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Abstract

With the on-going progress in nanotechnology, the necessary metrology to characterize
fabricated structures struggles to keep pace. Indirect optical methods like ellipsometry are
promising for this task, being highly accurate and at the same time non-invasive, fast, and
flexible. In conventional ellipsometry, results are integrated over the whole illumination spot,
making it applicable only on larger measurement fields and periodic structures. While imaging
ellipsometry enables a more local evaluation of polarizing properties, it is not widely used in
metrology yet. Measured images are usually evaluated like conventional measurements,
neglecting useful information from inhomogeneous areas. These are only fully accessible using
3D simulations, which are computationally highly expensive. In this thesis, I investigate
approaches to enhance the performance of imaging MUELLER matrix ellipsometry to establish it
for nanometrology. Using specially designed nanostructures, I examine the influence of
subwavelength scale structure form and size on MUELLER matrix images, observable in both,
measurements and simulations. With these samples, I explore possibilities to advance MUELLER
matrix ellipsometry. This includes ways to evaluate MUELLER matrix images without the need for
3D simulations, using techniques inspired by machine learning that provide information
exceeding microscopy images alone. In addition, this thesis covers the problem of usually
disregarded thermal drifts, proving that they are a potential source of uncertainty in imaging
ellipsometry by performing experiments on moving samples. I also offer an algorithmic solution
for handling drifts to improve even already existing setups. Apart from that, I explore the
applicability of plasmonic lenses for the advancement of ellipsometric methods. Conventional
plasmonic lenses are challenging to fabricate with common lithographic methods. Therefore, I
developed a new design scheme, so-called inverted plasmonic lenses. They keep the same
functionality while complying with fabrication conditions, enabling higher fabrication rates for
possible future applications. Plasmonic lenses were designed, optimized, and their parameters
systematically examined with numerical simulations. Then, lenses were fabricated with varying
parameters and examined using microscopy and imaging ellipsometry. Fabricated lenses
produced expected focal spots and showed dispersion. Design schemes to enhance the
performance of plasmonic lenses in terms of throughput maximization and dispersion
reduction are compared and discussed. I present an approach to merge plasmonic lens designs
for different wavelengths, which successfully reduces dispersion, albeit at the cost of focal spot
intensity. Numerical simulations showed that plasmonic lenses focusing the illumination on a
sample enhances the sensitivity of ellipsometric measurements to subwavelength sized
structures significantly. The contributions from this thesis will help to establish imaging
ellipsometry as a tool in optical nanometrology, pushing it further beyond its limits to ultimately
help bridging the gap towards nanotechnology.
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Zusammenfassung

Mit dem anhaltenden Fortschritt der Nanotechnologie kann die Metrologie zur
Charakterisierung gefertigter Strukturen nur schwer Schritt halten. Indirekte, optische
Verfahren wie die Ellipsometrie sind dafiir vielversprechend, da sie hochgenau und gleichzeitig
nicht-invasiv, schnell und flexibel sind. In der konventionellen Ellipsometrie wird das
Messergebnis iiber den gesamten Beleuchtungsfleck integriert. Daher ist sie nur bei gréfieren
Messfeldern und periodischen Strukturen anwendbar. Abbildende Ellipsometrie ermdglicht
eine lokalere Betrachtung der Polarisationseigenschaften, ist in der Metrologie allerdings noch
nicht weit verbreitet. Fiir gewohnlich werden nur gemittelte Werte der aufgenommenen Bilder
mit herkommlichen Verfahren ausgewertet, wobei wertvolle Informationen aus
ungleichmifligen Bereichen der Probe verloren gehen. Solche Informationen lieflen sich nur
mit aufwendigen 3D-Simulationen vollstindig nutzen. In dieser Arbeit untersuche ich Ansitze
zur Verbesserung der Leistung abbildender Ellipsometrie mit dem Ziel, sie fiir die
Nanometrologie zu etablieren. Mithilfe spezieller Nanostrukturen untersuche ich den Einfluss
von Strukturform und -gréfle im Subwellenlingenbereich auf MUELLER-Matrix-Bilder
experimentell und in Simulationen. Unter anderem betrachte ich Moglichkeiten zur Bild-
Auswertung in Anlehnung an Methoden des maschinellen Lernens ohne 3D-Simulationen zur
ErschliefSung von Informationen, die iiber Mikroskopbilder allein hinausgehen. Zudem befasst
sich diese Arbeit mit thermischen Drifts, die in der Ellipsometrie sonst vernachlissigt werden.
Ich zeige auf, dass Drifts eine Unsicherheitsquelle in der abbildenden Ellipsometrie darstellen,
und biete eine algorithmische Behandlung selbst in bestehenden Aufbauten an. Des Weiteren
untersuche ich die Eignung plasmonischer Linsen zur Sensitivititssteigerung ellipsometrischer
Methoden. Konventionelle plasmonische Linsen sind mit iiblichen Lithographie-Verfahren
allerdings umstindlich herzustellen. Daher habe ich ein neues Design entwickelt, die
sogenannte invertierte plasmonische Linse. Ohne Abziige in der Funktionalitit kommt sie den
Herstellungsbedingungen entgegen, was hohere Produktionsraten fiir zukiinftige
Anwendungen ermdoglicht. Verschiedene plasmonische Linsen wurden entworfen, optimiert
und ihre Parameter in Simulationen untersucht. Anschliefend wurden Linsen mit
unterschiedlichen Parametern hergestellt und mittels Mikroskopie und abbildender
Ellipsometrie evaluiert. Die hergestellten Linsen erzeugten die erwarteten Brennpunkte und
zeigten Dispersion. Ansitze zur Verbesserung ihrer Leistung im Hinblick auf
Durchsatzmaximierung und Dispersionsreduzierung werden verglichen und diskutiert. Die
Zusammenfithrung von Linsendesigns verschiedener Wellenlingen reduziert erfolgreich die
Dispersion, beeintrichtigt aber auch die Brennpunkt-Intensitit. Simulationen zeigen, dass die
Empfindlichkeit ellipsometrischer Messungen auf Subwellenlingen-Strukturen durch den
Einsatz der Linsen deutlich gesteigert wird. Die Ergebnisse dieser Dissertation tragen dazu bei,
die abbildende Ellipsometrie in der optischen Nanometrologie zu etablieren und letztendlich
die metrologische Liicke zur Nanotechnologie zu schliefen.
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Nomenclature

List of symbols and abbreviations used in this thesis.

Symbol
a

aj, bj
A,B,C,D

Tt

> ol oA —
[=}

Meaning

Aperture

FouriEeR coefficients

Auxiliary variables

Rows of the nanoform sample
Magnetic flux density

Speed of light

Diameter

Coating thickness

Minimum ridge distance

Electric field (strength)

Electric field amplitude vector
Electric field amplitude

Electric field amplitude components
Electric field components

Focal length

Grating vector

Helicity

Humidity

Intensity

Modified BEssEL function of order v
Integer

Electric current density

JoNEs vector

Wave number

Vacuum wave number

Wave vector

Wave vector components
Modified BESSEL function of order v
Lens thickness [ Waveguide length
Integer

PSA MUELLER matrix element
MUELLER matrix elements
MUELLER matrix

JONES matrix

Normal vector

Refractive index

Electron number density
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Symbol

N
NA

Re, Ry
S
SO/ Sl/ SZ/ 53

5d/ (5m
Jspp

Meaning

Number

Numerical aperture
Dipole moment
Polarizer
Depolarization index
Plasmonic quality factor
Radius

Corner radius

Position vector
Rotation matrix
Reflection coefficient
STOKES vector

STOKES parameters
SOBEL operators

Time

Transformation matrix
Temperature

Integers

Width

Cartesian coordinates

Propagation constant

Gaussian distribution scale

Gamma function
SPP penetration depths
SPP propagation length

Ellipsometric phase difference

Permittivity
Relative permittivity

Polarizer and retarder deviations

Rotation angle
Wavelength
Vacuum wavelength
Critical wavelength
SPP wavelength
Period

Permeability



Symbol Meaning Symbol Meaning

Yr Relative permeability ¢ Phase

Huy Combined PSA-PSG matrix elements P HAAR wavelet / function

€a,Cm Auxiliary variable b4 Ellipsometric amplitude component

IT Degree of polarization w Angular frequency

0 Electric charge density wp Plasma frequency

o Electric conductivity
Abbreviations

AFM Atomic Force Microscopy PSA Polarization State Analyzer

ALD Atomic Layer Deposition PSG Polarization State Generator

C Cylindrical lens PSO Particle Swarm Optimization

CAD Computer-Aided Design PTB Physikalisch-Technische Bundesanstalt

CCD Charge-Coupled Device RAM Random-Access Memory

CMI Czech Metrology Institute RMSE Root-Mean-Square Error

FEM Finite Element Method ROI Region Of Interest

FIB Focused Ion Beam s perpendicular (senkrecht)

FWHM  Full Width at Half Maximum S Successive

IQR InterQuartile Range SEM Scanning Electron Microscopy

JCM James Clerk MAXWELL SiOy Silicon dioxide

LED Light-Emitting Diode SNOM Scanning Near-field Optical Microscopy

(0] Spherical lens SPM Scanning Probe Microscopy

P parallel SPP Surface Plasmon Polariton

P Periodic STED STimulated Emission Depletion

PCSA Polarizer, Compensator, Sample, Analyzer TE Transverse-Electric

PCSCA Pol., Comp., Sample, Compensator, Analyzer 'TM Transverse-Magnetic

PMMA  PolyMethylMethAcrylat TSOM Through-focus Scanning Optical Microscopy
Constants

Vacuum speed of light ¢

= 299792458 ™

= 1.60217663 - 101 C
me = 9.10938370- 103! kg
gp = 8.85418781-10712 s

Elementary charge e
Electron mass

Vacuum permittivity

Vacuum permeability  ug = 1.25663706 - 10~° X—;
Pi T =~ 3.14159265...

EULER’s number e ~2.71828183...
Imaginary unit i =+-1
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Motivation

NCE, WHEN I WAS LITTLE, I HAD A TAMAGOTCHI. A DIGITAL FRIEND IN FORM OF A

O little device in my pocket that would beep at me when it needed my attention.
Tamagotchis as popular in the 1990s (compare Figure 1.1(a)) contained simple 4-

bit single chip microcomputers, running at 2 MHz maximum and bundled with 640 words
of RAM [1, 2, 3]. Little has changed since then. I still have a device in my pocket that alerts
me when one of my friends wants my attention. Just the numbers are different: Instead of
only one digital friend, I now have close to 200 real-life contacts stored in my smartphone
(see Figure 1.1(b)). With 8 GB of RAM, it has about as much memory as my laptop, and its
Kirin 980 chip features eight cores running at up to 2.6 GHz, while being only half'the size
of the chip in a Tamagotchi. Its 6.9 billion transistors fit into only 1 cm?, thanks to it being
fabricated within the scope of the so-called 7 nm process technology node [4, 5, 6, 7]. Even
if ’7 nm’ nowadays is more of a marketing term, transistors made with this technology
are as small as a few tens of nanometers only [8]. As of writing this thesis, transistor
technologies have even reached the 3 nm node, with the 2 nm node being expected in the

near future [9, 10, 11, 12].

(a) Tamagotchi, image from [13]. (b) My current smartphone.

Figure 1.1 — A 1997 Tamagotchi (a) and my current smartphone, a 2019 Huawei P30 Pro (b).

https://doi.org/10.7795/110.20240308



Advances in the fabrication of novel technologies also require the reliable and accurate
characterization of the fabricated structures. Thus, nanometrology has to keep pace with
the progress in nanotechnology. For measurements at the nanometer scale, atomic force
microscopy (AFM) and scanning electron microscopy (SEM), inter alia, have proven them-
selves. AFM is regarded as a highly accurate technique, but fails to characterize large struc-
tured areas due to its low speed. SEM faces the issues of being potentially destructive to
the sample while requiring specific measurement conditions [14, 15, 16]. For these rea-
sons, optical techniques are usually preferred. They are faster than tactile methods and
at the same time non-invasive and scalable, making them easy to integrate even in large-
scale manufacturing environments. Conventional light microscopy is the most common
method here, but famously faces ABBE’s diffraction limit at roughly half the wavelength
of the incident light. Optical imaging systems are incapable of resolving objects that are
closer to each other than this limit [17]. Much has been done to overcome this limit,
with a famous recent example being the development of stimulated emission depletion
microscopy (STED), which was awarded the Nobel Prize in Chemistry in 2014 [18]. Super-
resolution methods like STED, however, rely on the presence of fluorescent markers in
the structures under investigation. While it is common to use fluorophores in biological
applications, they are incompatible with, e.g., semiconductor samples, making these tech-
niques impractical especially in metrology [19, 20, 21]. In contrast to all these stand non-
imaging methods, such as ellipsometry, which are indirect optical techniques. Instead of
directly measuring for example the thickness of a thin layer, ellipsometry measures the
difference of the sample’s influence on light polarized in different ways. This difference is
then compared to models in order to find the corresponding layer thickness. As this is not
limited by diffraction, it is capable of characterizing dimensions down to a few Angstrom
with high accuracy [22, 23, 24, 25].

When talking to people from outside the optics community about ellipsometry, many
struggle to connect the term with the measurement method. Usually, the "-metry’ part
is obvious, stemming from the ancient Greek word pétpov (métron, measure) [26]. The
‘ellipso-’ part refers to the polarization ellipse, a general description of light’s state of
polarization. Alexandre ROTHEN is said to have coined the term ’ellipsometry’ in 1945
[27], but the method has been around since the time of Paul DRUDE, and potentially even
longer. Its origins are not quite clear, but already in the 19 century, measurements that
can be regarded as ellipsometry were conducted [25, 28, 29]. Although it is by far not a new
tool, itis still popular today, being used in a wide range of applications from metrology [30,
31, 32] over semiconductor industries [25, 33, 34| to biology [35, 36, 37]. It even played a role
in characterizing PTB’s monocrystalline silicon spheres used in determining the quantity
of the AvoGADRO constant by measuring the thickness of its oxide layer [38].

The appeal of ellipsometry lies in its high accuracy when measuring layer thicknesses

or optical constants or when reconstructing the parameters of periodic nanostructures.
However, to some extent, it still faces the problem of finite illumination spot size: Dur-
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MOTIVATION

ing a measurement, the sample is illuminated with light and the intensity change of the
reflected (or transmitted) light is measured for different states of polarization. In doing
so, the result is integrated over the whole illumination spot, the diameter of which is usu-
ally in the order of magnitude of 1 mm?. Thus, structures smaller than this illumination
spot can only be evaluated correctly when they are periodic and when the patterned area
is larger than the illuminated area. If the structured field is smaller than the spot size, in-
fluences from the surroundings are mixed into the measured signal, affecting the result.
Local polarization effects from opposing corners or edges are averaged out and features
from non-periodic, individual structures cannot be separated and evaluated. A possible
solution for this, which I explored in this work, is the use of imaging ellipsometry. This
technique combines ellipsometry with microscopy: Instead of a simple detector, a ca-
mera is used to collect the information from the ellipsometry measurement in images of
the sample. Together with a magnifying optical system, this allows to measure polarizing
effects more locally than conventional ellipsometry is able to. The idea of imaging ellipso-
metry is not new [39, 40, 41]. Yet, there is currently only one imaging ellipsometry system
commercially available, offered by Park Systems / Accurion [42], and it is barely used in a
metrological context, despite its advantages. A reason for this might be its evaluation diffi-
culties [43]. By now, results from imaging ellipsometry are usually evaluated by averaging
over regions of interest (ROI) in the image and evaluating these mean results like in con-
ventional ellipsometry. Although this allows for an easier evaluation of smaller areas than
in conventional ellipsometry, it only makes use of homogeneous areas in the images and
completely neglects other topological information from features like structure edges or
corners. Reconstructing non-periodic nanostructures using the information from these
inhomogeneities would necessitate numerical simulations in three dimensions, which
come with considerable computational costs and are thus often evaded. Other methods
to access topological information without elaborate simulations are needed to make this
method more viable for metrological purposes. For the sake of reliability in metrology, it
is also important to consider the thermal stability of imaging ellipsometry. The thermal
influence on these kinds of measurements is still widely ignored as it only plays a minor
role in conventional ellipsometry and when measurements are conducted in sufficiently
short time ranges. Apart from that, typical imaging ellipsometry usually features opti-
cal components also used in microscope systems. Replacing these optics with structures
from the rapidly developing field of meta-lenses involves many potential advantages, from
more compact setups over smaller illumination areas towards the possibility to imple-
ment scanning-type or structured-illumination-like measurement schemes. These kinds
of enhancements, that are likely to improve the access to subwavelength information, are
still pending.

The aim of this thesis was to find ways to enhance the performance of imaging MUELLER
matrix ellipsometry for the purpose of establishing it for nanometrological applications
and ultimately helping to bridge the gap towards nanotechnology. I explored different
possibilities to advance MUELLER matrix ellipsometry for metrological purposes. This en-
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compasses ways to evaluate MUELLER matrix images without the need for three-dimension-
al simulations, using techniques inspired by machine learning and image processing. As
a testbed, I designed a set of distinct nanostructures which showed detectable responses
in measurements agreeing with simulations, even for feature changes smaller than the
illuminating wavelength and even for simple measurements under normal incidence. In
addition, this thesis covers the problem of thermal drifts that naturally occur during mea-
surements. While negligible in conventional ellipsometry and thus mostly disregarded,
I prove that these drifts are a potential source of uncertainty in imaging ellipsometry
by performing experiments on moving samples. I also offer an algorithmic solution for
handling drifts to improve even already existing setups. Apart from that, I explored the
application of specially designed flat meta-lenses, specifically plasmonic lenses, for the
advancement of ellipsometric methods towards more compact and versatile setups.

Plasmonic lenses are based on the extraordinary transmission effect. Usually, light is un-
able to pass holes which are significantly smaller than the wavelength. However, it was
observed that, instead of the transmission dropping steadily towards zero with decreas-
ing hole diameter, there is some transmission enhancement for certain small diameters
of metallic holes [44, 45]. This unexpected behavior was called extraordinary transmission.
Although not completely understood yet [46], it is regarded by most to be linked to the
excitation of surface plasmon polaritons (SPPs) [45, 47], which are oscillations of the sur-
face electron density coupled to the photons that excited them. They were first described
in the late 1960s [48]. When light passes as SPPs through such a hole, its phase changes
according to the hole size and shape [49, 50, 51]. In the 2000s, when this was examined in
more detail and when fabrication techniques for such holes became more available, the
first types of focusing plasmonic metasurfaces were developed by arranging slits or simi-
lar structures in metal [52, 53, 54, 55, 56, 57]. Concerning the advancement of ellipsometry,
this thesis aimed to scrutinize the suitability of these types of structures for the enhance-
ment of measurement sensitivity. Other than normal lenses, plasmonic lenses are flat and
can produce small focal spots with much shorter focal lengths. This potentially enables an
easier integration of these lenses in ellipsometry, leading to more compact setups. Also,
it enables extensions of the method by scanning type measurements, which I approached
with numerical simulations at focal distances of a few micrometers. However, plasmonic
lenses as they are common in literature are relatively difficult to produce without the
right tools. They often require focused ion beam (FIB) milling for their fabrication, which
is rather time consuming and unsuited for a large-scale production. This is why I devel-
oped a new design, the so-called inverted plasmonic lens, which I present in this thesis.
The new design enables an easier fabrication with common lithography methods. Using
this, I designed, simulated and, after fabrication, measured a set of inverted plasmonic
lenses to characterize their functionality, and created a study about various lens parame-
ters to see their limitations. Part of the new design is an alternative placement scheme
for the waveguides these lenses are made of, which maximizes the throughput and thus
tackles one of plasmonic lenses’ major disadvantages compared to dielectric meta-lenses.
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MOTIVATION

In addition, I characterized their dispersive behavior and discuss different schemes for
the realization of achromatic plasmonic lenses compatible with ellipsometric methods at
multiple wavelengths.

After this motivation, Chapter 2 starts with a brief introduction concerning MAXWELL’s
equations and how light behaves when it interacts with conductive media. That gives
us the foundation needed to describe the polarization of light in the MUELLER matrix
formalism and the link between photons and plasmons. Chapter 3 then goes into de-
tail about ellipsometry, comparing different techniques of polarimetry and ellipsometry
and presenting the experimental setups used in this thesis. It also introduces us to the
nanoform sample, the set of structures fabricated for the investigations in this thesis.
Measurements conducted on this sample revealed thermal drifts, which are character-
ized and algorithmically accounted for. Continuing from the exposition, Chapter 4 then
shows how plasmonic waveguides can be used to build flat lenses. It presents the inverted
plasmonic lens design and goes into detail about parameter optimization. After evalu-
ating the performance of the lenses, both numerically and experimentally, it discusses
different concepts for the realization of multispectral plasmonic lenses to circumvent the
dispersion observed in the evaluation. Afterwards, Chapter 5 characterizes the polarizing
properties of the fabricated plasmonic lenses using the setups presented earlier, before
discussing numerical simulations of MUELLER matrix images as well as the implementa-
tion of plasmonic lenses in ellipsometric setups. Apart from that, it covers an approach
for the application of machine learning ideas in an ellipsometric context. In the end,
Chapter 6 gives a brief conclusion of the results of this thesis.
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Light in and around
Conductive Media

N THIS THESIS, WE WILL SEE BOTH LIGHT BEING USED AS AN INFORMATION CHANNEL
I for nanometrology and light being shaped for this purpose. Therefore, we start by
briefly reviewing the theoretical framework necessary to understand how light and

its interaction with matter will be described mathematically in what follows. This chapter
begins at MAXWELL’s equations to establish the wave character oflight, before it deals with
its subsequent property polarization and how to describe it using STOXEs vectors. It then
introduces the MUELLER matrix formalism for the influence of optical components on
polarization, which is the foundation for MUELLER matrix ellipsometry as described in
Chapter 3. Afterwards, we see how light waves interact with electrons in metals in a way
to excite surface plasmon polaritons. These will be used in Chapter 4 in the construction

of plasmonic lenses.

2.1 MaxweLL’s Equations and the Description of Light

The classical description of electromagnetic waves follows from MAXWELL’s equations [58].
They represent the interaction and propagation of electric fields E and magnetic fields B:

)
E=P VXE=—-——, (1c)
V E 5’ (13) at B
V-B=0, (1b) ngzyf+syaa]f. (1d)

In these equations, ¢ = gpe; denotes the permittivity and ¢ = pop, the permeability of
the corresponding media. In the uncharged, current-free vacuum case, the equations can
be simplified by neglecting the electric charge density p and the electric current density |
as well as &; and p; [59].
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2.1.1 Wave Equations

From MAXwWELL’s equations follows the wave equation for the behavior of electromagnetic
waves in conducting media [60]:

g O 1PE_
V'E ec2 ot ¢? ot? =0, @)
where c is the speed oflight in the medium and ¢ denotes the electric conductivity, which

is the proportionality between the current density and the electric field [60]:
j=c-E. 3)

An in detail derivation of the wave equation is given in Appendix A.1. An often used case

is the wave equation in the absence of electrical currents and charges:
- 19°E

V?E- - =0. 4

c2 ot2 *)

Similar equations can be found for the magnetic field and in general, each single compo-

nent of both fields follows the wave equation [46]. Under the assumption of'a harmonic

time dependence, we can rewrite the wave equation to the HELMHOLTZ equation with the

wave number ko [61]:
V2E4+KE=0. (5)

2.1.2 Solutions of the Wave Equations

The simplest and presumably most versatile solution of the wave equation is the plane
wave [40]: )
E(7,t) = Ege't7) (6)

where & is the so-called wave vector. For simplicity, we often consider plane waves trav-
eling along a certain direction of the Cartesian coordinate system, for example the z-
direction:

E(z,t) = Ege'®==«h | ?)

In the case of vacuum, without charges present, the divergence of the electric field has to
vanish in accordance with Equation (1a). For a plane wave traveling along the z-direction,

this reduces to:
oE,

oz
as the field does not depend on x or y. This is only fulfilled when E, = 0. Non-trivial

0, (®)

solutions would suggest that E, had a constant value for all  and z, which does not hold
for a wave. Hence, the field components of an electromagnetic wave in direction of their
propagation are zero and the fields oscillate only in the directions transverse to their prop-
agation [58]. Thus, light is considered a transverse electromagnetic wave.
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2.1 MAXWELL'S EQUATIONS AND THE DESCRIPTION OF LIGHT

Apart from plane waves, other solutions for the wave equation exist that are especially
useful in specific situations, such as the description of certain light sources like lasers.
Important examples for these, which are not further discussed in this thesis, are spherical
waves and Gaussian beams [62].

2.1.3 Evanescent Fields

A more general description of complex wave fields usually follows from a decomposition
of the field into several plane waves, a so-called angular spectrum [63]. Mathematically,
this is described via a FOURIER transform of the components of the electromagnetic fields
[46]. Consider the electric field in a plane with constant z-coordinate. The inverse FOURIER
transform of this field yields its angular spectrum representation [64]:

E(x, y,2) // E (ks ky; 2)e/ ) deedley ©)

When we insert this into the HELMHOLTZ equation, we see that, in the angular spectrum,
the propagation of the wave along the z-axis is described with a phase factor [46, 64]:

E(ky, ky; z) = E(ky, ky; 0)e%:= | (10)

The component k, which is the wave vector component along the axis of propagation is

+ik,z

also called the propagation constant p [61]. The different signs of e represent differ-

ent directions of propagation along the z-axis. For propagating waves, k, is real and e®:>
describes an oscillation. However, the wave number k, might also be imaginary. This
leads to a phase factor of e =%+ which describes a field decaying along the z-axis instead.
This case is also referred to as the evanescent field. Generally, it only occurs at inhomo-
geneities. The most prominent examples for this are interfaces of dielectric media with
different indices of refraction, where total internal reflection occurs [46, 64, 65]. Another
important case is the excitation of surface plasmons at metal-dielectric-interfaces, which

will be discussed in Section 2.3.1.

When considering the wave vector k, its components have to describe the surface of a
sphere with radius |k| = k, the so called EwALD sphere [66]:

K =k+k+k. (11)

For propagating waves, k; is real and therefore k* > k2 + k%. However, evanescent fields
deliver solutions for the wave equation where k? < k2 + k%, which means that the associ-
ated wave vector is no longer inside the EwALD sphere [46]. Transformed into the Carte-
sian space, spatial frequencies outside of the EWALD sphere relate to structures smaller
or closer together than the wavelength. Thus, in contrast to propagating waves, evanes-
cent fields carry information from the sub-wavelength domain [46, 67, 68]. Because of the
rapidly decaying nature of evanescent fields however, we can’t access this information in
the far-field. Therefore, we have to rely on means of near-field optics, for example scan-
ning near-field optical microscopy (SNOM) [69].
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2.2 Polarization of Light

We have seen in Section 2.1.2 that propagating light is a transverse electromagnetic wave,
where the electric and magnetic field vectors oscillate in directions perpendicular to the
propagation. The orientation of these oscillations is referred to as polarization. In this sec-
tion, we discuss the mathematical descriptions of polarization relevant for this work.

2.2.1 The Polarization Ellipse

Considering a monochromatic plane wave as in-

Eyp troduced in Section 2.1.2:
Eoy -
E P/= = i(f7—
E(7t) = E - ik T—wi+¢) , (12)
h
wttg o with an arbitrary phase ¢. The wave travels along

Eol Ex  the z-direction and the fields oscillate transversely

to its direction of propagation in the x-y-plane.

Thus, the wave can be decomposed into the Carte-

sian components [70]:
Figure 2.1 — Polarization ellipse. The

helicity is denoted by 5. Ex(z,t) = Egx cos(kz — wt + QDX) , (13a)
Ey(z,t) = Eoycos(kz — wt + ¢y) , (13b)
E,(z,t)=0. (13c)

When these equations are combined, they result in the equation of an ellipse, which is the
most general description of the polarization of an electromagnetic wave:

BB ExEy

. 2
7E(%x + E%y EoiEoy cos(¢) = sin“(¢) , (14)

with the arbitrary phases ¢ = ¢y — ¢«. A schematic of the polarization ellipse is given in
Figure 2.1.

2.2.2 States of Polarization

As demonstrated in Section 2.2.1, the polarization of light can generally be described with
an ellipse. Consequently, this case is referred to as elliptical polarization. Figure 2.2(a)
shows an example for this. From the general case, useful special cases can be derived.
If the half-axes of the ellipse are of same length (Eox = Egy = Eo) and the phase ¢ is an
odd-numbered multiple of 7/2, the ellipse degenerates to a circle, which describes circular

polarization:
E2 E;
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2.2 POLARIZATION OF LIGHT

(a) Left-handed elliptical. (b) Left-handed circular. (c) Vertical linear.

