A at A = 589 nm. Output intensity is shown for
s-polarization (b), p-polarization (c) and unpolarized light (average of p— and s—
contribution) (d). All results are calculated for a numerical aperture of NA=0.4
and normalized to their brightest pixel.

6.2.3.2 Two-dimensional edge-detection

Below we numerically demonstrate two-dimensional edge enhancement upon transmission
through resonant waveguide gratings with devices RWC-C,D and E. The resulting images
for p-, s- and unpolarized light are shown in Fig.6.10. For a fixed image size of 100 ym x
100 pm the transmitted images clearly show enhanced edges for all polarizations with the
homogenous areas of the input appearing dark. Minor differences between the resulting
images are the result of the complex details observable in the Fourier plane images of the
devices RWG-C,D and E in Fig. 6.7. In summary the results demonstrate that RWG
have the potential to all-optically perform edge detection on amplitude images in two
dimensions. The impact of the scale of features on the processed images will be discussed

in the following.
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Figure 6.10: Numerical demonstration of edge enhancement in an amplitude
image (input) with the transmitted images shown in (a-i) for devices RWG-C,D
and E with grating periods of p = 350nm at A = 587nm (a-c), p = 400nm at
A = 645nm (d-f) and p = 450 nm at A = 705nm (g-i). Output intensity is shown
for p-polarization (first column), s-polarization (second column) and unpolarized
light (third column). Image size is 100 gm x 100 um and all results are calculated
for a numerical aperture of NA= 0.4. All images are normalized to their brightest
pixel.

6.2.3.3 Scaling effects on edge enhancement

Using the example of a device RWG-D processed images are shown for image sizes ranging
from 25 pm to 500 pm at a numerical aperture of NA= 0.4 in Fig.6.11. In line with
expectations edge contrast and image brightness reduce with increasing image size. For
larger images the impact of ringing effects around the edges is less dominant. For image
sizes below approximately 50 um edge enhancement contrast disappears due to image
blurring. The numerical results provide a rough estimate for a suitable image size for
experimental applications betwen 50 ym to 200 um in order to compensate for potential
noise and deviations from the theoretical optical transfer function particularly in terms of
the degree of suppression of low-spatial frequency content. The dependence on adequate
choice of the images and the appearance of ringing effects places limitations on the type of
images and processing resolutions that can be processed with the device. We will discuss

potential pathways to improve this at the end of this chapter.
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Figure 6.11: Numerical demonstration of edge enhancement in an amplitude
image transmitted through RWC-C at A = 647 nm as a function of absolute image
size ranging from 25 ym to 500 pm. All intensities are given as the fraction of the

input intensity.

6.2.4 Detection of phase gradients

As discussed in the introduction in section 2.1.5 the conversion of phase-gradients in a
wave field into intensity modulations can be achieved through high-pass spatial frequency
filtering. While ideally a first-order differentiator is sought, the resonant wave-guide
gratings under consideration roughly resemble second-order differentiators in one (RWG-
A) and two dimensions (RWG-C,D,E) for normally incident light. At the end of the
numerical part of this chapter we also discuss pathways to utilize plasmonic RWGs as near-
first order differentiators at oblique incidence. However, operation at normal incidence is
preferable for integration into compact imaging systems for which we here focus on phase
visualization in normally incident wave fields. In the following we will demonstrate phase-
visualization numerically for one- and two-dimensional resonant waveguide gratings. With
regard to potential applications of the structure, this section relates to the potential of
the structures to visualize phase gradients in biological cells placed on top of the device.

In a first step we investigate the conversion of a Gaussian shaped phase modulation.

6.2.4.1 One-dimensional phase visualization

Fig.6.12(b-c) shows the intensity distribution obtained upon transmission of a wavefield
exhibiting a Gaussian shaped phase modulation with maximum phase excursion pyax =
27 as shown in Fig.6.12(a) through device RWG-A. For s-polarized and unpolarized light
intensity maxima are located at the slopes of the phase excursion along y = 0 while
negligible intensity modulation is apparent in the perpendicular direction in line with the

Fourier plane images discussed in Fig.6.5(b,c). However, as discussed in the introduction
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to this thesis in section 2.1.5 phase visualization with a second-order differentiator implies
artifacts in resulting intensity distributions and only highlights region of steep gradients
where the phase gradient can be considered linear. Resulting artifacts can therefore be
assigned to the quadratic nature of the transfer function of the RWG and its non-constant
phase contribution as discussed in Fig.6.6. For p-polarized light a more complex intensity
distribution emerges as a result of the strongly nonlinear and anisotropic optical transfer
function of the device as apparent from the Fourier plane image in Fig.6.5(a) rendering

the device non-suitable for phase-gradient detection in this case.

Phase [ rad]
s-pol p-pol unpolarized

Figure 6.12: Numerical demonstration of directional detection of a Gaus-

-

30 um
©  norm. intensity

sian shaped phase gradient (a) upon transmission through a resonant waveg-
uide grating with one-dimensional grating (RWG-A) with period p = 350 nm at
A = 589 nm for s-polarized (b), p-polarized (c) and unpolarized light (d). Image
size is 30 pm x 30 pm. All intensities are given as fraction of the input intensity.

6.2.4.2 Two-dimensional phase visualization

Following visualization of transmitted phase gradients in one direction, we will now extend
the considerations to visualization of phase gradients using two-dimensional resonant wave
guide gratings. Fig.6.13 shows the intensity distribution obtained for a Gaussian shaped
phase modulation with varying maximum phase ¢yax excursion transmitted through de-
vice RWG-D at its resonance wavelength A = 647 nm. It is apparent that the transmitted
intensity distributions in Fig. 6.13 (b-e) are related to the two-dimensional phase mod-
ulation in Fig. 6.13(a). However, as discussed for one-dimensional gratings above, the
quadratic nature of the transfer function of the device and its non-constant phase con-
tribution as shown in Fig.6.8 (c,f) result in a complex intensity distribution. In line
with expectations for a second order differentiator higher maximum phase excursion (i.e.
Ymax = 3m,47), leading to near-linear phase-gradients at the slopes of the Gaussian ex-

cursion, result in intensity maxima at regions of steepest phase gradient while for lower
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maximum phase excursion (i.e. Ymax = 27, 17) the complexity of the resulting intensity
increases. While a phase excursion of @pyax = 37 (Fig. 6.13 (e-g)) results in a characteris-
tic ring around the rising and falling edges of the Gaussian phase excursion, weaker phase
modulations show intensity maxima at the maxima of the phase modulation as shown for

example in Fig.6.13(h-j).

In summary, phase visualization using one- and two-dimensional resonant waveguide grat-
ings was demonstrated numerically. The limitation of the approach lies in the nonlinearity
of the optical transfer function which places limitations on the phase-gradients that can
be visualized in a useful way. Possible pathways for linearization of the optical transfer

functions of resonant waveguide gratings will be discussed at the end of this chapter.
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Figure 6.13: Numerical demonstration of conversion of a Gaussian shaped phase

MEC
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gradient (a) into an intensity modulation upon transmission through a MEC with
period p = 400nm at A = 647nm (RWG-D) as a function of maximum phase
excursion for unpolarized (first row), p-polarized (second row) and s-polarized
light (third row). Image size is 30 um x 30 pm. All intensities are normalized to
the input intensity.

6.2.4.3 Visualization of phase-gradients in red blood cells

In chapter 4 we have used a model of a red blood cell as described in [222] to investigate

the conversion of the phase-modulation arising from its thickness profile as shown in
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Fig.6.14(b) into intensity variations. Here we reuse this model to evaluate whether the
phase gradients arising from red-blood cells immersed in water and placed on top of the
device can be visualized in transmitted light as illustrated in Fig.6.14(a). The resulting
intensity is shown in Fig.6.14(c-e) with minor differences for p-, s- and unpolarized light.
While the emerging intensity pattern is clearly related to the phase-modulation of the
red blood cell, regions of maximum intensity again do not coincide with locations of
steepest phase gradient due to the nonlinearity of the optical transfer function of the
device as discussed above. The results, however, indicate the potential of resonant wave
guide gratings to visualize microscopic phase gradients as typically associated with light

transmission through biological cells.
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Figure 6.14: Calculated conversion of the phase gradient associated with light
of wavelength A = 647nm transmitted through a red blood cell into an intensity
modulation using the MEC with period p = 400 nm (RWG-D) as shown in (a). (b)
phase modulation ¢(z,y) associated with a red blood cell and (c-e) transmitted
intensity as a fraction of the incident intensity for unpolarized light and light with
p- and s-polarization.

