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1 Introduction

1.1 Metamaterials and symmetry

The subject of this thesis “Symmetry-related effects of optical metamaterials” is embedded
in the research topic of modern nanooptics. It comes along with the recently evoked great
interest in developing artificial materials which are expected to control the flow of electromag-
netic waves in unprecedented ways. The fabrication of nano-sized structures has provided us
means to create artificial materials that have no natural counterparts. The subclass of these
materials which probably attracted the most scientific attention are the so-called metama-
terials. These man-made media are composed of their nanostructured elements in the same
sense as natural matter consists of atoms. Therefore these structural elements will be termed
metaatoms throughout this thesis. Ideally, they are supposed to be considerably smaller than
the wavelength of the interacting electromagnetic fields. However, as it will be shown later
on, it is challenging to meet this requirement for practical implementations of metamaterials
in the optical spectral domain. The metaatoms themselves are made of conventional mate-
rials such as noble metals, but their specifically tailored shapes and arrangements promote
their constituting ensembles to a superior level of structural organization of matter. Most
metaatoms are made of metallo-dielectric composites in order to support resonant surface
plasmon polaritonic eigenmodes. Since nanofabrication technology practically facilitates to
create metaatoms according to predefined designs, their electromagnetic response can be
tailored on purpose. In this thesis we primarily focus on the interaction of such artificial
matter with light from the near-infrared and visible part of the electromagnetic spectrum,

restricting our attention to so-called optical metamaterials.

Symmetry is of general and fundamental relevance in physics, since almost every micro-
scopic or macroscopic system exhibits symmetric relations between its constituents. More
specifically, structured matter has inherent symmetric properties with respect to space, like,
e.g., the famous crystallographic lattices. In order to describe a complex system, the inves-
tigation of its symmetry properties can yield immediate insight into the underlying physical
principles. Furthermore, some very general statements may even be deducible without a

deep mathematical analysis.

In this thesis, we will study how the spatial symmetries of nanoscaled, three-dimensional

metaatoms, the building-blocks of optical metamaterials, can be utilized to design their op-
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tical response. In particular, the reduction of the degree of spatial symmetry of a metaatom,
commonly referred to as symmetry breaking, will be shown to be a decisive means to foster
extended or even completely novel optical material properties that may be unavailable in

nature.

1.2 Current state of knowledge

At a first glance, any attempt to review the state of knowledge about metamaterials appears
as a Sisyphean task due to the daily and almost exponentially increasing number of scientific
publications dedicated to the topic. However, without making a claim to completeness of
information, it is attempted to classify the state of the art in a historical context and to
provide an overview of a selection of contributions with high impact on the field. By general
opinion, two seminal papers have predominantly stimulated the field of research. Already
in 1968, the Russian scientist Victor Veselago hypothetically considered the interaction of a
medium with a negative index of refraction and electromagnetic radiation [1], even though
there was no adequate experimental platform in sight. However, systematic literature inves-
tigations attribute his basic statements to earlier reports from the 1940s [2], which are not
commonly recognized and hence rarely quoted by contemporary authors. Further decades
had passed until in 1999 Sir John Pendry ignited the concept of modern metamaterials by
introducing sub-wavelength metal inclusions in artificial media, whose electric and, most no-
tably, magnetic properties could be modified by design [3]. Retrospectively, this is commonly
considered as the starting point for a boost of publications devoted to artificially engineered
and resonance supporting electromagnetic media which are unattainable in nature. Follow-
ing the original material science paradigm of Veselago, the pursuit for a negative refractive
index at any range of the electromagnetic spectrum [4]-[6] was initially inseparably connected

to the notion of metamaterials itself.

In the course of time, the generalization of the concept paved the way for a much broader
context to access other exotic electromagnetic effects like, e.g., artificial magnetism at op-
tical frequencies [7, 8|, enhanced optical activity [9, 10|, tunable plasmonic Fano reso-
nances [11, 12], directional asymmetry in the transmission of light [13, 14] and the excitation
of toroidal dipoles [15]. Hand in hand with the interest in the investigation of such fundamen-
tal properties of metamaterials the perspective of their great potential for application devices
emerged. Now and after more than a decade of intensive research, it is fair enough to bring
some of the overrated expectations of metamaterials into balance. Exemplarily, metamate-
rial based super- and hyperlenses [16]-[18] still face fundamental physical restrictions. For
direct comparison it shall be noted that stimuli from other fields have demonstrated imaging

beyond the diffraction limit in a more established [19, 20] or more convenient way [21, 22]
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under specific assumptions. The concept of electromagnetic invisibility cloaking, maybe the
most advertised and fascinating promise of metamaterials, was experimentally demonstrated
for some particular configurations [23]-[28], while its transfer into an application oriented en-
vironment is still considered a huge challenge. In turn, metamaterials have addressed other
topics where their true potential can unfold. Among them, active terahertz metamaterial
devices [29], active optical nanocircuits [30, 31], perfect optical absorbers [32, 33], memory
devices [34] and polarizers for circularly polarized light [35] have made remarkable progress.
Later on we will further specify the state of knowledge regarding metamaterials that are
strongly associated to the respective parts of this thesis. At long sight the prospective of the
general transformation of optical space via metamaterials [36]-[38] will nourish the ongoing

public interest in the study of artificially structured electromagnetic media.

When the work for this thesis started in 2007, there was still much room for improvement of
the conceptual understanding of optical metamaterials. Maybe the most prominent goal was
the compensation of their optical losses that arise from damping of the resonant oscillations of
electrons and light. Current approaches try to combine metamaterials with active gain media
and hold promise to resolve this issue in the near future [39, 40]. On a more fundamental
level, a systematic classification of metaatoms that could be used to derive generalized design
guidelines to address a specific optical property was still lacking in 2007. In particular, a
comprehensive understanding of the connection between the spatial symmetries and the
consequential optical properties of a metamaterial was just developing [41]-[44]. In the
following, a selection of open questions related to this missing link which will be specifically

addressed in this thesis are listed:

e State-of-the-art demonstrations of a negative index of refraction were restricted to a
predefined orientation of the respective metamaterials with a low degree of spatial
symmetry relative to the polarization state of the incoming illumination. Furthermore,
angularly resolved optical measurements had not been reported for this important
subclass, apart from one notable exception [45]. This fact exhibited a substantial
vacancy in the state of knowledge, since angular resolved spectroscopy can deliver a

clear signature of the presence or absence of spatial dispersion in metamaterials.

e Chiral metamaterials aiming at the maximization of optical activity were demonstrated
for the optical regime in the form of single- or bi-layered thin films. By contrast, truly
single-block, three-dimensional chiral metaatoms operating at optical wavelengths had
not been fabricated due to the associated challenges in nanofabrication technology.
This state of the art suggested that the true potential of chiral metamaterials with

respect to optical activity for visible light was not fully explored yet.

e There had been no investigation of metaatoms with almost no inherent spatial symme-

tries. Particularly, metaatoms which show a strong symmetry breaking in the direction
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of light propagation were not considered for design purposes. As a result and since
no natural medium shows this property (though there is no physical objection against
it), the effect of asymmetric transmission of linearly polarized light had never been

consciously observed.

e The vast majority of contemporary metamaterials was investigated with their consti-
tuting metaatoms ordered on a periodic lattice. It remained rather unclear whether
their optical properties could be retained when the symmetry of this lattice was broken
and the metaatoms were put in an amorphous arrangement. The solution of this is-
sue is of primary importance for the advancement of bottom-up fabricated amorphous

metamaterials.

Furthermore, in 2007 only very few research groups possessed the technological means to
fabricate high-quality metamaterials consisting of sub-wavelength metaatoms for the optical
regime, i.e. nanoscaled structures with feature sizes of less than 100nm. As a result, the
majority of experiments concentrated on metamaterials that were resonantly operated at
gigahertz or terahertz frequencies. In the optical range of the spectrum, being considered as
the more challenging task, experimental evidence of accordingly down-scaled metamaterials
was comparably rare. This was also due to the fact that, as far as metals were involved, they
do no longer behave as perfect conductors at high frequencies. In addition, most experiments
were performed in a proof-of-principle manner and on small nanostructured areas of the order

of 100 um x 100 pum, which barely met the requirements of future optical applications.

1.3 Aim and structure of this thesis

Based on the final statements of the previous section, this work deals with the technological
realization and experimental evaluation of metamaterials, their characteristic resonant re-
sponses at optical wavelengths and the optical properties and effects that can be deduced from
the experiments. To fabricate metaatoms with feature sizes smaller than 100 nm, a reliable
nanofabrication technology with a reproducible, high-quality throughput had to be estab-
lished in the first place. This technology should be demonstrated to be transferable to large-
scale metamaterial fabrication, aiming at areas of several square millimeters. As a next step,
the metamaterials fabricated with this technique were characterized by polarization-resolved
far-field spectroscopy in the visible and near-infrared spectral domain. Other experimental
methods like angular resolved transmission spectroscopy and white-light Fourier-transform
interferometry could be applied as complementary techniques to access additional observ-
ables of interest. To validate the measured quantities they were complemented with the
results of numerical calculations taking into account the material and geometry properties

of the respective metamaterials with an appropriate accuracy.



1. INTRODUCTION 7

The choice of metamaterial designs that were actually investigated in this thesis followed
the principle of the transition from high-symmetry and geometrically simple to low-symmetry
and geometrically complex metaatoms. Their properties will be expressed in terms of an
individual “optical target function”. Throughout this thesis this expression will denote
a precisely defined optical quantity or property which evidences the functionality of the
metamaterial at best. It will be argued that the reduction of the degree of spatial symmetry of
metamaterials is the pivotal key to access optical properties that either outperform currently
existing natural and artificial optical media or even provide effects that are entirely novel. In
any case, the optical target function to support these statements has to be chosen from case
to case. Then the individual design of a metaatom that is supposed to fulfill this property
is introduced. Consequently, a prototypical metamaterial composed of such metaatoms is
fabricated and the optical target function is demonstrated as a proof of principle. The
implications of the experimental results are discussed in a comprehensive physical manner

and put in the context of the current state of literature.

This thesis is structured as follows: In chapter 2 the theoretical, technological and ex-
perimental basics relevant to the description, fabrication and characterization of optical
metamaterials are recapitulated. We start with the principles of optics in media exhibiting
plasmonic resonances. Using metallic nanoparticles as the key building blocks of engineered
artificial media, i.e. as their metaatoms, leads to the concept and design of optical metama-
terials. A concise overview of the spatial symmetries of metamaterials and the mathematical
means to describe their optical responses is provided. Next, the state of the art of nanos-
tructure technology with particular emphasis on optical metamaterials is summarized and
the experimental tools for their optical characterization are briefly described. In the chap-
ters 3-6 the actual results of this work are presented. The two leitmotifs that guide the
reader through the thesis are the metaatoms and their spatial symmetries. Chapters 3-5
deal with experimental examples of metaatoms with a stepwise decreasing degree of symme-
try. In detail, a Swiss cross metamaterial (chapter 3), a metamaterial composed of loop-wires
(chapter 4) and a metamaterial with the lowest possible symmetry (chapter 5) are presented.
For each of them the respective optical target functions the metaatoms were designed for
will be discussed. They are, namely, a polarization-independent negative index of refrac-
tion (chapter 3), a record-breaking optical activity expressed in terms of the rotation of
the polarization azimuth (chapter 4) and the asymmetric transmission of linearly polarized
light (chapter 5). Chapter 6 considers the case when the symmetry of certain metaatoms is
sustained, while the periodic lattice in which they are usually assembled is destroyed in a
controlled way. The influence of positional disorder of metaatoms will lead us to the transi-
tion from perfectly periodic to amorphous metamaterials. This study establishes a missing

link between bottom-up and top-down fabricated metamaterials. Finally, in the last chapter
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the key results of this thesis are summarized and an outlook on further research activities is

given.

As already indicated, this thesis contains contributions of technological, experimental
and theoretical value which have considerably benefited from the close cooperation between
different people. This is emphasized as a positive aspect here, since networking and un-
biased intellectual exchange between researchers with different backgrounds may promote
the overall scientific output. In the following I will specify the main sources of help and
all contributions that were made in cooperation with others. The technological issues asso-
ciated with optical metamaterial fabrication were addressed by means of the facilities and
long-term experience of the technical staff of the Institute of Applied Physics (IAP) at the
Friedrich-Schiller-Universitat and the Fraunhofer Institute for Applied Optics and Precision
Engineering (IOF) in Jena. I was directly responsible for the fabrication of every metama-
terial reported in this thesis. After the technological recipes were evaluated and fixed, the
support from the technical staff associated to the IAP assured a continuous flow of samples.
In addition, external technological support was provided by Birger Steinbach (Institute of
Photonic Technology Jena), Kevin Fiichsel (IOF Jena) and Maria Oliva (IOF Jena) in terms
of gold and magnesia thin films, indium tin oxide thin films and atomic force microscopy
measurements, respectively. The subsequent optical characterization of the fabricated sam-
ples was mostly performed by means of existing experimental setups at the IAP Jena. The
white-light interferometer was developed and operated by Ekaterina Pshenay-Severin and
Matthias Falkner. The latter setup was modified in 2010, improving its overall sensitiv-
ity, extending the spectral bandwidth and enabling phase measurements of the off-diagonal
elements of the Jones matrix. These modifications contribute to the results reported in
Sec. 4.3. The measured data presented in Sec. 3.3.3 was recorded with a spectroscopy setup
built by Andreas Bielawny and Johannes Upping from the Institute of Physics at the Martin-
Luther-Universitat Halle-Wittenberg, where Johannes Upping and [ did the measurements
together. The theoretical part of this thesis took great advantage from my close coopera-
tion with the Institute of Condensed Matter Theory and Solid State Optics (IFTO) at the
Friedrich-Schiller-Universitat Jena. Particularly, many of the metamaterial designs reported
here followed suggestions from Christoph Menzel, who simultaneously worked on a thesis
focusing on the theoretical aspects of the treatment of optical metamaterials. He also pro-
vided Fourier modal method simulations for the metamaterials reported in chapters 3-5. As
for the investigation in chapter 6, Christoph Etrich (IFTO Jena) did the finite-difference
time-domain simulations. Additionally, the conceptual and practical input of many senior

scientists contributed to this work.



2 Fundamental concepts and methods

This chapter gives an introduction to optical metamaterials in terms of the physical, tech-
nological and experimental concepts and methods dedicated to their treatment. Despite the
clearly experimental nature of this thesis, a concise coverage of the relevant basic math-
ematical framework is needed. After the introduction of the basic equations of classical
electrodynamics, the focus is put on the interaction of electromagnetic fields and matter
with particular emphasis on metal nanoparticles. Based on a criterion for plasmonic reso-
nances in such particles, the concept of metamaterials consisting of arrangements of strongly
scattering metaatoms with different degrees of symmetry is introduced. After a critical dis-
cussion of the description of optical metamaterials in terms of effective optical properties,
alternative optical target functions such as asymmetric transmission or chirality-related phe-
nomenological quantities are defined. A brief overview of the two types of numerical methods
whose results were compared to the main experimental results of this thesis is given. Then
the state of the art of nanofabrication technology will been reviewed with particular em-
phasis on planar optical metamaterials. The chapter is closed with a concise description of
the utilized experimental characterization techniques which were, namely, normal-incidence
transmittance and reflectance spectroscopy, angular resolved transmission spectroscopy and

measurements with a Jamin-Lebedefl interferometer.

2.1 Electromagnetic wave propagation

2.1.1 Maxwell’s and material equations

The propagation of electromagnetic waves is classically described by the macroscopic Maxwell

equations:

V-D(r,t) = po(r,t), (2.1)
V-B(r,t) = 0, (2.2)
V x E(r,t) = —%B(r,t), (2.3)
V x H(r,t) = jo(r,t)+ 2D(rﬂf), (2.4)

ot
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while the free charge density po(r,t)=pext(r,t) and the density of the external currents
Jext (T, 1), being part of the free electric current density jo(r,t)=jo (T, ) +jeona (T, t) are con-

nected by the continuity equation

. 0
Vo Jex (T, 1) + Epo(r,t) = 0. (2.5)

Inside a medium, the dielectric displacement D(r,t¢) and the magnetic field strength
H(r,t) differ from the electric field E(r,t) and the magnetic induction B(r,t) according
to

D(r,t) = ¢E(r,t)+P(r,t), (2.6)
H(r,t) = i[B(r,t)—M(r,t)]. (2.7)

Here, the dielectric polarization P(r,¢) and the magnetization M(r,¢) account for the influ-
ence of the material. The constants €y and g are the electric permittivity and the magnetic
permeability of the vacuum, respectively. The principal task of electrodynamics including
optics is to solve Egs. 2.1-2.7 (together with appropriate boundary conditions) in a self-
consistent manner. Since the temporal and spatial evolution of electromagnetic fields in the
presence of matter can in general be arbitrarily complex, further simplifications are usually
made. Methodically, the angular frequency space w of each field is accessed by a Fourier

transformation with respect to time

E(r,t) = / E(r,w)e ™" dw, (2.8)
— 1 T )
E(r,w) = Py E(r,t)e™" dt. (2.9)

Assuming a homogeneous, linear and isotropic material, two linear relations of the Fourier-
transforms of the electric field E(r, t) and the magnetic field H(r,¢) can be derived

P(r,w) = epxa(w)E(r,w), (2.10)

M(r,w) = Xmag(w)H(r,w), (2.11)

where Xei(w) and Ymag(w) are the frequency-dependent electric and magnetic susceptibilities,

respectively. The Egs. 2.10 and 2.11 are the so-called linear material equations. Alternatively,
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the material response can be described by the electric permittivity e(w) and the magnetic

permeability z(w) of the medium? :

D(r,w) = €[l + Xe(w)|E(r,w) = ege(w)E(r, w), (2.12)

B(r,w) = 1o[L + YonagorJH(r. ) = ropa(w)H(r,w). (2.13)
More generally, Eqgs. 2.10-2.13 (and other, more involved variations of them) are referred
to as the constitutive relations of a medium. One particular class of solutions for the electric

field E(r,t) (and for B(r,t) accordingly) are plane waves in time and space described by

E(r,t) = Egelikme)r=wt] (2.14)

with the wave vector k(n,w), which is connected to the angular frequency w by the speed of
light in vacuum ¢y = 1/, /égpig via

2
2 w
K*(n,w) = k2 + kI + k2 = C—8n2(w). (2.15)
Equation 2.15 is the so-called dispersion relation and is considered in more detail with focus
on metamaterials in Sec. 2.4.1. Note that the wave vector k(n,w) is of fundamental impor-
tance, since it carries the full information about the principal propagation properties of the
optical wave field through the medium. The refractive index n(w) and the wave impedance

Z(w) of the medium are related to €(w) and p(w) as

n’(w) = e(w)n(w), (2.16)

Z*(w) = e(w)/pw). (2.17)

These two quantities should be kept in mind as the natural counterparts of the effective re-
fractive index neg and the effective wave impedance Z.g which will be introduced in Sec. 2.3.1.
In optics and throughout this thesis, the vacuum wavelength A\ = 27¢g/w is commonly used
to characterize a spectral range instead of the angular frequency w. Next we will discuss
the permittivity functions of bulk metals and the resonance conditions for small particles

because they play an important role for the design of metamaterials.

Tn the more general anisotropic case, Xe1(w), Xmag(w) and likewise €(w), u(w) become tensors.
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2.1.2 Optical properties of metals

The material properties needed for the electrodynamic calculations are provided by solid state
theory. Among others, the Drude-Sommerfeld model is a common approach to describe the
response of free electrons in a metal to an external electromagnetic field. Assuming inde-
pendent and free electrons in the partially filled conduction band with a common relaxation
time, the optical properties of metals (in this thesis, gold is of primary relevance) are suc-
cessfully described in many cases?. The model considers a motion of a free electron with a
charge e and an effective mass m? under the influence of an external electric field®, where
a damping constant v, accounts for scattering events with different collision centers (lattice
ions, other electrons, phonons, lattice defects, etc.)*. The resulting differential equation (for
details, see e.g. [46]) describes a quasi-free electron as a damped harmonic oscillator without
feedback and without resonance frequencies for w>0. Introducing the electron density n.,

its solution can be summarized in form of a (Drude) permittivity function

Wpl
€ wy=1—- —=2 2.18
Drude( ) w2 + i’YOW ( )
with the (Drude) plasma frequency wy = /nee?/egm? as a characteristic material constant
[€Drude(wp1) = 0]. Above its plasma frequency, a metal behaves like an ordinary dielectric.
€prude(w) describes most optical properties of metals surprisingly well, despite of the drastic
simplifications of the Drude-Sommerfeld model. In practice, wy,; and v, are used as fit param-

eters to match empirical bulk values, e.g. for the noble metals gold, silver and copper [47].

It can be deduced that electromagnetically excited quasi-free electrons perform a collec-
tive motion relative to the fixed crystal lattice in a metal. This collective and coherent
excitation of a large number of electrons is called a plasmon®. In the most general case
the term plasmon describes a collective oscillation of the electron gas relative to the lattice.
In particular, if spatial boundary conditions are imposed on the system as it is the case
for metallic nanoparticles, the electromagnetic modes at these boundaries are of combined

plasmonic and polaritonic nature.

2.1.3 Plasmonic resonances in metallic nanoparticles

The interaction of a single nanoparticle with the electromagnetic field can be analyzed using

the quasi-static approximation method provided that the particle is much smaller than the

2At optical frequencies, additional terms are added to e(w), accounting for interband transitions.

3In general, the effective mass m? is different from the free-electron mass me, since only electrons near the
Fermi level can contribute to the motion [46].

4 is the inverse of the so-called electron relaxation time.

5In quantum mechanical systems, the energy quanta of plasmonic oscillations are called plasmons.
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wavelength of light in the surrounding medium. In this case, the phase and amplitude of the
harmonically oscillating electromagnetic field are almost constant over the particle volume,
so that one can calculate the spatial field distribution by assuming the simplified problem
of a particle in an electrostatic field. The harmonic time dependence can then be added
to the solution once the field distributions are known. This lowest-order approximation of
the full scattering problem describes the optical properties of nanoparticles adequately for
many purposes, given that the ratio between the wavelength and the particle dimensions is
sufficiently large. It should be mentioned that for very small particles (diameters smaller than
roughly 10 nm) intrinsic effects like changes in the volume and surface properties dramatically
change the optical response [46]. In that case, size-dependent permittivity functions are more
suitable [48].

Concerning a small, sub-wavelength, metallic nanoparticle in an oscillating electromag-
netic field, the boundaries of the particle provide an effective confinement of the electrons.
In analogy to a cavity of finite length, the oscillation evokes an electronic resonance, leading
to field amplification in the optical near-field of the particle. The resonance is called a local-
ized surface plasmon polariton (in short and throughout this thesis: plasmonic resonance).
Contrary to propagating surface plasmon polaritons (SPPs) on extended metal-dielectric in-
terfaces, plasmonic resonances can be directly excited by light illumination from free space.
Already in 1908 Gustav Mie developed an analytical theory for calculating the polarizability
of spherical particles [49]. Following a modern textbook [50] and slightly more generally,
we consider here an ellipsoidal particle with the semiaxes d,, d,, d. and with an electric
permittivity e(w). It shall be placed in a surrounding dielectric medium with a permittivity
constant of €,. The main axes are aligned with respect to the coordinate system. In this
case the complex polarizability ¢(w) is a diagonal tensor, which relates the macroscopic po-
larization P(r,w) to an external electric field E(r,w) via P(r,w) = eyemd(w)E(r,w). For the
principal axes i = x,y, z, the respective diagonal elements of the polarizability tensor a;;(w)

can be directly calculated as

a;i(w) = 4nd,d,d, - +€g:[>€(;§m_ o’ (2.19)

where L; denotes a geometrical depolarization factor which depends on the particle shape
and particle aspect ratio (0 < L; < 1) [50]. Resonant enhancement of the polarizability
a;i(w) is obtained under the condition that |ey + [¢(w) — €m]L;| is minimal. Assuming a

small or slowly varying imaginary part of e(w) this happens for

Rle(w = wres)] = €m — 2. (2.20)

From Egs. 2.19 and 2.20 immediate conclusions with respect to all parameters that affect
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the nature of plasmonic resonances can be drawn:

e Material: Since 0 < L; < 1, Eq. 2.20 can be fulfilled only for media with R[e(w)] < 0.
In the optical spectral range®, this holds for gold, silver, copper and aluminum. In

turn, the smaller Sfe(w = wres)], the higher and sharper is the resonance curve.

e Surrounding dielectric: The resonance wavelength is red-shifted, if €, is increased with

respect to vacuum.

e Geometry: Controlling L; allows to tune the resonance frequency of the plasmonic
resonance. An increase of L; (higher aspect ratio) leads to a red-shift of the resonance

wavelength.

e Input polarization: If the particle is held at a fixed position in space, changing the
polarization of the incoming field can access another principal axis of the particle
and thus excite another plasmonic resonance. Mathematically, this corresponds to a

different depolarization factor L;.