Figure 2.2 — Examples for elliptical (a), circular (b), and linear (c) states of polarization.

In both cases, elliptical and circular polarization, the helicity & of the wave can be either
left-handed or right-handed, depending on the phase. An example for left-handed cir-
cular polarization is depicted in Figure 2.2(b). If the phase is an integer multiple of 7,
Equation (14) further simplifies to a linear equation, describing linear polarization:

Eox
E,==+(— | Ex. 16
=+ () E 09
If one of the field components vanishes, this results in linear horizontal (E¢y, = 0) or
vertical (Egx = 0) polarization. The latter is shown in Figure 2.2(c). If the field components

are the same, the equation describes diagonally polarized light [70].

When describing light at oblique incidences, e.g. when dealing with reflection, refraction,
or change of propagation, it is more reasonable to describe the state of polarization rel-
ative to a plane of incidence instead of an overall coordinate system. We describe light
as parallel (p) polarized, if the electric field vector oscillates in the plane of incidence,
which is spanned by the wave vector k and the normal vector 7 of the surface as depicted
in Figure 2.3(a). Likewise, perpendicular (s from German senkrecht) polarized light has its
electric field vector perpendicular to the plane of incidence, as shown in Figure 2.3(b).
In the context of structured fields, when the plane of incidence coincides with the plane
spanned by the normal vector # and the grating vector g, we also refer to these cases as
transverse-magnetic (TM) or transverse-electric (TE) polarized, respectively [46].

(a) TM polarized. (b) TE polarized.

Figure 2.3 — States of polarization depending on the plane of incidence. Examples for TM (a)
and TE polarized light (b).
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2.2.3 JoNEs Calculus

Avector based description for completely polarized light was introduced in 1941 by Robert
Clark Jones [71]. States of polarization of a plane wave propagating in z-direction are
described by a so-called JoNEs vector J:

= o 7 - iy
E = ] . ez(k-r—wt) , ] _ <EOXe > ) (17)

Eoygi‘l)}’

When examining polarization only, JoNEs vectors are usually normalized with regard to
amplitude and phase [58].

If an optical component changes the polarization of light, this transform is mathemati-
cally performed via a2 x 2 JoNEs matrix M;:

J'=M-T. (18)

2.2.4 Stokes Calculus

The JoNESs calculus introduced in Section 2.2.3 describes completely polarized light in a
compact manner. The vectorial treatment of only partially polarized light however needs
another formalism. In 1852, Sir George Gabriel STokEs introduced the description of
polarized light via four parameters, the so-called STokEs parameters, which can be sum-
marized into a STOKES vector [72]:

So E(Z)x + Egy

i S L (19)
Sy 2EoxEoy cos(¢)

53 ZEQXEQY sin(gb)

The first parameter, So, denotes the overall intensity I ofthe light. S; contains information
about linear horizontal and vertical polarization, Sy describes linear diagonal polarization,
and S3 stands for circular polarization. Generally, the sum of the squares of the other
parameters is less than or equal to the square of Sy:

S5 >ST+S5+535. (20)

Completely unpolarized light is represented by every parameter except Sy being zero. For
partially polarized light, the degree of polarization I1 is defined as [70]:

\/ST+ 55+ 53
M= vt =273 (21)

So
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2.2 POLARIZATION OF LIGHT

Similar to the JoNEs calculus, the change of polarization induced by optical components
onto a STOKES vector is described with 4 x 4 MUELLER matrices [73, 74]:

S'=M-S, (22a)
So moo o1 Moz Mg3 So
/
Si| _ |mo mun mip mz| | S (22b)
S5 myy M1 My M3 Sy
S5 mzp M3y Mz M3z S3

The interaction with multiple components mathematically corresponds to the multipli-
cation of the respective MUELLER matrices. As a helpful example, the rotation of an optical
component by an angle of 0 is achieved by multiplying the component’s MUELLER matrix
with a rotation matrix R(0):

1 0 0 0
M(6) =R(—0)-M-R(9), R(6)= (8 ) o) 8) : (23)
0 0 0 1

A set of relevant MUELLER matrices is collected in Appendix A.2.

2.2.5 MUELLER JONES Matrices

If'the light is completely polarized, the degree of polarization is Il = 1 and the squares of’
the STOKES parameters sum up to the square of the intensity:

S§=57+S3+53. (24)

When completely polarized light interacts with a non-depolarizing medium, the MUELLER
matrix of this medium is referred to as a pure MUELLER matrix or a MUELLER JONES ma-
trix, because it can also be described by a JoNEs matrix. Equivalently, each JoNESs matrix
can be transformed into a MUELLER JONES matrix via [75]:

M=T(M oM T, (25)

where T is the transformation matrix [75]:

100 1
1 ~1

r_|100 26)
01 1 0
0 i —i 0

We can use the depolarization index Pp as a description for the purity of a state of polar-
ization [70]:

VT (MTM) — i,
B \@ - Moo '

A pure MUELLER matrix has a depolarization index of Pp = 1 [75].

Pp (27)
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2.3 Plasmonics

In conductive solids, electromagnetic forces induced by incident light inherently influ-
ence the movement of electrons among atomic nuclei, leading to charge imbalances and
causing local electric fields. These plasmonic interactions are able to create evanescent
fields traveling along the surfaces of solids. This section gives a brief introduction into
plasmonics and the properties of surface plasmon polaritons.

2.3.1 Plasma Oscillations

Consider a number of 1. free electrons in a medium being displaced by a distance of x
from their quasi-neutral positions, for example due to an external electric field. This dis-
placement creates a net charge imbalance, which, according to MaxwEeLL’s Equation (1a),
leads to an electric field itself:

P enex

Ee=1t =", 28
w0 e (28)

where p is the dipole moment caused by the displacement [77, 78]. This electric field
creates a retracting force on the electrons:
d%x e2nex

Megp = —ehx =m0

(29)

This force might cause the electrons to oscillate around the nuclei, so we describe the
solution to this differential equation with a periodic movement of the electrons:

x(t) = xgcos(wpt) , (30)

where wy, is the frequency of this oscillation. With Equation (29), this leads to:

2
mew}%x = ¢ :Oex , (31a)

e’n
=\ [ ——< . 31b
Wp e (31b)

Following the description of free electrons in conductive solids as a plasma, this oscil-

lation frequency wp of the charge density is usually referred to as the plasma frequency.
Likewise, local imbalances of the charge density carry on through the solid as plasma
oscillations [77, 79]. These collective, propagating excitations of the free electrons are de-
scribed via quasi-particles, so-called plasmons. When these electron density waves travel
along the surface of'a material, we call them surface plasmons [80].
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2.3 PLASMONICS

2.3.2 Surface Plasmon Polaritons

As indicated in Section 2.3.1, external electromagnetic fields, for example in the form of
photons, can excite plasma oscillations. If plasmons couple to the photons that excited
them, they are referred to as plasmon polaritons [77]. We want to focus on the special case
of surface plasmon polaritons (SPP), which are oscillations of the surface electron density,
excited by and coupled to photons while propagating along the surface [81]. We can excite
these evanescent fields deliberately at the interfaces between materials with a positive and
anegative permittivity, respectively. In most cases, these materials are a dielectric medium
and a metal [82, 83].

Figure 2.4(a) depicts an interface between two arbitrary uncharged media 1 and 2 with
permittivities €1 and e,. We assume density charge oscillations inside material 2 coupled
to an electric field right at the interface. We describe this field as follows:

o Eorlefi(thrkx,lijkzrlz), z>0
E(T, t) = { EO Zefi(wt+kx,2x+kzlzz), z S 0 ° (32)
The electric field underlies continuity conditions at the interface [59]:
Exi —Ex2 =0, (33a)
e1E;1 —&2E;p =0, (33b)

which together with MAXWELL’s equations lead to the dispersion relation of the wave vec-
tor component along the surface [82]:

w €1€2
ky = — , 34
* €1+ & (34)

and the component perpendicular to the surface [82]:

52
=1\/& 35
&1+ 82 ( )

“he E “hey
0q
iR -
VY] Voo X 5 IE,|
e L
&y ASI’I’ &
(a) Surface electron density oscil- (b) SPP penetration
lations coupled to an electric field. depths.

Figure 2.4 — SPPs at the interface between two materials, adapted from [84]. Electric field at
the surface (a) and with distance to it (b).
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Generally, the electric permittivity is complex-valued: ¢ = ¢ + i¢”. Under the assump-
tion that the permittivity of material 1 is real-valued, and when our goal is to describe
propagations along the interface, k2 has to be real-valued as well [82]. Thus, the real part
of the permittivity of material 2 has to be negative and its absolute value has to be larger
than the one of material 1. Usually, metals do have large negative real parts and smaller
imaginary parts, so these requirements for the existence of SPPs are fulfilled for metal-
dielectric-interfaces. In this case, k;y is imaginary, which classifies the electromagnetic
field associated with SPPs as an evanescent field (see Section 2.1.3). The suitability of a
metal for plasmonic excitations is coupled to its permittivity and can be expressed in

form of a quality factor [85, 86]:
8/2
Qspp = ﬁ : (36)
m
For example, pure silver is the metal with the highest quality factor of Qspp ~ 373 at a
wavelength of 532 nm (data from [87]).

From the real part of ky, we get the wavelength of the SPPs along the surface [88]:

eqte
Aspp = Aoy | d_"m, (37)
€4€m

where A = 27/k, is the incident wavelength and ;,, g = ¢/, + i€’ ; are the complex per-

mittivities of the metal and the dielectric, respectively. Generally, ky is complex-valued,
which means that the field is also dampened along the interface from its center of ori-
gin. From the imaginary part of ki, we obtain the distance after which the SPPs’ intensity
decreases by 1/e of their initial value, the so-called propagation length [88]:

Seon — A €2 (eg+el\? 38)
SPP T P00 e \ egel '

Additionally, SPPs penetrate into both media to a certain extent which is considered by
the penetration depths illustrated in Figure 2.4(b) [88]:

1 eq + €

g = — m|, (39a)
ko 8d
1 &g+ bl
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2.3 PLASMONICS

2.3.3 Excitation of Surface Plasmon Polaritons

Figure 2.5 illustrates the dispersion curve of SPPs at an interface between a metal (silver)
and a dielectric material (SiO,), following Equation (34). As we see, it always lies at higher
wave numbers than the light line, shown for the vacuum case. The excitation of SPPs,
however, requires conservation of energy and momentum, but the momentum of a pho-
ton is always smaller than that of the SPPs. This momentum mismatch prevents photons
to directly excite SPPs. Nevertheless, we can find geometries to compensate this momen-
tum mismatch, for example by using the total internal reflection in prisms or by means
of grating couplers [82, 83, 84].

1
0.8 +— -
Surface plasmon
0.6 + (non-propagating surface oscillation)
B T
3
—
3
04+ i
0.2+ i
Light line
— SPP Dispersion
oV

l l l l
0 0025 005 0075 01 0125 015 0175 02
kel w,

Figure 2.5 — Dispersion of surface plasmon polaritons at an interface between silver and SiO,

(dark) compared to light in vacuum (light), normalized to the plasma frequency in silver. The
dashed red line is the frequency of surface plasmons at the silver-SiO; interface.
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MUELLER Matrix
Ellipsometry

NE OF THE MOST IMPORTANT PROPERTIES OF LIGHT IS ITS POLARIZATION. ESPE-

O cially in nanometrology, it forms a crucial information channel sensitive to ge-
ometries as well as materials of samples under investigation. Using the MUELLER

matrix formalism introduced in Chapter 2, we now take a look on the polarization-based
characterization of nanostructures, from experimental setups to measurements on spe-
cific samples. This chapter starts with a brief overview over polarimetric and ellipsometric
techniques before presenting the setups used in this thesis. Afterwards, a particular set of
samples for systematic investigations on local polarization influences is introduced and
characterized. This chapter ends with a treatment of thermal influences in ellipsometric

systems.

3.1 Polarimetry and Ellipsometry

Polarimetry is the science of measuring polarization as a property of waves [89]. The terms
polarimetry and ellipsometry are often used synonymous and their distinction is not al-
ways presented clearly. Ellipsometry is more of a specialized case of polarimetry: While
polarimetry measures the state of polarization of'a beam of light, ellipsometry measures
the polarization ellipse. This is more often used in the scope of thin film or surface char-
acterization in reflection measurements, usually to retrieve layer thicknesses or refractive
indices [28, 70, 90, 91]. Nevertheless, both terms are sufficiently congruent and as this
thesis deals mainly with measurements of surface nanostructures, I will refer to the pro-
cedures used here as ellipsometry. This section gives a brief overview of common po-
larimetry and ellipsometry techniques that are relevant for this work.
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3.1.1 Y-A-Ellipsometry

Historically speaking, ellipsometry could be divided from polarimetry by performing
measurements in reflection. As such, traditional ellipsometry measures the reflection
(or transmission) from a sample for two different states of polarization of the illuminat-
ing light, s- and p-polarized. The resulting complex reflection coefficient ratio is then
described in terms of an amplitude and a phase difference:

Rp _ tan'¥ - e . (40)

Rs

As usual in ellipsometry, the resulting values, ¥ and A, are then used to indirectly derive
the desired information about the sample by fitting a model to the measurement. This
way, film thicknesses or refractive indices can be obtained [25].

3.1.2 StokEs Polarimetry

Sets of optical elements that are used to create a certain state of polarization are called po-
larization state generators (PSG). Similarly, polarization state analyzers (PSA) are systems
to analyze the state of polarization. Both, PSG and PSA, often involve rotating optical ele-
ments for the creation or examination of polarization. Rotating element polarimetry uses
the intensity modulation created by these rotating polarizing elements to deduce STOKES
vectors, which usually involves a truncated FOURIER series over the rotation angle 6. One
of the simplest possible PSAs is a single polarizer, shown in Figure 3.1(a). When inserted in
a polarized beam oflight in front of a detector, rotating the polarizer creates a modulation
of the measured intensity, as depicted in Figure 3.2(a). Using the formalism introduced in
Section 2.2.4, this enables the measurement of three of the four SToxES parameters [70]:

- —

S/ = B(_G) ' Mpol ' B(Q) -5 ’ (413‘)
Sh So

%_ _ émiﬁ)—ﬂ&w)g ‘]<%%88>' é m&%)sm&mg . S @ﬂ»
é 8 s1n829) CoséZQ) (1) 2 8 8 8 8 8 fsu8(29) cos(()29) (1) S,
S4 53

1 cos(26) sin(26) 0
1 | cos(26) cos?(20) sin(26) cos(26) 0 S1
(20) sin(20) cos(26) sin”(26) 0]

0 0 0 0 S3

- 41
2 | sin ( C)

The modulated intensity follows from executing the multiplication for the first STOKES

parameter only:
So S1 52 . ap az bz .
/ — e
So=1= 5 + 5 cos(20) + > sin(26) 5 + > cos(20) + 5 sin(20),  (42)

where a and b are the FOURIER coeflicients.
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3.1 POLARIMETRY AND ELLIPSOMETRY

P Detector Detector
| 3 !

(a) Rotating polarizer (P). (b) Rotating retarder (A /4) and fixed po-
larizer (P).

Figure 3.1 — Examples for polarization state analyzers (PSA), consisting of a single polarizer (a)

and a combination of polarizer and retarder (b).

The full STOKES vector can already be obtained by adding a retarder, a quarter-wave plate,
as arotating element in front of a fixed polarizer, as visualized in Figure 3.1(b). In this case,
the modulated intensity can be obtained in the same way [70] (compare Figure 3.2(b)):

I\J\H

2
?O ; agy c0s(200) + by sin(206)) . (43)

The STOKES vector follows again from the FOURIER coefficients:

So ag — dg
51 2a4

= . 44
S, 2by ( )
S3 by

In this manner, several different possible combinations of rotating optical elements allow

for the characterization of the STOKES parameters.

1 1 14
0.8 0.9 0.8+
2 2 2
@ 0.6+ ‘@ 038 ‘@ 0.6
=] = =
3} 3} 3}
£ 04+ e 074 B 044
— — —
0.2+ 0.6 0.2
0+ 0.5 0+
0
(a) Rotating polarizer. (b) Rotating retarder (c) PCSCA configura-
and fixed polarizer. tion.

Figure 3.2 — Intensity modulation of linear polarized light due to rotating optical elements.
Examples for a rotating polarizer (a), a polarizer and retarder (b), and PCSCA configuration (c).
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3.1.3 MuELLER Matrix Ellipsometry

Instead of measuring the sample properties at just two states of polarization, as described
in Section 3.1.1, a more generalized approach to ellipsometry is to measure at many dif-
ferent states of polarization. This gives access to the sample’s MUELLER matrix, which
contains additional information about anisotropy and depolarization [25]. For the mea-
surement of the MUELLER matrix of a sample, we need to modulate both, the polarization
of'the illumination and of the light coming from the sample. Thus, regarding the rotating
element polarimetry from Section 3.1.2, a PSG and a PSA are needed [70]. A common way
to accomplish that is the configuration shown in Figure 3.3(a) that uses a fixed polarizer in
combination with a rotating retarder as PSG and a rotating polarizer, which is in this case
called an analyzer, as PSA. This configuration is abbreviated as PCSA (polarizer, compen-
sator, sample, analyzer) and it is capable of measuring the first three rows of the MUELLER
matrix. The complete MUELLER matrix can be obtained with rotating optical elements
when both, PSG and PSA, consist of a fixed polarizer and a rotating retarder. This config-
uration, depicted in Figure 3.3(b), is referred to as dual-rotating retarder configuration or
PCSCA (polarizer, compensator, sample, compensator, analyzer) [70, 92, 93].

In general, for any ellipsometric system, the modulated intensity measured at the detector
comes from the MUELLER matrix M of the sample, the MUELLER matrix of the PSA, and
the STOKES vector coming from the PSG. As we are only interested in the intensity, we can
omit the other rows and find the intensity as a sum of parameters [70]:

= ﬁ
S" = Mpgp - M - Spsc , (45a)
I Mao Ma1 Ma2 Ma3 Mmoo Moy Moz M3 Sg0
my My M My Sg1
_ . 0 o B 2 (45D)
Mo M1 Mza M3 Sg2
msy Mz Mzy  M33 Sg3
3 3
I = Z MauMuySgy = Z HavMuy , (45¢)
u,v=0 u,v=0

with piyy = ,4Sgy. For a dual-rotating retarder configuration like in Figure 3.3(b) with
two linear polarizers and two rotating quarter-wave plates, we can specify this further:

§' = Mpgp - M - Spsc (46a)
= My - R(—=04) - My, - R(64) - M- R(—6c) - My, - R(66) - Mgy - S . (46b)
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(a) Rotating retarder (PCSA) configuration. (b) Dual-rotating retarder (PCSCA) configuration.

Figure 3.3 - MUELLER matrix ellipsometry configurations with one (a) and two retarders (b).

The retarders of the PSA and PSG need to rotate with different speeds to obtain enough
modulation for a FOURIER analysis like discussed in Section 3.1.2. Though many difterent
ratios for their speeds are possible to obtain the MUELLER matrix, we want to consider
only the lowest possible one, which is 5:1 [70], so ¢ = 6 and 6, = 56. Given that the light
source is generally unpolarized and using trigonometric identities, we get:

Sesc = R(—6) - M., - R(6) - Mpq - S (47a)
1 )
(26)
=35 <sin(CZOf;S) cos(29)> , (47b)
sin(20)
Mpgp = My - R(=50) - My, - R(50) (48a)
1 /(1 cos?(106) sin(106) cos(108) — sin(100)
— Z | 1 cos?(106) sin(108) cos(108) —sin(108) | . (48b)
AU

When we neglect the factors of 1/2 because they are just intensity scaling factors, we get
for the respective vectors of PSA and PSG:

(ma,o My1 Map ma/3>:(1 cos?(100) sin(106) cos(108) —sin(l()@)) , (49

Sg0 1
Sg1 | _ cos?(20) (50)
Sg2 sin(26) cos(20)

Se3 sin(20)
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These are now used to calculate the expressions for piyy = 1, 4Sgy, Which help to develop
the modulated intensity in a FOURIER series:

3
I = Z HuvMuy (513‘)
u,v=0
=ay + Z (a;cos(2j60) + bjsin(2j6)) = 1(6) . (51b)

From this, we obtain the FOURIER coefficients a; and b as functions of the MUELLER matrix
elements myy, and vice versa:

ag = Moo + % (mo1 +mo) + 41177111 (52)
ap= 0 a7 = Mz by = mos+ 3mi3 by = —ma
ay = Ymoi+imy  ag= gmu+gmpn b= Fme+imp  by= —fmp— gmy
a3 = —imgp a9 = tmos by = —imy bo = —3mis
ay = —3ms alp = imyg+imy by= 0 bio = %myo + tmx
as = 0 Ay = —imos bs = —mgy—3mz b= imi3
ag = sma Ay = imy—gmyn be= 0 bip = gmip+ gmy
&

moo = ag—dap+asg—dayp +a;p My = —2bg+2byg —2b1p

myr = 2ap — 2ag — 2aqp my = 4bg + 4bys

mop = 2by + 2bg — 2bqp Mmooy = 4ag — 4ayy

mo3 = by +bg — byy my = 2(ag —an)

my = —2ag+2ajg — 2ap mzy = bz —bs+ b7

my1 = 4ag+ 4ap ms = —2(b3 + b7)

myp = —4bg + 4bqy M3y = 2(—5!3 + a7)

mi3 = 2(—b9 + bll) Mmsz = —dgq + dg

The complete derivation of these expressions is given in Appendix A.3, together with the
equations for the PCSA configuration.
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We calculate the FOURIER coefficients from the measured intensity signal [58]. As the rota-
tion of the retarders usually happens in discrete steps rather than in continuous motion,
we use discrete sum expressions for this:

2 N

ag = NV; 1(6y), (53a)
4 ¥ .

a; = NV; 1(6y) cos(2j6y) , (53b)
4 N

bj = N Y 1(6y) sin(2j6,) . (53c)

<
Il
_

3.1.4 Error Compensation

When implementing the methods described in Section 3.1.3, misalignments of the opti-
cal elements and imperfections of the retarders proved to be the most crucial sources for
errors. We can account for these by introducing error compensation parameters that de-
scribe deviations of the polarizing elements from the ideal case. Figure 3.4 depicts these
parameters for a dual-rotating retarder configuration. The respective parameters account
for deviations in the retardation of the two retarders (e; and ¢;) as well as for differences in
the orientation of all optical elements relative to the first polarizer (e3, €4, and €5). Repeat-
ing the FOURIER analysis (as in Section 3.1.3) under consideration of these errors leads to
new relations between the MUELLER matrix elements and the FourIEr coefficients. From
a calibration measurement without a sample, we obtain the FOuRIER coefficients. To-
gether with the identity matrix as a MUELLER matrix, they deliver the error parameters,
which in turn can be used in a measurement of a sample for error compensation. As the
corresponding relations are lengthy, you may find them in Appendix A.3.2. An in-depth
examination of error compensation can be found in [94, 95]. Other sources of error, like
depolarization, detector linearity, or wavelength uncertainty, were accounted for by cal-
ibrations of the components and by normalizing the results. More complex influences
like beam fluctuations due to wedge errors require a more in-depth examination of the
uncertainty budget of these setups, which is beyond the scope of this thesis.

i fes

80

Figure 3.4 — Error compensation parameters.
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3.1.5 Imaging Ellipsometry

Ellipsometry like described in Sections 3.1.1 - 3.1.4 is a powerful tool. From the mea-
sured polarization information, further characteristics of the sample exceeding polariza-
tion can be deduced. This encompasses optical parameters, like the refractive index, as
well as geometrical parameters, like layer thicknesses, structure sizes or periodicity. The
process used for this parameter reconstruction is referred to as solving an inverse prob-
lem. First, an ellipsometric measurement of the sample is performed and either ¥ and A
or the MUELLER matrix are measured. Then, a model of the sample is constructed. For
this model, the same ellipsometric values are computed numerically and for different de-
grees of freedom in the structure. By fitting the numerical model to the measured values,
structure parameters can be obtained. This process is highly successful for the parameter
reconstruction in various areas [37, 96, 97, 98, 99, 100]. The way homogeneously layered or
structured surfaces influence the polarization of transmitted or reflected light and how
this effects the MUELLER matrix are already widely examined. However, this is mostly true
only for two special cases:

The first case is about homogeneously layered areas. For these kinds of samples, the
MUELLER matrix can simply be measured and then used to determine the optical para-
meters or the thicknesses of the stacked layers.

The second case concerns periodic nanostructures, where the influence on the MUELLER
matrix stems from the polarizing effect of periodic lattices. When evaluated by solving the
inverse problem using numerical simulations, more average information about the peri-
odic structure can be obtained, depending on the number of performed measurements at
different wavelengths and angles of incidence. However, conventional ellipsometry has a
downside: While it can yield layer thicknesses down to the sub-nanometer regime, since
in the detector the response of the sample is integrated over the whole illuminated area,
its sensitivity to spatial variations is limited to the spot size of the illumination, which
is in the order of magnitude of 1 mm?. Thus, when the structured field is smaller than
the illumination spot, or when non-periodic samples are examined, additional responses
from the surrounding medium might interfere with the result, or information from the
actual structures might average out [25, 42]. We see an example for this in Figure 3.5(a). It
shows a conventional spectroscopic MUELLER matrix measurement of a square, 5 X 5 pm?
sized structure, performed at PTB’s SENTECH SE850 spectroscopic ellipsometer [100, 101]
at 70° angle of'incidence in reflection. Each graph contains the spectral response of one
MUELLER matrix element to a wavelength change between 190 nm and 980 nm. As a com-
parison, Figure 3.5(b) shows a measurement of the unstructured substrate in the same
configuration. As evident from these graphs and clarified in Figure 3.5(c), the structure
has no observable influence on the MUELLER matrix elements. In this measurement, the
illumination spot diameter is around 200 times the size of the structure under investiga-
tion. Therefore, polarizing effects are averaged out at detection.
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(c) Difference between structure and substrate measurement.

Figure 3.5 — Conventional spectroscopic ellipsometry measurement example with (a) and

without structure (b) as well as direct comparison (c).
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Figure 3.6 — Imaging ellipsometry in PCSCA configutation.

Instead ofjust reducing the spot size, which also has its limits, a solution for this challenge
is imaging ellipsometry. In the analyzing side of the ellipsometer, an objective lens is in-
serted to collect the light from the sample, and instead of a detector after the PSA, a camera
collects the analyzed light and builds an image of the sample. This way, the MUELLER ma-
trix can be measured for each pixel in the resulting microscope image, which in turn leads
to 16 individual images of the sample, each representing one element of the MUELLER ma-
trix. These so-called MUELLER matrix images allow for a more local examination of the
polarizing properties of the structure, without information loss due to integrating of the
spot size [39, 40]. An example for this is shown in Figure 3.6.

3.2 Experimental Setups

For the experiments described in this thesis, two imaging MUELLER matrix ellipsometry
setups were used. In this section, both setups and their evaluation procedures are briefly
presented.

3.2.1 MuUELLER Matrix Microscope

Commercial setups are often closed systems without possibilities for experimental ad-
justments. Thus, we realized a custom-built imaging MUELLER matrix ellipsometry setup
within the framework of a Master’s thesis [102]. It is based on a dual-rotating retarder el-
lipsometry configuration (PCSCA) as described in Section 3.1.3, but horizontally oriented
as opposed to the usual vertical orientation. Figures 3.7(a), 3.7(b), and 3.7(c) show a top view
sketch, a CAD sketch, and a photography of the setup, respectively. The setup consists of’
two arms: The arm on the left side of Figure 3.7(a) is fixed to the table and contains the
illumination parts of the system, while the arm on the right side is attached to a large
aperture rotation stage and contains the analyzing parts.
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Mluminating Arm Analyzing Arm
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(a) MUELLER matrix microscope concept sketch.

Objectives

(c) MUELLER matrix microscope.

Figure 3.7 — Sketch (a), CAD sketch (b), and photograph (c) of the MUELLER matrix microscope
setup. The system can be operated as microscope both in reflection (2, b) and in transmission
mode (a, ¢) as well as in oblique incidence (a, b).
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In the illumination arm, light from the light source is collimated and then sent through
an aperture to create KOHLER illumination. For this, two lenses focus the light on the
aperture and afterwards collimate it again. Currently, a blue light LED with a wavelength
of 455 nm, a bandwidth of 18 nm, and typically 1445 mW power is used as a light source.
The short wavelength was chosen to ensure a high resolution in the microscope images.
As areference for the intensity of the light source, 10 % of the light are branched oft'to a de-
tector using a beam splitter plate, before the remaining light is sent through the polariza-
tion state generator system. A GLAN-THOMPSON polarizer and a superachromatic quarter-
wave plate, both placed in motorized rotation mounts, control the state of polarization of
the illumination. Afterwards, the light is focused to the entrance pupil of an objective,
which then illuminates the sample plane with collimated light [103]. Several adjustment
stages allow for a linear and rotational positioning of the sample. In the analyzing arm,
another objective collects the light reflected from or transmitted through the sample.

