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Chapter 1

Introduction

Optical devices and systems, especially based on waveguides, play a crucial role in various
modern fields of technology. Among others, these fields are communication including
augmented and virtual reality technologies'™, healthcare*®, advanced manufacturing®?!, as
well as energy and environment!?=4. Furthermore, quantum technologies are among the

candidates that increasingly rely on advanced optical devices and systems*>16,

Optical waveguides are fundamental components in many of these fields. They can be used
to precisely direct and control the propagation of light in space. One prominent example is
glass fibres, which are widely used in communication technology to transmit light over long
distances with minimal losses and high bandwidth'’. In fact, these low losses essentially mean
minimal interaction with the surrounding environment of the fibre. However, there are also
other types and applications of optical waveguides designed specifically to be highly sensitive
to changes in the surroundings e.g. for optical sensing. Such waveguides often consist of more
complex layer stacks compared to glass fibres and feature micro- and nanostructures'®, A
common challenge in using highly sensitive optical waveguides in sensing is the complex
alignment requirements between the waveguide and the light source, particularly in

miniaturized or even integrated systems.

Additionally, the spatial control of light in most waveguides is static, meaning that the
propagation direction of light is predetermined by the waveguide geometry. However,
achieving dynamic spatial control of light would be of significant technological relevance for
a variety of applications. Currently, spatial control of light is typically achieved through
mechanically movable components such as mirrors or lenses, which makes it relatively slow.
Even miniaturization concepts, e.g. based on micro-electromechanical systems could only

achieve response times in the order of milliseconds®20,



For many applications, such as optical environmental mapping, much faster spatial control
would be desirable. Optical structures in combination with nonlinear waveguides, which are
tuneable through optical nonlinearity, could offer a novel approach to enable ultra-fast spatial

control of light with response times down to a few picoseconds??.

Furthermore, many of the future prospects in quantum technologies will only reach their full
potential once effective scaling is achieved. Also in this case, nonlinear optical waveguides are
an essential component, as they provide an optical interface capable of addressing individual
qubits??2. Many classical nonlinear materials that enable refractive index modulation e.g. via
the Pockels effect, induced by an electric field, often require complex manufacturing methods
involving high-vacuum conditions. This includes commonly used single-crystals like lithium
niobate. Alternative materials, such as semiconductors or dye-doped polymers are often
limited by high absorption, which restricts their use in applications with large propagation
lengths, such as waveguides?3. On the other hand, nonlinear liquids, while showing promising
nonlinearity and transparency, are also challenging to integrate with rigid waveguide layer

stacks?4.

Therefore, the further development of nonlinear waveguides for advanced sensing and light
manipulation essentially has two key aspects. First, the design and arrangement of novel
waveguide geometries that exhibit high sensitivity towards changes in the electromagnetic
environment. Second, the development of transparent nonlinear optical materials that are

compatible with polymer technology.

This thesis will focus on developing waveguides and materials that address these two aspects.
For a better understanding of this work, a few fundamentals of electromagnetics will be
covered at the beginning of Chapter 2. In addition, an introduction to the fundamentals of
optical waveguides including photonic and plasmonic waveguides will be provided. This
section will also discuss various types of optical nonlinearity that will be relevant throughout
this thesis. Furthermore, optical surface structures in the form of metasurfaces will be
introduced, along with common fabrication methods. Chapter 2 concludes with an
introduction to the topic of swelling, a fundamental phenomenon used in Chapter 6 to

integrate nonlinear liquids into highly transparent polymers.



In Chapter 3, the experimental methods used in this thesis will be explained. First, the
fabrication methods will be discussed. These include primarily the light-controlled fabrication
of optical metasurfaces via the growth of metal nanoparticles from the liquid phase, as well
as the fabrication of PDMS composite materials incorporating nonlinear optical liquids.
Additionally, methods for characterizing the fabricated waveguides and materials will be

explained.

Chapter 4 focuses on designing and implementing sensitive waveguides based on photonic
waveguide effects. The goal is to vary the propagation length of light, which is guided within
the waveguide, by tuning the interaction with an optical grating. The diffraction at the grating
also enables to change propagation direction and thus provides spatial control. Additionally,
the phenomenon of zero diffraction, which was discovered in the course of this research, is
discussed from the experimental perspective. In this context, extensive simulation studies will

be performed in addition to experimental contrast measurements.

Chapter 5 will focus on plasmonic waveguides. The goal is to achieve an adaptation of the
optical structure to the specific light source by using light-induced fabrication of plasmonic
metasurfaces. It will be investigated whether using the identical fabrication and probing
environment enables achieving high sensitivity and could eliminate the need for post-process
alignments. Furthermore, it will be demonstrated that this method also makes phenomena
such as plasmon hybridization more easily accessible in practise. The metasurfaces will be
investigated in reciprocal space as well as attenuated total reflection measurements are

performed to investigate the sensing performance.

Chapter 6 focuses on nonlinear optical materials, with an emphasis on nonlinear liquids,
which are initially integrated into PDMS through a swelling process. The swelling behaviour
of various material combinations is analysed. For a selected material, the thermal nonlinearity
and its associated timescales are further investigated. Finally, dielectric elastomer actuators

are discussed as an alternative approach for switching the phase of an optical wave.

The thesis concludes with a summary and outlook on future research activities in this field.



Chapter 2

Fundamentals

This chapter starts by introducing Maxwell's equations, which describe the origin and
interaction of electric and magnetic fields and serve as the foundation of modern
electrodynamics. Following this, an introduction to nonlinear optics (NLO) will be given,
covering phenomena such as the Pockels effect, the optical Kerr effect, and nonlinear
absorption phenomena. Nonlinear optics can be seen as a bridge between optics and
electronics, as NLO phenomena enable the control of light via refractive index changes in
response to an external electric field. To harness NLO effects more effectively, it can be
advantageous to confine light within small volumes, thereby increasing local electric field
intensity. Among the many design options, slab waveguides are among the most common
optical resonator designs, functioning as optical resonators that guide light within a thin layer.
Even stronger light-matter interactions can be achieved using plasmonic waveguide
structures that incorporate metals. Central to these waveguide configurations are modern
nanopatterning techniques, which allow for the precise fabrication of complex optical
structures. A brief introduction to these topics will also be provided in this chapter. Finally,
the chapter will conclude with a discussion of metasurfaces, disorder engineering, and the

concept of swelling of soft polymers.
2.1. Maxwell’s and Wave Equations

The wave equations in the form of the Helmholtz equation form the foundation for
electrodynamics, describing the interplay between electric and magnetic fields and their
propagation both in free-space and in matter. In addition to the four fundamental Maxwell
equations, two material equations provide a framework for a general understanding and

description of electromagnetic phenomena.



The Maxwell equations in the differential form are®:

1) Gauss's Law

VD = pext (2.1)
2) Gauss’s Law of Magnetism

V-B=0 (2.2)
3) Faraday’s Law of Induction

VXE =-— m (2.3)
4) Ampere’s Law

- — -> aB

VXH: ext""g (2.4)

The Maxwell equations link the four vector fields D (electric flux density), B (magnetic flux
density), E (electric field vector), and H (magnetic field vector), where V is the Nabla-

operator.

d/0x
Vv=|d/dy
0/0z

External stimuli of the electric and magnetic field are an external charge carrier density peyt,

S
and an external electric current density Jo -

While 2.1 and 2.2 show that electric charges are the source of electric fields and that magnetic
fields have no intrinsic sources, 2.3 and 2.4 describe that a temporal change in either field can
induce the other. This interdependence eventually forms the foundation for propagating
electromagnetic waves. Furthermore, the electric flux density D and the electric field vector
E as well as the magnetic flux density B and the magnetic field vector H are linked by the

vacuum permittivity £, and the vacuum permeability u,.

D = gF



Both quantities, &, and L, are physical constants with the &, =~ 8.854 - 10712 F/m and
Uo ~ 1.256 - 107 H/m.

In vacuum, and thus in the absence of any external charges or currents (peyt , fext = 0), the

Maxwell equations can be used to derive the vacuum wave equation.

AE — == =0 (2.5)

1
v EoMo

operator in Cartesian coordinates. The wave equation for the magnetic field can be derived

~ 3-10% m/s being the vacuum speed of light and A being the Laplace

in the same manner.

p=ve= OO
0 0x? dy?  0z2

To describe the behaviour of electromagnetic fields in the presence of matter, two material
equations enable to link the fields and the properties of the ambient material. For the electric

field quantities, the material equation can be expressed as follows:
D= EOE +P= EOE + eoxﬁ =1+ X)eoﬁ = Er&‘OE (2.6)

The polarization P is related to the electric field vector E through the dielectric
susceptibilityﬁ = soxﬁ, and &. = 1+ x is the relative permittivity of the material, which
guantifies to what extend a material can be polarized in response to an electric field. For most
materials as well as for moderate electric field strengths, the polarization changes linearly
with the electric field. However, there are cases in which higher order dependencies can

become relevant. Such cases will be discussed in section 2.2.

In general, the dielectric susceptibility x as well as the relative permittivity &, are second-rank
tensor quantities, and thus can also describe materials with dielectric properties that depend
on the orientation of the electric field within the medium. Such media are then referred to as
anisotropic. Typically, many crystalline materials such as BaTiOs (barium titanate), or KPT
(potassium titanyl phosphate), but also polymers such as polystyrene, show anisotropy in

26—

their dielectric (and thus also optical) properties?6-28. However, in the more common and

simpler case of isotropic media—where the material properties are the same in all spatial



directions or light is polarized along specific crystal axes—both x and ¢, can be considered

scalars.

In analogy, a material equation can be expressed for the magnetic field taking into account

that certain material can magnetize in response to a magnetic field. Hence, the material

equation includes a magnetization term M= xmﬁ, with the relative permeability u, = 1 +
Xm.- In this thesis, as it is common in optics, only non-magnetic materials are considered. This

assumption enables to set u,. to 1, which simplifies the link between the magnetic flux density

B and the magnetic field vector HtoB = uoﬁ.
By introducing the material equations into the Maxwell equations, the wave equation for an
insulating, non-magnetic, and isotropic medium can be derived as

AE-2%Z =0 (2.7)

This wave equation enables to describe all linear electromagnetic phenomena, including

refraction, scattering, and diffraction.

In optics, the refractive index n = /¢, is often used to describe interactions between
electromagnetic fields and matter at optical frequencies. The refractive index is a

fundamental parameter because it directly influences how light propagates through a

material. Additionally, these quantities are generally complex quantitiesn = n + jx = ’er =

’1 + X. The imaginary part accounts for the damping or amplification of electromagnetic

waves within a medium due to absorption or gain, while the real part determines the velocity
of the wave. For instance, the speed of light ¢ within a medium is given by ¢ = ¢y /n. This
relationship indicates that light propagates more slowly in a medium with a refractive index
larger than 1 compared to its speed in a vacuum. In this thesis, often only the real part of the

refractive index is considered, unless otherwise noted at specific positions.

In optics, it is furthermore convenient to assume time-harmonic fields of the form

E(# t) = Ey(F)e ot (2.8)



Here, EO is the amplitude vector and w is the angular frequency w = 2rf with frequency f.
This assumption of time-harmonic fields is particularly useful to describe monochromatic

electromagnetic waves, such as laser radiation often considered in this thesis.

By inserting equation 1.8 in the wave equation 1.7 yields
AE + k2¢,E = 0, (2.9)

which is known as the Helmholtz equation with the vacuum wave number, or optical
momentum, ky = w/c, = 2m/Ay. The fundamental advantage of this transformation of the
general wave equation into the form of the Helmholtz equation lies in the separation of time

and spatial dependence.

Mathematically the simplest solution for the Helmholtz equation is a plane wave of the form
E@# t) = E e/ kom—wt+eo) (2.10)

Here, E, is the amplitude of the electric field, EO is the vacuum wave vector pointing in the
propagation direction of the wave, and ¢, is the phase constant that sets the initial phase of
the wave. Throughout this thesis, the optical momentum and the phase of electromagnetic

waves, along with their manipulation, play a crucial role in the presented waveguide systems.
2.2. Nonlinear Optics

The field of nonlinear optics (NLO) deals with phenomena that arise when the optical
properties of a material are altered by the presence of an electric field. These changes in the
optical properties of a material (e.g., the refractive index) occur for both electrostatic fields
(DC fields) as well as for alternating electric fields up to optical frequencies. On the one hand
this enables to control light (e.g. its phase) by an electrical signal, which provides a link
between electronics and photonics and is thereby of significant technological relevance?. On
the other hand, nonlinear optical effects provide the ability of photons to influence the
propagation of other photons, or even influence the propagating behaviour of themselves,
when interacting with a nonlinear material. The related NLO effects include self-phase
modulation and cross-phase modulation, both of which occur at optical frequencies?®. In self-
phase modulation, a photon modifies its own phase as it propagates through the nonlinear

medium, while in cross-phase modulation, photons in one wave affect the phase of photons



in another co-propagating wave, enabling control over light by light?!. These effects are
utilized in a variety of applications such as ultrafast all-optical pulse shaping, optical

communication, and the generation of new frequencies.

Typically, for ultrafast all-optical effects, only laser light is intense enough to induce nonlinear
effects in most materials, because the nonlinear polarizability of most materials is

comparatively small. Unless otherwise noted, the explanations in this section are based on 22,

The field of nonlinear optics is often considered to have begun with the discovery of second-
harmonic generation by Franken et al. in 19612°, shortly after the first demonstration of the
laser in 1960. Nonlinear optical phenomena are termed "nonlinear" because they occur when
the response of a material system to an applied optical field is not directly proportional to the

field strength.

While in linear optics, the material response is characterized by the first-order dielectric
susceptibility )((1), and thus determines the refractive index n of the material and governs
light propagation, in nonlinear optics, the relationship between the material response and

the electromagnetic field becomes more complex.

The polarization P of the material does no longer depend linearly on the electric field vector

E, but also has higher order dependencies. It can therefore be described as a power series of

the following form?%,
P = gg(xWE + y@E2 + y®E3 4 ..) (2.11)

While )((1) describes the linear component of the susceptibility, )((2) and )((3) are the second-
and third- order nonlinear susceptibilities, respectively. The unit of the individual
contributions to the susceptibility is given by [)((")] =m""1/V"~1. Thus, while the
components of ¥ are dimensionless, ¥ and ¥® have the units m/V and m2/V?,
respectively. At high electric fields, these higher-order terms of the susceptibility can cause
a variety of nonlinear optical (NLO) effects that do not occur in linear optics at moderate
electric fields. In the following, the most important nonlinear optical effects used in this thesis

will be briefly introduced.



3.2.3. The Pockels Effect

The Pockels effect (also known as the linear electro-optic effect) is a second-order nonlinear
optical phenomenon ()((2)), where the refractive index of a material changes linearly with an
applied electric (DC) field. The effect generally occurs in materials with a nonzero second-
order susceptibility. For symmetry reasons, )((2) as well as all even components of the
susceptibility are zero in materials that possess inversion symmetry. Thus, the Pockels effect
is typically found in non-centrosymmetric materials such as many crystals, that lack inversion

symmetry?!,

Today, the Pockels effect has a wide range of applications in optical and photonic devices. For
instance, Pockels cells are used to control the polarization state of light in laser systems for
tasks such as light modulation, Q-switching, and pulse picking?!. Additionally, in
telecommunications, the Pockels effect is used for ultra-fast electro-optic modulators to
encode information onto light beams by modulating their phase or amplitude3°. Prominent
examples of materials showing a Pockels effect (hereinafter termed as Pockels materials)
include lithium niobate (LiNbOs), potassium dihydrogen phosphate (KDP), and barium
titanate (BaTiOs), which are also optically anisotropic and thus show birefringence?.
Birefringence often occurs along a specific axis of a crystal, typically termed the z-axis or c-
axis, and as a result, such a crystal is referred to as uniaxial. This means the crystal has one
optical axis where the refractive index differs from the other two perpendicular directions,
leading to the separation of light into two distinct polarization components as it passes
through the material. Consequently, the linear refraction properties can be represented by

an index ellipsoid (see Figure 2.1).

If the electric field vector of an electromagnetic wave is oriented in z-direction, the light-
matter interaction is governed by the extraordinary refractive index n,. The ordinary
refractive index n, governs light matter interaction for an electric field vector in the x-y plane.
This symmetry means, that for an electromagnetic wave propagating in z-direction, the index
would be independent from the polarization state of that wave, and thus the polarization
state would be maintained after the interaction. More generally, the polarization state of an

electromagnetic wave is altered when the initial polarization includes both a z-component

10



and components in the x or y directions. This combination causes the wave components to

experience a relative phase shift and thus a change in the polarization state of the wave.

Figure 2.1: The index ellipsoid of a uniaxial anisotropic optical material. The optical axis (c-

axis) is oriented in z-direction. Adapted from [31].

If such a birefringent crystal shown in Figure 1 also exhibits a Pockels effect, the index ellipsoid
can be deformed by an external electric field, for instance via two electrodes attached to the
crystal as used in Pockels cells. Figure 2.2 shows cross-sections of an index ellipsoid of a
Pockels material. Figures 2.2a and 2.2b show cross-sections of the index ellipsoid in absence
of any external electric field. However, when an electric field is applied, this index ellipsoid is
deformed. In this example, a field is applied along the z-axis. Importantly, the electric field

affects not only n,, but also n, due to the tensor properties of)((z) (see Figure 2.2¢,d).
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Figure 2.2: The influence of an external electric (DC) field on the index ellipsoid of a Pockels
material. a),b) 2D cross-sections of the index ellipsoid of a uniaxial Pockels material in absence
of an external electric field; c),d) corresponding 2D cross-sections with an applied electric field

along the optical axis.

In the present case the changes of n, and n, can be expressed as follows:
Ane = %ng‘régEDC (2.12)
Ano = %ngT13EDC (213)

Here, 133 and 73 are the Pockels coefficients of the material. A detailed derivation of this
description and the corresponding nomenclature can be found in relevant textbooks. The unit
of these coefficients is typically pm/V. For instance a lithium tantalate crystal, which will be
used in the experiments shown in Chapter 4, has Pockels coefficients of 33 = 30 pm/V and
r13 = 8.4 pm/V. A more detailed derivation of equations 2.12 and 2.13, can be found in the
literature.?! Other NLO phenomena based on X(Z) include sum and difference frequency
generation, second harmonic generation, and optical parametric generation. In particular the
latter has gained increasing importance in recent times, especially with regard to the

generation of entangled photon pairs for quantum technologies.
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3.2.4. The Optical Kerr Effect

In analogy, third-order effects refer to those, who are caused by the third-order nonlinear
susceptibility )((3). One of these third-order effects is the intensity dependent refractive
index. In contrast to the Pockels effect, here the refractive index change is no longer
proportional to the electric field strength E, but to the intensity I o< E2. The index change can

therefore be expressed as
An =n,l (2.14)

The nonlinear refractive index n, can have a variety of physical origins. If the change in
refractive index is driven by rapid processes such as electronic distortion, molecular
vibrations, molecular redistribution, or molecular reorientation, it is referred to as the optical
Kerr effect (OKE). Typically, these effects happen on an ultrafast timescale on the order of
femtoseconds (fs) to picoseconds (ps), but are relatively small?X. However, thermal expansion
of the material can also result in an intensity dependent refractive index. For instance, when
light heats a material via absorption, the material undergoes thermal expansion, leading to a
change in its refractive index as a function of the density. These thermal effects typically occur
over time scales ranging from microseconds (us) to several milliseconds (ms)?1. However, they
can be orders of magnitude larger compared to the OKE. Thus, since the OKE typically requires
high light intensities to become significant—usually on the order of hundreds of MW/cm? or

more — pulsed lasers are commonly used to probe and harness the OKE.

Due to the varying time scales of the individual contributions (OKE, thermal expansion, etc.),
laser parameters such as the pulse width and the repetition rate play an important role for
the overall nonlinear response of the NLO material. In addition, thermal nonlinearity generally
exhibits a negative n,, because of the typically decreasing refractive index upon material
expansion. In experiment, a negative n, causes the material to act as a self-defocusing
element?!. The OKE however often provides a positive n,, meaning these contributions can

counterbalance or even completely cancel each other out.

In analogy to the thermal nonlinearity, a material with a positive n, can act as a self-focussing
element. This phenomenon of a self-(de)focussing is the basis of the commonly used z-scan

method, which will be used in this thesis as well.
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From the material perspective, the optical Kerr effect is observed in a wide range of materials,
including gases, liquids, and solids. The magnitude of the Kerr effect, characterized by the
nonlinear refractive index coefficient, thereby varies significantly among different materials.
In the following, some of the most common materials that exhibit the optical Kerr effect and

are widely used in practical applications will be introduced.

Among solids, glasses and crystals are the most commonly used materials showing an OKE.
Silica glass, widely used in optical fibres, exhibits a noticeable OKE that is crucial for the
operation of high-speed optical communication systems. The nonlinear refractive index of
silica glass also enables the generation of optical solitons in fibre optics, which are key to
optical data transmission over long distances without signal degradation. However, the OKE

coefficients are typically low, e.g. for silica around n, = 2.5 - 1072° m?/W.32

Liquids, particularly organic solvents like carbon disulfide (CS2), exhibit a particularly strong
OKE.33 Carbon disulfide is known for its relatively large nonlinear refractive index, making it a
popular choice in nonlinear optical experiments, but has some disadvantages in application
because of its toxicity.3* Other liquids such as water, benzene, and nitrobenzene also display
the OKE.?>7 However, in general all liquids face a technological disadvantage, because their
simultaneous implementation in optical systems together with solids e.g. in optical

waveguide structures is typically challenging.

Also, thermal nonlinearities have been studies in a variety of material systems. Among others,
there are recent reports concerning the thermal-induced nonlinear refractive index in
materials including organic solvents,3® nanoparticles,?®* metamaterials,*® and 2D materials*,
which are promising for low threshold optical limiting, optical switching, signal processing,

and sensing applications.
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3.2.5. Two-Photon Absorption

The third nonlinear optical phenomenon that occurred during the experiments for this thesis
is the effect of multi-photon absorption, particularly two-photon absorption (2PA). Two-
photon absorption is a process where two photons are absorbed simultaneously by a
material, exciting an electron from a lower energy state to a higher energy state. This process
is significant in materials with a suitable bandgap, such as semiconductors and certain organic
molecules. Figure 2.3 shows the processes of fundamental absorption as well as 2PA in an

exemplary energy diagram.

