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Metamaterials have been exploited to show a number of exotic effects, in particular for
longer wavelengths, from infrared to microwaves. Extending their response to shorter
wavelengths requires structuring on the nanoscale which is made possible with
increasing advances of fabrication techniques. The rigid pattern of metamaterials,
however, meant that their response can only be observed for a narrow wavelength
range. The aim of this project was to extend the functionality of metamaterials to
manipulate visible and infrared light and to demonstrate wavelength tuneability.
Utilising liquid crystals, with their attractive optical properties and easily controllable
nature, was the main method towards achieving adaptive metamaterials. While
typically the optical properties of liquid crystals are employed in applications, this
work went beyond that and exploited their elastic properties. A liquid crystal layer,
coupled to a mechanical metasurface, was shown to remove the limits of the stiction
forces present at the nanoscale. New liquid crystal loaded metamaterials, made of
nanostructured zigzag bridges, were fabricated and characterised to better understand
the interactions taking place and to improve the functionality of future devices. The
zigzag design was then explored separately in a project investigating its selective
dependence on the spatial coherence of light. Computational modelling of the
geometry was first completed and then compared with the experimental results. A
large discrepancy between the experimental and modelled spectra for the zigzag
metamaterial design was found, namely a split resonance being experimentally
observed while the model predicted a single resonance peak. The split resonance was
then successfully simulated for the case of incoherent incident light. In order to
understand this feature further, variations of the zigzag geometry were fabricated and
analysed. The final nanoscale design explored for investigating the optical properties
of metamaterials included arrays of asymmetric slits. Optical activity upon reflection
from a metasurface with equivalent, larger slits was demonstrated in the earlier work
for microwave wavelengths. Samples with pairs of both symmetric and asymmetric
slits were fabricated to obtain data from both reference and active samples. The
presence of optical activity was then demonstrated for the asymmetric samples at
optical wavelengths, in line with the theoretical predictions. The nanostructured
metamaterials simulated, fabricated and experimentally characterised for this thesis,
contribute to demonstrating the exciting potential of nanoscale metamaterials for

photonic components and other groundbreaking technologies.
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Chapter 1

Introduction

1.1 Motivation and aims

Metamaterials are nano-patterned artificial media that can exhibit properties beyond
those seen in natural materials. Their resonant response is mostly determined by the
geometry and design of the core unit and the base material, thus can be induced by
particular incident wavelengths. However, a number of practical applications require
metamaterials that are capable of operating across a wider range of wavelengths.
Creating metamaterial devices that are capable of tuning their operating wavelength
is therefore of great interest. The patterned format of metamaterials has been shown to
be well suited to consider hybrid systems, namely integrating metamaterials with soft

matter or seminconductors to achieve adaptive response.

The aim of the experimental projects carried out for this thesis was to explore
nanoscale, planar metamaterials for visible and near-infrared light manipulation,
investigating the robustness of their fabrication on the nanoscale for tuneable
metamaterial technologies. The projects undertaken included designing, fabricating
and characterising metamaterials, applying external electric fields and LCs to achieve

functional metamaterial systems.

Three different, experimental projects were pursued for this thesis and their main
findings are captured in the following chapters: Chapter 2 on mechanical
metasurfaces, actuated with voltage and hybridised with LCs; Chapter 3 on zigzag
metasurfaces and their sensitivity to the spatial coherence of incident light and finally
Chapter 4 on optical activity with metasurfaces. Each chapter is accompanied by a
brief introduction to the project-specific concepts. This chapter focuses on the
introduction to the main concepts of metamaterials, metasurfaces and a brief overview
of LCs.
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1.2 Artificial photonic materials (metamaterials)

Introducing the general concept of metamaterials is often done through the context of
other, well known, and often, man-made material systems, namely photonic crystals
[1]. The simplest example of a photonic crystal —a 1D photonic crystal — is a dielectric
mirror, which is a stack of thin dielectric slabs. Its optical response results from Bragg
diffraction and interference of light at the resulting interfaces and therefore it requires
structuring on the scale of the order of one wavelength [2], as shown on Figure 1.1.
There different versions of photonic crystals, including those in 2D and 3D, which are

obtained by structuring in 2 or 3 mutually orthogonal directions.