Both objectives have a numerical aperture (NA) of 0.42 and a long working distance of
25.5 mm to enable rotations around samples of up to 5 cm diameter. The polarization
state analyzer system contains the same parts as the generator system in reverse order: a
quarter-wave plate and a polarizer, both in rotation stages. Due to the stepwise rotation
of the retarders, measurements take about 7 minutes to complete. After the polarization
analysis, a tube lens focuses the light on the chip of a monochromatic CCD camera to
create the microscope image. The analyzing arm is mounted on a rotation stage with
the sample at the center in the axis of rotation. Together with the rotation stage of the
sample, this setup can measure in transmission and in reflection, both at nearly arbitrary
angles of incidence and view between 37.5° and 90°, only limited by the finite size of the

dar1ms.

A unique feature of this setup is the direct incidence microscopy mode, which can be
accessed when the analyzing arm is moved to a position in a 90° angle to the illumination
arm as shown in the CAD sketch in Figure 3.7(b). Light reflecting back from the sample
into the first objective in the illumination arm is then guided via a beam splitter in that
arm over a mirror mounted outside of the rotation stage to the analyzing arm, where a flip
mirror brings the light to the polarization state analyzer system and the camera. This way,
reflection measurements can be performed even at 0° angle of incidence without major
reconstructions of the system. Complete details on the construction and calibration of
this setup are elaborated in the Master’s thesis by Jana GRUNDMANN [102].
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3.2.2 Commerical Imaging Ellipsometry Setup EP4

Figure 3.8 shows a photography of the imaging ellipsometer Accurion EP4 (EP4) by the
company Park Systems / Accurion [42]. The overall composition is similar to the custom
setup, consisting of two arms for the illumination and the analysis, respectively, but in a
vertical orientation. A flowbox surrounds this setup which allows for a cleaner measure-
ment environment with a more stable temperature control compared to the experimen-
tal MUELLER matrix microscope setup from Section 3.2.1 without a flowbox. Addition-
ally, the EP4 setup is mounted on an active vibration isolation unit. A laser-driven light
source with a monochromator enables spectroscopic ellipsometry measurements at the
EP4. The objective collecting the light from the sample can be replaced to account for
different magnifications from 10x to 50 x. Two cameras allow for measurements both in
the visible as well as in the ultraviolet spectral range. The EP4 usually realizes the PCSA
configuration, which allows for the measurement of only 11 elements of the MUELLER ma-
trix (see Section 3.1.3). However, our EP4 also features an additional retarder which can be
removed from the setup as desired. Thus, the setup can not only perform measurements
in its usual manner, but also in a dual-rotating compensator configuration to measure
the complete MUELLER matrix. However, the software accompanying the setup does not
include this configuration, yet. Thus, measurements with the additional retarder have
to be performed under the control of a Python script which implements the evaluation
methods used in the custom setup.

Figure 3.8 — Custom Accurion EP4 imaging ellipsometer.
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3.3 Nanoform Structures

In Section 3.1.5, we briefly discussed the advantages of imaging ellipsometry opposed to
conventional ellipsometry. To gain better understanding of the relationship between cer-
tain elements of the MUELLER matrix and variations in structural properties, I designed a
set of test samples for systematic measurements. This section describes these structures,
their fabrication, and their characterization with non-optical methods.

3.3.1 Sample design

The set of individual nanostructures designed as reference samples for systematic mea-
surements consists of basic geometrical shapes with varying parameters [104]. Within the
scope of this thesis, we will refer to these structures as nanoform structures. A sketch
of them is depicted in Figure 3.9. I chose basic square and circle shapes with different
sizes (B and C) as well as squares with varying corner rounding (A) to emulate a transition
from a square to a circle. Similar investigations of MUELLER matrix images of structures
like these have been performed before by using simulations only [105]. The individual
structures have 5 mm distance between each other to prevent interactions, even when
measured with large beams. In addition, a set of small arrays with only up to 4 x4 square
structures (D) is included for investigations on the influence of structures with low peri-
odicity. The A labeled square structures have a width w of’5 pm and varying corner radii 7.
between 100 nm and 2000 nm. The square structures labeled B as well as the circle struc-
tures labeled C vary in size w or in diameter d = 2r, respectively, from 50 nm to 2000 nm.
The small arrays labeled D are made up of N x N square structures of width w = 1 pm
and with two different pitches A between the structures. A detailed list of the structure
specifications is given in Table 3.1.

Table 3.1 — Structure specifications of the designed nanoform structures.

|12 ]3] afs]e| 7|89

A rc/nm 100 | 150 | 200 | 300 | 400 | 500 | 750 | 1000 | 1500 | 2000
B w/nm 50 70 100 | 200 | 250 | 500 | 750 | 1000 | 1500 | 2000
C r/nm 25 35 50 100 | 125 | 250 | 375 | 500 | 750 | 1000
D N, A/pm | 1,-|210| 3,10 | 4,10 | - 1,- 12,201 3,20 | 4,20 -
A B v \ B C D g g O
~ao? AT
............. Ooaon
w
000
/ N

Figure 3.9 — Nanoform structures for investigations on imaging ellipsometry.
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3.3.2 Fabrication and SEM Characterization

The nanoform structures were fabricated as
holes in 100 nm thick polymethylmethacry-
late (PMMA) on a 100 mm silicon wafer using
electron beam lithography. The silicon sub-
strate enables ellipsometric measurements
in reflection, while the PMMA layer was re-
tained to keep the possibility for etching the
structures into the silicon [104].

Before the samples were finalized, a wafer

with test structures was produced which is
depicted in Figure 3.10. These test structures

were the same structures as designed, but Figure 3.10 — Nanoform sample test wafer.

. . 2
fabricated with different dose factors during Structures are in the middle of the 5 > 5mm

. sections marked with crosses in the corners.
the electron beam lithography process. The .
o The crack did not damage any structure.

dose factor was varied in 10 steps between 1.0

and 4.3. As the choice of dose factor influ-

ences the final shape of the structure, it was necessary to fabricate and evaluate the test
structures to find the right dose factor for the required feature sizes. For this evaluation,
scanning electron microscopy (SEM) images of all test structures were taken. Examples
for these SEM images are given in Figure 3.11. Additional images of the lower two corners

of the rounded square structures were taken to control the corner radius.

In the SEM images, I used a CANNY edge detection algorithm for the evaluation [106]. The
algorithm identifies pixels belonging to edges of the structures by analyzing gradients in
the intensity values and choosing suitable threshold values for these gradients. In circu-
lar structures, the pixels associated with an edge were then fitted to a circle to determine
the structure radius. The sizes of square structures, their width and height, were deter-
mined by performing a HouGH line transform to detect straight edges in the images and
then measuring the distances between edges with the same orientation [107, 108]. In the
HoucH line transform, straight lines are represented in their HESSE normal form with a
parameterization over their angle to an axis and their Euclidean distance from the origin,

Figure 3.11 — SEM images of nanoform structures.
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(a) In the SEM image, edge (b) The edge points were (¢) This way, straight lines
points were determined. used in a HoUGH trans- in the image were found.

form.

Figure 3.12 — SEM image evaluation example, from edge detection (a), over the HOUGH trans-
form (b), to line identification (c).

IAP Jena  0.7KV-D 3.0mm x100k SE(U,LA0) 1/30/2019 ' 500nm

Figure 3.13 — SEM corner evaluation example. From the edges (yellow pixels) found in the
SEM image, those pixels associated with the corner (red area) were fitted to a circle (green,
with yellow center point) to find the corner radius.

as shown in Figure 3.12. Performing this transform on an edge image leads to accumu-
lation points in the HouGH space that indicate straight lines in the original image [108,
109]. The corner radii were evaluated using the images of the corners: First, I had to iden-
tify pixels associated with the corner. I achieved this by numerically taking the second
derivative of the edge pixels over their distance to the edge until a significant deviation
was observed. Similar to the circular structures, all pixels belonging to the corner were
then fitted to a circle to determine the corner radius, as shown in Figure 3.13. In the small
arrays of square structures, sizes were also evaluated by HouGH line transform and dis-
tances by using the FROBENIUS norm [110]. The implementation of these methods was
performed in Python using the scikit-image package [111].
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Figure 3.14 — SEM image evaluation results. Structure size (a, ¢ - €) and corner radius (b) as

well as structure distance evaluation (f). Fit parameters are given in Appendix A4
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Figure 3.14 collects the averaged results from evaluating the SEM images. Uncertainty bars
result from combining a systematic deviation by one pixel size due to the image evaluation
process with the statistic deviation coming from averaging results from multiple images.
From the evaluations, it is evident that structure sizes as well as corner radii increased
with increasing dose factor, as indicated in Figures 3.14(a) and 3.14(c). We also observe
a slight asymmetry in the rounded square structures with a mean aspect ratio of 1.0095.
From Figures 3.14(b) and (d), we see that larger structures matched the design more often
than smaller ones, regardless of the dose factor. Likewise, in Figures 3.14(c) and (d) we
see that circular structures had less deviations form the design compared to square ones.
Below 100 nm size, squares were likely to degenerate into circles. Overall, the mean dose
factor for structures as close to the design as possible was 1.18 with a standard deviation

0f'0.28.

The evaluation with image processing methods delivered adequate information about the
connection between dose factor and structure sizes. This information helped to produce
a second sample, shown in Figure 3.15, which was used in all further measurements. Usu-
ally, critical dimensions in SEM images are evaluated using more complex edge operators
in model-based approaches [112, 113]. However, elaborated methods like these are more
efficient when implemented for SEM image evaluations on a regular basis. For the inves-
tigations in this thesis, the image processing approach proved to be sufficient, as we will

see in Section 3.3.3.
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Figure 3.15 — Nanoform sample wafer. Structures are again located in the middle of each

5 x 5 mm? section marked with crosses in their corners.
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3.3.3 AFM Characterization

The final sample in Figure 3.15, fabricated with the results from the SEM characterization
described in Section 3.3.2, was characterized using traceable AFM. The measurements
were performed at a metrological scanning probe microscope (SPM) [114] and a commer-
cial AFM with a high aspect ratio probe, calibrated with the metrological SPM and a trans-
fer standard, at CMI in the Czech Republic [115]. As a tactile method, AFM measurements
take considerably longer than optical techniques in general [116]. For this reason, only
selected structures were examined. An overview of the selected structures and the mea-
surement results is given in Table 3.2. Figure 3.16 depicts the measured AFM images.
The structures were evaluated with the open-source software Gwyddion [117]. Gwyddion’s
"Fit shape" function was used to fit the structures in row A to a square hole with rounded
corners. On average, the outer widths of the structures deviate about 1.4 % between mea-
surement and design, while the corner radius deviates by 6.8 %. The larger deviations are
explained by a partial damage of structure A6 during the AFM measurement process as
can be seen in Figure 3.16(c). Neglecting the damaged structure, the deviations are 0.33 %
for the outer width and 4.38 % for the corner radius. For the other rows, Gwyddion was
used to measure structure diameters and pitches. The measured sizes deviate on aver-
age by 8 nm from the target in rows B and C and by 0.4 nm for row D. The pitch of the
structures in row D varies by 0.13 % on average. All deviations are below the uncertainy
limit of the measurement system which is estimated to 20 nm [115]. Thus, the structures
fabricated with the information from the SEM characterization meet their target values
and are suitable for further investigations.

Table 3.2 — Selected structures and AFM measurement results.

H Outer width [ pm ‘ Target width / pm ‘ Corner radius / nm ‘ Target radius / nm

Al 5.007 5 111 100
A5 4.967 5 394 400
A6 5.210 5 571 500
A10 4977 5 2013 2000
H Size [ nm ‘ Target size [ nm ‘ Pitch / pm ‘ Target pitch / pm

B4 189 200 — —
B6 499 500 — —
Cc4 182 200 — —
C6 499 500 — —
D4 1005 1000 10.014 10
D9 1002 1000 20.022 20
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Figure 3.16 - AFM images of selected structures from rows A (a - d), B (e, f), C(g, h), and D (i - 1)
from the nanoform sample.
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3.4 ELLIPSOMETRIC MEASUREMENTS

3.4 Ellipsometric Measurements

After introducing the measurement systems and the sample in Sections 3.2 and 3.3, re-
spectively, we now take a look on measurements of selected structures from the nanoform
sample. The large size of MUELLER matrix images doesn't allow for every measurement to
be included in this thesis, so only those reasonable to be discussed are shown here.

3.4.1 Measurements at MUELLER Matrix Microscope

Structures of the nanoform sample (see Section 3.3) were measured using the MUELLER
matrix microscope setup (see Section 3.2.1) in the direct incidence reflection mode at
455 nm wavelength. The resulting images for some of the rounded square structures in
row A are collected in Figure 3.17. The MUELLER matrix images are normalized to the el-
ement mqo. As this element contains only little information exceeding a pure microscope
image, it is given unnormalized and in grayscale [32]. In the raw measurements, a notice-
able blur was present in the MUELLER matrix images. This blur, that stems from move-
ment of the sample during the measurement, was already corrected for in Figure 3.17.
Details on this drift correction will be discussed in Section 3.5. A collection of further
MUELLER matrix images is given in Appendix B.1.1 and B.1.2. The measured MUELLER
matrix images in Figure 3.17 show polarization effects in the corners and at the edges of
the structures. In conventional, non-imaging ellipsometry, these effects would be aver-
aged over the whole image and therefore not detectable, especially as they have opposite
signs depending on the orientation of the edge or corner relative to the image axes. Thus,
imaging ellipsometry provides additional information about the structures compared to
both microscopy and conventional ellipsometry alone. As the effects are observable in
measurements, but rather weak, Figure 3.18 provides a scaled view of certain matrix el-
ements of selected structures in row A. The mgy elements are barely distinguishable for
sub-wavelength changes of the corner radius. Off-diagonal matrix elements, however,
show a more pronounced response. As an example for this additional information chan-
nel, when the corner radius changes from 100 nm in Al to 400 nm in A5, the absolute
value of the m13 element in the corners increases by 15 %. With about 160 %, the change
from A5 with 400 nm to A10 with 2000 nm corner radius is even more significant. Similar
behaviors can be observed in other oftf-diagonal matrix elements, for example for edges
in the my3 elements. Therefore, local sub-wavelength sized geometries of the structures
under investigation like orientation and curvature of edges have measurable influence on
sign and value of the MUELLER matrix image, which is promising for the application of
imaging ellipsometry in nanometrology.

The square and circular structures of diftferent sizes in rows B and C were supposed to
be used in the determination of resolution limits in the measurements. Presumably,
MUELLER matrix images might have shown polarization effects even for structures too
small for microscopy. Unfortunately, because the structures are much smaller than the
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Figure 3.17 — MUELLER matrix images of 5 pm by 5 pm sized structures Al (a), A5 (b), A6 (c),
and A10 (d) from the nanoform sample measured at the MUELLER matrix microscope setup,
corrected for structure drift.

ones in row A, they could not be corrected for drifts reliably. For this reason, measuring
both rows B and C did not bring any advantage and in the end, only the circular struc-
tures in row C were measured. A selection of their MUELLER matrix images is shown in
Figure 3.19 and Appendix B.1.4 collects all measurements on the structures in this row.
Structures smaller than C4 with a radius of 100 nm were not visible anymore due to being
much smaller than the ABBE diffraction limit [60]. This and the aforementioned drift-
related blur made it impossible to find these structures in the images. Even when knowing
their exact position, at this size, polarization effects are most likely indistinguishable from
noise. Nevertheless, even sub-wavelength sized structures like C4 still showed measurable
polarization effects while being barely visible in the microscope image.
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drift corrected MUELLER matrix images measured at the MUELLER matrix microscope setup.
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(c)C8 (d) C10

Figure 3.19 - MUELLER matrix images of structures C4 (a), C5 (b), C8 (c), and C10 (d) from the
nanoform sample measured at the MUELLER matrix microscope setup.

3.4.2 Measurements at EP4 Setup

Structures of the nanoform sample discussed in Section 3.3 were measured using the EP4
imaging ellipsometry setup described in Section 3.2.2. Measurements were performed
for wavelengths between 400 nm and 800 nm in steps of 50 nm with a 50 x magnification
under 40° angle of incidence in reflection. Due to the different wavelengths, the num-
ber of resulting MUELLER matrix images is rather large. Therefore, Figures 3.20 and 3.21
show only some of the measured structures for exemplary wavelengths for both configu-
rations, PCSCA and PCSA, respectively. For measurements at this setup, drift correction
is usually not required, as the measurements are performed considerably faster and the
environment is more stable than at the other setup. Generally, the average matrices look
different from the close to identity matrices measured at the MUELLER matrix micro-
scope, with considerable more retardation showing in the lower right quadrant. Reasons
for this are the change from transmission to reflection measurement and the oblique
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Figure 3.20 - Measurements of structures Al (a), A5 (b), and A9 (c) at 450 nm at the EP4 setup
in PCSCA configuration.

angle of incidence, which influence the polarization according to the FRESNEL equations
[63]. Strikingly, structures of row A in Figure 3.20 are more pronounced in the MUELLER
matrix images than in the microscope image, with clearly highlighted edges and corners
as well as less interferences showing up around the structures. In the PCSA measure-
ments, the mg element also gets normalized together with the other matrix elements by
the company’s own evaluation method, so the microscope image doesn’t show up here.
Figures 3.21(d) to (g) demonstrate how sensitive spectral measurements of the MUELLER
matrix are: They show matrix images on the structures B4 and B6; square structures with
200 nm and 600 nm width, respectively, at two wavelengths, 450 nm and 500 nm. Not
only can even the sub-wavelength sized B4 still be observed in the oft-diagonal matrix el-
ements, but also rectangular areas around the structures are visible. These are most likely
remnants of the AFM measurements discussed in Section 3.3.3 and their contrast to the
surroundings depends strongly on the wavelength.

https://doi.org/10.7795/110.20240308

45



46

0.5

0 .

-0.5

F

(a) A1 at 450 nm (b) A5 at 450 nm
1 1
0.5 0.5
m B
05 .— 05
1 ‘ -1

(c) A9 at 450 nm

|
= D
ﬂ

(d) B4 at 450 nm

(e) B4 at 500 nm

-0.5

0.5

(g) B6 at 500 nm (h) D9 at 600 nm

-0.5

Figure 3.21 — Measurements of structures from rows A (a - ¢), B (d - g), and (D) (h) from the
nanoform sample at the EP4 setup in PCSA configuration.
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A measurement of an area from row D is shown in Figure 3.21(h). In the images, no ma-
jor influence from the superstructure is visible, which was expected considering the large
pitch of 20 pm. Yet, thanks to the imaging system, we can distinguish polarization proper-
ties of individual structures, even when they are as close together as several micrometers,
which is an advantage over conventional ellipsometry. Figure 3.22 shows the averaged
MUELLER matrix images of the nanoform sample in dependence of illumination wave-
length and corner radius. As demonstrated in Section 3.1.5, the local polarization effects
all vanish in the averaged values and the main influence on the matrix elements visible
here stems from the varying wavelength.
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4007500 600 700 800 ' 400 500 600 700 800 ' 400 500 600 700 800 ' 400 500 600 700 800
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Figure 3.22 — Averaged MUELLER matrices of the nanoform sample over wavelength and corner
radius, measured at the EP4 setup in PCSA configuration.
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3.5 Thermal Influences

Evaluated measurements from the MUELLER matrix microscope setup contained blur
which didn’t stem from the imaging system. An example for this is shown in Figure 3.23.
In direct comparison, the blurry measured my element in Figure 3.23(a) looks remarkably
similar to Figure 3.23(b), which shows an overlay of the first and the last image of the mea-
surement series. Therefore, the reason for this blur was a drift of the structures during
the measurements, most likely due to thermal influences. This drift apparently also af-
fects measured MUELLER matrix images, as indicated from Figure 3.23(c). In this section,
we examine the thermal drift at the MUELLER matrix microscope setup. As other setups
might suffer from similar issues, we also take alook on drifts at the EP4 setup. In addition,
this section includes an analysis of intentionally moving samples to scrutinize the impact
of movements on MUELLER matrix images as well as the introduction and discussion of
an algorithmic solution for the thermal drift problem.

3.5.1 Drift at MUELLER Matrix Microscopy Setup

For the characterization of drifts at the MUELLER matrix microscopy setup, the position of’
a structure in the microscope image was tracked for eight hours. Laboratory air tempera-
ture T as close to the sample as 3 cm was also measured. Electrical drifts of the controllable
rotating components were prevented by disconnecting them from the power supply, as far
as they were not needed. The test series was conducted in the late afternoon and evening
to reduce disturbances. Images were taken and temperature measured every 10 s. The
results are collected in Figures 3.24 and 3.25.

.

-

(a) MUELLER matrix (b) Overlay of first and (c) MUELLER matrix image 1.
image . last images.

Figure 3.23 — Blur of MUELLER matrix images of elements 1 (a) and m; (c) during a mea-
surement at the MUELLER matrix microscope. Compared to an overlay of the first and last
images of the measurement series (b), it is evident that the blur stems from sample drift.
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An exponential fit of the temperature com-
pensates the digitization due to the tempera-
ture sensor visible in Figure 3.25(a). The mea-
sured x- and y-coordinates of the structure
position in Figure 3.25(b) show an exponen-
tial trend, where the structure position follows
the temperature change. Figure 3.25(c) illus-
trates this further. Nearly linearly, the struc-

pm

ture moved about 33.5 5 in x-direction and

about 46 ‘fg in y-direction. The direct influ-

ence of the change in room temperature on

the structure position also shows in the cor-
relation between these parameters, visualized
in Figure 3.24. All parameters are nearly per-

fectly correlated to each other. The decreasing temperature is the result of two persons
being present in the laboratory during sample adjustment and measurement prepara-
tions, heating up the room temperature. After leaving the laboratory for the measure-
ment series, the air cools down, but the air conditioning needs several hours to stabilize
the room temperature. Even after five hours, the structure still moved perpetually about
11 nm per minute. During a measurement series, images are taken over the course of
several minutes, as described in Section 3.2.1. On these timescales, the observable drift of

Figure 3.24 — Thermal influences at
MUELLER matrix microscope, correlation
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matrix.

the structures is crucial for measurement quality.
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MUELLER matrix microscope setup.
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3.5.2 Drift at EP4 Setup
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Figure 3.26 — Thermal influences at EP4,
correlation matrix.

Thermal influences on the commercial EP4
setup were examined in a way similar to Sec-
tion 3.5.1. Again, structure position in mi-
croscope images was tracked for eight hours
together with laboratory air temperature and
humidity, this time in steps of 30 s. Fig-
ure 3.26 indicates parameter correlation again
while Figure 3.27(a) shows temperature T and
humidity H over time. Ambient conditions
are much better controllable at the EP4 setup
compared to the MUELLER matrix microscope,
with the temperature only changingina 0.15°C
range. Humidity, which could not be con-

trolled directly and which is heavily influenced

by weather conditions, ranged between about 59 % and 66 %. In Figures 3.27(b) and 3.27(c),
structure positions are shown over the measured temperature and humidity, respectively.

In contrast to the MUELLER matrix microscope setup, the position shows no direct in-

fluence from temperature changes exceeding stochastic movements. Over the course of’

eight hours, the structure did not move further than 1 pm away from its initial position.

Interestingly, the structure moved slightly with the changing humidity, but as seen in the

correlation matrix in Figure 3.26, direct influences from both temperature and humidity

are negligibly small at this setup for short measurements. However, for long-term mea-

surements over several hours, even a stochastic movement of up to 1 pm is visible in the

images and therefore crucial over time.
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Figure 3.27 — Characterization of sample movement (b, c) due to temperature and humidity

changes (a) at EP4 setup.
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3.5 THERMAL INFLUENCES

3.5.3 Drift Correction Algorithm

During a measurement with the MUELLER matrix microscope setup, the imaged structure
might move by several micrometers. When the single images taken during measurement
are then evaluated to MUELLER matrix images, intensity values are evaluated by pixel co-
ordinate, leading to a blurring of the resulting images. The best mitigation for this effect
would be a complete stabilization of the surrounding climate. However, as discussed in
Section 3.5.2, even under the flowbox at the commercial setup, air temperature and hu-
midity can only be controlled to a certain extend, and structure position is still subject
to small random movements. A more viable approach is the implementation of an al-
gorithm that counteracts the drift. This section discusses the implementation of a drift
correction algorithm optimized to work with structures from the nanoform sample de-
scribed in Section 3.3. Its concepts are, however, applicable to arbitrary cases. A flowchart
for the algorithm is given in Figure 3.28. It detects the structure in the first image of a
measurement series and crops a 400 x 400 pixel area containing this structure to speed
up computations. The image is then normalized to an empty reference image and a his-
togram of'its gray values is extracted. Next, SOBEL operators are applied to the image. So-
BEL operators are edge detection operators that visualize high local intensity differences
as gradients [118]. To calculate this gradient for a certain pixel, the 3 x 3 area around this
pixel is convolved with the SOBEL operators:

-1 0 1 1 2 1
S=|-2 02| and Sy=[ 0 0 0 |. (54)
-1 0 1 -1 -2 -1

Get gray
value
histogram

Start: Normalize to
Choose more or less
- centered sub-image

reference
measurement

Find connected Set markers

Use as center for next
sub-image and
repeat

Edge detection
(SoBEL filter)

Re-center image to
center of mass

regions by watershed
segmentation

Compute center of
mass of structure
region

according to
histogram

Figure 3.28 — Drift correction algorithm, flow chart.
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The results from this convolution are 3 x 3 matrices again which are summed up and
combined to a new gray value representing the gradient of the respective pixel. The new
image emerging from this is then treated as a height map to which a watershed trans-
formation is applied [119]. This transformation finds segments in an image by filling in
connected areas as if they were valleys in a landmass that is flooded with water. From the
histogram of the original image, extreme points are taken to find positions in the gradi-
ent image which are usable as markers. Starting from these markers, the gradient image
is then flooded, but areas originating from different markers are not merged. This way,
a connected area is found that covers only the structure in the image. The center of this
area, and thus of the detected structure, is then computed in the form ofits center of mass.
The current section of the overall image is then re-centered to this structure center. The
central coordinates are also given to the next iteration of the algorithm, so the next image
of the measurement is cropped to a 400 x 400 pixel area around this position, and the po-
sition of the structure in this new image is detected again. In this manner, the algorithm
goes through the whole image stack, gaining a centered image of the structure from each
step. The evaluation process is then performed on these centered images, eliminating
the effect of thermal drifts down to pixel accuracy. I implemented the drift correction in
Python, using methods from the SciPy and Scikit-Image packages [111, 120]. It was suc-
cessfully applied on nanoform sample structures in row A. For rows B and C, structures
were too small to be treated reliably with the watershed transformation, so a re-centering
was impossible. Figure 3.29 shows a comparison of MUELLER matrix images without and
with drift correction on structure A10 as an example. Corrected images show a significant
reduction in blur, which is most evident in the first matrix element mgy. Yet, edge and
corner effects are still visible in oft-diagonal matrix elements, indicating that they are not
caused by the drift but valid responses from the structure [121]. In Section 5.2.1, we will
compare these results to numerical simulations to further test this point. Drift corrected
MUELLER matrix images of structures in row A are given in Appendix B.1.2.
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(a) Without drift correction. (b) With drift correction.

Figure 3.29 - MUELLER matrix images of structure A10, before (a) and after drift correction (b).
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3.5 THERMAL INFLUENCES

3.5.4 Intentionally Induced Drift

Using the sample stage of the EP4 ellipsometer, the sample can be moved intentionally
during the measurement. This way, the effects of structure drift in different directions
could be emulated and analyzed systematically. With sufficiently small movements, this
might help to distinguish genuine effects in the measured MUELLER matrices from ther-
mal drift effects. Figure 3.30 shows efforts in trying to measure MUELLER matrix images
of structure A5 while the sample stage was moving as little as possible during the mea-
surement. In Figures 3.30(b) and (c), the sample moved in x-direction around the mid-
dle with speeds of about 18 nm/s and 54 nm/s, respectively, while Figure 3.30(a) shows
a comparison without any movement. However, even with the relatively slow veloci-
ties, the sample moved significantly more than when drifting due to thermal influences.
Also, the sample moved uniformly in one direction instead of randomly around a center.

LI IS

(a) No movement. (b) Movement at about 18 nm/s.

1

0.5

R e

l .

(c) Movement at about 54 nm/s.