W, fundamental two-photon (2PA)
i absorption absorption
A y'y excited state
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Figure 2.3: An exemplary energy diagram for the visualization of fundamental and two-photon

absorption. Adapted from %1,

In the case of fundamental absorption (case 1), the energy of a single (e.g. blue) photon with
w, must match the energy difference between the ground state and the excited state for
being absorbed. In contrast, during two-photon absorption (case 2), the combined energy of
both (e.g. red) photons with w, = 1/2w; must equal this energy difference. This process of

two photons combining their energy to be absorbed depends on the intensity of the light with
o=09], (2.15)

where ¢ is the absorption cross-section of the material, and ¢ is the two-photon absorption
coefficient. Typically, two-photon (or even higher orders of nonlinear absorption) become

significant at very high intensities of light, e.g. under pulsed laser illumination.
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2.3. Optical Slab Waveguides

Optical slab waveguides consist of a transparent, high-refractive-index core, in which light is
guided through total internal reflection at both boundaries of the waveguide core as well as
an adjacent cladding layer. Thereby the refractive index of the core n, has to be higher than
the index of the cladding n,. For the total internal reflection, the incidence angle of light at
the boundaries of the waveguide has to be larger than the critical angle 6 > 6, =
arcsin(ngy/n.), which can be derived from Snell’s law of refraction. If the two boundaries are
in close proximity to each other and under certain phase matching conditions, the reflected
electromagnetic waves can interfere constructively and form standing waves normal to the
boundaries. In optical waveguides, these standing wave solutions are termed modes. The
following sketch shows the basic geometry along with a refractive index profile of an optical

slab waveguide.
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Figure 2.4: Sketch of an optical slab waveguide and corresponding refractive index profile.

Considering plane-wave propagation as described by Equation 2.10 in z-direction in the
exemplary slab waveguide (see Figure 2.4) and substituting the plane-wave approach into the
Maxwell equation yields the following set of electromagnetic field components, with 5 being

the propagation constant.

9E, | . .
5, TIBEy = —jwuoHy (2.16)
. 9E, .
—JBEx — -~ = —jwuoH,y (2.17)
OEy, OE. _ .
oy — JWHH, (2.18)
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oHy, . .
a_yy +jBH, = jweyn?E, (2.19)

, O0H, ,
—jBH, — ZF = jwegn’E, (2.20)

O0Hy  OH, _ .
6_xy - E = ja)SoanZ (2.21)

Using these electromagnetic field components, two independent types of modes can be
obtained, which are termed TE (transversal electric) and TM (transversal magnetic) modes. A
detailed derivation can be found in the literature. In both cases, a wave equation can be
derived that has sinusoidal solutions inside the core of the waveguide and exponential decay

characteristics in in the cladding. For instance in the case of TE modes, the electric field profile
is shown in the following Figure 2.5.
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Figure 2.5: Sketch of electric field profiles of the fundamental TE, and the TE; mode.

Mode solutions exist for different internal angles leading to distinct field profiles for each
mode. These profiles differ particularly in the number of nodes (points where the field
strength crosses zero, resulting in zero intensity at the node positions). In Figure 2.5, the
fundamental mode is shown, which does not have nodes and is therefore called the TE,
mode. The next higher-order mode has one node and is thus referred to as the TE; mode.
Analogous mode solutions can be derived for the TM case. It will be shown later in this thesis,
that the nodes with their intensity minimum can play a unique functional role in optical

waveguides.
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2.4. Fundamentals of Plasmonics

In the previous sections, only conditions were considered, in which no free charge carriers
were involved in the interaction of light with matter. However, this assumption no longer
holds when describing the interaction of light with conductive materials. For instance, in
metals, an electromagnetic field can trigger collective oscillations of the free electrons, a
phenomenon known as plasmons. Thus, plasmonics is the field of studying these oscillations
and their interaction with electromagnetic waves targeting applications in bio-imaging,

sensing, wave-front shaping, but also optical communication and quantum technologies.

Volume plasmons are collective charge carrier oscillations in electrically conductive materials,
such as metals or semiconductors. The plasma model enables to describe the interaction of
light with noble metals over a wide spectral range, often up to visible frequencies.** In the
plasma model the free electrons in such materials are described as a free electron gas of high
electron density, which oscillates in response to electromagnetic fields.*?** The motion of the
electrons creates a density fluctuation within the electron gas. The quantum of this density
fluctuation is called plasmon with an energy of W, = hm.“ While the Coulomb
force drives these oscillations, loss mechanisms such as charge carrier collisions dampen
them.*? Therefore, the oscillation of the electrons in the free electron gas can be described
by the following differential equation.

=

me§ + me)& = —eE (2.22)

with m, as the mass of the electronsand y = 1/Tp being their collision frequency and t,, the

plasma relaxation time.

In the next step, by assuming a time-harmonic dependence of the electric field vector in the
form E = Eoe‘j“’t, and considering the number density of electrons N, macroscopic
polarization as well as material equations (see section 2.1), the complex dielectric function

&(w) of the free electron gas can derived*?.

2
Wp

clw)y=1-

e (2.23)
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The parameter w, = is the plasma frequency of the free electron gas. The plasma

EoMe
frequency is defined as the frequency at which the real part of the dielectric function of the
electron gas equals zero. For frequencies w < w, and neglectable losses (y — 0), the complex

dielectric function of the electron gas can be simplified to
_1_%
e =1-— (2.24)

Together with the general formalism for the dispersion relation of transverse waves, the

following dispersion relation w(k) for volume plasmons can be derived.

w(k) = \Jw} + k?c? (2.25)

The plasma frequency determines whether light is predominantly reflected or transmitted
through the metal. When the wave’s frequency is lower than the plasma frequency, the metal
reflects the electromagnetic radiation efficiently. Conversely, radiation with frequencies

higher than the plasma frequency is transmitted through the metal.

Surface plasmon polaritons (SPPs) exist, in contrast to volume plasmons, at the interface
between a metal and a dielectric. Unlike conventional waveguides, such as optical slab
waveguides, SPPs require only a single material interface where the real part of the
permittivities of the two materials have opposite signs*>. This condition is typically fulfilled for
a metal dielectric interface in the visible and near-infrared spectral region, where Re(g,;,) <

0,and Re(gy) > 0. The propagation of SPPs along the interface is governed by the dispersion

kspp = ko /s:fgd ’ (2.26)

where kgpp is the wave vector of the SPP, and k is the wave vector in free space. Since kgpp >

relation, given by

0, the direct excitation of SPPs via light from free-space is not possible, and a coupling
mechanism, such as a prism or a grating coupler, is required. An important characteristic of
surface plasmons is their finite propagation length, limited by Ohmic and radiative losses*3.
The damping is primarily caused by &,. The effective propagation length L,,..,spp =
1/2Im(kgpp).*® In metals like gold and silver, the damping in the visible range is relatively

low, making them preferred materials for plasmonic applications*2.
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2.5. Optical Metasurfaces and Nanostructuring

Optical metasurfaces are artificial two-dimensional nanostructures consisting of structural
elements of sub-wavelength size and spacing, which are commonly known as meta-atoms*4,
Depending on the chemical composition, size, shape, orientation, and spatial arrangement of
these meta-atoms, metasurfaces can be designed to interact with light in a way that enables
precise phase, amplitude, and polarization control of incident waves*?. On the one hand,
metasurfaces can therefore function as compact, lightweight, and sustainable substitutes for

conventional optical elements.

On the other hand, this remarkable versatility allows for creating material properties, which
do not appear among natural materials, such as near-zero permittivity, and negative
refraction®®. Consequently, optical metasurfaces have far-reaching potential for a wide set of
applications, particularly in the fields of wavefront shaping®®, sensing®’, holography*®4°, but
also energy harvesting®®, augmented and virtual reality>°1°2, biomedical applications®3=>°, and
quantum technologies®®2. In the field of energy harvesting, metasurfaces offer the potential
to significantly enhance the efficiency of photovoltaic devices, contributing to advancements
in sustainable energy devices. In augmented and virtual reality, these metasurfaces play a
crucial role in the development of lightweight and high-performance optics for immersive
user experiences. Biomedical applications benefit from metasurfaces in imaging, and sensing,
where their unique optical properties enhance resolution and sensitivity, impacting areas

such as fluorescence microscopy and label-free sensing.

The fabrication of optical metasurfaces is often technologically challenging due to the nano-
scale feature size and spacing of the meta-atoms. Thus, advanced top-down nanofabrication

5962 or focused ion beam milling®%364 are

techniques such as electron beam lithography
often required, which can be expensive, time-consuming and often lack scalability. In this
scope, bottom-up methods have emerged as promising alternatives. The bottom-up
fabrication of optical metasurfaces refers to a manufacturing approach in which the meta-
atoms are assembled or grown from smaller building blocks. For instance, one method is
colloidal self-assembly®>, where nanoparticles suspended in a liquid spontaneously organize

into nanostructures according to some ordered or disordered pattern. Another common

approach is the chemical synthesis of nanoparticles, such as wet chemical methods®® or
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electrochemical deposition®’, which enables the creation of metasurfaces by locally
controlled growth of the meta-atoms. Among others, these bottom-up approaches
particularly benefit from the scalability, ease of fabrication, and compatibility with other
materials and processes in nanophotonics. However, challenges may persist in achieving
uniformity and reproducibility over larger areas, as well as in gaining extensive control over

the structural parameters of the nanostructure.

A promising strategy to meet these challenges is to introduce an external stimulus to gain
dynamic control over the growth of the nanostructures. For instance, a photochemical
process could serve as such a stimulus, where the growth of the meta-atoms depends on
specific light-matter interaction properties, such as an energy transfer via the excitation of an
optical resonance. By manipulating parameters such as the intensity, wavelength or
polarization of light, precise control over the size, shape and assembly of the nanoparticles
can be achieved. In this context, plasmon-mediated synthesis of metal nanoparticles stands
out as one promising method. This approach utilizes the strong interaction efficiency of light
with surface plasmons as an initiator for a chemical reaction, leading to the creation of noble
metal nanoparticles and their assemblies®®7>. Since this technique has entered the scientific
stage’®, many researchers have studied and further developed this approach for applications
such as Raman scattering’’~’°. However, the microscopic mechanisms behind these

processes, especially their complex and dynamic interplay, are still not fully understood”’>.

2.6. Engineered Disorder

For a long time, order and disorder have been considered strict opposites in optics, where
order (e.g. the order of structural elements building a nanostructure) is considered the goal
state. Disorder, on the other hand was some undesired effect caused for instance from
fabrication imperfections. Nowadays, however, disorder is no longer seen as inherently
undesirable. In fact, a state that lies between perfect order and complete randomness, which

is called engineered disorder, can even have advantages over a perfectly ordered structure.®

One example of this is the use of nanostructures to improve the efficiency of light coupling
into solar cells. The nanostructure (or metasurface) is designed to scatter or diffract the light

at an angle within the solar cell so that it undergoes total internal reflection, thereby
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increasing the probability of light absorption. However, potential drawbacks of using ordered
structures are that the light is diffracted into a specific lateral direction, and diffraction
artifacts can arise, potentially impairing the functionality of the metasurface. This is where a
structure with engineered disorder can have advantages. By using engineered disorder, it is
possible not only to achieve nearly isotropic scattering of light in all lateral directions but also
to eliminate diffraction artifacts. Recent reports in the literature have already shown

promising results in this regard.31,82

To investigate the properties of a disorder-engineered structure, the analysis of microscopic
images in reciprocal space (k-space) can be particularly useful. In addition to the widely used
two-dimensional Fourier transformation, which is also used for analysing surface
morphologies in general, there are metrics specifically developed for disorder-engineered
structures. One such metric is the so-called structure factor S(k), which only takes into
account the mass centers of individual structural elements, ignoring other properties
including their size and shape.®® In cases where the packing density, such as in an arrangement
of nanoparticles, becomes very high and it becomes difficult to determine the mass centers

of individual particles, the spectral density (k) is another common metric.®3
The structure factor S(k) and the spectral density (k) can be derived as follows8%83
1
S(k) = < |1F(Mo)I?, (2.27)

where N is the number of particles, M, is a binary matrix representing the centre location of

particles, and F is the two-dimensional Fourier transform.
In addition, the spectral density y¢(k) can generally be expressed as®*:
N OYINE
xs(k) = (ISP, (2.28)

where Vis the volume of the observation box, and 3@ js the phase indicator function, which
e.g. distinguishes the two phases of a monodisperse particle structure (particle material and

spacing material).
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In the past decade, one class of engineered-disorder, known as disordered hyperuniformity
(DHU), has gained particular attention. Since the first theoretical literature report of DHU back
in 2003%, DHU has developed from a theoretical curiosity to a technologically relevant
phenomenon in a variety of material systems. Until today, DHU has been shown both in
natural (e.g. the distribution of galaxies in the universe) and artificial systems®%8>, In order to
identify hyperuniformity, the abovementioned metrics have to fulfil the following in the case

of the structure factor.33

Il{l_r)% S(k)y=0 (2.29)

The strongest form of DHU, stealthy DHU, where the structure factor is even zero for0 < k <

K. The same rule applies for the case of the spectral density.

In application, the isotropic nature of DHU structures has enabled the first successful
implementation of isotropic photonic band gaps (PBGs) in a photonic crystal, which shows
DHU.28” Moreover, DHU has gained significant attention in various optical applications,
including light management in solar cells®, solid-state lighting®®, surface-enhanced Raman

spectroscopy (SERS)%°, and customized light scatterers®..

However, and despite their unique properties, the widespread application of DHU structures
remains hindered by the complexity of their design and challenging fabrication. Although DHU
structures are well-suited for bottom-up fabrication methods due to their high tolerance for
structural defects®?, top-down and hybrid techniques have remained the state-of-the-art

fabrication methods.?324

2.7. Swelling Effect of Soft Matter

Swelling in soft matter, such as polymers, gels, and elastomers, is a phenomenon where a solvent can
be incorporated into the host material, causing them to expand in volume.*® This process is particularly
relevant in a wide range of scientific and industrial applications, including biotechnology, microfluidics,
and soft robotics. One example for such a host material that shows swelling when it gets into contact
with certain solvents is polydimethylsiloxane (PDMS), a widely used silicone based elastomer. PDMS
is valued for its flexibility, biocompatibility, and ease of fabrication, making it a popular choice e.g. in

stretchable electronics for biomedical applications. When exposed to certain solvents or
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environmental conditions, PDMS can soak up the solvent similar to a sponge. A process known as
swelling. This swelling leads to an increase in volume of the composite material. The swelling behavior
of PDMS is influenced by several factors, including the chemical compatibility of the solvent with the
polymer, the cross-linking density of the material, and the environmental conditions such as

temperature and pressure.
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Chapter 3

Experimental Methods

3.1. Fabrication Methods

3.1.1. Plasmonic Waveguide Structures

For the preparation of the SPP waveguide samples, sapphire substrates (Al,Os) with a
thickness of 500 um are used. An ultrathin chromium film (t;- = 1.5 nm) was first deposited
on the sapphire substrate to serve as an adhesion layer, followed by a silver film, both applied
via thermal evaporation. The deposition rate is 0.2 A/s and 0.5 A/s for chromium and silver,
respectively. For silver films thinner than 30 nm, the deposition rate is reduced to 0.1 - 0.2
A/s to minimize surface roughness. In general, the thickness of the silver film covers a range
of several tens of nanometers, depending on the particular experimental (¢4, =20 —
60 nm). Subsequently, a 15 nm thick poly(methyl methacrylate) (PMMA) film was spin-
coated on top of the silver. The solvent was evaporated in a vacuum chamber for 10 minutes.
The PMMA layer acts as a buffer, facilitating nanoparticle formation on the PMMA surface
rather than continuous silver film growth during the process. All film thicknesses were
measured using a profilometer (Dektak 3ST). Silver nanoparticles (AgNPs) were then grown
from solution using the electroless deposition (ELD) technique. The use of this ELD method
has undergone quite extensive development in the research conducted at the LGOE, which is

briefly describe below.

Silver exhibits strong plasmonic interaction properties and the highest electrical and thermal
conductivity among all metals*?. Due to the distinctive optical properties of AgNPs, the work
in this field has primarily focused on exploring methods to control the morphology of silver
nanoparticles and their 2D assemblies, aiming to enlarge their potential for a diverse range of
applications. At first, in 2014 the research group at the LGOE has studied the impact of
moisture and white light illumination on the morphology of AgNP assemblies and their

adhesion to a polymer surface®®.
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The AgNPs were fabricated using thermal evaporation of silver. A dependency between the
exposure dose and the coalescence of AgNPs on PDMS was discovered. Based on these
experiences, our group has started to incorporate such AgNP assemblies in more complex
stack geometries. For instance, positioning an array of silver nanoparticles (AgNPs) in close
proximity to a planar silver film. This promotes the coupling of different plasmonic modes to
form gap plasmons, which can be used for highly efficient absorbers®’. AgNP assemblies can
also be used for enhancing the efficiency of organic solar cells, when used as semi-transparent

electrode material®®°°.

Due to these unique properties, in recent years the Chair of Large Area Optoelectronics
(LGOE) has conducted research on developing innovative methods for fabricating silver
nanoparticles and metasurfaces. The related developments will be summarized in the
following. Since 2017, the research in this field has then been focused on the light-controlled
fabrication of AgNP based metasurfaces with tailored optical functionalities. These
functionalities are governed by a distinct type of pattern known as engineered disorder (see
chapter 2.7). Instead of thermal evaporation of silver, the group at the LGOE started to
conduct experiments based on the wet chemical synthesis of AgNPs. The preparation of the
ELD solution for plasmon-induced growth of AgNPs is based on the mirror reaction described
by Saito et al.1% This reaction involves the reduction of silver ions by glucose in a mixture

containing ammonia, silver nitrate, and aqueous glucose.

In first experiments, a PDMS substrate locally exposed to UV light was brought into contact
with the ELD solution. Thereby, AgNPs grew at room temperature in the illuminated areas
only. Further investigations have revealed that in addition to surface pretreatments, the
morphology can also be controlled by light illumination of the solution during the growth of
the AgNPs. The same principle also applies for monochromatic light. Casting the ELD solution
on a non-treated glass substrate and illuminating a certain substrate position with a visible
laser, a deposition of AgNPs in this very spot only was observed??. The reason behind this
phenomenon is that the adhesion of existing AgNPs can be increased by light illumination®
and that such an increase of adhesion energetically favors further growth of particles inside
the solution'®2, Combining these effects allows for establishing a light-sensitive deposition of

AgNPs. Within the illuminated area, the AgNPs distribution is not entirely random.
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In fact, many parameters of the illumination conditions could be found in the reciprocal space,
including wavelength, incident angle, and polarization. This phenomenon could be explained
theoretically assuming that the AgNPs are placed at local intensity hotspots with high
accuracy below 20 nm*9%, This assumption has been experimentally proven by demonstrating
the growth of AgNPs on a thin film optical waveguide, where the illumination was realized by
the evanescent field of a propagating photonic waveguide mode'%. This hybrid photonic-
plasmonic device shows an enhanced interaction between the AgNPs and the waveguide

mode, which can be applied for efficient waveguide (de-)coupling.
3.1.2. Photonic Waveguide Structures

A 4-inch lithium tantalate (LiTaOs) wafer with a thickness of 500 um was pretreated using
excimer irradiation (A = 172 nm) at a dose of approximately 25 J/m2. The purpose of this
treatment was to increase the wafer's surface energy, thereby improving the wetting
properties of the polymer solution. Following this pretreatment, the wafer was coated with a
1 um-thick layer of Ormocore using spin coating. The coating solution consisted of propylene
glycol methyl ether acetate (PGMEA) and Ormocore. Afterward, the coated wafer underwent
avacuum treatment (p = 1 x 10~ mbar for 10 minutes) before being cut into two halves. Each
half was then UV-cured separately. The first half received a full UV cure (A = 385 nm) with a
dose of approximately 2 J/m?, while the second half was cured with only 10% of this dose.
The reduced UV dose was intended to increase the viscosity, thereby reducing dewetting of
the Ormocore layer. A silver grating was then transfer-printed onto the surface of the fully
cured half. To facilitate this, standard sinusoidal gratings with periods of A =278 nm and 555
nm were replicated in polydimethylsiloxane (PDMS). The PDMS replica was subsequently
coated with silver (Ag) using a deposition angle of 50 degrees (thermal evaporation). The
gratings with a period of A = 278 nm had an amplitude of 40 nm. To avoid the formation of a
continuous silver film, the film thickness was limited to 30 nm. This silver film was then
successfully transferred onto the wafer. Finally, the two halves of the wafer were laminated
together using a laboratory press (p = 50 bar) and simultaneously UV-cured (A = 365 nm) with
a dose of approximately 2 J/m2. This process resulted in the formation of a symmetric stack

with the structure: LiTaOs / Ormocore / grating / Ormocore / LiTaOs.
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3.1.3. Nonlinear PDMS composite samples

A two-component silicone elastomer (Mavom Sylgard 184), consisting of a precursor and a
curing agent, was used to prepare the PDMS films. The components were mixed in a 10:1
ratio and manually stirred. Annealing was performed in a vacuum chamber for 30 minutes.
The optically transparent mixture was then poured into a Teflon mold (30 mm x 30 mm) to
the desired film thickness. A glass slide placed at the bottom of the mold ensured a smooth
interface, reducing light scattering during optical experiments. The PDMS was cured at 80°C
for 60 minutes. After curing, the film was cut into four equal-sized samples. One sample was
used as a reference for optical measurements, while the other three were reserved for further
processing. To incorporate organic solvents into the PDMS matrix, the samples were
immersed in three different solvents: nitrobenzene (NB), 2,6-lutidine (LT), and toluene (TL).
After a swelling period of 3 hours, the samples were removed from the solvent baths, and the
degree of swelling was quantified by measuring the weight change before and after
immersion. For optical measurements, the swollen samples were placed between two quartz

slides using a Teflon frame for mechanical stability.

3.2. Characterization Methods

3.2.1. The Z-scan technique

Since its first report in 1989, the z-scan technique is a commonly used experimental method
in nonlinear optics for the characterization of third-order nonlinear optical properties of
transparent materials.%419> One of the advantages of this method is its high sensitivity, which
allows it to detect even small nonlinearities. In particular, self-(de)focusing described by the
nonlinear refractive index n, as well as multi-photon absorption (or saturable absorption)
described by the nonlinear absorption coefficient  can be measured.?! The basic principle of
the z-scan technique is the translation of a sample along the propagation axis of a laser beam
(z-axis). The laser beam is focused using a lens, which leads to a variable illumination intensity
of the sample depending on the distance to the focal point. As the sample moves along the z-
axis, the intensity of light transmitted through the sample is measured as a function of the

position z.
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Figure 3.1 shows a sketch of the optical setup, which was used in the experiments for this
thesis. As laser source, a solid-state pulsed laser (frequency-doubled Nd:YAG) with a pulse
width of around 330 ps and a wavelength of 532 nm was used. The repetition rate RR can be
set from single shot up to 1 kHz. The manufacturer of the laser system is Teem Photonics. The
initial laser power and the beam diameter were adjusted using a variable neutral density filter
(VF1) and aniris (l1) with variable diameter. The laser power is referenced using a beam splitter
cube (BS) and photodiode-based optical power meter D1. The main beam then passes through
a focussing lens (L2, f = 20 cm) and is thereby focused to a fixed position Z,. The transmitted
light was collected using another focussing lens (L3, f = 15 cm) and then detected by
photodetector D,. By measuring the transmitted power while moving the sample along the z-

axis, one can generally extract both n, and 3.