To summarize this section, the possibility to excite localized surface plasmon polaritons in
metallic nanoparticles enables a broadly tunable optical response to an external electromag-
netic field. Unfortunately, the analytical derivation of the resonance condition is restricted to
few geometrical shapes (spheres, ellipsoids, spherical shells [46]). Nevertheless, the principal
conclusions and some physical design guidelines can be transferred to particles with a more
complex shape as well. If we were able to tailor complexly shaped metallic inclusions at will,
purposefully targeted electromagnetic properties and devices with completely novel optical
functionalities that are unavailable in nature could be accessed. This thought is the key to
the concept of modern optical metamaterials. Its practical implementation can be achieved

by the state-of-the-art nanostructure technology.

2.2 The concept of optical metamaterials

Artificial electromagnetic metamaterials are loosely defined as man-made media in which the
propagation of electromagnetic radiation is significantly governed by their artificially struc-
tured geometry rather than by the natural materials they are composed of. The invention
of the word is most probably attributed to Rodger Walser [51]. If the electromagnetic waves
interacting with such media stem from the optical or near-infrared spectral domain, we will
use the term optical metamaterials. The concept implies that one wishes to access and to

control the principal propagation properties of an optical wave field. Thus, the knowledge of

5The optical spectral range is usually equated with visible light, i.e. A=400...700nm. In the context of
this thesis, we will expand this definition of the optical spectral range by also including near-infrared

wavelengths up to A=1800 nm.
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the control mechanisms allows the realization of artificial matter with potentially novel opti-
cal functionalities. Moreover, by means of metamaterials, the properties of light propagation
can be extended into domains where nature does not provide any equivalent. Therefore
they represent a material class that permits the control of light propagation beyond that in
natural media’. Accordingly, although still at the stage of fundamental research from many
perspectives, the concept of optical metamaterials has elicited a boost in the field of mod-
ern optics due to its promise to permit groundbreaking applications such as sub-wavelength

imaging [16], cloaking devices [52] and transformation optics [36, 53].

2.2.1 Design of metaatoms

On a microscopic level, natural solids and crystals show an atomic lattice. When visible
light passes through such media, the light wavelength is thousands of times larger than
this lattice. Hence the atomic details are not resolved by the light and lose importance
in describing how the lattice interacts with it. Drawing an analogy, metamaterials are
obtained by assembling sub-wavelength unit cells. Referring to atoms in a crystal, these

8. This conceptual approach was first introduced in a clear

unit cells are called metaatoms
form to distinguish between “electric” and “magnetic” metaatoms in 1999 [3]. In order to
exhibit truly sub-wavelength unit cells for the optical spectral range, the metaatoms must
be engineered on the nanoscale. Their arrangement can be both periodic or aperiodic, as
will be detailed in chapter 6. Following the above definition of optical metamaterials, it is
implied that their macroscopic properties are dominated by the specific geometric shapes of

their metaatoms rather than by the natural constituents they consist of.

Accordingly the question arises which natural materials should be the appropriate basis to
form such artificial metaatoms. As it was shown in Sec. 2.1.3, metallic nanoparticles offer a
strong scattering mechanism of electromagnetic radiation in general and a conveniently tun-
able resonance condition for localized surface plasmon polaritons in particular. Accordingly,
the utilization of metallic nanoparticles with artificially engineered shapes as metaatoms is
an ideal platform to tailor the optical response of a metamaterial. It should be emphasized
that finite metallic structures can differ dramatically in their optical response from bulk
metals. To be precise, only when driven in resonance a plasmonic metamaterial provides
dispersive regimes beyond those achievable by a mere averaging of its constituents. It is
mentioned for completeness that (few) alternative concepts of non-metallic metamaterials

are based on Mie-resonances in high index dielectric particles [54]-[56].

"The word “meta” translates as “beyond” in Greek, and in this sense the name “metamaterials” means

“beyond conventional materials”.
8 Although some authors may alternatively use the term “metamolecules” for some elements described in

this thesis, we will consistently refer to them as metaatoms for convenience.
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The possibility to really design metaatoms and metamaterials has considerably changed
the notion of the working strategy in this field during the past decade. The design of
metamaterials is recognized as a “creative act” on a physical and material scientific platform.
An exemplary strategy of optical metamaterial research in the year 2011 can be formulated

as follows:

1. An optical target function or, in a broader sense, an innovative physical idea to be
demonstrated, should be identified.

2. A design of a metaatom that fulfills this optical target function must be extracted.
The necessary design guidelines for this metaatom should be based on a profound

understanding of the scattering properties of the individual metaatom.

3. It must be assured that the optical response of a single metaatom is not hampered

when put in a huge ensemble that will deliver a collective response.

4. The potential limitations of current nanotechnology may pose additional side conditions

for the practical realization and must be taken into account.

5. At last and in the context of this thesis, an experimental proof is needed to verify the

design-related predictions. If necessary, the theoretical predictions have to be refined.

Following this reasoning, numerous plasmonic metaatoms like, e.g., split-ring resonators [57],
cut-wire pairs [58, 59], fishnet unit-cells [60] and Swiss crosses (see chapter 3) have been de-

signed and thoroughly investigated.

2.2.2 Symmetry classification and symmetry breaking of metaatoms

Since any real metaatom can be considered as a nanoscale, yet finite three-dimensional
object, it is straightforward to explore its spatial symmetries. Such an investigation can help
to gain immediate preliminary insight into the physics of any structure, anticipating its very
general properties even without a deep theoretical or numerical analysis [41, 43]. A spatial
symmetry is present, if an object can be imaged onto itself either upon a mirroring operation
with respect to a plane or upon a rotation with respect to an axis. The image of the object
is then indistinguishable from its original. Commonly, spatial symmetries are classified into
mirror, rotational and translational symmetries. In accordance to literature [61], we will
denote a mirror (or inversion) symmetry with respect to the ij-plane with A;; and an n-fold
rotational symmetry with respect to the i-axis with C,,; (i,j = =, v, z). Optical metaatoms
are usually repetitively assembled on a periodic lattice in one or two directions in order to
form a metamaterial, which can be regarded to have additional translation symmetries in

one or two dimensions.
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Fig. 2.1: Scanning electron micrographs of optical metamaterials presented in this thesis with a decreasing
degree of symmetry from the left to the right. The insets show schematics of the respective metaatoms in
an ideal case, i.e. if no symmetry violations due to fabricational imperfections were present. a) Swiss cross
metamaterial with Cy . symmetry (see chapter 3). There are additional M,,, M,. and M,. symmetries
if the substrate was neglected and the structure was ideal. b) Loop-wire particle with C5, symmetry (see
chapter 4). ¢) Metamaterial consisting of metaatoms without spatial symmetries (see chapter 5). d) Cut-wire
pair metamaterial with Cy , symmetry if the metaatoms were arranged on a periodic lattice (see chapter 6).
There are additional My, M,, and M,, symmetries if the substrate was neglected and the structure was

ideal. Complete and deterministic symmetry breaking occurs with respect to the lattice period.

Common thin film metamaterials composed of “planar” metaatoms are essentially two-
dimensional with respect to the direction of light propagation. If a structural variation along
this axis was enforced, it can have a dramatic impact on their optical response, as it will be
shown in the chapters 4 and 5. This highlighted axis is parallel to the direction of light and
will be denoted as the z-axis throughout this thesis. On the other hand, the z- and y-axes
are always meant to be parallel to the plane of the main extension of planar metamaterials
and therefore parallel to their supporting substrates. We will explicitly include mirroring
operations with respect to the xy-plane and consider truly three-dimensional metaatoms
without loss of generality. Furthermore, it is important to note that all symmetry opera-
tions applied to a metaatom have to be consistent with the symmetry of the lattice and its
dielectric surrounding. In fact, it will be shown in chapter 6 how the overall symmetry in a
metamaterial can be broken by a positional disarrangement of the lattice while leaving the

symmetry of the respective metaatoms untouched.

Recently, a symmetry classification scheme of metamaterials relying on very basic physical
assumptions and the classical Jones calculus was established [44]. On the basis of pure sym-
metry considerations, it was demonstrated that all periodic metamaterials may be divided

into five different classes only. Each of these classes is characterized by unique relations that
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connect the entries of the Jones matrix and hence sustain specific polarization phenomena di-
rectly linked to the symmetry of the respective structure. Symmetry breaking, or with other
words, the reduction of the degree of symmetry of a particular metaatom, turned out to be a
key feature to access extended or even novel material functionalities. Some selected examples
from recent literature are the excitability of additional resonant modes that are otherwise
optically inactive [62, 63], the enhancement of an existing magneto-optical response [64], the
emergence of tunable Fano resonances in plasmonic nanostructures [12, 65] and asymmetric
transmission of light through optical metamaterials (see chapter 5). The notion of metama-
terial design in terms of symmetry breaking has fostered the design of metaatoms during the

past four years and should also be understood as the leitmotif of this thesis (Fig. 2.1).

2.3 Effective optical properties of metamaterials

According to Sec. 2.2.1, metaatoms are considered to be man-made counterparts of clas-
sical atoms in, e.g., usual crystals. In natural media, one can average over the atomic
scale, conceptually replacing the otherwise inhomogeneous medium by a homogeneous ma-
terial characterized by few macroscopic electromagnetic parameters like e(w) and p(w) (see
Egs. 2.12 and 2.13). As a first approximation, this reasoning can be straightforwardly ap-
plied to metamaterials. Under the assumption that electromagnetic waves do not resolve
the fine structure of a metamaterial but experience an effective homogeneous material, the
interaction can be conveniently described by introducing just two macroscopic properties as
optical target functions: an effective electric permittivity e.s(w) and an effective magnetic
permeability jiog(w). This assumption will be critically analyzed in Sec. 2.3.2. In case it was
valid, it simplifies the theoretical treatment of metamaterials because all details of spatial
inhomogeneities on the nanoscale could be neglected in favor of the functions e.q(w) and
pefi(w) only. We prefer to reflect the fundamental differences that distinguish e(w) and p(w)
of natural media from their effective counterparts in metamaterials by a careful choice of
terminology throughout this thesis: ¢(w) and pu(w) are denoted as true material parameters
while €.5(w) and peg(w) will be referred to as effective optical properties. We note that this
distinction is based to some extent on our personal preference since the terminology is not

coherently used in the current literature.

2.3.1 Retrieval procedure for effective optical properties

The mathematical framework to obtain eqg(w) and peg(w) in practice was proposed by Smith
et al. [66]. In the following, we consider a single frequency w and therefore omit all explicit

frequency dependencies for brevity. The principal idea is to replace the metamaterial by an
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isotropic homogeneous slab with thickness s, and to calculate its effective optical properties
from the measured or simulated complex transmission and reflection coefficients 7" and R for
normal incidence by using the theoretical formulas for the slab. In a vacuum surrounding

they are correlated to the index of refraction n.g and to the wave impedance Z.g of the slab

via
T = cos(nenhs) = £{Zux + 5 sin(rarhs) 2.21)
7 = Cos(nerks) — 5 [Zer + Z—sin(nehs)], :
R ' 1
= = —%(Zeﬁ— 7 sin(nerks), (2.22)
where k = |k| is the modulus of the wave vector from Eq. 2.15. Both equations can be

inverted to calculate neg and Z.g from T and R. This inversion reads as

(1+R)?—T7?
Jog = 4| m—5—= 2.2
cos(negks) = %(1 +T? — R?). (2.24)

Although Eqgs. 2.23 and 2.24 have a relatively simple form, both are complex functions with
multiple branches, which may lead to ambiguities in determining the final expressions that
can only be resolved if additional information is known: In a passive medium, the real
part of the effective wave impedance (Z.g)>0, which fixes the sign in Eq. 2.23. For the
same reason, requiring (neg)<0 determines the signs of both real and imaginary part of
neg. Furthermore, since the cosine function has multiple branches, there are still multiple
solutions for the real part of n.g. A common way to choose the correct branch is to calculate
all solutions of neg in a non-dispersive regime far below any resonance, where n.g must be
close to one, and calculate it successively by assuming the continuity of n.g as the frequency
w increases. At last, the target functions e.g and peg can be obtained by ecg = neg/Zeg and
et = Neff Left -

This retrieval procedure works under the assumption that the metamaterial can be viewed
as a homogeneous medium. It is implied that the metaatoms of the metamaterial are symmet-
ric along the light propagating direction. However, real metamaterials are mostly prepared
on a substrate, which leads to non-identical reflections from both sides of the fictitious slab.
In that case, a modification of the standard retrieval procedure yields physically reasonable
values for the retrieved electromagnetic parameters [67]. Many extensions and variations of
the general retrieval algorithm are existent [68]-[71], among them a method applicable to the

situation of obliquely incident waves on a metamaterial [72].
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2.3.2 Limits of validity for optical metamaterials

The embodiment of the electromagnetic response of metamaterials in effective optical proper-
ties like €. (w) and peg(w) is only approximate, as spatial dispersion is always present to some
degree in metamaterials. Spatial dispersion phenomena denote a wave vector dependence of
the effective properties [73], i.e. €eg=¢€or(w, k) and peg=ptex(w, k). They can be observed in
electromagnetic media if the characteristic sizes of its constituents (the metaatoms in the
present case) are comparable to the wavelength of the interacting radiation [74]. Regrettably,
this is the case for the majority of todays optical metamaterials which are intrinsically meso-
scopic. Typically, the vacuum wavelength is only a few times larger than their constituting
metaatoms. If the particular optical response of such metaatoms relies on resonant plasmonic
eigenmodes as described in Sec. 2.1.3, the induced currents depend nonlocally on the electric
field. In frequency space, this fact transforms into a spatially dispersive conductivity. At
this point, the distinction between weak and strong spatial dispersion is usually applied [74].
Only in the case of weak spatial dispersion an averaging procedure aiming at the introduction
of effective optical properties in the sense above is meaningful. In a recent work, Menzel et
al. established a validity criterion for the regime of weak spatial dispersion [75]. It was shown
that this criterion is rarely met by contemporary optical metamaterials, in particular in the
spectral regions close to the targeted plasmonic resonances. These findings clearly indicated
that the mesoscopic nature of contemporary optical metamaterials prohibits the meaningful
introduction of effective material properties in a conventional sense. Though the retrieval
procedure from Sec. 2.3.1 is always mathematically applicable, the physical meaning of its

results must be considered with care.

As a resort, the retrieved properties can still be regarded as partially valuable quantities
if not only the metamaterial but also its orientation to the incoming light wave and the
respective polarization state are taken into account [76]. In that case and according to
Rockstuhl et al. [77], the effective optical properties of mesoscopic metamaterials can be
understood as wave parameters that accurately describe the medium only in synthesis with
a precisely specified illumination scheme. Practically, an experimentally accessible indication
for the regime of strong spatial dispersion is the check of the angular dependence the optical
response. Exemplarily, for the metamaterial reported in chapter 3 the effects of spatial

dispersion are discussed in Sec. 3.3.3.

It is emphasized that the rating of the limited validity of effective properties of optical
metamaterials is subject to an ongoing debate in the research community, where such proper-
ties have been calculated regularly for years. However, numerous experimental observations
confirming strong spatial dispersion in optical metamaterials [78]-[84] have suggested that the
concept of effective optical properties may not accurately reflect the complicated constitutive

relations (see Egs. 2.10-2.13) of mesoscopic and complexly shaped nanostructures. Now in
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2011, the assignment of effective optical properties is utilized with increasing reluctance [85]-
[92]. This initiated paradigm shift indicates that alternative optical target functions will be
essential for the future of this field of research. In a chronological context and within this
thesis, effective optical properties were attributed to the metamaterials presented in chap-
ters 3 and 6. For completeness they will be shown and discussed, implying that they are
understood here as wave parameters in the sense above. Effective optical properties have
proven to be a convenient means to describe the light-matter interaction in a simplified way
in order to gain preliminary insight into the underlying physics. Nevertheless, the limits of

their validity must always be carefully borne in mind.

2.4 Alternative optical target functions

Despite the fact that the assignment of effective material properties is doubtful in some cases,
the attractiveness of the concept of optical metamaterials itself is not diminished. On the
contrary, the emerging challenge is to define physically meaningful optical target functions
that can be optimized by appropriate metamaterial designs. Recalling our definition from
Sec. 1.3, an optical target function is an individually chosen quantity that gives clear physical
evidence of the aspired optical functionality of a particular metamaterial. In the following, a
few examples that may constitute potential guidelines for future metamaterial research are

briefly introduced.

2.4.1 The dispersion relation

The characterization of the properties of artificial bulk materials in terms of their disper-
sion relation is a well-established technique, e.g., for photonic crystals [93, 94]. For such
systems, the so-called Floquet-Bloch analysis is applied to obtain a complete set of eigen-
solutions (Floquet-Bloch modes) of periodic structures. Therein, the frequency-dependent
wave vector k(n,w) (see Eq. 2.15) is decomposed into its transverse (k,, k,) and longitudinal
(k,) components, where the latter is frequently termed propagation constant. The approach
predicts that the propagation constants k, of the eigenmodes form a band structure versus
the transverse wave vectors k, and k,, where the individual bands are separated by gaps in
which propagating modes do not exist. Assuming a linear superposition of the optical fields,
their evolution can be described by a decomposition into these eigenmodes. The variation of
the propagation constant with respect to the optical frequency w governs dispersive effects
and is accordingly called the dispersion relation. As an alternative notation to Eq. 2.15 it is

often written as
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w = w(ky, ky, k), (2.25)

relating the frequency to the wave vector of the eigenmodes®. Equation 2.25 describes the
interaction of any optical medium with light completely and without approximations, given
that the eigenmodes of the system are known. Therefore, if this quantity is at hand, an optical
system can be evaluated thoroughly and bare of physical misinterpretations, like they may
be associated with the assignment of effective properties to optical metamaterials. On the
down-side, obtaining the full dispersion relation is normally linked to huge computational and
experimental efforts as they were established for the treatment of photonic crystals. However,
the transfer of this concept to mesoscopic metamaterials leads to the conclusion that the
dispersion relation itself could be an ideal optical target function which has to be optimized
with respect to free geometry parameters and spatial symmetries of metamaterials [42, 85].
More specifically, if evaluated at a fixed frequency wy it yields the so-called isofrequency
contours k, = k,(k;, ky,,wo). Shaping these contours practically enables the design of, e.g.,
optically isotropic [95, 96] or non-diffracting metamaterials [85] for limited frequency bands.
For comparison, the exploration of effective optical properties on its own has failed to provide

design guidelines for such sophisticated optical functions so far.

2.4.2 Transmission coefficients and Jones calculus

If both the effective optical properties and the dispersion relation are not suitable for a specific
metamaterial characterization (the further may not be physically meaningful and the latter
may be too complex to obtain), the optical response itself is the primary target function
to address. This optical response is encoded in the response functions, namely the complex
transmission and reflection coefficients T" and R, for a given input illumination. Ideally, those
quantities are directly accessible by an experiment such that no further computational effort
is required. This argumentation holds particularly in the case when the symmetry of the
involved metaatoms is very low and the associated constitutive relation of the metamaterial

gets too complex [74, 97].

To prove that a metamaterial shows a desired optical response, further phenomenological

quantities may be defined. In contrast to effective optical properties, they must be directly

0

deducible from 7" and R without further physical assumptions'®. Here, focus is put exclu-

9Tt is noteworthy that if the dispersion relation is given, a refractive index can be derived straightforwardly
P2

as n = c/w,/kZ + k7 + k2, assuming that the light propagation inside the structure is governed by the

properties of a single Floquet-Bloch mode only.
10Tn fact, in the following the medium is assumed to be linear, reciprocal and non-depolarizing. However,

these assumptions do not exhibit considerable constraints but are rather needed to correctly exclude very

exotic material classes that are of no importance for this work.
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sively on quantities that depend on the transmission coefficients only. In accordance with
Eq. 2.14, we suppose that a medium is illuminated by a plane wave propagating in the

positive z-direction

B\ |
Einc(r’t) = < ) el(kzz—wt)’ (226)

where E, and E, are the complex amplitudes in the linear (Cartesian) polarization base.
Accordingly, the field transmitted through the material is characterized by the complex

amplitudes T, and T}, via

7\ |
Etrans(ryt) = ( ) el(kzZ*LUt). (227)

The transmission properties of coherent light through a linear, reciprocal and non-de-
polarizing optical medium are completely determined on the basis of the classical Jones
calculus [98]. Generally, the so-called Jones matrix T contains 2 X 2 complex and dispersive
quantities 7;; which connect the incident field (E,, E,) with the transmitted field (7}, 7).

The entries T;; represent the complex amplitudes of the zeroth diffraction order in transmis-

T, Tor Txy E, mf B,
_ —i (B, (2.28)
Ty Tyx Tyy Ey Ey

The superscript f and the subscript lin indicate propagation in forward direction (corre-

sion

sponding to the z-direction throughout this thesis) and a linear (Cartesian) base with base
vectors parallel to the coordinate axes, i.e. decomposing the field into x- and y-polarized
light. For completeness it is mentioned that the classical Jones calculus inherently neglects
spatial dispersion, since the matrix T} is defined for one specific illumination direction only.
Its entries T;; would generally have to be modified if the light incidence deviated from this

preferential optical axis.

2.4.3 Polarization conversion dichroism and asymmetric transmission

Now we will consider the effect that the fraction of the power transmitted through a device
differs for illumination with a fixed polarization from opposite sides. This effect is called
asymmetric transmission and is experimentally accessed with the optical metamaterial re-
ported in chapter 5. To elaborate an analytical definition, the Jones matrices for forward
and backward propagation through the medium must be distinguished. In the following

we assume our medium to be reciprocal, explicitly excluding Faraday magneto-optic me-
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dia [99]. Applying the reciprocity theorem yields the Jones matrix 1" for propagation in —z

or backward direction simply by sign reversal and interchange of the off-diagonal elements

. Tow —Tya
T}, = e, (2.29)
-T. T,

ry vy

characterizing the transmission in a fixed coordinate system with the sample being rotated
by 180° with respect to either the x- or the y-axis. At this stage, we shall have a look on the
polarization conversion efficiency at the example of linearly polarized light. When an z- or
y-linearly polarized wave is incident onto an optically active medium, a fraction of light is
converted into its orthogonal polarization state. The efficiency of this polarization conversion
is directly expressed by the difference between the off-diagonal elements of the Jones matrix
T,y and T,,. If this efficiency is dependent on the propagation direction, namely forward
and backward direction, we speak of linear polarization conversion dichroism W¥y,. From a
comparison of the Jones matrices for forward and backward propagation direction (Eqgs. 2.28
and 2.29), we see that the off-diagonal matrix elements are interchanged. Hence, Wy, reads

as

v =T, — Ty = —0Y (2.30)

lin lin *

Now we introduce the total transmission in a linear polarization base with the normalized
and linearly independent base vectors e, and e,. If linearly polarized light passes forward

or backward through a medium and is detected by a non-polarization-sensitive sensor, the

f,b

measured quantity corresponds to the total transmission T}, . It is written in dependence of

the base vectors e, and e, as

ThP = Ti’bex + Tyf’bey = Tf’b(Ea:ex + Eyey). (2.31)

lin lin
Finally we can define asymmetric transmission A® for a given base vector as the difference

between the transmitted intensities for different propagation directions. In particular for the

linear base (i = z,y) we obtain

AR = Tl = ITR = 1Tl = 1T = —AR

lin lin lin *

(2.32)

It is noteworthy, that both \Ifl(fn’y) # 0 and A" £ 0 if and only if Tyy # Tyeo It is

lin
useful for our purposes to transform the Jones matrix of the linear polarization base Tj

from Eq. 2.28 into the circular polarization base T .. This transformation is given by

T = AT A, (2.33)
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with the transformation matrix

1 (11
AZE(@' _i>. (2.34)

In analogy to Eq. 2.28, the matrix T, cflrc connects the amplitudes of circularly polarized

incident light with those of circularly polarized transmitted light

() (5)- () ()
_ 7t _ : (2.35)
T E_ T, T_) \E_

where the entries of chlm can be directly calculated from the entries of Tlfn (and vice versa)

according to Eq. 2.35 as

Ty =[Tp + Tyy +i(Tyy — Tya)l/2, (2.36)
Ty = [Too — Ty — i(Toy + Tyo)l/2, (2.37)
T_i = [Tow — Ty + i(Toy + Ty0))/2, (2.38)
T =T+ Tyy i(Thy — Tya)]/2- (2.39)

Having these quantities at hand, asymmetric transmission for the circular polarization base

is derived as

= T2 = T = [T P — TP = —AL) (2.40)

ClI‘C circ circ |

where 7", and 7'y _ are the off-diagonal entries of the Jones matrix defined by circular
base vectors. Comparing Eqs. 2.32 and 2.40 immediately yields that the absolute value of
A® depends on the choice of the polarization base vectors. Note that both polarization
conversion dichroism and asymmetric transmission are optical target functions that can
be directly calculated from the optical response of the metamaterial itself. This response is
experimentally accessible, e.g., by a combined spectroscopic and interferometric investigation

as it will be demonstrated in Sec. 4.3.