6.2.5 Tilted operation of filter device

The operation of resonant waveguide gratings at a tilt-angle carries potential to expand
the functionality of the devices as discussed in the following. Firstly, we have so far
investigated operation of the devices at their resonance wavelength for normally incident
light. However for this mode of operation, the unavailability of a light source at this

wavelength or the requirement for operation at a particular wavelength can limit the
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versatility of the spatial frequency filter. In Fig.6.15(a) the transmittance as a function
of normalized spatial frequency is shown for the one-dimensional grating device RWG-A
(c¢f. table 6.1), which operates at A = 589 nm for normally incident light. By operation
at off-resonance wavelength the coupling condition changes thereby effectively shifting
the suppression of transmitted light towards higher spatial frequencies. This is shown
for the examples of A = 615nm and A = 633nm (HeNe laser line). Tilting the filter
device along the axis parallel to the grating lines as indicated in Fig.6.15(b) by 4.9° or
8.9° respectively, suppression of low spatial frequency content can be achieved at these
wavelengths for s—polarized light. In experimental situations, however, tilting the sample
can represent a challenge owing to geometrical constraints for example when the sample
is placed between microscope objectives with short focal lengths. It should be noted that
for tilted operation and p—polarized light a different tilt angle is required (c¢f. Fig.6.15(a))
for which suppression of low spatial frequency content with unpolarized light is no longer
possible in this configuration. The resulting Fourier plane image for tilted operation at
A = 615nm is shown in Fig.6.15(c) indicating high-pass spatial frequency filtering with a

numerical aperture of approximately NA=0.2.
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Figure 6.15: Numerical demonstration of tilted operation of device RWG-A. (a)
Suppression of transmission as a function of wavelength A and normalized spatial
frequency k. /ko for s— and p—polarization. (b) Schematic of tilted operation of
the filter device. (c) Fourier plane image for operation at A = 615nm at a tilt
of § = 4.9° for s-polarization (config. [A]). (d,e) Edge detection in an amplitude
image transmitted through the device for config. [A], (f,g) Visualization of Gaus-
sian shaped phase-modulation for a wavefield transmitted through the device in
config. [A].
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Following the previous investigations above, this enables us to utilize device RWG-A to
perform one-dimensional edge detection on a transmitted amplitude image for s—polarized
light at A = 615 nm as calculated in Fig.6.15(d,e). Furthermore visualization of a Gaussian
shaped phase modulation in this configuration is numerically demonstrated in Fig.6.15(f,g).
The transmitted wavefield clearly indicates intensity maxima at the slopes of the Gaussian
phase modulation with asymmetries in the intensity arising from the anisotropy of the

transmittance for tilted operation as apparent from Fig.6.15(a,c).

Secondly, operation at a tilt angle enable the introduction of an asymmetry in the optical
transfer function as previously investigated, for example in Roberts et al. [57] and Bykov
et al. [49]. In Fig.6.16 the magnitude and phase of the optical transfer function of device
RWG-A are shown for tilted operation. Due to the near-linear magnititude in the vicinity
of kz/ko = 0 (¢f. Fig.6.16(a)) and the abrupt phase-shift (¢f. Fig.6.16(b)) the device

roughly approximates a first order-differentiator.
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Figure 6.16: Numerical demonstration of asymmetric optical transfer function
for tilted operation of resonant waveguide grating RWG-A. Shown in blue are
the magnitude (a) and phase (b) of the transmission coefficient as a function of
normalized spatial frequency for operation at A = 615 nm at a tilt of § = 4.9° for

s-polarization. For comparison a transfer function proportional to a first-order

differentiator with transfer function H = ali(%) is shown in red for a; = —23.4.

However, further research on the device parameters is required to engineer an optical
transfer function that provides a closer approximation of a first-order differentiator. In
the summary of this thesis in chapter 7 we discuss potential pathways for more efficient
numerical design that could allow precise reverse engineering resonant waveguide gratings

to a desired optical transfer function.
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A second way of operating a filter device at a tilt-angle is to operate at the absorption
wavelength for normal incidence and tilting the device by a small angle of approximately
1 to 3° in order to off-set the optical transfer function as indicated in Fig.6.15(a) (config-
uration [C]). In this configuration an asymmetric, near linear amplitude transfer function
is obtained within a narrow spatial frequency range around the offset as shown in Fig.
6.17. We will demonstrate this in the experimental part of this chapter for device RWG-B
(cf. table 6.1) instead of device RWG-A due to the failure of a laser system that occured
during the experiments. For this reason the results below are shown for RWG-A and

RWG-B.
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Figure 6.17: Accessing asymmetric region of transfer function of RWG-A and
RWG-B by sample titling at resonance wavelength for normal incidence and
s—polarization. Transmittance [¢t|? (a,c) and amplitude contribution to optical
transfer function |¢| (b,d) at A = 589nm (RWG-A) and A = 650nm (RWG-B).
Shown in red are linear fits within the interval (0.02 < k;/ko < 0.05).

This mode of operation is useful in particular to discriminate between positive and nega-
tive phase gradients which become visible in the intensity image. In Fig.6.18 the intensity
obtained for transmission of a wavefield with a phase modulation in the shape of a red
blood cell as described in [222] and introduced earlier in this chapter is shown. Due to the
narrow spatial frequency range in which the amplitude transfer function is near-linear,
we here consider a spatially expanded version of this model as indicated by the scalebar
in Fig.6.18(a). It is apparent that for both RWG-A and RWG-B the obtained intensity
contrast originating from the incident phase-modulation exhibits an asymmetry that can
be adjusted by tuning the tilt-angle of the device in this configuration which creates a 3D
pseudo visual relief effect. This offers the intriguing opportunity to use the filter device as
an adjustable phase-visualization device as we will demonstrate experimentally in section

6.3.5.
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Figure 6.18: Numerical demonstration of visualization of phase-modulation in
the shape of a spatially expanded red blood cell for a maximum phase excursion
¢Pmax = 27 (a) for tilted operation of RWG-A (b-e) and RWG-B (f-i) at angles
ranging from # = 0° to 3° for s— polarized light at the respective resonance
wavelengths of the devices as indicated. All images normalized to their brightest

pixel.

6.3 Experimental Results

The numerical calculations above served to demonstrate the potential of plasmonic reso-
nant waveguide gratings for one- and two-dimensional spatial frequency filtering in trans-
mission. In the following corresponding experimental confirmation will be demonstrated

for the first time.

6.3.1 Fabrication of MEC devices

A series of MEC devices corresponding to the devices investigated numerically above was
fabricated using electron beam lithography (EBL). A 100nm thick layer of TiOy was
deposited on top of a 4-inch glass wafer by physical vapor deposition at a deposition rate
of 0.5A/s (Intlvac Nanochrome II). The metasurface pattern was written into a single
layer of polymethyl methacrylate resist (PMMA: 280nm A4, baked at 180°C for 3 min
after deposition) that was spun onto the sample, using an electron beam lithography
tool (Vistec EBPG 5000). The nominal geometric parameters used for the inscription
are summarized in table 6.1. The sample was developed in a 3:1 mixture of isopropanol:
methylisobutyl. Subsequently a 40 nm thick layer of silver was deposited on the sample

through physical vapor deposition on a 2nm adhesion layer of chromium. In order for



Chapter 6 — Resonant Wave Guide Gratings as Spatial Frequency Filters 151

the silver array to be embedded in a near-homogenous environment that protects it from
degradation due to exposure to air, a 750 nm thick layer of PMMA has been spun onto the
sample and was baked at 180°C for 3 min. Scanning electron beam microscopy (FEI Nova

p=350 nm p=450 nm

p=400 nm

p=450 nm, 45° tilt

Figure 6.19: Representative SEM images metasurfaces consisting of two-
dimensional Ag gratings on a 100nm TiO2 layer. Nominal grating periods are
p = 350nm (a), 400nm (b) and 450nm (c). The grating duty cycle is set to
g/p = 60%. A SEM capture of the metasurface shown in (b) tilted to 45° is
shown in (d). Scale bars are 500 nm.

Nano SEM 430) was used to image samples®® fabricated using the above process as shown
in Fig.6.7. The images indicate a successful fabrication process although irregularities are
apparent in the grating elements which can impact the device performance as well as the
operational wavelength as discussed below. These defects are attributed to insufficient
adhesion between the Ag nanostructures and the TiOs layer. Using the software package
FLJI in ImageJ an average of the actual grating period p and duty cycle g/p of the grating
were determined in order to quantify the deviation. The results are summarized in table
A.1 in the appendix and show a slight increase in average grating periods and duty cycles

which we attribute to charge diffusion effects during the EBL lithography step.