L;
L,
VF, 1, BS Sample VF;
A =532 nm, . )
At=330 ps —IZ Z +IZ Tz L D,
0
L
VF,
D,

Figure 3.1: A sketch of the z-scan setup used for the experiments shown in chapter 6.

The Z-scan experiment is typically performed in two distinct configurations: the closed-
aperture (CA) and open-aperture (OA) configuration. Each of the configurations provide
insight into different aspects of the material's nonlinear behaviour. In the CA configuration,
an iris (or aperture) is placed in front of the detector enabling only the central part of the
transmitted beam to pass through. In the CA configuration, the setup is sensitive to changes
in the phase of the light, which occur due to the nonlinear refractive index n, of the material.
As the sample moves through the focus of the laser beam, the beam may experience self-

focusing or self-defocusing effects due to the changing illumination intensity.
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These effects can influence the divergence of the laser beam, which is detected as variations
in the intensity of light passing through the aperture. Moving the sample from position - Z to
Z, the resulting transmittance curve typically exhibits a characteristic peak followed by a
valley (or vice versa), depending on the sign of the nonlinear refractive index (see Figure 3.2).
In the OA configuration, on the other hand, the aperture is entirely opened so that all
transmitted light is collected by the detector. This configuration is primarily used to measure
the nonlinear absorption coefficient (B) of the material. Nonlinear absorption processes, such
as two-photon absorption or saturable absorption, manifest as changes in the transmittance
of the sample as it passes through the focal region of the beam. For instance, in the case of
two-photon absorption, the Z-scan curve typically shows a dip in transmittance when the
sample reaches position Z,, while saturable absorption would result in a peak. Because the
CA scan is influenced by nonlinear refraction and absoption effects, the relation CA/OA has
to be considered in order to determine n..

In the setup used for this thesis, the additional variable iris I, enables to perform both open-
aperture (OA) as well as closed-aperture (CA) Z-scan experiments without changes in the
beam path or adjustments of other optical components. Furthermore, the linear
transmittance of theiris [, wassettoS = 1 and S = 0.4 for OA and CA Z-scan measurements,
respectively. Photodiode power sensors (S151C, Thorlabs) were used as photodetectors. The
translation of the sample along the z-axis was done by a linear stage and a stepper motor. By
fitting the experimental data to appropriate theoretical models, the nonlinear absorption

coefficient () can be accurately determined.

The nonlinear optical indices of the samples were determined by fitting the experimental data
with the theoretical model. By considering a Gaussian beam excitation in the low irradiance
limit (small beam distortion) the normalized transmittance in a CA Z-scan measurement for

thick samples (sample thickness L > zp) is given by0>

T(z) = 1+ ABF(x, 1), (3.1)

where F(x,1) = %ln (

Al=3) +9]
|(-5) +1][(x+§)2+9]>' (3.2)
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T

2
Here, x = Zi and [ = Zi, where L is the sample thickness, zz (= ‘;0) is the Rayleigh length
R

R

with w, and A are the beam waist radius at the focal plane focus and the vacuum wavelength,

respectively. AQ = nykoloLesf is the on-axis phase shift caused by nonlinear refraction. Here,

. . . . . 2T . .
n, is the third order nonlinear refractive index, k, = - the wave vector, I, the irradiance,

and Lsr = H%(_w is the effective path length with a being the absorption coefficient. If

the sample is sufficiently thin (L < zg), the transmittance converges to the thin sample

approximation to which the experimental data are fitted:

4xAQ

T(Z) =1+ (x2+41)(x2+9)

(3.3)

In practice, samples with nonlinear optical properties yield the following typical

characteristics in the Z-scan measurements. Figure 3.2 show typical Z-scan curves for a sample

a) b)

n,>0 n,<0

norm. transmittance
—

norm. transmittance
—

9]
~

o
~

p>0 p<0

N

-Z Z, +Z -Z Z, +Z

norm. transmittance
—

norm. transmittance
—

Figure 3.2. Typical results from Z-scan measurements on samples with different nonlinear
optical properties. a),b) typical CA Z-scan profiles for samples that show self-focussing (n, >
0) and self-defocussing (n, < 0), respectively; c),d) typical OA Z-scan profiles for samples that
show multi-photon absorption (e.g. 2PA, B > 0) and saturable absorption (f < 0).
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Further, we derived the real part of the third-order nonlinear susceptibility Re ()((3)) by the

following equation?:
4
Re (x®) = gn(z)goconz (3.4)

Here, n, is the linear refractive index, &, is the electric field constant, and ¢, is the vacuum
speed of light. For the composite materials, a weighted mean of the refractive index was
calculated according to the different mass ratios of each composite material (effective

medium approximation).

3.2.2. The Attenuated Total Reflection (ATR) technique

The Attenuated Total Reflection (ATR) method is a technique used to analyze the optical
properties of thin films and surfaces, which is not only applicable in plasmonics but also
commonly used in infrared spectroscopy. In an ATR setup, a light beam propagates through a
prism with high refractive index, where it undergoes total internal reflection at the interface
between the prism and the adjacent medium (e.g. the sample). The total internal refelction
creates an evanescent wave propagating along this interface. The penetration depth into the
adjacent medium is only a few hundred nanometres or even less. Under certain conditions,
the evanescent wave can couple to surface plasmons, e.g. if a thin metal film is coated on the
prism. As explained in section 2.3, surface plasmon polaritons have a higher momentum for
a given frequency, which renders them difficult to be excited using photons. Since surface
plasmons are surface waves, which propagate along the metal-dielectric interface, it is the
lateral momentum of an incident light wave, which has to match the momentum of the
surface plasmons. However, a common method to compensate this mismatch in lateral
momentum is based on providing additional momentum for the photons using a prism of high
refractive index. The prism increases the momentum of the photons by a factor
corresponding to the refractive index of the prism. By varying the propagation angle 0, the
lateral momentum of the photons can be adjusted according to k; = n,k, sin 0., where n,, is
the refractive index of the prism, kg is the vacuum momentum of the incident photons. In
addition to glass (ny; = 1.46), a typical prism material is sapphire, due to its high refractive

index (ny, = 1.76). In the Kretschmann-Raether configuration, a thin metal film (typically gold
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or silver) is then coated on the prism. A light beam with variable propagation angle is the
adjusted to show total internal reflection at the prism-metal interface.

Given the low thickness of the metal film (in the order of a few tens of nanometers), the field
profile of the evanescent wave can overlap with the SPP field profile, which enables coupling
with the surface plasmons at the upper metal-dielectric interface under momentum matching

conditions. Momentum matching is fulfilled for

_ . _ w EméEd _
ky = npkosin® = o /£m+£d = Kgpp. (3.5)

For practical reasons, here the prisms are not directly coated. Instead, substrates made from

the same material (e.g. sapphire) are coated with one or multiple thin films. The samples,
which are described in Section 3.1 are then placed on top of the prism. An index-matching
liquid between the prism and the sample is used to reduce or minimize partial reflections at
the prism-sample interface.

An optical setup for the excitation of SPPs using the Kretschmann configuration was
implemented. The beam from a laser diode is first collimated using a lens and then mounted

in a goniometer setup (see Figure 3.3).

sample SPPs

laser beam p_hoto-

p-polarized prism %lode
goniometer\x ./goniometer

stage stage

Figure 3.3: Sketch of the Kretschmann configuration used for the excitation of SPPs.

A semi-cylindrical sapphire prism is placed at the rotation centre of the goniometer. A
photodetector is positioned on the reflection arm to capture the reflected power. The laser
beam is p-polarized using a polarization filter. Additionally, a variable neutral density filter
allows for continuous adjustment of the laser power. Resonant excitation conditions can be
recognized by a dip in the reflectance over the incident angle, which represents the energy
transfer from photons to plasmons. The position of this dip in reflectance of course at a given

frequency depends on the refractive indices and thicknesses of all involved layers. 3!
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3.2.3. Michelson Interferometer

For conducting the experiments discussed in chapter 5, a precise and continuous monitoring
of the refractive index of a test analyte is necessary. A very common and highly sensitive
method for detecting changes in the refractive index of transparent media is interferometry.
There are various implementations of interferometers, with the Mach-Zehnder and
Michelson interferometers being among the most commonly used. The Michelson
interferometer, in particular, offers the advantage of interacting with the sample medium
twice, resulting in a longer interaction length with the sample material.

Therefore in this thesis, a Michelson interferometer, is used to monitor changes in the
refractive index of the probe solution during the ATR measurements. Figure 3.4 shows a

sketch of the experimental setup of the Michelson interferometer.

CCD

laser R BS | , E
A=532nm E
2

L C)“\ sample

~flow cell

rrrrrrrrrr MA

Figure 3.4: Michelson interferometer containing a laser diode with a wavelength of 532 nm,
a 50:50 beam splitter cube (BS), two silver mirrors (M1, M2) and a CCD camera to record the

resulting interferograms.

For the interferometric measurements, a solid-state laser (1 = 532 nm) is used as a light
source for the interferometer. One beam of the Michelson interferometer (hereinafter
referred to as signal beam) penetrates the liquid inside the flow cell with an interaction length

of 2L = 16 cm (two times the length L of the flow cell). The other arm of the interferometer
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serves as reference arm, in which the refractive index is held constant. The interferogram at

the output of the interferometer is detected using a CCD sensor.

If the refractive index of the analyte changes, a phase shift Ag; = 2 - An - i—L is generated in
l

the signal beam, where Ag;, is the induced phase shift of the signal beam, and An is the
change in the refractive index of the analyte. This phase shift then leads to a change in the
interference conditions at the beam splitter, which can be analysed using the recorded
interferogram. A typical interferogram is recorded by the CCD camera is shown in the

following Figure 3.5a.

O : : HEH : : .
0 100 200 300 400 500
x [pixels]
Figure 3.5: The detection of phase shifts in the Michelson interferometer. a) a fraction of an

interferogram detected by the CCD camera; b) sinusoidal fit to the measured intensity profiles

of two interferograms after a phase shift in the signal arm.

As shown in Figure 3.5b, a phase shift of £Aq; in the signal arm results in a shift of the
interference fringes in the interferogram. In the present case, the interferogram has been
adjusted with respect to the CCD sensor, so that the interference fringes shift in the +x-
direction (see Figure 3.5b). The distance of two intensity maxima in the interference pattern
corresponds to a phase shift of A@; = 2m. For further analysis, a phase difference must now
be assigned a pixel distance in the CCD image. The distance between two maxima in the

interferogram cover around 128 pixels in the image. Thus, a phase shift translates to the CCD
. 128 pixels . L
images as Ax = TA(pl. To monitor a refractive index change of the analyte, for each

CCD image recorded while changing the refractive index of the analyte, a horizontal cut is
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performed. The resulting intensity data is fitted with a sinusoidal function (see Figure 3.5b).
The phase change compared to the previous CCD image is then determined. The sum of all
phase changes then yields the overall change of the refractive index of the analyte during the

measurement.

3.2.4. Laser Beam Divergence Characterization

Since the divergence of the laser plays an important role in the interpretation of the
measurement results in chapter 5 (momentum width of the structure rings and wave rings),
it is necessary to measure the beam divergence. Therefore, the beam diameter has to be
measured both directly after the output aperture of the laser and at a position in some
distance. Since the divergence is quite small, the distance to the laser has to be quite large in

order to measure a significant change in the beam diameter.

1_0_ screen
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Figure 3.6: Principle of measuring the divergence of the laser used in the experiments

discussed in Chapter 5.

Here, a distance of approximately 57 meters from the laser was used, due to practical
considerations during the measurement. As boundaries of the beam, the full width at half
maximum is used to determine the beam diameter. The measurement principle is shown in
the following Figure 3.6. The beam diameters are 2.5 mm and 8.75 mm for the two cases. The

corresponding beam divergence (half-opening angle) is Ay = 5.5+ 10~ rad.
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Chapter 4

Sensitive Photonic Waveguide Structures

4.1. TE1-modes as Platform for Sensitive Photonic Waveguides

(The following section is based on journal paper 9 of the publication list.)

The first concept to be discussed in this thesis is the use of a slab waveguide that has a
refractive index profile, which is mirror-symmetric with respect to the growth direction. An
optical grating, which can be used for coupling light into (and out of) the waveguide, is placed

in the symmetry plane of that waveguide, which is then called waveguide grating.

In the past, it has been demonstrated that placing lossy (e.g. scattering or absorbing) layers
or structures at the position of the intensity minima of TE modes, which correspond to the
nodes of the mode, can be utilized to significantly enhance the propagation length of light
inside optical waveguides.' In addition, it has been shown that such waveguide gratings
offer high sensitivity, as even a slight shift in the node position (e.g. caused by a change in the
refractive index of one of the waveguide materials) can result in a considerable change in
propagation length.1%” This sensitivity makes node modes promising where precise control

over wave propagation is critical, such as in optical sensing or modulation.

In this section, a theoretical analysis of node modes in waveguide gratings will be conducted.
For this purpose, simulations using an RCWA (Rigorous Coupled-Wave Analysis) simulation
tool, which has been developed at the LGOE and used e.g. to analyse distributed feedback
lasers, will be performed.1%11 |n particular, the differences between a node mode (in this
case a TE; mode) and a mode without nodes, e.g. the fundamental TEo mode, will be shown.
In addition, the implications of these differences for utilizing node modes in highly sensitive
optical applications will be discussed. Figure 4.1 shows the model of such a waveguide grating
used in the RCWA simulations. The waveguide grating consists of an infinitely extended
rectangular optical grating with a period A, the refractive indices of the two grating materials

ngq and ng,, and the duty cycle D.
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Furthermore, the grating is sandwiched between two dielectric layers with thicknesses t;;
and t,;,, as well as refractive indices nz; and n;,. The simulations in this section assume TE
polarized plane-wave incidence. This model provides a framework to investigate the effects
of refractive index changes on the propagation behaviour, which may enable to maximize
sensitivity. In addition to the geometric parameters of the waveguide grating, it is necessary
to define symmetry measures for both the refractive indices (Rl symmetry) and layer
thicknesses (geometric symmetry). Both of these symmetry parameters can thus influence
the optical symmetry of the waveguide grating. Therefore, the following symmetry

parameters y, and y, are defined as

Xn = AN and Xgp =1

Ndz

_ ltai—taa|
taat+tdz

Thus, the two symmetry parameters represent both refractive index profile “n” and the

grating position “gp”. A situation of y, = 1.0 and x4, = 1.0 thusindicates perfect symmetry.

Ng
D-A Ny 1:d1
twe Ng1/Ng2 I tq
i} A Ng2 tyo
I B
Ly X

Figure 4.1: A symmetric waveguide grating of thickness ty,; consisting of an optical grating
of thickness t, sandwiches between two planar dielectric films of thicknesses t;, and tg,. TE

polarization is considered in all simulations in this Chapter 4.

Before starting to discuss the simulation results, the following scenario shall be considered,
which provides an intuitive understanding of the mechanism behind the sensitivity of the
waveguide grating with respect to optical asymmetry. At first, a node mode is excited via
grating coupling from free-space and subsequently propagates inside the waveguide grating.
Due to its interaction with the grating, the light is not only in-coupled, but also out-coupled
into free space again with a propagation length L,;,,,. When there is no change in the

refractive index (symmetric waveguide grating, ng; = ngy, tg1 = tgqy), the propagation length
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can be large. However, when a refractive index change An = ng; — ngz, > 0 occurs, the
propagation length becomes significantly shorter due to the increased interaction with the

grating caused by the shift of the node position.

In the next step, to quantify the sensitivity in propagation length, a waveguide grating
geometry defined by the parameters shown in Figure 4.1 is used. From a technological
perspective, ygp, = 0.0 is the more typical case, where a waveguide layer is deposited on a
substrate and subsequently equipped with a surface structure to couple light from the outside
at varying angles of incidence, which allows for the excitation of different waveguide modes.
The symmetric case, however, is more technologically challenging, but can also have
significant advantages as shown throughout this section. More details on the fabrication of

symmetric optical slab waveguides are discussed in section 3.2.

4.1.1. Geometry withny, = ng;

The first simulations aim to explain the important role of the TE; node mode, along with the
impact of the waveguide symmetry. First, a planar “dummy" grating is implemented by setting
the condition ng; = ngy, for the grating layer. The goal is to determine the overlap of the
waveguide modes with this dummy grating layer, and thereby defining the filling factor FF as
a measure for the interaction between the mode and the dummy grating layer. The filling

factor is defined as the overlap integral of the form

J-Zg"'tg |Ey|2dZ

Zg
T B Pz
whereby z; and z; + t, define the first and second interface of the dummy grating layer with
respect to z (growth direction of the waveguide). This filling factor approach has already been
used in transfer-matrix simulations, where only planar layers are considered, and it has been
found valid at least for classical node modes. For certain phenomena discussed later in this
thesis this measure is no longer valid, because it will be shown that in certain cases the
propagation length can be infinite despite a finite filling factor. Here, however, the filling
factor is used because it provides the reader with an intuitive insight of how the interaction
between waveguide modes and a real optical grating can later be influenced. For the

simulations, the waveguide grating is defined with the following exemplary parameters: t; =
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0.632 4,t; = 0.079 4, ng = 1.0, ng; = ng; = 1.5,and nyy = ny, = 1.275. Figure 4.2 shows
the simulation results for the comparison of the two cases x4, = 0 (see Figures 4.2a and 4.2b)

and xg4p = 1 (see Figures 4.2c and 4.2d).

a b c d
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Figure 4.2: The distributions of the normalized electric field Re(E, ) and normalized intensity

[ x |Ey|2 as well as the corresponding filling factors (FF) of the mode with the grating layer.
a) TE, mode at x4, = 0, b) TE; mode at x4, = 0; ¢c) TE, mode at x4, = 1, d) TE; mode at

Xgp = 1.

All field profiles shown in Figure 4.2 are well bound to the waveguide, as there are no loss
channels due to the absence of a grating and absorption. As it can be seen in the simulated
electric field profiles, the TE, mode does not possess nodes, while the TE; mode exhibits
exactly one node. As it is also displayed in Figure 4.2, this node of the TE; mode shows a
particularly interesting behaviour regarding the filling factor FF. The position of the node
strongly influences the overlap of the electric field with the dummy grating layer and thus
how strong the light interacts with that layer. While relatively large values of FF between
0.033 and 0.129 occur for all cases with asymmetry as well as for the TE, mode at x4, = 1.0,
a substantially lower filling factor of FF = 0.002 for the TE; mode and x4, = 1.0 is obtained.
Although due to the missing grating there is no out-coupling of light at this stage, this
behaviour gives a first quantitative hint to potential changes in the propagation

characteristics of the modes when the dummy is replaced by a real grating.
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Furthermore, such a behaviour (sensitivity towards symmetry changes) would also enable a
sensitivity of the optical waveguide with respect to changes in the electromagnetic

environment of the system.

4.1.2. Geometry with ng, #+ ngy, and the variation of

symmetry parameters

In the next case, a real optical grating is now introduced with ng; # ng,, which enables the
out-coupling of light into the free space through transfer of lateral momentum provided by
the optical grating. As the mode is out-coupled into the free space, the intensity of the
propagating mode inside the waveguide grating decreases to 1/e of its initial intensity over
the following normalized propagation length.

Lprop _ 1
A 4t Im (neff)

Thereby, n.sf is the effective refractive index of the mode.

For the next simulation, the parameters of the waveguide grating are setas ng; = 1.0, ngy, =
1.5, D = 0.5, while otherwise using the same parameters as for the waveguide grating with

the dummy grating layer.

Figures 4.3a and 4.3b show the normalized propagation length L and the angular

props
divergence of the out-coupled light A@ as a function of the symmetry parameter y,,, with

fixed values of t; = 0.632 4, A = 0.6321,and t; = 0.079 A. For x4, = 0, both the TE, and

Lprop

TE,; modes exhibit small propagation lengths around 10? and large divergence

angles A@ of the out-coupled light of approximately 0.1°.
Remarkably, for x4, = 1.0, the TE; mode shows a significantly longer propagation length of

—Lp;"p = 1.2 - 10° and a much smaller divergence angle of only A® = 0.0001°.

Figures 4.3c-e present the two-dimensional electric field profiles as well as the electric field

intensity distributions, Re(Ey) and |Ey|2, for the TE, and TE; modes at x4, = 0, as well as

the TE, mode at x4, = 1.0. Compared to the field distributions shown in Figure 4.2, they
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show significant spatial distortions, indicating a stronger interaction between the guided
modes and radiating waves in free-space caused by the grating. However, a notable difference
can be observed in Figure 4.3f, for the TE; mode at x4, = 1.0. In this case, the distortion of
the electric field profile caused by the grating is minimal, suggesting a much weaker

interaction compared to the other cases shown in Figure 4.3.
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Figure 4.3: The variation of the asymmetry parameter y 4, of a waveguide grating with ng, =

TE,

1.0, ng, = 1.5 and D = 0.5 under a constant value of ty; + ty, =ty = 0.632 A. a) The

normalized propagation length Ly, /4; b) the divergence angle of the TE, mode (black) and
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TE; mode (red); c)-f) Normalized electric fields Re(E,) and field intensities I « |Ey|2 of the

TE, mode and TE; mode for x4, = 0.0 and x4, = 1.0.

The displayed TE; mode appears well confined to the waveguide grating although a loss
channel is in principle offered by the grating. From the perspective of sensitive waveguides,
it is immediately clear that the TE; mode exhibits particularly promising properties in the
waveguide grating shown here, because of its pronounced dynamics around the symmetry

position.

L
p;"p, AB, and the field distributions originates from the small

The distinct characteristic of

field overlap of the mode with the grating due to the node alignment. In a quantitative
manner, the filling factor FF shown in Fig. 4.2 is small. However, FF cannot become exactly
zero, because of the small but finite thickness of the grating, which also brings up
technological questions for the implementation of an optimized waveguide grating. While the
technological questions are discussed later in that section, first, an empirical study on
waveguide gratings with t; < 0.1 ¢, is performed to identify the correlation between the
propagation length and the waveguide thickness. This empirical study yields the following

correlation between the propagation length and the grating thickness.