2.4.4 Circular dichroism and circular birefringence

The optical target functions that are addressed in this section are related to chiral metaatoms
(see chapter 4). More than one century ago [100], chirality was defined by Lord Kelvin as
follows: “I call any geometrical figure, or group of points, chiral, and say it has chirality,

if its image in a plane mirror, ideally realized, cannot be brought to coincide with itself.”
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The two mirror image objects are now commonly known as enantiomers. This famous defi-
nition of enantiomorphism is inherently linked to three-dimensional space, where it applies
to natural objects like helices, proteins, snails or seashells as well as manufactured articles
such as screws, springs and golf clubs. In optics, materials made of three-dimensional chiral
metaatoms show two important polarization phenomena that are jointly referred to as op-
tical activity. In particular, we consider circular dichroism, which corresponds to different
direct transmission (or reflection) levels for left-handed and right-handed circularly polarized
waves. The second phenomenological quantity is called circular birefringence and refers to
a rotation of the plane of polarization of light. Note that both effects are, in contrast to
asymmetric transmission, identical for opposite directions of wave propagation, i.e. forward

and backward propagating waves.

In classical bulk media optical activity is often assigned to different refractive indices for
left-handed and right-handed circularly polarized waves. In that sense, circular birefringence
arises from different real parts of these refractive indices, which result in different phase
delays for left-handed and right-handed components of an electromagnetic wave and thus
a polarization rotation. On the other hand, circular dichroism in bulk media is evoked by
different imaginary parts of these indices, which cause different absorption losses for circularly
polarized waves of opposite handedness. However, since the introduction of a meaningful
refractive index is problematic for optical metamaterials, here we will use the more general
phenomenological definitions shown above which are directly amenable from the response
of an optical metamaterial itself. In order to obtain analytical expressions, we rely on the
derivation of the Jones matrix in the circular polarization base TACfi]rC from the previous section
(see Eq. 2.35). Accordingly, circular dichroism § and circular birefringence ¥ are calculated

directly from the measured optical response as

5= T2 — T (2.41)
£ = g (T,.,) — ara(T__)]. (2.42)

2.5 Computational treatment of metamaterials

In general, the computational treatment of nanoscale electromagnetic systems can be done
either analytically or numerically. Currently, analytical and semi-analytical approaches to
describe the linear and nonlinear response of optical metamaterials are exploited only for a
limited number of systems [101]-[106]. To study the nanostructures considered in this thesis,

we relied exclusively on numerical methods. The numerical treatment of such systems is
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a broad field of modern optics, for which a variety of computational techniques have been
widely tested and are partly commercially available. The numerical simulations of meta-
materials corresponding to the experiments reported in this thesis were done by Christoph
Menzel, Carsten Rockstuhl and Christoph Etrich from the IFTO Jena. Here the two meth-
ods of interest are briefly sketched, while the technical details will be omitted for reasons of

brevity.

2.5.1 The Fourier modal method

Being a subcategory of the Rigorous Coupled Wave Analysis (RCWA), the Fourier modal
method (FMM) is most suitable for optical systems with a periodic repetition of a structure
(the unit cell) in one or more dimensions [107]-[109]. It makes use of periodic boundaries,
meaning that the structure is considered to extend periodically over an infinite distance. The
FMM computation is twofold. First, the Fourier expansion of the field inside the unit cell
translates the respective system of Maxwell’s equations into a set of algebraic equations. To
decrease computational effort, this expansion and hence the number of equations is truncated
to a finite length. Second, once the eigenvalues and the eigenvectors of this system are
found, the boundary conditions at the interfaces of the unit cell are matched to compute the

diffraction efficiencies.

In our case, the FMM was implemented in a home-made Matlab code originally written
by Jari Turunen. For the calculations performed by Christoph Menzel, the full dispersion
of noble metals was properly taken into account according to documented values [47]. In
practice, the spectral features of resonant nanostructures reproduced by the FMM can be
very sensitive to the input parameters regarding their topography. Thus, the input geometry
parameters were varied within the limits of realistic fabrication tolerances, which resulted
mostly in good agreement with the experimental spectra of a fabricated sample. No correc-

tions of the imaginary part of the electric permittivity were applied!’.

2.5.2 The finite-difference time-domain method

In the case of non-periodic optical systems, the method of choice to solve Maxwell’s equa-
tions rigorously is the finite-difference time-domain (FDTD) method [112]. A differential
equation system comprising Maxwell’s equation in the temporal domain and relations con-

necting polarization and conduction with the electric field are directly discretized in space

1Tn some related publications, a “wavelength-dependent loss factor” with a seemingly arbitrary value larger
than one is multiplied with the imaginary part of the electric permittivity to account for additional losses
and to match experimental results [110, 111]. Naturally, such permittivity functions are not necessarily

consistent with the Kramers-Kronig relations.
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and time on the so-called Yee-grid. Nowadays, the FDTD method can also handle nanoscale

heterogeneous structures in the optical domain by a proper subpixel smoothing [113].

For the system described in chapter 6, Christoph Etrich discretized comparably large
supercells (7pum x 7um) using a resolution of 5nm. These supercells were truncated by
periodic boundaries in the lateral dimensions whereas perfectly matched layers were used
along the light propagation direction. A Drude model with adjusted plasma frequency and
damping constant was implemented to simulate induced currents. Then, this adapted FDTD
method solves the wave equations in the time domain, meaning that each wavelength has
to be treated separately. The temporal evolution of a system must be computed sufficiently
long to obtain the steady-state field. From the transmitted locally resolved amplitudes
the complex transmission can be extracted by imposing a spatial Fourier-transform on the
complex field. Subtracting the incident field, the equivalent treatment is applied to the
reflected field. In order to obtain a spectral response, this procedure is repeated for a finite
number of discrete wavelengths. Besides the transmission and reflection spectra, which are
mainly investigated in this thesis, this treatment provides also the spatially resolved optical
near-fields of the system under consideration. Details of this numerical technique are outlined
in [114].

2.6 Fabrication of nanostructured optical materials

This section deals with the fabrication of nanostructured materials whose unique properties
attracted mankind’s interest since the time of the Roman empire [115]. However, the big part
of modern nanofabrication technology has its roots in the standardized methods developed
for the semiconductor industry of the late 20" century [116]. A short summary of the current
state of the art is accompanied by pivotal examples from literature that evidence the relevance
of the individual methods for the fabrication of optical metamaterials. We will restrict the
considerations on essentially planar metallo-dielectric films with characteristic thicknesses
of less than 2 um placed on a supporting substrate. For our purposes concerning optical
metamaterials, only methods reaching a sub-100nm spatial resolution are of interest!?. A
comprehensive overview of nanostructure fabrication in general can be found in [117], while a
recent review article by Boltasseva et al. was devoted to negative-index optical metamaterial

fabrication in particular [118].

12This section is not intended to provide a comprehensive state of the art of nanostructure technology, but
a practical classification of tools which are suitable for the current (and in some cases future) fabrication
of optical metamaterials. In order to deepen his or her understanding for practical purposes, the gentle

reader may conveniently resort to the referenced literature.
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2.6.1 Nanolithography

In most general terms, lithography is a technique to transfer a generated pattern into a
medium. The recording medium must be sensitive to a local interaction with an illuminating
particle (or wave) source. The physical nature of these particles yields a straightforward
classification scheme into electron-, photon-'* and ion-based lithography. Within the context
of this thesis, lithography will denote the transfer of a pattern into a resist. The resist is
mostly a polymer that changes its solubility in a developer solution upon local interaction
with electrons, photons of ions in comparison to the non-illuminated polymer (Fig. 2.2). By
this means, a spatially heterogeneous exposure leads to a solubility pattern that is memorized
as a fixed structure in the resist. Two different kinds of resists are available: positive
and negative. In a positive resist, the exposed areas will be dissolved in the subsequent
development stage (Fig. 2.2c), whereas in a negative resist, the exposed areas will remain
intact after the development (Fig. 2.2d). Note that in addition to ion beam lithography,
purely physical ion beam nanostructuring requires neither a resist medium nor a development

step.

Electron beam lithography

In electron beam lithography (EBL), a beam of electrons is used to generate a pattern in a
resist. Since electron beam widths can be on the order of nanometers, EBL gives rise to a
nanoscale resolution. The serial nature of the process is manifested in a scanning procedure
across the surface to be patterned. EBL is most versatile at the point of initial design
and preliminary experimental studies since it offers sub-wavelength resolution and almost
complete pattern flexibility. These advantages outbalance the principal restriction of EBL

application to limited areas, as long as no mass production is required. To date, it is the first

13The denotation of photons as particles pays reference to their well-known wave-particle duality.

(c) Positive resist

(a) Exposure (b) Development \\

—

(d) Negative resist
W' Substrate \\
‘ Unexposed resist v Exposed resist \

Fig. 2.2: Schematic view of a) exposure and b) development of ¢) a positive and d) a negative resist.
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choice for the fabrication of nanostructured metamaterials [118]. EBL-based nanofabrication

procedures including transfer technologies can be achieved on sub-10nm scales [119, 120].

Optical lithography

Any optical lithography (OL) method uses one or several optical beams or waves to expose
a photosensitive resist. To obtain high resolutions, light with short wavelengths and lens
systems with large numerical apertures are integrated. OL is routinely applied to produce
large micro- and nanostructured areas of up to square meters in size while its resolution limit
can be driven down to the nanoscale [121]. Note that the concepts of OL are likewise applied
in X-ray- and extreme ultraviolet (EUV)-lithography. Here, only established OL methods

capable of achieving sub-100 nm resolution are briefly mentioned.

e Interference lithography (IL): This fabrication technique is based on the superposition
of two or more coherent optical waves forming a standing pattern. Alternatively,
the wave pattern can be generated using a phase mask. Being a parallel process, 1L
provides a low-cost, large-area and mass production capability. Though the pattern
flexibility is limited, a huge variety of interference patterns can be created by adjusting
the relative directions, intensities, polarizations and relative phases of the waves. The
resolution limit of IL can ultimately be extended to below 20 nm [122] such that optical

metamaterial fabrication was routinely demonstrated [60, 123].

e Multi-photon photopolymerization: In this technique, also referred to as direct laser
writing, a photoresist is illuminated by laser light at a frequency below the single-
photon polymerization threshold of the resist. When the laser is tightly focused inside
the photoresist, the light intensity inside the focus may exceed the threshold for initiat-
ing multi-photon photopolymerization [124]. Three-dimensional scanning of the beam
over the sample (or vice versa) enables the generation of three-dimensional polymer
nanostructures down to about 100 nm lateral feature sizes [125]. Incorporating the con-
cept of stimulated emission depletion [126] holds solid promise to decrease the spatial

resolution of multi-photon photopolymerization down to 10nm [127].

lon beam lithography and ion beam nanostructuring

Apart from ion beam lithography, which can be considered as an ion-based analogon to EBL,
ion beam nanostructuring has gained increasing importance with respect to prototypical
high resolution patterning. A focused ion beam (FIB) can be used to remove (or deposit, see
Sec. 2.6.2) material in a small region with a footprint of typically less than 100 pm x 100 pm.
Though the ion selectivity depends slightly on the material to be structured, virtually any

surface can be patterned by purely physical means. In particular, FIB requires no develop-
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ment step. Hence, the writing of a pattern can be monitored in situ by a scanning electron
microscope (SEM), which is a clear advantage of FIB over EBL. A related aspect is the
consequent cycle time, i.e. the time between fabrication and investigation of a test sample
and a subsequent sample fabrication with modified process parameters. The shorter cycle
time of FIB in comparison to EBL makes the former an attractive and cost-effective tool
for rapid prototyping of small nanostructured areas [128], though it is possibly accompanied
by an unwanted deposition of ions. This shortcoming can substantially decrease the optical

performance of an optical metamaterial [6, 129].

2.6.2 Thin film deposition

As outlined in Sec. 2.1.3, nanostructured noble metals are indispensable to the design of
plasmonic metamaterials'*. Regardless of the chosen method defining the nanometric pat-
tern, metallic and non-metallic films must be deposited either before or after the patterning
process. Today, numerous materials can be processed as thin films with high homogeneity
on a nanometric scale. In principle, a thin film can be deposited from the liquid or the
gaseous phase. In the first case, a liquid wets the surface of the substrate and is supported
to form a solid film. In the latter case, we can distinguish between chemical and physical
gaseous phase deposition, which is the most relevant technique with respect to nowadays

metamaterial fabrication.

Liquid phase deposition

e Spin coating: In this three step process, a drop of a liquid material is placed on
the substrate. Rotating the substrate at speeds of typically several 1000 revolutions
per minute (rpm) leads to a uniform covering of the substrate with the liquid. The
last step is the hardening of the film by volatilizing excessive solvents in an oven or
on a hot plate. Spin coating is the standard method to prepare thin films sensitive
to EBL or OL. Additionally, it can be exploited for the planarization of rough or
structured surfaces [132], which allows, e.g., for multiple stacking of single structured
layers [133, 134].

e Electroplating (or electrodeposition): The achieved target heights of metals films ob-
tained with this method are typically in the order of tens of micrometers. The substrate
is introduced in a solution containing a reducible form of the ion of the desired material
and is maintained at a negative potential (cathode) relative to the anode. While the

ions are reduced at the substrate surface, the insoluble metal atoms form a solid film.

14Tn a broader context, recent reviews attempteded to explore the potential of alternative plasmonic materials

for specific purposes [130, 131].
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Relevant to the field of metamaterials, this technique was shown to be suitable to coat
three-dimensional micro- and nanostructures with noble metals [35, 135, 136]. Very
recently, the electrochemical postprocessing of a plasmonic metamaterial and the con-

sequential reduction of its plasmonic damping characteristics were demonstrated [137].

Chemical vapor deposition and atomic layer deposition

Chemical vapor deposition (CVD) involves the reaction of chemicals in a gas phase to form
a solid film. The needed energy is usually supplied by maintaining the substrate at elevated
temperatures. CVD processes offer excellent conformal coverage of three-dimensionally struc-
tured surfaces, even at the nanoscale [138, 139]. Most noteworthy, the chemical synthesis
of single-crystalline metal films offers superior optical properties for future plasmonic nanos-
tructures [140].

e Atomic layer deposition (ALD): The characteristic feature of this CVD-related tech-
nology is the ability the control of the thickness of the deposited material with a
sub-nanometer precision. The method is based on sequential self-saturated surface re-
actions, leading to the controlled atomic (or molecular) layer-by-layer growth of thin
films. An ALD cycle comprises the subsequent injection of two material components
into the reaction chamber, each followed by a purging pulse or an evacuation step.
Self-saturated growth is attained when the highly reactive precursors are kept separate
from each other in the gas phase [141]. For instance, three-dimensional patterns ob-
tained by multi-photon photopolymerization [142, 143] or by OL [144] were coated by
means of noble metal ALD to form plasmonic structures. Thus, ALD is considered to
be a promising candidate to enable the precisely controlled functionalization of almost

arbitrary nanopatterns, e.g., by a conformal metallization of their surfaces.

e Focused ion/electron beam deposition: This process denotes the ion or electron beam
assisted decomposition of a gas precursor of the specific material that has to be de-
posited. When, e.g., metalorganic precursors are injected in the beam path, they can be
dissociated and parts of them will be deposited on the surface of the substrate. In gen-
eral, the deposits are nanocomposites containing the (metallic) target material [145].
When at the same time the beam is scanned across the surface, a pattern can be gen-
erated. This feature makes focused beam deposition an independent nanolithography
tool on its own [146]. As such, it has similar advantages (in situ observability, rapid
prototyping, short cycle times) and drawbacks (small pattern areas, undesired impuri-
ties such as carbon and oxygen [147]) as FIB in comparison to EBL. The potential of
focused beam deposition techniques to fabricate nanostructures with sufficiently good

optical and/or plasmonic properties is currently under investigation [148, 149].
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Physical vapor deposition

The term “physical” indicates that the material to be deposited exists in the desired stoi-
chiometric composition, is sublimated or vaporised and transferred to the substrate without
chemical reaction under ultra high vacuum conditions [150]. Any diminishment of the vac-
uum conditions in the process chamber causes potential reactions with remnant gases and
may degrade the purity of the films. The deposited material condensates on the surface of the
substrate and gradually changes from a film consisting of isolated particles and clusters to an
“infinite” cluster spanning over the whole substrate. The transition point between the two
regimes is called the percolation threshold [151]. The deposition rate and the straightness of
the incoming beam are mainly governed by the distance between source and substrate and
the directness of the incoming particle beam. By subsequent deposition from two or more

different sources multilayer stacks can be fabricated.

e Thermal evaporation: The source material is placed in a small container called cru-
cible and heated up to a temperature at which it evaporates. Among other means,
the temperature rise can be reached by passing a large current through the resistive

crucible.

e Electron beam evaporation: In contrast to thermal evaporation, the surface of the
material in the crucible is heated by a bombardment with an electron beam. This
method is typically used if the evaporation temperature of the deposition material is
higher than the melting point of the crucible. Thus the evaporation of the material is
enabled, while the temperature of the crucible holding the material is only marginally

raised.

e Sputtering: A target of the material to be deposited is bombarded with high energy
inert ions like argon. As a result individual clusters are removed from the surface and
almost isotropically ejected into the half-space above the target. Due to the physical

nature of this process, it can be applied to almost any material.

Thermal and electron beam evaporation are currently the standard techniques to integrate
metal thin films in metamaterials. They have mostly been combined with the lift-off method
(see Sec. 2.6.3) for the fabrication of the vast majority of contemporary optical metama-
terials including the structures considered in this thesis. It should be mentioned that all
thin films produced by physical vapor deposition techniques consist of randomly oriented
crystal grains with typical diameters of up to 50nm. This multicristallinity impedes the
fabrication of structures containing features of comparable size and introduces an intrinsic
surface roughness for larger structures. From the optical point of view, grain structures in
metal films lead to additional scattering and increased dephasing of surface plasmon polari-

tons [152], both resulting in undesired broadening of plasmonic resonances. Recently, Nagpal
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et al. demonstrated an elegant way to circumvent this issue at least at the surfaces of the

involved metallic films by a template stripping technique [153].

2.6.3 Nanopattern transfer methods

A nanopattern generated by lithography is usually written in a resist with high sensitivity
to the applied illumination. In most cases, the resist is dissimilar to the desired functional
materials that are to bear to final pattern. Therefore the initial resist pattern must sub-
sequently be transferred into the functional material(s). Nanopattern transfer techniques
can be distinguished with respect to their either subtractive or additive interaction with the
functional material, as it is schematically shown in Fig. 2.3. The first case comprises etching

techniques, while the most relevant version of the latter case is the lift-off method.

Subtractive nanopattern transfer

The subtractive interaction with a functional material, i.e. its removal (Fig. 2.3a-e), is
mostly achieved by etching. A specific etching method is primarily chosen with respect to
its material selectivity, etch rate and directionality (isotropic or anisotropic). In principle, we
distinguish between wet and dry etching. Wet etching methods make use of liquid acids or
bases to contact an etchable material and to dissolve its surface. If the material itself shows
no inherently anisotropic properties, these liquids etch rather isotropically and perform a

lateral undercut!®

which limits the smallest feasible feature sizes. More favorable, dry etching
methods allow to tune the directionality of the etching. Practically, a higher anisotropy of the
applied etching method enables higher aspect ratio vertical structures and smaller undercuts,
which in turn can lead to smaller lateral feature sizes. Here, three types of dry-etching

processes are briefly mentioned.

e lon beam etching (IBE, also called ion milling) is a purely physical process that utilizes
accelerated inert ions (mostly argon). The process is equivalent to sputtering described
above with the difference that the removed material from the target is not recollected.
IBE offers high directionality but poor material selectivity. IBE was shown to be a
suitable tool to etch thin gold films for optical metamaterials by Liu et al. [134, 155].

e Reactive ion etching (RIE, also called ion-assisted etching) and reactive ion beam
etching (RIBE) are mixtures of physical and chemical etching techniques. Instead of
or in addition to inert gas ions, reactive gases in the process chamber can support

the desired selective material removal. The reaction initiates only if the surface is

15Lateral undercut is present if the effective angle between the sidewalls of a pattern and the supporting
substrate is smaller than 90° [154].
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Subtractive nanopattern transfer

(a) Exposure (b) Development (c) Etching (d) Etched pattern (e) Final pattern
with remnant resist
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Additive nanopattern transfer
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Fig. 2.3: Schematic view of the transfer of a nanopattern written in a positive resist a)-e) by a subtractive
transfer method such as etching and f)-j) by an additive transfer method such as lift-off. Note that when
a positive resist is used, the final pattern made of the functional material(s) corresponds to the unexposed
resist areas for the subtractive transfer method and to the exposed resist areas for the additive transfer

method, respectively.

“activated” by the collision of incident ions supplying an activation energy. Since the
directionality of the accelerated ions favors collisions on surfaces which are normal to
the ion beam, the etching rate is higher in the direction parallel to the ion acceleration.
To the best of my knowledge, no RIE or RIBE process for structuring noble metals in

optical metamaterials has been reported so far.

e Inductively coupled plasma (ICP) etching is a version of RIE assisted by a plasma
ignition. In addition to RIE, a high frequency voltage is inductively coupled into the
reaction chamber. The ions generated by the ignited plasma contribute to breaking

chemical bonds at the etchable surface.

Additive nanopattern transfer

If a directional physical vapor deposition technique (see Sec. 2.6.2) is applied on a binary
resist pattern placed on a substrate, the material will be deposited on the substrate in the
cleared areas and on the non-dissolved resist of all other parts. This classifies this step as an
additive nanopattern transfer method (see Fig. 2.3f-j). By “lifting off” the remaining resist
including the deposited material on top of it, one ends up with the inverse pattern - a thin

film of the deposited material at the formerly cleared areas. If the resist is polymer-based,
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the lift-off step can be performed in, e.g., acetone, and may be supported by ultrasonication.
For this method, a sufficient adhesion of the thin film to the substrate surface is crucial.
Therefore, an adhesion promoter like an ultrathin layer of titanium or chromium is usually
applied. Although it is known that such adhesion layers are detrimental to the performance
of optical films [156], their indispensability for a sufficient yield of adhering nanostructures

is commonly recognized.

Nanostructures generated by the lift-off method are limited with respect to their aspect
ratio. An increased amount of deposited material (corresponding to a high thickness of
functional layers) will degrade the resist mask, e.g. by reducing hole diameters. Unless this
behavior is exploited on purpose for conical nanostructures [157], it results in rather unfavor-
able non-rectangular side-walls of the pattern [158], particularly for thick samples [159]. If
the thickness of the deposited materials is increased even more, they will stick down the resist
pattern which cannot be lifted off any more. In that case the resist becomes insoluble. As an
alternative, simply increasing the resist height diminishes the obtainable lateral resolution. It
shall be noted that the restrictions on the aspect ratio of classical lift-off nanopatterns can be
partly circumvented when the classical lift-off is combined with a novel membrane projection
lithography [160], which proved to be suitable to fabricate micrometer-scale metamaterial

unit cells with higher vertical aspect ratios [161].

2.6.4 Pattern duplication methods

Pattern duplication methods have in common that they require an already nanostructured
master sample which either serves as a mask or is duplicated. Typical examples for these
applications are photolithography and nanoimprint lithography (NIL), respectively. Dupli-
cation techniques are used to achieve high throughput, low-cost and high reproducibility.
For the purpose of experimental prototyping, pattern duplication methods are less common
since they inherently depend on the fabrication process of the master sample. Currently,
the field of optical metamaterial fabrication is dominated by slow but versatile pattern gen-
eration methods like EBL and FIB, but on the long run pattern duplication methods offer
an alternative application perspective. Basing on first successful reports of NIL-fabricated
metamaterials [162, 163], NIL and related methods will gain importance for the field once
metamaterials are transferred from an academic platform to a mass production oriented

environment.

2.6.5 Self-assembling methods

The described top-down approaches for the current fabrication of optical metamaterials are

adapted for rapid prototyping and the demonstration of first principal experiments. However,
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they are unlikely to suit for obtaining true bulk quantities let alone standardized mass produc-
tion. Instead bottom-up approaches using self-organization of suitably tailored metaatoms
have attracted increasing interest because of the rich assembling behavior and the collec-
tive properties that can potentially be engineered [164]. The functionalization of bottom-up
approaches is a very innovative field, and it is very likely to grow with regard to optical
metamaterials in the near future [165]. For instance, self-assembling methods, though not
directly applicable to optical metamaterial fabrication at the moment, can be expanded by
exploiting complementary nanopattern transfer steps including noble metal deposition [166]-
[168]. Other highly promising methods were inspired by origami, the Japanese art of paper
folding, and have convincingly demonstrated the self-assembly [169] and three-dimensional

self-folding of prestructured nanopatterns [170, 171].

2.7 Experimental characterization of optical metamaterials

2.7.1 Normal-incidence far-field spectroscopy

Standard transmission and reflection intensity measurements were done with a commercially
available Lambda 950 photo spectrometer from Perkin Elmer. Equipped with a deuterium
and a halogen lamp, this instrument covers a working wavelength range from the ultraviolet
to the near-infrared. The internal beam path of the spectrometer contains only reflective
components and two Littrow mounted grating monochromators for the short and long wave-
length range. The nearly monochromatic beam is split into signal and reference and chopped
at 46 Hz. By this means, the ratio between the two beams is recorded for each single wave-
length. Via an adjustable Glan Taylor prism the signal beam can be linearly polarized in the
plane normal to the principal light direction. To measure transmittance, the signal beam
propagated normally through a sample fixed in an home-built sample holder. For reflectance
measurements the signal beam was incident on the sample with an 8° inclination to the
sample normal. Both signal and reference beam entered an integrating sphere with a com-
bination of a photomultiplier tube and a detector based on strained InGaAs, allowing for
a broadband spectral sensitivity from 0.2 um to 2.5 pm'®. Through these measurements we
obtain the transmittance ¢,, and the reflectance r,, which are the squared moduli of the
complex transmission and reflection coefficients corresponding to the z- or y-polarization

axis, i.e.