6.3.2 Fourier plane analysis in transmission

The devices were subsequently characterized regarding their transmission characteris-
tics. In the following we will initially experimentally confirm suppression of low spa-
tial frequencies along one direction using one-dimensional gratings before we proceed to
two-dimensional resonant waveguide devices. Fourier plane images in transmission are

recorded using the setup shown in Fig.6.20. Unpolarized light from a supercontinuum

2Due to the laboratory closures associated with Covid19 these SEM image are of a representative sample
fabricated through an identical process. SEM captures of one-dimensional gratings were not available in
this dataset.



Chapter 6 — Resonant Wave Guide Gratings as Spatial Frequency Filters 152

laser source (Fianium SC-450-2) is spectrally filtered with a fiber-coupled tunable fil-
ter (Fianium Superchrome VIS-FDS-MM) and then guided to the setup through a single
mode fiber (Thorlabs SM600) where the beam is collimated using a Nikon LU PLAN Fluor
5X 0.3NA objective (MO1). The collimated beam is transmitted through a beamsplitter
(CCM1-BS013) and focussed by a Nikon LU PLAN 20X 0.40NA objective (MO2). The
sample is placed in the focal point of MO2 and the transmitted beam collimated with an
Olympus PLAN N 20X 0.4NA objective (MO3). Subsequently the beam is focused onto
camera 2 (Thorlabs DCC1545M) using an f = 50 mm lens where Fourier plane images in
transmission are recorded. In this setup camera 1 (Thorlabs DCC1545M) is used only to

monitor the position on the glass sample.
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Figure 6.20: Setup used for the characterization of the angular transmission
spectrum of the MEC. Fourier plane images are recorded by placing the meta-
surface in the focal point of MO2 and MO3.

6.3.2.1 One dimensional gratings

Fourier plane images in transmission were obtained for a device with a one dimensional
grating with grating period p = 350 nm (metasurface RWG-A). The data was recorded us-
ing the setup depicted in Fig.6.20 with an additional linear polarizer (Thorlabs LPVIS050-
MP2) introduced between MO1 and the beamsplitter. The resulting images are shown in
Fig.6.21.

In the following evaluation the bars of the grating are oriented along the y-direction
as indicated in Fig.6.21(b,c). At the absorption wavelength A = 579nm of the device
broad suppression of low spatial frequencies over the entire range —0.4 < k,/ky < 0.4

along k, = 0 is apparent for unpolarized light, z-polarized light and y-polarized light



Chapter 6 — Resonant Wave Guide Gratings as Spatial Frequency Filters 153

as can be seen in Fig.6.21(a-c) and the corresponding lineplots in Fig.6.21(g-i). In the
perpendicular direction, along k, = 0, the Fourier plane images indicate suppression of
low spatial frequencies with significantly increased transmission at higher spatial frequen-
cies. For unpolarized and y-polarized light a steep increase in the transmission is appar-
ent (Fig.6.21(a,b)) with an NA~ 0.09 of the filtering function. The filtering contrast is
slightly higher for y-polarized (Cs ~ 0.8) than for unpolarized light (Cs ~ 0.6). While for
x-polarized light transmission also increases at higher spatial frequencies (Fig.6.21(c)),
broader suppression of low spatial frequencies is apparent with the width of the filtering
function given by NA~ 0.19. An increased NA of the filtering function is also apparent
for unpolarized light at wavelengths in the vicinity of the absorption wavelength as, for
example, shown in Fig.6.21(e).
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Figure 6.21: Experimental Fourier plane images in transmission of a 1D grating
metasurfaces (RWG-A) for a nominal grating period of p = 350 nm as function
of central wavelength and polarization state (a-f). Corresponding lineplots along
kz = 0 and k, = 0 in (a-c) are shown in (g-i) respectively. The linear polarization
is set as indicated in the insets. All images are normalized to their brightest pixel.

At wavelengths significantly shorter (Fig.6.21(d)) or longer (Fig.6.21(e)) than the reso-
nance wavelength, the device acts as a low-pass spatial frequency filter. The findings
confirm the results presented in the numerical part of this chapter albeit showing reduced
experimental filtering contrast which we attribute to deviations in the fabricated grat-

ing geometry (c¢f. SEM analysis) and the bandwidth of the supercontinuum laser source
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increasing transmission of normally incident light. The results experimentally confirm
that one-dimensional plasmonic resonant wave guide gratings enable polarization depen-
dent spatial frequency filtering along one spatial direction with potential for polarization
switchable devices. This switching capability could be enabled by adding an adjustable
polarizer to the device. It must be acknowledged that this could imply bulk-optical compo-

nents or mechanical parts unless realized through opto-electrically switchable polarizers.

6.3.2.2 Two dimensional gratings

Using the setup shown in Fig. 6.20 Fourier plane images in transmission were recorded for
devices with two-dimensional gratings structures as a function of central wavelength with
the spectral filter set to its minimum bandwidth of 5nm. The results are shown in Fig.
6.22. It is apparent that transmission of low spatial frequencies is suppressed at the ab-
sorption wavelength of each device (Fig. 6.22(c,h,m)). At longer and shorter wavelengths
suppression of transmission occurs at higher angles of incidence in line with expectations.
While details in the measured Fourier plane images at higher spatial frequencies deviate
from the results observed in the calculations (c¢f. Fig. 6.7), suppression of low spatial
frequencies occurs at wavelengths that are consistent with the calculations. We attribute
deviations and a minor shift of the absorption wavelengths by approximately AA = 20 nm
towards the blue spectral region compared to the numerical result to the deviations in
geometric parameters of the grating discussed above based on SEM images of the struc-
tures and variations in the dielectric functions of silver and TiOs. A decrease in the
NA of the filter function from NA~ 0.17 (RWG-C, Fig.6.22(e)) to NA~ 0.08 (RWG-E,
Fig.6.22(k)) is apparent from the lineplots as the grating period increases in line with
the numerical results in Fig.6.7. All three devices exhibit a similar filtering contrast of
Cs =~ 0.6 (RWG-C), Cs = 0.6 (RWG-D) and Cs = 0.5 (RWG-E). Significantly reduced
filtering contrast compared to simulated devices can be attributed to imperfections in the
grating structures (¢f. SEM analysis) leading to a significant amount of normally incident
light to be transmitted as well as the bandwidth of the supercontinuum light source. The
presented results demonstrate the spectral tunability of the operational wavelength of
two dimensional resonant waveguide gratings as spatial frequency filters over a range of

AN = 114 nm within the visible spectrum through device design.
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Figure 6.22: Experimental Fourier plane images in transmission of 2D grating
metasurfaces for nominal grating periods of p = 350 nm (RWG-B) (a-d), 400 nm
(RWG-C) (f-i) and 450nm (RWG-D) (k-n) with corresponding lineplots along
kz = 0and k, = 0in (e),(j),(k). Images are recorded using the setup introduced in
Fig. 6.20 for an illumination bandwidth of AA = 5nm. All images are normalized
to their brightest pixel.

The numerical results in the previous section indicated a weak dependence of the optical
transfer function on the polarization state for two dimensional gratings as apparent from
Fig.6.7(a,b). As an example Fourier plane measurements with an additional linear polar-
izer (Thorlabs LPVIS050-MP2) in the beam path after MO1 and before the beamsplitter
in Fig.6.23 were obtained of the grating with a period of p = 350nm (RWG-B). Shown
are the Fourier plane image for light linearly polarized in the z- and y-directions with the
grating aligned with the coordinate system as indicated by the inset. The Fourier plane
images show suppression of low spatial frequencies with minor directional differences. The
lineplot along the dashed lines in Fig.6.23(a) is depicted in Fig.6.23(c). In this image the
lineplot along k, = 0 corresponds to p-polarized light while the lineplot along k, = 0 corre-
sponds to s-polarized light. The graphs indicate a steeper transfer function for s-polarized
light (NA=0.12) than for p-polarized light (NA~0.18) along the respective directions in
line with numerical expectations. In summary, the investigated two dimensional resonant
waveguide gratings enable isotropic filtering of low spatial frequency content for unpolar-

ized light whereas linearly polarized light introduces a difference in the NA of the filter
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Figure 6.23: Polarization dependence of the optical transfer function of reso-
nant waveguide gratings with two-dimensional gratings. Shown are experimental
Fourier plane images in transmission of a metasurfaces RWG-B with nominal
grating period p = 350nm (a,b) with linearly polarized incident light as indi-
cated by the inset. All images are normalized to their brightest pixel. Lineplots
along k, = 0 and k, = 0 as indicated by the dashed lines are shown in (c).