L 1
p)rLop o« —
tg

As shown in Figure 4.4a, for the TE; mode and x4, = 1.0, the scaling parameter is p = 6,
which means that the propagation length of the TE; mode scales with tg‘6. In contrast, the
propagation length of the TE, mode at x4, = 0.0 and x4, = 1.0 as well as the TE; mode at
Xgp = 0.0 all scale with p = 2. These different dependencies likely arise because the radiative
loss rate a of the grating scales with t2, while the filling factor scales approximately with tg
for the TE; mode at x4, = 1.0, and tg} in the other case. These scaling rules remain valid up
to a grating thickness of around tg/tWG ~ 0.39. Figure 4.4a also shows that the TE, at x4, =
1.0 is advantageous as long as the grating is thin compared to the overall thickness, which in
turn has to be thick enough to support the TE; mode. The latter argument leads to a further

investigation, which focuses on the requirements for the waveguide grating thickness ty, ;.
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Figures 4.4c and 4.4d show L”% and A@ as functions of ty,;/A at a fixed t;, = 0.079 A. For

Lprop
A

the TE; mode at 4, = 1.0, is significantly larger than in all other cases, across all values

of ty /A above the cut-off of the mode. Thus, as long as t, is small relative to ty,; and at the
L

same time ty,; is large enough to support the TE; mode, the propagation length % are

comparatively large and the divergence angle A8 are comparatively small across a broad

range of grating thicknesses t;.
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Figure 4.4: a) The normalized propagation length Ly, /A; b) the divergence angle of the TE,
mode (black) and TE, mode (red) under variation of the normalized grating thickness t, /A for
Xgp = 0.0 (dashed lines) and x4, = 1.0 (solid lines) with a fixed normalized waveguide
grating thickness t ; + tz, = 0.632 A, ¢),d) Corresponding plots under the variation of the
normalized waveguide grating thickness ty,;/A with a fixed normalized grating thickness

t, = 0.079 A
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To emphasize the role of these characteristics in an optical application scenario, it is
convenient to compare the absolute propagation lengths of the different modes supported
by the waveguide grating. The TE; mode at y,,, = 1.0 for a wavelength A = 632 nm, which
is a typical laser wavelength (e.g. of He-Ne gas lasers) often used in optical experiments, and
a grating thickness t; = 50 nm. For these parameters, the propagation length L., reaches
7.6 cm. This means that the light can propagate inside the waveguide over macroscopic
distances. In contrast, for the TE, at x4, = 0.0, the propagation length is only 110 um. To
match the propagation length of the TE; mode at x4, = 1.0, the grating thickness would
need to be reduced to only 0.88 nm, which in practice corresponds to the thickness of only a
few atomic layers. For comparison monolayers of common 2D materials such as graphene or
molybdenum disulfide (MoS,) are only 0.34 nm and 0.65 nm in thickness or interlayer
distance, respectively.!'2113 Therefore, using the TE; mode in a symmetric waveguide grating,
in which the node position of the mode and the grating are well aligned enables large

propagation lengths, while keeping stack parameters in a technologically feasible range.

While the potential advantages of the TE; mode, particularly in relation to technological
considerations, have been mentioned, another crucial step in examining this concept is
investigating the broadband behaviour of the waveguide grating. In many optical applications,
it is desirable not only to operate the system at one specific wavelength but to achieve good
performance across a wide spectral range. This is especially important in the context of
integrated optical systems, where (different) semiconductor lasers are typically used instead
of gas lasers due to their compact size, compatibility with semiconductor technology, and
lower costs. Therefore, the broadband propagation properties of both modes (TE; and TE,)

will be examined in the following.

Figure 4.5a shows the dispersion relation for the TE; mode at x4, = 1.0 and the TE, mode

at ygp = 0.0, with all other geometric parameters held constant compared to the results

L 0
shown in Figures 4.3 and 4.4. Notably, the TE; mode exhibits large propagation lengths %,

ranging between 10* and 10°, over a broad spectral range from tL = 0.9 and ti = 2.0.
wa waG

The reason for this behaviour is the symmetry of the waveguide grating, which forces the

node of the TE; mode to remain aligned with the central plane of the waveguide grating.

45



As a result, regardless of the wavelength, a similar situation to that described in Figure 4.3

. 2 . .
persists as long as — remains in a regime below the cut-off for the TE; mode. In contrast,

twe
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Figure 4.5: a) The dispersion relations and propagation lengths of the TE, mode for y 4, =
0.0 and the TE, mode for x4, = 1.0 at fixed geometry parameters x, = 1, 8, is the external

out-coupling angle; b) Dispersion relations and propagation lengths for an asymmetric

geometry with x4, = 091, x, = 1.03 for both the TE, mode and TE; mode with e~

ta1t+taz

0.045.

For an asymmetric geometry (x4, # 1.0 and x;,, # 1.0), the TE; mode exhibits a maximum

L 0 . o e . .
propagation length % of approximately 10° at a specific tL = 0.96, as shown in Figure
wa

4.5b. Since the waveguide grating stack is no longer mirror symmetric, the node position of
the TE; mode is not inherently aligned with the grating anymore. However, the node position
shifts in growth direction as a function of the wavelength, and thus at a fixed wavelength as

Lprop

a function of the symmetry parameters. The maximum is observed when the filling factor

(FF) is minimized. From the technological perspective this is a very important finding, as
influencing the optical symmetry could enable control over the propagation length, and thus
over the coupling behaviour of light into free space. Since a dynamic change in layer thickness
(geometric symmetry) does not represent the most intuitive form of influence from a

technological standpoint (however a promising implementation for this will be presented at
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the end of this thesis), the focus will first be on investigating the effect of Rl symmetry y,, on
the mode propagation length. In practice, the refractive index, and also the thickness, of a

layer can change based on a variety of effects.

For example, a change in Rl or thickness can arise due to the physical adsorption of molecules
on the waveguide surface (mainly thickness change), via NLO effects, such as the Pockels or
Kerr effect (only refractive index change), or a change in temperature (both Rl and thickness

change).
4.1.3. Sensitivity to asymmetric refractive index changes

In this last part of the section 4.1, the sensitivity of the waveguide grating to an asymmetric
change in the refractive index at yg,, = 1.0 will be investigated. Specifically, this refers to
varying ng;, while keeping ng, fixed at 1.5. For this study, the grating thickness is set to t; =
1.5 - 107324, while all other geometry parameters remain identical to those in Figures 4.3 and
4.4. This configuration enables to assess how sensitive the waveguide grating is to asymmetric

refractive index variations.

Two simulation parameters are of interest in order to investigate the sensitivity of the

waveguide grating. First, for small changes of the refractive index, the figure of merit

1 aLprop (ndl)

FoM =
? (ndl) Lprop(ndl) andl

provides a measure (in this thesis referred to as performance) for the sensitivity. However,
for more practical considerations, the refractive index is commonly switched between two

distinct values with a difference of An. The sensitivity can be defined by

S, = Lprop(ngs+An)
An —

Lyprop(ng1) !

here for An = 1-107%, as this is a typical value for RI changes caused by the Pockels

effect11411>

Figure 4.6 shows the propagation length Lp%, the figure of merit (FoM), and the sensitivity
San as functions of ngy for both the TE, and TE; modes. Similar to the variation of x,,
Lprop

discussed in Figures 4.3 to 4.5, the TE; mode exhibits remarkably high values of —
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reaching up to 10'? when y,, approaches 1.0. Notably, L”% for the TE; mode is highly
sensitive to changes in ngq, as shown in Figure 4.6a. In contrast, the TE; mode shows almost

L
constant propagation lengths of % around 103.
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Figure 4.6: Sensitivity to asymmetric refractive index changes. a) The normalized propagation
length; b) Figure of Merit (FoM); c) Sy, of a waveguide grating with t; = 1.5- 1073 A and

asymmetric refractive index changes (n4, is varied and ng, is fixed at a value of 1.5).

The FoM for the TE; mode reaches values as high as 2 - 10%, while the maximum FoM for the
TE, mode within the displayed range is only 5.6. This vast difference in FOM is primarily due

Lprop

a when asymmetry is introduced for the TE; mode.

to the significant decrease in
Regarding the sensitivity Sy, displayed in Figure 4.6c, for a refractive index change ofAn =
107*, the TE, mode shows values of Sy, close to 1. However, the TE; mode exhibits a peak
sensitivity at y,, = 1.0, reaching a much higher value of approximately 1.5 - 10°. The choice

of this interval is based on practical reasons. In many Pockels materials, this falls within the
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order of magnitude at which the refractive index can be changed before the material's

breakdown field strength is reached or saturation effects occur.

In comparison, previous literature reports on propagation length sensitivity to refractive
index changes show FoM values around 3 and S,,, ® 1.005, which demonstrates the potential
of node aligned waveguide gratings for sensitive optical applications. Furthermore, from the
results discussed in this section 4.1 it becomes clear that the strong dependence of the light-
grating interaction on the symmetry is the main mechanism behind the high sensitivity.
Consequently, optimization would require the ability to fully avoid the interaction with the
grating in the symmetric case. However, this is not possible using TE; in the demonstrated
configuration of a waveguide grating, as although the filling factor can be very small but can
never completely vanish due to the finite grating thickness and the node being just a singular
position. A widely discussed phenomenon in the recent literature that allows for a completely
vanishing interaction with the grating are the so-called bound states in the continuum (BICs).
BICs have been reported across a variety of physical disciplines, including quantum

mechanics!!®, acoustic''’, and more recently also in optics'08118-120,

The principle behind this is essentially the destructive interference of all waves that would
radiate into free-space (radiative loss channels), resulting in a mode that is fully bound to the
waveguide. Thus, the propagation length of such states is infinite. This is in contrast to the
casein 1) in this section, where also fully bound modes can be generated, however in absence
of any grating. The BICs exists despite the presence of a grating. Usually these conditions of
destructive interference of all loss channels are only fulfilled at singular positions in energy
and momentum. Thus, BICs are commonly considered singularities. Taking into account
Heisenberg’s uncertainty principle, this singular nature renders BICs often difficult to utilize
for practical purposes. However, proof-of-principle reports can already be found in the

121

literature including applications such as lasers'??, and sensors??,

In addition to these promising approaches, the focus of this thesis will be on developing
strategies, particularly focussing on ease of fabrication, facile implementation in realistic
application scenarios as well as broadband operation, which all seem to be typical obstacles

in modern BIC research.
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4.2. The Phenomenon of Zero Diffraction and its Opportunities

for Broadband Switching of Light

(The following section is based on journal paper 5 of the publication list.)

In the last section, the minimized interaction of a node mode with the grating inside a slab
waveguide has been utilized to reduce waveguide losses and to create a sensitive optical
waveguide structure. In this next section, the idea is to not only consider symmetric
waveguide gratings and illuminate them from one direction with a plane wave. Here, also the
illumination conditions shall be mirror symmetric with respect to the symmetry plane of the
waveguide grating. Once again, by using RCWA, it will be first investigated in the following
section whether such an illumination scenario can be of benefit for sensitive waveguides. The
basis for this idea is the following. In a symmetric waveguide, the field profiles of the modes
can be interpreted as standing waves created by the interference of plane waves with
symmetric incidence on the centre plane of the waveguide. For even (e.g. TE;) and odd
modes (e.g. TE;) in a symmetric waveguide, these waves exhibit constructive or destructive
interference at the centre plane, respectively. Based on this understanding, the symmetric
illumination of a stand-alone grating by a pair of plane waves could enable to control the
diffraction efficiency by adjusting the relative phase between the waves. In the picture of
section 4.1, the node position would shift dependent on the relative phase between the two
plane waves forming the mode. Recent papers also report such behaviour in somewhat

similar configurations.?3

To prove this hypothesis, the propagation lengths L, 750 and Lyyop 751 fOr the TEg and TE;
modes in a symmetric waveguide grating are investigated. As in the previous section, the
propagation length, which describes the distance over which the mode's intensity decays to

1/e, is derived from the imaginary part of the effective index.

In the first step, in contrast to the waveguides in section 4.1, the cladding layers are removed
from the waveguide grating, resulting in a stand-alone grating surrounded by two half-spaces
with refractive index of the core material (see Figure 4.7a). Simulations on this rather
academic case are performed with symmetric plane wave incidence with varying their relative

phase difference including two distinct cases.
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In one case, the relative phase between the two plane waves incident on the structure is set
to A® = 0, which results in constructive interference of the two waves at the grating. In the
other case, the relative phase is set to A® = m, which in turn results in destructive

interference at the grating.

By tuning the relative phase A® of the incident beams, the interaction strength of light with
the grating can be defined as the contrast C in diffraction efficiency ), since there is no mode
to determine a propagation length.
C = Imax.
Nmin
The first results displayed in Figure 4.7 show that this contrast C closely matches the ratio
Lprop,TEl/mep,TEO of the propagation lengths for the waveguide grating modes,
demonstrating a strong correlation between the phase-tuned diffraction efficiency and the
propagation properties of the waveguide modes. Small deviations, which are noticeable in
Figure 4.7a may arise due to the different momenta of the TE; and TE; modes. The contrast
observed under symmetric incidence at a stand-alone grating of thickness scales as tg‘*. As a
result, achieving high contrast requires a very thin grating. However, decreasing t, also leads
to a decrease in the maximum diffraction efficiency 1,4, @an issue which is closely related to
the one discussed in the previous section 4.1, including the technological challenges. Thus,

the goal is to balance the trade-off between contrast and efficiency.

Figure 4.7b illustrates the geometry of the stand-alone grating used for the RCWA
simulations, alongside the contrast map C = M;qx/Nmin Shown in Figure 4.7c. The thickness
of the grating has been chosen to be relatively thick (£, = 200 nm) here to account for
practical feasibility in terms of technological implementation (compare with the waveguides
discussed in the previous Section 4.1). Comparing the waveguide grating under single plane
wave incidence with the stand-alone grating under dual plane wave incidence (Figures 4.7a-

c) allows for two conclusions.

The first conclusion is related to the drawbacks of the resonator. If present, the waveguide

grating acts as an optical resonator, supporting discrete waveguide modes, a fact that
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inherently limits the bandwidth. This bandwidth limitation is undesirable for applications

requiring broader tuning ranges.
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Figure 4.7: Simulations of the diffraction of a pair of plane waves at different loss-free
structures by RCWA. a) Ratio of the propagation length Ly,,,, of TE, and TE; modes at small
grating thickness t, compared with the contrast C = Nqx /Nmin Under symmetric dual plane
wave incidence (internal angle O.ore1 = Ocore, wavelength Ay = A,) on a stand-alone
grating; b) this stand-alone grating at t, = 200 nm; c) contrast map over wavelength and
internal angle showing that destructive interference at the grating alone does not enable high
contrast; d) waveguide grating with e) contrast map corresponding to the waveguide from d);
f) leaky waveguide grating with g) near-elliptical curves of infinite contrast (not observed for

a stand-alone grating).

In contrast, without the cladding layers (Figures 4.7b and 4.7c), there are no internal back
reflections, and therefore, no resonator effect. As a result, the diffraction efficiency 1 can be
tuned over a wide range in energies (wavelengths) and momentum (incident angles), without

being restricted by resonant conditions.
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This allows for more flexible tuning in simpler geometries. However, this optimized switching
performance in a stand-alone grating comes with a trade-off. In practice, achieving perfectly

symmetric illumination conditions with two light beams is highly challenging.

Therefore, from the practical perspective, the symmetric waveguide grating offers a distinct
advantage: it can be excited from just one side. Internal reflections within the waveguide
subsequently create symmetric wave patterns that automatically align with the grating, which
significantly simplifies the optical setup in an experiment. Exactly this point leads to the
second conclusion—the benefit of the waveguide. The internal symmetry facilitated by the
waveguide makes it easier to achieve symmetric illumination conditions without the need for

complex illumination schemes.

Based on these two conclusions, the two approaches are now combined. Thus a waveguide
grating under symmetric illumination by two plane waves is investigated, similar to the setup
in Figure 4.7b. The geometry for this configuration is shown in Figure 4.7d. As expected,
maximized diffraction occurs at A® = 0, while minimized diffraction is found at A® = .
Compared to the stand-alone grating, the contrast is improved (average contrast of C = 41
instead of C = 24) but remains somewhat limited, as shown in Figure 4.7e. The increased
contrast is observed only along resonant waveguide modes, which shows the inherent

bandwidth limitation of a resonator.

To overcome this limitation, in a third step, the waveguide grating is transformed into a leaky
structure (see refractive index profile in Figure 4.7f). In this modified design, the former
cladding layers are reduced to thin buffer layers, and a high-index ambient medium is
introduced on both sides of the waveguide. This leakiness may enable greater interaction

between the waveguide modes and the environment, supporting the levelling of the waves.

As a result, the average contrast is now significantly increased to C = 4.2 - 10° (Figure 4.7g).
It should be noted here that the average contrast depends on the resolution of the contrast
plot, because of the influence of the infinite contrast along the ellipses. Nevertheless, the
average contrast representation illustrates that the approach of introducing leakiness offers

advantages including a more efficient and tuneable diffraction performance.
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These advantages are promising for overcoming the bandwidth limitations observed in fully
confined waveguides. Remarkably, along curves with a near-elliptical shape, the contrast
converges to infinity. As shown in Figure 4.7, this phenomenon is not simply the result of
standard destructive interference. Achieving infinite contrast requires a leaky waveguide

grating.

To further investigate these near-elliptic contrast features, one of them is examined in more
detail. Figure 4.8a shows the contrast map in the area marked by the green dashed rectangle
from Figure 4.7g. Then, a line cut of that near-elliptic feature at A = 600 nm is displayed in
Figure 4.8b, along with the maximum and minimum diffraction efficiencies 1,4, and Ny iN
Figure 4.8c. At two distinct positions in momentum (on the near-elliptic feature), the
minimum diffraction efficiency tends to zero, causing the contrast to theoretically reach
infinity. This means that any line cut through the near-elliptical curve will contain two

singularities, where the diffraction can be tuned to zero for A® = 7.
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Figure 4.8: A near-elliptic curve of infinite contrast. a) Contrast C = NWyax/Mmin Of the leaky
waveguide structure; b) line cut at A = 600 nm (dashed green line in a); ¢) minimum 1, and

maximum N4, diffraction efficiency.

Interestingly, at these points of infinite contrast, here the diffraction efficiency can still be
relatively large by adjusting the relative phase (14 = 0.23 and 7,4, = 0.19 at the two

intersections with the near-elliptic curve).

The reason for that behaviour lies in the levelling of the waves within the leaky waveguide
grating, which causes a symmetrisation of the scattering matrix representing the waveguide

grating.

54



As a result, the waveguide grating behaves similar to a stand-alone grating, while exploiting
the benefits from a waveguide. A detailed mathematical description of these phenomena can

be found in the supporting information of journal article 5 of the publication list.
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Figure 4.9: Simulations of the more realistic experimental conditions using Gaussian beams in
a geometry for realizing dual plane wave incidence. a) Mirror-symmetric geometry of the
proposed sample with lithium tantalate (LiTaO3) serving as Pockels material to tune the phase
and a silver grating in the center of a polymer waveguide grating; b) several interactions with
the waveguide grating under single Gaussian beam incidence with external angel 0,,;:
levelling of amplitudes (red beam), trapping by switching the relative phase to A® = m via the
Pockels effect and several interactions of the trapped beam (green beam); c) contrast map
after one interaction; d) after 100 interactions; e) after an infinite number interactions of the

light beams (plane waves) with the garting.

In the next step, further simulations are intended to describe more realistic conditions for a
subsequent experiment, thereby determining the experimental requirements for the
practical characterization of the phenomena described above. First, a symmetric waveguide
grating is required. In the experiments, an optimal symmetry is achieved using a silver grating

fabricated by transfer printing®®.
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Therefore a thin silver grating with t; = 30 nm instead of a lossless dielectric grating is used

for these simulations. All other parameters are identical to the leaky waveguide structure

discussed before.

The next practical challenge is achieving perfectly symmetric dual plane wave incidence. As
previously discussed, a symmetric waveguide naturally levels the waves, generating internal
symmetric plane waves. To exploit this, we position the leaky symmetric waveguide grating
at the centre of an outer nonlinear waveguide (see Figure 4.9a). This outer waveguide is
composed of two LiTaOs wafers with equal thicknesses (500 pum). The normal vector of the
wafer surface is parallel to the c-axis of the LiTaOs crystal. This means, as explained in the
fundamentals chapter, that by applying an electric field in normal direction to the wafer, the
Pockels coefficients 173 and 133 are addressed. Via the polarization, in this case TE, the
effective Pockels coefficient in the experiment is ;3. The Pockels coefficient ;53 of these
particular wafers has been measured using a Mach-Zehnder interferometer resulting in ;3 =
8.4 pm/V. However, only the Pockels material surrounding the waveguide grating is not
sufficient. The orientation of the wafers is opposite with respect to the c-axis (Z+ and Z-
parallel to the growth direction). This means that opposite refractive index changes of +An
and -An are created when an external electric field is applied across the entire waveguide

stack. This enables to tune the relative phase A® between 0 and .

However, under plane wave incidence, the outer nonlinear waveguide would act as a
secondary resonator, limiting bandwidth and thus significantly reducing the contrast. To
overcome this, the outer waveguide must be excited using a single Gaussian beam with a
diameter smaller than the total waveguide thickness. Each Gaussian beam can be viewed as
a superposition of plane waves, and by covering a momentum range, the overall switching

contrast can be calculated by averaging the plane wave solutions obtained via RCWA.

The beam, which is coupled into the device via diffraction, levels upon multiple interaction
with the grating, forming two perfectly symmetric Gaussian beams that intersect at the
position of the leaky waveguide grating. Hereinafter, these intersections are referred to as
"dots" because of their visual appearance in the far-field, as shown in the experimental results
later in this section. Through partial transmission and reflection at the waveguide grating, the

beam amplitudes equalize after a few interactions.
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Importantly, the beams do not show interference within the outer nonlinear waveguide
because the dots are spatially separated. This allows the waveguide to enable levelling

without functioning as a resonator.

In the second step, the relative phase of the dual beam is switched by A® = 1 via the Pockels
effect, resulting in minimized diffraction. Consequently, the dual beam remains trapped
within the waveguide and does not exit by diffraction. This behaviour occurs not only at the
first dot but also at all subsequent dots. After the phase switch, the generated dual beam is

drawn green instead of red in Figure 4.9b, indicating its confinement to the waveguide.

In the last step, the resulting contrast is investigated when the trapped dual beam is de-
trapped by another phase shift of m (A® = 0), which maximizes the diffraction efficiency at
the waveguide grating. Figure 4.9c shows the contrast map of the de-trapped dual beam at
the first dot. Interestingly, this contrast map is strongly influenced by the number of dots that
are considered. This phenomenon can be explained by the relationship between spatial and
momentum uncertainty. In the radiative state, the beam is localized to only a few dots,
leading to a relatively broad range of momentum or angle. Conversely, in the trapped state,
the beam is confined between the trapping and detrapping positions, causing the beam's
momentum to become more defined with longer propagation, resembling a plane wave (as
indicated on the right side of Figure 4.9b). Accordingly, Figure 4.9e has been simulated
assuming only two plane waves. Notably, similar near-elliptic regions of infinite contrast are
observed, as seen in Figures 4.7g and 4.8, even though a silver grating is used instead of a

lossless dielectric grating.