The condition that applies in such structures, namely their periodicity (a) being larger
than wavelength (A), photonic crystals cannot be described as an effective media.
While examples shown on Figure 1.1 demonstrate artificial photonic crystals, such
structures also exist in nature, for instance, in the form of opals and beautifully
coloured butterfly wings.

Photonic crystals Metamaterials (no diffraction)

Anti-reflection a<< M
coating

Dielectric
mirrors

Holey

X e
fibres ey,

A

photonic crystals '™ Metamaterial structure

FIGURE 1.1: Examples of (a) traditional photonic structures exhibiting standard
diffraction and interference versus (b) controlling light at sub-wavelength scale with
metamaterials.

Metamaterials, on the other hand, are artificial by definition, as they are designed to
interact with light in ways no natural materials can. More specifically, metamaterials
are metal or dielectric composites that are structured on essentially sub-wavelength

scale. They do not diffract, thus appearing homogeneous to the incident wave.

The exotic and often dramatic physics demonstrated by the metamaterial crystals is
underpinned by resonant electromagnetic scattering of their unit cells, the so-called
metamolecules, which can be made resonant in either one, two or three mutually

orthogonal directions (Figure 1.1).
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1.3 Metamaterials: basic principles and applications

Metamaterials are a class of nano-structured artificial media that have properties
beyond those normally found in nature. For optical metamaterials these properties are
achieved by creating materials which are periodically structured on the nanoscale,
designed to interact with light in novel ways. The unit cells of these structures, called
the metamolecules, are arrayed to form large active regions. Effects such as negative
refractive indices [3], invisibility cloaks [4] and hyperlenses [5] can be observed by
utilising different designs for the metamolecules. Negative refraction, for example, is
essential for the development of the hyperlenses, a key component of optical imaging
systems that can beat the famous diffraction limit.

Successes in achieving negative permeability and permittivity are paving the way to
new phenomena including negative refraction which offers exciting applications in
energy harvesting, sensors and image processing [6]. In particular, the opportunity to
realise negative-index materials led to a rapid growth of a dedicated branch of
metamaterials research. One of the first demonstrations was based on integrating
arrays of conducting wires with arrays of split-ring resonators, exploiting the overlap
between their frequency bands of negative permittivity and permeability. In this early
work, the possibility for creating a perfect lens was also demonstrated [7].
Furthermore, particularly captivating was the demonstration of negative refraction at
the optical communication wavelength of 1.5 ym using an array of pairs of parallel
gold pillars, thus demonstrating the capability to fabricate metamaterials on the

nanoscale [8] to manipulate light.

The design and engineering of metamaterials for particular response and wavelength
relies on the consideration of their basic unit, which are called metamolecules,
organised in a periodic arrangement in three dimensions and exhibiting a resonant
response [9], acting as antennas. When an electro-magnetic field is incident, oscillating
currents are generated in the individual metamolecules and electro-magnetic waves

are re-radiated, combining to form the transmitted and the reflected, secondary waves.

The metamolecule patterns are typically metallic and fixed onto an insulating
substrate. The resonances, Ay, where strong scattering occurs, of such metamolecule
antennas are determined by their sizes and design, and the materials used. By
choosing appropriate pattern, the resonances can be tailored to a particular
wavelength of interest. However, the limit on the metamolecule size means that for
visible and infrared wavelengths, the fabrication challenges to produce precise
patterns are more significant than, for example, the metamolecules for THz. Figure 1.2

presents some examples of metamaterial designs.



4 Chapter 1. Introduction
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FIGURE 1.2: Typical examples of metamaterial designs.

As summarised in [10], for metamolecules driven by the external electro-magnetic
field, their resonant frequency depends on the inductance L and capacitance C of the
pattern:

1
v/ LCs

wo = 27Tf0 = (11)

The configuration of metamolecules-antennas, effectively operate as, a type of
transmission line with resonant standing waves of conduction currents excited along

the length of the structure.
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FIGURE 1.3: Resonant modes of metamolecules as standing waves.