6.3.3 Edge enhancement in transmitted amplitude images

Following the demonstration of spatial frequency filtering in transmission we will now
investigate the application of resonant waveguide gratings to perform edge detection in
transmitted amplitude images. In chapters 4 and 5, demagnified images were projected
onto the devices under consideration in order to expand the spatial frequency content of
the images thereby compensating for the high NA of the MIM absorber structures. The
resonant wave guide gratings investigated here operate within a smaller NA < 0.2 and
do not require elevation of the spatial frequency content of the images on the available

resolution test target (Thorlabs R1DS1IN) through demagnification.

We thus choose a different approach here and place an amplitude mask directly onto
the device. We use a transmission setup as illustrated in Fig.6.24. The setup is estab-
lished on a Nikon Ti-80i inverted microscope. Unpolarized light from the supercontinuum
laser source is spectrally filtered by the fiber-coupled tunable filter and then guided to the
setup through a single mode fiber (Thorlabs SM600) where it is collimated with a Nikon
LU PLAN Fluor 5X 0.3NA objective (MO1). The collimated beam is incidident onto
the mask sitting on the metasurface and the transmitted field collected by a Nikon LU
PLAN 20X 0.40NA objective (MO2). Subsequently the transmitted light is imaged onto
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a camera placed at the output port of the microscope via the tube lens of the microscope
(L). In the following, we will first experimentally demonstrate switchable directional edge
detection using one-dimensional gratings (RWG-A) before we proceed to isotropic edge

detection using the two dimensional grating structures (RWG-C,D,E).

light source MO 1

PC

camera

inverted microscope

Figure 6.24: Setup built on Nikon Ti-80i inverted microscope used for the
experimental demonstration of edge enhancement and contrast enhancement in
biological samples in transmission. The object (resolution test target) is placed
directly on top of the sample and the transmitted field is imaged onto a camera.

6.3.3.1 DPolarization dependent directional edge detection

As an amplitude object we here again use a figure ‘2’ from a negative USAF-1951 res-
olution test target (Thorlabs R1IDSIN) (Fig.4.17(a)). With the Fourier plane images in
Fig.6.21 indicating directional and polarization dependent filtering of spatial frequencies
we here exploit this capability of one dimensional resonant waveguide gratings to demon-
strate polarization switchable edge detection along one spatial direction. We use the ex-
ample of the previously investigated one-dimensional grating with a period of p = 350 nm
(RWG-A). Using the setup shown in Fig.6.24, with an additional linear polarization fil-
ter (Thorlabs LPVIS050-MP2) inserted into the beam path between MO1 and the mask,
transmitted images were recorded as a function of the wavelength and polarization direc-
tion as shown in Figure 6.25. For unpolarized light and y-polarized light at the absorption
wavelength A = 579 nm (Fig.6.25(b,c)) clearly enhanced edges along the x-direction are
visible while no edge enhancement is apparent in the perpendicular y-direction. Increased
suppression of low spatial frequencies for y-polarized light compared to unpolarized light
is apparent from the lineplots in Fig.6.25 (g,h) along the dashed lines in Fig.6.25(b,c).
For z-polarized light no enhanced edges along either z- or y-direction can be detected
as apparent from Fig.6.25(d) and the corresponding lineplot in Fig.6.25(i). Complete

absence of enhanced edges even in the z-direction in this case can be attributed to the
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increased NA of the filtering function and the broad suppression of low spatial frequencies

for z-polarization.

529 nm 579 nm 579 nm, y-pol 579 nm, x-pol
1y ECY

1

z

£

2

0
> G '@ "y i
205 0.5 0.5
£

o

0 0 0
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
length [m] length [um] length [pm] length [pm]

Figure 6.25: Experimental demonstration of directional edge enhancement in
amplitude images transmitted through a 1D grating (RWG-A) with orientation
of the grating along the y-axis as indicated by the insets. Resulting Intensity
at the resonance wavelength of the grating A = 579nm is shown in (b-d) for
unpolarized light (b), vertically polarized light (c) and horizontally polarized light
(d). Reference images transmitted at off-resonance wavelenghts are shown in (a)
and (e) with the respective wavelengths as indicated. All images are normalized
to their brightest pixel. Lineplots along the dashed lines in the images in (a-d) are
shown in (f-1) respectively with each pair of lineplots normalized to their highest
value. The red and gray curves shows the lineplots in horizontal and vertical

direction respectively.

The results are consistent with the corresponding Fourier plane images for this device and
experimentally confirm the directional edge detection capability for this device that can
be switched on and off through choice of the polarization state. Remaining transmission
of low spatial frequencies is consistent with the previously recorded Fourier plane images
and could be improved by further decreasing the device transmission for near-zero spatial
frequencies. Additionally, background noise from reflections at the mask-sample interface
and sample-air interface reduce the image quality. This is particularly evident at the
resonance wavelength (Fig.6.25(b-d)) where the signal to noise ratio is lower than at the

reference wavelengths.
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6.3.3.2 Two dimensional edge detection

In order to demonstrate two-dimensional edge-detection in tranmission, the measurement

is repeated for a device with a two-dimensional grating structure (RWG-C). In Figure
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Figure 6.26: Experimental demonstration of 2D edge enhancement in amplitude
images of a figure ‘2’ transmitted through device RWG-C. Images were recorded
at the resonance wavelength of the metasurface A = 575nm (b,f) as well as off-
resonance for reference in (a,c) and (e,g) with wavelengths as indicated. Shown
are the results for a smaller (a-c) and larger image (e-g) as indicated by the
respective scale bars. Lineplots along the dashed lines in (b,c) normalized to
their maximum value are shown in (d) and along the dashed lines in (f,g) are
shown in (h) with the edge enhanced image in red and the reference in gray.

6.26 the transmitted images are shown for a smaller (a-c) and larger (e-g) version of the
image as indicated by the respective scale bars. At the absorption wavelength A = 575 nm
clearly enhanced edges with suppressed transmission in homogeneous areas are apparent
in the images in Fig.6.26(b) and (f). In the reference images transmitted at A = 548 nm
(Fig.6.26(a,e)) and A = 606 nm (Fig.6.26(c,g)) no edge enhancement is apparent consistent
with the previously recorded Fourier images at these wavlengths (Fig.6.22(a,d)). Lineplots
shown in Fig.6.26(d) and (h) compare the results for the resonant and off-resonant cases
for both image sizes along the dashed lines in Fig.6.26(b,c) and (f,g) respectively. Compar-
ing the edge enhancement of the smaller (Fig.6.26(a-c)) and larger image (Fig.6.26(e-g))
narrower edges in relation to the total image size are apparent in the larger image in line
with numerical calculations shown in Fig.6.10. It should be noted that ringing artifacts

are apparent around the image at the resonance due to the spatial frequency filtering
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as well as the nonlinear transfer function of the device as discussed in previous chap-
ters (cf. section 2.1.4). The interface reflections again contribute to background noise in
this image (cf. Fig.6.26(b,f)). In summary, the results demonstrate metasurface enabled

two-dimensional edge detection in transmission in the visible spectral range.

6.3.4 Contrast enhancement in images of biological samples

The relevance of the presented work for biological imaging applications was discussed
in the introduction of this thesis and in the numerical section of this chapter. Here
we experimentally demonstrate contrast enhancement in an image of onion epidermis in
water directly placed on top of the metasurface and covered by a microscope coverslip.
In order to protect the sample, the onion epidermis was placed on the back side of the

on metasurface / 548 nm on metasurface / 575 nm
e . -

on metasurface / 597 nm
e ey R o

original contrast adjusted

Figure 6.27: Experimental demonstration of contrast enhancement in an image
of onion epidermis in water placed on the backside of device RWG-B to protect
the sample. For backside illumination through a 2D array with nominal grating
period p = 350nm the measured intensity distribution at the resonance wave-
length A = 575nm is shown in (b) with the measured image (left) and a version
with digitally adjusted contrast for clarity (right). Off-resonance references are
shown in (a,c) recorded at the indicated wavelengths, (d) onion epidermis placed
on top of an unpatterned region of the sample and illuminated at A = 575 nm.

glass substrate and illuminated using the setup shown in Fig.6.24 with light incident
from the TiOg side in contrast to previous experiments where the metasurfaces were
illuminated from the Ag side. Operation in the inverse direction retains low spatial
filtering capability of the device as demonstrated by measured Fourier plane images for
backside illumination shown in the Appendix in Fig.A.11. In order to capture a larger
part of the onion epidermis, MO2 in the setup was replaced by a Nikon LU PLan 10x
0.3NA microscope objective. Figure 6.25 shows the transmitted images for the onion
epidermis on and off the metasurface as a function of the illumination wavelength. At

the absorption wavelength of A = 575 nm suppression of transmission in the interior of
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the cell and increased intensity along the cell boundaries is apparent. In contrast, at the
reference wavelengths of A = 548 nm and A = 597 nm the images do not show this contrast
enhancement. Figure 6.25(d) shows a reference image of the onion epidermis placed on
an unpatterned region of the sample and illuminated at the resonance wavelength of
A = 575 nm confirming the contrast enhancement is due to the presence of the metasurface
in Fig.6.25(b). Speckle apparent in all images originates from reflections between the glass
interfaces of the RWG and the microscope coverslip as well as scattering within the onion
epidermis which, owing the coherence of the light source, reduces the image quality. In
summary the result confirms the potential of the structure for contrast enhancement in
biological imaging. However, improvements in filtering contrast and strategies for the

reduction of speckle will be required to optimize the performance of the approach.