-0.5

Figure 3.30 — Intentionally moving sample at different speeds (b, ¢) during MUELLER matrix
image measurements, compared to measurement without movement (a).
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Yet, this experiment delivered a valuable insight: Lateral movement of the sample during
the measurement produces misleading effects in the MUELLER matrix images that might
be mistaken as polarization effects. This can be observed in all matrix elements in Fig-
ure 3.30. If the sample moved less far, these effects would only appear at the edges of the
structures perpendicular to the movement direction. The measurement process involves
taking several images at different combinations of the polarizing optics. If the sample
moves during the measurement, it appears in different positions for different states of
polarization. In the evaluation process, this might be interpreted as, for example, multi-
ple structures imposing different polarization effects, as seen in Figures 3.30(b) and (c), or
as influences from the structures’ edges, in accordance with the observations from Sec-
tion 3.5.1.

The way the movement influences the interpretation of MUELLER matrix images depends
strongly on both the movement speed and the measurement speed. If we assumed both to
be discretized, we would only get an undisturbed measurement when it is completed faster
than one step of sample movement. This naturally connects to larger influences from the
surroundings the longer the measurement takes. Thus, when using slower measurement
procedures, thermal drifts of the sample have to be taken into consideration as potential
sources of error in MUELLER matrix imaging. Nevertheless, as we will see in Section 5.2.1,
after tracking the sample position and correcting for potential drift, both measurement
and simulation are in good agreement. Thus, we can suppress drift influences by algorith-
mic means, and the only challenge that remains is detecting the structures in the images.
Further research of the interplay between sample movement and MUELLER matrix image
alteration, possibly using techniques from pattern recognition, will help to characterize
thermal influences in ellipsometric setups more fundamentally. Beyond that, a systemat-
ical use of deliberately moving samples might even help to emphasize structural features
like edges in MUELLER matrix images, ultimately leading to new ways for an enhanced
feature analysis.
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Plasmonic Lens Devices

S IMPLIED IN CHAPTER 2, THE INTERACTION OF LIGHT AND MATTER THAT LEADS
A to the excitation of evanescent fields includes promising prospects for modern
nanometrology. Local plasmon resonances are inherently sensitive to even small
changes of the structure geometry, from which optical methods like those presented in
Chapter 3 can profit [122]. This chapter continues the view on plasmonics from Section 2.3
and introduces the application of plasmonic waveguides as a focusing metastructure, a so-
called plasmonic lens. Based on this, we will discuss a novel design for plasmonic lenses
which is oriented towards the limitations of fabrication. After optimizing the design pa-
rameters of these lenses for applications in the visible and near-infrared regime with focal
lengths between 5 pm and 1 mm, we take a look at their performance, both in simulations
as well as in measurements on fabricated lenses. In the end, I will discuss strategies to im-

prove the design further towards multispectral applications in ellipsometric setups.

4.1 Plasmonic Waveguides

Although light is usually unable to pass through holes in a metal with a diameter smaller
than half'the wavelength, the excitation and coupling of SPPs can enable a form of extraor-
dinary transmission. This allows light to propagate even through narrow metal holes,
which in this case can be regarded as waveguides [44, 45, 50, 123, 124].

Understanding how SPPs pass through such waveguides requires a closer look on SPPs
at metal-dielectric surfaces first. Consider the configuration illustrated in Figure 4.1(a):
An interface between two media in the x-y-plane at z = 0 and a one-dimensional plane
wave propagating along this interface in the x-direction while being polarized in the
z-direction. We start from the Helmholtz equation for waves traveling along the inter-
face:

+ (k3e — BA)E=0, (55)

072

where k3e — B> = k2 and B = ky is the so-called propagation constant. From this, equa-
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tions for the relevant field components for TM and TE modes can be found [61, 83]:

1 oH, 1 oF,

. — / E: X — ] 7 56
IM: E, = —i coe 92 (56a) TE: Hy =1 w9z (56¢)
p p
E, = ~ weoe Hy, (56b) H, = 7#0 Ey, (564)

as well as the wave equations for these modes:

2 2

0°H
TM: !+ (kje—B*)Hy =0, (57a) TE:

52 (ke — B*)Ey =0.  (57b)

y
072 +

We can use these equations to describe the fields depending on their z position. Forz > 0,
we get:

TM: Ex(z) =iA; 1 kye'Prekez | (58a) TE: Hy(z) = —iAszzeiﬁxe_kzz , (58d)
WepEL WHo
Hy(z) = Age'Pre ™=, (58b) Ey(z) = AgePre k", (58e)
E,(z) = —Ap—P—eifrebz | (58 Hy(z) = AsP_eBrehz (sg)
WEpEn WHQ

and for z < 0, we get:

TM: Ex(z) = —iA;

k eiﬁxeklz 593. TE: HX zZ) = iAlikleiﬁxeklz ’ 59d
1 s (.U]/l()

weper

Hy(z) = Ae'P*eh, (59b) Ey(z) = ArePreh®, (59)

Ey(z) = — Ay—P—eifre—z | (500) Hy(z) = Ay—P—eiPrehz . (sof)
WEepe WHo

At the interface, continuity conditions require E, and Hy to be continuous in the TM case
as well as Hy and E; in the TE case. This leads to:

T™: A=A, (60a) TE: A1 = Ay, (60d)
ko ) ] ]
E _ _g , (601)) _l:izkz _ ZA1k1 , (606)
Ho WHo
B = ko, | 12 (60¢) ki +k=0 (60f)
Verte’ e '

In the TM case, this is the SPP dispersion relation we already know from Equation (34). In
the TE case however, since the real parts of the wave numbers are required to be non-zero
and positive, we don’t get a solution. Hence, surface plasmon polaritons are inherently
TM polarized [61, 83].
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4.2 PLASMONIC LENSES
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(a) Two layer system. (b) Three layer system.

Figure 4.1 — Interfaces between two (a) and three media (b) with different permittivities.

Next, we consider two opposing interfaces as depicted in Figure 4.1(b). In this configura-
tion, we distinguish three regions, two outer and one inner region. The derivation works
similar to the case of only one interface and we will only regard cases where the outer re-
gions are of the same material. Nevertheless, it is a significantly longer derivation, so the
detailed version is given in Appendix A.5. Ultimately, it leads to the characteristic equa-
tion for the propagation of SPPs through a rectangular metal-dielectric-metal waveguide
of width w [46, 48, 52, 61, 83, 125]:

/B2 _ ]2
tanh <z20 /,Bz—k%5d> — _de (61)
m /B~ KGea

with the relative permittivities ¢4 of the dielectric material (¢; in Figure 4.1) and &y, of the
metal (e, in Figure 4.1). Apart from optical properties, the propgation § of SPPs through a
metal-dielectric-metal waveguide, and thus the phase of the light propagating behind the
waveguide, depends only on the waveguide width w.

4.2 Plasmonic Lenses

We rearrange Equation (61) to find the width w of a waveguide needed for a certain prop-

[p2 12
#tanhfl _w (62)

/ 2 /a2 12 '
p? — kieq emy/B? — kiea

By building an array of waveguides with different widths, a plane wavefront incoming

agation:

w =

on one side of the waveguide array could be altered in arbitrary ways. For example, the
wavefront can be curved so that it forms a focal spot, which gives the waveguide array
the functionality of a flat lens. To achieve this in a monochromatic case, the propagation
constant B and therefore the phase shift ¢ introduced by the waveguides has to depend
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Figure 4.2 — Phase distribution (upper) and corresponding waveguide width (lower) for a plas-
monic lens with [ = 200 nm, f = 5 pm and Ay = 532 nm. Materials are iridium and air.

on the position x on the lens relative to its center [126]:

¢(x) = p(x)-1 (63a)
_om+ 2ref  2m\/f* + %2 , (63D)
Ao Ao

with m € IN. To facilitate the simplest possible fabrication, each waveguide of a lens is
considered to have the same length, denoted by / in Equation (63a). Therefore, this length
will also be referred to as the thickness of the plasmoniclens. Considering an arrangement
of slits in a metallic slab as plasmonic waveguides, each slit width w corresponds to a phase
delay ¢. In order to produce a focal spot at a distance f from the slab, the phase delay in the
centre of the lens has to be the largest. With increasing distance from the centre, the phase
delay has to decrease. The upper graph in Figure 4.2 shows an exemplary plot of the phase
distribution resulting from Equation (63) for a lens with a thickness of | = 200 nm and a
focallength of f = 5 pm ata wavelength of Ay = 532 nm. Complementary, the lower graph
in Figure 4.2 plots the width w of the waveguides corresponding to this phase distribution
of their position on the lens according to Equation (62). As we can see, with increasing
distance from the center, the slit width increases, leading to a delayed phase. Close to
the 27t phase shift, the width suddenly decreases. This is explained by numerical issues
due to exponentially increasing values eventually exceeding the floating-point range [127].
The 27t periodicity of the phase is also the reason why the width does not get increasingly
larger until the edge of the lens, but periodically jumps back to smaller widths in a Fresnel
lens-like manner.
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4.3 INVERTED PLASMONIC LENSES

4.3 Inverted Plasmonic Lenses

The fabrication of conventional plasmonic lenses like described in Section 4.2 is chal-
lenging. They are usually realized by either cutting slits in metallic slabs or by stack-
ing alternating metallic and dielectric layers. However, the latter would result in very
large thicknesses I of the lenses so that SPPs couldn’t propagate properly. Thus, further
post-processing would be required to shorten the waveguides to the desired length and
to mount the layerstack sideways on a substrate for easier lens handling, both of which
could affect the lenses’ functionality. Presumably, this is why top-down approaches are
more frequently used in plasmonic lens production. In doing so, thin slits of around
100 nm width have to be cut into metallic slabs of up to 2 pm thickness. Usually, this is
achieved by means of focused ion beam milling (FIB) [128, 129, 130, 131, 132, 133]. Though
being a highly accurate method, FIB suffers from small preparation areas and low produc-
tion speeds. This makes FIB appropriate for research purposes, but rather unsuited for
larger quantities of structures with varying parameters, especially regarding future indus-
trial uses [134, 135, 136]. With this in mind, the fabrication with etching techniques seems
more promising. Yet, etching structures with such high aspect ratios in metal without
high deviations remains challenging.

Therefore, I developed a new kind of plasmonic lens design which is compatible with the
electron beam lithography fabrication process [137]. In the conventional plasmonic lens
design shown in Figure 4.3(a), the SPPs travel along the metal-air-interfaces through the
slits, where air takes the part of a dielectric medium as according to Section 2.3.2. In the
new design, illustrated in Figure 4.3(b), they still travel along metal-dielectric-interfaces,
but these are now realized as dielectric ridges covered with a metallic coating. In addition,
the substrate is capped with a metallic layer to prevent unwanted light transmission. Be-
cause of the design inversion from slits to ridges, I call this design inverted plasmonic lens.
Inspired by the production of wire grid polarizers [138], the dielectric ridges can be fabri-
cated using electron beam lithography and afterwards, the coating is realized with atomic
layer deposition (ALD). This mitigates the need to etch or mill high aspect ratio structures
in metal while still retaining the functionality of the plasmonic structures. As an example,
Figure 4.4 shows a comparison of the fields produced by both the conventional and the
inverted design. Both designs used the same structural parameters that were optimized
for the inverted design. In this example, the focal spot produced by the inverted design
has an about 10 % higher intensity compared to the conventional design.

In the scope of'this thesis, a set of inverted plasmonic lenses was designed, fabricated, and
characterized. As mentioned in Section 2.3.2, different materials offer different responses
to plasmonic excitations. The plasmonic lenses fabricated for this thesis are made of
AZ1505 photoresist by MicroChemicals [139] as dielectric component as well as iridium
as the metallic coating. The photoresist has a refractive index of about 1.65 in the visible
and near-infrared regime and is easily processible in lithography. Iridium has a quality
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(a) Conventional plasmonic lens design.

a
(b) Inverted plasmonic lens design.

Figure 4.3 — Schematics of conventional (a) and inverted plasmonic lenses (b). Metallic struc-
tures (dark gray) on a dielectric substrate (light gray). In the inverted design, the ridges are
filled with a dielectric material (green).

(a) Conventional plasmonic lens design. (b) Inverted plasmonic lens design.

Figure 4.4 — Intensity distribution of conventional (a) and inverted plasmonic lenses (b) with
the same structural parameters, cropped to area of interest.
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4.4 LENS DESIGN AND PARAMETER OPTIMIZATION

factor of Qspp ~ 9.67 (data from [140]). This is much less than typical metals used in
plasmonics, like silver, gold, copper, or aluminium. Nevertheless, iridium was chosen
due to its comparably high oxidation resistance as well as its capability to be deposited by
means of ALD. Apart from that, silicon dioxide (SiO;) forms the substrate material of the
fabricated lenses. The structural parameters of the lenses follow applications in the vis-
ible and near-infrared wavelength range at short focal lengths between 5 pm and 1 mm.
The wavelength range was chosen in accordance with the ranges available in common
ellipsometric setups. The intention behind the short focal lengths was for future imple-
mentations of the lenses to be compact, while keeping the possibility to catch near-field
effects from light-sample-interactions. Section 4.4 describes the parameter optimization
process followed to obtain structural parameters for the different lens designs. Following
this, an overview of the fabricated structures as well as an analysis of their performance is
given in Section 4.5.

4.4 Lens Design and Parameter Optimization

The design of the inverted plasmonic lenses followed the methods described in Sec-
tions 4.2 and 4.3. After defining the parameters of the lens, their focal length, application
wavelength, aperture, thickness, and coating thickness, I calculated the phase distribu-
tion for each position on the lens and the corresponding ridge widths in steps of 1 nm
from the lens center. At this stage, the lens computations and simulations are made in
a two-dimensional cross-section of a lens due to high computational demands of three-
dimensional numerical simulations. Next, spots on the lens where a ridge shall be placed
are selected. They can’t be placed arbitrarily close to each other because of their finite size.
Two different ways to manage ridge arrangements are described in Section 4.4.3. In the
end, if the lens dimensions are sufficiently small, a finite element simulation of the lens
cross-section is performed to evaluate the spot generation and quality.

Structural parameters critically influence the performance of the lens. Therefore, I per-
formed a series of numerical simulations using the finite element method (FEM) tool
JCMsuite [141], supported by particle swarm optimization (PSO) to find optimal lens pa-
rameters for each set of focal lengths and application wavelengths.

PSO is a global optimization algorithm that stochastically finds the solution to a multi-
dimensional problem. Its idea origins from the swarm behaviour of certain animals, like
birds or fish. The algorithm starts by statistically distributing starting points inside the
given parameter space and assigning them to virtual particles. In each iteration, the ob-
jective function is evaluated at the particles positions in the parameter space. Then, the
particles update their position based on their velocity vector. This vector contains three
terms: the particle’s inertia, the coordinates of their own best position so far, as well as
the whole group’s best position so far. The weighting of each of these hyperparameters
determines whether a particle is more likely to explore the parameter space on its own
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or if it flocks together with other particles. Eventually, the particle swarm will converge
towards an optimum. Swarm dynamics are controlled by adjusting the hyperparameters
and by implementing constriction coefficients to their movement [142, 143].

The following subsections first describe the optimization of the three lens parameters /,
dc, and a illustrated in Figure 4.3(b) using PSO. The algorithm’s optimization objective
was to minimize the ratio between full width at half maximum (FWHM) and intensity
of the focal spot at focal distance from the lens surface. Larger intensities and slimmer
focal spots led to smaller values of the objective function. Due to high computational
costs, the optimizations were performed only for two wavelengths in the visible regime,
455 nm and 532 nm, as well as for the short focal lengths 5 and 10 pm to observe the
general behaviour of the inverted plasmonic lens under parameter changes. The swarms,
consisting of up to 30 particles, usually converged after up to 40 iterations. Apart from the
lens dimensions, two different approaches to ridge arrangement will be discussed. The
results of these investigations were then considered for the final lens designs that were
ultimately fabricated.

4.4.1 Waveguide Length and Lens Aperture

As afirst impression of the influence of the waveguide length /, I computed the parameters
of plasmonic lenses with f = 10 pm at Ap = 532 nm according to Equations (62) and
(63) for different thicknesses I up to 200 nm. AZ1505 was used as dielectric material and
iridium as metal. The aperture was fixed to 10 pm and the ridge widths and positions
were recalculated for each thickness. Figure 4.5(a) shows the normalized intensity of the
resulting focal spots depending on the thickness. Generally, the intensity increases with
the thickness, but also falls back to lower values periodically. The reason for this behavior
becomes clear when comparing this to the number of ridges generated within the fixed

1 — 100 100 — —re FWHM | nm
Intensity # Ridges 8 Iz 100

g 087 7% & 80+ - ¢ 300
= o
S 06+ 160 & g | 500
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= A Jgpp=333.6mm | 2, =364nm) 0.3
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(a) Intensity and number of ridges depend- (b) Evaluation results from PSO performed over

ing on ridge thickness. Gray bars highlight thickness and aperture.
ridge number changes.

Figure 4.5 — Influence of the waveguide length (a, b) and the aperture (b) on the focal spot.
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4.4 LENS DESIGN AND PARAMETER OPTIMIZATION

aperture: From Equation (63a), we know that the propagation constant f is inversely pro-
portional to the thickness /. Thus, with increasing thickness, the width of the ridges also
has to increase. Generally wider ridges result in less ridges fitting inside the aperture.
Also, in this case, the ridges were arranged as an array with a fixed pitch between ridge
centers, and when ridges became too large and would overlap, they were removed from
the design. Each time a ridge gets removed for one or the other reason, the intensity drops
significantly as less light is able to propagate.

Figure 4.5(b) shows the results of each evaluation from a PSO performed over thickness
and aperture with 35 particles in 35 iterations. The sizes of the points indicate the FWHM
of the focal spot and their color denote the intensity. The swarm converged at a thickness
of | ~ 350 nm and an aperture of @ =~ 87 pm. On average, spots had a FWHM of about
190 nm and were overall smaller than the incident wavelength. The particles tended to-
wards higher apertures and to thicknesses between the SPP wavelength Agpp = 333.6 nm
and the wavelength inside the ridges A = %/ny; = 364 nm. Each evaluation attempt for
thicknesses larger than A, failed to compute. We can comprehend this cut-off when we
examine Equation (62). For non-magnetic materials, it is safe to assume that the refractive
index relates to the permittivity by ng = /g4 [77]. In combination with Equation (63a), for
the square root in Equation (62) follows:

X 2,2
R B = B R = | [# )

If the thickness | becomes equal or greater than Ao/, the radicand is always negative and
therefore, the result of the square root is always complex-valued, which leads to the ridge
width w also being complex-valued and thus not realizable. This indicates that it is ad-
visable to choose thicknesses for the plasmonic lenses between A. and Agpp for optimal
performance. Please note that the limitation due to A. solely comes from the mathe-
matical model used to describe the phase shift provided by a certain waveguide width.
A waveguide longer than A, will physically still be able to support SPP propagation and
yield in a phase delay depending on its width and length.

Recalculating the ridge widths and positions for each thickness leads to a decreasing num-
ber of ridges per lens. Another approach to this is calculating the ridge parameters before-
hand and then changing the lens’ thickness while keeping a fixed set of ridge widths. This
is especially reasonable when considering fabrication limits of the lens’ thickness, because
eventually, each lens on a wafer will have to have the same thickness. Figure 4.6 shows the
first and last iterations of a PSO with fixed ridge parameters computed for / = 200 nm
and f = 5 pm at Ap = 455 nm. The swarm consisted of 20 particles and optimized for
35 iterations. The arrows in the first iteration indicate the velocity of the particles. Some
arrows are missing due to overshooting the limits of the parameter space. As highlighted
by the red circle in the last iteration, the particles that were randomly distributed in the
beginning collected at | = 172 nm and 4 = 100 pm. The optimized thickness lies well
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Figure 4.6 — First (a) and last iteration (b) of a PSO for fixed ridge parameters.

below the one this set of ridge parameters was designed for. When keeping also the aper-
ture fixed to in this case 50 pm, we obtain Figure 4.7, which depicts focal spot intensity and
FWHM depending on the thickness ofa lens simulated with fixed ridge parameters in the
same parameter space as the PSO in Figure 4.6. For constant ridge widths, as the lengths
of the waveguides increase, the intensity of the focal spot decreases, because SPPs decay
from their point of excitation, as described by their propagation length in Equation (38).
So in general, the thicker the lens, the less energy can propagate through it, leading to
weaker focal spots. In addition, we observe a periodicity in the intensity that is linked to
the phase shift induced by the changing waveguide lengths. This phase shift causes the
focal spot to move in and out of the plane of observation at the expected focal distance
when evaluating the simulations. The influence of this movement is especially clear in
the FWHM of the focal spot, which increases with decreasing intensity, but also oscillates
with a periodicity of about 148 nm.

150

' _ To sum up the observations: For optimal lens
g 08y \ ::;:;ty 1160 performance, the ridge widths and positions
g o6l 7o &  should first be determined for a thickness be-
_:z: E tween Agpp and A, but the final thickness of
g™ 180 % the lens should then be optimized with the re-
2 02l L190 sulting fixed set of ridge parameters.
0 200
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[/ nm

The particles of the optimization in Figure 4.6
collected at the upper bound of the aperture
Figure 4.7 — Intensity and FWHM of focal ~parameter space. In general, a larger aper-
spot for different lens thicknesses /. ture is preferable, as larger lenses obviously
contain more ridges and therefore establish
more throughput as well as a higher NA.
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4.4 LENS DESIGN AND PARAMETER OPTIMIZATION

The NA is defined as [144]:

a

NA = nsin(fmax) = nsin (arctan <2>> . (65)
For the parameter space in the PSO in Figure 4.6, the N A ranges between 0.894 and 0.995.
Overall, this leads to a higher quality of the produced focal spot in terms of intensity and
spot size. These observations are in agreement with early numerical investigations from
the literature [145].

4.4.2 Coating Thickness

In the inverted plasmonic lens design, we encounter both types of three-layer-interfaces:
metal-dielectric-metal and dielectric-metal-dielectric. The former are the plasmonic wave-
guides themselves; dielectric ridges coated with metal. The latter are the metallic coatings,
facing the waveguide on one side and the surrounding dielectric material on the other.
In both cases, the SPP penetration depths d4 and dr, play important roles. As introduced
in Section 2.3.2, the evanescent fields corresponding to the SPPs decay with distance to
the interface, and their penetration into both media depends on the respective permit-
tivities. For a plasmonic waveguide, we want the SPPs on both sides of the waveguide
to couple to create an efficient energy transport. Thus, the ridges should not be wider
than d4. On the other hand, the fields also enter the metallic coating to a certain extent,
and when the coating is thinner than é,,, SPPs could form outside of the waveguides, too,
leading to leakage [61]. For the material system in this thesis, /4 and é, are depicted
in Figures 4.8(a) and (b), respectively, for wavelengths in the visible and near-infrared
regime. The penetration depths were calculated for both air and AZ1505 as dielectric ma-
terials. Above 480 nm, the penetration depth into AZ1505 is always higher than the min-
imum width required for a 27t phase shift, so SPP coupling can occur without problems.

2000 : 40— . . . . .
— AZ1505 Air —— AZ1505 Air
15004 1 304
& 1000+ 1 S 204 1
~—— —
N I
500 + 1 10+ 1
0 f } } } } } 0 t t t t t t
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A [ nm Ao [ nm

(a) Decay length 4 into the dielectric. (b) Decay length dp, into the metal.

Figure 4.8 — SPP decay lengths into the dielectric (a) and the metal (b) perpendicular to an
interface between iridium as a metal and either air or AZ1505 as a dielectric layer.
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Regarding the penetration into the metallic
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For further examinations of the influence of

Figure 4.9 — Focal spot intensity and FWHM

. ! . the coating thickness, I simulated plasmonic
depending on coating thickness.

lenses with fixed ridge positions and widths
but different coating thicknesses for f = 5 ym
at 532 nm. At this wavelength, the metallic penetration depth is around J, ~ 21 nm for
air filled ridges. Figure 4.9 shows the normalized intensity and the FWHM of the focal
spot over the coating thickness. As expected, for coatings thinner than é,,, intensity van-
ishes and FWHM rises as the resulting leakage prevents proper plasmonic propagation
and thus a distinguished focal spot to be formed. The intensity reaches its maximum at
about 28 nm, but after that decreases again for larger thicknesses. This is most likely also
a leakage effect: SPPs penetrating the metallic coating might transform to propagating
waves, contributing to the overall intensity of the electromagnetic field behind the lens.
So, while the intensity of the focal spot might have its maximum at about 28 nm, the in-
tensity of the field around the spot, which was not observed, might also still be relatively
strong. Thus, with thicker coatings, the probability for leakage decreases, together with
the absolute intensity of the focal spot, while the relative intensity might stay the same.
Eventually, increasing d. would lead us back to the conventional design, where the in-
tensity presumably converges to. Regarding the FWHM, the focal spot size stayed rather
constant for coating thicknesses larger than the penetration depth and reached a mini-
mum of about 194 nm at d. = 51 nm.
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Figure 4.10 — First (a) and last iteration (b) of a PSO for the coating thickness d..
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4.4 LENS DESIGN AND PARAMETER OPTIMIZATION

The optimization of the coating thickness in dependence of the thickness I using PSO
was conducted for a lens with f = 5 pm at a Ag = 532 nm. The initial state of the particle
swarm is shown in Figure 4.10(a) and the final state after 40 iterations in Figure 4.10(b).
The swarm converged at a thickness of about 327 nm. Regarding the coating thickness,
the swarm tended towards the lower bound of 20 nm, as highlighted in Figure 4.10(b). The
reason lies in what we have already seen in Figure 4.9: The objective function of the swarm
is to maximize the intensity of the focal spot in relation to its size. So in general, a higher
intensity is preferred, which at lower coating thicknesses is achieved due to leakage and
thus overall higher absolute field intensity.

4.4.3 Ridge Arrangement

Plasmonic lenses in the literature usually arrange the plasmonic waveguides in periodic
arrays. They get their functionality from periodically differing either the width, the depth
or the refractive index of the dielectric slits [129, 146, 147]. For the lenses in this thesis, this
means choosing a certain period A and computing the width w of the ridge at each po-
sition on that array as illustrated in Figure 4.11(a). However, due to the interplay between
waveguide width and phase delay, placing each ridge in a fixed distance to the next one is
not always possible, as the width required at a certain position might lead to neighboring
ridges overlapping each other. When a ridge is too wide for its designated position, it
is skipped and no ridge is placed at that position. This leads to large areas on the lens
with no waveguides at all, which significantly decreases the throughput and therefore the
intensity of the focal spot.

For this reason, I implemented a second ridge arrangement style next to the conventional
periodic one. In this second style, which is schematically shown in Figure 4.11(b), ridges
are not placed on an array with a fixed pitch, but successively next to each other as soon
as they fit. The design algorithm considers the width of the current ridge, accounts for

dmin
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(a) Periodic arrangement. (b) Successive arrangement.

Figure 4.11 — Periodic (a) and successive ridge arrangement (b), illustrated over the ridge
widths from Figure 4.2.

https://doi.org/10.7795/110.20240308

67



68

coating thickness d. and a minimum gap thickness d,;,, and then looks ahead to find
the next position a ridge could be placed without overlapping the current one. In this
manner, no unnecessary large gaps form on the lens and the throughput is maximized.
When compared to the periodic arrangement, the successive arrangement showed about
twice as intense focal spots in numerical simulations, which is also why I will mostly focus
on these types of lenses in the remainder of this thesis. Further differences between the
two arrangement types will be discussed on the final designs in Section 4.4.4.

4.4.4 Final Designs

For the fabrication of inverted plasmonic lenses, I chose a set of application wavelengths
and focal lengths based on practicability. Wavelengths for the lenses should range in the
visible regime to be easily accessed by experimental means, but also go towards the in-
frared to address common use cases (e.g., telecommunications or lab-on-a-chip devices).
Simulations to test the functionality of the lenses before their fabrication could only be
performed for short focal lengths due to high computational costs. Therefore, two focal
lengths in the micrometer regime were chosen which could be verified with simulations.
Two longer focal lengths were added due to the difficulty of measuring at such short dis-
tances but not verified by simulations before fabrication.

Simulations so far have been performed with two-dimensional model geometries to save
computational costs. In these simulations, an infinite extension of the waveguides into
one dimension is assumed. This is approximated in fabrication by ridges of sufficient
length. However, constructing the lenses this way leads to the formation of a focal line
like from a cylindrical lens, rather than a spot. For circular spot formation, lenses are also
realized as concentric rings with the same cross section as the cylindrical lens, with the
middle ridge being at the center of the lens.