6For details, see http://las.perkinelmer.com/Catalog/ProductInfoPage.htm?ProductID=L6020322, 22 Dec
2010. Historically, we worked with a lead sulfide (PbS) photodiode until February 2009. This period of

time comprises the measurements reported in chapters 3 and 6.
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Fig. 2.4: Schematic of the experimental setup to measure the amplitudes of the transmission matrix. Nor-
mally incident light was linearly polarized before propagating through the sample and subsequently analyzed

by means of a second linear polarizer.

tey = Teyl? (2.43)

Tey = |Ruyl®. (2.44)

The acquired data was directly recorded and processed via the integrated software UV Win-
lab 5.1. Prior to any sample measurement, a so-called autozero spectrum accounting for the
spectral dependence of sources, detectors and all optical components in the beam path was
carried out for each state of linear polarization. The accuracy of this calibration was regu-
larly cross-checked by recording a 0% (blocked beam) and a 100% plain baseline. Deviations
from those baselines indicated if the spectral distribution of the halogen lamp changed dur-
ing data acquisition. Furthermore, the recorded spectrum of each metamaterial sample was

normalized to the respective unstructured substrate both for transmission and reflection.

In order to record the squared moduli of the full Jones matrices of the metamaterials
described in chapters 4 and 5 (¢;; = |T};]?), transmittance measurements were taken for all
four possible combinations of horizontally and vertically polarized source and detector and
for wave propagation in both directions. As shown in Fig. 2.4, an analyzer (a second linear
polarizer) was placed behind the sample. Propagation in backward direction was mimicked

by flipping the sample normal to its plane.

For the special case of the validation measurement with circularly polarized light (see
Sec. 4.4.2), a super-achromatic quarter wave plate (RSU 2.4.10, 600...2700 nm wavelength)
from Bernhard Halle GmbH was introduced in the optical beam path between the first

polarizer and the sample under investigation. By proper adjustment of the first polarizer,
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linear polarization was converted into either left-handed circular polarization (LCP) or right-

handed circular polarization (RCP).

2.7.2 Angular resolved transmittance spectroscopy

The measured transmittance data presented in Sec. 3.3.3 was recorded with a spectroscopic
setup at the Institute of Physics at the Martin-Luther-Universitdt Halle-Wittenberg. It
consisted of a 250 W halogen light source from LOT Oriel, beam shaping optics and a
motorized goniometer holding the sample. Detection was done with an indium gallium
arsenide (InGaAs) photodiode. The diode signal and a reference from a chopper driver
were fed into a lock-in amplifier. Again, each recorded spectrum had to be normalized
to the respective unstructured substrate. This setup allowed for polarization and angular
resolved transmission and reflection spectroscopy for wavelengths from 0.8 pm to 1.6 pm.
The accessible angular range was basically limited to 55° by the finite area size of the

metamaterial sample with respect to the beam size of the measurement setup.

2.7.3 Interferometric optical phase measurements

Broadband transmission phase measurements covering a spectrum ranging from 0.6 um to
1.7 um were carried out for the metamaterial reported in chapter 4. In addition to the
transmittances t;; = |T;;|* obtained from amplitude measurements (see Sec. 2.7.1), optical
interferometry delivered the associated phase information and allowed for an unambiguous
determination of the complex transmission coefficients 7;;. The setup, which was operated by
Ekaterina Pshenay-Severin and Matthias Falkner, basically consisted of a white-light Fourier-
transform spectral interferometer [172] equipped with a supercontinuum light source SuperK
Versa from KOHFERAS. Details of the underlying Jamin-Lebedeff interferometric scheme can
be found in [173, 174]. In contrast to previous works, the physical quantities characterizing
optical activity of chiral optical metamaterials (see Sec. 2.4.4) could be extracted exclusively

based on measurements without the need for additional numerical input.

Chapter summary

This chapter provided the conceptual framework needed for the description and investigation
of optical metamaterials. It was postulated that symmetry breaking of metaatoms and their
respective arrangement is a key parameter either to outperform natural optical media or
even to obtain new optical functionalities that have no equivalent counterparts in nature.

Depending on the optical target function that should be addressed, one of the numerous
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physical quantities must be carefully chosen to describe the characteristic features of a par-
ticular metamaterial. Besides effective optical properties in the sense of wave parameters,
alternative optical target functions are the dispersion relation, the optical response itself and
other quantities that can be directly derived from the latter. In this thesis, polarization
conversion dichroism, asymmetric transmission, circular dichroism and circular birefringence
will be of relevance. Furthermore the current state of nanofabrication technology dedicated
to the fabrication of optical metamaterials was reviewed. For the samples described in this
thesis, EBL in combination with thin film evaporation and the lift-off method turned out to
be a successful strategy. The chapter is closed with a description of the utilized experimental
characterization techniques. Having explored the theoretical, technological and experimental
basics relevant to the treatment of optical metamaterials, we will now come to the core of
this thesis.



3 High-symmetry metaatoms for
polarization insensitivity

In this chapter, the detailed fabrication and optical characterization of a planar negative-
index metamaterial with a fourfold rotational symmetry is described. Compared with the
established double fishnet structure, our novel design termed “Swiss cross” structure elimi-
nated the drawback of polarization-dependent effective optical properties for normally inci-
dent light. A Swiss cross metamaterial sample was fabricated and experimentally analyzed
for both normally and obliquely incident light. The comparison with numerical simulations
associated an effective refractive index of ne.g=-1.9 for normal incidence at an operational
wavelength of 1.4 um. Accounting for the high C, ., symmetry of the unit cell, this statement
holds independently of the incident polarization state, which was achieved for the first time
in field of optical metamaterials. Nevertheless, we extended our studies to oblique incidence
and revealed a generally strong angular dependence due to the mesoscopic structure of the
sample and its associated spatial dispersion. All experiments are backed up by numerical
simulations. It is shown that the spectral and angular domains of negative refraction as well
as its strength depend strongly on the light’s propagation direction and polarization state.
Our results clearly indicate that a description of the Swiss cross metamaterial in terms of
effective material properties is not adequate. The significance of their limited applicability
is highlighted.

3.1 Metamaterial designs for a negative refractive index

Among various desirable and exotic properties of general metamaterials, the pursuit for a
negative effective index of refraction attracted possibly the greatest interest in the past [5].
We will use the term “negative refractive index” throughout this chapter, while recalling its
meaning as a wave parameter according to the conclusions drawn in Sec. 2.3.2. The general
statement given there will be elucidated in detail at the very example of the metamaterial
presented here. The angular dependence of the effective refractive index in the resonant
domain of a real optical metamaterial due to its inherent spatial dispersion will be explicitly

demonstrated.
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3.1.1 The double fishnet design

Because of technological challenges in obtaining bulk materials, negative-index metamaterials
were usually fabricated as a single functional layer only. Nevertheless, first successful stacking
technologies have been reported [6, 129, 134]. Due to the immense number and variations
of design proposals for negative-index metamaterials operating at various spectral domains,
the following considerations are restricted to metamaterials that I) consist of one functional
layer only, II) show a negative-index behavior for near-infrared or visible wavelengths and

IIT) have actually been subject to experimental demonstration.

Common design proposals for planar negative-index metamaterials are based on appro-
priately tailored nanostructures supporting plasmonic eigenmodes. In the optical domain,
split ring resonators [57] and cut-wire pairs [58, 59] constituted promising approaches, but
were restricted to longer wavelengths due to the design-dependent saturation of the mag-
netic response at optical frequencies [175]. First and foremost, the so-called (double) fishnet
structure, firstly reported by Zhang et al. in 2005 [60], was shown to have the best optical
performance of all realized designs to date in terms of its figure of merit (FOM). The FOM
is considered to be a simple and straightforward quality criterion for negative-index meta-
materials [176] and is defined as the ratio of the moduli of the real and imaginary parts of

neg(w) in the negative-index spectral range.

The physical working principle of the general fishnet structure is briefly recalled follow-
ing [177]. Vertically, the structure comprises a three-layer stack (metal-dielectric-metal).
The design can be intuitively understood as a composition of “magnetic atoms” and “elec-
tric atoms” in the lateral direction as shown in Fig. la in [178]. The electric atoms are the
long metal wires parallel to the incident electric-field vector. Their passive behavior corre-
sponds to a diluted metal [179]. The plasma frequency of a diluted metal will be lower when
compared to a true bulk metal, yet it must be kept slightly above the targeted operation
frequency. This implies that the real part of e.q(w) is negative while its magnitude is not
too large. The resonance wavelength of the magnetic atoms is determined by the width of
the cut-wire pairs, which are as well aligned parallel to the polarization vector of the electric
field. An electric quadrupole and a magnetic dipole moment stem from the antisymmet-
ric plasmon polariton eigenmode of the two coupled metal layers and evoke a resonance in

pet(w) [180], which can also take negative values for a limited spectral range’.

Different implementations of the fishnet design can be classified according to their polari-
zation-sensitivity and to their number of free geometrical parameters. The latter is important
for adjusting the optical response, e.g. in terms of the effective plasma frequency of e.q(.)

and the resonance frequency of pieg(w):

IThe physics of cut-wire pairs is further detailed in Sec. 6.2.
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1. The first class comprises fishnet structures with holes of square or circular shape on
a square lattice [60, 111]. These fishnets exhibit a Cj, symmetry which translates
directly into polarization independence for normal incidence (parallel to the z-axis).
The number of free lateral design parameters? is only two: the lateral hole size and the
lattice constant. In fact, it was shown that the optical performance of Cy , symmetric
fishnets is inferior due to a deterioration of the magnetic resonance and thus leads to
a low FOM [177].

2. Featuring only a C;, symmetry, the second class consists of fishnet structures with
rectangular or elliptical holes. The symmetry breaking allows for an additional free
parameter since the lateral hole sizes now differ in x- and y-direction. This degree of
freedom enabled the demonstration of negative-index metamaterials with the highest
FOMs in the optical domain compared to competing designs [177, 181, 182, 183]. How-
ever, they suffered from a strong polarization dependent response [72], as one usually
aims at optimizing the geometry for a predefined orientation of the structure relative to
the illuminating polarization. Clearly, for many future applications of metamaterials

a polarization-insensitive response is highly desirable.

In essence, in practical applications of the fishnet design one had to relinquish either
polarization independence or one geometrical degree of freedom. A novel negative-index

metamaterial design which is presented in the next section, rendered this choice unnecessary?®.

3.1.2 The Swiss cross design

The Swiss cross design was invented simultaneously and independently by different re-
searchers. It was first mentioned as a (geometrically) “isotropic-fishnet” along with other
variations by Kafesaki et al. [185], and adapted for the terahertz [186] and gigahertz do-
main [187] later on. Conceptually, the structure comprises a metal-dielectric-metal layer
stack in the vertical direction. Laterally, the unit cell consists of a cruciform aperture. Be-
cause of its striking resemblance to the flag of Switzerland, we will refer to it as the Swiss
cross. From its Cy, symmetry it is evident that the unit cell will show a polarization-
independent response for normal incidence. The structure can essentially be understood
as an isotropic cut-wire pair combined with orthogonally oriented wires. The number of
free lateral geometry parameters is three, since one can adjust independently the width and

the length of the cross arms as well as the lattice constant. Thus, when compared to a

2Vertical parameters are spared since their number is equal in all cases under consideration.
3We note that only after our own publication [184], an optical polarization-independent fishnet structure

was reported [111]. Its high losses were compensated later on by active gain [40]. Alternative approaches
based on coupled waveguide geometries [95, 96] still lacked experimental realization during the compilation
of this thesis.
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polarization-independent fishnet with circular or square holes, the Swiss cross design offers
the advantage of an additional degree of freedom. Consequently, one can tune independently

the resonance frequency of e.g(w) and the effective plasma frequency of pieg(w), resulting in
a better FOM.

3.2 Single layer nanofabrication technology

In the following we describe the tools and detailed technological recipes that were used for the
fabrication of the Swiss cross metamaterial and for the other nanostructures reported in this
thesis. The choice of a technology for any nanostructure fabrication depends primarily on
the available resources at the given location. Our key tool was EBL combined with thin film
evaporation and lift-off, which in my opinion is the standard procedure for approximately 80%
of todays metamaterial prototypes. We applied this technology because of its high resolution
(<50nm), pattern flexibility and convincing sample quality regarding topographical and
optical properties. Within the process resolution limit almost every pattern is feasible. The
main shortage of EBL is that it is a serial writing process. Hence it is normally used to write

small areas of the order of 300 pm x 300 um in the field of metamaterial fabrication.

By contrast, our electron beam writer Vistec SB350 OS (Vistec Electron Beam GmbH,
Jena) was specifically developed to meet the needs of optical applications [188]. It allows
to process areas of more than 100 mm x 100 mm at reasonable fabrication times by means
of a variable-shaped beam pattern generation [189]. The largest EBL-made metamaterials
reported in literature so far were of the order of 1mm? [190], but their comparably large
lattice periods of several um rendered them suitable for the terahertz range of the spectrum,

excluding the optical spectral domain.

In the following, our recipes will be described in detail. The starting point was a 4inch
diameter fused silica wafer which was 1 mm thick and polished on both sides. Prior to
processing, it was cleaned by a standard cleaning process. For the EBL, we faced the choice
between two types of electron beam resists: Standard polymethyl methacrylate (PMMA)
and the chemically amplified resist FEP171.

e PMMA: Invented already in the year 1968 [191], PMMA and its variations are still
widely used in EBL. Upon electron beam irradiation the long polymeric chains are
fragmented into shorter ones. Shorter chains are more dissolvable for the developer,
typically methyl isobutyl ketone (MIBK). PMMA was proven to be the first choice for
the lift-off process in countless contributions [57, 157, 192].

For the metamaterials reported in chapters 4 and 5, the following procedure was used:
A 85nm thick layer of the PMMA-copolymer AR-P 610 from Allresist Berlin GmbH
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was prepared by spin coating and tempered at 210°C for 10 minutes. Subsequently,
the resist AR-P 671 from the same supplier was spin coated with the same thickness
and baked at 180°C for 30 minutes. This preparation resulted in two PMMA layers
with two different electron selectivities in order to provide an undercut resist profile.
Next, a 10 nm thick gold layer was thermally evaporated to ensure a conducting surface
during electron beam exposure. For patterns with a low filling fraction, typical electron
exposure doses were of the order of 400 uC/cm?. If the pattern filling fraction was
higher, the respective doses had to be decreased. After the wet chemical removal of
the gold conductance layer in an aqueous solution of potassium and potassium iodide,
the samples were developed in a 1:1 MIBK:isopropanol solution for 30 seconds, rinsed

with isopropanol and blown dry with nitrogen.

e FEP171: This chemically amplified positive-tone resist from Fujifilm was evaluated
with respect to its suitability for the lift-off method. Even though FEP171 is a common
mask making resist with high wet etching resistance, its use for lift-off purposes has
not been reported in the literature to the best of my knowledge. Chemically amplified
resists are based on acid generation during exposure and a thermo-catalytical amplifi-
cation of this acid combined with a cross linking reaction of the resist polymer during
a post exposure bake. In comparison to PMMA based resists they enable an increased
sensitivity of more than one order of magnitude and are therefore readily applied by

the semiconductor chip industry.

In this work the wafer was evaporated with a 10nm film of indium tin oxide (ITO).
This thin film layer served as a transparent conductive oxide with a sheet resistance
of <1072 Qm [193] and prevents charging effects during the following electron beam
exposure’. The ITO film remained on the substrate after fabrication and must not
perturb the optical function of the metamaterial placed on top of it®. Next, a 300 nm
thick layer of FEP171 resist was spun onto the surface at 1400 rpm and baked at 120°C
for 3 minutes. Depending on the desired nanopattern, the applied electron doses were
adjusted between 11 and 13 uC/cm?. These doses are slightly higher than those of
the specifications from Fujifilm to achieve an undercut profile even in a single layer
of resist. After exposure, the wafer underwent a post exposure bake at 110°C for

1min. The resist was developed in OPD4262 developer for 40 seconds. This process

4An alternative to a transparent conductive oxide at the bottom of the resist is a charge dissipating agent
on top of the resist layer [194]. However, this entails the drawback of an additional fabrication step when

dissolving the agent after exposure.
5This was ensured by measuring its optical transparency in the visible and near infrared (mean extinction

coefficient smaller than 0.2 for a 10nm thin ITO layer at A=1.4 pm). Numerical simulations employing
the experimentally obtained optical constants of the ITO film reveal that its influence was of minor

importance to the overall optical properties of the metamaterial.
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was applied for the fabrication of the structures reported in chapters 3 and 6.

After exposure and development, an adhesion promoting titanium film with a thickness of
3nm° and the desired functional layer stack were deposited onto the resist patterned wafer
by physical vapor deposition. The deposition rates were <0.1 nm/s aiming at a superior
sample quality compared to higher rates [195]. For our metamaterial structures either a
single layer of gold or a three layer stack of gold-magnesia-gold with a maximum thickness
of 100 nm were typical. Gold (Au) and magnesia (MgO) were thermally and electron beam
evaporated, respectively (see Sec. 2.6.2). Subsequently the wafer was immersed in acetone
for more than four hours and finally the lift-off was performed supported by sonication.
The resulting nanostructures comprise the evaporated layer stack with the inversion of the
exposed lateral pattern. Due to the lift-off procedure we usually obtain non-perpendicular
side walls with typical angles of 10°-15° with respect to the substrate normal. All fabrication

steps and the final patterns were routinely monitored by SEM inspections.

A few remarks shall be spent on the advantages and shortcomings of the two evaluated
resist systems. For the fabrication of experimental prototypes of metamaterials, PMMA
did work well in accordance with the experiences of many other researchers in this field.
On the downside, it requires comparably high electron exposure doses (in particular, if an
undercut resist profile is desired) resulting in relatively long exposure times. Furthermore,
the reproducibility of a specific pattern from sample to sample turned out to be rather
challenging with PMMA, due to numerous and partially uncontrollable process parameters
that determine the final outcome [196].

This major shortcoming was partially lifted when working with FEP171. Its highly stan-
dardized usage according to the supplier’s terms of use guarantees an accurate reproducibility
of the desired pattern. In fact, performing test exposures on small scales and repeating them
with identical exposure parameters on large areas resulted in a confirmation of the test re-
sults within the resolution accuracy of the overall process. Secondly, and this is an important
point, we achieve at least an order of magnitude faster patterning than PMMA-based EBL.
However, chemically amplified resists show an increased surface and line edge roughness due
to the statistical and locally nonuniform distribution of the photochemical events [197]. As
for optical metamaterial fabrication including metal lift-off, this drawback is not crucial since
the sizes of the metal crystal grains are of the same order as the local resist pattern fluc-
tuations (see Sec. 2.6.2). After the metal deposition step, the line edge roughnesses of the
final nanostructures were comparable in our experiments; regardless of the used resist. Sum-
ming up, this technological achievement illustrates an important step toward the creation of

large-area planar metamaterials in an high-throughput oriented environment.

6The thickness of the titanium film is below its percolation threshold.
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3.3 Experimental investigation of the Swiss cross

The Swiss cross metamaterial was fabricated by the FEP171 lift-off technique as described in
Sec. 3.2 and is shown in Fig. 3.1. All geometry parameters are detailed in the figure caption.
The ends of the Swiss cross arms have a circular shape with a diameter corresponding
approximately to the width of the arms. The specific design parameters were chosen to
match the resonance frequencies to our available spectroscopic characterization equipment as
described in Sec. 2.7, but can be tuned to other wavelengths as well. It is worth mentioning
that the footprint of the Swiss cross metamaterial extends uniformly over 3 mm x 3 mm,

which was possible thanks to the comparably short EBL exposure time of FEP171.
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Fig. 3.1: a) Schematic sketch of the Swiss cross metamaterial unit cell with the definition of the geomet-
rical parameters: p=410nm, 21=310nm, z,=80nm, da,=30nm, dyeo=37.5nm. b) Top view and c) 45°
tilted view SEM micrograph of the fabricated metamaterial with lattice constants of 410 nm in both lateral

directions. The inset of b) shows a magnified top view of the unit cell.

3.3.1 Determination of polarization sensitivity for normal incidence

The Swiss cross was optically characterized by normally incident transmission and reflec-
tion spectroscopy as explained in Sec. 2.7.1. Measurements were done as a function of the
polarization angle for linearly polarized incident light. In Fig. 3.2 spectral scans of trans-
mittance and reflectance” from A = 0.4 um to A = 1.8 um with varying polarization angles
from 0° to 180° in steps of 5° are plotted. Only minor deviations from the theoretically
predicted complete polarization insensitivity have been observed®. For instance, considering
the spectral position of the principal transmission resonance at A=1.05 um, a wavelength de-
viation over all polarization angles up to £10nm can be noticed. The amplitude maximum
of the transmission resonance varies by +1.5%. However, these effects can be attributed
to imperfections of the fabricated structure with respect to the idealized Swiss cross. From

a systematic examination of SEM images we observed an unintentional, weak twist of the

"Because of the expected polarization insensitivity, we can set t = t, = tyand r =1, =1y.
8The low signal-to-noise ratio in the wavelength range from 0.9 um to 1.0 pm in the reflection spectra is

due to low sensitivity of the detector and does not bear any physical meaning.
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Fig. 3.2: Measured a) transmittance and b) reflectance spectra of the Swiss cross metamaterial as functions of

the wavelength and the incoming linear polarization state from 0° to 180° in steps of 5° at normal incidence.

outer cross arms (toward an inverted gammadion-like structure [9]) that slightly violates the
(4, symmetry and induces a weak polarization dependency. Most probably the twist is due
to the serial writing procedure of EBL and a time hysteresis of the resist?. Nevertheless,
this shortcoming can be fixed through the use of an adapted exposure regime. There is no
fundamental physical objection that would contradict the polarization-independent response

of the ideal design.

3.3.2 Effective properties for normal incidence

To retrieve effective optical properties of the structure, the measurements were compared
to simulated data obtained by the FMM method (see Sec. 2.5.1). We compare simulated
reflection, transmission and absorption data for a polarization parallel to one arm of the Swiss
cross. This configuration corresponds to a polarization angle of 0° in the measurements.
The absorption was calculated as the difference of the sum of transmission and reflection
to unity, i.e. @ = 1 —t —r. The experimental and simulated spectra shown in Fig. 3.3
demonstrate a good correspondence over the entire wavelength range, covering all essential
spectral features. Note that the width and the strength of the resonances are reproduced with
remarkable agreement. Particularly, for the context of this discussion three main resonances
are discernible. The first (1) and the second (2) resonance arise at a wavelength of 0.83 pm
and 1.05 um, respectively. The third (3) and most relevant resonance in the context of this

investigation occurs at wavelengths around 1.4 pm.

The physical origin of the resonances can be elucidated best from the retrieved effective
optical material properties. Though their limited validity for mesoscopic metamaterials

is acknowledged (see Sec. 2.3.2), here we show exemplarily how effective properties give

9When the Swiss cross pattern is sequentially composed during the exposure, temperature and charge

gradients are expected to add up to a twist of the cross arms after the resist development.
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Fig. 3.3: Measured a) and simulated b) transmittance, reflectance and absorption spectra for 0° polarization.
Measurements with the orthogonal polarization delivered virtually identical results. The absorption spectra
were calculated from measured and calculated data, respectively. The numbers (1), (2) and (3) mark the

wavelength positions of the three resonances of particular interest.
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Fig. 3.4: a) Effective electric permittivity e.g(\), b) effective magnetic permeability pes(A), and ¢) effective
refractive index neg(A) as retrieved from the FMM simulations. The numbers (1), (2) and (3) mark the

wavelength positions of the three resonances of particular interest.

preliminary insight into the underlying physics and can serve to simplify the description
of light propagation inside a Swiss cross metamaterial. For this purpose we relied on the
rigorously computed complex reflection and transmission spectra and applied the retrieval
procedure described in Sec. 2.3.1. Results are presented in Fig. 3.4, where €q(A), e (A) and
neg(A) are shown. Again it is emphasized that the retrieved properties are universal for all

states of polarization at normal incidence within the limits of manufacturing tolerances.

e The resonance (1) at a wavelength of 0.83 um is associated with the symmetric localized
plasmon-polariton resonance excited in the cut-wire pairs. The current in the cut-wires
oscillates in-phase at this wavelength. As their dipole moments add up constructively,
strong dispersion in the effective permittivity with a Lorentzian line shape can be
observed (Fig. 3.4a). For our specific implementation of the Swiss cross design the
resonance (1) is superimposed by the onset of the first diffraction order of the structure,

which deteriorates its typical lineshape.

e Regarding resonance (2), we notice that the effective electric permittivity € () is char-
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acterized by a Drude-type dispersion relation with a plasma frequency corresponding
to A = 1.05um (Fig. 3.4a). This wavelength exhibits the cutoff wavelength for the
fundamental guided eigenmode in an infinitely extended metal waveguide having the
shape of a Swiss cross [198]. At larger wavelengths the fundamental mode is evanescent,

causing e.s(\) to be negative [199].

e Finally, the effective magnetic permeability peg(A) shows a Lorentzian resonance (3)
centered around A=1.4um (Fig. 3.4b). The origin of this spectral feature can be
understood by an investigation of the electric displacement currents in both metallic
layers. At a wavelength of 1.4 um the currents are 7w out-of-phase and give rise to an
electric quadrupole and a magnetic dipole moment [101, 200]. This is the signature of
an antisymmetric plasmon polariton mode induced in the cut-wire pairs, backing up our
original statement. Choosing the physically correct branch of R[neg(A)] in Eq. 2.16, we
formally obtain the real part of the effective index of refraction R[nes(\)]=-1.9 around
A=1.4 um (Fig. 3.4c) with a FOM of 0.7. An increase of this quality criterion is expected
upon optimizing the structure for a better matching of the resonance wavelength of
the effective permeability to the plasma frequency of the effective permittivity, which
is feasible by the lateral and vertical geometry freedoms of design. It is admitted that
i () remains positive at A=1.4 um, which classifies the fabricated Swiss cross as a

single-negative metamaterial [201].