The full analysis of the resonant mechanism is complex, but with some
approximations, the resonance wavelengths of metamaterials can be understood
through a mass-spring model. In the simplest case, the resonance wavelength of the
metamolecule, treated as an antenna, is proportional to the effective path of an

electron, which in conductors is typically proportional to the size of the antenna. This
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direct relationship between the resonant wavelength and the size of the unit element
is behind the need to match the structure of the metamaterial to the scale of the
wavelength of incident light, hence the nanoscale patterning requirement for a
response at visible wavelengths [11].

Following Lewin’s theory [12], it can be shown that the resonant wavelength is also
dependent on the dielectric permittivity, thus the resonance can be tuned either by the
choice of materials or the dimensions and geometry of the core unit [13]. The
representation as standing waves shown in Figure 1.3 provides a useful

approximation and visualisation of resonances, with:

21
/\0 ~ \/Eﬁ

(1.2)
where [, is the total electrical length of the metallic design forming the metamolecule,
€ is the relative permittivity of the dielectric medium that the pattern is embedded in,
such as dielectric substrate, for example, and m is a positive integer.

The above analysis applies mainly to IR and longer wavelengths, where metals are
good conductors. In the visible regime, the resonances of metamolecules are explained
through plasmons.

The design of metamaterials is not the only important parameter. The electromagnetic
properties of the metamaterials can then be described by effective parameters for the
permittivity, €, and permeability, y1, caLCsulated by averaging the local
electromagnetic fields [14; 15]. Most natural materials have a magnetic permeability
and electric permittivity greater than 0. By engineering the design of the metamaterial,
values for € and u beyond these limits can be achieved. This can lead to novel optical
properties, for example if a metamaterial is created with both € and i being negative, a
so-called left-handed material, it will support backward propagating waves [16]. If €
and yu are equal then the metamaterial will be perfectly impedance matched with free

space resulting in zero reflection at the free space and metamaterial boundary [9].

Most metamaterials only show their designed function for a narrow wavelength band.
This leads to difficulties when utilising them as many applications require them to
function for a range of wavelengths. Designing devices with the ability to tune their
operating wavelength is therefore of great interest. Methods to achieve this include
mechanically switching the geometry of the metamolecules [17], taking advantage of
phase changes in materials [18; 19], and utilising LCs [20] which we will explore
further in this project.

Over the past decade this concept of artificially engineered media, namely
metamaterials, has revolutionised the field of optics, pushed the boundaries of

microfabrication, and stimulated the development of novel characterisation
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techniques [21; 22]. Recent demonstrations of anomalous reflection and refraction of
light by metasurfaces opened another exciting chapter in optical engineering [23].
They can display novel effects or can be used to mimic bulk optical components such

as lenses.

1.4 Metasurfaces

The focus of metamaterial research has shifted towards planar metamaterials, or the
so-called metasurfaces. While metamaterials and metasurfaces are, in principle, two
types of materials they are often used interchangeably, as will be used in this thesis.
They are a class of low-dimensional (planar) metamaterials or in other words, 2D
metamaterials and are typically formed by optically thin metal films periodically
patterned on a sub-wavelength scale. Due to their planar nature they can take
advantage of currently available fabrication techniques meaning they are less
expensive and simpler to make when compared to bulk metamaterials which require

complex multilayer technologies in terms of three-dimensional fabrication techniques.

In spite of their small thickness, metasurfaces interact strongly with light, which they
can transmit, absorb or reflect without diffraction, effectively operating as optical
media of zero dimension along the direction of light propagation. That sets planar
metamaterials aside from resonant gratings of various kinds, photonic crystal slabs

[21; 22] and perforated metal films exhibiting extraordinary optical transmission [24].

Metamaterials are fully compatible with the existing fabrication processes adopted by
CMOS technology, and offer unmatched flexibility in the design and control of light
propagation, exhibiting exotic electromagnetic phenomena and replacing
conventional bulk optical components. In particular, metasurfaces have already
enabled spectral [25; 26] and directional [27] filtering, asymmetric transmission

[24; 25], polarisation control and analysis [28; 29], absorption enhancement [30; 31],
imaging [32; 33] and sensing [34; 23] as well as being fully compatible with the
existing fabrication processes adopted by CMOS technology.