Each designed lens got a label according to its most important parameters for easier de-
scription. The labels consist of two uppercase letters and two digits, divided by a hyphen.
The letters indicate whether the lens is fabricated as a spherical (O) or a cylindrical lens (C)
and if the ridge arrangement is periodic (P) or successive (S) (see Section 4.4.3). The digits
decode their intended focal length (first digit) and wavelength (second digit) according to
Table 4.1.

Table 4.1 — Plasmonic lens labels.

A
f 0 455nm | 532nm | 632 nm | 1064 nm | 1550 nm
5 pm X-00 X-01 X-02 X-03 X-04
10 pm X-10 X-11 X-12 X-13 X-14
100 pm S-20 S-21 S-22 S-23 S-24
1000 pm S-30 S-31 S-32 S-33 S-34
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4.4 LENS DESIGN AND PARAMETER OPTIMIZATION

The optimization process described in the previous sections was carried out for different
combinations of application wavelengths and desired focal lengths. Due to the already
indicated fabrication limits, lenses that are produced on the same wafer should have the
same thickness. Therefore, I intended to find one thickness which is compatible with as
many lenses as possible. Thus, the parameter space was confined to the range of 200 nm
to 600 nm in steps of 100 nm. Table 4.2 lists the optimal thicknesses found for each lens
configuration. As most of these lenses work best at 200 nm, this thickness was chosen for
the fabricated set of plasmonic lenses.

As a result from Section 4.4.2, a coating thickness of d. = 35 nm was chosen for the final
design. It exceeds the required minimum thickness of the metallic coating to prevent SPP
coupling to the outside and it leaves some space for fabrication deviations. While thin
coatings are both time and cost efficient in fabrication, it is preferable for the coating to
be too thick rather than too thin. The reason for this is that thicker coatings only converge
towards the conventional design in functionality and thus reduce leakage further, while
thinner ones impair the functionality of the lens.

While larger apertures enhance the intensity and quality of the focal spot, they also dras-
tically enhance the computational costs tied to performing the numerical simulations
required for the optimization process. Thus, a fixed aperture of 100 pm was chosen for
nearly every lens. At lower wavelengths and focal lengths, even with an aperture of only
50 pm, sufficiently high beam qualities could be ensured, so the aperture was reduced for
the sake of simulation time. A complete table of all parameters of the fabricated lenses is
given in Appendix A.6.

Figure 4.12 shows a box plot statistic about the widths of the ridges and the distances
between their centers. As the periodically arranged ridges are all placed in multiples of
200 nm, their mean distances between each other are comparatively low with only a few
outliers, but show larger scattering around their average. Concurrently, their widths show
a similar behavior and in general, the periodically arranged ridges are mostly thinner than
in the successive design. Compared to that, most of the successively arranged ridges share
the same width, though outliers are more likely here. We also observe that the scattering
around the mean as well as the mean itself increase with increasing application wave-
length and focal length. While ridge distances in the successive design are also comparably

Table 4.2 — Optimal plasmonic lens thicknesses.

Ao 455 nm | 532nm | 632nm | 1064 nm | 1550 nm

f

5 pm 200nm | 200nm | 300 nm | 400nm | 600 nm
10 pm 200nm | 200nm | 200nm | 200nm | 600 nm
100 pm || 200nm | 200nm | 200nm | 300 nm | 500 nm
1000 pm || 200nm | 200nm | 200nm | 300nm | 500 nm
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Figure 4.12 — Box plots of the ridge distances (upper) and widths (lower). The boxes illustrate

the interquartile range (IQR) between the 25th and the 75th percentile of the data sets. The
whiskers are determined from 1.5 times the IQR. Data points not covered by this are consid-

ered to be outliers [148].

Figure 4.13 — Ridge coverage of the area of the final plasmonic lens designs.
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4.5 LENS PERFORMANCE EVALUATION

less scattered than in the periodic one, lenses with focal lengths of 100 pm seem more
scattered. The larger deviations for lenses with longer focal lengths and application wave-
lengths are most likely the cause of the ridge widths increasing to ensure the functionality
of the lens while still being limited to a fixed aperture. This leads to a smaller number of’
ridges fitting in the aperture, generally larger ridge distances and more variation.

The mean number of ridges for the periodic design is 98.6; in the successive design, it
is only 58.2. However, due to their free placement, successively arranged ridges are gen-
erally wider. This leads to periodically arranged ridges only covering 8.45% of the lens
on average, while the successive design has a mean coverage of 23.56%, so nearly 3 times
higher. A higher coverage means that less lens area is obscured and in general, more light
can be used for focal spot creation. Figure 4.13 demonstrates this further. There, we also
observe a reduced coverage for the lenses with higher focal lengths. These lenses also
showed outliers with large ridges far away from the others. Most likely, the aperture was
too small for lenses with these focal lengths to give the space needed for enough ridges
to be created. These lenses would have benefited from larger apertures which were not
taken into account due to being too large for numerical simulations.

4.5 Lens Performance Evaluation

Inverted plasmonic lenses were fabricated using the designs from Section 4.4.4. Now we
want to take alook on the performance of the lenses, both experimentally on the fabricated
ones as well as from the design perspective in numerical simulations.

4.5.1 Tolerances to Deviations from Design

Fabrication processes often underlie devia- 1,_,.,‘\;

tions compared to the design. Therefore, I g ool '\’*,".

simulated a lens with / = 300 nm at a wave- E/ 0sl "“’.o:”

length of 532 nm and examined the inten- 2 . ] X

sity of the focal spot while assigning random é 06l ".“",., ]
changes to the ridge positions in order toes- ™~ | . "M,‘
timate the influence of minor ridge misplace- o4 = = = =
ments. In Figure 4.14, we see the observed in- o 20 40 y 60 80 100

tensity depending on the scale <y of the Gaus-
sian distribution used to randomly displace Figure 4.14 — Focal spot intensity under
the ridges. Even with only one simulation  Gaussian distribution of ridges.

per scale factor, the intensity significantly de-

creases with increasing randomness. For v = 100, the intensity drops as low as half of the
initial value. Nevertheless, for 7y up to 10, the influence of the displacement is negligible, so

deviations from the fabrication of up to 50 nm are not crucial for lens performance.
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4.5.2 Wavelength Dependency
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Figure 4.15 — Simulated intensity and FWHM  the focal spot gets less intense and at the

of'an inverted plasmonic lens’ focal spotat fo-  same time broadens when leaving the design

cal length for different wavelengths. wavelength. This indicates a shift of the spot
away from the design focal distance.

Figure 4.16 depicts a sketch of how the different lenses are arranged on the sample. As an
example, Figure 4.17 shows two SEM images of fabricated plasmonic lenses. Using two
different setups, the focal lengths of the produced plasmonic lenses were measured by
means of through-focus scanning optical microscopy (TSOM) [149]. The first setup was
a microscope, the second one was the EP4 MUELLER matrix ellipsometer introduced in
Section 3.2.2. The reason for two different setups is that the focal length range of the
lenses was too large to be covered with only one setup. At the microscope, focal scans
of the lenses with focal lengths of 5 and 10 pm could be measured in steps of 100 nm,
but the total range in focal direction was limited to 100 pm, so larger focal lengths could
not be measured. On the other hand, at the EP4, the movement range goes up to several
centimeters, which allowed for focal scans of the lenses with 100 and 1000 pm focal length,
but with a minimum step size of 1 pm, so the lenses with shorter focal lengths could not
be measured.

In the TSOM measurements, images of the lens were taken for different focal positions
around the focused image of the lens itself. The focal range was chosen to cover up to at
least twice the intended focal length of the lens in both directions from the focused image.
For the evaluation of the images, the standard deviation of all pixels in the images was
observed. In this context, higher standard deviation is correlated with a higher contrast
in the image and thus a more focused image. In microscopy, this is one measure used
to evaluate if the image under investigation is focused [150]. The assumption was that if
a lens was imaged at different focal planes, it should produce at least two peaks in the
standard deviation curve: One at the focused image of the structure itself, and one in a
focal length distance from the focused image. As the lens is illuminated with collimated
light which it focuses into the microscope’s objective, this second peak should correspond
to an image of the light source and thus, the image at this focal plane should resemble a
small spot with high brightness.

https://doi.org/10.7795/110.20240308
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(a) Cylindrical plasmonic lens CS-11.
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Figure 4.16 — Inverted plasmonic lens chip design.
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(b) Spherical plasmonic lens OS-11.

Figure 4.17 - SEM image examples of a fabricated cylindrical (a) and spherical (b) plasmonic

lens with f = 10 pm at a wavelength of 532 nm.
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As an example, Figure 4.18(a) shows the standard deviation for the TSOM measurement of
plasmonic lens OS-11 at a wavelength 0f 532 nm, measured with the microscope. We see
that the assumption was met that peaks at the focused image as well as at the focal spot
would be produced. The position of the focused image is marked by a dot in the middle
of the scan. Next to this, the plot shows several oscillations which are most likely caused
by moiré effects. The second peak is around 10 pm to the right of the focused image,
which is at the expected distance for this lens. However, a third unexpected peak occurs,
which is also located at focal length distance from the focused image, but in the opposite
direction. It is assumed that this peak is a product of reflections inside the lens. These
peaks are also visible in Figure 4.18(b), which shows an example for a TSOM scan of lens
OS-11, where the images of each focal plane along the z-direction were stitched together
to create a y-z-cross section. In the middle, the ridges of the plasmonic lens can be seen
in the focused image, which blurs with growing distance from it. About 10 pm away to
both directions, the two focal spots are located.

For each of the lenses, the distances of the two side peaks from the peak of the focused
image were evaluated. The results are collected in Figure 4.19. When measuring the lenses
with short focal lengths, both types of ridge arrangements discussed in Section 4.4.3, pe-
riodic and successive, were considered. Figure 4.19(a) shows the distances of only the
expected peak from the focused image, divided by the intended focal length, over the dif-
ference between the measurement wavelength and the one the lens was designed for. As
we can see, at their design wavelength, most lenses are also close to the design focal length.
Lenses with a periodic ridge arrangement tend to longer distances, with up to twice the
intended focal length at the design wavelength. Also, for other wavelengths, these lenses
nearly always show a longer focal length than intended, with no clear correlation to the

wavelength.
150 T T T T 37
o 1401 : 1000
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(a) Standard deviation of the images. The (b) Stitched y-z cross section of a TSOM mea-
focal image of the lens is at 50.8 pm. surement.

Figure 4.18 — Standard deviation (a) and image cross section (b) of an example TSOM mea-
surement of plasmonic lens OS-11 at a wavelength of 530 nm.
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4.5 LENS PERFORMANCE EVALUATION

In contrast, the lenses with successive ridge arrangements follow a clear trend: Their focal
spot moves closer to the lens for larger wavelengths and vice versa. This resembles chro-
matic aberration which can also be observed in conventional lenses and is most likely
caused by dispersive eftects of the dielectric material inside the ridges of the lenses. We
also see this effect in Figure 4.19(b), which shows the peak distances for both the expected
and the unexpected peak, for all lenses measured at both setups. However, this time,
only lenses with successive ridge arrangements were considered, as the focal distances of’
the lenses with periodically placed ridges showed a worse performance. We observe the
same wavelength dependence for each lens, even for the unexpected peaks, reinforcing
the impression that it is mainly influenced by material properties. Unfortunately, lenses
designed with larger focal lengths of 1 mm didnt show any peaks in the standard devia-
tion besides the focal image and thus didnt produce a focal spot. Reason for this is most
likely the design oftheses lenses itself'as it consisted of only a small number of ridges due
to the large focal length, while it was still limited to the same aperture of 100 pm as the
other lenses to keep fabrication reasonable. Apparently, the small number of ridges is not
sufficient for the functionality of the structures as a lens.
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Figure 4.19 — Wavelength dependent distances of observed peaks in the standard deviation
for fabricated plasmonic lenses with focal lengths of 5 and 10 pm, measured at a microscope
setup (a) and results for all plasmonic lenses measured at both setups (b).
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4.6 Concepts for Achromatic Plasmonic Lenses

As shown in Section 4.5.2, the focal length of the inverted plasmonic lenses is inherently
wavelength dependent. Now, we take a look at theoretical concepts how to remove or
at least reduce this wavelength dependency to expand the design of inverted plasmonic
lenses to an achromatic functionality. So far, the realization of multispectral plasmonic
lenses has been achieved with design approaches using meta-atoms two-dimensionally
distributed on a surface [151, 152, 153, 154] or by realizing complex material gradients
[155, 156]. Generally, over the last years, the focus in research shifted from plasmonic to
dielectric metastructures, as they are capable to provide more efficient effects [157]. For
this reason, current literature offers little consideration of achromatic plasmonic lenses.
This section starts with the most formal way to realize dispersion-free lenses from current
literature oriented at dielectric metasurfaces and discusses limitations for the applicabil-
ity to the inverted plasmonic lens design as well as possible alternatives.

4.6.1 Dispersion-Free Meta-Lenses

For any metastructure to produce a focal spot, the meta-atoms have to induce a relative
phase to an incoming plane wavefront which depends on the position r of the meta-atom
in relation to the center of the lens [126]:

orw0) == (rrp2-5), (66

where f is the intended focal length of the lens. In Section 4.2, we only regarded the
distribution of the phase over the position. If the lens is also supposed to be achromatic,
however, the phase also has to depend on the angular frequency w or the wavelength A.
An achromatic lens focuses different wavelengths to the same focal length. Therefore,
the meta-atoms not only have to deliver a certain phase change, but also higher-order
dependencies of the phase on the wavelength need to be matched [158]. We can expand
the phase into a TAYLOR series to access these higher orders:

000) = gl + LI 4 TU)

2
0w |y — (w—wy) 4. (67)
The first derivative of the phase in the TAYLOR series is called the relative group delay, the
second derivative is the group delay dispersion. When designing a meta-lens, we not only
have to match the phase of the meta-atoms, but also these two quantities, thus gaining
dispersion control via higher orders. We want the focal length not to depend on the fre-

quency, so we can simply determine the first and second order derivatives of the phase

from Equation (66):
op(r,w) 1
5 ——C< r2+f2—f>, (68a)
*Pp(r,w)
T (68b)
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4.6 CONCEPTS FOR ACHROMATIC PLASMONIC LENSES

As we can see, the dispersion vanishes, so this case already describes an achromatic lens.
For the description of diffractive lenses, please refer to [158].

The next step would involve the design of plasmonic waveguides, this time considering
not only the phase, but also its first and second order derivatives, with high emphasize on
the dispersion being as close to zero as possible. The control over all three factors requires
at least three degrees of freedom in the design of the plasmonic waveguides. Apart from
the waveguide widths w, other possible degrees of freedom, that would also influence the
phase, are the waveguide lengths, the material composition, or the sidewall angles. These
are rather hard to control or realize during the fabrication process, and in the first place,
the argumentation behind the inverted lens design was to comply with limitations from
fabrication. Therefore, we only considered one degree of freedom, the width w of the
waveguides. Using any of the other parameters would make the production of the lenses
considerably more challenging.

Apart from missing the relevant degrees of freedom, the current design of the plasmonic
lenses relies on the characteristic Equation (61) that links the waveguide width to its propa-
gation constant. For different geometries, a similar analytical equation would be necessary
to enable a quick design process. Otherwise, the design would have to rely on simulat-
ing phases for different geometries, which might be manageable in a machine learning
context, but would significantly slow down the design process nevertheless.

4.6.2 Cylindrical Plasmonic Meta-Atoms

So far, we only considered rectangular waveguides for SPPs, like depicted in Figure 4.20(a).
They are historically the common way to realize plasmonic nanoslit lenses, as we have
seen in Section 4.2, but they are also inherently selective to states of polarization due to
their geometry. Therefore, it is appealing to also consider circular waveguides, where the
excitation of plasmonic modes under normal incidence does not depend on the polar-

)

(a) Rectangular plasmonic (b) Circular plasmonic
waveguide. waveguide.

Figure 4.20 - Example for a rectangular (a) waveguide of width w and thickness ! and a circular
plasmonic waveguide as a hole with radius r in a metallic layer on a substrate.
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ization. A visualization for such a waveguide is given in Figure 4.20(b). In a way similar
to meta-atoms, these waveguides can locally influence the phase of the transmitted light
based on SPP propagation. Thus, we could use them as building blocks for achromatic
plasmonic lenses, for example in windmill-like arrangements similar to those we will dis-
cuss in Section 4.6.3. Although plasmonic lenses based on circular nanoholes have already
been investigated [159, 160, 161, 162, 163, 164], their use for achromatic focusing purposes
is yet to be fully explored. For this concept to work, we have to take a look on the phase
retardation from circular plasmonic waveguides. Their dispersion equation is different
from the characteristic Equation (61) discussed in Section 4.1 [165, 166]:

1 L(Ga) 1 K(Gm)\ (eab(la) emKiGm)\ _ (B 2 11 2
<§d1v(5d> Cva(Cm)> <€dlv(éd) Cva(cm)>_v <k0> <g§ ggn) , (69)

for the v-th order hybrid mode and with:

Cm,d =r- \/ :B2 - gm,dkz ’ (70)

where r is the waveguide radius. Furthermore, [, and Ky are the modified BESSEL functions
of order v, and I and K}, are their derivatives [59, 165]:

o 1 x\ 2m+v
h(x) = mZ::o mT(m+v+1) (E) ’ (712)
Ky(x) = ZW (71b)

with the Gamma function

oo
I'(z) = / e ¥ dx . (72)
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(a) Circular plasmonic waveguides. (b) Rectangular plasmonic waveguides.

Figure 4.21 — Numerical solutions of the characteristic equations for circular (a) and rectan-

gular geometries (b) of resist waveguides in iridium.
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4.6 CONCEPTS FOR ACHROMATIC PLASMONIC LENSES

From Equation (69), we can get the characteristic equation for the Oth order TM mode
withv = 0byusing Ij(x) = L;(x) and K{j(x) = —K;(x):

e111(81) +52K1(C2)
&1lo(&1)  &Ko(&2)

=0. (73)

As the modified BEssEL functions depend on the waveguide radius r, Equation (73) has
no analytical solution for r. Thus, we have to determine r numerically for different values
of the propagation constant 3 [166]. Figure 4.21(a) depicts this numerical solution for an
example where a circular waveguide made of AZ1505 resist in iridium is illuminated with
a wavelength of 532 nm. The plot shows all possible solutions to Equation (73) for wave-
guide radii » between 0 and 2 times the incident wavelength and for propagation constants
B from 0 to 2 times the wavenumber. In this case, only one solution exceeds sld/Z and is
therefore associated with the propagation of SPPs [166]. In addition, we observe no possi-
ble solution for radii below about 97 nm. In comparison, Figure 4.21(b) shows the solution
for a rectangular waveguide under the same conditions with different waveguide widths
w according to Equation (61). Here, we observe only one solution, which is the excited SPP
mode that shows a propagation constant that changes only for small widths.

Another approach to this is the use of FEM simulations to examine the phase delay of cir-
cular waveguides with different widths. Figure 4.22 shows the total transmission and the
relative phase of the electric field through a circular waveguide depending on its radius.
The transmission steadily increases with larger waveguides, but subwavelength structures
even down to 100 nm radius still show some transmission. However, plasmonic excita-
tion could not be observed for such small waveguides as in the rectangular case, and the
transmission vanishes rapidly below about 60 nm radius. Considering this, we only take
radii above 60 nm into account. The relative phase is similar to the numerical solution
of Equation (73) shown in Figure 4.21(a), which is plausible when considering the rela-
tionship between phase and propagation constant from Equation (63a). Both phase and
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(a) Transmission. (b) Relative phase.

Figure 4.22 — Simulated transmission (a) and relative phase (b) for different geometries of
resist waveguides in iridium.
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transmission also show some kind of resonance at a radius of around half the incident
wavelength which is most likely not caused by plasmonic effects.

The phase delays generated by circular plasmonic waveguides of different radii would
be suited for the construction of plasmonic lenses. However, the waveguide dimensions
would be significantly larger compared to the rectangular waveguide design. This results
in less waveguides per lens area and therefore in a worse control of the local phase, which
is adverse for the functionality of the lens.

4.6.3 Merged Plasmonic Lens Design

As explained in Section 4.6.1, the current inverted plasmonic lens design has not enough
addressable degrees of freedom to support a dispersion-free design. A quick solution for
this using rectangular waveguides of varying widths is proposed in Figure 4.23. By simply
merging lenses designed for different wavelengths, the resulting structure would be able
to focus these wavelengths to the same focal spot, albeit with some chromatic aberration
when leaving the focal plane. Dividing the circular lens area in sections undermines its
polarization insensitivity, but a certain symmetry in the division is required to ensure the
formation of a symmetric focal spot. The division in four sections per wavelength thus
constitutes a compromise between symmetry and polarization insensitivity. Another op-
tion is the division into even smaller sections. This would lead to a better performance
under arbitrary states of polarization, but it would also significantly shorten the plas-
monic ridges, which might adversely affect the phase delay produced by this ridge. As
illustrated in Figure 4.23, the sectioning concept could even be transferred to more than
two wavelengths per lens, again while losing polarization insensitivity.

As a first step to see if truncating the waveguides impedes the formation of SPPs, I simu-
lated air-filled waveguides in a 200 nm thick silver layer with different lengths and widths,
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(a) One wavelength: (b) Two wavelengths: (c) Three wavelengths: (d) Four wavelengths:
532 nm. 532 nm and 632 nm. 450 nm, 532 nm, and 450 nm, 532 nm,

632 nm. 632 nm, and 1064 nm.

"

Figure 4.23 — Merged plasmonic lens concepts for one (a), two (b), three (c), and four wave-
lengths (d).
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4.6 CONCEPTS FOR ACHROMATIC PLASMONIC LENSES

illuminated at a wavelength of 532 nm. Figure 4.24 shows the intensity and phase of light
that propagated through these waveguides, normalized to unobstructed propagation. Fol-
lowing the discussions in Section 4.1, the width of the waveguide is directly connected to
the phase of the transmitted light, but these considerations always assume an infinite
length. In Figure 4.24(b), we see that only under about 300 nm, the length significantly
influences the phase. In addition, the intensity of the transmitted light significantly drops
towards shorter waveguides, which is most likely caused by a smaller ratio between wave-
guide and computational domain area. It should be noted that these simulations were per-
formed for s-polarized light only, preventing SPP excitation along the length of the wave-
guide, which under illumination with mixed polarization might also happen. Neglecting
curvature for now, a ring-shaped waveguide with a circumference of 300 nm would have
a radius of about 47.75 nm. For the monochromatic lens designs, most rings apart from
the central ridge are longer than this, so waveguide length should be no limiting factor.
However, the merged design as proposed in Figure 4.23 cuts the rings to at least /s of’
their initial size. For the smaller, inner rings, this might already lead to a diminished
functionality.

Examining the influence of ridge curvature, I also simulated 18 nm wide waveguides with
a fixed arc length 0 900 nm, which should be long enough to not impede its functional-
ity following the results from Figure 4.24, while bending the waveguide to different radii.
Curvature is defined as the reciprocal radius of the curve [167]. A curvature of 0 denotes
a perfectly straight line (infinite radius), and for an arc length of 900 nm, the largest
possible curvature is 6.98 pm~!, which corresponds to a perfect circle with a radius of
about 143.24 nm. Figure 4.25 illustrates different curvatures. Larger curvatures are only
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Figure 4.24 — Simulated intensity (a) and phase (b) of light transmitted through 200 nm thick

plasmonic waveguides of different lengths and widths.
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theoretically possible when considering elliptical shapes
which are not of interest here. Figure 4.26 shows the trans-
mission and phase of s- and p-polarized light propagating
through waveguides of different curvature. The transmis-
sion is normalized to the maximum value. As we can see,
for a straight line, no s-polarized light is transmitted be-
cause only p-polarized light excites SPPs as discussed in
Section 4.1. When the waveguide starts to curve, more and
more parts of it shift their orientation so that s-polarized
light also excites SPPs. For curvatures larger than 3.5 pm ™,
where the waveguide is bent to a semicircle, the decline of
p-polarized transmission reaches an inflection point. Fur-

O\
()
O

ther bending of the waveguide also shifts the orientation of

parts of it back so that eventually, the amount of p-polarized
Figure 4.25 — Curved wave-  transmission increases again. In the end, for the full circle,
guides. both s- and p-polarized light show the same transmission

for reasons of symmetry. The discontinuity right before this
case most likely comes from the small gap between the waveguide ends closing. Similarly,
the phases for s- and p-polarized light are the same for the full circle case. In general,
phases for both polarization cases don'’t differ much from each other, but change by up to
0.757 with curvature.

To test these influences in the context of a real lens, a proof-of-concept simulation was
necessary to show if a merged plasmonic lens would really diminish the dispersive be-
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Figure 4.26 — Simulated transmission (a) and phase (b) of light through curved plasmonic
waveguides. The dashed line at 6.98 pm~! indicates a closed circle.
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4.6 CONCEPTS FOR ACHROMATIC PLASMONIC LENSES

haviour. Due to the nature of finite element simulations, performing one such simulation
in three dimensions for one of the cases described in Section 4.4.4 takes a high amount
of computational resources. Time and memory requirements of these simulations heav-
ily depend on the extents of the computational domain as well as the sizes of the smallest
parts of the mesh. Thus, in what follows, we want to observe a minimal proof-of-principle
design which allows us to examine how the lens concept described here would perform
under different incident wavelengths. As the lens layouts used here are optimized for tak-
ing less computational resources, they lack in functionality and generally underperform
in terms of focal spot intensity and size. However, their simulations could be carried out
in reasonable time and deliver information about the dispersive behaviour of the different
lens designs. Figure 4.27 shows the proof-of-concept FEM simulation model of a merged
plasmonic lens for two wavelengths, 532 nm and 632 nm, realized using JCMsuite [141].
An in-detail list of the lens parameters is given in Appendix A.6. To minimize the com-
putational requirements of this model, instead of the inverted lens design, the model has
dielectric AZ1505 ridges completely embedded in a sheet of iridium. As discussed in Sec-
tion 4.4.2, this does not impair the functionality of the lens. A focal length of 0.75 pm and
an aperture of 5 pm were chosen, as these sizes are still manageable in FEM at acceptable
timescales.

Simulations were carried out for incident wavelengths between 507 and 907 nm in steps
of 25 nm. As a direct comparison, a lens with the same dimensions but only for a wave-
length of 532 nm was also simulated. The circular shape of the lenses guarantees a sym-
metric behavior of s- and p-polarized light. Thus, we will only compare simulations for
p-polarized light in what follows. Figure 4.28 illustrates the results from this simulation,
which were gathered by measuring the intensity and position of the produced focal spot
from the simulated electric field. In Figure 4.28(a), we observe a reduction of the overall
intensity to around 2 % of the incident intensity for the merged lens, compared to the
about 5 % of the monochromatic lens. The small values of these intensities are mostly

—
o

—

Y \\
©)), '\' |

Figure 4.27 — Numerical model of the merged plasmonic lens proof-of-concept.
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due to the small aperture of the proof-of-principle geometries, which were only 5 pm.
The difference between the intensities of the two lenses is assumed to be the result of the
previous observations from single waveguides. This effect is also enhanced by the small
proof-of-principle geometries. Nevertheless, compared to the monochromatic lens, the
merged lens shows a clearly reduced dependence of the intensity on the wavelength. In-
terestingly, the monochromatic lens has nearly the same intensity for both design wave-
lengths, but this is only an artifact from the lens having an intensity peak at about 580 nm,
which stems from the non-optimized design. The merged two-wavelength lens, however,
does not show this peak and therefore has a more uniform response to the wavelength,
speaking for this approach at least from the perspective of intensity uniformity. The spot
position illustrated in Figure 4.28(b) is more crucial as it represents the lenses’ chromatic
aberration. As observed in Section 4.5.2, the focal spot shifts closer to the lenses with
increasing wavelength. However, this shift is less pronounced for the merged lens com-
pared to the monochromatic lens. Parameters for the parabolic fit are collected in Ta-
ble A.7 in Appendix A.4. Thus, the merged lens’ dispersion is visibly reduced compared to
the monochromatic lens, indicating that this approach indeed helps to create achromatic
plasmonic lenses, albeit at the expense of spot intensity. Further investigations into the
development of working designs are needed, though, as the choice of design wavelengths
for optimal dispersion reduction is likely very crucial. Probably, designs with more sec-
tions of different wavelengths might also help to further reduce dispersion, again at the
expense of intensity. An increasing number of sections might even converge towards a
spiral-like design, although this would be highly challenging to fabricate.
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(a) Spot intensity. (b) Spot position.