In summary, the device concept shown in Figure 4.9a theoretically enables symmetric dual-
plane wave incidence with controlled phase on a leaky symmetric waveguide grating. While
plane wave excitation ideally requires infinite lateral dimensions, Figure 4.9 demonstrates the
performance of a real device with finite dimensions. The transition from Figure 4.9e to Figures
4.9d and 4.9cillustrates how spatial localization averages the ideal contrast map over a larger
momentum range, reducing contrast for the Gaussian dual beam. Remarkably, even when
detrapping occurs immediately after trapping (Figure 4.9¢), a high contrast of 102 to 10* is
achieved over a wide spectral range, both in terms of energy (wavelength of the Gaussian

beam) and momentum (external excitation angle).
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The fabricated device, as described in Figure 4.9a, is now shown in Figure 4.10. After
diffraction into the waveguide, the beam is split by the waveguide grating and levelled to
create symmetric dual beam incidence. Figure 4.10 highlights two phase-switching events as
explained earlier. To facilitate this, tip electrodes are placed between selected dots at the
positions marked by an ‘x’. These electrodes control the diffraction efficiency of the Gaussian
dual beam. When no diffraction occurs, the dual beam remains guided and trapped within
the outer nonlinear waveguide. Conversely, diffracted beams fall at an angle below the critical
angle for total internal reflection, allowing them to exit the lithium tantalate. In this way,

diffraction enables the dual beam to be de-trapped as it leaves the device.

Figures 4.10a and 4.10b show the switching between the trapped and de-trapped states. The
two electrodes are set to the same potential and shift the local phase by A® at each position
x. In Figure 4.10b, the dual beam is diffracted at a global phase value of A® = 0, making all
the dots visible in the far-field and projected onto a diffusive screen. In contrast, Figure 4.10d
shows the case where a local phase shift of A® = m is applied at both electrode positions
marked by ‘x’. After the first phase shift, the dual beam is trapped, propagating largely
undisturbed through the waveguide despite of the presence of the grating in the ideal case
like a BIC. The phase shift at the second electrode then causes de-trapping, resulting in the

dual beam being diffracted once again.
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Figure 4.10: Experimental realization of the leaky waveguide grating with phase control by a
Pockels material. a, b) a global phase value of A® = 0 and diffraction at every interaction
projected on a diffusive screen (inset); c,d) A® = m between both electrode positions, marked

by an x” and no diffraction between the electrodes (dots 1...4).

The electric field is applied by two tip electrodes on the one side of the waveguide stack
(marked by an x) and a water electrode, which is large compared to the tip electrodes on the
other side. First, a single laser beam is in-coupled by a grating, (6,,:=35.5 °and 1 = 532 nm),

the symmetric dual beam is then formed inside the waveguide as shown in Figure 4.9b

As a result, the dots appear dark between the electrodes (indicating the light being trapped)
but become bright again after the second electrode (indicating the light being de-trapped
again). Figure 4.10d demonstrates that even when the Gaussian dual beam is trapped, it
continues to transport optical power effectively, showing the potential of this phase-

switching mechanism for controlling the geometric path of light within the waveguide.
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From a technological perspective, this is certainly a very promising finding, as new ways are
being sought in optical interconnection technology to control the geometric properties, such
as the propagation direction. The focus in such devices is primarily on very short switching
timescales in combination with high switching contrast covering a wide angular range. In
many modern implementations, compromises are made, for example, in terms of speed (in
mirror-based mechanical systems) or in angular range (in systems based on nonlinear

waveguides).

To verify the contrast of the described device, we measured the detrapped power as a
function of the globally applied electric field strength using water electrodes (Figure 4.11a).
These electrodes offer two key advantages: first, they prevent measurement errors caused
by scattering from electrode edges, and second, they enable the application of a

homogeneous external electric field E perpendicular to the device surface.
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Figure 4.11. Experimental results on the high contrast electrical switching of light. a)
schematic sketch of the experiment with water electrodes on both sides and global phase
control; b,c) normalized measured (solid line) and simulated (dashed line) optical power signal

in diffraction direction for red (632.8 nm) and green (532 nm) light.

Simulations were conducted using finite beam rigorous coupled-wave analysis (FB-RCWA),
assuming Gaussian beams with a 500 um diameter, which matches the laser beam used in
the experiments. The simulation considers L dots outside and m dots inside the region of the
homogeneous electric field. The contrast at dot m is then calculated and compared with the

experimental data.
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The schematic setup for high-contrast switching of light is shown in Figure 4.11a. For contrast
measurements of the fabricated device, two exemplary continuous wave (cw) lasers: 1 =
532 nm and 4 = 632.8 nm (a Nd:YAG solid state laser and a He-Ne gas laser) are used. The
diffracted power could be controlled, achieving a maximum contrast ratio of C = 511 for A =
532 nmatL = 4,andm = 13 (see Figure 4.11b), and C = 1236 for A = 632.8 nmatL =1,
and m = 15 (Figure 4.11c). The observation of high contrast values despite the small L values
suggests that the amplitude levelling occurs across just a few interactions with the waveguide
grating. This rapid levelling is a consequence of resonances excited within the waveguide

grating.

In addition to applications using continuous-wave (CW) lasers, there is significant interest in
using broadband light instead of monochromatic light for several applications. Broadband
light sources include not only classical incoherent white light, such as sunlight, but also lasers
that produce ultrashort light pulses. Femtosecond laser pulses have a substantial spectral
bandwidth of several nanometers. For instance, a 100 fs pulse at 800 nm centre wavelength
has a bandwidth of approximately 5 nm, as determined by the time-bandwidth product!?* For
extremely short pulses, on the order of just a few femtoseconds (comparable to only a few
oscillation periods of the electromagnetic wave), the spectral bandwidth can extend to
several tens or even hundreds of nanometers in the visible spectrum, essentially creating

some kind of "white” laser light.

The ability to switch such broadband laser pulses fast and with high contrast would open up
entirely new technological possibilities for numerous applications. To explore this potential,
a series of proof-of-concept experiments that demonstrate the broadband nature of the Zero

Diffraction phenomenon have been conducted.

In an initial experiment, a tunable femtosecond laser system was used. This system is based
on a titanium-sapphire femtosecond laser with a pulse duration of 140 fs. The spectral width
at a wavelength of 800 nm is approximately 10 nm. Using an optical parametric oscillator and
frequency-doubling crystals, laser pulses can be generated across a wide range, from the UV
region to the mid-infrared. Due to dispersion, the pulse duration in the UV-Vis range is around
200 fs, with a spectral width of approximately 5-10 nm. The experiments here have been

conducted across various wavelengths in the visible spectrum, ranging from 480 to 640 nm.
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As shown in Figure 4.12, interaction spots with the central waveguide grating (dots) are
visible, similar to the results observed under cw (continuous wave) illumination. In this
experiment, water electrodes were used again. When an electric field is applied, significant
changes in the brightness of the dots can be observed, again similar to the experiments with

cw lasers. However, there are two important differences.

First, it was observed that the electric field strength required to switch a dot from the state
of zero diffraction to maximum coupling decreases as the dot index m increases. In simpler
and more practical terms, dots with higher m blink at a higher frequency as the electric field
strength increases compared to those with lower m, where here the term blink refers to
repeated switching of a dot’s optical appearance between a dark state (zero diffraction) and

a bright state (maximum out-coupling) as the electric field is increased.

The second difference is that, unlike the experiments with cw illumination, no diffraction is
observed. The dots do not result parallel laser beams that can be projected onto a scattering
screen. Instead, they seem just to scatter light. One possible reason for this is the decreasing
functionality of the waveguide grating as a resonator. Due to the extremely short pulse
duration, the pulses have a spatial extension of only about 40-60 micrometers (for 140 fs —
200 fs pulse duration). So the laser pulses may not show maximum self-interference inside
the waveguide grating. However, at this stage this explanation could not be verified by

additional experiments yet.

In summary, these experiments still confirm that the proposed phenomenon can be observed
over a broader range of wavelengths beyond the two cw wavelengths presented above. The
experiments demonstrate the ability of the device to switch optical signals with higher

spectral bandwidths (5-10 nm) compared to the narrowband cw lasers used previously.
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Figure 4.12: Experiments on waveguides showing Zero Diffraction using femtosecond laser

pulses at various centre wavelengths across the visible spectrum.

This capability is particularly remarkable when compared to many established phenomena
such as BICs, which, due to their singular nature, are inherently unsuitable for switching light
of finite spectral bandwidth. Therefore, these findings highlight the versatility and potential
of zero diffraction for light switching and modulation technologies. If we continue along the
path of increasing bandwidth, it becomes quite clear which type of light source will be tested

in the final experiment: a continuous-wave (CW) white light source.

For these experiments, a laser-pumped Xenon plasma white light lamp is used, which has the
advantages of its high optical output power and high radiance (power per area and solid
angle). Unlike lasers, most white light sources exhibit a small coherence length (typically on
the order of a few micrometers), usually making them less suitable for resonant, interference-
based optical phenomena. However, in Figure 4.13, the zero diffraction waveguide is shown
again from a similar perspective as in the previous figure, but now with white light coupled

into it.
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Figure 4.13: Experiments on the described waveguide using (incoherent) white light.

An interesting observation is that while the dots are still visible (though stretched more in the
vertical direction due to the beam shape), they seem to blur together, probably due to
dispersion. While the scattered light appears white at the beginning (low m), more spectral
components of the white light become visible for larger m. At high m, only violet light is
scattered, with the remaining spectral components are likely already fully out-coupled. When
an electric field is applied to the waveguide, it is observed that the distribution and colour of
the scattered light change significantly, especially at high m values (see Figure 4.13c-f). The
experiments demonstrate that the propagation properties can be significantly influenced by
the applied voltage. This suggests that the waveguide could also be suitable for switching
light, such as for trapping and de-trapping. This capability would be particularly exciting for
applications in concentrated photovoltaics. A more detailed discussion of this point is

provided in Chapter 7.
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4.3. Chapter Summary

In summary, this chapter has introduced photonic waveguide structures designed to exhibit
highly sensitive interactions between light and an optical structure in response to an external
stimulus. Such a stimulus could be, for example, a change in the thickness of one or more
waveguide layers, or a change in their refractive index. The goal is to develop optical
waveguides for promising applications including sensing, optical modulation and switching,

as well as optical interconnects e.g. for quantum technology.

First, the TE1 node modes and their properties in symmetric waveguide gratings were
introduced. In this configuration, it was demonstrated that there are significant advantages
in terms of sensitivity compared to other modes (TEo) and asymmetric waveguide geometries.
However, one drawback is the limitation of sensitivity due to the finite thickness of the
grating. Optimization can essentially only be achieved by further reducing the grating
thickness, which is limited when approaching a single atomic layer. Also, the maximum

interaction efficiency will strongly decrease for such ultra-thin gratings.

In the next step, these drawbacks were addressed to develop a concept that introduces an
additional symmetry condition (regarding illumination) and, on the other hand, the leakiness
of the waveguide grating. As long as the outer waveguide maintains its (total) reflective
properties of a waveguide but is thick enough to avoid resonances, this results in a system
with several advantages. These advantages lie particularly in using Gaussian beams enabling
the (fast) switching of monochromatic laser light, as well as short laser pulses and even

incoherent white light using the Pockels effect.
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Chapter 5

Sensitive Plasmonic Waveguide Structures

In the previous chapter 4, optical waveguides were introduced whose sensitivity is based on
photonic waveguide effects. This also includes waveguides designed for zero diffraction
despite the incorporation of silver, because only TE polarization has been used. Thus,
plasmonics effects do not contribute. The principle behind these concepts in Chapter 4 is to
achieve large propagation lengths (low-loss propagation) of light in the waveguide, which
then show high sensitivity to optical symmetry changes of the waveguide. However, due to
these large propagation lengths and, in the case of zero diffraction, the requirement to avoid
self-interference in the outer waveguide layers, these concepts are in the current stage rather
suitable for macroscopic waveguides applications. Although, there are already promising

miniaturization approaches by avoiding self-interference also in thin layers.??>

A very common miniaturization approach lies in the use of plasmonic effects. As introduced
in Section 2, plasmons enable strong localization of electromagnetic fields in nanoscale
structures and are therefore of high interest in integrated optical applications*?. This
confinement can also lead to a significant local field enhancement by several orders of
magnitude®2. This is particularly beneficial when aiming to utilize NLO effects*3, also with
relatively low optical power, which can be found in reports in the literature'?®. Beyond the
confinement capabilities, plasmonics often offer significant advantages in terms of the
necessary fabrication processes. For instance, a simple surface plasmon resonance (SPR)
sensor essentially requires only one thin planar metal layer, when using prism coupling
(Kretschmann configuration).*® However, plasmonics generally has the drawback of high
ohmic loss of conducting materials, despite the wide range of commercialized applications, in
which these limited propagation lengths can be tolerated*?. Typical propagation length of a
surface plasmon polariton (SPP) at a silver-air interface is just a few tens of micrometers and

the sensing performance is often rather limited.*?

A highly promising approach to solving this problem is the two-dimensional arrangement of

plasmonic nanoparticles to create a plasmonic metasurface. In these systems, which are
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typically quite complex to fabricate, sharp resonances have been observed across various

metasurface designst?’1%,

This section presents the results of plasmonic metasurfaces fabricated via the growth of silver
nanoparticles (AgNPs) using a particularly facile method, the electroless deposition (ELD)
technique, which has been introduced in chapter 3. The ELD technique will be investigated as
a flexible, bottom-up approach for fabricating optical metasurfaces, which can exhibit
features of engineered disorder. Therefore, metasurfaces are fabricated under various
illumination condition, including the absence of controlled illumination, and their properties

are characterized in the context of different fields of application.
5.1. Disordered Hyperuniform Metasurfaces

(The following section is based on journal paper 7 of the publication list.)

In this first section, the focus will be on the properties of metasurfaces fabricated both in the
absence of illumination and under photonic excitation (direct illumination with light). In the
first step, the ELD solution prepared according to section 3.1.1 is disposed on a glass substrate
and the deposition of AgNPs is performed without illumination (in darkness). The deposition
procedure is illustrated schematically in Figure 5.1a. After drop-casting the ELD solution onto
the glass substrate the deposition is performed for a duration 20 minutes. After the
deposition, the ELD solution is carefully removed from the surface using a pipette, and
subsequently the sample is loaded into a de-ionized (DI) water bath to remove residues of the

ELD solution.

After the cleaning step, the resulting metasurface is analyzed using scanning electron
microscopy (SEM). A typical SEM image of a metasurface fabricated in darkness is shown in
Figure 5.1b. The AgNP distribution shows a high particle density, with an average particle

radius of approximately 41 nm, as depicted in the histogram shown in Figure 5.1c.
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Figure 5.1. Overview of the metasurface fabrication process. a) A schematic illustration of the
fabrication procedure; b) A typical SEM image of the resulting metasurface; c) Histogram
depicting the size distribution of particles; d) k-space representation of the SEM image (here
spectral density xs(k)) from (b), revealing the disordered hyperuniformity of the particle

arrangement (the unit is um).

Although the particle assembly may appear random in the real-space SEM image, the spectral
density, which has been derived from the SEM image (Figure 5.1d), reveals an engineered
disorder. The characteristic ‘donut’ structure (bright region in Figure 5.1d) in the reciprocal

space is typical for disordered hyperuniformity (DHU), which is defined by
Il(lz)r(l) Xs(k) = 0.

While the general Fourier transformation is commonly used to analyse the surface
morphology of nanostructures, the spectral density xs(k) provides a more practical tool for
evaluating disordered hyperuniformity, following theoretical literature reports on the DHU in
two-phase media.?**3! The characteristic of the metasurface in the reciprocal space plays a
crucial role for its optical application. The reason for this is that the reciprocal space
properties are directly linked to the scattering behaviour of the metasurface®. This results in
a spectrally selective scattering characteristic of the metasurface, thus the DHU metasurfaces

are used in light management in solar cells®1.82:132,
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Since the hyperuniformity metrics (as explained in section 2.6) including the position of the
maximum spectral density Xsmq, are of high interest especially in light management
applications, their control during the deposition process will be investigated in the following.
In conventional bottom-up fabrication techniques, the resulting DHU is primarily governed by
material composition and particle size, as is the case with self-assembly from suspensions®.
However, the fabrication method presented here offers the advantage of in-situ control over

the DHU by adjusting the deposition time as shown in the following.
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Figure 5.2: In-situ control of isotropic DHU during the deposition process. a) Spectral density
xs(k) after 10 minutes of deposition; b) after 22 minutes of deposition; c) after 25 minutes of
deposition; d) radial averaged and normalized spectral density, illustrating the evolution of
DHU as a function of deposition time. This progression highlights the ability to tune the DHU

characteristics via the deposition time.

Figure 5.2 shows the spectral density xs(k) of metasurfaces after 10, 22, and 25 minutes of
deposition. The maximum spectral density Xs mqx shifts from 3.3 um™ (a), to 4.6 um™ (b), and
7.8 um™ (c), demonstrating the tunability of the DHU throughout the deposition process. The
corresponding degree of hyperuniformity H is 0.62 (a), 0.26 (b), and 0.17 (c), reflecting the

improvement of hyperuniformity with deposition time. Figure 5.2d presents the radial
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average of the spectral density, further illustrating the shift in xs,4, as a function of the
deposition time. However, the DHU features observed in the reciprocal space are rather
broad and lack sharp transitions, which are typically necessary for a sensitive response of the
waveguide. Therefore, the next step will be to introduce an additional degree of freedom in

the process: the controlled illumination of the ELD solution during AGNP growth.

The metasurfaces are now fabricated under controlled illumination with laser light during the
AgNP deposition. The laser illuminates the sample at a perpendicular angle of incidence and
is circularly polarized. These conditions were chosen because a previous study found that
illumination with linearly polarized light at a non-perpendicular angle leads to anisotropic
features in reciprocal space, which are not compatible with the concept of (isotropic)

disordered hyperuniformity presented so fart®®,

Figure 5.3 shows the resulting metasurfaces using different laser wavelengths. The spectral
density plots (Figure 5.3d-f) here display a characteristic ‘dark’ disk around the origin. It can
be observed, that the radii K; of these disks can be tuned by the laser wavelength and scale
as K; = 1/A;, where A; is the material wavelength of the laser in the ELD solution, given by

Ai = Ao'i/nELD, with Ngip = 1.336.133

Figure 5.3: Stealthy DHU metasurfaces fabricated under incident light with varying

wavelengths. a,b) Metasurfaces fabricated under illumination with 660 nm wavelength light;
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c,d) Metasurfaces fabricated under illumination with 532 nm wavelength light; e,f)

Metasurfaces fabricated under illumination with 405 nm wavelength light (the unit is um).

In addition to the tunability of the DHU via the laser wavelength, compared to experiments
conducted in darkness, the dark disks represent an even stronger form of hyperuniformity—
stealthy disordered hyperuniformity. In stealthy DHU, the spectral density not only
approaches zero as k = 0, but vanishes within a finite circular region of radius K. The

condition for stealthy DHU can be formally expressed as:
xs(k) =0, 0<k<K

While theoretically, stealthy DHU requires the spectral density to be exactly zero within this
dark disk, in real experiments, achieving this is challenging due to imperfections, missing
structural elements, and finite size effects. Nonetheless, in this experimental work, it is

referred to as stealthy DHU, as the spectral density shows a broad minimum.

Stealthy hyperuniformity is particularly valuable in application compared to standard
disordered hyperuniformity (DHU) because it provides a sharp transition from high to low
scattering probability at a specific wavelength. This characteristic makes stealthy DHU not
only relevant for optical filters and light management but also promising for implementing

highly sensitive optical devices as intended in this thesis, using the ELD technique,.

One observable feature in the spectral density is a bright, thin line crossing the centre of
Figures 5.3b, 5.3d, and 5.3f, where the stealthy DHU condition is not fulfilled. Similar effects
were observed in experiments conducted in darkness (see Figure 5.1 and 5.2), indicating that
this phenomenon does not depend on the illumination properties. It could be found that this
artefact in the k-space correlates with the direction in which samples were removed from the
water bath. The effect also seems less pronounced for higher adhesion of AgNPs, such as
those deposited under blue light. Therefore, this artefact can be attributed to the sample un-
loading step. Previous research has shown that the morphology of AgNPs with low adhesion

can be influenced by humidity and water.%®

To further explore the opportunities provided by the light controlled growth of silver
nanoparticles for metasurfaces, in the next step, the focus will be on another type of

engineered disorder. So far, only metasurfaces with isotropic properties in reciprocal space
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have been demonstrated. However, there also exists another types of DHU, which is known
as anisotropic disordered hyperuniformity. This form of DHU, which has been described
theoretically before, exhibits DHU in only one specific lateral direction, while in the
perpendicular direction, DHU is absent!3*135, |n an earlier work, it was demonstrated that
features in reciprocal space, produced through light-controlled growth, can be shifted by
varying the incidence angle of light.%! This is because the Fourier transformation generates
signals at both positive and negative spatial frequencies, leading to the appearance of two
features symmetric with respect to the plane of incidence for non-perpendicular incidence

angles.

To achieve such conditions, a surface wave is now used as an incident wave — in particular
surface plasmon polaritons (SPPs). The experimental setup for SPP excitation, as shown in
Figure 5.4a, is implemented based on a Kretschmann configuration (prism coupling). First, the
glass substrates are coated with a silver film of about 45 nm thickness. Then, the samples are
mounted on top of the prism. A p-polarized laser is used to excited SPPs, showing a field
overlap with the ELD solution, which enables coupling between SPPs and localized plasmons
of the AgNPs during the growth. A more detailed description of the experimental conditions

can be found in section 3.3.

Figure 5.4b displays a typical SEM image of the resulting metasurface. The spectral density
shown in Figure 5.4c shows two dark disks, each of them similar to the results presented
earlier in this section, but now symmetrically shifted along the k,-axis. This shift, along with

the radius Kgpp of the disks, is now determined by the SPP wavelength, where:

1
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Figure 5.4: Light-controlled growth of metasurfaces via SPP excitation, resulting in anisotropic
stealthy DHU. a) A schematic of the experimental setup (side view) and a photograph
illustrating the top view. This configuration utilizes the Kretschmann setup to excite surface
plasmon polaritons (SPPs) at the silver/PMMA interface; b) A representative SEM image of the
fabricated metasurface; c) The corresponding spectral density, revealing anisotropic features
induced by SPP excitation. The spectral density displays two dark disks symmetrically shifted

along the k,-axis, characteristic of anisotropic stealthy DHU.

It can thus be concluded that metasurfaces can exhibit DHU when manufactured using the
ELD method without controlled illumination. However, it has been demonstrated that
controlled illumination provides additional control, enabling the creation of "stealthy" DHU.
Moreover, the radius K of the dark disk in the reciprocal space, which significantly influences
the scattering properties of the metasurface, can be precisely adjusted by the wavelength of
the light used. In the final part, an experimental realization of anisotropic DHU was presented,
showing that controlled illumination can be achieved not only with direct light illumination

but also through other electromagnetic waves, such as surface plasmon polaritons (SPPs).
5.2. Disorder Engineering for Robust Optical Sensors

(The following section is based on journal paper 8 of the publication list.)