Metasurfaces offer unmatched flexibility in the design and control of light propagation
[23; 35; 36; 37; 38; 33] and demonstrating novel electromagnetic phenomena

[23; 39; 28; 40]. Because of the sub-wavelength patterning they do not diffract, being
effectively media of zero-dimension in the direction of light propagation.

The planar format of metasurfaces offers the benefit of their resonant response in
terms of transmission, reflection or absorption for a relatively narrow range of
frequencies, thus they can be regarded as an example of frequency selective surfaces,
the concept developed the RF and microwave ranges [25].
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FIGURE 1.4: Different patterns of planar metamaterials (metasurfaces).

The concept of frequency selective metasurfaces has been exploited in this thesis in all
three projects. In general, such metasurfaces consist of a two-dimensional lattice of
metamolecules with periodicity lower than the incident wavelength. Metamolecules
are typically metallic wires or slits of a particular design and dimensions, designed to
have a resonance for a particular band of incident wavelengths and transparent
beyond that range [10]. Figure 1.5 illustrates the main concepts behind such
metasurfaces.

As shown on Figure 1.5(a) and (c), the metasurfaces can be formed by shaping metallic
wires (so called positive metasurfaces) as well as through a complementary design of
slits cut in the metal film. Such perforated apertures (negative metasurfaces). Their
transmission and reflection spectra are complementary, following the Babinet

principle, as shown in Figure 1.5(b) and (d) [10].

Similarly to the case of bulk metamaterials, the geometry of the shape determines the
resonance frequencies. Furthermore, as such metasurfaces are also typically
embedded in a thin, dielectric substrate, dielectric permittivity of such supporting

medium also influences the resonant wavelengths.

For estimating the frequency selective metasurfaces, the expression for metamaterials
(Equation 1.2) can be adapted to provide [10]:
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e—|—12716

Ao ~
0 2 m

(1.3)

where [, is the total electrical length of the shape of a metamolecule, pattern that forms
the metamolecule, € is the relative permittivity of the dielectric medium surrounding
the metamolecules; m is a positive integer.

The difference between two expressions, (1.2) and (1.3), for metamaterials and
metasurfaces, respectively, originates from different conditions in terms of

surrounding media. In particular:

Ve = 6;1 (1.4)

The replacement of factors indicated in (1.3) stems from having two different media
surrounding metasurfaces: the supporting dielectric and air on the other side.
Following the treatment developed earlier for conducting wires embedded in to
dielectric media, the effective permittivity is the average of dielectric substrate and of
air. Such effective permittivity, namely /€, can be understood as the overall
permittivity of a homogeneous medium that represents the layer of air and the
dielectric regions of the wire, thus the field of the resulting electromagnetic wave will
be partly in the dielectric and partly in air. The right-hand side of expression (1.3)
therefore represents such effective permittivity of the conducting-dielectric system,
estimated as an average between the permittivities of the dielectric and air as shown
in [25].

Such analysis of resonant frequencies, with their transmission and reflection
bandwidths for positive and negative metasurfaces only applies to thin samples [25],
where the total thickness, d:

d << A (1.5)

The designs of metamolecules could be made more complex and this created a rich
field of metasurfaces of different designs, with either narrow or more broad
transmission/reflection properties, in line with the needs of particular applications, as

summarised earlier in this section.

Modelling the expected response typically involves COMSOL simulations and its
libraries provide suitable underpinning code. They are based on consideration
interaction between the incident electro-magnetic wave and using Maxwell equations
to derive an appropriate version of wave equation. For metamaterials, in general, the
unit cells (metamolecules) are much smaller than the incident wavelength, hence the
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FIGURE 1.5: Principle of operation of frequency selective metasurfaces consisting of

array of split-ring resonator metamolecules. (a) array of split-ring wires b) spectra of

transmission (solid line) and reflection (dashed line) for wires c) array of split-ring slits

cut in thin metal d) spectra of transmission (solid line) and reflection (dashed line) for
split-ring slits [10].

whole material could be assumed as being homogenous [6]. Hence, the effective

permittivity and effective permeability can be expressed as €7f = €€y and psr = popty
with €7¢ and p¢f being averaged over each metamolectules and do not depend on the
wave vector, k or their values in the adjacent units, thus neglecting spatial dispersion.