Figure 4.28 — Spot intensity (a) and position (b) of merged plasmonic lens and comparison
lens depending on the wavelength of the incident light. Dotted lines indicate design values.
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Advanced Methods for
Imaging Ellipsometry

HE PLASMONIC LENSES FROM CHAPTER 4 HAVE THE PURPOSE TO SERVE OPTICAL NA-
I nometrology by being designed around their compatibility with both fabrication
and integration in ellipsometric setups. For the latter, it is necessary to char-
acterize their polarization properties, a task which naturally links to the measurement
methods explored in this thesis. Apart from that, this chapter covers the conceptual inte-
gration of plasmonic lenses into ellipsometric setups as well as the numerical evaluation
of MUELLER matrix images. Solving the inverse problem is the common way to retrieve ge-
ometrical parameters from ellipsometric measurements, but with imaging ellipsometry,
simulating the necessarily three-dimensional models is still connected to high computa-
tional costs. For this reason, we also look out towards machine learning for inspiration
concerning other evaluation approaches. This chapter starts out with MUELLER matrix
measurements performed with the methods described in Chapter 3 on the plasmonic
lenses introduced in Chapter 4. This is followed by simulations of MUELLER matrix im-
ages using FEM as well as a numerical experiment on the applicability of inverted plas-
monic lenses in ellipsometric measurements. In the end, we take a look on HaARr-like
features of MUELLER matrix images to estimate the benefit of ellipsometric evaluations
in the context of machine learning and vice versa.

5.1 MuUELLER Matrix Images of Fabricated Plasmonic

Lenses
As described in Section 4.1, only TM polarized light can excite SPPs, and light propagating
from a plasmonic lens will inevitably be polarized. The lenses introduced in Section 4.4

have a circular design that is supposed to not only create the functionality of a spheri-
cal lens, but also make up for the polarization selectivity of the plasmonic waveguides.

https://doi.org/10.7795/110.20240308



86

The ring-shaped ridges allow for polarized light from arbitrary orientations to generate
SPPs and thus to be focused. It is questionable if the central ridge, which in this case
is a circular waveguide rather than a curved rectangular one, correctly contributes to the
functionality, because circular structures present different SPP propagation behaviour, as
seen in Section 4.6.2. Nevertheless, the presence of focal spots in the measurements from
Section 4.5.2 is evidence for the functionality of the lenses, as long as they have enough
ridges inside their aperture. Now, we want to take a look into their polarization selectiv-
ity by taking MUELLER matrix images of the plasmonic lenses. Additionally, we look at
a MUELLER matrix focus scan measurement of one lens, with a set of MUELLER matrix
images for each focal plane in the measurement series. This way, we can analyze the po-
larization properties of the lens and its focal spot, which is necessary if the lens should be
considered as an optical component used in ellipsometry.

5.1.1 MuELLER Matrix Images at Different Wavelengths

Figure 5.1 shows the MUELLER matrix images of plasmonic lens OS-00 measured at the
MUELLER matrix microscope in transmission mode at 455 nm wavelength. Drift correc-
tion as described in Section 3.5.3 was not applied yet due to the high structure complexity
of the lenses. Effects from thermal drifts appear in this measurement, however, most no-
ticeably in the m4 and my4; elements, which are more likely to be closer to zero without
the drift. As expected, different regions on the lens show different polarizing behavior, de-
pending on their rotation relative to the global orientation of the polarizing system. Aver-
aging the pixels over the lens area only, the mean MUELLER matrix of the lens reads:

1.000  0.027 —0.017 —0.009
0.074 0399 —-0.007  0.006
—-0.013 0.036 0407 0.008
0.055 —0.086 0.004 0.236

Mos.00(455 nm) = (74)

Apart from the main diagonal, the local polarization introduced by the lens vanishes for
the most part when averaging over the lens area. Based on this example, Figure 5.1 and its
mean values indicate a sufficient polarization neutrality of the inverted plasmonic lenses,
despite some depolarization, showing in the main diagonal that differs from 1. Therefore,
their potential use in ellipsometric setups is not impaired by the polarization selectivity
of SPPs, as intended by constructing the lenses as concentric rings.

Measurements at the EP4 setup were performed to examine the spectral behavior of the
lenses” MUELLER matrix for wavelengths from 407 to 807 nm for the same lens OS-00. As
an example, Figure 5.2 shows the matrix images of this lens measured at 457 nm wave-
length for both measurement methods at this setup according to Section 3.2.2. Overall,
these measurements show good agreement between each other and with the results from
the MUELLER matrix microscope setup. Figures 5.3 and 5.4 collect the MUELLER matrix
images at the different wavelengths averaged over the lens areas for the measurements
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5.1 MUELLER MATRIX IMAGES OF FABRICATED PLASMONIC LENSES

0.5

-1

Figure 5.1 - MUELLER matrix image of plasmonic lens OS-00, measured at the MUELLER ma-
trix microscope, without drift correction.
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(a) Measurement without second compensator. (b) Measurement with second compensator.

Figure 5.2 — MUELLER matrix image of plasmonic lens OS-00, measured at the EP4 setup at
457 nm wavelength in PCSA (a) and PCSCA configuration (b).
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Figure 5.3 - Mean MUELLER matrix images of plasmonic lens OS-00, measured at the EP4
imaging ellipsometer without second compensator (PCSA), averaged over the lens area.
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Figure 5.4 — Mean MUELLER matrix images of plasmonic lens OS-00, measured at the EP4
imaging ellipsometer with second compensator (PCSCA), averaged over the lens area. The
outlier at 782 nm stems from high noise in the images due to low transmittance at this wave-
length.
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5.1 MUELLER MATRIX IMAGES OF FABRICATED PLASMONIC LENSES

without and with second compensator, respec- 600 -

tively. Comparable to the measurement from o 500 1 /0\ ]
the MUELLER matrix microscope at 455 nm wave- .g 1 * P

length, we see that the mean values show no ma-  -g 400+ / \ .
jor influence of the whole lens on the polarization, & 300 - MR ¢ ]
apart from some depolarization. Slight changes g T / \’ 1
with the wavelength are observable, but as the lens Fg 200 1 R 4 "\ i
was optimized to work at only one wavelength, a & 100 4 ’\, e . |
wavelength dependency was expected. It is most 0l P P R “l’ ]
prominent on the main diagonal in Figure 5.4 400 500 600 700 800
and follows the observations made in Section 4.5.2 A /nm

about the dispersion of the lenses. Additionally, Figure 5.5 — Standard deviation of the
Figure 5.2(b) suggests that the lens was out of fo-  first matrix element measured in PC-
cus during the measurements. Figure 5.5 further gca configuration.

illustrates this by showing the standard deviation

of the first matrix element over the wavelength. Just as with the TSOM measurements in
Section 4.5.2, we see a peak in the standard deviation, indicating a shift of the focal plane.
The reason for this is the long term measurement series during which these images were
taken, revealing a drift of the structure out of focus during longer time periods, even at
the more stable EP4 setup. The impact of focal shifts is further discussed in Section 5.1.2.
MUELLER matrix images for the other wavelengths are collected in Appendix B.2.

5.1.2 MuUELLER Matrix Images at Different Focus Positions

In Section 5.1.1, we saw that for long term measurements, samples examined at the EP4
setup might drift out of focus of the imaging system. Thus, it is reasonable to investi-
gate how much the focus of the recorded images affects the measured MUELLER matrix
images. Additionally, to assess the usability of the lenses in ellipsometric setups, we need
to evaluate the polarization of the resulting focal spot. As described in Section 4.5.2, the
focal distance of the fabricated plasmonic lenses was verified via TSOM. In a similar way,
the polarization of the focal spot was evaluated by performing MUELLER matrix through-
focus scan measurements on lens OS-21 at its intended wavelength of 532 nm. For each
focal plane in a range of 200 pm around the focused image of the lens, MUELLER matrix
images were recorded, leading to 16 individual image stacks, each representing a focus
scan series of one specific MUELLER matrix element.

Figure 5.6 shows the mean MUELLER matrix images per focal plane and the respective
standard deviations. Like in Section 5.1.1, we can see from Figure 5.6(a) no major influence
of the focal plane on the mean MUELLER matrix elements. The standard deviations in
Figure 5.6(b), however, were affected by the focus scan. The first matrix element doesn’t
show up because of normalization. In all the other matrix elements, the central peak of
the focused image of the lens is clearly visible, but the other two side peaks observed in
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Section 4.5.2 are mostly missing. In some elements, especially m19 and m;, there is a
shoulder to the left of the central peak, but it is too close to be from the focal spot. In
other elements, most noticeably those in the last row or column, small dips very close to
the design focal length are observable. Thus, focused images are very clearly recognizable
from MUELLER matrix images, but while the focal spots are slightly visible in the standard
deviation, their polarization should be sufficiently uniform for polarimetric means.
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(a) Mean focus scan MUELLER matrix images.
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Figure 5.6 — Mean MUELLER matrix images per focal plane (a) and respective standard devia-
tions (b).

https://doi.org/10.7795/110.20240308



5.2 NUMERICAL SIMULATIONS OF MUELLER MATRIX IMAGES

5.2 Numerical Simulations of MUELLER Matrix Images

Ellipsometry relies on the solution of the inverse problem: By performing numerical sim-
ulations with varying parameters and comparing them with measurement results, the
geometrical properties of the structure under investigation are successively determined.
While this process is widely used and its implementations are generally fast, numerical
models are usually defined in two dimensions only. Two-dimensional models are evalu-
ated quickly, with single simulations taking rarely more than a second. The computational
costs of such simulations, their duration and memory usage, strongly depend on the sizes
of the computational domain, the mesh, and the layers present in the model, as well as on
the wavelength. More complex structures necessitate higher computational costs.

For imaging ellipsometry, the logical step would be to use three-dimensional models
for the inverse problem, as in the example in Figure 5.7. Structures like those from the
nanoform sample (Section 3.3) are simply impossible to model in two dimensions only.
Nevertheless, even for commercial imaging ellipsometry setups, measurement evaluation
is usually realized by averaging over regions of interest (ROIs) in the image and then eval-
uating the mean matrix values like in conventional ellipsometry. This is easily done and
compatible with existing tools, but it also neglects most advantages of imaging ellipsome-
try, apart from choosing more refined ROIs than would be possible without imaging. In
the example of singular structures as on the nanoform sample, we could just use average
values of ROIs inside and outside the structure to determine, e.g., the depth of the struc-
ture or the material composition of'its surrounding. However, edge and corner effects as
observed in Section 3.4 and the structural information coming with them would be com-
pletely unused. Only when solving the inverse problem with three-dimensional models,
these effects are correctly accounted for and contribute to the parameter reconstruction of
the sample. On the downside, three-dimensional simulations require high computational
costs, making them unattractive for larger geometries or parameter spaces.

The simulation of MUELLER matrix images forms a
necessary step towards the solution of the inverse \
problem in imaging ellipsometry. This section dis-
cusses the numerical simulation of MUELLER ma-
trix images of the samples introduced in this the-
sis and the challenges related to them. In addi-

tion, we will look on simulated MUELLER matrix im-
ages in combination with plasmonic lenses to esti- Figure 5.7 - Example for an FEM
, . . . model of a structure from the
mate the lenses’ influence on an ellipsometric mea-

nanoform sample.
surement.
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5.2.1 Simulated MUELLER Matrix Images of the Nanoform Sample

For a direct comparison, simulations of the structures from the nanoform sample were
performed with JCMsuite [141]. Figure 5.7 illustrates an example for a model used in the
FEM simulations. It has the same dimensions as specified in the design in Section 3.3.
The source was defined as a plane wave with 0° incidence from above at a wavelength of
Ag = 455 nm. The use of multiple pupil points per illumination source was considered
but rejected. As the measurement system works with nearly collimated light, going from
a plane wave illumination to multiple pupil points would only lead to disproportionately
longer simulation times. The MUELLER matrix images were simulated by computing sev-
eral microscope images of the sample at different STokEs vectors for the illumination
and then using these to derive the MUELLER matrix elements pixelwise [105]. Figure 5.8
shows examples of the simulated MUELLER matrix images for the same structures as in

0.5

| [ -0.5

-1

() AG (d) A10

Figure 5.8 — Simulated MUELLER matrix images of structures Al (a), A5 (b), A6 (c), and A10 (d)
from the nanoform sample. Further images are given in Appendix B.1.3
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Figure 3.17 in Section 3.4.1. Although the measurements were performed in the perpen-
dicular incidence reflection mode, the measured images resemble those of transmission
measurements, because the light passed a couple of mirrors on its way to the camera,
switching the sign of corresponding matrix elements each time. The simulation does not
take these mirrors into account. Therefore, some simulated MUELLER matrix elements
show the opposite sign compared to the measurements, which is most prominent in the
myy element. Figure 5.9 collects selected measured and simulated MUELLER matrix im-
ages for an easier comparison. Measurements from the EP4 setup are not considered here
as the simulations used the same perpendicular incidence illumination as the MUELLER
matrix microscope setup. Thus, the oblique angle of incidence from the EP4 setup hinders
a direct comparison to the simulation results. Again, we see distinct polarization effects
at the edges and in the corners of the structures in the drift corrected images. These ef-
fects are confirmed by the simulated images, which show the same kinds of effects in the
same matrix elements as the drift corrected measurement, besides the mentioned sign
difference. Therefore, it is legitimate to assume that these effects do not stem from sam-
ple movements from, e.g, thermal drifts alone and are indeed inherent responses from
the structures themselves. Furthermore, both measurement and simulation are in good
agreement after drift correction, which means that the suppression of drift influences by
algorithmic means is a viable strategy. The only challenge that remains here is that the
drift correction algorithm has to detect structures in the images to work, which has to be
done on a case-by-case basis.

Concerning their metrological use, we want to take a closer look on the additional infor-
mation delivered by off-diagonal matrix images. With the examples of elements gy and
mi3 in Figure 5.9, we see that the microscope images of structures Al and A5 are barely
distinguishable. Their only difference is a change of their corner radius from 100 nm to
400 nm, which is a feature difference smaller than the resolution of the imaging system
of about 800 nm [102]. However, in element 1,3, this change is evident from the abso-
lute value of the matrix element in the corners. We see that corners have different signs
depending on their orientation. By computing the mean matrix element values in each
quadrant of the image and then further averaging the values of the quadrants with the
same sign, we can obtain the mean difference between the absolute values in the differ-
ent corners. Figure 5.10 collects these quadrant mean value differences for element 113
for both measured and simulated matrix images. The results are plotted over the ratio
between the corner radius and the structure width, which is 5 pm. Thus, a corner ratio of
0 represents a perfect square while a ratio of 0.5 would be a perfect circle. We see a clear
correlation between the corner radius and the absolute values of the matrix element in
the corners. In the measurements, it is highly influenced by noise, but it follows the same
trend as the simulations. Going from Al to A5, the absolute value of the matrix element
in the corners changes by 15 % in the measurements and by 85 % in the simulations. The
change from A5 to A10 is with about 160 % in both measurements and simulations even
more pronounced. Other off-diagonal matrix elements also show a sensitivity of the ab-
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5.2 NUMERICAL SIMULATIONS OF MUELLER MATRIX IMAGES

solute values in the corners or on the edges of the structures on the corner radius. Thus,
local geometry features like the orientation of an edge or the curvature of a corner do
have significant connections to the local MUELLER matrix, even for sub-wavelength sized
feature changes. These offer information channels exceeding those of microscopy or el-
lipsometry alone, making the model-based evaluation of the measurements promising
for structural parameter retrieval [115, 121].
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Figure 5.10 — Quadrant mean value differences for element 5,4 for both measured and sim-

ulated matrix images.
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5.2.2 Plasmonic Lens Supported Ellipsometry Simulations

Imaging ellipsometry, as a tool for the local examination of polarizing properties, is suit-
able even for non-periodic samples. As such, advancing the system not only from the
evaluation point of view, but also its hardware, would bring benefits to optical nanome-
trology. Research on making ellipsometric systems more compact is currently on-going
and focuses mostly on using metastructures to replace bulky optical components [168,
169]. After examining design strategies for plasmonic lenses that facilitate the fabrication
process in Chapter 4, we now want to take a look on the integrability of plasmonic lenses
in ellipsometric setups. The idea is to implement lenses with short focal lengths and small
spots by, e.g., replacing the focusing optics on the illumination side of the ellipsometer.
From the results in Section 5.1, we know that the lenses provide sufficient polarization
neutrality to allow for this kind of illumination. The shorter focal lengths would help to
make the setup more compact, while the closer placement to the sample might lead to a
higher sensitivity to topological information, maybe in extreme cases even from near-field
interactions. The much smaller focal spots produced by plasmonic lenses could also be
scanned over the sample, so that even in non-imaging use cases, a SNOM kind of scanning
ellipsometry with possibly sub-wavelength resolution could be realized.

As a proof-of-concept, I performed two-dimensional numerical simulations of a single
gap of varying width in a 500 nm thick layer of silicon. The gap was illuminated by a
plane wave with a wavelength of 532 nm. Figure 5.11(a) shows a sketch of the simulation
layout for this. Similar to the simulations in Section 5.2.1, one-dimensional MUELLER
matrix images were computed for this structure for different widths of the gap in the
silicon layer in transmission. The results for this are collected in Figure 5.11(b). In the
mgo element, we see that light can only really pass through the gap when its width comes
close to the wavelength of the incident light. However, we already see strong effects in the
MUELLER matrix images, even for widths below the wavelength. Towards the sides, stripes
show up, which are most likely caused by the numerical floating point accuracy.

Next, a plasmonic lens is inserted at focal distance to the gap in the illumination side, as
shown in Figure 5.11(c), so the light is focused on the gap. The lens has the S-01 design as
specified in Section 4.4.4, so it has a focal length of 5 pm with an aperture of 50 pm and is
optimized to work at 532 nm wavelength. After inserting, the gap is now visible in the mq
element even well below the wavelength and the effects in the other matrix elements are
much more pronounced and stretched over the whole image, as depicted in Figure 5.11(d).
Except for the mentioned stripes, the MUELLER matrix images in the upper left and lower
right quadrant now show a clear dependency on the gap width. Further analysis towards
this, especially how a lateral scan of the focal spot might enhance correlations between
structure size and the MUELLER matrix, are requisite.

https://doi.org/10.7795/110.20240308



5.2 NUMERICAL SIMULATIONS OF MUELLER MATRIX IMAGES 97

—_
o
j=}
=]

n
N g
5 g A
S S O

—_
o
o
=]

~
a1
=}

g
2]
=
B
g
Z
g 500
e iy
1 f L il 0

g 750
= 500 i i
T 250 ! HLMMMMW
2 o0 L 05
g
d 750
< 500 i
2 250 HIM‘MWMM ""NMMM Ji

Width = AW g

s 25 125 0 125 25 -125 0 125 25 -125 0 125 25 -125 0 125 25

- em o amoxhmo xfm
(a) Structure only. (b) MUELLER matrix images of only the structure.
1000

~
a1
=]

N
o
=

-
(=3
j=3
=]

= ‘”l'“" T ‘Illﬂ‘l\lwi"“u"w"

Width [ nm Width / nm Width / nm Width / nm

~[ '
Z 25 125 0 135 25 -125 0 125 25 -125 0 125 25 -125 0 125 25

N emoxhmoxfemo xfum

(¢) Structure and (d) MUELLER matrix images of the structure illuminated through a plasmonic

plasmonic lens. lens.

Figure 5.11 - Simulation layout and results for the plasmonic lens supported ellipsometry

concept, without (a, b) and with a plasmonic lens (c, d).

https://doi.org/10.7795/110.20240308



98

5.3 Machine Learning Concepts for MUELLER Matrix
Images

Over the last years, the importance of machine learning in research and development
drastically increased. Some attempts have also been made to use artificial intelligence in
the fields of ellipsometry and scatterometry, which is a natural development considering
the large number of simulations that usually have to be performed to solve the inverse
problem [170, 171, 172, 173, 174]. These applications however usually focus on the evalua-
tion of conventional ellipsometric measurements. But typically only certain areas of the
sample are of interest, and especially when dealing with nanostructures, the distinction
between individual structures and whole sample areas becomes crucial. In some cases,
it might not be evident from a microscope image alone which areas are relevant for fur-
ther inspections. This is where imaging ellipsometry is helpful. MUELLER matrix images
have proven to be useful to distinguish structures which look similar in pure microscope
images. A potential field of application for this is defect inspection, e.g. when trying to
classify pyramidal defects on GaN surfaces for modern compound semiconductor devices
used in power electronics [175]. Thus, it is reasonable to use MUELLER matrix images in
object detection frameworks where the algorithm fails to detect structures based on the
microscope image alone due to the high similarity between different structures. In this
section, we want to approach this topic not from the view of the inverse problem in ellip-
sometry, but starting with how images are usually treated in machine learning, and try to
apply general object detection algorithms to MUELLER matrix images.

5.3.1 Wavelets and Features

Digital images are made of pixels with different values. Looking at smaller subsets of im-
ages, their pixel values can show recurring patterns, which are referred to as features. In
face recognition, images are usually analyzed for certain features, the most common ones
being so-called HaARr-like features. They derive from HAAR wavelets, which are the sim-
plest possible wavelets. Mathematically, they are constructed from a fundamental wavelet
function [176]:

1 0<x<3,
Ppx)=¢-1 3 <x<1, (75)
0 else.
From this, the HAAR function is constructed:
Pun(x) =229(2"x —0), u,v€Z, x€R. (76)

Figure 5.12 shows examples for different HAAR wavelets. Similar to these wavelets, HAAR-
like features are defined as certain patterns of lighter and darker valued pixel areas. Most
commonly, a set of five different HAaAR-like features, presented in Figure 5.13, is used.
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Figure 5.13 — Haar-like features with two- (a, b), three- (c, d), and four-fold division (e).

These features are characterized by their symmetry type. For example, the 2x- and 2y-type
features in Figures 5.13(a) and (b) describe a light area next to a dark area, with an either
vertical or horizontal interface, respectively. A feature’s numerical value is given by the
difference between the sums of all pixel values in the lighter and darker areas. The most
prominent use of HAAR-like features is the ViorA-JoNEs algorithm. It detects objects in
grayscale images after being trained on labeled images as a training set [177, 178].

5.3.2 Application to MUELLER Matrix Images

HaARr-like features are widely in use to detect objects or faces in images. They reduce com-
plex images to a set of recurring patterns that especially highlight local contrast changes,
which is useful in image classification. In Section 5.2.1, we observed measured and simu-
lated MUELLER matrix images of the nanostructures described in Section 3.3. These im-
ages presented symmetries that resemble those of HaAr-like features. Thus, examining
these features of MUELLER matrix images might help in the detection and localization of
edges or corners of non-periodic nanostructures.
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As a test for the sensitivity of HAAR-like features on subwavelength sized changes of the
structure, I computed the features from Figure 5.13 for each subset of pixels in each sim-
ulated MUELLER matrix image of nanoform structures with corner radii up to 400 nm.
Although the simulated images used in this analysis had a size of only 21 by 21 pixels, the
number of possible subsets is quite large!. Algorithms like Viora-JoNEs deal with this is-
sue by using integral images and further machine learning techniques [178]. For now, we
want to focus only on the values of the most prominent features of each type. Figure 5.14
shows these values for each MUELLER matrix element depending on the corner radius of
the structure. Due to structure symmetry, values for x- and y-type features are mostly
identical, except for the 3x- and 3y-type features in the matrix elements mg; and mjg as
well as 113 and m3;, where they change places respectively. The 1 element, which mostly
represents the overall image intensity, shows comparably low feature values, connected to
the contrast of the structures. Furthermore, with a mean 0f 0.005 to 0.007 per nanometer,
the feature values only change marginally with the corner radius. In the other matrix ele-
ments however, a higher sensitivity to the corner radius can be observed. The most promi-
nent influence shows up in the mj3 and m3; elements, where the 4-type feature nearly
doubles over the corner radius range with an about four times enhanced mean change
per nanometer of 0.028. Other elements also show an enhanced sensitivity, illustrated by
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Figure 5.14 — Most prominent feature values depending on the corner radius.

I'The number of all possible image subsets of a u x v pixel sized image can be calculated by 25:1 i o (x-y),
which is 53361 for a 21 by 21 pixel sized image.
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Table 5.1, which collects the mean changes per nanometer for each matrix element and
all five feature types. The results indicate that MUELLER matrix images enable a higher
receptivity for local feature changes compared to microscope images alone and that a
more complete analysis of HAAR-like features in MUELLER matrix images is a promising
approach for the application of machine learning techniques in ellipsometry [179).

Table 5.1 - Mean change of maximum HAAR-like feature values per nanometer.

type Mmoo o1 o2 o3 1m0 miq my2 my3
2x || 0.005 | 0.011 | 0.022 | 0.001 | 0.011 | 0.015 | 0.002 | 0.015
2y || 0.005 | 0.011 | 0.022 | 0.001 | 0.011 | 0.015 | 0.002 | 0.015
3x || 0.006 | 0.007 | 0.011 | 0.002 | 0.015 | 0.016 | 0.003 | 0.011
3y || 0.006 | 0.015 | 0.011 | 0.002 | 0.007 | 0.016 | 0.003 | 0.011
4 0.008 | 0.003 | 0.011 | 0.002 | 0.003 | 0.008 | 0.004 | 0.028

type | moo | mp1 | m2x | Mgz | m3zp | M3y | M3z | M33
2x 0.022 | 0.002 | 0.002 | 0.020 | 0.001 | 0.015 | 0.020 | 0.014
2y 0.022 | 0.002 | 0.002 | 0.020 | 0.001 | 0.015 | 0.020 | 0.014
3x 0.011 | 0.003 | 0.000 | 0.021 | 0.002 | 0.011 | 0.002 | 0.001
3y 0.011 | 0.003 | 0.000 | 0.002 | 0.002 | 0.011 | 0.021 | 0.001
4 0.011 | 0.004 | 0.005 | 0.009 | 0.002 | 0.028 | 0.009 | 0.003
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Conclusion

N THIS WORK, I DISCUSSED WAYS TO IMPROVE ON IMAGING MUELLER MATRIX ELLIPSO-
]: metry measurements and showed that they are able to reveal topological information
about nanostructures, even below the diffraction limit, that would be lost in conven-
tional ellipsometry or light microscopy alone. In doing so, I proved that for the optical
examination of individual nanostructures or structured fields smaller than the illumina-

tion area, imaging ellipsometry is indispensable for modern nanometrology.

The observed effects in MUELLER matrix images are largely dependent on the shape and
size of the structures, which I systematically observed on a set of specifically designed
nanostructures. These structures consist of basic geometrical shapes with feature para-
meters varying in ranges from 50 nm to 5 pm. Local polarization effects were apparent in
MUELLER matrix images taken at both imaging ellipsometry setups used for the measure-
ments. Therefore, these effects, which bear information from the subwavelength regime,
are accessible in measurements, but at the same time, they are usually disregarded in favor
of evaluation simplicity. Using simulated MUELLER matrix images, I showed that, when
used in a machine learning context, images of oft-diagonal matrix elements provide in-
formation exceeding those of microscopy images alone, which strengthens the potential
combination of MUELLER matrix ellipsometry with machine learning techniques. This
might be achieved either by using neural networks instead of inverse problem solving
for faster evaluations of the measurements or by using the additional information from
MUELLER matrix images for a better object recognition. Similar approaches are currently
emerging in biological areas of application like cancer detection (e.g., [180, 181]), and the
results from this thesis are most likely to help establishing this kind of evaluation also
in metrology. Either way, the results show that three-dimensional numerical simulations
are not inevitable and that methods which are already used in other fields can help to
evaluate local polarization effects. A more complete examination of MUELLER matrix im-
ages, especially in combination with faster ways to access the structural information they
contain, will unlock the potential of imaging ellipsometry not only for metrological ap-
plications, but also in industrial areas. Possibly, methods like these can be applied in
fields like defect inspection, where a fast evaluation of imaging ellipsometry measure-
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ments will help to both find and characterize defects on samples and wafers. Apart from
the evaluation, a stable image acquisition is key for the success of imaging ellipsometry.
A thermally induced drift of the samples was observed during the measurements in this
thesis. While these drifts are usually not an issue in conventional ellipsometry due to
homogeneous areas under investigation, I demonstrated that sample movement during
the measurement, e.g. due to thermal drifts, might induce effects in MUELLER matrix
images that can be misinterpreted for sample influences and therefore pose a potential
source of uncertainty. This has repercussions for applications of imaging ellipsometry,
for example in biological fields where the samples under investigation are more prone
to deliberate movements. Thermal drifts are usually suppressed by stabilizing the lab-
oratory environment or by speeding up the measurement process. As an alternative, I
proposed the application of algorithmic image stabilization techniques based on edge
detection methods. This algorithmic approach has the advantage of being universally
implementable even in already existing setups that weren’t optimized in regards of high
stability or speed without requiring costly modifications. Using this, the measurements
in this thesis could successfully be corrected for the sample drift so far that the measured
images are in good agreement with numerical simulations of the structures. This verified
both, the algorithm being capable of eliminating thermal drifts from the measurements
as well as the remaining polarization effects indeed stemming from the structure under
investigation and not being remnant of the drift.