3.3.3 Angular dependent transmission measurements

One of the most challenging issues of metamaterial research is the design of structures that
provide the desired optical properties for all angles of incidence. This includes optically
isotropic metamaterials and metamaterials with a specifically tailored anisotropic optical
response. Generally, the angular spectral response is highly relevant for imaging systems on
the basis of optical metamaterials. To evaluate the performance of a particular metamaterial
design it is therefore necessary to investigate its response for all propagation directions,
i.e., all angles of incidence. We performed exactly this measurement for the Swiss cross
metamaterial. In the case under consideration, the azimuth angle ® and the polarization of
the incoming light were fixed while the angle of incidence © and the wavelength were varied
as free parameters. The measurement technique is described in Sec. 2.7.2 and the results
are compared to FMM simulations. In Fig. 3.2 the zeroth diffraction order of the measured
and simulated transmission spectra are shown for ®=0° and $=45° and for both TE and
TM polarizations. By definition, TE denotes the situation when the polarization vector is
parallel to the substrate plane. Note that the spectra for ©=0° (corresponding to the very
top line of each subfigure in Fig. 3.5) are equal to the results shown in Fig. 3.3, regardless of
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Fig. 3.5: Transmittance spectra of the Swiss cross metamaterial for four combinations of polarization states
and planes of incidence in dependence of the wavelength and the angle of incidence © in steps of 5°. Upper
row: measured data. Lower row: simulated data. a) and b) TE polarization at ®=0°. c¢) and d) TM

polarization at ®=0°.e) and f) TE polarization at ®=45°. g) and h) TM polarization at ®=45°.

® and the polarization state. As outlined in the previous section, for normal incidence the

transmission is identical in all scenarios.

In essence, the comparison of experiment and simulation provides a remarkable, almost
perfect agreement for all planes of incidence and polarization states. In particular, all exper-
imental features of the spectra are fully revealed in the simulations. The four investigated
configurations were chosen, since for these high symmetry directions no polarization rotation
occurs. For both planes of incidence the structure is mirror symmetric with respect to this
plane. The polarization states of the field in the effective metamaterial can then be decom-
posed into TE- and TM-polarized eigenstates. No coupling occurs between them, hence the
polarization state of the incoming waves is preserved. Only for these particular cases (©=0°
and ® €[0°,45°]) the Swiss cross can be described as an effective anisotropic medium. For all
other angles ® the transmitted and reflected light exhibits different polarization states and
the effective medium cannot be described as anisotropic. The same holds for ©>0 where
the transmission evolves differently for ®=0° and $=45° with increasing ©. For a truly
homogeneous medium with Cy, symmetry the linear optical response must not depend on
O [74).

Relying on the above observations, we can further detail the limits of the effective medium
regime of the Swiss cross metamaterial. In Figs. 3.5¢ and d, one can discern abrupt vari-
ations appearing for smaller wavelengths (and larger angles of incidence). They indicate

the onset of a higher propagating diffraction order in the substrate. This higher diffraction
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order is significantly excited for TM polarization only. For ®=45° the first diffraction order
appears for much smaller wavelengths or larger angles of incidence, respectively, since the
effective period is increased by a factor of v/2. Of course the effective medium description
of metamaterials is restricted to wavelength domains where only the zeroth diffraction order
is propagating. It is noteworthy that for one particular excitation condition, the spectral
response of the Swiss cross turns out to be robust against the angle of incidence ©. For TE
polarization and ®=0° (Figs. 3.5a and b) the first diffraction order is two orders of magni-
tude weaker. To recall, the associated negative-index domain is centered at a wavelength
of about 1.4 um. As a result, for one certain polarization state and one plane of incidence,
ne(A) is observed to be almost independent of the angle of incidence, which is another step
toward optical isotropy. For this special case, the practical realization of a one-dimensionally
(cylindrical) focusing lens based on a Swiss cross metamaterial seems feasible if illuminated
with TE-polarized light.

Finally we will relate those results to the current state of literature. Again, to com-
pare the necessary effort regarding measurement techniques and the different metamaterial
regimes, the considerations will be constrained to the optical spectral range. Remarkably,
there were only few attempts where optical metamaterials were experimentally probed by
obliquely incident fields and for different polarizations. Initial reports regarded split ring
resonator metamaterials, since for such metaatoms oblique incidence is necessarily required
to couple to “magnetic resonances”. This was shown in the first place for a discrete set of
incidence angles [57]. The presumably first transmittance spectra for a tilted negative-index
optical fishnet were raised by Dolling et al. [45]. However, systematic and finely resolved
data of the angular response of optical metamaterials was lacking until the publication of our
manuscript [78]. After that similar investigations were reported [79]-[84]. Generally speak-
ing, they consistently confirm changes in the optical spectra at varying angles of incidence
and different input polarizations. In particular, Lin and Roberts reported on transmission
measurements of cross-shaped apertures in a single metallic layer [84] which coincide very
nicely with the results shown in Fig. 3.5. Taking all together, it is imperative to point
out that spatial dispersion governs the optical properties of the majority of current planar
optical metamaterials [75, 76]. Alternative concepts claiming for an approximate isotropic
negative-index [85, 95, 96] still lacked experimental realization during the compilation of this

thesis.

3.3.4 Angular resolved effective properties and application limits

Basing on the remarkable agreement between experiments and numerics, and for the first

time to the best of my knowledge, it was possible to draw conclusions concerning the angular
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dependency of the effective properties that are commonly ascribed to optical metamaterials.
An extension of the retrieval procedure was proposed as a valuable tool to determine effec-
tive optical properties at oblique incidence [72]. Relying on this approach, the dependence
of a negative index on the angle of incidence of the incoming light could be examined both
experimentally and theoretically at the example of the Swiss cross metamaterial. This pro-
cedure was performed by Christoph Menzel and shall only be mentioned because of the close
context to this thesis. The main results are shown in Fig. 3 of [78]. Note that ng is under-
stood as an alternative representation of the effective propagation constant k, according to
Neg = ¢/wy/k2 + k2 + k2, inferring no supplementary information. In essence, the derived
effective optical properties depend both on the polarization state and the angle of incidence
reflecting the effect of spatial dispersion on the optical response [76]. Therefore, e.q(w) and
et (w) lose their meaning since they have to be determined for every angle of incidence and
polarization state separately. Such angular resolved effective properties cannot be considered
as material parameters in the classical sense. They may only serve as a simplified description
of light propagation inside the metamaterial and have to be understood as wave parame-
ters [76, 77]. Any attempt to use the Swiss cross as an imaging device will be limited by
this variation [202]. However, for the special case of TE polarization and ®=0° as discussed

above, negative refraction is observed to be almost independent on the angle of incidence ©.

Chapter summary

In order to experimentally investigate optical metamaterials, an effective and reproducible
nanostructure technology had to be established in the first place. We demonstrated the
fabrication of mixed metal and dielectric patterns with feature sizes down to 80nm. The
usage of a variable-shaped electron beam pattern generator and a chemically amplified elec-
tron beam resist, which is a novelty for the field, has been shown to effectively speed up
the fabrication of planar metamaterials. With this technique, one major constraint of cur-
rent planar negative-index metamaterials in the optical spectral range, namely their strong
dependence on the state of polarization of the interacting radiation, could be addressed.
A polarization-insensitive spectral response had not been achieved for this special class of
metamaterials, though it would be desirable for potential applications. The insensitivity of
polarization was explored basing solely on symmetry considerations of a unit cell called the
Swiss cross metamaterial. The universality of this property for all states of polarization at
normal incidence constituted a novelty in the optical spectral domain. Furthermore, the
dependence of an effective refractive index on the angle of incidence of the incoming light
was examined both experimentally and theoretically. Our findings strongly suggest that the

effective refractive index of current planar metamaterials should rather be considered as a
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wave parameter comprising the orientation of both the medium and the wave illumination

scheme.



4 Three-dimensional chiral metaatoms
for huge optical activity

The increase of the complexity of the geometrical shape of metaatoms turned out to be a key
feature to access exceedingly high optical activity. As defined in Sec. 2.4.4, optical activity
is observed in systems containing chiral objects and is quantitatively expressed in terms of
circular dichroism ¢ and circular birefringence Y. In this chapter, a three-dimensional, chiral,
metallic metaatom called loop-wire is demonstrated to operate for visible and near-infrared
wavelengths. The constituting metamaterial was fabricated by the stacking of multiple single
layers of complexly shaped nanostructures which together form the metaatoms. Combining
spectroscopic and interferometric characterization techniques, the full complex transmission
response of the loop-wire metamaterial was accessed. This complete set of experimental data
allowed to quantify circular dichroism, circular birefringence and polarization eigenstates
without any additional numerical input. Particularly, the polarization output state after
propagation through the loop-wire metamaterial could directly calculated for any excitation
configuration. Driven into resonance, one single layer of the fabricated metamaterial yielded,
among others, pure polarization azimuth rotation exceeding 50° at A = 1.08 um in the
absence of linear dichroism and linear birefringence. This experimentally obtained value is

larger than that of any linear, passive and reciprocal medium reported to date.

4.1 Optical activity from chiral metaatoms

4.1.1 Quasi-planar and three-dimensional chiral metamaterials

As it was outlined in Sec. 2.4.4, chiral objects are supposed to be three-dimensional objects
by definition. Nevertheless, due to the inherently planar patterned surfaces as they are ob-
tained from most state-of-the-art nanofabrication technologies (see Sec. 2.6), the majority of
optical metamaterials consists of nanostructured single thin films. Though these two aspects
seem to be incompatible in the context of the creation of chiral metamaterials, there have
been some successful efforts to constrain chirality to two dimensions. Following a seminal
paper by Papakostas et al. [9], so-called quasi-planar chiral metamaterials were introduced.

They consist of planar metaatoms on a flat substrate that cannot be superimposed with
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their in-plane mirror images without being lifted off the plane. These metaatoms are, e.g.
gammadions or rosettes sculptured in a thin metal film [203]-[207]. Though this class of
metamaterials has proven to produce higher optical activity than naturally occurring me-
dial, it is noteworthy that the specific spatial arrangement of their metaatoms is essential
for their usability. In fact, only the presence of the substrate breaks the mirror symmetry in
light propagation direction and manifests the chiral nature of the overall system comprising
metaatoms and substrate [70, 203, 204]. If, for instance, such essentially two-dimensional
metaatoms were lifted from the substrate and put in a random or amorphous spatial ar-

rangement, any evidence of optical activity would be lost.

In order to investigate truly three-dimensional chiral metaatoms for the optical domain,
other fabrication techniques are called for. Multi-photon photopolymerization (see Sec. 2.6.1)
appears to be a promising candidate, if its spatial resolution can be further increased [127].
The same perspective holds for the very recently introduced method of membrane projec-
tion lithography [160], which combines pre-patterned three-dimensional unit cells with the
benefits of well-established thin-film deposition techniques. The most straightforward way
to create three-dimensional metaatoms is the multiple stacking of two nanostructured layers
containing two either quasi-planar chiral or even achiral metaatoms. This ansatz has led
to bi-layered chiral structures [209]-[216]. Compared to quasi-planar chiral metamaterials,
their optical activity is significantly higher due to the excitation of antisymmetric plasmonic
modes? in the two metallic layers [211]-[213]. Before the compilation of this thesis, the
largest rotation angle per unit propagation length was observed for a suitable lateral and
vertical arrangement of two layers of coupled split-ring resonators, amounting to 30.43° at

an operational wavelength of 3 pm [215].

4.1.2 Single-block three-dimensional chiral metaatoms

As opposed to quasi-planar and bi-layered chiral metamaterials, there is a third class built
of inherently three-dimensional metaatoms consisting of a single structural element per unit
cell only. Such single-block metaatoms retain their strength to modify the polarization state
of light even if they were put in a random arrangement, just like natural glucose molecules in
solution. To date, very few single-block chiral metaatoms operating in the terahertz [10] and
mid-infrared wavelength domains [35] have been experimentally realized, and particularly
their operation at shorter wavelengths has been elusive so far. This state of the art is mainly

due to technological challenges associated with the purposeful creation of three-dimensional

LA complementary approach has shown that the effect can be explained in terms of elliptical dichroism
without requiring chirality [208].

2The underlying resonance mechanism is equivalent to the magnetic resonance in double-fishnet structures
(see Sec. 3.1.1).
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objects on the nanoscale [127, 161], despite of some recent advances in the bottom-up syn-
thesis [217] and modeling [218] of noble metal nanoparticles in chiral molecules. It follows
that there is a lack of experimental evidence concerning single-block chiral metaatoms in a
simple analogy to glucose molecules. One may presume that the true potential of optical
activity in artificial plasmonic media was not fully revealed yet. Additionally, single-block
chiral metaatoms will retain this feature when arranged in spatially disordered configura-
tions, as they can be obtained from self-assembling or chemically randomized fabrication
schemes [164]-[168].

4.1.3 The loop-wire metaatom

One particular metamaterial design proposal addressing this issue is the so-called loop-wire
metaatom [219]. This structure consists of a cut-wire split-ring resonator combination. It
was also called modified Omega-particle [220] in the context of artificial electromagnetic me-
dia, though earlier investigations specified it as wire braid [221]. The loop-wire metaatom, its
excitation configuration and the respective definition of the coordinate system are schemat-

ically depicted in Fig. 4.1.

The loop-wire metaatom exhibits only a C%, rotational symmetry, while mirror symme-
tries are completely absent. Thus optical activity can be anticipated to occur for arbitrary
oblique light incidence and hence also for a random arrangement of the metaatoms in a
passive host, in analogy to solubilized glucose molecules. The design is based on a joint
excitability of an electric and a magnetic dipole resonance (4.1a). Basically, a linearly z-
polarized incoming wave will resonantly excite an oscillating current in the metaatom by
driving the wires. The current flow is directed into a coupled split-ring resonator (the loop)
and excites a magnetic dipole response [222]. The field scattered from the overall loop-wire
metaatom is accompanied by a strong electric field component that is polarized normal to the
incident polarization state. This low-frequency resonance may also be called antisymmetric
mode since the electron current flows in the two arms of the split-ring resonators are 7t out of
phase. Equivalently, a symmetric mode is sustained by the particle under the same excitation
conditions at higher frequencies (4.1b). Here the currents in the two arms of the split ring
co-oscillate, which renders the emitted radiation to be accompanied by an effective electric
dipole perpendicularly oriented to the incoming z-polarized electric field. Accordingly, both
eigenmodes have a partial conversion of the electric field component into the perpendicular
polarization state in common. In essence, this loop-wire particle is expected to show optical
activity in terms of a combination of circular birefringence and circular dichroism in a broad
spectral domain. As a result, elliptically polarized light will be perceived in the optical
far-field.
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Fig. 4.1: Definition of the coordinate system and schematic view of the loop-wire metaatom with its two dom-
inating plasmonic eigenmodes. The red-green arrows indicate the induced electron current flow directions.
a) Low-frequency mode associated with the excitation of a dominant magnetic dipole response oscillating
parallel to the incoming electric field vector. b) High-frequency mode associated with the excitation of a
dominant electric dipole response oscillating perpendicular to the incoming electric field vector. Higher or-
der modes are equally supported, e.g. when the induced electron currents in the structure suffer from an

increasing number of nodes.

It is stressed that the chiral nature of the loop-wire metamaterial is purely structural,
i.e. only dependent on the very shape of its constituting plasmonic metaatoms. In order
to eliminate optical activity stemming either from substrate induced symmetry breaking
or from unintentional twists between adjacent layers during fabrication, it is imperative to
embed the metaatoms in a homogeneous environment with a dielectric constant matched to
the substrate. This task was accomplished in a 2mm x 2mm array of loop-wire metaatoms,

fabricated according to the procedure described in the next section.

4.2 Multilayer nanofabrication technology

To fabricate an optical loop-wire metamaterial as well as the sample described in chapter 5,
the stacking of a distinct number of lithographically generated nanostructures [129, 134] was
applied. To do so, the first layer was equipped with additional alignment marks to allow for a
precise lateral alignment of subsequent process lithography steps. For multilayer fabrication
we preferred the usage of PMMA instead of FEP171 as EBL resist. The reason for this choice
was that the necessary gold conductance layer could be conveniently deposited before and
removed after each single EBL exposure step®. After the finishing of the first single layer as
described in Sec. 3.2, this layer was planarized by means of hydrogen silsesquioxane (HSQ);
xR-~1541:MIBK 1:1 from Dow Corning, sometimes also called spin-on glass). We adapted
a process optimized for obtaining superpolished substrates for use in the EUV region of
light [132]. The HSQ solution was spin coated such that a 120nm thick film would have

3 Alternatively, the FEP171 resist could have been used for multilayer fabrication as well, provided that the

necessary I'TO conductance layer underneath was reliably grounded during each of the EBL steps.
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Fig. 4.2: Simplified schematic of the fabrication of a single loop-wire metaatom. a) L-shaped hole defined in
PMMA via EBL on a fused silica substrate. b) Thermal evaporation and lift-off of the bottom L-shaped gold
metaatom. c¢) Planarization with HSQ, tempering, UV-curing and RIBE to an overall thickness of 110 nm
with respect to the substrate plane. d) Groove defined by EBL, and etched via ICP and RIBE to lay open
a part of the long arm of the L-shaped gold particle. e) Spin coating with PMMA, planarizing the whole
structure. f) Conjugated L-shaped hole defined in PMMA by EBL. g) Thermal evaporation and lift-off of the
upper L-shaped gold metaatom. The groove prepared in the second EBL-step enables a metal connection

with the lower L-shaped particle. h) Planarization with HSQ followed by tempering and UV-curing to

surround the loop-wire metaatom with a homogeneous dielectric environment.

been obtained on a planar substrate. Then the samples were baked for 2min at 120°C and
for 5min at 170°C on a hot plate to remove residual solvents. A curing step was performed
with ultraviolet light for 1 hour. The benefit of HSQ is that the finished coating is mechani-
cally stable and optically nearly equivalent to the silica substrate underneath. The effect of
planarization was checked with atomic force microscopy (AFM). Before planarization, the
peak-to-valley height of the gold nanostructures was approximately 50 nm. After planariza-
tion we observed residual modulations with a peak-to-valley height of less than 8nm. In
some cases, the modulation was in the range of the detectable surface roughness which cor-
responded to optimal planarization. After this step, the fabrication of another layer on top
could be done as described above. The samples reported in the current and in the following

chapter consist of three and two individually structured layers, respectively.

Since the fabrication process of the loop-wire metaatoms was rather demanding (it com-
prised three times EBL, two times metal lift-off and numerous dry etching steps), a concise
description shall be devoted to this technology in particular. The whole process chain is
schematically displayed in Fig. 4.2. Basically, two metallic nanoparticles (called L-structures
in the following) with two orthogonally oriented arms of different lengths are placed on top

of each other and separated by a dielectric spacer. They are arranged such that the two
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long arms are parallel aligned and the two short arms are directed in opposite directions.
The two long arms are connected at their extremities, thus forming a loop-wire metaatom
altogether. The process flow for a periodic array of loop-wire structures begins with the
the definition of an L-shaped hole in PMMA by EBL (Fig. 4.2a) followed by a lift-off step
to obtain the first (bottom) layer with an L-shaped, 50 nm high nanoparticle made of gold
(Fig. 4.2b). The layer was planarized with HSQ and back-etched with CF4-based RIBE
until a distance of 110 nm from the plane of the substrate was reached. At this stage, a
quasi-planar surface covering the L-structures was obtained (Fig. 4.2¢). After depositions
of 20nm chromium and 200 nm FEP171 resist, a second EBL-step was performed to define
a groove perpendicular to the long arm of the L-shaped nanoparticles. This groove was
transferred through the chromium via ICP etching and into the cured HSQ protection layer
via RIBE. The advancement of this etching was controlled by an SEM inspections. The
latter two steps were repeated until the HSQ layer was removed from the extremity of the
longer arm of the gold L-structure (Fig.4.2d). Spin-coating with a another bilayer of PMMA
covered the whole structure including the groove in the HSQ (Fig.4.2e). The third and last
EBL step defined an L-shaped hole in the PMMA with the shorter arm of the structure
pointing in the opposite direction (Fig.4.2f). Subsequent thermal evaporation and lift-off
of another 50 nm gold layer led to the formation of the top L-structure connected to the
lower L-nanoparticle at the extremity of its longer arm (Fig.4.2g). The alignment accuracy
between top and bottom layer was better than 20nm. Finally, the whole structure was
embedded and planarized with HSQ to ensure a homogeneous dielectric surrounding of the
metaatoms (Fig.4.2h). Taking altogether, this process flow allowed for the fabrication of an
array of single-block, three-dimensional metaatoms called loop-wire particles with smallest
feature sizes of less than 100 nm. Note that the obtained structures are about one order of
magnitude smaller than contemporary three-dimensional and single-block metaatoms fabri-
cated by top-down approaches [10]. With appropriate modifications, this technology can be

applied to other optical metamaterial designs as well.

4.3 Experimental characterization of the loop-wire

metamaterial

The geometry of the fabricated metaatoms together with their geometrical parameters as
deduced from topographical measurements are given in Fig. 4.3a. The metaatoms were
periodically arranged on a square lattice with periods of 500 nm in both lateral directions.
Taking into account the refractive index of the substrate (n=1.44), this assured that the
structures were smaller than the wavelength of light for A>500nm-1.44=720nm. Their

height, i.e. the spatial extension along the principal light propagation direction amounts to
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Fig. 4.3: a) Two sketches of the loop-wire metaatom from two different perspectives with the definition of
all geometrical parameters as used in the simulations: [;; = 280nm, l;2 = 290 nm, I, = 420nm, w; = wy; =
wyo = 155nm, hy = hy = 50nm, d = 60nm , s = 50nm. b) A tilted view scanning electron microscopy
(SEM) image of a manufactured loop-wire array with a periodic lattice of 500 nm in both lateral directions.
The inset shows a corresponding schematic of the same arrangement of the metaatoms if they were freely

pending in air.

160nm. The absolute values of the other geometrical parameters of the metaatoms are of
minor relevance here, since the fabricated loop-wire particle was not geometrically optimized
to meet, e.g., a specific target value of optical activity. An oblique incidence SEM micrograph
showing the loop-wire metaatoms prior to planarization (corresponding to the fabrication
status of Fig. 4.2g) is shown in Fig. 4.3b and proves the high quality of the sample, though
small structural deviations from the idealized design are observable. Their influence on the

optical properties will be discussed in Sec. 4.5.

The loop-wire metamaterial was experimentally characterized for wavelengths ranging
from 0.65 pm to 1.7 um both by conventional optical far-field transmission spectroscopy at
normal incidence (see Sec. 2.7.1) and an interferometric measurement of the absolute phase
delays? (see Sec. 2.7.3). Utilizing the notation of the four coefficients of the Jones matrix
T;; as defined in Eq. 2.28 and their squared moduli ¢;; = |T};]?, the measurement results
are shown in Figs. 4.4a and b. They suggest a vivid spectral dispersion of the loop-wire
metamaterial over the entire spectral range of interest. In particular, we note a pronounced
resonant dip in the transmittance spectrum at a wavelength of about 1.08 um for both
transverse polarization directions, which can be most likely associated to the strong coupling

of a plasmonic eigenmode to the external illumination. It will be shown later on that this

4The interferometric setup was only ready to be operated during the final working period of this thesis.
Accordingly and in a chronological order, among all metamaterials reported here, only the loop-wire

structure was interferometrically characterized.
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Fig. 4.4: Comparison of measured and simulated transmittance and transmission phase delay spectra of
the fabricated loop-wire metamaterial. a) Measured transmittances and b) measured phase delays of the
four Jones matrix coefficients. ¢) Simulated transmittances and d) simulated phase delays of the four Jones

matrix coefficients.

resonance is also linked to record-breaking optical activity evoked by the metamaterial®.