The goal of this section is to build on the findings from the previous section, demonstrating
that light-induced growth of AgNPs can create metasurfaces with spectrally sharp features in
the reciprocal space, and to translate this insight into a proof-of-concept realization of an
optical sensor. The metasurfaces will therefore be fabricated in a similar way like for the
samples showing anisotropic DHU. However, one essential concept remains to be added to
process of implementation: utilizing the identical electromagnetic environment for both the
fabrication of the metasurface and its subsequent use. In practice, the idea is to fabricate the
metasurface under controlled illumination conditions with a specific light source and
subsequently utilize the very same light source for probing it as an optical sensing device.
Thus, after fabrication, the sample remains mounted in the setup without any further
alignments to the arrangement. The difference from previous experiments in terms of
experimental parameters lies in the deposition time, which has been reduced to

approximately 5 minutes in the experiments shown here.To implement this concept in an
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experiment, SPP waveguide samples have been fabricated using the method described in
Section 3.2. The thickness of the silver film was chosen at t,; = 54 nm. SPP excitation along
the Ag/PMMA interface is achieved using a Kretschmann configuration with a diode laser (A

=660 nm, P, = 70 mW) and a semi-cylindrical sapphire prism (see Figure 5.5).

The laser beam is first p-polarized using a linear polarizer, and the incident angle is carefully
adjusted to match the SPP resonance conditions, ensuring maximum photon-to-SPP coupling.
Here, these resonance conditions were found under an incident angle of @;,, = 54° for a laser
wavelength of 1; = 660 nm. In addition, the sample was covered by a flow cell to

continuously exchange the test analyte.
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Figure 5.5: Sketch of the ATR configuration, which is used for the excitation of SPPs with an
additional flow cell in order to change the Rl of the analyte. The setup enables identical

fabrication and probing conditions.

To initiate the nanoparticle deposition, a water-based electroless deposition (ELD) solution is
drop-cast onto the PMMA surface at the location of maximum optical power density (1,4 =
0.2 W/cm?). Throughout the deposition process, the reflected optical power is continuously
monitored with a photodiode-based optical power meter (Thorlabs S151C). The flow cell
contains two optical windows, so that the setup can be combined with the Michelson-
interferometer described in Section 3.5 and thus the change of the refractive index can be

monitored.

A simplified picture of the formation process of the metasurface can be drawn as follows.
Initially, surface plasmon polaritons (SPPs) are scattered by surface imperfections of the
planar films or randomly grown AgNPs. The scattered waves then interfere, and thus generate

localized spots of enhanced electromagnetic field intensity. At these locations (highlighted as
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red ellipses on the sample’s surface in Figure 5.6), the growth rate of AgNPs is increased due

to the energy delivered to the growing particles via absorption.

_ELD solution (ng,) -

-

incident light
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Figure 5.6: Graphical sketch of the simplified principle of plasmon-induced disorder-

engineering.

Although, the growth mechanism of the metasurfaces is not yet fully understood, it can be
sketched by nucleation theory. According to this theory, AgNPs can spontaneously nucleate
at random positions on the sample surface. However, at first these nanoparticles are
thermodynamically unstable until they reach a critical radius. In the subcritical phase,
particles compete with each other, and some may dissolve, as it is energetically favorable for
silver atoms to leave small subcritical particles. However, for particles with sizes exceeding
approximately 1 nm, localized surface plasmon (LSP) excitation becomes possible. These LSPs
can efficiently absorb light and thus energy can be transferred to the particles, promoting
further growth towards an overcritical size. Additionally, LSP excitation can enhance particle

adhesion to the surface, reducing the critical particle size locally.

While AgNPs can also statistically grow to a stable size, positions with efficient LSP
excitation—corresponding to local intensity hotspots—are energetically favoured for their
growth. In the present setup, LSP excitation is facilitated by SPPs. Phenomena such as gap
plasmons, which exhibit strong field enhancement within the dielectric spacer between silver
particles and a silver film, may contribute to the energy exchange between LSPs and SPPs,

thereby influencing the growth dynamics of the nanoparticles®7!.
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Returning to the simplified picture, once a nanoparticle exceeds the critical size, it becomes a
highly efficient scatterer of electromagnetic waves (both photons and SPPs), resulting in the
formation of localized intensity hotspots. This illustrates the capacity of this method for real-
time nanostructuring (depicted by white lines between AgNPs, indicating the formation of
some kind of network) to adapt to the electromagnetic environment, characterized by a
specific refractive index (RI) and SPP wavelength, as well as the particular wave-fronts of a

well-aligned light source.

After the deposition process, the ELD solution is carefully removed from the surface of the
sample. The flow cell is initially filled with deionized (DI) water, setting the refractive index of
the analyte solution at approximately n,, = 1.333 at the start of the experiment. Ethanol (n
= 1.36) is then gradually added to the water from an external mixing container. This mixture
offers several advantages: first, ethanol can be mixed with water in any ratio, which is crucial
because the formation of an emulsion would significantly complicate interferometric
measurements due to wave-front disturbances. Additionally, ethanol is transparent and has
a refractive index very close to that of water. This allows for fine adjustments in the refractive

index, enabling the precise characterization of subtle optical features.

The resulting reflectance data of the sample is presented in Figure 5.7. Starting at n,,, the
reflectance follows a SPP resonance curve. At the specific position corresponding to the Rl of
the ELD solution, a sharp, narrow peak in reflectance is observed. At this position, the

reflectance increases from approximately 44% to 52% (see Figure 5.7).
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Figure 5.7: The measured reflectance curve dependent on the Rl of the analyte mixture
(water/ethanol mixture) after the AgNP deposition, which shows the resulting structural

feature (@n = ng;p) within the SPP resonance curve.

Analyzing the interferometer data results in a full width at half maximum (FWHM) of the
feature of An ~ 3 - 10~*. Remarkably, this FWHM is about two orders of magnitude narrower
than the theoretical width of a typical SPP resonance. To link this width of the feature to a
performance measure for an optical sensor, it is common to use a Figure of Merit*, which
evaluates a change in a certain measurement quantity (e.g. reflection) over a measurement
parameter (here the refractive index) in relation to a certain value of that quantity.
Mathematically, the FOM™* can be expressed as:

aP

FoM* = +
=P

)

ananalyte

where P is some measured optical power signal (here the reflected laser power) at a fixed
wavelength Ao, Ngnayee is the refractive index of the analyte mixture surrounding the
metasurface, and 9P /0N 4nq1yte is the change of the measured power with respect to a

change in 0ngnaryte-
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Figure 5.8: The FOM* of the optical sensor versus the refractive index of a test analyte.
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With a maximum FoM* of 968 (Figure 5.8), the self-optimized optical sensor achieves
performance comparable to more sophisticated plasmonic sensors reported in the literature,
while utilizing a much simpler fabrication method compared to techniques like e-beam

lithography.

To explore the origin of this sharp feature, further investigations were conducted, starting
with characterizations of the shape and spatial distribution of the AgNPs using scanning
electron microscopy (SEM). Figures 5.9 show typical scanning electron micrographs of the
grown metasurfaces and AgNPs. In this case as well, the spatial distribution of the AgNPs
appears random in the real-space images. However, the Fourier-transformed electron
micrograph (FTEM), which is a powerful tool to investigate the morphology of nanostructures,
reveals a more complex pattern that shows features of engineered disorder of the AgNPs.
Because the deposition time is decreased, the resulting metasurfaces does no longer show
features of DHU. In fact, in the FTEM (Figure 5.9c), two distinct dark rings, hereinafter referred

to as "structure rings," are observed. These structure rings touch each other at the origin (x7,

y'=0).
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Figure 5.9: Characterization of the Nanostructure. a) Scanning electron micrograph showing
the overall nanostructure in real space; b) High-magnification electron micrograph revealing
the detailed nanoscopic features of the structural elements; c) Fourier-transformed electron
micrograph displaying two distinct dark rings in k-space, referred to as "structure rings"; d)
Histogram of the relative number of nanoparticles as a function of their radii; e) Optical image

of the sample after the deposition of AgNPs, highlighting the visible changes post-fabrication.
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Similar but less pronounced features have been reported in a previous work under photonic
excitation on a plane glass substrate without the use of SPPs'0L, In those cases, it was found
that such an experiment results in a mirror-symmetric shift (7;,,) of two rings in the reciprocal
space along the x™-axis. This shift r;,, corresponds to the in-plane wave number of the incident
electromagnetic wave. Furthermore, the radius of the rings (r) refers to the scattered waves.
However, in all experiments involving surface plasmon polariton (SPP) excitation, the

structure rings consistently touch at the origin, with the condition

Tin =7 = 1/Aspp

This indicates that SPPs dominate the distribution of AgNPs during their growth. Notably, no
photonic features are observed in the FTEMs. The particle radius covers a relatively broad
range with an average particle radius of 92 nm (Figure 5.9d). Furthermore, Figure 5.9e
presents an optical image of the sample after AgNP deposition. At the centre of the sample,
an elliptical region with a greyish scattering is visible, marking the deposition area of the
metasurface. In contrast, the surrounding area retains its mirror-like appearance as before

the AgNP deposition.

Next, the link between the features in the k-space and the optical response of the
metasurface are discussed. Considering the structure rings, information about all
electromagnetic wave involved is permanently stored in the metasurface via the spatial
distribution of AgNPs. The dark structure rings observed in the FTEM suggest a reduced
scattering probability when excited with the same SPP wavelength that was used during the
fabrication procedure. In our configuration, this reduced forward scattering into free space

results in enhanced back reflection under the same growth conditions.

If the refractive index (RI) deviates from the growth conditions, and thus the SPP wavelength
shifts, the dark structure rings in the FTEM remain unchanged. However, the changed
conditions can be represented again by rings in k-space, hereinafter termed as "wave rings".
The radii of these thereby scale linearly with the Rl of the analyte mixture. Then, the optical

reflection can be modeled by an overlap function of the structure rings and the wave rings.

To simulate the overlap function of the structure and the wave rings, the amplitude profile of

the rings w(r) is modeled by a Gaussian distribution
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1 _1(m)2
W(‘r‘) = E e 2 o )

where o is the standard deviation (0 = FWHM / 2v2In2 =~ FWHM / 2.355), extracted
from the laser divergence (FWHM,, = Ary,) and the corrected width of the structure rings
from the FTEM (FWHM;g . = Argc). In Figure 5.10a, the width of the wave rings was

artificially increased (Ary,) for a suitable visualization of the model.

For the calculation of the overlap function, the values for Arg - and Ary, were taken.
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Figure 5.10: Model for the calculation the overlap function, a) modeled structure rings and

wave rings; b) amplitude profiles of the two rings.

One structure ring is modeled and shifted along the x ~1-axis to the center coordinates (x;%; ys1):

-1 _ Arg
{‘xS - rSPPlTIZTlELD + T

-1 _
ys =0
For every value of n, the radius of the structure ring stays fixed at 75pp [n=n,, , -

One wave ring in the reciprocal space is modeled with the radius rgpp and the center coordinates
-1, .,—1}y.
(Xspp; Yspp):

— Ar
{xsplp (n) = rspp(n) + 2W

3’5_19113 =0

The simplification of using only one structure ring and one wave ring can be done as both the
structure rings and wave rings are mirror symmetric with respect to the y~!-axis. The radius

of the wave ring is varied dependent on n following the function rgpp(n). In this way, the
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wave ring ‘scans’ the structure ring. At every refractive index fromn,, = 1.333 tony = 1.339
with a step size of 2 - 107>, the overlap between the wave and the structure ring is calculated.
For this calculation, we define a fine-coarse grid in the reciprocal space. Each cell of the grid
has a size of 5.2 - 107>+ 5.2 - 10> pm™2. Then, for each cell with the center coordinates
xi‘l,yj‘l, we calculate the amplitude values a;;and bl-j of the structure ring and wave ring,

respectively. This procedure defines two matrices:

;. 0 Aum
: : ; B:

Am1  ° Amm

by bim
A= : :

bml bmm

Then, the overlap S of the structure and the wave ring is calculated as a sum of all elements

¢; j of the matrix C:

ai1byn 0 Aymbim
C=A°B = : * :

amlbml ammbmm
_\vm m
S = Zi=12j=1ci,j-

Afterwards, we normalized the resulting overlap function to the maximum value of S
(maximum overlap). The resulting peak in the overlap function has a width (FWHM) of

Ang =~ 2.9 - 107,

Therefore, as the Rl changes, the new wave rings no longer perfectly align with the structure
rings. Consequently, scattering increases compared to the original growth conditions, the
reflection is reduced. To calculate the overlap function, the widths of the wave rings (for the
wave rings also as a function of the refractive index) and the structure rings in reciprocal space

need to be determined.

In turn, the width of the wave rings is primarily governed by the laser beam's divergence. The
measured laser divergence corresponds to a momentum width of the wave rings of

approximately A, = 1.72 - 107* pm™ (FWHM).

For the structure rings, it is not sufficient to just measure the width of the structure rings from
the FTEMs directly. The reason for this is that according to Heisenberg’s uncertainty principle,
the resolution of features in reciprocal space is constrained by the size of the observation

window in real space (momentum-space uncertainty). Considering our experiment, the
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observation window in the scanning electron microscope is much smaller compared to the
area of the metasurface, which is illuminated during the optical experiment. Since it is
technically not feasible to record an image in the SEM of the size of the entire illuminated
area while still being able to distinguish individual particles, it is necessary to find a correction

formalism to determine the actual width of the structure rings.

Based on the uncertainty principle, the measured structure ring widths should theoretically
scale with 1/d, where d is the edge length of a square-shaped observation window. To verify
this assumption, the full width at half maximum (FWHM) of the structure ring width (Ary) was
measured for observation windows ranging from 92 x 92 um? to 148 x 148 um?. This was
achieved by subdividing a single SEM image, with an area of 148 x 148 um?, into smaller

sections. In Figure 5.11, the corresponding values for A7, depending on d are displayed.
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Figure 5.11: The measured structure ring widths fitted by a function B/d with B as fitting

parameter displayed in a double logarithmic scale.

The data reveals that the structure ring widths become narrower as d increases,
approximately following the relation Ar; = 3.45/d (indicated by the red line in Figure 5.11).

Therefore, to determine the corrected structure ring width Ar; ., the length D corresponding
to the entire area 4 illuminated by the laser, is defined as D = +/A. For an illumination area

. . I 3.45
of A = 33.4 mm?, the corresponding corrected width of the structure ring is Ary . = T~

5.97-10~* pm2.

Figure 5.12 shows the comparison between the measured reflectance curve (Figure 5.12a)
and a simulated curves (Figure 5.12b) of the overlap function (red) and the underlying SPP

resonance (black).
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Figure 5.12: A comparison of experiment and simulation to understand the mechanism behind
the sensitivity to changes in the electromagnetic environment of the metasurface. a)
Reflectance measurements of the sample as a function of the RI, closely aligned with the
growth conditions; b) The resulting overlap function (red curve) showing a pronounced peak
at the Rl corresponding to the growth conditions, along with the underlying fitted SPP

resonance (black curve).

As shown before, the measured reflectance exhibits a distinct feature at the refractive index
(RI) corresponding to the growth conditions of the structure. The experimental curve is shown
again for better visual guidance for the reader when comparing with the simulation. To model
the SPP resonance curve after the deposition of AgNPs, the additional losses introduced by
the metasurface have to be considered. To account for this, a lossy effective medium layer on

top of the PMMA film was introduced (see Figure 5.13).

effective medium layer

PMMA

silver

S

sapphire
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Figure 5.13: Stack used for the RCWA simulations with an additional 200 nm thick effective
medium layer on top of the PMMA to simulate scattering loss of the metasurface by

absorption loss of the effective medium layer.

The complex refractive index of the effective medium layer n,; was then fitted to the
experimental data, resulting in n., = 1.3381 +i-0.0051. A fit based on a pure SPP
resonance, treating the structure as an effective homogeneous layer, is shown in Figure 5.12b
(black curve), alongside the overlap function (red curve). The origin of this fitted SPP

characteristic is shown in Figure 5.14.
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Figure 5.14: Fit of the SPP resonance curve. a) reflectance for different imaginary part ny,

of the effective layer; b) fit to the experimental data.

In summary, the width of the peak observed at the growth conditions is determined to be
Ang =~ 2.9 - 10™* (FWHM). Together, these two components—the SPP resonance fit and
the overlap function—are concluded to describe the overall optical response of the
metasurface. A key aspect in the discussion of sensor performance is the link between high
sensitivity to the target events (a "good" feature of a sensor) and the low tolerance for
misalignments between the sensing structure and the light source (a "bad" feature of a
sensor). The principle underlying this discussion is that designing an optical sensor with
extremely high sensitivity (such as a very narrow spectral feature) inherently reduces its
tolerance for misalignments and fabrication imperfections. For instance in the case of the
sensors presented in this chapter. It has been observed during the experiments that even
minor mechanical misalignments following the deposition process caused the loss of the

structure's functionality. In practice, this means that the sharp spectral feature could not be
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observed anymore. To assess the tolerance for such misalignments, the overlap function
between the structure rings and the wave rings was calculated again while varying the
incident angle of the probing light in both the azimuthal and polar directions. Figure 5.15
illustrates the tolerance of the maximum overlap between the structure and wave rings in

response to angular misalignments as well as changes in the wavelength of the light source.
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Figure 5.15: Tolerance to mechanical misalignments and sensitivity to changes in probing
wavelength. a) lllustration of the principle used to derive the overlap function in relation to
mechanical misalignments in the azimuthal and polar angles; b), c) Impact of azimuthal angle
(Ap) and polar angle (A6) variations on the overlap function between the structure and wave
rings; d) Overlap function as a function of the incident wavelength (A), demonstrating

sensitivity to changes in probing wavelength.

The simulation results in Figure 5.15 show that the overlap between the structure and wave
rings (defining the sharp resonance feature) exhibits a low tolerance to mechanical
misalignments in both the azimuthal and polar angles. In detail, the maximum overlap
decreases by approximately 50% for a misalignment of Ap = 0.012° in the azimuthal
direction and A8 = 0.024° in the polar direction. However, achieving high sensitivity to

refractive index (RI) changes requires a significant overlap between the structure and wave
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rings. In separate fabrication and probing scenarios, this necessitates extremely precise
alignment in the order of 0.01°. Such precision is highly challenging especially for compact or
even integrated optical systems and in practice rather restricted to experiments in the
laboratory. However, in the context of this thesis, the exceptionally low tolerance for
misalignments of the disorder-engineered metasurface sensors highlights the advantage of
instantaneous alignment during metasurface fabrication. This inherent alignment eliminates
the need for precise post-process alignment steps, which makes it compatible also with
integrated optical devices and systems. In addition, Figure 5.15d highlights the spectral
sensitivity and thus again also the tolerance for mismatches in the wavelength of the light
source. It is important to note that characterizing this phenomenon spectrally requires a
sampling light source that closely matches the one used during sample preparation,
particularly in terms of coherence and radiance. However, even with monochromatic probing,
the metasurface can address a wide range of refractive indices (RI). For instance, spatial
variations in the effective refractive index of the SPP mode during growth can induce
corresponding shifts in the observed features, depending on the position on the sample.
These variations may result from a refractive index gradient in the ELD solution or even

electro-optic effects in a nonlinear material near the surface.

Figure 5.16: FTEMSs of metasurfaces fabricated with two different laser wavelengths.

Similarly to the experiments described in the previous section, structure rings can also be
generated using different wavelengths. The radii and horizontal shifts change in response to
changes in wavelength, eventually forming structure rings that touch at the y!-axis (see

Figure 5.16).
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5.3. Harnessing Short-Range Surface Plasmons via Disorder-

Engineered Metasurfaces

(The following section is based on journal paper 6 of the publication list.)

In the previous section, it was shown that depositing AgNPs under controlled illumination
conditions can create an optical metasurface containing sharp spectral features, which can
be utilized in an optical sensor. It appears that the propagating surface plasmons (SPPs)
interact with localized surface plasmons (LSPs) supported by the AgNPs, which provide an
optical response as an ensemble. The fact that the structure rings, which primarily define the
functionality of the structure, appear dark in the FTEM suggests that under these conditions,
there is a suppressed interaction between propagating and localized plasmons under growth
conditions. As described in the fundamentals chapter, plasmonic states typically exhibit
relatively short propagation lengths (or lifetimes). This is primarily due to significant losses
caused by ohmic losses or scattering. A shorter propagation length generally leads to broader
resonance curves. It is therefore remarkable that, despite considering the high loss of the
plasmons, it is possible to generate such a sharp spectral resonance feature. Thus, from the
findings of the previous section, it can be concluded that the sharpness of the spectral
features is no longer determined by the propagation lengths of the individual resonances.
Instead, as demonstrated, it is governed by the size of the coherently illuminated area.
Building on this, it is promising to explore phenomena that may exhibit higher losses—
typically limiting their conventional applications—but offer other advantages that could be

beneficial for sensitive waveguides.

As introduced in the fundamentals chapter, reducing the thickness of the silver layer can lead
to the hybridization of the two plasmon modes at the interfaces of the metal film. As
described, these hybridized states are commonly referred to as short-range and long-range
plasmon polaritons, due to their respective shorter and longer propagation lengths. Due to
their strong field enhancement and short wavelengths, short-range surface plasmon
polaritons (SR-SPPs) have been utilized in various applications such as sensing,!3®
focusing, 3”138 and high-resolution microscopy.'. Recently, the formation of hybrid bound

states in the continuum (BICs) has also been explored when SR-SPPs are coupled to photonic

waveguide modes.1% Despite their potential, SR-SPPs have garnered less attention compared
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to long-range SPPs (LR-SPPs)#°. One reason for this is that SR-SPPs, due to their high
momentum, are challenging to excite using photons. In this section, the influence of the
hybridization of the two SPP modes propagating along the two interfaces of the silver film will

be examined with the goal to utilize hybrid plasmons for the fabrication of the metasurfaces.

For the sake of completeness, first a comparatively thick silver film (44 = 56 nm) on a
sapphire substrate is mounted on the ATR setup (see Figure 5.17). The laser is then aligned
with respect to the SPP resonance conditions (0;, = 54° @ A, = 660 nm). The AgNP
deposition is conducted according the description in the previous section. A typical scanning
electron micrograph and the corresponding FTEM are shown in Figure 5.17b,c. Here, both 7;,

and 1y can be attributed to the SPP, mode propagating along the silver/PMMA interface that

1

can interact with the metasurface as 13, =1, = 2.14 um™" = 1//151313 . The corresponding
a

effective index of the SPP, mode is given by ngpp, = /10//151313 = 1.41. Features of the SPPy
a

mode propagating along the prism/silver interface are not observed in this experiment. As
the electromagnetic field decays rapidly inside the silver film, it does not interact with the
metasurface because of the thick silver film. However, in the next step the thickness of the
silver film t4, be reduced down to a thickness where both SPP modes show a significant field

overlap inside the silver film causing hybridization.
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Figure 5.17: Experimental setup and SEM analysis of disorder-engineered metasurfaces on
thick silver films (t,, = 56 nm). a) Schematic of the experimental setup used in the
experiments, along with the stack geometry (inset). The diagram highlights the two plasmon
modes propagating at the upper and lower interfaces of the silver film (SPP, and SPPy); b) A
typical SEM image of the fabricated metasurfaces; c) Fourier-transform of the SEM image,
revealing the engineered disorder of the metasurfaces. The white arrows indicate the

horizontal shift (r;,,) and the radius (1) of the structure rings.