6.3.5 Phase-visualization using spatial light modulator

In this section the experimental visualization of phase-gradients using metasurface en-
haced coverslip (MEC) devices is demonstrated as investigated numerically in section 6.2.
In the final stages of this research, a spatial light modulator (SLM) device (Holoeye Pluto
2 VIS014) became available and was used here to generate wavefields with phase modu-
lations. The device consists of a 1920 x 1080 pixel liquid crystal on silicon display with a
pixel size of 8 um. The device is calibrated such that it enables imparting a pixel-by-pixel
programmable phase shift between [0, 27] onto a reflected wavefield as will be discussed
further below. Owing to the failure of the supercontinuum laser source used in previous
experiments, a replacement laser was employed for the experiments presented in the fol-
lowing. We use a fiber coupled Fabry-Perot laser diode (Thorlabs SIFC635) operating at
a fixed wavelength of A = 637nm with a bandwidth of 1nm (FWHM). While this laser
system does not permit tuning of the operational wavelength, it offers a lower bandwidth
than the previously used supercontinuum system that reached minimum bandwidth of
5nm (FWHM). This contributes to increased filtering contrast but limits the selection of
resonant waveguide gratings that can be used as will be discussed further below. It is,
however, a much cheaper and safer source of light than the class 4 supercontinuum source

which demonstrates the potential of the devices to be used with simple laser systems.

Here we use a setup as illustrated in Fig.6.28. Unpolarized light from the benchtop laser
system (Thorlabs SIFC635) is guided to the setup through a single mode fiber (Thorlabs
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SM600) where the beam is collimated using a Nikon LU PLAN Fluor 5X 0.3NA objective
(MO1) and linearly polarized (Thorlabs LPVIS050-MP2) along the operational direction
of the SLM (corresponding to the y-axis of sample) and projected onto the spatial light
modulator to modulate the phase. The reflected field is then demagnified through a tele-
scope consisting of a f = 150mm lens (Thorlabs-LLA1433-A) (L1) and a micropscope
objective (Nikon UPlanFl 20x 0.5NA) (MO2) and the phase-image projected onto the
MEC sample. The transmitted light is collected using a microscope objective (MO3), and
through a f = 50 mm lens (Thorlabs LA1131-A) (L3) projected onto a camera (Thorlabs
DCC1545M).

Yr'e
@0 N 2 light source PC

™
N sample
E— :I< =
SLM t + [ |
f f f, f I y
L1 MO2 TLX»Z MO3 |3

Figure 6.28: Experimental setup for the generation and detection of phase-

elawed

gradients upon transmission through resonant wave guide gratings using a spatial
light modulator (SLM). The SLM device is operated at an angle of 13.5°.

Here we use a MEC device consisting of a one-dimensional resonant waveguide grating
with period p = 400 nm with fabrication parameters of device RWG-B (¢f. table 6.1) which
operates at the wavelength of the available laser source as demonstrated in Fig.6.29(a,b)
through experimentally measured Fourier plane images. The results are in line with the
previously investigated one-dimensional grating device RWG-A that operated at a lower
wavelength (c¢f. section 6.3.2.1). In the following we operate the device with y—polarized
light which enables high-spatial frequency filtering along the x—direction as apparent from
the lineplot in Fig.6.29(c) with a filtering contrast of Cs ~ 0.9. As discussed in section
6.2.5, a slight tilt of the device enables shifting the optical transfer function as indicated
for the amplitude transfer function in Fig.6.29(d) in the interval (0.02 < k;/ko < 0.05)
corresponding to a tilt of 8 = 1° - 3°. We will exploit this below to adjust the optical

transfer function of the MEC device to process phase images.
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Figure 6.29: Measured Fourier plane images of device RWG-B using Thorlabs
S1IFC635 laser source at A = 637nm for (a) y- and (b) x-polarized light. (c)
Corresponding lineplot of intensity for y-polarized illumination along k, = 0 and
ky = 0. (d)Asymmetric, near-linear region of amplitude transfer function as
indicated by linear fit in red for interval interval (0.02 < k,/ko < 0.05) accessible
through tilt of sample by approximately 6§ = 1° to 3°.

We use the setup shown in Fig.6.28 with the MEC characterized in Fig.6.29 (RWG-B) to
perform experimental visualization of phase-gradients in the following. Here we choose
a phase-modulation in the shape of an expanded red blood cell (Fig.6.30(a)) numerically
investigated in section 6.2.5. The SLM is configured to linearly map grayscale values in the
interval [1, 256] to phase-shifts in the interval [0, 27] in a wavefield reflected from the SLM
at the operational wavelength. The intensity distribution of the wavefield transmitted
through the MEC device is shown for normal incidence in Fig.6.30(g) with the reference
for transmission through an unpatterned region of the sample shown in Fig.6.30(1). While
the phase-modulation is almost invisible in the reference image, clear intensity maxima are
visible at the edges of the cell for transmission through the MEC with strong suppression
of transmission in other parts of the image. This result is in line with the numerical
result for this configuration shown in Fig.6.30(b) and represents the first experimental
demonstration of phase visualization with a resonant wave-guide grating. However, the
resulting image is dominated by the intensity maxima resulting from the edges of the cell
model and does not permit insight into the gradual phase-modulations characteristic of

the wavefield.
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Figure 6.30: Experimental visualization of a phase-gradient associated with a
sized-up model of a red blood cell as shown in (a) with maximum phase excursion
Omax = 2m. Here MEC device RWG-B is used for y-polarized light at A = 637 nm
using the Thorlabs SIFC635 benchtop laser. Calculated intensity distribution
upon transmission as a function of the tilt angle of the sample 6 shown in (b-f)
with experimental equivalents shown in (g-k). (I-p) Reference images for trans-
mission of the phase-image through an unpatterened region of the sample for all
tilt-angles. Lineplots through y = 0 for (g,h,i) shown in (q,r,s) respectively.

As discussed above in section 6.2.5, we can tilt the sample in order to offset the optical
transfer function. This is shown in Fig.6.30(h-k) for a tilt angle between 2° and 6° ex-
perimentally with respective numerical results shown in Fig.6.30(c-f). Reference results
for transmission through an unpatterned region of the sample are shown in Fig.6.30(m-p)
respectively. It is apparent that the phase-profile of the cell model becomes visible as a
pseudo 3D image for tilted operation. The experimental results are consistent with the
numerical calculations that were obtained using the transfer function shown in Fig.6.17.
In particular for tilt angles of § = 2° (Fig.6.30(h)) and # = 3° (Fig.6.30(i)) the phase-
variation becomes apparent. These represent the first experimental demonstration of vi-
sualization of non-abrupt phase gradients in a wavefield with a transmitting optical meta-

surface and confirm the enormous potential of metasurface enabled phase-visualization.
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6.4 Summary and Conclusion

In this chapter plasmonic resonant waveguide gratings were investigated as ultra compact
and transmitting optical spatial frequency filters. The approach exploits the angular sen-
sitivity in the coupling of incident light to modes supported by the resonant waveguide
grating. In particular one- and two dimensional subwavelength silver gratings on TiO»

slab wave guides were studied.

The first part of this chapter was concerned with the numerical modeling of the struc-
ture using the finite element method (FEM). The spatial frequency filtering ability of
the structure was simulated and suitable geometric parameters for high filtering contrast
determined. It was demonstrated for the first time that two dimensional plasmonic res-
onant waveguide gratings enable near-isotropic two-dimensional filtering of low spatial
frequencies with unpolarized and linearly polarized light. Through choice of the grating
period, suppression of low spatial frequency content was achieved at different wavelengths
in the visible spectrum. Furthermore it was shown that one dimensional gratings enable
filtering of the Fourier content of a wavefield in the direction perpendicular to the grating
lines. Strong sensitivity with regard to the polarization direction was determined offer-
ing potential for optically switchable object plane filters. Through numerical examples,
edge detection in transmitted micrometre sized amplitude images and conversion of phase
gradients in transmitted wavefields into corresponding intensity distributions was demon-
strated. Limitations of the structure due to its nonlinear transfer function were discussed.
These contribute to ringing effects in amplitude images and can cause complex intensity
distributions upon transmission of wavefields with phase gradients. Finally, operation of
the devices at a tilt angle was investigated and demonstrated to enable shifting the wave-
length at which suppression of low-spatial frequencies occurs. It was discussed that this
also enables the generation of asymmetric optical transfer functions. It was numerically
demonstrated that this enables the investigated devices to approximate first-order differ-
entiators and carries potential to operate the devices at an offset angle for asymmetric

phase-gradient visualization.