As another approach to advance modern ellipsometry, I investigated the use of plasmonic
lenses as focusing metastructures. For this purpose, I developed a workflow for the de-
sign and optimization of plasmonic lenses using numerical simulations based on FEM in
combination with optimization algorithms. This enabled the design of plasmonic lenses
with nearly arbitrary focal lengths. The optimization process involved in this was based
on particle swarm optimization, which was chosen due to its typically fast convergence.
Later, Bayesian optimization turned out to be better suited for multi-dimensional pa-
rameter optimization problems [182]. It proved to be advisable to refer to these kinds
of optimization techniques, although for the rather low-dimensional problems shown in
this thesis, PSO was more than sufficient. In addition to the design workflow, I invented
the inverted plasmonic lens, a new concept for plasmonic lenses where, instead of milling
slits into a slab of metal, dielectric ridges are coated with a thin layer of metal. This way,
these lenses can be fabricated by means of electron beam lithography and atomic layer
deposition, making them available for fabrication without the need for focused ion beam
milling and thus enabling higher fabrication rates for possible future industrial produc-
tions. This also weakens one of the advantages of dielectric meta-lenses over plasmonic
ones, namely the lower fabrication complexity. Furthermore, I could show that, for the
lenses to work, they do not require a periodic placement of the ridges as is common in
current literature. Instead, I proved that by placing the ridges in a successive manner,
not only the same focal spots were produced, but the throughput of the lenses could be
maximized. This, too, helps plasmonic lenses staying competitive compared to dielectric
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meta-lenses. The intensity of the focal spot produced by plasmonic lenses still forms a
major challenge, which however might be addressed already by larger sized lens apertures.
Several different lenses with focal lengths from only 5 pm up to 1 mm at wavelengths be-
tween 455 and 1550 nm were fabricated and examined for their polarization using imag-
ing MUELLER matrix ellipsometry, which was the ideal tool for this as the lenses were too
small to be analyzed in conventional ellipsometry. Yet, it was important to characterize
their polarization properties to test their suitability for applications in ellipsometric set-
ups. I showed that the concentric rings of the plasmonic lenses indeed produced focal
spots at the expected distances without changing the polarization of the source except
for a small amount of depolarization. Concerning the application of plasmonic lenses in
ellipsometric setups, I showed that when used to focus an illuminating plane wave on a
sample, the sensitivity to even subwavelength sized gaps could be enhanced significantly.
Together with the observed small focal spot sizes, the lenses could potentially be used
in stitching or scanning type measurement methods for specialized forms of structured
illumination to achieve superresolution via higher spatial frequencies. The combination
of subwavelength sized spots and macroscopic working distances, that plasmonic lenses
enable, is a significant advantage over near-field methods that receive similiar sized spots
only for distances in close proximity to the sample. As an extension of the inverted plas-
monic lens design, I compared different concepts for a multispectral realization which
would enable the application of these types of lenses at many different wavelengths. I
proved that the merged lens approach would significantly reduce the dispersion, even for
just two different types of sections. Further investigations about the trade-oft between
the dispersion reduction of even more sections and the polarization issues involved are
needed, but literature suggests a trend in research moving away from plasmonic lenses
towards dielectric meta-lenses, due to their flexibility and efficiency [157]. Nevertheless,
the results from this thesis are likely to help strengthen the relevance of plasmonic lenses
both in current metastructure research as well as in ellipsometric applications.

All in all, these contributions create a foundation to help advance modern ellipsometry, to
establish imaging ellipsometry as a tool in nanometrology, and to push optical metrology
further beyond its classical limits to keep up with developments from industrial areas. Itis
hard to imagine where semiconductor technology will lead us in the future. But it is save
to say that metrology has to keep pace, one way or another. Prospectively, the results from
this work are going to play a role in the development of imaging ellipsometry towards
metrological applications, making it a viable tool for the characterization of nanoscale
structures like computer chips with inconceivably high processing power. Back when I
had my Tamagotchi, it was hard to imagine having something like a tiny but powerful
computer in my pocket, capable of almost everything, from taking pictures and running
games to just talking to my friends. Teachers used to say we would never have a calculator
with us everywhere we go. How wrong they were. Who knows what we are wrong about
now?
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Mathematical Details and
Derivations

Al Derivation of the Wave Equation and the
HeLMHoLTZ Equation

We start from MAXWELL’s equations (1), from the law of induction (1c) to be specific, which
we apply the curl operator to:

VxVxE:Vx<—aIf (77a)

0 -

:—§<VXB>. (77b)

Then we insert Equation (1d):

o ( - OF

=5 (;4] +syat> (78a)

9 E

= —Ha e (78D)

We use the proportionality between current density and electric field from Equation (3):

oF 0’E
= HOS e (79)

For the left side, we use the following vector identity [167]:

VxVxE=V(V-E)- V2. (80)
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According to Equation (1a), the divergence of the electric field is a constant and the gradi-
ent of a constant vanishes [167], thus:

oF 9°E

~V?E = —HO S ey (81a)
1 _,= 00E E

- 00E 0°%E
szzE = gg + W, (Slc)

which is the wave equation in a conducting medium as stated in Equation (2).

In the charge- and current-free case (¢ = 0 and j = 0), the wave equation simplifies
to:

1 °E
2o
We can assume that the fields are time harmonic, so E (7, t) = E (7)e~"“!. Using this ansatz,
we get the HELMHOLTZ equation [46, 61]:

V2E — = 0. (82)

V2E(F) + K3E(7) = 0. (83)
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A.2 MUELLER Matrices

A.2 MUELLER MATRICES

Table A.1: Overview of relevant JoNEs and MUELLER matrices [58, 70, 183].

Element

Free space

Filter, degree of transmission x

Polarizer, linear horizontal

Polarizer, linear vertical

Polarizer, linear £45°

Polarizer, right- (+) and left-

circular (-)

Half-wave plate, fast axis at +45°

Quarter-wave plate, fast axis ver-
tical (+) and horizontal (-)

JoNEs matrix MUELLER matrix

o)

N
0 vk

N|—=
VR
H =
= i
~

N[—

Nl

N[—
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A.3 Rotating Retarder MUELLER Matrix Ellipsometry

A.3.1 Transition from Fourier Coefhicients to MUELLER Matrix
Elements

Section 3.1.3 focuses on the dual-rotating retarder configuration, or PCSCA. For this the-
sis, it is the more interesting case as it enables us to measure the full MUELLER matrix.
However, the EP4 setup described in Section 3.2.2 also uses the PCSA configuration with
only one compensator. Hence, for the sake of completion, this configuration will be dis-
cussed here, too.

PCSCA Configuration

In general, for any ellipsometric system, the modulated intensity measured at the detector
comes from the MUELLER matrix M of the sample, the MUELLER matrix of the PSA, and
the STOKES vector coming from the PSG. As we are only interested in the intensity, we can
omit the other rows [70]:

) .
§' = Mpgp - M - Spsa, (84a)

I Mao My Map Ma3 Moo Mo1 Moz M3 Sg0

My M1 m m S

_ | Mo e | Sga | (84b)

Mpo M1 My M3 Sg2

mzg M3 M3y M33 Sg3

3 3
= I= Z 7’na,umuvsg,v = E HuyMuy, (84C)
u,v=0 u,v=0

with pyy = 1m,,Sgy. We can specify this further, for the PCSCA configuration:

S' = Mpgs - M - Spgg (85a)
= M1 - R(—=04) - My, - R(65) - M- R(—6g) - My, - R(6) - Mgy - S. (85b)

The retarders of the PSA and PSG need to rotate with different speeds to obtain enough
modulation for the FOURIER analysis. Though many different ratios for their speeds are
possible, we want to consider only the lowest possible one, which is 5:1 [70], so ¢ = 0 and
fp = 50. Given that the source light is generally unpolarized and using trigonometric
identities, we get:
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A.3 ROTATING RETARDER MUELLER MATRIX ELLIPSOMETRY

§P5G - R(_G) M)\/4 ’ B(Q) Mpol § (86&)
B My, R 5\ 0000 0 (86b)
0000 0
0 (()29) (()29) o) 1/1
cos sin
= B<_9) ’ MA/4 ’ (0 —sin(20) cos(26) O) ' 2 <(1)> (SGC)
0 0 0 1 0
1000\ 1 12 o
R0 (86 03 () s
00-10 0
0 O 26) 0) 1 %29)
cos( sin(— cos
<O fsm cos(—26) O> ) 2 0 ) (866)
0 0 1 sin(26)
1
1 cos*(20)
5 (sm(ZB) cos(260 )> ’ (86f)
sin(20)
and:
Myg, = My -R(—50) - My, - R(56) 87)
080 0 cos(106) sin(106) 0
cos sin
— Mpol * B(_SG) ’ (8(1) 8 (1)) ’ (0 —sin(106) cos(100) 0) (87b)
00-10 0 0 0 1
1 0 0 0 1 0 0 0
[ 0 cos(—100) sin(—100) 0 | [ 0 cos(106) sin(108) O 87 )
— £%pol " | 0 —sin(—108) cos(—108) 0 0 0 0 1 (87c
0 0 0 1 0 sin(106) — cos(100) 0
1 0 0 0
o 1 % % 8 8 0 cos?(108) sin(100) cos(106) — sin(108) d
T2\ 0000 )| 0sin(106)cos(106)  sin*(100) cos(106) (87d)
0000 0  sin(106) — cos(106) 0
1 1 cos?(100) sin(100) cos(108) — sin(106)
== (1 cos?(106) sin(106) cos(106) sin(lO(—))) . (876)
2\o0 0 0 0
0 0 0 0

When we neglect the factors of 1/2 because they are just intensity scaling factors, we get
for the respective vectors of PSA and PSG:

(ma,o My1 Mo ma,3>:(1 cos?(100) sin(100) cos(106) —sin(lOO)), (88)

Sg0 1

Se1 | _ cos?(20) (39)
Sg2 sin(26) cos(26)

Se3 sin(26)
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Thus, with pyy = m,,Sgy, the 16 elements of i,y are:

Hoo =

Mol =

Ho2 =

Hoz =

Hio =

Hi11 =

K12 =

Hiz =

Moo =

Ho1 =

H22 =

U2z =

H30 =

U3l =

U3z =

U3z =

1,

cos?(26)

sin(260) cos(26)

sin(26),

cos2(108)

c0s?(260) cos?(100)

sin(26) cos(26) cos?(100)
sin(26) cos?(100)

sin(106) cos(106)
cos2(20) sin(108) cos(108)
sin(260) cos(26) sin(108) cos(100)
sin(26) sin(108) cos(106)
— sin(100),

— cos?(20) sin(100)

— sin(26) cos(26) sin(106)

— sin(26) sin(106)

3+ 1 cos(49),

3sin(40),

1+ 1 cos(200),

T+ 1 cos(46) + 1 cos(200)

+31 cos(166) + § cos(246),

1sin(46) — £ sin(166) + £ sin(246),
1sin(20) — 1sin(180) + 1 sin(226),
3sin(200),

—§sin(166) + 1 sin(2060) + § sin(249),

§ cos(166) — 3 cos(246),

1 cos(186) — 1 cos(220),

—1sin(66) — 3 sin(106) — § sin(146),
— 1 cos(60) + 1 cos(146),

— 3 cos(80) + 3 cos(120).
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Next, we write out the intensity and rearrange it for the different harmonics:

3
I = Z HuyMuy

u,v=0

=MooMoo + Ho1Mo1 + Kooz + Ho3Mos + HioM1o + H11M11 + P12z + K13z

+ Hoomioo + Ho1Mo1 + HooMinp + Ho3thios + H3oM3p + W31z + Uaaihap + Y3333

=mg + %mm + %mm cos(40) + %moz sin(460) + mgs sin(260) + %mlo + %mlo cos(200)
+ lmu + lmll cos(40) + lmll Cos(209) + lmn cos(160) + lmn Cos(246)
40) — 8m12 sin(160) + m12 sin(240) + m13 sin(20) — m13 sin(180)
+ m13 sin(226) + m20 sin(200) — m21 sin(166) + m21 sin(206) + m21 sin(240)
+ 11mpy cos(160) — §man cos(246) + Lmpz cos(180) — mas cos(226) — mag sin(10)
— Tmz sin(60) — Ty sin(100) — 3ms sin(146) — Tmsp cos(66) + ms cos(146)
— Lmzs cos(86) + Fmsz cos(126)

+ m12 sin(

= (moo + smo1 + 2myg + tm1) + (mos + $my3) sin(26)
+ (%M(n + }Imn) COS(49) + (%m()Z + }lmlz) sin(49)

+ (—}Img,z) cos(60) + (—1m31) sin(66) + (—171133) cos(80)
+ (—msp — dma1) sin(100) + (3ms3) cos(126)

+ (3m32) cos(146) + (—1ms;) sin(140)

+ (§m11 + §man) cos(160) + (—gmiz — $my1) sin(160)

+ (3m23) cos(186) + (—1m13) sin(186)

+ (3m1g + 3m11) cos(200) + (3mag + 3mo1) sin(200)

+ (—1mas) cos(226) + (3my3) sin(220)

+ (%mn — gﬂ”l22) COS(24.9) (%mlz + gm21) sin(249)

=ap + by sin(260) + a, cos(40) + by sin(460) + a3 cos(60) + bz sin(66) + a4 cos(80)
+ b5 sin(100) + a6 cos(120) + ay cos(1460) + by sin(146) + ag cos(166) + bg sin(166)
+ a9 cos(186) + bg sin(1860) + a19 cos(200) + big sin(200) + a1q cos(226) + byq sin(226)

+ a1 cos(246) + byp sin(240)

12
=ag + Z;l (a;cos(2j0) + bjsin(2j6)) = 1(6).
J:
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Thus, we obtained expressions that connect MUELLER matrix elements and FOURIER co-
efficients of the measured intensity signal:

ag = Moo + % (mo1 +mo) + %lmll (91)
= 0 a; = 1map by = mos+ sms by = —mz
Ay = ymor+ymy ag = gmig+gmyn b= gme+imp by = —gmip — gmy
a3 = —ima A9 = My by= —ims bo = —3mis
Ay = —5ma A= smig+gmn by= 0 bio = gm0+ 1M
as = 0 an = —3imy bs = —mz—3mz by = imi
ag = 3ms3 ap = imy—imyn be= 0 bp = gmip+ gmn
&

moo = ag—dax+asg—dap +app My = —2bg+2byg—2b1»

myr = 2ap — 2ag — 2aqp my = 4bg + 4by»

mop = 2by + 2bg — 2b1p myy = 4ag — 4aqp

moz = by + by — by My = 2(ag —ar)

my = —2asg+2ay0 — 2412 mzg = bz —Dbs+ b7

my = 4ag +4ap mz = —2(b3 +b7)

myp = —4bg +4byy mzp = 2(—a3+ay)

mi3 = 2(—bo + b11) mz3 = —da4+as
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PCSA Configuration

Similar to the PCSCA case, we start with the modulated intensity:

§/ = MPSA M- §PSG-

This time, we describe the PSG and PSA more generally:

Sesc = R(—0c) - My, - R(0c) - R(—0p) - My - R(0p) - S

and:

= R(—0g) - My, - R(0g) - R(—0p) - Mg -
1 11

— R(~66) - M., -R(6G) - R(~6p) - = (53,
00

1 0
= R(~0c) - M., - R(0) - (0 e

cooco
cocococ oo o~
\—/
N
coor

2

0 —sin(—26p) cos(
0 0

ol | o
N
>
g

0 (%e) '(ge)g 1 (129)

cos sim cos

= R(—0g) - M,, - (0 ~ sin(200) cos(200) 0) 5 <sin(29§)
0 0

(1
0
1
2

0
0 cos(—20g) sin(
0 —sin(—26g) cos(

0 0 1

2

oOROO

N———

29@) 2

ol I o

0

cos?(20¢) cos(26p)+sin(20g) cos (260 ) sin(26p)
sin(260¢) cos(20¢) cos(26p) +sin? (20 ) sin(26p)

1
sin(20¢) cos(26p) —cos(26 ) sin(26p) )

R(—064) - Myo1 - R(6)

1 0 0
0 cos(—264) sin(—26,)
0 —sin(—26,) cos(—264)
0 0 0

i

cCoOo Rk OOoORm

N~ ~—
NI~
~/

_ O o000 RO OO

1 0 0 08(20,) sin(20,)
0 cos(—26,) sin(—26,) 05(20,) sin(20,)
0 —sin(—26,) cos(—264) 0 0
0 0 0 0 0
1 cos(26,) sin (26, ) 0
cos(204)  cos?(26,)  sin(204)cos(204) 0
sin(26,) sin(26,) cos(204)  sin?(20,) 0
0 0 0 0
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. 1 cos(260g) cos(26p)—1i-sin(29G) sin(26p)
—sin(26g) sin(29p)0+cos(29c) sin(26p)

o) 1(1
29?)(1) 2 8

0 1

26G) O> . 1 (Cos(ZGG)cos(29p)+sin(26c) s'm(26p)>
0
1

0
sin (260G ) cos(20p) —cos(26¢ ) sin(26p)

(92a)

(93a)
(93b)
(93c)

(93d)

(93f)

(93g)

(93h)
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Again, we neglect the factors of 1/2 and obtain the respective vectors of PSA and PSG:

(Moo ma1 map mas) = (1 cos(264) sin(264) 0), (95)
Sg0 1
Sg1 | _ | cos?(260c) cos(26p) + sin(260c) cos(260¢) sin(26p) (96)
Sgo | | sin(260c) cos(26g) cos(26p) + sin?(20c) sin(20p) |
Sg3 sin(26¢) cos(26p) — cos(26¢) sin(26p)

From this, we obtain piuy = 7,,Sgy again and flatten them out in regard of 6, because it
will be the rotating compensator that causes the intensity modulation:

poo = 1,

por = % cos(20p) + 3 cos(26p) cos(46g) + 1 sin(20p) sin(46c),

poo = 3 cos(20p)sin(40g) — 3 sin(20p) cos(46g) + % sin(26p),

Ho3 = cos(26p) sin(20g) — sin(260p) cos(26¢),

Hio = cos(264),

pi1 =  %cos(20) cos(20p) + 3 cos(2604) cos(20p) cos(40g) + 1 cos(264) sin(26p) sin(46c),
pia = 3 cos(204) cos(26p) sin(46c) — 3 cos(2604) sin(20p) cos(46G) + 3 cos(26,) sin(26p),
f13 = cos(2604) cos(260p) sin(20c) — cos(260,) sin(260p) cos(26¢),

foo = sin(26,),

o1 = sin(204) cos(20p) + % sin(264) cos(26p) cos(40) + 3 sin(26,) sin(26p) sin(465),

g = 4sin(204) cos(20p) sin(46c) — 1 sin(20,) sin(260p) cos(46c) + 1 sin(26,) sin(26p),

Hoz = sin(264) cos(26p) sin(20¢) — sin(260,) sin(260p) cos(26¢),

H3o =
H31 =

U3z =
U3z =

oo oo
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A.3 ROTATING RETARDER MUELLER MATRIX ELLIPSOMETRY 137

Here, we already see that we won’t be able to measure the last row of the MUELLER matrix
with this configuration. We continue by rearranging for the different harmonics again:

3
I = Z HuvMuy
u,v=0
=HMooMoo + Ho1Mo1 + HoxMo2 + Ho3os + HioM10 + H11MM11 + P12z + K13z

+ HooMipg + MU21Mo1 + UM + Up3tips + UzoMzo + U31M31 + U3aM3p + H331133

=(moo + %mm cos(20p) + %moz sin(20p) + mygcos(2604) + %mu c0s(260,) cos(26p)

+ 3m1p cos(204) sin(20p) + mog sin(26,) + 31 sin(2604) cos(20p)

+ oo sin(204) sin(20p)) — (g3 sin(260p) + m13 cos(264) sin(26p)

+ myz sin(26, ) sin(26p) ) - cos(20c) + (1mg3 cos(26p) + my3 cos(264) cos(26p)
20p)) - sin(20G) + (3101 cos(20p) — gy sin(265p)

+ 2m11 cos(204) cos(20p) — 3m1p cos(264) sin(260p) + 3my sin(264) cos(26p)

— Ly sin(26,4) sin(20p)) - cos(40c) + (3mp sin(20p) + 2mg, cos(20p)

+ 1 cos(204) sin(20p) + Lmip cos(204) cos(20p) + Smmyy sin(20,) sin(265p)

+ Imap sin(26,) sin(26p)) - sin(46c)
=ap + a1 cos(20G) + by sin(20g) + a; cos(46g) + by cos(46¢)

—

+ m23 sin(26,) cos

—

=ay + Z j cos(2j0c) + by sin(2j6g)) = 1(6c).

Like in the PCSCA configuration, we obtained expressions that connect MUELLER ma-
trix elements and FOURIER coefficients. The FOURIER coefficients can be obtained from
the intensity measurement as in Equation (53). However, in order to solve this system of
equations for MUELLER matrix elements, we would have to perform at least four measure-

ments at different combinations of polarizer and analyzer angles, e.g. for 6p = 0° and
= [—45°,0°,45°,90°].
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A.3.2 Error Compensation

When performing the FOURIER transform for a dual-rotating retarder configuration under

consideration of the misalignments of the optical elements as described in Section 3.1.4,

we obtain the following FOuRrIER coefficients [70]:

apg =

a =

ap =

az =

ag =

a5 =

ag =

ay =

ag =

ag =

ai =

ay =

ap =

%moo + %ﬁgmm + %[34 cos(2e5)my
+%,33,B4 COS(2€5)1’V111 + %‘54 sin(2£5)m20
+%53[34 sin(2es)myy

1sin(6y) sin(2e3)mos
+1Basin(8;) sin(2e3) cos(2e5)m13
+1Basin(dy) sin(2e3) sin(2es)mas

1B1 (cos(4e3)mgy + sin(4es)mopp)
+3B1Ba(cos(4e3) cos(2es5)miy
+ sin(4e3) cos(2e5)mip

— £ 1 sin(26) sin(a3)ms;
— £ P1sin(6,) cos(az)mz

—1sin(6;) sin(6) cos(aq)ms3

% sin(d;) sin(as)msg

4ﬁgsln( h) sin ( N5 )Mm3q

18in(d

(
)
: s1n(51) sin(d,) cos(ap)mss
)
851 sm(52)

)

(
11’1(064)11’[31
cos(ag)msp

1gB1B2 cos(ag) (myy + myy)
+£B1B2sin(ag) (M2 — m12)

%,Bz sin(dy) sin(ag)m13
+3 B2 sin(61) cos(ag)mas

B2 cos(a11)mag + §B2Ps3 cos(ary)myy
+%ﬁ2 sin(a11)mao + %,32,83 sin(aq1)moy

—%,32 Sin((51) sin(oc7)m13
—%[32 sin(d7) cos(ay)mos

£ B1B2 cos(arg) (M1 — myy)
+-LB1Basin(arg) (maz + man)

by =

be =

bio =

b1 =

b1, =

0

3 sin(d7) cos(2¢3)mos

+%ﬁ4 sin(d7) cos(2¢3) cos(2e5)m13
+%[34 sin(d7) cos(2¢3) sin(2es5)mp3

(
1B1 (— sin(4e3)mo; + cos(4es)mq,)
+3B1Ba(cos(4e3) cos(2es5)miy

— sin(4e3) cos(2e5)mq

- %[31 sin(d,) cos(az)msy
—I—%ﬁl sin(d;) sin(as)msp

1sin(8y) sin(6) sin(aq)ms3

—3 sin(6) cos(as)mao

—1B3sin(6,) cos

—~
=
Q1
~—
3
w
—_

|
|
9]
=
=]
—
>
—
SN—
»
=
=]
—~
>
N
~—
»
=
=]
—
Q
N
S—
5
[o8)

,31[52 cos(ag) (myp — moy)

2 sin(d1) cos(we)mys
8ﬁ2 sin(d ) sin(wg)mo3
(

—7ﬁ2 sin 0611 nmyg — %ﬁzﬁg, sin(ucll)mll
+ 1 B2 cos(a11)mao + §P2Ps cos(a1y )y

%[52 sin(d7) cos(ay)my3
— B2 sin(61) sin(az)mos

(
— & B1B2sin(aqg) (m11 — myy)
+ 12 B1B2 cos(ag) (M1 + o)
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A.3 ROTATING RETARDER MUELLER MATRIX ELLIPSOMETRY

These expressions use the following supporting parameters « and f3:

ng = 264 —2e3—2e5 wp = 2e4+2e3—265 a3 = 264 —4ez— 2es5
g = 2e4+4e3—2e5 a5 = 25— 264 ng = 2e5 — 4dey + 2e3

n =2¢e4 — 2e3 — 2¢5
=2¢e4 + 23 — 2¢5
g =2¢e4 — 4de3 — 2¢5
g =2€4 +4e3 — 2¢5
a5 =2¢€5 — 2¢€4
=2¢e5 — 4ey + 2¢3
wy =2¢e5 — 4dey — 2¢e3
ng = — 2e5 + 4ey — 2¢e3
=4e4 — 4e3 — 2¢5
w19 =4eq + 2e3 — 2¢e5

11 :484 — 285

[31 =1 — cos(d1)

=1—cos(,)
53 =1+ cos(é1)
Bs =1+ cos(d2)

5 — cos— a1 cos(wg) — agcos(aq)

! a1 cos(ag) + ag cos(4ez — 2¢es5)
5 — cos— ap cos(ag) — ag cos(aq)

2 ap cos(ag) + ag cos(4es — 2es)

https://doi.org/10.7795/110.20240308

139



140

For the MUELLER matrix elements follows:

1 1 1 1 .
mog =4ag — = P3mor — = Pa cos(2e5)myg — —PB3Pa cos(2e5)miy — = Pasin(2es)my
2 2 4 2

1 .
- 1[33/34 sin(2es5)my
1 . .
my :ﬂ (16a3 cos(4e3) — 16by sin(4e3) — B1Ba cos(2es5)my1 — B1Pa sin(2es)my1)
1 . )
Moo :E (16ay sin(4e3) + 16b, cos(4e3) — B1B4 cos(2es5)myp — B1Pa sin(2es5)myy)
1 4b, 1
1mo3 2ﬁ4 cos(2¢es5)m13 + cos(2¢3) sin(dy) 2,34 sin(2e5)mo;3

1 .
mio == (16&10 COS((XH) — 16b10 Sll’l(Oéll) — ‘31‘531’1111)

2B

16 . .
M1y :m (ag cos(ag) + a1p cos(wyg) — bg sin(ag) — byp sin(ayg))
16 . .
Mo :@ (—agsin(ag) + a1p sin(agg) — bg cos(ay) + by cos(aqp))
8 . .
mi3 :m (ag sin(ag) — bg cos(ag) — ayy sin(ay) + byp cos(ay))
1 .
nmyy) = — 27‘32 (,Bzﬁ3m21 — 16b10 COS(D&H) — 166110 Sll’l((Xll))
16 . .
My :ﬁlﬁz (ag sin(ag) + aqp sin(ag) + bg cos(ag) + by cos(aqp))
16 . .
Moo :ﬁlﬁz (ag cos(ag) — a1p cos(a1g) — bg sin(ag) + byp sin(aqp))
8 . .
M3 :m (a9 cos(wg) + b sin(ag) — ay1 cos(az) — byy sin(ay))
e — P31 4bs
30 2 cos(as) sin(dy)
8 . .
ms = — Brsin(@) (azsin(as) + bz cos(az) + ay sin(as) + by cos(as))
8 . .
m3p :m (—a3 cos(az) 4 by sin(asz) + ay cos(ay) — by sin(ay))

B 4 g ae
"33 = Sin(61) sin(62) < cos(a) * cos(txz)>
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A.4 Fit Parameters

Parameters for Chapter 3

Table A2 — Fit parameters of Fig-
ure 3.14(a).

Eq. Size = A - (Dose Factor)?

A 49941 +23
0.0139 £ 0.0005

X2 (red.) 0.00494

Table A.3 - Fit parameters of Fig-

A4 F1T PARAMETERS

Table A4 — Fit parameters of Fig-

ure 3.14(b).

H Left Corner Right Corner
Eq. Deviation = A+ B-¢~ ¢
A 4.088 £0.527 | 4.892 +1.106
B 59.80 £15.38 | 160.2 +181.4
C 259.1£50.36 | 97.06 £ 58.11
A2 (red.) 0.645 2.343

ure 3.14(c).