In the first experiment, the thickness of the silver film is reduce to t4; = 25 nm. The resulting
layer stack, along with qualitative one-dimensional field profiles of the long-range (LR SPP,

red) and short-range (SR SPP, blue) SPP modes, is shown in Figure 5.18a.

a) ELD solution
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Figure 5.18: Disorder-engineered metasurfaces deposited on thin silver films (t,q = 25 nm).
a) Schematic of the layer stack used in the experiments, featuring qualitative field profiles of
long-range SPPs (LR-SPPs, red) and short-range SPPs (SR-SPPs, blue); b) Typical FTEM of the
metasurfaces fabricated on thin silver films, showing the presence of a set of two structure

ring pairs.

Remarkably, in this experiment four structure rings (two structure ring pairs) instead of only
two structure rings are observed in the FTEM (Figure 5.18b). The inner structure rings once

1 = y~1 =0, which suggests that these are linked to the waves initially

again touch at x~
excited by the laser. Upon analysis, both the radii and the horizontal shift of the inner rings
could be linked to the long-range SPP (LR-SPP) mode, with 13, = 75, = 2.16 um™ = 1/

and a corresponding effective index of 1.42. Since a sapphire prism with a refractive index of
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1.76is used in the Kretschmann configuration, it is possible to excite the LR-SPP mode directly

with the laser.

However, the radii of the outer structure rings are larger than the horizontal shift r5, > 7y,
resulting in two intersections of these structure rings along the y~1 axis. These outer rings
correspond to the short-range SPP (SR-SPP) mode, with 75, = 3.18 pm™" = 1/Agp. It can
therefore be assumed that, in addition to the long-range SPPs, which are directly excited by

the laser, the short-range SPPs are also involved in the growth process of the AgNPs.

The horizontal shift of the ring centres (1;;,), representing the incident plane wave, is identical
for both pairs of rings, while the ring radii, corresponding to the scattered spherical wave,
differ. This indicates that in the Kretschmann configuration, only the LR-SPP can be directly
excited. However, the metasurface provides the necessary momentum to also excite SR-SPPs,
effectively mediating the coupling between LR-SPPs and SR-SPPs. This experimental
observation confirms that features associated with the high-index SR-SPP mode ngg spp = 2.1
can be successfully integrated into the resulting metasurface. This high effective index of the

SR-SPP clearly shows, that a direct excitation with the sapphire prism is not possible.

To further investigate the properties of the SR-SPP mode, a two-dimensional field distribution
and the corresponding field intensity distribution of the SR-SPP mode have been simulated
and are shown in Figure 5.19. The simulation is conducted using rigorous coupled wave
analysis (RCWA). For the RCWA simulations, a refractive index of the ELD solution of ng;p =

1.336 (as measured before in section 5.2 using Michelson interferometry) is assumed.
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Figure 5.19: a) simulated 2D magnetic field distribution and the corresponding magnetic field
intensity distribution of the SR-SPP mode using rigorous coupled wave analysis (RCWA) (the
dashed line in b) indicates the penetration depth of the SR-SPP mode into the ELD solution).

The magnetic field distribution in Figure 5.19a show that the SR-SPP mode is predominantly
confined to the silver/sapphire interface. However, both modes (LR-SPP and SR-SPP) extend
into the ELD solution, allowing interaction with the ELD solution and thus may contribute to
the AgNP growth. Furthermore, after the metasurface has been grown, both hybrid modes

can interact with the metasurface as well as an analyte replacing the ELD solution.

The further variation in silver film thickness t4, allows for a detailed characterization of the
dispersion of the hybrid plasmonic modes as a function of the film thickness. The silver films
were fabricated with thicknesses ranging from t,, = 20 nm to t4; = 56 nm. Figure 5.20a
presents FTEM images of metasurfaces deposited on silver films of three different
thicknesses. Notably, the diameter of the outer structure rings increases as t,, decreases,
while the radius of the inner structure rings remains largely unchanged in cases (i) and (ii).
This trend holds for larger t,,; as well (see Figure 5.20b), until the hybridization effects
diminish and the hybrid modes transition into distinct SPP, and SPP, modes, whose mode

indices remain constant over t4.
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Figure 5.20: Dispersion of Hybrid Plasmonic Modes as a Function of Silver Film Thickness (t,g).
a) FTEMs of metasurfaces fabricated on silver films with thicknesses of 30 nm (i), 25 nm (ii),
and 20 nm (iii); b) Comparison of measured and simulated effective indices for long-range (LR)

and short-range (SR) SPPs; c) Simulated penetration depth (l,q) of SR-SPPs into the ELD
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solution as a function of t, 4. Data points represent values for l,q extracted from mode profiles
calculated with a 1 nm resolution in the z-direction, while the solid line serves as a visual guide

for interpretation.

In our experiments, hybridization effects (structure rings linked to SR-SPPs) were observed in
the FTEMs for silver film thicknesses up to t4; = 40 nm. For t4, = 20 nm, the effective index
of the SR-SPP even reaches 2.3, and simulations indicate that the corresponding penetration
depth into the ELD solution is as short as 28 nm. Figure 5.20b compares the effective indices
of the plasmonic modes obtained from both simulations and experiments, demonstrating a
good agreement between the two. The close match, particularly for the SR-SPP modes at
thinner silver films, suggests that the mode propagation is largely undisturbed by the
presence of the metasurface, allowing the SR-SPP mode to maintain its characteristics even
in the complex environment of the fabricated structures. Figure 5.20c illustrates the
penetration depth (l,4) of the SR-SPP mode as a function of t4,. In theory, vertical
confinement of the SR-SPP mode should increase with decreasing t,,, which leads to
enhanced surface sensitivity. However, in practice, fabricating continuous silver films with
thicknesses below a few nanometers is technologically challenging due to the tendency of the
films to form island structures. This behavior is influenced by various factors such as

temperature, adhesion, and moisture.®®

These findings highlight the tunability of the plasmonic modes by controlling the silver film
thickness, offering a way to tailor the optical properties of the metasurface for specific sensing
and photonic applications. As the film thickness decreases, the strong confinement of SR-SPPs
near the surface becomes more pronounced, allowing for enhanced sensitivity to changes in

the surrounding environment.

Only for t4; = 20 nm, a notable deviation was observed between the simulated and
measured effective index of the LR-SPP (see Figure 5.20b). This discrepancy was consistent

and remained robust against variations in the surface roughness of the silver film.
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Figure 5.21: 2D magnetic field fistribution of the counter-propagating mode with an effective

refractive index of 1.64 for ty; = 20 nm.

Indeed, for t4; < 20 nm, structure rings could not be observed in the FTEMs, suggesting that
the plasmonic behavior is severely impacted by the discontinuous nature of the films. This
limitation highlights the importance of optimizing film deposition parameters for achieving
high-quality, continuous thin films, which are critical for reliable plasmonic mode propagation

and enhanced sensor performance.

In the simulation results (see Figure 5.21), a counter-propagating mode (propagating in the
negative x-direction) could be found with an antisymmetric field profile and an effective index
of ngy = 1.64 (compared to the experimental value of n., = 1.65. This suggests that multiple
modes, facilitated by the additional momentum provided by the metasurface, are involved in

the process.

Interestingly, the expected LR-SPP mode could not be detected in simulations for silver films
with thicknesses t,; <26 nm. Despite this, experimental data still showed features
originating from the LR-SPP mode for t,;, = 25 nm (see Figure 5.20b). This discrepancy can
likely be attributed to factors such as the limited measurement precision of the profilometer,
or surface roughness—none of which are accounted for in the simulation. These factors may
influence the experimental results, allowing the LR-SPP mode to persist even in films slightly

thinner than what the simulation predicts.
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This finding underscores the importance of considering real-world imperfections in
experimental setups, which can lead to deviations from idealized simulation models and

provide valuable insights into the behavior of plasmonic modes in complex environments.

To further support the hypothesis that multiple modes with significantly different mode
indices and propagation directions can be involved in the process, additional experiments
have been conducted using simultaneous illumination with two lasers at different
wavelengths. Figure 5.22a shows the experimental setup for this approach. Instead of the
half-cylindrical prism, a spherical plano-convex sapphire lens was used, which enables to
excite plasmonic modes propagating nearly perpendicular to each other (¢p = 90°) within the
x-y plane. In this configuration, the 532 nm laser propagates along the x-direction, while the

660 nm laser propagates along the y-direction.

Figure 5.22: Disorder-engineered metasurfaces on thin silver films excited by two lasers
simultaneously. a) Schematic of the experimental setup, illustrating the simultaneous
illumination from two different lasers and the principle of particle formation under dual-
wavelength excitation (inset); b) A typical FTEM of the resulting metasurface, displaying
structure rings corresponding to the four hybrid plasmonic modes excited by the two lasers at

different wavelengths.

This arrangement introduces an additional degree of freedom in the system by enabling the
excitation of plasmonic modes in two distinct propagation directions. The involvement of
multiple propagation directions and mode indices adds complexity to the system, offering

new possibilities for manipulating and tuning the optical response of the metasurface. From
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an application perspective, this is particularly valuable, as it allows for the simultaneous
utilization of multiple plasmonic modes, each with its own distinct mode profile, penetration
depth, and effective index, all at the same location. This capability enhances the versatility
and functionality of the system, enabling more sophisticated control and tuning of the optical

properties.
5.4. Chapter Summary

In this chapter, it has been shown that the deposition of silver nanoparticles using the electro-
less deposition of silver enables to create metasurfaces with engineered disorder. This
engineered disorder exhibits a wide range of characteristics, achieved through deposition in
darkness, light-controlled growth (photonic excitation), and surface plasmon polariton (SPP)
excitation. First, by varying the deposition time only, disordered hyperuniformity can be
observed and controlled, even without illumination (in darkness), via the deposition time.
Light-controlled deposition further enables isotropic stealthy DHU and by using different
incident light wavelengths enables to adjust K. Furthermore, incorporating SPPs allows for
the fabrication of metasurfaces with anisotropic stealthy DHU, previously only described

theoretically.

Following the path of SPP excitation during particle growth also enables sharp spectral
features required for many optical applications, such as sensing. A key feature here is that,
unlike conventional manufacturing methods, the fabrication and application environments
can be identical. As a result, the sharp spectral feature is inherently aligned with the light
source. Furthermore, it has been observed that sharp spectral features (indicating low loss)
can be produced although the contributing SPP resonance possess significant losses. This
phenomenon can be attributed to the coherent and highly parallel illumination and thus
coherent interaction with the metasurface over a large area. Based on this finding, it has been
shown that the presented method can also be used to harness short-range SPP (SR-SPP)
modes within planar silver films, which is typically challenging due to the high index of the SR-
SPP mode. However, the use of hybrid modes offers several advantages, particularly in
reducing ambiguities in optical sensors due to their significantly different penetration depths
of the modes into the analyte. Additionally, the SR-SPP exhibits exceptionally strong surface

confinement, which could be a promising step towards single-molecule detection.
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Chapter 6

Nonlinear Material Concepts

Following the waveguide concepts presented in chapters 4 and 5, this chapter will focus of
the development of nonlinear materials characterized by three essential properties. First,
they should exhibit substantial nonlinearity, enabling the efficient phase modulation of an
electromagnetic wave. Second, the materials should be highly transparent, making them
compatible with waveguide phenomena that rely on millimeter or even centimetre scale
propagation lengths (see chapter 4). The third essential property is technological
compatibility with methods of polymer technology, allowing for scalable and cost-efficient

production.
6.1. Introducing Kerr Nonlinearity to PDMS via Swelling

(The following section is based on journal paper 3 of the publication list.)

In the following chapter, a method will be presented to facilitate the integration of nonlinear
organic solvents, which typically show strong optical nonlinearity into optical waveguide
architectures based on solid (thin) films33. The approach involves incorporating these organic
solvents into poly-dimethylsiloxane (PDMS) via swelling. So far, in photonics PDMS has proven
particularly useful in the development of stretchable optical components, but is not known
to show substantial nonlinearity'*:~143, However, there are some reports in the literature
about introducing optical nonlinearity into PDMS. For instance, some reported approaches
involve embedding chromophores!*4'4>, plasmonic nanoparticles'#¢47, perovskites!*®149, or
2D materials'>>*>! into a PDMS host matrix. However, these techniques often face challenges,
particularly the simultaneous introduction of significant absorption. This absorption can limit
the performance of optical waveguides where high propagation lengths may be desired (see
chapter 4). To evaluate the potential of incorporating nonlinear solvents in PDMS via swelling
for use as a NLO material, first the nonlinear optical properties of the individual materials are

assessed using the Z-scan technique. This approach allows for a precise characterization of
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the nonlinear refractive index and absorption properties before incorporating them into the

PDMS host matrix.

For the experiments, three different solvents were selected. First, nitrobenzene (NB) was
chosen because of its strong nonlinearity reported in the literature®?. Second, toluene (TL)
was selected because of its reported nonlinearity (although less than NB) and its significant
swelling behaviour in PDMS®>%>2, Finally, 2,6-lutidine (LT) was chosen as it also exhibits
nonlinearity but is considerably less harmful compared to the other two solvents!>3. While
the PDMS was investigated as a free-standing 1 mm thick film, the three solvents were
investigated within a 1 mm thick quartz cell. The quartz cell did not show any nonlinearity

under the corresponding experimental conditions.

Figure 6.1 shows the results of measurements on pure PDMS as well as different solvents
using open-aperture (OA) and closed-aperture (CA) z-scans. The experiments were conducted
at a pulse energy of 5.6 W and a repetition rate of 50 Hz. The results reveal distinct nonlinear
optical properties among the different solvents (see Figure 6.1). All solvents exhibit a
characteristic valley-peak profile, indicative of self-focusing (positive n,), caused by the
optical Kerr effect (OKE). As expected, NB shows the strongest OKE among the three
candidates. The nonlinear refractive index could be measured asn, = 22 - 1075 cm? /W for
nitrobenzene, which fits well to values found in the literature?!. In addition to the Kerr effect,
two-photon absorption (2PA) was observed in nitrobenzene (NB), as shown in the inset of

Figure 6.1a. The inset shows the result of an OA Z-scan experiment.

Features of an optical Kerr effect were also found in the measurement results for both LT and
TL as shown in Figures 6.1b and 6.1c. However, in both cases the OKE was less pronounced
compared to NB. The same nonlinear refractive index of n, = 7.1- 107> cm?/W was
measured for both LT and TL, which is approximately three times smaller than for NB. Notably,
the absorption properties do not show nonlinearity for TL and LT. Furthermore, pure PDMS

did not exhibit any detectable nonlinearity at a pulse energy of 5.6 W (Figure 6.1d).

The results shown in Figure 6.1 emphasize the solvent-specific nonlinear optical responses,
with nitrobenzene showing the most significant nonlinearity. However, this is accompanied

by nonlinear absorption, which could lead to thermal effects at higher illumination intensities.
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Figure 6.1: Closed aperture Z-scan profiles of nonlinear solvents and the PDMS film. a) CA Z-
scan profile for nitrobenzene and OA Z-scan profile of nitrobenzene (inset) showing nonlinear
absorption (only observed in nitrobenzene); b) CA Z-scan profile for 2,6-lutidine; c) CA Z-scan
profile for toluene; d) CA Z-scan profile for PDMS. Symbols are the experimental data and

solid lines show the theoretical fit.

In the next step, the swelling ability of PDMS with the three solvents is investigated.
Therefore, PDMS slabs were fabricated in Teflon molds and then immersed in the three
solvents. It could be observed that the swelling of the PDMS occurred on different time scales.
Furthermore, significantly different amounts of each solvent were incorporated into the
PDMS. Figure 6.2 illustrates the solvent-specific swelling behaviour of the PDMS films as a
function of time. At the point of saturated swelling, the thicknesses of the samples (initially 3
mm PDMS thickness in all cases) were found to be 3.1 mm (NB), 3.3 mm (LT), and 4 mm (TL).
Also, the lateral dimensions of the samples show the same behaviour, as the swelling leads

to an isotropic expansion of the material.
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Figure 6.2: Weight change of the PDMS samples over time caused by solvent swelling.

Nitrobenzene (NB) resulted in the least swelling, inducing only a 5.4% weight change in the
PDMS. In contrast, 2,6-lutidine (LT) caused a stronger swelling, leading to a 36.5% weight
increase. The most significant effect was observed with toluene (TL), which caused a
substantial 116.3% weight change. At this point, it is worth noting that the material with the
strongest Kerr effect (NB) shows the least swelling. Contrary to intuitive expectations, these
results suggest that the solvent with the highest Kerr effect may not necessarily lead to the
best nonlinear composite material. On the other hand, toluene, which has a Kerr nonlinearity
only three times weaker than NB, allows for more than 20 times higher incorporation into
PDMS. At this point, this finding renders TL a promising candidate for the goal to introducing

nonlinearity into PDMS via solvent swelling.

To characterize the nonlinear optical properties of the composite materials, the samples are
placed between two quartz slides. First of all to gain mechanical stability and to be able to
mount the samples in the Z-scan setup. In addition, covering the samples with quartz prevents

solvent evaporation during the measurement.
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Figure 6.3: The comparative CA z-scan profiles of the PDMS incorporated with 2,6-lutidine and
toluene at a pulse energy of 5.4 uJ. Symbols are the experimental data and solid lines indicate

the theoretical fit.

Figure 6.3 presents the CA Z-scan profiles of the PDMS-TL and PDMS-LT composite samples,
measured with a pulse energy of 5.4 uJ. Both samples exhibit an OKE. Notably, PDMS-TL
shows a twofold stronger Kerr effect compared to PDMS-LT (see Figure 6.3) with a nonlinear
refractive index of n, = 3.1 X 101> cm?/W. Open-aperture Z-scan measurements confirm
the absence of nonlinear absorption processes in both composite samples. In contrast,
PDMS/NB exhibits a strong thermally induced nonlinear optical response under the same
experimental conditions. This thermal effect arises from the linear and two-photon
absorption (2PA) of NB, leading to localized heating. In fact, the thermal effect in PDMS/NB
was so pronounced that the z-scan measurements were significantly affected by artefacts.
These artefacts include significant beam distortion, the formation of self-diffraction rings, and
even photo-induced degradation processes. For pure PDMS, thermal effects were only

observed at higher pulse energies above 7.4 uJ.

Thermal effects caused by (nonlinear) absorption are a well-known phenomenon in NB, with
several options available for mitigating them. Therefore, we reduced the pulse energy to 0.8
w and lowered the repetition rate from 50 Hz to 10 Hz in our measurements of PDMS/NB to
minimize thermal effects. However, at pulse energies up to 0.8 pJ, no nonlinear behaviour
was detected in the PDMS/NB samples. For higher pulse energies, only thermal effects and

photo-induced damage due to absorption were observed. This suggests that the detection
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limit for the Kerr effect in PDMS/NB lies above the damage threshold of the material.
Interestingly, neither pure PDMS nor NB alone exhibited thermal effects at a pulse energy of
1.2 pJ, indicating that the thermal effects in PDMS/NB cannot be explained by superposition

of the properties of the individual materials.

In addition to the inherent nonlinear optical (NLO) properties and swelling behaviour, a third
critical factor for material selection is the absorption properties. Beyond potential thermal
nonlinearities and material degradation, absorption can introduce significant limitations in

the design of photonic devices, such as low-loss waveguides.

In nonlinear optics, it is quite common to compensate for relatively low NLO effects by
increasing the light-matter interaction length, thereby achieving the same phase shift in the
propagating wave. For this strategy to be effective, however, material absorption must be

sufficiently low to avoid excessive absorption losses over the desired interaction length.

1 while for TL it is much

At 532 nm, the linear absorption coefficient a for NB is around 2 m~
lower (@ = 0.24 m~1)154155 At 400 nm, this disparity in absorption becomes even more
pronounced, with NB showing a 30-fold higher absorption compared to TL. A trend that
further increases with shorter wavelengths. This significant difference suggests that the
PDMS/TL composite is particularly advantageous for applications at shorter wavelengths,

especially in the ultraviolet (UV) range.

Although nitrobenzene (NB) is one of the most well-known NLO materials, the PDMS/NB
composite exhibited the strongest thermal contributions and the lowest swelling effect in
PDMS. This underscores the importance of considering not only the nonlinear optical
properties but also swelling behaviour and absorption characteristics when selecting

materials for photonic applications.

In order to exclude any residual thermal contributions to the nonlinear properties of the
PDMS/TL and PDMS/LT samples, intensity-dependent closed-aperture (CA) Z-scan
measurements were conducted. Figure 6.4 displays the CA Z-scan profiles of the samples
under varying pulse energies, and thus illumination intensities. The experimental data were
fitted using equation 2.7 (solid lines in Figure 6.4), and the corresponding nonlinear refractive

indices were derived. In both cases, the nonlinear refractive index remained constant across
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different irradiance levels (see insets in Figure 6.4). This confirms that the observed nonlinear

refraction is attributed to the optical Kerr effect, with thermal effects being negligible.
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Figure 6.4: Intensity dependent CA Z-scan profiles of the PDMS-toluene (a) and PDMS/Lt
samples (b). Symbols represent the experimental data and solid lines show the theoretical fit.
The insets in a) and b) show the nonlinear refractive indices as a function of the irradiance. An

irradiance of 0.53 GW/cm? corresponds to a pulse energy of 1.2 uJ in our experiment.

The following table shows all third order nonlinear refractive indices of all composite samples

derived by using equation 3.4 and shown in the following Table.

Sample n, B2pa Re(x®)
(x105cmZ/W) (cm/GW) (x1076cm?/V?3)
NB 22.8 0.36 1.97
LT 7.1 - 0.56
TL 7.1 - 0.57
PDMS/TL 3.1 - 0.26
PDMS/LT 1.5 - 0.11
PDMS/NB! n.a. n.a. n.a.

ot applicable (n.a.), because of measurement results governed by significant artefacts caused by thermal effects and photo-induced
degradation of the samples within the entire experimental parameter range.
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6.2. Controlling Thermal Nonlinear Effects in Nitrobenzene

(The following section is based on journal paper 4 of the publication list.)

Although for the application in PDMS/solvent composite materials, the strong thermal effects
in NB may seem unpromising. However, thermal nonlinearities can be of technological
interest as well, as long as applications do not require very short response times. In particular,
they can be used for highly precise temperature measurement and, consequently, for
radiation detection as well. A concept, which is being investigated in a recent project at the
LGOE. Further investigations have shown that thermal effects in NB can be influenced by an
external electric field. The results of these investigations will be discussed in the following.
Building up on the observation of thermal nonlinear effects in NB in the previous chapter,
now the investigation of the thermal-induced nonlinear refractive index in NB will be the
focus. Therefore, again CA and OA Z-scan measurements under picosecond illumination at a
wavelength of 532 nm with varying repetition rates are conducted. The quartz cell used for
the measurements had an optical path length of 1.4 mm. The beam waist radius w, of the
focussed laser beam was measured 21.1 um using the knife-edge method. Figure 6.5 shows
the CA Z-scan profiles, along with the deduced values for the effective nonlinear refractive
indices of NB when pumped at various repetition rates (10 Hz, 50 Hz, 100 Hz, 300 Hz, 500 Hz,
750 Hz, and 1 kHz). For referencing, the empty quartz cell was tested under the same
experimental conditions in both CA and OA Z-scan configuration. The results show no optical

nonlinearity of the empty quartz cell under the described experimental conditions.