A series of resonant waveguide gratings with the determined device parameters was fabri-
cated through electron beam evaporation of TiO layers and a subsequent electron beam

lithography (EBL) process. Fourier plane images of the metasurfaces in transmission were
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recorded confirming the numerically determined spatial frequency filtering characteristics
for one- and two-dimensional grating structures. From SEM analysis random defects were
apparent in the grating structures. These are attributed to insufficient adhesion between
the Ag patches and the underlying TiOq layer. Future research could further investigate
how such random defects in the grating structure affect the device performance. Fur-
ther fabrication process optimization should also be part of future research in order to
eliminate the apparent imperfections of the structure and thereby enhance the device per-
formance. In particular the adhesion of the silver nanostructures to the TiOs layer could
be improved through variation of the adhesion layer material and thicknesses. Following
the Fourier analysis, suppression of spatial frequencies in transmitted amplitude images
was demonstrated. Two dimensional edge enhancement as well as switchable directional
edge enhancement were demonstrated for micrometer sized images directly placed on top
of the metasurface. Contrast enhancement in an image of onion epidermis placed on top of
the device was demonstrated proving the potential of the approach for biological imaging

applications.

Finally, experimental visualization of phase-gradients generated by a spatial light mod-
ulator (SLM) upon transmission through a one-dimensional resonant waveguide grating
was demonstrated in the last part of this chapter. Furthermore, it was experimentally
confirmed that introduction of an asymmetry in the optical transfer function through tilt
of the sample can be exploitet to enable asymmetric visualization of the phase profile in
the incident wavefield to create a pseudo 3D image. These result are a central achievement
of this thesis and represent the first demonstration of phase-gradient visualization using
a transmitting metasurface and confirm the great potential of the devices for biological
imaging applications. A promising aspect of future research is therefore the visualization
of phase-gradients in live biological cells using the MEC devices investigated in this thesis.

We will discuss this further in the general summary and outlook of this thesis.

In addition to this, modification of the grating unit cell of the devices offers a substan-
tial additional degree of freedom to tailor the optical transfer function of the structures.
While here we have considered lines and squares, more complex, potentially asymmetric,
unit cells with suitable resonances are a possible extension of the structure. The focus
of this thesis was to specifically enable image processing in the visible regime, since it is

most interesting to most biological applications. Future research could include devices for
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near-IR processing which is of particular interest for data processing in telecommunication
and in addition simplifies prototyping due to larger unit cells compared to those designed

for operation at visible wavelengths.

While the prototyping of the presented devices was achieved through a time intensive
electron-beam lithography process, alternative fabrication methods could enable large
area and high-throughput fabrication. This will be a crucial step in the transition of the
investigated structures to applicable devices. Specifically, nanoimprint techniques offer
sufficient resolution for the type of structures investigated in this chapter. An issue with
imprinting of the structure, that we are aware of, is that accessing the high-index layer
during the imprint step is challenging but approaches to overcome this are currently under
development in our research group. Developing a suitable nanoimprint fabrication process
should therefor be considered for future research. In summary the results presented in this
chapter demonstrate the significant potential of plasmonic resonant wave guide gratings

as ultra-compact image processing facilitators in transmission.



Chapter 7

Thesis Summary and Outlook

The primary goal of this thesis was to further our understanding of ultra-compact all-
optical image processing in general, and to develop specific implementation approaches
utilizing nanophotonic structures. In particular the application of the devices developed
during this project to edge-detection and phase-imaging, including biological image pro-
cessing, were a central aim of this research. This chapter summarizes the outcomes of
this work and suggests potential extensions and further research based on the investigated

image processing approaches.

7.1 Summary of Research Outcomes

The research presented in this thesis demonstrates important steps toward the under-
standing and development of the next generation of all-optical information processing
devices with subwavelength footprint. A detailed summary and outlook on future re-
search of each part of this thesis was included at the end of the respective chapter and we

will only summarize and draw connections between the major achievements here.

The first part of this thesis was concerned with establishing the theoretical framework
necessary to describe all-optical information processing in general and its application to
object- rather than Fourier-plane systems. Subsequently, the implementation of compact
object-plane systems through nanophotonic approaches was discussed. The confluence of

Fourier optics and spatial analogue optical computation on the one hand, and plasmonic

168
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resonances, optical metasurfaces as well as thin-film systems on the other hand formed the
framework for the research discussed here. Based on this approach three fundamentally
different methods for nanophotonic image processing were investigated with the major

achievements summarized below:

e Demonstration of spatial frequency filtering in reflection through metal-insulator-
metal (MIM) thin-film absorbers with subwavelength thickness.
— ([60], chapter 4).

e Investigation of the angular sensitivity in the excitation of subradiant modes (SRM)
on plasmonic metasurfaces and their potential and limitations for all-optical image
processing in reflection.

— ([61], chapter 5)

e Modeling and fabrication of plasmonic resonant waveguide gratings (RWG) with the
capacity to perform high-pass spatial frequency filtering on transmitted wavefields.

— ([62], chapter 6).

e Performing numerical and experimental edge detection on amplitude images through
MIM absorbers, SRM excitation and via RWGs.
— ([60, 63], chapters 4-6)

e Numerically and experimentally demonstrating MIM absorbers and RWGs as ul-
tracompact devices for the visualization of phase-gradients in incident wavefields
upond reflection and transmission respectively.

— ([60], chapters 4 and 6).

e Application of MIM absorber and RWGs to perform experimental contrast enhance-
ment in images of biological samples.

— ([60], sections 4.3.4 and 6.3.4).

7.2 Future Work and Outlook

In the following potential extensions of the presented research will be discussed in detail
for each topic of this thesis separately before we concluded with a broader outlook on

future developments of nanophotonic information processing.
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7.2.1 Algorithmic Metasurface Design

The angular filtering capability of plasmonic metasurfaces was investigated in this the-
sis. Owing to the computationally intense nature of FEM calculations, our ability to
adapt the geometry of the metasurfaces in order to tailor their optical transfer function
is currently limited. A promising next step would be exploiting computationally efficient
semi-analytical approaches for nanoparticle interactions [57, 93, 238, 239] coupled with an
iterative optimization algorithm. This could potentially be implemented using machine-
learning as proposed for inverse metasurface design [240, 241] and serve as a starting point

for further analysis through FEM calculations.

7.2.2 Switchable Filter Devices

The devices investigated in this thesis have static optical transfer functions and operate
at a fixed wavelength. Extending the properties of these devices by adding dynamically
switchable characteristics carries vast potential for their integration in complex informa-
tion processing systems. Approaches to realize this include phase-change materials like
chalcogenide glasses, transition metal oxides and liquid crystals. Also graphene or elas-
tomers that react to external voltages, heatflow and an applied magnetic field have been
considered [32, 100]. Approaches based on reconfigurable metasurfaces in which the ge-
ometry of the resonators changes as a result of the application of a DC external field
represent further potential gateways to switching functionality [242]. Replacing one or
several elements in the approaches investigated in this thesis with reconfigurable materials

is a promising pathway towards versatile optical information processing devices.

7.2.3 Spatio-Temporal Information Processing

In this thesis we have studied analogue optical computation in the spatial domain while
a large body of research focuses on performing computation on the temporal shape of
light pulses. The investigated approaches include for example semiconductor processors
[146, 149], optical fiber based systems [147, 148, 151], photonic crystals [150] and reso-
nant grating structures [243] among others. Golastikov et al. have proposed simultaneous
spatial-and temporal computation of optical wavefields upon transmission through res-

onant diffraction gratings [244]. The above research indicates potential for waveguide
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grating structures, similar to the devices investigated in this thesis, to perform spatio-

temporal processing of transmitted wavefields.