To comply with the standard of optical metamaterial characterization, the complex coef-
ficients T;; were additionally computed by means of the FMM (see Sec. 2.5.1) and are shown
in comparison to the experimental data in Figs. 4.4c and d. In the simulation, the loop-wire
structure was described according to the geometry given in Fig. 4.3a with the inclusion of
an appropriate rounding of sharp edges. The comparison of the measured to the simulated
data reveals a qualitatively convincing agreement, in particular the width and the strength
of the most prominent resonance features are quite well reproduced. This agreement makes
us confident in stating that our fabricated loop-wire array meets the basic topographical
and spectral characteristics of the design. Minor deviations are attributed to an approxi-
mate parametrization of the complex geometry of the loop-wire metaatoms in the simulation
when compared to their fabricated counterparts. The suspected structural imperfections are
due to inherent limitations of the applied nanofabrication technology, and cannot be fully
accounted for by the FMM simulation. Though the agreement between measurement and

simulation could probably be further improved, such an improvement will not yield addi-

5Tt is not intended here to establish an unambiguous correlation between the plasmonic eigenmodes of the
metaatoms and the distinct resonant features observed in the spectra. The loop-wire metaatom is rather
understood as a single-block complex structure that sustains numerous hybridized plasmonic modes whose
respective excitation strengths depend critically on the specific orientation of the polarization state and

the wavelength of incoming electromagnetic radiation.
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tional physical insight since we aim to proceed our investigation by exclusively relying on

the experimental dataS.

As a particular aspect, we wish to mention that the off-diagonal elements T, and T,
corresponding to the black dashed-dotted and green dotted lines in Figs.4.4a and b are gen-
erally not equal over the entire spectral domain under investigation. Recalling the arguments
of Sec. 2.4.3, we notice here the signature of broadband polarization conversion dichroism
and asymmetric transmission of linearly polarized light originating from spatial symmetry
breaking in propagation direction (see Sec. 5.1.2 for further details). Symmetry breaking is
unintentionally present due to structural non-idealities of our fabricated loop-wire metama-
terial, although it can be partly reproduced by the FMM (Figs. 4.4c and d).

4.4 Optical activity of the loop-wire metamaterial

4.4.1 Assessment of the complex Jones matrix

The curves shown in Figs. 4.4a and b represent the complete set of data to characterize the
transmission properties of the loop-wire metamaterial. If we assume the metamaterial to
be linear, reciprocal and non-depolarizing, the data shown in Figs. 4.4a and b allows for
an unambiguous determination of the complex Jones matrix in the linear polarization base
by purely experimental means. Relying on the definitions given in Sec. 2.4.2, the real and
imaginary parts of T;; are plotted in Fig. 4.5. Most notably, by means of our combined
spectroscopic/interferometric approach, we access also its off-diagonal elements T, and T),.
To the best of my knowledge, this complete set of data has never been experimentally raised

before for an optical metamaterial.

4.4.2 Experimental validation of the Jones matrix

In order to check the validity of the measured Jones matrix, a broadband spectroscopic
measurement with circularly polarized light was additionally performed. Its results could be
analytically cross-checked on the basis of the Jones calculus to probe for the accuracy of the
coefficients Tj; as shown in Fig. 4.5. The setup described in Sec. 2.7.1 was supplemented
with a quarter wave plate to transmit either LCP or RCP light through the loop-wire meta-
material, in analogy to similar measurements of circular dichroism [35, 215]. The emerging

polarization state of light was further analyzed by a linear polarizer behind the sample, dis-

5To be precise, structural imperfections in the z-directions of the metaatoms as anticipated from Fig. 4.3b,
potential lateral misalignment of subsequent layers, potential imperfect planarization of the HSQ and its

potential dispersion are not taken into account.
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Fig. 4.5: a) Real and b) imaginary parts of the coefficients T;; of the linear Jones matrix Tnn of the loop-wire
metamaterial as determined from measurements. The four elements T;; are represented by differently colored
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Fig. 4.6: a) Directly measured transmittances of the loop-wire metamaterial for circularly polarized light and
b) corresponding transmittances as analytically calculated from the experimentally determined Jones matrix
Tiin. The different colors indicate four polarization combinations of the incoming polarization state and the
linear polarizer behind the metamaterial: red solid (blue dashed) line - LCP incident light and analyzer
aligned in z(y)-direction; green dashed-dotted (black dotted) line - RCP incident light and analyzer aligned
in z(y)-direction.

criminating the z- and y-polarization components. The measured transmittances for the four
possible combinations of polarization configurations are shown in Fig. 4.6a. For comparison,
this setup is modeled by straightforward multiplication of the experimentally determined
Jones matrix of the loop-wire metamaterial with the respective well-known Jones matrices
of all polarization elements involved (Fig. 4.6b). It is striking that the overall agreement of
both approaches is almost perfect. This agreement allows to rule out three potential sources

of error:

e First, the alignment of all polarization-manipulating elements in the optical beam path
is always non-ideal within the limits of experimental accuracy, but was shown to be of

minor relevance here.

e Second, potential differences between the measured and calculated data would have
been a clear indication for a degrade of the coherence in polarization from the nanos-
tructures, requiring the Jones calculus to be replaced in favor of the Miiller matrix

formalism [223]. Accordingly, depolarizing effects are negligible in the loop-wire meta-
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material. This finding constitutes a retrospective justification of the assumption of

non-depolarizibility.

e Third, using the measured coefficients 7T;; in the context of the classical Jones calculus
was validated to be an equivalent alternative to the experiment itself. This validation

was the original aim of the experiment with circularly polarized light.

We interpret these results as a solid basis to conclude that the measured Jones matrix Tlin
accurately represents the optical response of the fabricated loop-wire metamaterial. Taking

all together, in the following we exclusively rely on Tiim to quantify its optical activity.

4.4.3 Circular dichroism and circular birefringence from the loop-wire

metamaterial

Optically active media are most effectively characterized in terms of circular dichroism ¢
and circular birefringence ¥ (see Sec. 2.4.4). In order to do so, it is convenient to transform
Thn into the circular polarization base Tcirc according to Eq. 2.33. Depending only on the
two diagonal elements 7', and 7" _ of Tiive, 6 and X are obtained from Egs. 2.41 and 2.42.
Note again that both quantities as derived for the loop-wire metaatoms are solely based on

measurements without additional numerical input.

The plots of 6 and X are shown in Fig. 4.7. As expected, the strongly modulated optical
response of the metamaterial manifests itself in a remarkable impact on the polarization
state of incoming light, yielding strongly fluctuating values of both circular dichroism and
birefringence over the entire spectral range under consideration. In Fig. 4.7a two distinct
extrema of §=-0.3 (around A=0.9 um) and 6=-0.45 (around A=1.5 um) can be identified. At
these wavelengths the difference between the magnitudes of the two diagonal elements of the
Jones matrix in the circular base is maximized. The wavelengths corresponding to the three
roots of 9, i.e. =0, are found at A=0.79 um, A=0.98 um and A=1.25 pm. Their significance
will be detailed below. Even more eye-catching from Fig. 4.7b, X features a strong dispersion
at wavelengths between 1.0 um and 1.5 um, allowing to access the full angular range of the

polarization azimuth.

We will now discuss the influence of the structural anisotropy of the loop-wire metaatoms.
As they exhibit no C,, symmetry, they are not polarization-independent for normal inci-
dence. This design-related anisotropy causes linear birefringence in addition to the originally
desired optical activity. It is emphasized that ¢ and ¥ are deduced from the circular polar-
ization base according to the above definitions. Therefore these values imply an averaging
over all possible linear polarization states of incoming light. In our case the criterion 6=0
does not a priori yield a pure rotation of the polarization state for linearly polarized incom-

ing light, as it is the case for Cj . symmetric chiral metaatoms with circular polarization
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Fig. 4.7: a) Circular dichroism ¢ and b) circular birefringence ¥ of the loop-wire metamaterial as calculated

from the experimentally determined Jones matrix.
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Fig. 4.8: Output polarization states of x-polarized incoming waves after propagation through the periodic
array of the loop-wire metamaterial for selected discrete wavelengths as calculated from the measured data.
Note that a) and d) correspond to §{A=0.79 pm|=0 and §[A=1.25 pm|=0.

eigenstates [209]-[214]. In fact, the output polarization state generally becomes elliptical
due to non-zero values of T, and 7_,. This is demonstrated by directly calculating the
polarization state upon transmission through the metamaterial by inserting the measured
Tiim into Eq. 2.28. The incoming wave was chosen to be linearly polarized in x-direction to
predominantly excite the x-aligned loops, matching the resonance excitation conditions of
the loop-wire metaatoms as illustrated in Fig. 4.1. The output polarization states are shown
exemplarily for selected wavelengths of 0.79 pm, 1.05 pm, 1.07 pum and 1.25 um in Fig. 4.8.
Apparently, there is no obvious correlation between the output polarization state and the
roots of ¢, which exist, e.g. at A=0.79 um (corresponding to Fig. 4.8a) and A=1.25 um (cor-
responding to Fig. 4.8d). Such rather arbitrary ellipticity is usually undesired if it comes to

potential applications of three-dimensional chiral metaatoms.

In a gedankenexperiment, the anisotropy of the metamaterial could be compensated eas-
ily by constructing a (4, symmetric, polarization-independent supercell consisting of four
metaatoms with an appropriate in-plane rotation [10, 215]. The off-diagonal elements T’ _
and T, of the associated Jones matrix would then be identically zero [224], while (under
the assumption of negligible interaction between adjacent loop-wire particles) the diagonal

elements 7'y, and 7__ would not be affected upon this rearrangement, i.e. T, = (T )
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and T__ = (T__)". Tt follows that C,, symmetrically oriented loop-wire metaatoms would
yield pure circular birefringence, i.e. polarization azimuth rotation without linear birefrin-
gence and linear dichroism, at all wavelengths where 6=0. Particularly, this pure circular
birefringence would amount to ¥=36.15° at a wavelength around 1.25 um. This value would
be the largest rotation angle of an optically active metamaterial reported to date, exceed-
ing the previous record [215]. The normalization to the thickness of one metaatom layer
(160nm) would deliver a specific rotation of 2.25 - 10° °/mm. Compared to, e.g. crystalline
quartz [225] (20°/mm), fluorite thin films [226] (150 °/mm), cholesteric liquid crystals [227]
(10%°/mm) or artificially sculptured dielectric thin films [228] (6 - 10°°/mm), the rotation
per unit propagation length of the loop-wire metamaterial would be many orders of mag-
nitude larger. In this respect, the loop-wire metaatoms would even outperform the so far
highest value of 1.4 - 10°°/mm reported for a bi-layered chiral metamaterial at longer wave-
lengths [215].

Furthermore, by scanning for roots of § at shorter wavelengths but still in the sub-
wavelength regime, we find ¥=-10.45° and ¥=-8.75° at wavelengths of 0.79 um and 0.98 um,
respectively (Fig. 4.7). Following the above argumentation, pure polarization azimuth rota-
tion would be obtained at these wavelengths in a C,, symmetric supercell arrangement of
loop-wire metaatoms. These results are a strong indication for the potential of polarization

control in nanoscale chiral structures even at the edge of the visible spectral domain®.

4.4.4 Pure polarization azimuth rotation from the loop-wire
metamaterial
Nevertheless, pure azimuth rotation can also be obtained from the experimentally realized

periodic loop-wire array without requiring a rearrangement of the metaatoms. To prove

this statement, we again use Eq. 2.28 to directly calculate the transmitted polarization state

" Alternatively, each of the loop-wire particles could be randomly rotated around the z-axis, thus forming a
statistical ensemble of metaatoms with random orientation in the xy-plane. In the Jones calculus, such a
rotation can be easily mimicked by a multiplication of the Jones matrix with the standard rotation matrix
and its inverse. Assuming weak electromagnetic interaction between adjacent loop-wire metaatoms, the
whole ensemble of randomly rotated loop-wire metaatoms would then be represented by the integral over
all possible values of in-plane rotations of T, cire from 0 to 27t [220]. The mathematical result would be

equivalent to the Cy . symmetric arrangement.
8We note that the investigation of a three-dimensional bulk chiral metamaterial composed of metaatoms

whose orientations are completely randomized in space, would require their Jones matrices to be known
for all angles of incidence. Since the loop-wire particle holds great promise to exhibit huge optical activity

regardless of its orientation, this investigation may be subject to future work.
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Fig. 4.9: Linear output polarization states of z-polarized incoming waves after propagation through the
periodic array of the loop-wire metamaterial for selected discrete wavelengths as calculated from the measured

data. The numbers indicate the angle of polarization rotation with respect to the z-axis.

under the same excitation conditions as in the previous section”. According to Fig. 4.9, linear
polarization is obtained at wavelengths of 0.78 um, 1.08 pum and 1.29 um. The corresponding
rotation values of the polarization azimuth read as 22.98° | 52.47° and 19.87°, respectively. In
particular, the polarization rotation of 52.47° at A=1.08 um is higher than the one extracted
for the case of a Cy, symmetric arrangement (see Sec. 4.4.3). Hence it is also higher than
any other documented value for linear, passive and reciprocal optical media. The according
specific rotation, when normalized to the thickness of 160 nm of the metaatoms, amounts to
3.28 - 10°°/mm.

The price one has to pay for such a giant polarization rotation are high optical losses
due to the excitation of a plasmonic resonance in the metaatoms. From Fig. 4.4a it can be
deduced that the transmitted intensity (the sum of the red solid and the green dotted line)
for incoming x-polarization is below 4% at this particular wavelength. We note that there is
still room for improvement to decrease the absorption while the main effect may be retained.
This could be achieved, as the short history of metamaterials suggests, by the fine-tuning of

the free geometrical parameters of the geometry of the loop-wire metaatom.

4.5 Visualization of polarization eigenstates

We proceed in analyzing the polarization eigenstates, i.e. the two polarization states that
are not altered upon propagation through the fabricated loop-wire metaatoms. Recently,
it was shown that the specific polarization eigenstates of any metamaterial are bijectivly

related to its spatial symmetry [44]. As mentioned before, ideal loop-wire metaatoms that

9 Apart from the original design guideline of the loop-wire metaatom (Fig. 4.1) there is no actual need to
restrict this investigation to z-polarized incoming light. In fact, pure polarization azimuth rotation in
the sense above is found also for other wavelengths, if the incoming polarization azimuth is rotated along

the optical axis with respect to the metamaterial (or vice versa).
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Fig. 4.10: Eigenstates of polarization as calculated from the measured data for selected discrete wavelengths.
The sense of rotation is indicated by increasing spot sizes. The eigenstates are found to be a), b), e), h)

elliptical and counterrotating; d), g) elliptical and corotating or ¢), {) combined elliptical and almost linear.

are periodically arranged on a lattice have a (5, symmetry in the absence of fabricational
imperfections. Following the classification scheme from [44], the eigenstates of polarization
of such an ideal loop-wire metamaterial are nonorthogonal, elliptical and counterrotating,
i.e., they come in pairs of eigenwaves with a clockwise and a counter-clockwise rotation,
respectively. However, supposing the U5, symmetry was broken in the fabricated sample as
anticipated already from SEM inspections (Fig. 4.3b), the polarization eigenstates may no
more obey predefined mutual relations. In this context, rather exotic eigenstates have been
predicted theoretically for low-symmetry metaatoms [14]. In other words, the visualization
of the eigenstates of polarization constitutes a valuable and non-invasive tool to judge on

the spatial symmetry of a metamaterial.

Since we acquired the full Jones matrix Tlin, its eigenvectors (i.e. the polarization eigen-
states of the metamaterial) can be directly calculated for any wavelength measured. Ex-
emplarily, we present the eigenvectors of Tiin at selected wavelengths in Fig. 4.10. For the
longest part of the spectral range under consideration (for wavelengths ranging from 0.65 pm
to 1.7 um), the eigenvectors are elliptical and counterrotating in agreement with the expec-
tation of a Cy, symmetric metamaterial. Four representative cases are shown in Figs. 4.10a,
b, e and h. Nevertheless, at singular wavelengths like A=0.79 pm or A=1.09 um (Figs. 4.10c
and f), one of the polarization ellipses degenerates to a linear state. Furthermore we found
also clockwisely corotating ellipses, for instance, at A=0.89 um or A=1.13 um (Figs. 4.10d
and g). In fact, such an observation can only be made in arbitrary complex metamateri-
als with a C5, symmetry at most [44], which indicates that the designed C5, symmetry is

broken in the fabricated loop-wire metaatoms. Methodologically, the change of the rotation



4. THREE-DIMENSIONAL CHIRAL METAATOMS FOR HUGE OPTICAL ACTIVITY 70

sense of the polarization eigenstates can be regarded an optical footprint of spatial symme-
try breaking. As it was demonstrated here, the rotation sense enables to indicate differences
between the idealized design of a metamaterial and its fabricated counterpart by a purely

optical investigation.

Chapter summary

During the last years, artificially nanostructured chiral thin films were shown to exhibit
optical activity superior to that of natural media. In this chapter, a novel optical meta-
material built of sub-wavelength, chiral, single-block, three-dimensional metaatoms called
loop-wires was enqueued in this line. We have presented its design, top-down fabrication
and experimental characterization. By measuring both the amplitudes and the phase delays
transmitted through the metamaterial for visible and near-infrared wavelengths, the complex
Jones matrix could be unambiguously reconstructed over a broadband spectral range and
allowed to access all quantities related to transmissive optical activity phenomena. We de-
duce from this Jones matrix that one single layer of the loop-wire metaatoms yields huge and
broadband optical activity for the accessed spectral range. In particular, if the metaatoms
had been assembled in a polarization-independent arrangement, the loop-wire metamaterial
would exhibit pure polarization azimuth rotation of 36.15° at a wavelength around 1.25 pm.
However, for the actually fabricated loop-wire array an even higher value of 52.47° is found
at a wavelength around 1.08 pm. It is claimed that the loop-wire metamaterial, taking into
account its thickness, shows the largest values of pure polarization azimuth rotation among
all linear, passive and reciprocal optical media that are known at the time of the writing of
this thesis. Furthermore, its polarization eigenstates were directly derived from experimental
data and are shown to yield an optical footprint of unintentional spatial symmetry breaking

of the metaatoms.



5 Low-symmetry metaatoms for
asymmetric transmission

In this chapter we consider metaatoms with an almost minimum symmetry and show how
this geometric degree of freedom of design translates into a new physical phenomenon that
is genuine to three-dimensional low-symmetry metaatoms at normal light incidence. Relying
on a very recent theoretical prediction [44], linear conversion dichroism and, as a direct result,
asymmetric transmission for forward and backward propagating linearly polarized light was

observed experimentally for the first time in a reciprocal medium.

5.1 Design of low-symmetry metaatoms

Only during the past five years, metamaterial research was extended toward investigations of
low-symmetry structures that permit curious phenomena of light propagation. As outlined
in Sec. 2.2.2, all common metamaterials can be classified in five categories only, each of them
uniquely determined by the symmetries of their metaatoms and their respective periodic
lattices, the Jones matrices associated with their transmissive response and their polarization
eigenstates [44]. Following this classification, the lowest-symmetry class of metamaterials
with almost no inherent symmetry planes is called “arbitrary complex media”. Such media
are allowed to have at most a rotational Cy, symmetry in the plane perpendicular to the
principal direction (z-axis). Explicitly, the M,, symmetry must be broken. Meeting these
requirements, the effect of asymmetric transmission of linearly polarized light at normal
incidence gets observable. As described in Sec. 2.4.3, asymmetric transmission is defined as
the effect that the power transmitted through a device differs for illumination with a fixed

polarization from opposite sides.

It should be mentioned that an alternative means of symmetry breaking is an appro-
priate tilt of a periodic and lossy sample with respect to the incoming light, i.e., oblique
incidence [229]. In this case, a low degree of symmetry is not necessarily inherent to the
metamaterial itself; but to the overall setup comprising the metamaterial sample and the
illumination scheme altogether. According to [229], asymmetric transmission can occur for
any lossy array of particles, when its projection onto the plane normal to the direction of

incidence is planar chiral and anisotropic. However, in my opinion such arbitrarily oblique
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incidence on a rather unspecific medium does not provide an intuitive physical picture re-

garding the classification and purposeful design of metaatoms, as it is attempted here.

5.1.1 Asymmetric transmission of circularly polarized light

Studies of other groups concerning the characteristics of light propagation in low-symmetry
metamaterials revealed an asymmetric transmission, but solely for circularly polarized light
[13, 208, 223, 230, 231]. The idea behind those metamaterials was to evoke a circular con-
version dichroism. This quantity corresponds to left-to-right and right-to-left circular po-
larization conversion efficiencies that are different from each other and reversed for opposite
propagation directions of the incident wave. Once obtained, circular conversion dichroism
results in directionally asymmetric total transmission of circularly polarized waves. This
was demonstrated at quasi-planar chiral metamaterials [9, 70, 232] which are composed of
metaatoms without structural variation in the principal propagation direction (see Sec. 4.1.1).
The preserved M,, symmetry makes them only chiral in two dimensions [97]. Thus, strictly
speaking, the metaatoms reported in [13, 208, 223, 230, 231] are intrinsically achiral in three
dimensions since their mirror images are congruent with the structures themselves if oper-
ated from the backside (if the influence of the substrate was neglected). This remaining
symmetry was exactly the reason why asymmetric transmission had not been observed so

far for linearly polarized light.

5.1.2 Asymmetric transmission of linearly polarized light

To observe asymmetric transmission of linearly polarized light, a truly three-dimensional
and lowest-symmetry metamaterial is required!. As mentioned above, the key for obtaining
asymmetric transmission in any polarization base is the nearly complete symmetry break-
ing of the metaatoms - in particular in propagation direction. It is noteworthy that in real
metamaterial devices chirality occurs intrinsically because a substrate is practically always
present [72, 97]. However this effect acts only as a very weak perturbation and is hardly
observable, ruling out its possible exploitation in an application. Hence asymmetric trans-
mission of linearly polarized light could not have been observed, because its magnitude was
too weak to be safely attributed to a true physical mechanism rather than to an insufficient
measurement accuracy. A substantial enhancement of the symmetry breaking may only be

achieved by a pronounced structural modification of the metaatoms in the third dimension.

To meet the aforementioned requirements we designed a simple metaatom that is es-

sentially three-dimensional, anisotropic, chiral, and consists of strongly coupled plasmonic

!The metaatoms must have no higher symmetry than Cs ..
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elements. Note that resonant, plasmonic metaatoms considerably enhance the effect of asym-
metric transmission but are not required to observe the very effect. To rule out asymmetric
effects due to the presence of a substrate, the metaatoms should be completely embedded in
an index-matched dielectric host. The geometry of the structure is shown in Figs. 5.1a and
b. It consists of two closely spaced layers. The bottom layer comprises an L-shaped metallic
particle and the top layer a single nanowire. This combination breaks the symmetry in the
principal propagation direction and leads to a genuine three-dimensional chiral metaatom.
Furthermore, the whole structure causes an anisotropic response, additionally giving rise to

asymmetric transmission of circularly polarized light.

5.2 Experimental observation of asymmetric transmission

The metamaterial was fabricated by stacking two EBL-structured layers as detailed in
Sec. 4.2. Fach of the two layers was subsequently planarized with HS(Q matching the refrac-
tive index of the fused silica substrate. Hence it was ensured that the metaatoms were sur-
rounded by a homogeneous dielectric environment compensating for potential bianisotropy
stemming from the substrate [233]. For the exposure of the top layer, multiple alignment
marks were used to ensure an alignment accuracy of better than 20 nm to the bottom layer
(Fig. 5.1c). The metaatoms were periodically arranged on a square lattice with periods
smaller than the wavelength such that only the zeroth diffraction order propagates in the
spectral region of interest. The detailed geometrical values of the metaatoms are given in
the caption of Fig. 5.1, however, their absolute proportions are of minor relevance here. This
is due to the fact that as long as the metamaterial sustains the required low degree of sym-
metry, it will serve for a principle demonstration of asymmetric transmission. The spectral

position where the very effect occurs can easily be tuned to other wavelengths as well.

5.2.1 Observation of linear conversion dichroism

The measurement of a sample in forward and backward direction between collinear and
crossed polarizers was described in Sec. 2.7.1. Here we recall the definition of the Jones
matrix according to Eq. 2.28. The squared moduli ¢;; = |T};]? of the entries of this ma-
trix were determined experimentally for the metamaterial under consideration (Figs. 5.2a
and b). Clearly t,, and t,, interchange for opposite propagation directions proving that
all elements in the linear base are different in general. Additional deviations between the
forward and backward propagation are negligible and can be most likely attributed to a
non-ideal alignment of the polarizers. For comparison, the complex transmission coefficients

T;; were computed by FFM (see Sec. 2.5.1) and the transmittances are shown in Figs. 5.2¢
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Fig. 5.1: a), b) Two schematic sketches of the metamaterial unit cell from two different perspectives with the
definition of the geometrical parameters: l;=I5=290nm, wi=wy=130nm, h1=he=40 nm, d=80nm. c) Top
view SEM micrograph with false colors of the fabricated metamaterial. The metaatoms were completely em-
bedded in an index-matched dielectric. FIB slicing at two different depths revealed the two layers composing
the metamaterial. Green and red colors represent the nanowires and the L-structures in the top and bottom

layer, respectively. The periods in both the z- and y-direction are 500 nm.

and d. All parameters for the simulation were taken from the measured geometry and the
experimental setup configuration. The experimental and numerically computed intensities
are in almost perfect agreement. Minor deviations are attributed to an only approximative
modeling of the geometrical parameters of the structure as deduced from supplementary
SEM images. As expected from the design of the metaatoms the spectra reveal a complex
multi-resonant behavior. We do not intend to detail all features of the optical response of
this metamaterial?. The specific hybrid plasmonic eigenmodes can be accessed, e.g., within
the framework of an analytical multipole approach [101]. Here, focus will be put on three

immediate observations.