Table A5 — Fit parameters of Fig-
ure 3.14(d).

|_» | c
Eq Deviation=A+B-¢ < Eq. Deviation = A - w8
A 61.47 +9.86 7087.5 + 793109 A 3265124989 | 24735 £ 18511
B —81.04+7.12 | —70939 £ 793106 B —0.947 +0.026 | —0.952 +0.126
C 2.80 4 0.68 660.75 + 74118 2 (red) 0035 0808
22 (red) 0.0041 0.025

Table A.6 — Fit parameters of Figure 3.25(a).

Eq. T=A+B-eC
A 21.993 £ 0.001

B (9.014 +1.918) - 1010
C 0.0626 + 0.0005
A2 (red) 8.861-10~*

Parameters for Chapter 4

Table A.7 — Fit parameters of Figure 4.28(D).

H One-Wavelength Lens Fit ‘ Two-Wavelength Lens Fit

Equation f=A+B\A+CA?

A/pm 3.129 4 0.081 1.479 + 0.057
B/pm /nm (—61.70 £2.339) - 10~* (—16.70 £ 1.645) - 10~*
C/ pm [ nm? (3.420 £ 1.650) - 107 (6.011 4+ 1.160) - 10~7
X2 (reduced) 8.258 -107° 4.085-107°
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A.5 Derivation of the Characteristic Equation for
Surface Plasmon Polaritons

This section gives a detailed derivation of the characteristic Equation (61) for the propa-
gation of SPPs in metal-dielectric waveguides [48, 61, 125].

We consider two opposing interfaces as depicted in Figure 4.1(b). In this configuration,
we distinguish three regions. We can find the field components for these three regions
for the TM case. For the outer regions (z > w/2 orz < —w/2):

, 1 :
I E, =iA kze'f*e k%, (98a)  II: E, = —iB kye'P*ek2z, (98d)
WEeNE3 WEepeEn
Hy = AelFreroz, (98Db) Hy = Be'fek2?, (98e)
E,= —Aieiﬁxe’kﬂ, (98¢) E,=— ieiﬁ"ekzz, (98f)
WEpE3 wepén
and for the middle region (—w/2 < z < w/2):
1 ; 1 ;
L Ey = —iC——kieP*eM? 4iD——kqePre 7, (99a)
WEepEq WEepeq
H, = CelPrehz 4 DetPre—hz (99Db)
E, = C P elPrekiz 1 Dieiﬁxe_klz. (99¢)
WEpnéq WEp€q

Hy and E, need to be continuous at the interfaces (z = £w/2). For Hy at the upper
interface (ITI/I, z = w/2):

HY/3 _ HY: 1 (1003.)
AelPro—kz = cpiProhiz 4 peibrp—kiz (100Db)
Aekz — Ceklz + De 1z (100C)
Aek¥ — chd 4 Dol (100d)
For Hy at the lower interface (II/I, z = —w/2):
Hy, = Hy (101a)
BelPrekez  —  (CelProhiz | ppiPx,—kiz (101Db)
Be? = ez 4 Dehiz (101c)
Be %% = Ce M7 4 Del7 (1014)
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A.5 DERIVATION OF THE CHARACTERISTIC EQUATION FOR SURFACE PLASMON POLARITONS

For Ey at the upper interface (I1I/I, z = w/2):

Ex,3
. 1 By —
iA kse'PXe—ksz
WEepes
A&e_k3Z
€3
k
Aokt
&3

Ex,l
.~ 1 iBx kiz | ipy L iBx ,—kz
—iC kpe'P*e"* 4+ iD kie'Pre ™
wepeq weépéq
_C&eklz —+ Dkile_klz
€1 €1

ki 1w k w
€1 €1

For Ey at the lower interface (II/I, z = —w/2):

EX,2

—iB kye'Px g2z

WEpEn
ko
— B2k
&
k
—_B je*kz 7
tsy]

Ex,l
; 1 iBx kiz 1 iBx ,—kiz
—iC kie'P*e"* 4 iD——kqe'Pre™ ™
wepéq weépeq
_Ckileklz _|_ Dkile_klz
€1 €1
Ry phagy
€1 €1

(102a)
(102b)

(102c¢)

(102d)

(103a)
(103b)

(103¢)

(103d)

These four conditions form a linear system which can be solved to obtain an implicit

expression for the dispersion relation. Inserting Equation (100d) in (102d):

ks (céh® 4+ Dehit) — k (~Ceh% + De®)

€3 €1

ECe"l% + EDe”‘l% = —k—lCekl% + k—lDe’kl%

€3 €3 €1 €1
ECe"l% + hCe"l% = k—lDe_klg — EDe_kl%
€3 €1 €3

Celz (

cB) - e (k)
€3 €1 €3

kiy ks
€1+S3 D

= —e_Zkl%

_k C

€3
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Equation (101d) in (103d):

k w w k w w
=2 (Ce’kl? + Dek17> = 1 (—Ce’k17 + Deklf) (105a)
€ €1
k w k w k w k w
—2ce ki _ Zpehs = _Zloehii 4 lpehs (105b)
& & €1 €1
k w k w k w k w
—22ce i 4 2leehs = ZZpehii 4 Slpehs (105c¢)
€ €1 € €1
o (k1 Kk v (k1 k
— (1 _ 2) _ peh¥ (1 L 2) (105d)
&1 & €1 &
ky ko
& & D w
€1 €2 _ Zklf
a e - Zphg (105¢)
k k
By T C
Now we compare Equations (104e) and (105e) which yields:
ko kk ok
—4k @ _ & €3 € 1)
e 12_&_&3&_& (106)
€1 €3 & €2

Let’s now consider the special case that regions 2 and 3 are of the same material. We
assume these outer regions to be metal (index m) and the inner region to be dielectric
(index d). This simplifies equation 106 to:

ki | km\ 2

—d + Sm
—4kq ¥ € €m

€4 Em

Taking the square root from this has two solutions:

e P — o m (108a)

ez — 4 m (108b)

W em

For the moment, let’s just focus on the first one of these. The left part of the equation can
be rewritten using hyperbolic identities:

2 oy 2

tanh(x) =1 EEa 1= tanh(x)

—1 (109a)

2
—2k ¥

= 42 = — 1] 109b

¢ T T tanh(kq®) (109b)
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A.5 DERIVATION OF THE CHARACTERISTIC EQUATION FOR SURFACE PLASMON POLARITONS

Together with the right part, this leads to:

2

S ——1
1+ tanh(kd%)

1
1+ tanh(kd%)
1+ tanh (kd )

tanh ( kq

(SYRSIN SRS

/N

)

tanh (LZU p?— k%sd)

kd km
g em
kg km
€4 €m

2Sdkm
Smkd — Edkm

5dkm
Emkd — Edkm
€akm + emkq —€gkm _ emkgq

+1

+1

Emkd — gdkm a Smkd — gdkm
8mkd — Sdkm - Edkm
Emkd N Emkd
Edkm

emkd

e VP Kem

7
m B~ ke

(110a)

(110D)
(110c)
(110d)
(110e)

(110f)

(110g)

which describes modes of even vector parity, with k3 = B2 — kjeq. The other solution is

derived in a similar way and describes modes of odd vector parity [46, 48, 61, 83, 125].
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A.6 Plasmonic Lens Parameters

Design parameters as well as ridge widths w; and positions x; of the fabricated inverted
plasmonic lenses, for either lens design. Positions are relative to the central ridge.

Table A.8 — Design parameters of inverted plasmonic lenses

Label H Aperture a ‘ (Thickness [) ‘ # Ridges ‘ Wavelength Ag ‘ Focal Length f
CP-00 / OP-00 50 pm 200 nm 71 455 nm 5 pm
CP-01/ OP-01 100 pm 200 nm 89 532 nm 5 pm
CP-02 / OP-02 100 pm 300 nm 77 632 nm 5 pm
CP-03 / OP-03 100 pm 400 nm 111 1064 nm 5 pm
CP-04 /| OP-04 100 pm 600 nm 141 1550 nm 5 pm
CP-10/ OP-10 50 pm 200 nm 69 455 nm 10 pm
CP-11/ OP-11 100 pm 200 nm 89 532 nm 10 pm
CP-12 /| OP-12 100 pm 200 nm 75 632 nm 10 pm
CP-13 / OP-13 100 pm 200 nm 117 1064 nm 10 pm
CP-14 | OP-14 100 pm 600 nm 147 1550 nm 10 pm
CS-00 / 0S-00 50 pm 200 nm 93 455 nm 5 pm
Cs-01/0s-01 50 pm 200 nm 79 532 nm 5 pm
CS-02 / 0S-02 50 pm 300 nm 67 632 nm 5 pm
CS-03/ 0S-03 100 pm 400 nm 85 1064 nm 5 pm
CS-04 / OS-04 100 pm 600 nm 59 1550 nm 5 pm
CS-10/ 0S-10 50 pm 200 nm 79 455 nm 10 pm
CS-11/ 0S-11 50 pm 200 nm 67 532 nm 10 pm
CS-12/ 0S-12 50 pm 200 nm 57 632 nm 10 pm
CS-13/0s-13 100 pm 200 nm 79 1064 nm 10 pm
CS-14 / 0S-14 100 pm 600 nm 55 1550 nm 10 pm
CS-20/ 0S-20 100 pm 200 nm 65 455 nm 100 pm
CS-21/0S8-21 100 pm 200 nm 59 532 nm 100 pm
CS-22 / 0S-22 100 pm 200 nm 49 632 nm 100 pm
CS-23/08-23 100 pm 300 nm 29 1064 nm 100 pm
CS-24 [/ 0S-24 100 pm 500 nm 25 1550 nm 100 pm
CS-30/ OS-30 100 pm 200 nm 57 455 nm 1000 pm
CS-31/0S8-31 100 pm 200 nm 55 532 nm 1000 pm
CS-32/ 0S-32 100 pm 200 nm 49 632 nm 1000 pm
CS-33/08-33 100 pm 300 nm 23 1064 nm 1000 pm
CS-34/ 0S-34 100 pm 500 nm 33 1550 nm 1000 pm
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A.6 PLASMONIC LENS PARAMETERS

Table A.9 — Periodic ridge arrangement, 5 pm focal length, part 1.

x; [ nm ‘ w; [ nm

P-02

xi/nnl‘ w; [ nm

P-04

O 0 N9 & L A W N = O

A A A DA WWW W W W W W W WDNDNDNDDNDNDDNDDNDNDDNDRERRREZ2 B B =2 B 9= 2
A WD H O VO XX NG G A WDNMRFE O L X NGO VA, WDNNRER O VL XIS OBV A WD O

P-00 P-01
xdnm,‘wdnm_ xdnm,‘wdnm
0 40 0
200 41 200
400 47 400
600 59 600
800 89 800
1000 158 2400
2200 43 4400
2400 143 5200
3200 52 6600
4000 61 7200
5400 128 7800
6000 119 11400
6600 151 12000
7600 41 12600
8200 76 13200
9200 44 15400
9800 133 16000
10800 111 18200
11800 120 18800
12800 154 20400
13200 46 22000
14200 66 22600
15200 121 24200
15600 42 24800
16600 73 25800
17600 161 26400
18000 56 28000
19000 133 28600
19400 48 29600
20400 116 30200
20800 45 31800
21800 110 33400
22200 44 35000
23200 113 35600
23600 46 36600
24600 125 37200
38200
38800
39800
40400
42000
43600
45200
46800
48400

44
45
51
63
91
50
92

134

140
67
47

53
69
103
53
85
68
144
69
46
84
57
127

83
62
157
50
110
84
69
60
156
53
126
48
106

92
82
75
69
65
61

0
200
400
600
800
2600
3800
4800
8000
8800
10200
11600
13000
13600
15000
15600
17000
17600
19600
20200
22200
22800
24800
25400
28000
28600
31200
31800
34400
35000
37600
38200
40800
41400
42000
44600
45200
48400
49000

55
57
63
77
109
57
63
76
60
111
80
88
141
60
115
58
141
69
103
60
104
62
129
74
102
64
96
62
100
65
114
72
144
85
59
108
71
90
62

P-03

x; [ nm ‘ w; [ nm
0 40
200 40
400 42
600 45
800 51
1000 60
1200 76
1400 108
3600 60
3800 133
5200 57
6600 57
7800 41
8000 97
9200 81
10400 83
11400 40
11600 101
12600 47
13800 61
15000 92
16000 50
17200 77
18200 47
19400 74
20400 47
21600 79
22600 50
23800 90
24800 56
25800 40
26000 112
27000 65
28000 45
29200 82
30200 54
31400 111
32400 67
33400 47
34600 90
35600 59
36600 43
36800 136
37800 78
38800 53
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0
200
400
600
800
1000
1200
1400
1600
1800
2000
4400
4600
4800
6400
6600
6800
8400
8600
10200
10400
11800
12000
13400
13600
13800
15200
15400
16800
17000
18400
18600
20000
20200
21600
21800
23200
23400
24800
25000
26400
26600
28000
28200
29400

34
34
35
37
39
42
48
55
67
86
123
44
65
120
35
53
97
46
80
50
96
39
67
34
55
118
49
97
46
88

HRERERE

87
46
91
49
99
51
110
55
126
35
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Table A.10 — Periodic ridge arrangement, 5 pm focal length, part 2.

P-00 P-01 P-02 P-03 P-04
i xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm
45 39800 40 29600 60
46 40000 114 31000 38
47 41000 70 31200 66
48 42000 50 32600 41
49 43200 101 32800 74
50 44200 65 34200 44
51 45200 47 34400 85
52 46400 93 35800 48
53 47400 61 36000 99
54 48400 45 37400 54
55 49600 87 37600 120
56 38800 35
57 39000 60
58 40400 38
59 40600 68
60 42000 42
61 42200 79
62 43600 47
63 43800 94
64 45200 52
65 45400 115
66 46600 35
67 46800 59
68 48200 38
69 48400 69
70 49800 43
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A.6 PLASMONIC LENS PARAMETERS

Table A.11 - Periodic ridge arrangement, 10 pm focal length, part 1.

x; [ nm ‘ w; [ nm

P-12

xi/nnl‘ w; [ nm

P-14

O 0 N9 & L A W N = O

A A A D BAWWW W W W W W W WDNDNDNDDNDNDDNDDNDNDIDNDRERRREZ2 R B =2 B 9= 2
A WD HEH O VO XX NG G A WDNRE O VL X NGO VA, WDNNRER O VL XMIO OV A WD R O

P-10 P-11
xdnm,‘wdnm_ xdnm,‘wdnm
0 40 0
200 40 200
400 43 400
600 48 600
800 56 800
1000 72 1000
1200 102 1200
1400 155 3400
3200 66 4800
4400 46 6000
4600 155 7000
5600 153 7800
6400 75 9400
7200 69 10200
8000 111 11000
8600 41 12400
9400 128 13000
10000 69 14400
10600 50 15000
11200 44 15600
11800 43 22800
12400 46 23400
13000 56 24000
13600 78 24600
14200 135 25200
15200 41 27400
15800 76 28000
17400 82 28600
18400 50 30200
19000 152 30800
20000 109 31400
21000 90 33000
22000 85 33600
23000 91 35800
24000 108 36400
38000
38600
40200
40800
42400
44000
44600
46200
46800
48400

44
45
47
52
60
75

104
59
58
94

117
54
44
58

116

115
51

128
73
52

52
66
90
139
51
73
124

65
115
48

77

65

131
61
125

139
72
48
91
59

130
79

0
200
400
600
800
1000
1200
3800
5200
7600
8600
9600
10400
13000
16000
16800
18200
20400
21800
23800
25200
27200
28600
29200
30600
31200
32600
33200
35200
37200
37800
39800
40400
42400
43000
45000
45600
48200

55
56
59
64
74
91
123
112
58
74
72
120
57
144
66
121
67
139
141
63
88
66
127
59
124
61
149
69
90
142
71
118
65
115
65
127
71
83

P-13

x; [ nm ‘ w; [ nm
0 40
200 40
400 41
600 42
800 45
1000 48
1200 53
1400 60
1600 70
1800 86
2000 113
4800 44
5000 66
5200 123
7000 55
7200 110
8800 71
10200 44
10400 93
11800 79
13000 42
13200 95
14400 56
15600 42
15800 103
17000 79
18200 70
19400 68
20600 71
21800 81
22800 40
23000 101
24000 46
25200 57
26400 76
27400 42
27600 119
28600 55
29800 82
30800 46
32000 67
33000 41
33200 116
34200 59
35400 102
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133
46
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Table A.12 - Periodic ridge arrangement, 10 pm focal length, part 2.

P-10 P-11 P-12 P-13 P-14
i xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm
45 36400 56 27200 119
46 37600 98 28600 48
47 38600 56 28800 95
48 39800 99 30200 44
49 40800 57 30400 82
50 42000 106 31800 41
51 43000 60 32000 73
52 44000 41 33400 39
53 44200 120 33600 68
54 45200 66 35000 38
55 46200 44 35200 65
56 47400 75 36600 37
57 48400 49 36800 63
58 49600 89 38200 37
59 38400 62
60 39800 37
61 40000 62
62 41400 37
63 41600 63
64 43000 37
65 43200 65
66 44600 38
67 44800 67
68 46200 40
69 46400 71
70 47800 41
71 48000 75
72 49400 43
73 49600 80
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x; [ nm ‘ w; [ nm

S-00

Table A.13 — Successive ridge arrangement, 5 pm focal length.

S-01

x; [ nm ‘ w; [ nm

x; [ nm ‘ w; [ nm

S-02

A.6 PLASMONIC LENS PARAMETERS

x; [ nm ‘ w; [ nm

S-03

x; [ nm ‘ w; [ nm

S-04

O 0 N9 & L A W N = O

a W N B O VW 0 N & L & WN FHF O VO W NGO OWU A WDNDEFHO LW NGO OV AW = o

0
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2185
3154
3939
4640
5285
5899
6485
7049
7599
8139
8670
9190
9705
10215
10720
11220
11715
12209
12700
13185
13670
14155
14635
15114
15594
16075
16550
17024
17494
17970
18440
18915
19385
19849
20320
20790
21255
21725
22190
22655
23125
23590
24055
24520
24979

156
164
158
159
157
158
157
161
161
160
159
160
160
159
159
160
161
161
159
161
161
158
157
159
157
157
159
162
161
161
157
159
157
162
161
156
158
160
156
160
158
156
161
161
161
162
157

0
320
2369
3435
4305
5085
5804
6489
7150
7790
8414
9029
9635
10229
10819
11400
11980
12555
13124
13695
14259
14820
15380
15939
16495
17049
17605
18160
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19260
19810
20355
20905
21450
21995
22545
23084
23630
24175
24719

199
222
202
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204
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203
201
201
201
200
204
207
206
208
200
203
204
202
207
207
201
200
204
200
199
202
209
206
205
208
199
206
202
200
211
200
202
206
211

0
359
2594
3775
4750
5630
6449
7234
7990
8724
9450
10160
10859
11550
12234
12914
13590
14264
14929
15594
16260
16919
17574
18235
18890
19540
20195
20844
21490
22139
22790
23435
24079
24725

229
279
234
233
232
236
233
240
235
230
242
244
244
236
234
234
232
245
233
233
243
242
231
245
247
235
248
246
229
235
245
239
236
235

0
3440
5090
6490
7789
9030
10230
11400
12559
13700
14820
15939
17050
18159
19259
20359
21450
22550
23629
24720
25799
26890
27969
29049
30130
31210
32280
33360
34439
35510
36580
37659
38730
39800
40879
41950
43020
44090
45160
46230
47300
48370
49439
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595
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0
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6379
8259
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15049
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23070
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38780
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46590
48150
49699

448
483
484
481
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504
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504
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460
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484
462
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461
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504
474
454
502
493
489
490
495
504
453
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Table A.14 — Successive ridge arrangement, 10 pm focal length.

$-10 S-11 S-12 s-13 S-14

i xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm
0 0 156 0 199 0 299 0 585 0 448
1 264 160 314 212 349 253 810 809 629 594
2 535 169 644 234 739 314 4739 615 5779 450
3 3055 158 3304 199 3614 235 6870 639 8469 478
4 4365 158 4734 200 5184 230 8610 632 10709 465
5 5405 159 5874 205 6445 233 10170 668 12750 471
6 6304 158 6864 203 7549 237 11609 620 14670 473
7 7119 157 7765 201 8554 230 12979 601 16509 462
8 7880 158 8605 201 9499 234 14300 604 18300 472
9 8594 158 9400 200 10395 230 15580 598 20049 481
10 9280 159 10164 208 11260 243 16829 593 21769 491
11 9935 158 10895 201 12089 236 18059 630 23460 462
12 10569 157 11610 207 12899 237 19270 660 25140 484
13 11189 159 12299 200 13690 235 20459 646 26799 478
14 11795 160 12979 203 14465 234 21639 668 28449 487
15 12385 160 13644 202 15229 243 22800 592 30090 499
16 12964 160 14299 203 15980 241 23960 622 31719 505
17 13535 160 14944 204 16720 238 25110 633 33339 494
18 14094 159 15580 202 17450 230 26249 612 34950 463
19 14650 159 16209 205 18174 231 27390 663 36559 466
20 15195 157 16829 201 18894 237 28519 662 38170 499
21 15739 160 17450 210 19605 230 29640 602 39770 498
22 16275 158 18059 209 20315 241 30760 593 41360 458
23 16805 156 18665 207 21014 233 31879 628 42960 502
24 17335 159 19265 204 21715 241 32990 588 44550 502
25 17860 161 19864 209 22410 245 34099 585 46130 457
26 18380 161 20454 201 23100 244 35210 615 47720 488
27 18894 160 21045 199 23785 236 36320 677 49300 472
28 19404 156 21635 205 24469 239 37420 647

29 19920 161 22219 206 38520 644

30 20425 158 22800 201 39620 664

31 20930 158 23380 201 40710 587

32 21434 160 23959 207 41810 649

33 21935 159 24534 206 42900 610

34 22435 160 43990 588

35 22930 157 45090 702

36 23424 156 46169 591

37 23919 158 47260 613

38 24415 160 48350 649

39 24905 159 49439 697
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A.6 PLASMONIC LENS PARAMETERS

Table A.15 — Successive ridge arrangement, 100 pm focal length.

S-21

¥; [ nm ‘ w; [ nm
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$-20
x; [ nm ‘ w; [ nm
0 156 0
269 157 309
539 158 619
810 160 940
1079 163 1259
1349 166 1589
1629 168 1929
1910 170 2269
9559 157 10329
13529 158 14629
16580 156 17940
19170 157 20740
21459 158 23220
23529 157 25470
25439 156 27550
27230 157 29489
28910 156 31320
30509 157 33050
32040 159 34710
33499 159 36299
34900 156 37830
36260 157 39309
37579 160 40740
38850 158 42130
40090 158 43490
41299 160 44800
42479 161 46089
43629 160 47350
44750 158 48580
45850 156 49779
46940 161
47999 160
49040 159

199
200
204
210
218
226
233
235
200
201
200
199
200
201
203
204
204
199
201
201
200
202
200
200
208
201
205
209
208
202

0
340
690
1049
1419
1809
2219
11269
15950
19569
22630
25340
27800
30080
32200
34209
36119
37940
39679
41370
42990
44569
46100
47590
49040

229
232
239
251
269
291
310
233
229
233
232
232
230
237
231
236
242
242
233
243
234
240
239
240
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0
709
1490
2369
14629
20740
25470
29489
33050
36299
39309
42130
44800
47350
49779
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585
615
719
816
591
586
592
605
585
592
596
589
592
629
599

S-24

x; [ nm ‘ w; [ nm
0 448
560 457
1139 488
1769 557
2529 738
3839 1653
17680 453
25099 460
30849 451
35760 457
40130 458
44120 451
47839 474
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Table A.16 — Successive ridge arrangement, 1000 pm focal length.

S-30 S-31 S-32 S-33 S-34
i xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm xi/nm‘ w; [ nm
0 0 156 0 199 0 229 0 585 0 448
1 269 156 309 199 340 230 699 588 560 449
2 539 156 619 200 680 230 1400 596 1119 452
3 810 157 929 200 1020 231 2109 611 1679 456
4 1079 157 1240 201 1360 233 2840 634 2250 463
5 1349 157 1549 202 1700 235 3599 664 2829 472
6 1620 158 1859 204 2049 238 4389 702 3419 484
7 1889 158 2170 205 2399 241 5220 746 4019 499
8 2159 159 2489 207 2749 244 6099 788 4639 518
9 2429 160 2810 209 3109 248 7009 813 5279 542
10 2699 161 3129 211 3469 253 7930 812 5949 575
11 2970 161 3449 214 3839 258 46150 589 6660 618
12 3239 162 3780 216 4210 204 7420 678
13 3509 163 4110 219 4590 271 8249 768
14 3780 lo4 4439 222 4970 277 9200 918
15 4049 165 4769 224 5359 284 10379 1219
16 4330 166 5109 227 5759 291 11920 1645
17 4609 167 5449 229 6169 298
18 4889 167 5789 231 6580 305
19 5170 168 6129 233 7000 310
20 5449 169 6469 234 7420 314
21 5730 169 6809 235 7850 317
22 6009 170 7159 235 35560 230
23 6289 170 32629 200 35920 279
24 30169 156 32949 223 36329 314
25 30439 165 33289 234
26 30719 169 46150 200
27 42680 157 46479 230
28 42949 167

Table A.17 — Proof-of-concept merged plasmonic lens parameters. Lens thickness / = 200 nm.

532nm | 532nm | 632nm | 632nm
i Xi/nm | w;/nm | x/nm | w;/nm
0 0 22 0 13
1 127 23 118 13
2 260 29 238 15
3 406 51 361 19
4 1040 22 491 29
5 1191 69 666 109
6 1652 22 1161 13
7 2223 22 1284 22
8 1869 13
9 1993 24
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Further Figures

MUELLER matrix images tend to need a lot of memory. For example, the measurement
of Figure 5.1 alone used up 17.1 GB of hard drive space. The measurements of MUELLER
matrix images at different focus positions from Section 5.1.2 even used up more than
250 GB. Boiling this information down to one image of 300 dpi resolution still ends up
as a file with about 100 KB per matrix image, albeit at the cost of several pixels of the
original images. Therefore, it should be self-evident that not each and every MUELLER
matrix image measured for this thesis can be visualized here. In this part of the Appendix,
however, a few matrix images that might be helpful for the comprehensibility of this work
are collected.

https://doi.org/10.7795/110.20240308



156

B.1 MuUELLER Matrix Images of the Nanoform Sample

B.1.1 Row A, without drift correction

TR
D :

- 05

(c) A3 (d) A4

Figure B.1 - Measured MUELLER matrix images of row A at MUELLER matrix microscope with-
out drift correction, part 1.
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B.1 MUELLER MATRIX IMAGES OF THE NANOFORM SAMPLE
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Figure B.2 — Measured MUELLER matrix images of row A at MUELLER matrix microscope with-

out drift correction, part 2.
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B.1.2 Row A, with drift correction
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Figure B.3 — Measured MUELLER matrix images of row A at MUELLER matrix microscope with

(c) A3 (d) A4

drift correction, part 1.
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B.1 MUELLER MATRIX IMAGES OF THE NANOFORM SAMPLE
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Figure B.4 — Measured MUELLER matrix images of row A at MUELLER matrix microscope with

drift correction, part 2.
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B.1.3 Row A, simulated

(a) A1

(c)A3

Figure B.5 — Simulated MUELLER matrix images of row A, part 1.

https://doi.org/10.7795/110.20240308



B.1 MUELLER MATRIX IMAGES OF THE NANOFORM SAMPLE 161
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Figure B.6 — Simulated MUELLER matrix images of row A, part 2.
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B.1.4 Row C

! 0.2 1
] 0.1 ]

0.5

i -0.5
-1

Figure B.7 — Measured MUELLER matrix images of row C without drift correction, part 1.
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B.1 MUELLER MATRIX IMAGES OF THE NANOFORM SAMPLE 163

(¢) C9 (d) C10

Figure B.8 — Measured MUELLER matrix images of row C without drift correction, part 2.
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B.2 MuELLER Matrix Images of Plasmonic Lenses

B.2.1 OS-00, Measurement at EP4, PCSA
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(h) 582 nm

Figure B.9 — Measured MUELLER matrix images at different wavelengths, part 1.
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B.2 MUELLER MATRIX IMAGES OF PLASMONIC LENSES 165
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Figure B.10 — Measured MUELLER matrix images at different wavelengths, part 2.
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B.2.2 OS-00, Measurement at EP4, PCSCA

(h) 582 nm

Figure B.11 — Measured MUELLER matrix images at different wavelengths, part 1
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B.2 MUELLER MATRIX IMAGES OF PLASMONIC LENSES
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Figure B.12 — Measured MUELLER matrix images at different wavelengths, part 2.
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