7.2.4 Wavefront Sensing and Recovery

Wavefront sensing describes the detection and quantification of phase aberations of op-
tical wavefronts. It is an essential tool in various scientific and technical fields including
astronomy [245, 246] and ocular diagnostics [247]. Astronomical telescopes that observe
light originating from stars need to take disturbances introduced by atmospheric turbu-
lences into account. These manifest themselves in wavefront aberrations that need to
be detected using wavefront sensors, and usually subsequently corrected using adaptive
optical elements such as deformable mirrors. In ocular diagnostics on the other hand
wavefront aberrations carry important information about the quality of the lens of the
eye and also find application in optical coherence tomography (OCT) for high resolution
imaging of the retina. Typical approaches in these fields involve Shack-Hartmann (SH)
sensing and interferometric approaches as reviewed in chapter 3 of [248]. These solutions
either require post-processing (SH) or are based on bulk-optical components in the case
of interferometric approaches. The object-plane phase-sensing approaches investigated
in this thesis carry potential to develop novel compact solutions for all-optical real-time

sensing of wavefront aberations in these fields and should be considered in future research.

7.2.5 Biological Applications

In the introduction to this thesis we stated the relevance of visualization of phase gra-
dients in wavefields for biological applications, in particular the characterization of in-
ternal cell structures with low amplitude contrast [249]. The visualization of changes
in red-blood cells for example is crucial in the detection of medical conditions such as
sickle disease as well as infectious diseases like malaria [250]. Furthermore we discussed
the unavailability of compact phase-imaging solutions that do not require computational
postprocessing or exogenous contrast agents. The research in this thesis has provided
a proof-of-concept demonstration for biological image processing using MIM absorbers

and plasmonic RWGs indicating significant potential for application in live-cell and tissue
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imaging. Owing to their operation in transmission, RWGs in particular carry vast poten-
tial to serve as metasurface-enhanced microscope coverslips enabling real-time manipula-
tion of the images of biological samples directly placed on its surface. Further employing
the structures investigated in this thesis for edge-detection and phase-imaging of biologi-
cal cells would therefore be a major step towards the transition from proof-of-concept to
applicable biomedical devices. Future versions of the developed systems could potentially
also enable quantitative phase imaging (QPI) approaches. These comprise techniques that
enable precise quantification of phase shifts induced by a specimen and is an essential tool
for quantitative research on physiological processes of living cells [20, 251]. Such methods
would also enable the detection of quantitative 3D-data describing the spatial profile of a
given biological specimen. To achieve this quantitative 3D imaging, direct mapping be-
tween obtained intensity in filtered images and spatial frequency in the original wavefield
will be crucial. This can for example be achieved through a device with an asymmetric,

linear optical transfer function.

Nanophotonic systems with angular sensitivity could also be employed to enhance ex-
isting optical imaging technology. Fluorescence microscopy is a widely employed method
in cellular biology and relies on labeling elements of a cell with quantum dots or other
fluorescent molecules [252-254]. Gaining control over the angular emission patterns of
fluorophores has advantages in terms of energy efficiency and selectivity in molecular ap-
plications. Exploiting plasmonic resonances to achieve this goal has received considerable
attention [255-258]. The angular filtering ability arising from plasmonic metasurfaces and
thin-film devices as investigated in this thesis could be exploited to manipulate or enhance
the directional emission of quantum dots and other fluorescent molecules and should be

considered in future research.

7.2.6 Mobile Imaging Devices

Ultra-compact image processing systems could in the future be integrated into mobile
devices. While the current versions of the investigated nanophotonic filters still require
optical components such as microscope objectives for the magnification or demagnification
of images, compound optical devices that incorporate flat optical lenses could eliminate
this requirement and realize ultra-compact systems that perform the imaging and image-

processing step. This has previously been demonstrated by Zhou et al. [51]. A major
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application in this field is low-cost, mobile medical imaging equipment. In remote regions
of developing countries, conventional imaging technology is often unavailable for medical
diagnostics which is regarded as major cause for the high morbidity rate of infectious
diseases such as malaria [259]. Innovative solutions that enable existing camera technology
in smartphones to serve as medical diagnostic tools have recently gained attention [260—
262]. Integration of meta-optical image processing devices with the recording, processing
and connectivity features of smartphones, is therefore a promising pathway to make live-

saving technology available to millions of people.

7.2.7 Optical Security Features

Finally, in addition to imaging applications the visible effects inherent in many optical
metasurface- and thin-film designs open up perspectives for optical security features. The
trade of counterfeit goods is today ranked among the top two profitable markets for crim-
inal organizations worldwide making up approximately 39% of illegal profits. It is second
only to global drug trafficking [263, 264]. The range of affected goods spans from apparel
through mechanical and electronic components and currencies. Apart from the severe
hazards that low-quality counterfeit goods such as pharmaceuticals pose to customers,
remarkable economic losses are incurred every year [263]. This situation implies a direct
demand for optical security features that enable efficient differentiation between genuine
and counterfeit versions of a merchandise. On one hand such security features need to be
easy to use throughout supply chains and by customers, as well as easy and cost efficient
to fabricate. On the other hand, their fabrication needs to be largely inaccessible to coun-
terfeiters [263]. Optical metasurfaces are promising candidates for next generation optical
security features fulfilling these conditions [136, 265]. Angular sensitive features, which do
not rely on conventional diffraction gratings but rather on phase-sensitive nanophotonic
devices as investigated in this thesis, could pave the way towards a new class of optical

anti-counterfeit labels.

7.3 Conclusion

This thesis has contributed to the development of all-optical information processing plat-

forms with the capacity to be integrated into next generation ultra-compact imaging
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systems. Suggestions for extensions of the presented research as discussed above are
promising pathways to enable the transition from the proofs-of-concept demonstrated

here to scientific and industrial applications including biomedical imaging.
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A.1 Metal-Insulator-Metal absorber
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Figure A.1: Experimentally measured reflection from a Salisbury screen consist-
ing of a 135 nm thick SiOs layer on a Au base covered with a semitransparent layer
of gold with thickness 31 nm as a function of angle of incidence for p-polarization
(a) and s-polarization (b). The device shows maximum absorption in reflection
atA = 600 nm.
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Figure A.2: Experimentally measured reflection from a Salisbury screen consist-
ing of a 140 nm thick SiOs layer on a Au base covered with a semitransparent layer
of gold with thickness 31 nm as a function of angle of incidence for p-polarization
(a) and s-polarization (b). The device shows maximum absorption in reflection
atA = 614 nm.
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(a) d(Si03)=145nm
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Figure A.3: Experimentally measured reflection from a Salisbury screen consist-
ing of a 145 nm thick SiO4 layer on a Au base covered with a semitransparent layer
of gold with thickness 31 nm as a function of angle of incidence for p-polarization
(a) and s-polarization (b). The device shows maximum absorption in reflection
atA = 627 nm.
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Figure A.4: Experimentally measured reflection from a Salisbury screen consist-
ing of a 150 nm thick SiO4 layer on a Au base covered with a semitransparent layer
of gold with thickness 31 nm as a function of angle of incidence for p-polarization
(a) and s-polarization (b). The device shows maximum absorption in reflection
atA = 636 nm.
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A.2 Subradiant mode excitation

A.2.1 Analysis of SEM image
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Figure A.5: SEM analysis of radial trimer metasurface, (a) Section of raw SEM
image of radial trimer metasurface and (b) result of thresholding method using
ImageJ software with pixel value threshold pts= 152/255 for determination of
geometric parameters of fabricated sample. Scalebar is 500 nm.

A.2.2 Metasurface response to focused linearly polarized light

In [228, 229] an expression is given for the p— and s—polarized field components of a
focused linearly polarized beam as a function of spatial frequency. Based on this we here
derive an expression that relates the reflectance R, Rs from the radial trimer metasurface
for purely p— and s— polarized light to its reflectance for focussed linearly polarzied light
R, R,. For the following deduction we will denote normalized spatial frequencies with
o =k/ko and o, = ky/ko, 0y = ky/ko respectively. We assume a linearly polarized plane
wave with wavevector o = (0,0,1) along z—direction, amplitude Fy and polarization
along z—direction. If this beam is deflected, for example by a lens, such that the resulting
beam has a wavevector ox = (04, 0y, (1 — 02 — 05)1/2) the authors of [228] show that the

p— and s— polarized components of the deflected beam are given by

Ey(0s,0y) = Eoloy|/ /(02 + 0}) (A1)

Ey(0s,0y) = Folos|/\/ (0% + o3). (A.2)

At this stage the plane wave is incident on the metasurface. The reflection from the

metasurface for s— and p—polarized light is known from the optical transfer functions r,
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and 7, respectively. From this we obtain the reflected fields as

Es,ref =1k (A3)

Eprer = mpEp (A.4)

The total intensity as a function of spatial-frequency for x—polarized light I, is then given

by

I(0z,04) = a|E~'S7ref(0'x,cry)|2 + (1|E~1p,ref(0'm, cry)|2 (A.5)
_ aEg(rgag + r%a%) Ag
- 02 + o2 (A-6)
x y
_ aEj(Rso; + Ryo2) (A7)
o2+ o2 '

Where a = c?e3/4. From this follows with R, = I,./Iy where Ij is the intensity of the
incident beam

Rsag + Ryo?