First, note that ¢, and t,, interchange when k, is reversed®. This interchange strongly
supports our assumption of the validity of reciprocity of the metamaterial (see Eq. 2.29),

since only reciprocal, non-magnetic constituents are involved.

Second, it is apparent from the spectra that the off-diagonal elements differ in a broad
spectral range. Namely, t,, # t,, from 1.0 pm to 1.5 pm, which constitutes the first experi-
mental manifestation of a linear conversion dichroism (W), # 0). Linear conversion dichroism
(applicable to linearly polarized light) can be considered as the analogon to circular conver-
sion dichroism (applicable to circularly polarized light), as reported in [13]. Recalling the
discussion in Sec. 2.4.3, Wy, # 0 constitutes a necessary and sufficient condition for the

occurrence of asymmetric transmission of linearly polarized light.

2Generally speaking, the two components comprising the metaatoms sustain three lowest order plasmonic
resonances; one may be associated with the nanowire and the two others with the L-shaped particle. The

coupling of these particles results in a complex response featuring various resonances.
30f course the interchange of the ¢,, and t,, for the numerical data is ideal, therefore Fig. 5.2d contains

some redundant information.
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Fig. 5.2: Transmittance of the four Jones Matrix coefficients of the metamaterial. a), b) Measurements and
c), d) FMM simulations. The wave vector k of the plane waves illuminating the metamaterial was directed

in a), ¢) forward and b), d) backward direction.

Third, at an approximate wavelength of 1.2 um the polarization conversion efficiency for
forward (backward) propagating z-polarized (y-polarized) light into the orthogonal polar-
ization state is larger than 25% (t,,>t,, for forward propagation, respective t,,>t,, for

backward propagation). This is the footprint of the strong chiral nature of the metaatoms.

5.2.2 Observation of asymmetric transmission

The values for the asymmetric transmission A were calculated according to Eqgs. 2.32 and 2.40
in the linear as well as in the circular base and are displayed in Fig. 5.3. Clearly, they are
different for different bases and achieve values up to 25% in the linear base. The asymmetry
for a certain state is of course identical to the asymmetry for the complementary state with
negative sign since the total transmission for unpolarized light from both sides has to be
the same in a reciprocal medium. The absolute values of A® = —A® -0 in Fig. 5.3a
correspond to what is acquired when calculating the differences in the total transmissions
(i.e. transmission measured with a polarization insensitive detector) for linearly polarized
waves incident on the front and back side of the metamaterial. They represent the key result
of this chapter, which is the first experimental proof of asymmetric transmission of linearly
polarized light enabled by truly three-dimensional chiral metaatoms. Along with this, the

metamaterial additionally shows asymmetric transmission in the circular polarization base
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Fig. 5.3: a) Asymmetric transmission A(®¥) for the linear polarization base and b) asymmetric transmission
A7) for the circular polarization base as determined from the numerical data. The color of the lines

indicates the particular polarization input state.

(Fig. 5.3b), since the nondiagonal elements in the circular base are different as well. This
observation is in accordance with previous interpretations of asymmetric transmission of

circularly polarized light as a result of circular conversion dichroism [13, 208, 223, 230, 231].

Chapter summary

In this chapter, the first experimental observation of linear conversion dichroism and asym-
metric transmission of linearly polarized light in a three-dimensional low-symmetry metama-
terial was reported. Contrary to previous works focusing exclusively on circularly polarized
light, the key for asymmetric transmission in any polarization base is the complete sym-
metry breaking of the metaatom. The composition of three-dimensional chiral metaatoms
considerably enriches the variety of transmission functionalities and offers yet a new degree
of freedom of design for metamaterials. This novel physical effect is not available by sim-
ply relying on natural resources of optical media, which evidences the supernaturality of

metamaterials.



6 Disorder and amorphization of
high-symmetry metaatoms

In the last three chapters we considered a stepwise decrease of the degree of symmetry of
metaatoms and the correspondence to their associated optical properties. In fact, there is
an alternative way to affect the overall symmetry in a metamaterial. Our model system of
choice was a planar metamaterial assembled of cut-wire pair metaatoms. Leaving the Cjy .
symmetry of the metaatom itself untouched, we introduce a precisely controllable degree of
positional disorder in the metamaterial, therefore perturbing the periodic lattice arrangement
of the metaatoms in a deterministic fashion. Our approach can be regarded as a continuous
symmetry breaking with respect to the periodicity of a metamaterial. This study inhibits a
fundamental difference to the vast majority of investigations of optical metamaterials, whose
metaatoms were usually assembled in strictly periodic arrangements. This state of the art
is mainly due to the limited resources of contemporary computational facilities. As a result,
the direct comparison between an experimentally available disordered system containing a
large number of constituents and its rigorous numerical treatment is rather challenging. In
the study presented here, we have realized the first deterministic experimental and numerical
demonstration of an amorphous metamaterial and have shown how the scattering response of
an individual metaatom affects the averaged far-field response of the ensemble. Additionally
we assigned for the first time effective optical properties to truly amorphous metamaterials.
The major relevance of our results to the field of synthesis of self-assembling metamaterials
(see Sec. 2.6.5) is discussed.

6.1 Transition from periodic to amorphous arrangements

6.1.1 Introduction of deterministic disorder

Positional disorder in a planar metamaterial can be introduced by adding a random dis-
placement to the position of each metaatom in each lateral direction independently. Here
we choose the displacements Az and Ay such that they are uniformly distributed within the

intervals
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where p is the lattice constant of the referential periodic system. D is a dimensionless

(6.1)

disorder parameter to control and quantize the degree of disorder. With other words, D=0
corresponds to a periodic lattice arrangement while for D = 1 the center position of each
metaatom can randomly extend between the boundaries of the former unit cell. If D is
larger than one, each metaatom can even be placed beyond those boundaries. For practical
reasons, a minimum interparticle separation d;, between adjacent metaatoms had to be
enforced. Otherwise, the resonance properties of the individual metaatoms would have been
predominantly affected by evanescent coupling. Moreover, d,,;, fairly reflects the physical
situation of hard spheres in standard routines to fabricate self-organized metamaterials using,
e.g., charged colloidal beads. After implementing the algorithm in a Matlab code!, two-
dimensional coordinate sets of disordered metaatoms could be generated, each one governed
by D and d,.;,. Figure 6.1 shows six SEM micrographs of fabricated metamaterials where
each bright dot represents a single metaatom. While D varies, dy, was kept constant to
66 nm?. Similar approaches using other parametrization sets have been utilized in other
optical systems [234]-[237].

6.1.2 Statistical assessment of the system

Now we will classify the “randomness” in our metamaterial and verify that really amorphous
structures are created with this algorithm. By definition, “amorphous” refers to a conglomer-
ate whose constituents inhibit a limited degree of short-range order, while long-range order
is completely absent. Among various mathematical means, the most appropriate one to
classify positional disorder is the radial distribution function, also called pair correlation
function g(r) [238]. This dimensionless quantity can be calculated for any system contain-

ing a large number of particles at fixed positions, just like our metaatoms. The parameter

IThe algorithm works in the following way: Starting from a periodic lattice, the order of all positions (z,y)
of all metaatoms was randomized. This randomization of the order of placement itself ensured that the
positions of all metaatoms were not correlated [234]. Then, Az and Ay were added to the first (z, y) pair
and the corresponding metaatom position was fixed. After that, the next position was randomized and
so on. If the placement of a metaatom violated the restriction enforced on dp,;, with respect to any other
metaatom already fixed, Az and Ay were rejected and a new pair within [—D/2p, D/2p| was generated.

The algorithm converged quickly as long as dy,i, was not chosen too large.
2The choice of this specific value turned out to be a good compromise between two counteracting aspects:

Smaller values of d,;, were tested and resulted in the unintentional merging of a rather big number of
adjacent metaatoms during fabrication. On the other hand, if d,;;, was too large the disorder algorithm
failed to converge. Equivalently, the higher d,,;, the stronger is the enforcement of the periodicity which

we actually aim to perturb here.
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Fig. 6.1: Equally magnified, top view SEM micrographs of metaatoms in arrangements with implementations

of different values of disorder D.

r denotes the interparticle separation between adjacent metaatoms which is normalized to
the underlying periodic lattice. The pair correlation function g(r) then describes how the
particle density varies as a function of the distance from a particular metaatom. Hence g(r)
offers a two-dimensional statistical mapping of the distances between the centers of pairs of
particles [239]. Applied to the situation of two dimensions, it is evaluated by counting the
numbers of particles that lie within a circular shell, dr, of radius r from an arbitrary origin
in the plane. This is repeated for a range of radii and many arbitrary points selected as the
origin. The statistical average of these numbers, normalized with respect to the average par-
ticle number density (p) and the sampling area da = 27wrdr for a particular radial distance

r, gives the pair correlation function

1 dn(r,r +dr

o) = - (6:2)
In periodic structures g(r) shows not only one peak (corresponding to short-range order)
but also higher order peaks (long-range order). On the other hand, long-range order should
be completely absent in a truly amorphous structure. Therefore, if our metamaterial is
really amorphous, we expect only one discernible peak around r=1. For completeness it
is noteworthy that g(r) of a fully randomized structure will not show any features at all
indicating the lack of both short- and long-range order [238]. Such a structure could be
implemented in our case by setting d,;, equal to zero while D is sufficiently large. However,
this consideration is practically not relevant due to the finite extension of any physical

metaatom.

The pair correlation function g(r) was calculated for a sufficiently large section of the

arrangements depicted in Fig. 6.1. The results are shown in Fig. 6.2. As expected, g(r)
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Fig. 6.2: Pair correlation function g(r) for a two-dimensional assembly of particles with different degrees of

disorder D as outlined in the text. a) Periodic, b)-d) partially disordered and e)-f) amorphous system.

displays discrete peaks for the periodic arrangement (Fig. 6.2a). With increasing D, those
peaks are gradually reduced and smeared out (note that the y-axes scale differently in the
subfigures of Fig. 6.2). Though there is no distinct threshold between a partially disordered
and an amorphous system, it can be clearly seen in Fig. 6.2e and f that for large values of
D only the first peak around r=1 survives while g(r>1) gives a noisy signal with a mean
value around one?. Short-range correlation is present because the particles were not allowed
to take positions in the ultimate vicinity of other particles. Consequently, g(r) is identical
zero for small values® of r. Correlation functions of that type are a clear indication of an
amorphous structure. It is therefore proven that Eq. 6.1 together with the side condition
dmin>0 can mimic the transition of a metamaterial from a periodic (or crystalline) to an

amorphous state.

6.2 Plasmonic modes in cut-wire pair metaatoms

Recent studies to understand the effect of positional disorder on the optical functionality
considered single and double split-ring resonators in various spectral domains [235]-[237].
However, the emphasis was exclusively on metaatoms where only electric dipoles could be

excited under normally incident illumination. It is imperative to extend those studies toward

3Note that the actual values of g(r) depend on the individual implementation of disorder which can vary

for a given D, but its principal behavior will always support our statement.
4To be precise, g(r)=0 for all r smaller than the sum of d,,;,, and the lateral size of a metaatom.
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Fig. 6.3: Schematic of a cut-wire pair metaatom excited at a) the symmetric (S) and b) the antisymmetric
(AS) plasmonic eigenmode. The wave vector k denotes the light propagation direction and E the polariza-
tion of the electric field. The colored arrows represent the a) in-phase and b) out-of-phase oscillations of
the current densities in the metal wires. ¢) Simulated prototypical spectrum showing the two resonances

corresponding to the symmetric (S) and antisymmetric (AS) mode in transmittance ¢ and reflectance r.

more complex metaatoms that support higher order multipoles to develop a comprehensive
understanding of disordered metamaterials. The simplest structure that fulfills this goal is
the cut-wire pair [180]. This metaatom received an enormous attention from the community
since both an electric quadrupole and a magnetic dipole can be excited at normal incidence.
The cut-wire pair is therefore regarded as one of the key building blocks to obtain a magnetic

response at optical frequencies [58, 59].

Each metallic cut-wire supports a localized plasmon polariton. In a dimer system (two cut-
wires in close proximity), the strong coupling of plasmonic modes causes a hybrid splitting
of the resonance into a symmetric and an antisymmetric mode [101, 240]. Since for the high-
frequency symmetric mode the current densities in both arms are in phase, it effectively acts
as an electric dipole. By contrast, the current densities in both arms oscillate 7t out-of-phase
for the low-frequency antisymmetric mode evoking an electric quadrupole and a magnetic
dipole moment [101, 200]. In an ensemble of metaatoms, the two modes translate into the
far-field response by dips in the transmittance and peaks in the reflectance, although the

latter is rather weak for the antisymmetric eigenmode (Fig. 6.3).

6.3 Sensitivity of plasmonic modes to positional disorder

The cut-wire pairs were fabricated on a silica substrate with the technique outlined in Sec. 3.2.
For this study we required the metaatoms to be C, ., symmetric to suppress a polarization-
dependent response for normal incidence illumination. Despite of their quadratic footprint,
we will consistently use the expression “cut-wire pairs” in the following. Each cut-wire
pair consisted of two 30nm gold layers separated by 45nm of magnesia with side lengths
Szy =180nm in both lateral directions. For reference, a perfectly periodic sample (D=0)

with lattice constants p,,=512nm was fabricated. The corresponding area filling fraction
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of f = 8.,°/pey® ~12.4% remained unaltered on average for all samples by keeping the
number of metaatoms and hence their average density constant. Eleven different samples
with different values of D ranging from 0 to 1000 were fabricated on the same wafer. Each
sample had a footprint of 3mm x 3mm and a selection of SEM pictures is shown in Fig. 6.1.
As shown above, this set represents a gradual transition from a periodic to an amorphous

planar metmaterial.

6.3.1 Experimental observations

The optical properties of all samples were characterized by transmission and reflection spec-
troscopy by means explained in Sec. 2.7.1. At normal incidence virtually identical spectra
have been obtained for both linear polarization states parallel to either lattice vector, which
is in agreement with the )y, symmetry of the cut-wire pair metaatom. The investigated
spectral domain ranged from wavelengths of 0.5 um to 1.2 um, comprising the two principal
resonances of the metamaterial®. The spectral results are shown in Fig. 6.4. For the periodic
arrangement (D=0) two dips appear in the transmission spectrum (Fig. 6.4a) situated at
wavelengths of 0.8 um and 1.05 um which are related to the symmetric and antisymmetric
plasmon polariton eigenmodes of the metaatom, respectively. The former is also confirmed
by a noticeable peak in reflection (Fig. 6.4b) at 0.8 um. A considerably different sensitivity
of the two resonances was observed for an increasing degree of disorder. While the antisym-
metric resonance at A=1.05 um almost perfectly sustains in width and magnitude even for
D=1000, the symmetric resonance blue shifts by about 30 nm, broadens and its magnitude

decays already at a low level of disorder D=1.

These astoundingly different characteristics can be explained on the basis of the cut-
wire pair eigenmodes and their resulting in-plane interactions. In this context, the plane of
interest lies in the center of each metaatom and is parallel to the substrate surface. For the
high frequency symmetric eigenmode (Fig. 6.3a) the two cut-wires act as an electric dipole.
In the lateral plane of the metamaterial the scattered fields from all metaatoms always
interfere constructively. Most notably, it causes a strong field that is polarized along the
incidence polarization. Therefore, the local electric field driving each metaatom consists of
the illuminating external field superimposed by the field scattered from all metaatoms. In the
periodical arrangement this is not detrimental since the illumination conditions are identical
for all metaatoms in the lattice. However, upon the transition to the amorphous state, the
scattered fields from all metaatoms lose their fixed phase relation and their individual driving

forces are modified. The results are a strong homogeneous line broadening and a resonance

5The low signal-to-noise ratio in the wavelength range from 0.9 um to 1.0 pm in the reflection spectra is
due to low sensitivity of the detector (a PbS photodiode at that time) and does not bear any physical

meaning.
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Fig. 6.4: Measured a) transmittance and b) reflectance as functions of the wavelength and the disorder
parameter D (logarithmic scale). Both spectra are recorded for discrete values of D and interpolated to
guide the eye. The blue dotted lines indicate the positions of the symmetric (S) and antisymmetric (AS)

resonance.

damping. This observation had been firstly predicted by Haynes et al. and was ascribed to
radiative dipolar coupling (which has a 1/r dependence on the interparticle distance r) and

dipole scattering retardation (which multiplies the dipole scattered field by e**") [241].

Complementary results are obtained when these arguments are applied to the antisym-
metric low frequency mode (Fig. 6.3b). As already discussed in Sec. 6.2, the out-of-phase
dipole oscillations generate a scattered field which is dominated by an electric quadrupole
and a magnetic dipole contribution. However, in the lateral plane of the metamaterial both
multipoles lack an in-plane polarized field component due to destructive interference of the
scattered fields from the upper and the lower cut-wires. The only nonzero field component
in the lateral plane is that normal to the substrate. Since the cut-wire pair sustains only a
resonant response for in-plane field components for the spectral range under investigation,
this scattered field has no influence here. Therefore, the driving force of each metaatom is
solely the external illumination and the spectral response is independent of the arrangement,
namely periodic or amorphous. This effect was not observed so far, since positional disorder

had only been investigated in electric dipole-dominated metamaterials [235]-[237].

6.3.2 Numerical simulations and effective properties

To compare these spectra with theoretical predictions, we performed FDTD simulations
(see Sec. 2.5.2) of the system for no (D=0), moderate (D=0.3), and high (D=3) positional
disorder. The simulations were constrained to a sufficiently large supercell with a size of
7um X 7um containing 196 metaatoms. This size was checked to be large enough for the
peculiarities of the individual implementations of disorder to have a negligible impact on

the results (Fig. 6.5). The supercell was truncated by periodic boundaries in the lateral



6. DISORDER AND AMORPHIZATION OF HIGH-SYMMETRY METAATOMS 84

@ , (b) ‘
° —D=0.0
o L .\ bt 2\ --D=0.3
g 1™ /F \ S D=3.0
205 Y v 505 \
% —D=00 2 / Na
G --D=0.3 & !
— | |
= 0 D=3.0 0 1 i
06 08 1 1.2 06 08 1 1.2
Wavelength [um] Wavelength [um]
(c) d) o ‘
—15 — —D=0.0
S \ ~ £ \\\ --D=03
o 1 NS ° D=3.0
N s
%_O'S K —D=0.0 <
[ ==D=0.3 o
0 D=3.0 0 —
06 08 1 1.2 06 08 1 1.2
Wavelength [um] Wavelength [um]

Fig. 6.5: Simulated a) transmittance, b) reflectance, ¢) transmission phase delay and d) reflection phase

delay of the cut-wire pair metamaterial as functions of the wavelength and D.

dimensions whereas perfectly matched layers were used along the propagation direction.

The two plasmonic resonances are confirmed to appear at the wavelengths 0.8 pum and
1.1 wm for D=0. Their identification as the symmetric and antisymmetric eigenmodes of
the cut-wire pair structure is supported by supplementary investigation of the near-field
at the resonant wavelengths®. Moreover, all experimental observations in transmission and
reflection that occur for an increasing degree of disorder are fully reproduced. With D
increasing, the symmetric resonance at 0.8 pum broadens, blue shifts, decays, and nearly
vanishes already for D=3. This evolution does not apply for the antisymmetric eigenmode
at 1.1 um. While D increases, the dip in the transmitted amplitude and its corresponding
phase evolution retain their strength and width almost unaffected. It is confirmed that the

antisymmetric eigenmode is nearly invulnerable to positional disorder.

Thanks to the fact that the FDTD delivers not only amplitude (Figs. 6.5a and b) but
also phase information (Fig. 6.5¢ and d) and based on the remarkable agreement between
measured and simulated spectra, the computed complex spectra allowed us to determine
effective material properties for the periodic, the weakly disordered, and the amorphous
metamaterial. Even though it is clear that due to the mesoscopic size of the metaatoms, the
response of the metamaterials cannot be described adequately by spatially non-dispersive

material properties (see Sec. 2.3.2), we proceed using the retrieval algorithm from Sec. 2.3.1

SThe antisymmetric resonance appears at slightly longer wavelengths in comparison to the experiment.
This is most likely due to small deviations from the topography of the metaatoms. Note that geometry

parameter scans on such large domains were not possible due to the huge computational effort required
by the FDTD method.
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Fig. 6.6: Wavelength-dependent effective properties of the periodic (D=0.0), the weakly disordered (D=0.3),
and the amorphous cut-wire pair metamaterial (D=3.0). a) Real and b) imaginary parts of the effective

electric permittivity €.s(A). ¢) Real and d) imaginary parts of the effective magnetic permeability e ().

to illustrate the principal effects.

In Fig. 6.6 we attribute effective properties to the metamaterial along its transition from
a periodic to an amorphous state. From those properties similar conclusions can be drawn
as for the transmission and reflection spectra. Firstly, the high frequency resonance at
A = 0.8 um that induces a Lorentzian dispersion in the effective permittivity e.s(A) strongly
decreases with increasing disorder D (Figs. 6.6a and b). Since the electric dipoles excited
in the metaatoms cease to oscillate in phase, the resonance is homogeneously broadened,
causing a degradation of the induced dispersion. Our second important finding concerns
the persistence of the antisymmetric resonance of pieg(A) at A = 1.1 um, whose strength, line
shape, and width are preserved practically independently of D. Since this resonance is usually
employed as a “magnetic resonance” in metamaterial designs [58, 59], one may conclude that
the effective magneto-optical properties of many current negative-index metamaterials are
only marginally affected by the very arrangement of the metaatoms. It should be emphasized

however, that our results strictly apply to planar metamaterials only [242].

6.4 Top-down and bottom-up amorphous metamaterials

In the preceding section it was shown that the so-called magnetic resonance in common
planar metamaterials is invulnerable to positional disorder and deterministic amorphization.
This finding establishes a previously missing link to metamaterials fabricated by chemical

synthesis or self-assembling methods (“bottom-up”, see Sec. 2.6.5), where regularly ordered
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lattices cannot be simply realized without additional efforts [164]-[168]. Nowadays the vast
majority of optical metamaterials is fabricated by costly and time consuming serial writing
processes such as EBL (“top-down”). Moreover, it seems elusive to fabricate true bulk
metamaterials by a sequential stacking of single functional layers [6, 129, 134]. This situation
hinders the transfer of fundamental concepts from an academic into an industrial environment

where true applications shall be implemented.

Accordingly, quick and reliable fabrication schemes based on self-assembling or chemically
randomized processes will ease the applicability of large-scale metamaterials. From our
findings we can conclude that a magnetic resonance will most likely be retained if the top-
down fabrication of metamaterials was substituted by bottom-up approaches. Moreover, in
order to incorporate a potentially negative-index metamaterial into an imaging application,
it ought to show a weak spatial dispersion [202]. However, the mesoscopic arrangement of
metaatoms in most of the present metamaterials causes inevitably a high degree of anisotropy
and strong spatial dispersion [75, 243, 244]. These constraints can be possibly lifted by
employing amorphous metamaterials, provided that the metaatoms obey to the quasi-static
limit (see Sec. 2.1.3). Accordingly, true optical isotropy in the sense of Sec. 2.4.1 is anticipated
for sufficiently small metaatoms that are randomly arranged in space [245, 246]. Thus our
experimental and numerical results are especially valuable for the so far elusive prediction

of optical properties of bottom-up fabricated metamaterials.

6.5 Symmetry reduction by anisotropic positional disorder

After the robustness of the antisymmetric resonance against positional disorder was shown,
the degradation of the symmetric resonance can be further studied. To probe for another as-
pect of the lack of periodicity, we analyzed how disorder in one transverse direction influences
the optical properties of the samples. In the following, this one-dimensional type of disorder
is called “anisotropic” while the two-dimensional case will be referred to as “isotropic”. The
motivation for the approach was twofold. Firstly, the nearest-neighbor interactions of adja-
cent metaatoms can be discriminated with respect to their electromagnetic eigenmodes and
to the polarization vector of the incident field. Secondly, anisotropic disorder constitutes an
elegant way to break the symmetry in an arrangement of otherwise geometrically isotropic
unit cells like the cut-wire pairs. Thus it provides a new degree of freedom for the design of

biaxial anisotropic metamaterials as demanded for certain imaging applications [202].

The sample fabrication and measurement was done in full analogy to the procedure de-
scribed in Sec. 6.1.1 and Sec. 6.3 with the only modification of Eq. 6.1, where Ay was set
to zero for the case of anisotropic disorder. The considered cut-wire pairs had identical geo-

metrical and material parameters as those described in Sec. 6.3. This approach resulted in a
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Fig. 6.7: Equally magnified, top view SEM micrographs of the fabricated metamaterials associated with dif-
ferent types of positional disorder. a) Periodic cut-wire pair metamaterial with D=0.0. b) Two-dimensional

(isotropic) disorder with D=3.0. c¢) One-dimensional (anisotropic) disorder with D=3.0.

distinction between two-dimensional (isotropic) and one-dimensional (anisotropic) positional
disorder (Fig. 6.7). In the latter case, the disorder is regarded to be a vector pointing in the
x-direction. We restricted our considerations to the relevant values of D=3.0, as its contains
sufficient information. In particular, the conclusions to be drawn for D>3.0 are not affected,
since the statistical displacement of a metaatom from its regular grid position outnumbers

the average size of the metaatom”.