Maxwell equations for metamaterials can be expressed [28]:

oH OE
5 VxH= €o€r 5. (1.6)

V x E = —puop,
Taking the curl of both the left and the right sides and applying Ampére’s Law, leads
to the following wave equation for metamaterials [41]:

5%E

S (1.7)

V2E = —€QHOEr My
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If losses are negligible and €, and y, are considered as real, then the wave equation
remains the same when both €, and y, are negative.

Exploring different options for €, and i, leads to some interesting effects, as discussed
in [6; 41]. For example, when both €, and y, are smaller than zero, the direction of the
refracted beam is on the same side of the normal as the incident beam, thus the
metamaterial is regarded as having an effective negative refractive index. Hence, if
both the effective relative electric permittivity €, and magnetic permeability y,
magnetic permeability are negative, the value that can be associated with the effective

medium’s refractive index is:

Neff = —+/€Erkr (1.8)

Having an effective refractive index of a medium that is negative when both the real
parts of the permittivity and permeability are negative is a general result, and can
apply to different materials. However, careful consideration is needed in the case of
materials where either the permittivity or the permeability is active. The rich
opportunities to design new metamaterials led to the modelling of several exotic
phenomena, initially for the microwave regime, including the impact of having
asymmetric designs [10] and such robust modelling was essential to guide the

experimental work carried out.

Given the constraints on the size of metamolecules, the fabrication of metamaterials is
particularly challenging for the optical regime, as will be discussed in detail in the
following chapters. However, in general, while technical challenges meant that high
precision and a cleanroom environment was required for optical and near-infrared
metamaterials, the flexibility and almost unrivaled prospect to manipulate local
electric and magnetic properties led to the development of underpinning fabrication
methodologies and the sharp increase in the demonstration of nanostructures with
distinctive electromagnetic response to incident light. The other approach to address
this challenge was to reduce the complexity related to bulk, three dimensional
metamaterials by constraining them to thin planar surfaces, called metasurfaces. The
fabrication approach also benefits from the experience and recipes from well known
technologies such as computer chip, phase-array antennas and diffractive optics.
Optically thin layers, structured on the sub-wavelength scale not only can influence
polarisation or phase of light, but they can also be chosen from a wide range of
materials with attractive electronic and optical properties, such as graphene,
semiconductors or plasmonic metals. Therefore, the benefits and the exciting
opportunities to explore new fascinating phenomena with prospects for further
miniaturisation and high performance optical components mean that the effort
devoted to fabrication methods has been paying off [42]
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Apart from different shapes of metamolecules, there are also different options in the
choice of supporting dielectric media, an example of such investigation with different
media will be discussed in the next chapter, where LCs, instead of air, were
surrounding a metasurface from one side. This project was among the recent effort of
the world’s leading metamaterial labs on implementing the idea of tuneable and
active metamaterials, a generation of artificial photonic media with dynamically
controlled optical properties. The latter is perceived as the next important stage in the
development of the metamaterials, which should dramatically expand the range of
their potential applications. One of the first proposals towards this goal was to

combine metamaterials with nematic LCs.

1.5 Liquid crystals for tuneable metamaterials

LCs are molecules which exhibit phases of matter in between the basic solid and
liquid phases [43]. These phases have some degree of orientational order and in some
cases a degree of positional order, but are also able to flow like liquids. The different
phases exhibited depend on the molecular structure, with some only having a single
LC phase and others having multiple phases depending on their temperature. In the
simplest case, called the nematic phase, the molecules tend to point in one direction
even if they are flowing. The result of this preferred orientation is that nematic LCs
can be described as anisotropic fluids, characterised by optical and dielectric
anisotropy. Another more complex phase of LCs is the smectic phase, where the
molecules are pointing in the same direction but are also organised in layers showing
some long range positional order.

Ll W S\
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FIGURE 1.6: The phases of a nematic LC as temperature is increased.