R0z, o) = o2+ o2
Ty

(A.8)

Repeating the above derivation for an incident wave polarized along y—direction then
yields the reflectance for focused y—polarized beams

Rpag + Rso?

A9
o2+ 05 (A-9)

Ry(%aay) =

We employ these equations in chapter 5 to derive Fourier plane images for focused linearly

polarized light incident on the radial trimer metasurface.
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A.2.3 Fourier plane images

Figure A.6: Recapture of experimentally measured Fourier plane images of
radial trimer metasurface prior to performing edge detection experiment. Im-
ages recorded using an Olympus Uplan FLN, NA0.75 40x microscope objective.
Dashed lines indicate NA=0.75.

A.3 Resonant Waveguide Gratings

A.3.1 Refractive index of TiO, thin-films.
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Figure A.7: Comparison of literature values of refractive index for thin films of
TiO9 with value n = 2.25 as measured through spectral reflectance and used for
numerical calculations in this thesis. Shown are the literature values from [236]
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(Siefke,2016) and [237] (Sarkar,2019).

A.3.2 Design of grating parameters

norm. intensity

FEM simulations were employed to find suitable parameters for the fabrication of metal-

lic resonant wave guide gratings as transmitting high-pass spatial frequency filters. In

the following the impact of variations in the geometric parameters of the grating struc-

ture as introduced in chapter 6 will be discussed. The thickness of the underlying TiO2
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waveguide layer is kept constant at t; = 100 nm as previously chosen and we focus on the
variation of the grating parameters in order to reduce the parameter space. Further de-

vice optimization could also take variations of the wave guide layer thickness into account.

Initially we will review the transmission characteristics of devices with one-dimensional

plasmonic gratings before we proceed to two dimensional grating structures.

transmittance
p=350nm ||
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Figure A.8: (a) Transmittance of a Ag RWG for normally incident light, linearly
polarized along the y-direction as a function of grating duty cycle and wavelength
for one-dimensional grating with a period of p = 350 nm and grating thickness
of to = 40nm. (b) Transmittance of s-polarized light as a function of spatial
frequency at the respective transmittance minimum (red squares) with the lateral
component of the wavevector along the z-direction.

Fig.A.8 shows the transmission of a device with one dimensional grating as a function of
the angle of incidence for varying values of the grating duty cycle g/p and a grating period
of p =350 nm. It is evident that the transmittance increases for higher spatial frequencies
rendering the grating a high-pass spatial frequency filter. A grating duty cycle g/p < 0.5
results in increased filtering contrast compared to higher duty cycles as exemplary shown
for duty cycles of 0.4, 0.5 and 0.6 in A.8(b). It should be noted that Fig.A.8 considers s-
polarized light with the lateral component of the wavevector along x-direction as indicated
by the inset. This polarization and direction of tilt is the preferred optical configuration

for high-pass spatial-frequency filtering with one-dimensional gratings.
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Figure A.9: Transmittance of a Ag RWG for normally incident light, linearly
polarized along the x-direction as a function of grating duty cycle and wavelength
for two-dimensional gratings with periods of (a) p = 350nm, (b) p = 400 nm
and (c¢) p = 450nm. The grating thickness is to = 40nm. Transmittance of
unpolarized light (average of p— and s—polarized component) as a function of
spatial frequency at the respective transmittance minimum (red squares) for each
grating (d-f) with the lateral component of the wavevector along the z-direction.
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While tailoring of the NA of the filter function and the filtering contrast is possible via

choice of similar parameters, here we proceed with a grating duty cycle of g/p = 0.5 for

further considerations. Since the grating thickness can not be varied between structures

fabricated on a single sample owed to the associated evaporation step, we choose a thick-

ness of ¢ = 40 nm here. This value is optimized for two dimensional structures as discussed

further below and also yiels reasonable results for one-dimensional structures.
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Fig.A.9 shows the transmission of devices with two-dimensional grating structure as a
function of the angle of incidence for varying values of the grating duty cycle g/p and
grating periods of p = 350 nm, 400 nm and 450 nm. Two-dimensional resonant waveguide
gratings enable spatial-frequency filtering in both directions with a near isotropic optical
transfer function for unpolarized light as is discussed in more detail through Fourier plane
analysis in section 6.2.2. For this reason we aim to find suitable parameters to implement
a high-pass spatial frequency filter for unpolarized light. For all values of the grating duty
cycle the transmittance increases for increasing spatial frequencies thus also confirming
the high-pass spatial frequency filtering cability for devies with two-dimensional gratings.

Here we choose a grating duty cycle of g/p = 0.6 for two-dimensional grating structures.

Throughout the presented optimization process we have not yet varied the grating thick-
ness but kept it constant at a typical value of 40 nm with the resulting devices providing
strong suppression of transmission at normal incidence and reasonable angular filtering
contrast as quantified above. Fig.A.10 shows the impact of the grating thickness on the
absorption wavelength and angular filter function of devices with two-dimensional grat-
ing structures of exemplary grating period p = 400nm. A slight shift of the absorption
wavelength within a range of AX = 10nm is apparent. The grating thickness has a mi-
nor impact on the NA and contrast of the filtering function within the considered range
(20nm < ¢t < 60nm) as shown in Fig.A.10(b). Here we choose a universal value for the

grating thickness of to = 40 nm for all structures discussed in chapter 6.

N

grating thickness [nm]
transmittance

o

w

620 630 640 650 660 670 0 0.05 0.1 0.15 0.2

A [nm] '@/ko

Figure A.10: Transmittance through a Ag RWG with two-dimensional grating
for unpolarized light as a function of (a) the wavelength A and grating thickness
t and (b) the lateral normalized spatial-frequency k, /ko (b) for varying grating
thicknesses t for a grating period of p =400 nm. The grating dutycycle is set to
g/p = 0.6 in all calculations.
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While for the filtering application considered here the resulting device performance is
sufficient and due to the time consuming nature of FEM simulations we conclude the
optimization process at this stage, further iterative optimization involving the thickness
of the waveguide layer and shape of the unit cell of the grating might lead to improved

performance for particular applications.

A.3.3 SEM analysis of fabricated Ag gratings

p p (fab) duty cycle duty cycle (fab)

350 352£9 0.6 0.6610.04
400 4065 0.6 0.67+0.03
450 4567 0.6 0.67+£0.03

Table A.1: Nominal and experimentally measured (-fab) grating parameters of
two-dimensional resonant waveguide gratings using the ImajeJ software package.
Shown are the grating period p and the duty cycle g/p.

A.3.4 Backside illumination

p=350

norm. intensity

Figure A.11: Experimental Fourier plane images in transmission through RWG-
B at A\c = 575nm (a), RWG-C at A\; = 628 nm (b) and RWG-D at A\, = 686 nm
(c) for illumination from the Ag-side of the sample at the respective absorption
wavelengths A. of the structures. Images are recorded using the setup intro-
duced in Fig. 6.20 for an illumination bandwidth of AA = 5nm. All images are
normalized to their brightest pixel.
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A.3.5 Interpolation of Fourier plane images
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Figure A.12: Cubic interpolation of optical transfer function in order to increase

smoothness of simulated data. Here we consider the example of a MEC device

with a 40nm thick silver grating of period p = 400nm and duty cycle 60% on

top of a 100nm thick TiOs layer. The transmittance as a function of spatial

frequencies was obtained from FEM simulations for p- and s-polarized light as

shown in (a) and (d). The result of the cubic interpolation is shown in (b) and

(e) with lineplots through k, = 0 confirming the validity of the interpolation.

A.4 Fitting parameters

type ID lambda [nm] polarization note al a2 NA

MIM SBS1 631 s-pol isotropic 5.3 0.043 0.3

MIM SBS1 631 p-pol isotropic 2.4 0.043 0.4
RWG (1D) RWG-A 589 s-pol along ky=0 356.7 0.042 0.055
RWG (2D) RWG-C 647 p-pol along ky=0 43.3 0.034 0.115
RWG (2D) RWG-C 647 s-pol along ky=0 146.4 0.091 0.080

Table A.2: Summary of fitting parameters for second-order differentiatiors using

the optical transfer function of MIM absorbers and metallic resonant waveguide

gratings as investigated in this thesis.
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