In the following, we restrict our investigations to the spectral region containing the sym-
metric resonance. The persistence of the antisymmetric mode against positional disorder
was shown in Sec. 6.3 and depends neither on the degree of the disorder nor on its isotropic
or anisotropic character. The decay mechanism of the symmetric resonance for isotropic
disorder was explained in Sec. 6.3. T'wo-dimensional disorder combined with a Cy ., symme-
try of the metaatoms renders the optical response polarization-independent. By contrast,
it is expected to depend on the polarization vector for the case of anisotropic disorder. A
perceptible difference is anticipated, since the angular distribution of the scattered field of

an electric dipole is also strongly anisotropic.

We distinguish the two cases when the electric field is polarized either parallel or per-
pendicular to the disorder vector. If the electric field is polarized parallel to the disorder
vector, the oscillator strength in the excited cut-wire pairs is in general lower. Particularly, if
two metaatoms are brought in close proximity along the chains, the arrangement resembles
a coupled-antenna configuration where the feed gap between the two antennas sustains an
extraordinarily strong field enhancement at resonance [247]. However, performing a spatial
averaging these extrema are negligible and a rather constant field emerges. If the electric field
is perpendicularly polarized to the disorder vector, the picture appears differently. Since the

scattered field of an electric dipole is strongest perpendicular to its orientation, the scattered

"The ensembles are then indistinguishable, which was confirmed both statistically in Sec. 6.1.2 and exper-
imentally in Sec. 6.3. Again, the only restriction we enforced was to set the minimum separation dmin

between adjacent metaatoms to 66 nm.
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Fig. 6.8: Measured a) transmittances and b) reflectances of periodic, anisotropic disordered and isotropic
disordered metamaterials showing a polarization-sensitive degradation of the symmetric resonance; and cor-
responding simulated c¢) transmittances and d) reflectances. Red solid lines - D=0.0, periodic sample,
independent of polarization ; Blue dashed lines - D=3.0, anisotropic disorder with parallel oriented electric
field E; Black dashed-dotted lines - D=3.0, anisotropic disorder with normal oriented electric field E; Green

dotted lines - D=3.0, isotropic disorder, independent of polarization.

field that adds to the external illumination depends more sensitively on disorder. Thus the
interaction between the cut-wire pairs is stronger since the amplitude of the field above each

metaatom is strongly fluctuating.

Based on these considerations we expect the strongest effect on the optical properties of
the sample, when compared to the periodic case, to occur for the sample that exhibits an
isotropic disorder. The influence of an anisotropic disorder perpendicular to the incident po-
larization will be slightly weaker. An even further decrease of this influence will be observed
for the anisotropic disorder being parallel to the incident polarization. These distinct impacts
of isotropic and anisotropic disorder translate directly into the far-field response of the meta-
material. Figure 6.8 displays the degradation of the symmetric resonance in transmission
and reflection. The overall agreement regarding the discrimination between measurements
and FDTD is very good, though we observe some absolute discrepancies between measured
(Fig. 6.8¢c) and simulated (Fig. 6.8d) reflection, which are attributed to fabricational imper-
fections. The resonance at A\=0.8 um is strongest for a periodic arrangement of metaatoms
in the metamaterial, when all excited dipoles oscillate coherently in phase (red solid lines
in Fig. 6.8). Compared to isotropic disorder which is insensitive to the polarization (green
dotted lines in Fig. 6.8), a smaller resonance degradation is found for the case of anisotropic

disorder. The degradation is diminished slightly when the polarization of the electric field



6. DISORDER AND AMORPHIZATION OF HIGH-SYMMETRY METAATOMS 89

is orthogonal to the anisotropic disorder vector (black dashed-dotted lines in Fig. 6.8). The
weakest degradation in comparison to the perfect periodic case is found for a polarization
vector that is parallel to the disorder vector (blue dashed lines in Fig. 6.8). These findings are
consistent with the interpretation of electric dipole-dipole interactions between neighboring

metaatoms in the near-field.

Anisotropic disorder provides an alternative means of symmetry breaking in an arrange-
ment of geometrically isotropic metaatoms. Furthermore it details how the analysis of scat-
tering properties of neighboring metaatoms is the key to the physical understanding of the
optical response of any metamaterial [242]. Accordingly, our results constitute a solid bench-
mark for analytical multipole theories for metamaterials [101], whose exploration is subject

to ongoing work.

Chapter summary

In this chapter we investigated the deterministic breaking of the translational symmetry in a
periodic metamaterial. By introducing a precisely controllable degree of positional disorder
into a planar assembly of cut-wire pairs, its impact on the plasmonic resonances sustained by
these metaatoms could be observed. This deterministic disorder was implemented by means
of an algorithm that assigned to each single metaatom its individual spatial position. The al-
gorithm was governed by a disorder parameter D which was chosen to be proportional to the
maximum bounds of the individual random displacement of each metaatom with respect to
its original position on a periodic lattice. Increasing D allowed to mimic the transition from
a periodic to an amorphous planar structure, which was statistically validated by means of
a pair correlation function. The accordingly fabricated samples were optically characterized
and revealed different sensitivities of the two main resonances for increasing disorder. In con-
sistency with the literature, the symmetric resonance sustained by the metamaterial suffers
strongly from disorder and decays rapidly when the periodic arrangement of the metaatoms
degrades. On the other hand and for the first time, the antisymmetric resonance was shown
to be largely unaffected by an arbitrary degree of positional disorder. These experimental
results were fully confirmed by FDTD simulations and explained by considering the eigen-
modes of the metaatoms and their resulting in-plane interactions. In addition, we retrieved
for the first time the effective optical properties of a periodic, a weakly disordered and an
amorphous metamaterial. Finally, anisotropic disorder was shown to constitute yet another
means of symmetry breaking in an ensemble of otherwise geometrically isotropic metaatoms
to obtain a polarization-sensitive optical response. Our findings have important implica-
tions for bottom-up fabricated metamaterials, since the strong limitation of the necessity of

a periodic lattice in the respective design concepts is relaxed. The statement saying that
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the magnetic properties of planar metamaterials in periodic or amorphous arrangements are
equivalent may bridge the conceptional gap between top-down and bottom-up fabricated

metamaterials.



7 Summary and outlook

This thesis intends to provide technological and experimental contributions to the field
of resonant metamaterials built of deliberately tailored metallo-dielectric inclusions, called
metaatoms. While the majority of contemporary metamaterials is constructed to be op-
erated at gigahertz or terahertz frequencies, the structures considered here aim at the less
investigated and technologically more challenging part of the optical range of the spectrum.
The selection of the studied metaatoms was related to a reduction of their degree of spatial
symmetry, thus following a transition from high-symmetry to low-symmetry metamaterials.
It was shown that symmetry breaking can lead to an extraordinary enhancement of known
effects or even completely new physical phenomena. Great care was taken with respect to
the choice of the proper optical target functions that express these properties in a physically

sound way.

Before working on design-related and experimental aspects of optical metamaterials, a
reproducible and high-quality nanofabrication technology for metallo-dielectric metaatoms
with feature sizes smaller than 100nm had to be established. Two approaches based on
electron beam lithography and the metal lift-off technique, differing in the choice of the
respective electron beam resist, were presented in detail. Both methods were shown to
enable the fabrication of planar nanostrucutured metamaterials covering macroscopic areas
of several square millimeters and could be repeated to facilitate subsequent stacking of several
layers. Specifically, the previously unreported usage of a chemically amplified electron beam
resist for a lift-off technique decreases the typical exposure time by approximately one order
of magnitude in comparison to classical PMMA-based resists. It is stressed that this newly
established nanostructure technology offers the potential to fabricate optical metamaterials
in a reproducible way and on large scale, as it will be required for their implementation in

real-word applications.

On this technological basis, we were able to optically characterize an alternative design
for planar negative-index metamaterials operating at telecommunication wavelengths. This
novel, four-fold rotational Swiss cross structure combined the benefits of a polarization in-
dependent response and an additional geometrical degree of freedom in comparison to the
established double fishnet design. The insensitivity of the incident polarization state of nor-
mally incident light was experimentally demonstrated at optical frequencies for the first time.

Furthermore, by showing that the optical response and consequentially the effective optical
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properties of the Swiss cross inherently depend on the angle of incidence, we revealed this
metamaterial to exhibit strong spatial dispersion. The therefrom formulated consequences
affect a large group of contemporary negative-index media and may contribute to a more

differentiated interpretation of their effective optical properties like €qf(w) and peg(w).

Furthermore, we lifted a severe restriction of chiral optical metamaterials that were
mainly composed of single layered thin films or vertical sequences thereof. An original loop-
wire metamaterial consisting of single-block, truly three-dimensional and chiral metaatoms
was spectroscopically and interferometrically investigated at visible and near-infrared wave-
lengths. By purely experimental means and without the input of additional numerical data,
it was shown to exhibit optical activity in terms of pure polarization azimuth rotation that
outperforms any linear, passive and reciprocal medium known to date, from both natural and
artificial origins. The polarization output upon exciting this loop-wire metamaterial with an
arbitrary input and the associated polarization eigenstates could be directly visualized from
the reconstruction of the full Jones matrix over a broad spectral range, which was achieved
for the first time for an optical metamaterial. The eigenstates of polarization were proven

to serve as an optical footprint of the breaking of spatial symmetries in the metaatoms.

For the first time, the only recently predicted directional asymmetry in the transmission
of linearly polarized and near-infrared light could be demonstrated experimentally. This
was achieved by the creation of metaatoms with the lowest possible symmetry, in particular
by including a structural symmetry breaking in the principal direction of light propagation.
Asymmetric transmission is allowed in non-magnetic metamaterials if the propagation of
linearly polarized light is accompanied by a pronounced polarization conversion dichroism.
This novel and physically counterintuitive effect may be lined up with optical activity and the
famous Faraday effect in magnetized matter. It is a pivotal example of a new phenomenon
that could not be observed in natural media, but gets amenable by systematic symmetry

breaking in optical metamaterials.

Moreover, we have investigated the impact of positional disorder in a planar cut-wire pair
metamaterial, evaluating the transition from periodic to amorphous metamaterials. This
transition can be regarded as a deterministic symmetry breaking of the periodic lattice of
the metaatoms, while their geometrical shape itself remained untouched. It was revealed
that the electric and magnetic resonances of the system possess a different sensitivity to
planar disorder. This finding was correlated to the excited plasmonic eigenmodes and their
respective in-plane scattered fields. For the first time, effective optical properties were as-
signed to an amorphous metamaterial. Our conclusions have major relevance concerning
the evaluation of such effective properties of future metamaterials fabricated by bottom-up
approaches. In addition, anisotropic disorder, being defined as positional disorder in one

transverse direction only, was shown to be an alternative means of symmetry breaking in an
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arrangement of otherwise geometrically isotropic unit cells, thus revealing a new degree of

freedom for metamaterial design.

The key results of this thesis are based on experimental observations of symmetry-related
effects in optical metamaterials which were fabricated by a demanding nanostructure tech-
nology. Although a close correspondence between experiments and theory was always desired
and obtained by means of complementing numerical simulations, it is emphasized that the
experiments themselves exhibit a major scientific contribution on their own. Two examples
shall be mentioned here: First, the asymmetric transmission of linearly polarized light would
have remained an indistinct and even counterintuitive prediction unless verified by a direct
and clear experimental observation. Second, complex nanooptical systems like, e.g., the one
consisting of disordered cut-wire pair metaatoms, may be too large to be fully investigated
by analytical or numerical means. In that case it did happen that the initiating experiment
gives new physical stimuli by the observation of unexpected effects that advanced the re-

spective theoretical work to explain them.

The results of this work allow to draw several conclusions with respect to the future
research on optical metamaterials and their spatial symmetries. First of all, the ways of
symmetry breaking that were shown here do not constitute a claim of completeness. The
herein considered metamaterials may rather be regarded as some hand-picked examples that
demonstrate the general validity of the conceptual approach. It is difficult to foresee whether
other novel electromagnetic effects may be revealed if this research direction is further ex-
plored, simply because the alleged effects are still unknown. However, while the degrees
of freedom of natural media are usually bound to a thermodynamic equilibrium, artificially
structured matter must not obey this fundamental limitation. Therefore the breaking of spa-
tial symmetries in a metamaterial is maybe the most distinguishing feature of such artificial

over natural media.

In the past, the primary optimization criteria of many metamaterial designs were the
index of refraction at preferably high frequencies, its “negativeness” and its associated figure
of merit. Despite of the simplified assumptions implied, the concept of effective optical prop-
erties in general and the effective index of refraction in particular have proven to constitute
a valuable means to describe the light interaction with complexly nanostructured matter in
a convenient way. Recently, the dispersion relation of a metamaterial has gained relevance
as an alternative and partly more meaningful optical target function on which constraints
should be imposed. Thus a novel class of advanced metamaterials aiming at tailoring the
dispersion relation or other optical target functions is currently emerging. The constituting
metaatoms may be based on established metamaterial unit cells like the double fishnet or the

Swiss cross as presented in this thesis. However, these approaches are likely to raise rather
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strict requirements on the respective metamaterial designs in that, e.g., a large number of
free geometrical parameters must be optimized. Moreover, in my opinion it is extremely de-
manding to precisely meet these almost non-tolerant design requirements in fabrication and

to provide satisfactory experimental results from this novel class of advanced metamaterials.

Another route that should be followed is the transition of metamaterial fabrication from
essentially planar, lithographic technologies to alternatives that are capable of fabricating
bulk media containing large amounts of truly three-dimensional metaatoms. Achieving this
step could turn out to be a necessary prerequisite to lift optical metamaterials from a plat-
form of academic interest and proof-of-principle demonstrators into real-world applications.
In this work we established electron beam lithography, lift-off methods and stacking technolo-
gies of multiple layers as a reliable means to fabricate prototypes of truly three-dimensional,
chiral and low-symmetry metaatoms. To date, large scale electron beam lithography and
the related nanopattern transfer technologies are of primary importance for the field of re-
search. Presumably, they will preserve this relevance in the medium term. This is mainly
due to the reason that enormous scientific and engineering expertise has been invested into
these technologies over decades, mostly motivated by the requirements of the semiconductor
industry. Nevertheless, they remain costly and time-consuming serial processes, and in the
long term potential alternatives are asked for. Various approaches including multi-photon-
photopolymerization, membrane projection lithography, origami-inspired three-dimensional
self-folding of planar templates and bottom-up fabrication techniques, i.e. the functional-
ization of self-assembling or chemically synthesized nanostructures, offer promising paths to

complement or even partially substitute standardized nanolithography methods.

In a broader sense, there are still huge challenges, even on a fundamental level, that
metamaterial research has yet to overcome. The most crucial issue that is inherently linked
to strongly dispersive and/or plasmonically resonant media are their optical losses. In this
thesis, this aspect was particularly highlighted at the example of the loop-wire metamaterial.
Its highest optical activity in terms of a giant polarization azimuth rotation was observed at
a wavelength where the structure exhibits a plasmonic resonance and thus strong optical ab-
sorption. It will be imperative to optimize the loop-wire metamaterial in order to decrease its
losses to an acceptable minimum, while at the same time the magnitude of its optical activity
should possibly be retained. Passive loss reduction can be achieved, e.g., by a parametric
fine-tuning of all geometrical degrees of freedom of a metamaterial structure. However, since
the underlying loss mechanism cannot be circumvented in principle, an active compensation
by the incorporation of a gain medium exhibits the most logical solution. This argument
holds for a wide class of contemporary plasmonic metamaterials, whose functionalities suffer
from optical losses. Even though some successful results in active loss compensation were

recently reported, their broadband applicability to metamaterials of arbitrary design and
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under differentiated experimental conditions is still unclaimed territory.

An important part of prospective metamaterial research shall be devoted to the transition
from homogeneous toward heterogeneous ensembles of metaatoms. All metamaterials pre-
sented in this thesis, namely the Swiss cross, the loop-wire, the cut-wire-pair and the metama-
terial showing asymmetric transmission consist of periodic or amorphous arrays of identical
metaatoms, which together give a common, spatially invariant optical response. However,
a largely unexplored subcategory of artificially nanostructured optical media are heteroge-
neous arrangements of metaatoms. This field includes identical metaatoms arranged with
a locally varying spatial density and, likewise, with differently scaled or shaped metaatoms
that are arranged in a predefined fashion. Both approaches allow for spatial gradients of the
respective optical target function of the metamaterial. In my opinion, this topical direction
is still in its infancy and holds the potential to give the highest impact to material and op-
tical sciences that metamaterials can offer. Ultimately, an universal optical transformation

of space by artificial materials is envisioned.

As a concluding remark, the evidenced potential of optical metamaterials to enhance nat-
ural properties, like optical activity, or to evoke novel physical effects, such as asymmetric
transmission, should be communicated to a broad research community to foster the advance-
ment of optical metamaterials both in established and in completely new research topics of

modern optics.



8 Zusammenfassung

Die vorliegende Dissertation beschaftigt sich mit kiinstlich hergestellten Materialien und de-
ren elektromagnetischer Wechselwirkung mit sichtbarem und nah-infrarotem Licht. Diese
sogenannten optischen Metamaterialien werden aus Einheitszellen mit Subwellenlangen-Ab-
messungen zusammengesetzt, welche in Analogie zu Atomen in natiirlichen Materialien als
Metaatome bezeichnet werden. Im Rahmen dieser Arbeit wurden metallisch-dielektrische
Metaatome gezielt durch Nanostrukturierungstechnologie auf der Basis von Elektronen-
strahllithographie hergestellt, ihre optischen Eigenschaften experimentell untersucht und mit

den Ergebnissen rigoroser Simulationen verglichen.

Hauptziel der Arbeit war es zu zeigen, dass durch eine Verringerung der raumlichen Sym-
metrie der Metaatome und des betreffenden Metamaterials optische Eigenschaften hervorge-
bracht werden konnen, die entweder natiirlich vorkommende Materialien iibertreffen oder
sogar als optisch neuartige Effekte angesehen werden miissen. Um diese Aussagen zu unter-
mauern, wurde fiir jedes hier untersuchte Metamaterial eine individuelle optische Zielfunktion

definiert, die dessen besondere Funktionalitat in eindeutiger Weise hervorhebt.

Im Speziellen wurde ein polarisations-unabhéangiges Metamaterial namens Schweizer Kreuz
analysiert, welchem fiir senkrechten Einfall ein negativer effektiver Brechungsindex fiir nah-
infrarote Wellenlangen zugewiesen werden kann. Dessen Abhéngigkeit vom Einfallswinkel
und Polarisationszustand des einfallenden Lichtes legen es nahe, den Index als einen Wellen-
Parameter und nicht als eine explizit dem Schweizer Kreuz zugeordnete Materialeigen-
schaft zu verstehen. Zudem wurden zusammenhéangende, echt drei-dimensionale und chirale
Metaatome hergestellt, deren hohe optische Aktivitat durch eine vollstandige experimentelle
Bestimmung der komplexwertigen Jones-Matrizen nachgewiesen wurde. Die Rotation des
Polarisationswinkels fiir transmittiertes Licht tibertrifft fiir diskrete Wellenlangen die aller
bisher bekannten linearen, passiven und reziproken optischen Medien. Dartiber hinaus konnte
durch ein Metamaterial mit minimaler Symmetrie zum ersten Mal zweifelsfrei asymmetrische
Transmission von linear polarisiertem Licht experimentell nachgewiesen werden. Im letzten
Teil der Arbeit wurde der Ubergang von periodisch zu amorph angeordneten Metaatomen
als ein alternativer Ansatz deterministischer Symmetriebrechung untersucht. Es wurde ex-
perimentell gezeigt, dass die opto-magnetischen Eigenschaften eines planaren Metamaterials

unabhangig davon sind, ob seine Metaatome periodisch oder amorph angeordnet sind.
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ALD
CVD
EBL
EUV

FDTD
FIB
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FOM
FMM
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IL
IOF
ITO
LCP
NIL
OL
RCP
RCWA
RIBE
RIE
rpm
Sec.
SEM
SPP

Atomic layer deposition
Chemical vapor deposition
Electron beam lithography
Extreme ultraviolet
Equation

Finite-difference time-domain
Focused ion beam

Figure

Figure of merit

Fourier modal method
Hydrogen silsesquioxane
Institute of Applied Physics
Ion beam etching

Inductively coupled plasma

Institute of Condensed Matter Theory and Solid State Optics

Interference lithography

Fraunhofer Institute for Applied Optics and Precision Engineering

Indium tin oxide

Left-handed circular polarization
Nanoimprint lithography
Optical lithography
Right-handed circular polarization
Rigorous coupled wave analysis
Reactive ion beam etching
Reactive ion etching

Revolutions per minute

Section

Scanning electron microscopy

Surface plasmon polariton



C List of symbols and conventions

a; Absorbance for i-polarized light i = z,y

Co Speed of light in vacuum; ¢y = 2.9979 x 108m/s

d; Semiaxes of an ellipsoidal particle (i = z,y, 2)

Amin Minimum interparticle separation between adjacent metaatoms
da Area segment of a circle to calculate g(r)

dr Radial segment of a circle to calculate g(r)

e Charge of an electron

e Normalized base vector (i = x,y)

f Area filling fraction of a planar metamaterial

g(r) Pair correlation function for two dimensions; dependent on radial distance r
jo(r, 1) Free electric current density; jo(r, t)=jex (T, 1) +Ficona (L5 1)

Joxt (T, 1) External electric current density

Jeona (T, 1) Conduction electric current density; joonq(r, t)=f(E(r, 1))

k(n,w) Wave vector

k(n,w) Modulus of the wave vector k(n,w)

ke, ky Transverse components of the wave vector k(n,w)

k., Longitudinal component of the wave vector k(n,w)

m: Effective electron mass

n(w) Refractive index

Nefr (W) Effective refractive index

Ne Electron density in Drude model

P Period in both lateral directions of a planar metamaterial
Di Period in i-direction of a planar metamaterial (i = z,y)

r Spatial coordinates (z,y, z)

r Normalized interparticle distance between adjacent metaatoms;

also used as the radius of a circle to calculate g(r)

T Reflectance for i-polarized light (i = z,y)
S Thickness of a homogeneous slab
S Side length in i-direction of a cut-wire pair metaatom (i = z,y)

t Time



APPENDIX C. LIST OF SYMBOLS AND CONVENTIONS

t;
a(w)
Xel(w)

Xmag (W)

Ho

Meft (w)
po(r,t)
Pext (T, 1)
{p)

B(r,t)

E(r,t)
Ein(r,t)
Etrans(ra t)
E(r,w)

Transmittance for i-polarized light (i = x,y)

Polarizability tensor

Electric susceptibility

Magnetic susceptibility

Circular dichroism

Vacuum electric permittivity constant; ¢y = 8.8542 x 107'2As/Vm
Electric permittivity constant of a dielectric medium

Electric permittivity

Effective electric permittivity

Electric permittivity from Drude model

Damping constant in Drude model

Wavelength

Magnetic permeability

Vacuum magnetic permeability constant; pg = 47 x 1077Vs/Am
Effective magnetic permeability

Free charge density

Density of external charges

Average particle number density to calculate g(r)

Plasma frequency in Drude model

Magnetic induction

n-fold rotational symmetry with respect to the i-axis (i = x,y, z)
Dimensionless disorder parameter

Dielectric displacement

Electric field coefficient for i-polarization (complex-valued;

1 = x,y in linear base; i = +, —
Electric field strength

Electric field strength incoming onto a medium

in circular base)

Electric field strength transmitted through a medium

Fourier transform of E(r,¢) with respect to ¢ [likewise: P(r,w), M(r,w), H(r,w)]

Magnetic field strength

Geometrical depolarization factor of an ellipsoidal particle (i = x,y, 2)
Magnetization

Mirror symmetry with respect to the ij-plane (i = z, vy, 2)

Reflection coefficient (complex-valued)

Dielectric polarization

Transmission coefficient (complex-valued)

Transmission coefficient for i-polarization (complex-valued;

XXI
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f,b
lin,circ

~f,b
T7

lin,circ

T; .

Z(w)

Zeﬁ" (u))
i,J
lin,circ

Ax

Ay

P

©

X

\Ij(i)

lin

i = x,y in linear base; i = +, — in circular base)

Total transmission (complex-valued) for forward/backward direction
in linear /circular base

Jones matrix for forward/backward direction in linear/circular base
Entries of the Jones Matrix 7 (i,j = x,y in linear base;

i,7 =+, — in circular base)

Wave impedance

Effective wave impedance

Asymmetric transmission for a base vector i, j in linear/circular base
Random displacement of a metaatom in x-direction

Random displacement of a metaatom in y-direction

Azimuth angle for oblique incidence measurements

Angle of incidence for oblique incidence measurements

Circular birefringence

Linear polarization conversion dichroism for i-polarized light (i = z,y)
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