The transition between the solid, LC and isotropic liquid phases is achieved through
increasing the temperature, which reduces the degree of order. The materials
exhibiting LC phases start with a high degree of order at low temperature when they
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are solid and then with increased temperature turn into LC phases. First, for LCs that
show this phase, there will be a more ordered smectic phase and then the less ordered
nematic phase as the temperature increases. Finally, at the so called clearing
temperature, the material will turn into an isotropic liquid. This change of order and
of material parameters that is induced and controlled by temperature adds to the

versatility of LCs, explored both for research and practical applications.

In this work, only nematic LCs were considered, thus the discussion of LCs material
parameters and their influence on metallic structures will only consider this phase.
Therefore, when LCs will be mentioned, this means nematic LCs.

There are several nematic LCs that exhibit high optical birefringence in the visible
range. Those with high birefringence, such as 5CB which will be discussed in the next
chapter, retain sizeable birefringence even in the terahertz range, namely 0.14 around
2THz [44]. LCs are easily controlled by temperature, light, electric and magnetic
fields. They have also arguably the largest and most broad-band optical nonlinearity.
They share properties with both liquids and crystalline solids, appearing to move like
a liquid but show an ordered nature like that found in crystals upon closer
investigation. The structure of these ordered phases depends on the type of LCs and
on external properties such as temperature and external fields [43]. One of the simplest
and most useful of these is the nematic phase where the molecules behave like rods
with no positional order but with the molecular rods all pointing in the same direction
described by a vector called the director. Light passing through such anisotropic
materials experiences a different refractive index depending on its polarisation and
propagation direction. There are two possibilities, 11, and 7,. If the direction of
propagation is the same as the director then no is experienced by all polarisations of
the light. If the light propagates perpendicular to the director then light with
polarisation parallel to the director will experience 1, while the light with polarisation
orthogonal will experience n,. The director can be influenced by external forces such
as magnetic and electric fields. This effect is utilised in LCs displays to vary the
intensity of transmitted light. One example of this is the twisted nematic cell in which
the LCs is sandwiched between two glass planes each coated with an aligning layer

with a transparent electrode underneath. This set up is shown in Figure 1.7.

The electrodes, typically made from Indium Tin Oxide, allow an electric field to be
placed across the cell. The aligning layers consist of a rubbed polymer such as
polyimide which causes the local LCs molecules to align with the rubbing direction.
For a twisted cell the rubbing directions of the top and bottom aligning layer are
perpendicular to each other causing the LCs molecules to form a helix like structure
with a 90° twist between the 2 layers. The last part of the device is a set of crossed
polarisers on the outside of the glass planes which are aligned parallel to each of the
alignment layers. Light passing through the device will be linearly polarised by the
first polariser, then have its polarisation rotated by 90° as it propagates through the
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FIGURE 1.7: Twisted nematic LCs cell in ON state, left, and OFF state, right. P, G and
E are the polarisers, glass and electrodes respectively.

LCs [45]. The light can then pass through the second polariser without being absorbed
leading to the ‘on’ state of the device. When an electric potential is placed across the
cell the LCs molecules will align in the direction of the electric field, destroying the
helix like structure. Now the polarisation of the light will not be rotated and the light
will be absorbed by the second polariser creating the "off” state for the device.

There have been a number of works on LCs-loaded metamaterials since the
emergence of the field. Early work included radio-frequency and microwave
metamaterials controlled by electric and magnetic fields [46; 47], followed by Near-IR
metamaterials controlled with temperature [48], then by near-IR metamaterials
controlled with light, namely UV light [49] and finally near-IR materials controlled by
electric field [50; 51; 20].

It has been shown that metasurfaces can be used to replace many of the components
of a LCs cell. Buchnev et al. [51; 20] demonstrated this by fabricating a cell with one
half consisting of the traditional assembly of a glass substrate, polariser, ITO electrode
and polymer aligning layer, as shown in Figure 1.7, and the other half consisting of a
gold metasurface on a glass substrate. The metasurface was formed of zigzag shaped
gold nanowires which effectively acted as the polariser, electrode and aligning layer
for the cell.