NB exhibits three distinct types of Z-scan profiles across repetition rates ranging from 10 Hz
to 1 kHz (Figure 6.5a). At low repetition rates (< 600 Hz), the Z-scan curve displays a valley
followed by a peak, indicating self-focusing nonlinear refraction due to the optical Kerr effect.
Below 200 Hz, the Z-scan curves maintain a constant amplitude, suggesting the absence of

any thermal contributions.
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Figure 6.5: a) Closed aperture Z-scan profiles of NB with various pulse repetition rates at
constant peak power; b) The effective nonlinear refractive index as a function of the repetition

rate of the laser.

However, above 200 Hz, the magnitude of the valley-peak profile begins to diminish,
eventually flattening around 750 Hz due to the accumulation of thermal effects from the
intense pump pulses. While the Kerr nonlinear response of NB shows self-focusing (positive
n,) behaviour in the CA Z-scan, the contributions lead to self-defocusing (negative n,). At
higher repetition rates (800 Hz and above), the NLR curves shift from the valley-peak to a

peak-valley profile, indicating dominant thermal induced nonlinear refraction.

This behaviour is quite typical for many materials, as the thermal energy has less time to
dissipate with increasing repetition rates. As a result, beyond a certain repetition rate, the
changes in the refractive index do not fully vanish before the next pulse interacts with the

sample material. Consequently, thermal effects accumulate.

In the next step, a DC electric field is applied to the nitrobenzene, using a quartz cell equipped
with two electrodes spaced 10 mm apart (see Figure 6.6). Initially, aluminum electrodes were
used for the experiment. However, after a few minutes of applying voltage, a dark, almost
black, veil appeared on the surface of the cathode, indicating the occurrence of an
electrochemical reaction. In some literature, this effect is often attributed to impurities in the
nitrobenzene. However, after replacing the aluminum electrodes with stainless steel

electrodes, the issue was no longer observed.
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Figure 6.6: Schematic of the cuvette used for Z-scan experiments with applied DC fields. A
quartz cuvette filled with nitrobenzene and flanked by two electrodes. A DC voltage is applied

to generate a homogeneous electric field between the two electrodes.

For the z-scan experiments, the sample cell was placed on the linear stage in the z-scan setup
so that the horizontally polarized beam propagated centrally between the electrodes. Figure
6.7 presents the normalized CA/OA Z-scan profiles of nitrobenzene (NB) with and without the
application of an electric DC field. In addition, the measurements were repeated at both low
(50 Hz) and high (1 kHz) laser repetition rates. For all other measurements, the experimental

conditions remained constant, with the only variable being the applied DC field strength.

At a repetition rate of 50 Hz, NB exhibits the typical valley-peak profile in the absence of a DC
field, corresponding to its Kerr nonlinear optical response. When a DC field, ranging from 1 -
10° V/mto 7 - 10° V/m, was applied, the Z-scan profiles did not show any significant change.
These results were independent on the polarization direction of the laser beam with respect

to the DC field.
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Figure 6.7: CA Z-scan profiles of NB in presence of various electric field strengths at a repetition
rate of the laser of 50 Hz (a) and 1 kHz (b),; c) Comparison of the CA Z-scan profiles of NB under
1 kHz (with 0 and 7x10° V/m) and 50 Hz repetition rate pumping at 0 V/m.

Figure 6.7b shows the normalized CA z-scan profiles of NB at a 1 kHz repetition rate, both in
the absence and presence of various external DC fields. In contrast to the results at 50 Hz, a
significant variation in magnitude and a reversal in the valley-peak positions are observed.
Without a DC field, the CA Z-scan curve (black line) exhibits a peak-valley profile, which
indicates that thermal-induced nonlinear refraction is dominant, rather than the optical Kerr
effect. However, with the application of a DC field, the thermal effects appear to be reduced,
resulting in a scan profile that closely resembles the pure Kerr nonlinear optical response

observed at a 50 Hz repetition rate without a DC field (see Figure 6.7c).
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Figure 6.8: CA z-scan profiles of nitrobenzene with various repetition rates of the laser in

absence and presence of a DC field with different field strengths at a laser pulse energy of 2.5
Ww.

To further investigate the accumulation of thermal effects in relation to the repetition rate,
additional z-scan experiments were conducted, both with and without the application of a DC
field. For all measurements, a constant external DC field of 7x10° V/m and a pulse energy of
2.5 W were applied. Figure 6.8 shows the CA z-scan profiles of NB without a DC field (black

curves) and with the DC field (red curves) across a repetition rate range of 10 Hz to 1 kHz.

In all CA Z-scan measurements, the red curves representing the 7x10°> V/m DC field are
identical, representing the optical Kerr effect of the sample material. At repetition rates below
200 Hz (Figures 6.8a—d), the magnitudes and positions of the valley-peak profiles remain
unchanged with or without the DC field, confirming the absence of cumulative thermal effects
at these low RR. However, as the pulse repetition rate increases beyond 200 Hz, the

magnitude of the black curves (no DC field) diminishes significantly, indicating the
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accumulation of thermal effects. At even higher repetition rates, the profile changes from a
valley-peak to a peak-valley pattern above 750 Hz, displaying the dominance of thermal
effects. Remarkably, in all cases, the optical Kerr effect was fully preserved in the presence of

the DC field.

When an external DC field is applied to the nitrobenzene (NB) solvent, a noticeable solvent
stirring occurs within the sample cell. This rapid electrical stirring is highly effective in
dissipating the thermal load generated by solvent absorption under high-intensity laser
pumping. To estimate the flow velocity of the NB, we tracked the motion of particles
suspended in the solvent using a high frame-rate camera at various DC field strengths (see

Supporting Information of 1°6).

With a laser beam diameter of 42 um in our Z-scan setup and an inter-pulse interval of 1 ms,
this flow velocity is sufficient to clear the heated material from the illuminated region before
the next laser pulse interacts with it. This observation aligns with the results from the Z-scan
measurements, where genuine Kerr nonlinearity (positive nonlinear refraction) was observed

for DC fields exceeding 5 - 10°> V/m, confirming the effective thermal dissipation.
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Figure 6.9: Controlling the effective nonlinearity via an external DC field. a) Change in the
nonlinear refractive index of NB in absence and presence of a DC field as a function of the
repetition rate of the laser; b) CA Z-scan profiles of NB without stirring (a), with mechanical

stirring (b) and with electrical stirring (applied DC field) (c).

Figure 6.9a shows the deduced effective nonlinear optical refractive indices of nitrobenzene
(NB) in the absence (m) and presence (®) of a DC field, plotted as a function of pulse repetition

rate. When an external DC field of 7 - 10°> V/m is applied, the nonlinear refractive indices of
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NB remain consistent across the entire repetition rate range from 10 Hz to 1 kHz, with no
alteration in n, (curve ®). This demonstrates that the pure Kerr nonlinear optical response,
previously masked by dominant thermal effects, is fully restored with the application of the
external DC field. This approach offers a reliable method for determining the intrinsic
nonlinear optical coefficients of organic liquids when interacting with long-duration or high-
repetition-rate laser pulses. Figure 6.9b presents a comparison between the described
method of electric stirring and mechanical stirring. The measurements in the figure indicate
that, at the same required input power, electric stirring has a stronger impact on the

nonlinearity.
6.3. Dielectric elastomeric actuators for optical phase shifting

The results shown in this section have been part of a Bachelor thesis that | have supervised®®’.
Even though optically nonlinear effects, such as the optical Kerr effect or the Pockels effect,
are frequently used to influence the phase of an electromagnetic wave, there are other
possibilities based on entirely different effects. In nonlinear optics, a change in the phase ¢
of an electromagnetic wave passing a nonlinear medium (e.g. a Pockels material) is often

expressed as
A = 2= Anl,
Ao

where A, is the fixed wavelength, An is the induced change of the refractive index (e.g. using
the Pockels effect), and L is the interaction length with the nonlinear medium. Intuitively, the
interaction length, which is the second parameter that could be manipulated to achieve a
phase shift, is difficult to change without complex mechanical setups. However, there are

other possibilities to change the interaction length AL.

One approach, which will be discussed in this section relies on dielectric elastomeric actuators
(DEAs). The concept behind DEAs is the deformation of a soft dielectric elastomeric material
(commonly a polymer) by an electrostatic force. The following Figure 6.10 shows a schematic
sketch of a DEA, which consists of a dielectric elastomeric slab of thickness d, and the
dielectric permittivity €,.. The elastomer slab is sandwiched between two electrodes to apply

an electric voltage V.
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Figure 6.10: Sketch of a simple DEA adapted from [132].
For small deformations of the elastomer, the following relationship between the change in

the thickness Ad of the elastomer slab and the applied voltage V is valid in good

approximation.

Ad soer(V)Z
dog Y \do/ ’

where Y is the Young’s modulus of the elastomer. 1>8

One way to utilize such a DEA as an optical phase shifter would be to introduce a reflection
of light at one of the elastomer-electrode interfaces. Thus, an optical phase shifter based on
such a DEA has been constructed and the phase shifting properties have been investigated in
an experiment. The corresponding results are presented and briefly discussed in the following

section.

First, a dielectric elastomeric layer is required for this experiment. A possible candidate would
certainly be PDMS, as used in previous experiments. According to the manufacturer data, the
Young’s modulus of PDMS with a 10:1 ratio of base and curing agent is about Y = 2 MPa.
However, as can be seen from the above equation, the Young's modulus is a key factor that

can be adjusted to achieve the maximum possible deformation per applied voltage.
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Figure 6.11: Setup and Measurement on DEA-based optical phase shifting.

Therefore, SilGel (Wacker), which is significantly softer (Y = 5KkPa, according to
manufacturer data) yet also highly transparent, has been used for the experiments. To apply
a voltage across the elastomer layer, two electrodes have to be realized. Therefore, the
bottom electrode is implemented as a silver electrode, which is deposited via thermal
evaporation. Then, the elastomer layer, approximately 750 um thick, was deposited onto a
glass via cast and cure. The curing of the elastomer layer was conducted at 100°C on a hot
plate for 15 minutes. A drop of water is then used a top electrode. The reason for using water
as top electrode is twofold. On the one hand, a stiff metal electrode (e.g., silver or gold) on
top of a soft elastomer could crack, which would reduce or even completely destroy the
conductivity of the metal film. On the other hand, the refractive index profile of the stack
using water enables to characterize the voltage dependent phase shift in a total internal
reflection geometry. The sample was therefore placed on a glass prism, with index-matching

liquid (PDMS base) in between.

Similar to the experiments on plasmonic waveguides shown in the previous chapter, a laser
beam was then directed at the sample under an angle of total internal reflection (TIR) at the
elastomer/water interface (see Figure 6.11a). The sample was adjusted with respect to the
laser in a way that the silver electrode is passed (see inset in Figure 6.11a). When a DC voltage
is applied between the electrodes, the electrostatic force causes the elastomer to compress
in the direction of the applied field, in this case here moving the upper interface of the

elastomer closer towards the silver electrode. Thus, the optical path length of the reflected
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laser beam is altered and a phase shift is introduced. The resulting phase shift as a function
of the applied voltage was then measured using a Mach-Zehnder-Interferometer, where the

ATR Setup was placed in one interferometer arm.

The results of these interferometric measurements are shown in Figure 6.11b and
demonstrate that this DEA can achieve a phase shift of it (e.g. for the switchable waveguides
discussed in chapter 4 at a voltage of around 125V. It can be estimated the modulation speed
of such a DEA-based optical phase shifter to be below 100 us, as DEAs have been shown to

operate at frequencies up to 20 kHz in acoustic applications.*>®

Furthermore, it is suprising that the measured phase changes linearly with the applied
voltage. Therefore, additional experiments were conducted to separate possible different
effects from each other. For this purpose, a semi-transparent electrode made of indium tin
oxide (ITO) was used as the bottom electrode. Despite potential issues with long-term
stability, a silver electrode was used as the top electrode, fabricated via ELD instead of

thermal evaporation, since many silicones gels can outgas under high-vacuum conditions.

The following Figure 6.12 shows phase measurements conducted at a perpendicular
incidence angle. In the first measurement, shown in Figure 6.12a, the laser beam is directly
reflected at the silver electrode (see inset), allowing the interferometer to detect only
changes in the thickness of the elastomer layer. In this configuration, the laser does not
propagate through the elastomer. In the second setup, shown in Figure 6.12b, the laser beam
first passes through the elastomer layer and is then reflected at the silver electrode (see
inset), which enables to detect both changes in the layer thickness and potential changes in

the refractive index of the layer.
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Figure 6.12: Phase measurements under perpendicular incidence. a) measured phase shift
corresponding to the pure change in thickness;, b) measured phase shift caused by both

geometric and refractive index change.

On the one hand, the phase shifts shown in Figure 6.12 both exhibit a quadratic dependency
with respect to the applied voltage, as suggested by the above equation. However, the
significant difference observed when comparing the two measurement curves indicates a
notable effect due to the change in refractive index caused by the uniaxial compression of the
material. In this context, the high-voltage range close to 5kV is of particular interest, because,
due to the quadratic dependency, a small signal of 30V at an operating point close to 5000V
is needed to achieve a phase shift of . This means an improvement by a factor of 4 compared

to the results shown in Figure 6.11.

For practical implementation, it would be necessary to investigate whether this voltage range
could be used by applying an appropriate electrical bias, possibly even a mechanical pre-
stress. This could significantly enhance the usability of DEA-based optical phase shifters, also
in terms of switching speed, by enabling low operation voltages. Further experiments are
required to separate the different phenomena and to understand the impact of effects like
birefringence on the phase shifting. However, these experiments will be part of future

activities and are beyond the scope of this thesis.
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6.4. Chapter Summary

The presented NLO composite materials exhibit both optical nonlinearity as well as solid film
characteristics, making them highly suitable for integration into layer stacks. At the same time
they are still highly transparent, which is in contrast to many other approaches known from
the literature, including dyes or metal nanoparticles. Unlike liquid films, the composite
materials further eliminate the need for spacers to maintain film thickness, simplifying their
application in stacked optical waveguide architectures. However, encapsulation is still
necessary to prevent solvent degassing and ensure long-term material stability in application
environments.

Despite its strong nonlinearity, nitrobenzene (NB) has proven less practical for integration in
PDMS due to weak swelling and significant thermal effects and photo-induced damage.
Interestingly, these effects cannot be explained by a straightforward superposition of the
properties of the individual materials; PDMS/NB exhibits far less thermal stability than either
material alone. The PDMS/TL composite demonstrates superior nonlinear properties
compared to PDMS/LT. This is due to the stronger swelling of TL in PDMS, combined with its
high transparency, particularly at shorter wavelengths. The transparency of TL allows for
extended light-matter interaction lengths, enhancing the nonlinear effects on the light wave.
From a practical perspective, toluene (TL) and 2,6-lutidine (LT) present a significant advantage
over nitrobenzene (NB) as they are harmful. Furthermore, is has been demonstrated that an
external DC field can effectively control the thermal contribution to the nonlinear optical
response of nitrobenzene. At sufficiently high field strengths, the thermal nonlinearity can be
completely suppressed, allowing for the measurement of the pure Kerr effect via Z-scan, even
at high laser pulse repetition rates. Additionally, electrical stirring offers the advantage of
contactless operation without the need for moving mechanical parts, making it suitable for

integration into miniaturized systems.
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Chapter 7

Summary and Outlook

In summary, in this thesis both novel sensitive and nonlinear optical waveguides, as well as
corresponding nonlinear materials were introduced. First, in Chapter 3, the concept of node
aligned waveguide gratings was discussed. A strongly tuneable propagation length of the TE;
waveguide mode characterizes this node mode concept. The tuneable propagation length
depends on the symmetry of the waveguide with respect to the layer thicknesses and the
refractive indices. At this point, | would first like to place these results in the context of current
development trends in optical waveguide technology. Growing fields in recent years in the
field of optical waveguides have been approaches focused on compatibility with silicon
technology, such as Silicon-on-Insulator (SOI). However, in many cases the fabrication
technology for such waveguides has a distinct disadvantage: achieving a symmetry in growth
direction. In contrast, in polymer technology a symmetric waveguide can be achieved by
simply "sandwiching" two layer stacks on top of each other. This straightforward approach
renders symmetry technologically facile. Furthermore, the approach presented in this thesis
can be used across a wide range of wavelengths, from ultraviolet (UV) to IR and beyond. The
only requirements are ensuring the transparency of the polymers used and, if necessary,

adjusting the dimensions of layers and gratings.

In fact, the symmetric polymer waveguides shown in Chapter 3.1 are compatible with silicon
technology as well through lamination and even enable extension into the third dimension
via multiple stacking steps. Since aligning the waveguide on a chip with the necessary
precision is technologically challenging, a subsequent adjustment of the on-chip light source

is required.

For this purpose, the concept of zero diffraction, introduced in Section 3.2, offers a potential
solution. As shown, zero diffraction allows for control over the propagation of light beams
within an optical slab waveguide using an electric voltage. The deflection of the light beams
occurs at an optical grating, which can now not only provide controlled local in- or out-

coupling but also enables in-plane deflection'®. By varying the structural parameters, the
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light can thus be directed to practically any position across the waveguide and then be out-

coupled at the desired location.

As shown in Section 3.2, zero diffraction enables the suppression of light interaction with an
optical grating, similar to a BIC, enabling optical switching of practically infinite contrast.
Furthermore, the zero diffraction waveguide structure in fact resembles a network of
miniaturized Mach-Zehnder interferometers. Two spatially separated beams repeatedly
intersect at specific locations (dots), where they interfere either constructively or
destructively. This type of optical system is especially valuable in the field of quantum
technology, where a network of optical switches is essential for selectively addressing
individual optically active qubits. Conventional methods, have so far among other reasons
been limited by high coupling losses, restricting the number of interconnected switches to
only a few. The concept of zero diffraction could mean a significant advancement in

overcoming these limitations, a prospect that will be explored further in subsequent research.

The subsequent Chapter 5 was focused on plasmonic waveguides, introduced as a classical
approach of miniaturization by using plasmonic effects. The fundamental idea behind this
research is that an optical structure grown under specific illumination conditions becomes
highly sensitive to any changes in those conditions. The presented structures were based on
a planar plasmonic stack combined with a metasurface that can interact with the planar

waveguide.

The inherent adaptability of the AgNPs during growth enables the creation of a metasurface
with an optical response, such as reflection or scattering, which is highly sensitive to even
minute changes in the surrounding electromagnetic environment. This sensitivity is a critical
feature for high-performance sensing applications, where precise detection of small
environmental variations (e.g. by molecule binding events) is essential. Conventionally, after
nanostructures are fabricated, they must be removed from the fabrication environment,
which introduces the need for complex post-process alignment with respect to the probing
light source. This additional step can increase the complexity of the system, reduce precision,
and introduce alignment errors. In the approach presented in Chapter 5.2, the identical light
source can be used for both fabrication and probing. This eliminates the need for post-
fabrication adjustments, as the incident angle of the light is already perfectly aligned with the

sharp resonances of the metasurface that emerge during fabrication. By utilizing multiple
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waveguide modes simultaneously, e.g. modes that have substantially different penetration

depths into the analyte, can be very benefitial for enhancing the selectivity of the sensor.

In addition, the harnessing of SR-SPPs in planar silver films has been demonstrated through
plasmon-mediated growth of plasmonic metasurfaces. This method enables a facile way for
the utilization of this hybridization phenomenon. Although several methods for utilizing the
phenomenon are known in the literature, there is an important aspect | would like to
emphasize at this point.'3® The key advantage of the method presented in this thesis is that
the high losses—and the associated short propagation length— of the SR-SPP mode do not
govern the width of the spectral features. Instead, the sharpness is determined by the size of
the area that is coherently illuminated by the incident laser as well as the laser divergence.
This is because, under growth conditions, the lossy SR-SPP mode does in fact not interact with
the metasurface anymore (dark structure rings in the FTEM). Instead, the waveguide behaves
as in the low loss case without the metasurface (before the particle growth) at this particular
position. In close spectral proximity, however, the interaction between waveguide mode and
metasurface is present again. Therefore, the feature width is not dependent on the losses of
the mode involved in the particle growth but on the size of the illumination area and the laser
beam divergence. This way, in this waveguide system, both the advantages of the strong
localization of the SR-SPP mode and the spectral sharpness, which corresponds to the
delocalized excitation of the particle ensemble, can be harnessed. Future work in this field
will focus on optimizing light-controlled growth, exploring additional excitation schemes, and

investigating other material compositions.

Chapter 6 focused on the development of materials for the efficient phase switching of light.
Initially, PDMS/NLO liquid composite materials fabricated via swelling were studied. The
nonlinearity of the composite materials was characterized by the Z-Scan technique. An
especially interesting aspect was the importance of multiple parameters in material selection.
For instance, the material with the strongest nonlinearity is not necessarily the most suitable
one for the composite material, because of the material specific swelling behaviour. Also, the
observation that the properties of PDMS/TL composite samples cannot be explained by a
simple superposition of the individual material properties could be substantial. This suggests
the presence of an effect that potentially enables the reduction of parasitic thermal

nonlinearities through a specific material combination. Additionally, it was observed that,
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under high illumination intensity, a permanent change in the refractive index seems to occur.
In this context, further experiments are needed to determine whether this phenomenon

could be applicable for laser-based structuring in material processing applications.

In the next section 6.2, thermal effects, particularly pronounced in nitrobenzene, were
investigated. It was discovered that the nonlinear properties of nitrobenzene can be
controlled by applying an external electric field. Through the continuous exchange of material
under the influence of the electric field, the thermal contributions are continuously modified.
As a result, the material can exhibit either a positive or negative nonlinear refractive index,
depending on the field strength. This finding is particularly interesting for applications in
electrically tuneable nonlinear lenses, as it allows the device to switch from self-focusing to

self-defocusing behaviour.

Additionally, these studies aimed to clarify the timescales on which thermal nonlinearities
occur in nitrobenzene, to assess its potential use in switchable waveguides where speed is
not the primary requirement. One example is the use of such waveguides as adaptive light
concentrators in photovoltaics. Since the position of the sun changes gradually over time,

thermal nonlinearities could serve as a mechanism for optical adaptation in this context.

The thesis concluded with Section 6.3, which introduced DEAs as an alternative to
conventional NLO materials. For this purpose, the phase of a laser beam was measured in an
interferometer, where the path length changes due to the electromechanical deformation of
an elastomer. Future activities will focus primarily on the use of even softer materials and the
application of an electrical or mechanical bias, aiming to reduce the operating voltage

required for a m phase shift.
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