Using LCs to tune the operating wavelength of negative permeability [47] and
negative index [52] metamaterials has been experimentally shown in the microwave
regime. Tuning at optical wavelengths has been demonstrated relying on the LCs
phase change from nematic to isotropic as the temperature is increased [48]. This
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tuning will only allow two discrete values to be attained in contrast to electrical tuning

which will allow for a near continuous range of values.

The ability of LCs for tuning metamaterial devices operating at optical and near-IR is
impeded due to the surface anchoring of the LCs molecules [53; 54]. To efficiently tune
such devices, the LCs must be able to switch in the vicinity of the metamaterial
structure where the plasmonic fields are strongest. The surface anchoring of the
molecules renders the region of the LCs in contact with the substrate inactive. One
solution to this problem was demonstrated here, at the University of Southampton, by
Buchnev et al. [20]. A metasurface was fabricated from gold deposited on a SiN
membrane using a focused ion beam. During the fabrication the focused ion beam cut
through the supporting membrane as well as the gold leaving zigzag shaped gold
nanowires suspended on SiN bridges. LCs added to this metasurface have no surface
to anchor to and are therefore free to move in the plane of the metasurface when a
voltage is applied between the wires of the device. This allowed the spectral tunability
of the sample to approach the theoretically predicted limit of 9%.

All the methods summarised here, aiming to enhance functionality of metasurfaces,
rely on strong optical birefringence from the LCs. Although changes of the refractive
index attainable in LCs are hysteresis-free and large, the extent of tuneability achieved
for metamaterials in this way proved relatively modest for widespread and practical
applications. Therefore, in this thesis, the main focus will be on expanding the area of
hybrid metamaterials and their functionality further, by engaging the elastic response

of nematic LCs.
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Chapter 2

Elasto-Mechanical Coupling for
tuneable Liquid Crystal
Metamaterials

The current effort in the field is being focused on implementing the idea of active and
tuneable metamaterials (MMs), a generation of artificial photonic media with
dynamically controlled optical properties. The latter should enable to dramatically
expand the range of the potential applications of the MMs making them the
fundamental base of future photonic devices [55].

In this chapter, a new generation of non-linear, dynamically tuneable artificial material
systems is demonstrated. It belongs to a class of optical metamaterial hybrids that
exploit elastic coupling of liquid crystals (the hybrids” functional component) with the
mechanically re-configurable fabric of the metamaterial host. Thus, the concept of
non-linear tuneable metamaterials is taken to the next level by adopting the best of the
indirect and direct control methods and eliminating their shortfalls with a single

hybrid approach.

Following on the earlier work on hybrid LC-metamaterial, where the elastic forces on
anisotropic media such as LCs was used to prevent the detrimental effect of stiction,
the results of this experimental study discussed here focuses mainly on exploring if
LCs could restore mechanical actuators damaged due to stiction.
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2.1 Hybrid approach to controlling metamaterials: exploiting

elasto-mechanical coupling

Developing artificial photonic media with dynamically controlled optical properties
has become one of the key stages in the metamaterial research, as it should enable the
creation of smaller and more efficient photonic structures and devices, dramatically
expanding the range of metamaterial applications [55; 56]. The dynamic control of a
metamaterial can be implemented using generally two approaches — the direct
approach, by physically modifying (though often irreversibly) the fabric of the
metamaterial through either mechanical deformations [57; 58] or the use of
MEMS/NEMS (micro/nano-electromechanical systems) -based actuators [59; 60]; and
the indirect approach, by altering optical properties of the metamaterial’s host matrix
or substrate/superstrate, which features naturally available functional materials (e.g.
non-linear, phase change or gain). Among functional materials liquid crystals (LCs)
possess arguably the largest broadband optical non-linearity and externally controlled
birefringence, which has made LCs one of the first and most popular ingredients
exploited by indirectly-tuneable metamaterial designs [47; 61; 53; 56; 57]. In particular,
earlier work in the group demonstrated efficient spectral tuning of LC-MM system in
the optical part of the spectrum, which was achieved by reorienting LC molecules in a
specially designed nano-structured hybrid using in-plane electric field [20].

In all reported designs of tuneable LC-MMs the role of the liquid crystals has so far
been limited to acting as a macroscopic dielectric environment with controlled optical
anisotropy. Although changes of the refractive index attainable in liquid crystals are
hysteresis-free and large, the extent of spectral tunability demonstrated in LC-MM
hybrids is still too modest for most of practical applications. For example, the
maximum value of the birefringence of E7 (An.y = 0.225) would correspond to a
spectral shift of less than 15%.

At the micro and nano scale, devices experience a range of effects that are not seen in
larger components. One of these that can be very problematic for mechanically
switching metamaterials is stiction. This occurs when a mechanical actuator comes
into contact with another surface and becomes stuck as the adhesive forces, such as
capillary, Van de Waals and electrostatic forces, exceed the restoring force of the
actuator. This becomes more problematic as the size of the device decreases due to the
restoring force, related to the volume, becoming weaker compared to the adhesive
forces, related to the surface area. For functional devices that rely on mechanical
switching, a method to mitigate or even control stiction would be extremely useful.
Furthermore, in reality, the tuning range is reduced by at least a factor of two due to
the presence of a supporting dielectric substrate, which prohibits the complete
immersion of metamaterial framework into the bulk of LC. Moreover, the efficiency of

tuning may be lowered even further as a result of strong anchoring of LC-molecules to
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the surface of the metamaterial; it renders few tens of nanometers of LC adjacent to
the surface as inactive (which is particularly detrimental for nano-structured
metamaterials designed to operate in the near-IR and visible spectral domains).

LCs are optimum materials to overcome these limitations and take full advantage of
the available LC control mechanisms, involving temperature, light, electric and
magnetic fields, and exploiting the elastic properties of liquid crystals. In the new
section, it is shown how LCs, when coupled to the fabric of a re-configurable photonic
metamaterial, can efficiently modify the character of its nanoscopic mechanical
actuators, which then transform elastic distortions of LC into changes of the
metamaterial optical properties. Furthermore, strong surface anchoring of
LC-molecules turns here into an advantage: it ensures robust elasto-mechanical
coupling between the metamaterial framework and LC, whilst eliminating the major
shortfall of mechanically re-configurable systems, namely their susceptibility to
electrostatic/capillary stiction resulting in permanent structural damage [62; 63].

LC-MM structures discussed here, with elastic forces preventing stiction, are directly
relevant to NEMS (nano-electro-mechanical systems), which are integrated miniature
devices that combine electrical and mechanical components at the nanoscale. They
have demonstrated great potential for a wide range of applications including
nanoactuators and sensors [64; 65; 66], electromagnetic detectors [67; 68; 69], optical
switches and relays [70; 71; 72] and, recently, reconfigurable metamaterials and
plasmonic devices [73; 74; 75; 76; 77]. The reliability of NEMS (as well as MEMS) faces
challenges related to issues such as “stiction”, undesired adhesion between the
relevant surfaces of the mechanical components, which typically leads to their

irreversible damage [78; 79].

Stiction takes place when surface adhesion forces, such as capillary, Van der Waals,
electrostatic forces or their combinations, are stronger than the mechanical restoring
force from an actuator. The methods to prevent stiction have been developed and are
typically applied at the device fabrication stage, for example, by changing the surface
hydrophobicity or by eliminating liquid-vapor interfaces through supercritical fluid,
freeze-drying, or dry release methods [80; 81; 82]. However, such approaches
sometimes fail, for example, due to changes in ambient conditions or during routine
operation of the device when its mechanical components come into close contact with
each other. Therefore, there are ongoing efforts to tackle such undesired effect,
including surface treatment and coatings [83; 84; 85], adapting the structure of designs
of cantilevers and/or contact electrodes [86; 87]. Stiction, while posing a significant
issue in microscale electromechanical systems (MEMS) [81], creates more major
problems for the reliability of NEMS, with their larger surface-to-volume ratio.
Furthermore, the stiction-preventive methods developed earlier and proven effective
for MEMS [84; 88] are not easily applicable to NEMS, with the reduced size of these
devices. Therefore, the alternative method proposed here, using LCs with their
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fluidity accompanied by strong elastic forces offers an attractive solution to stiction

issues.

The structures were first exposed to an AC voltage to check for any short circuits
without moving the nanobridges and then to a DC voltage. It is worth noting that DC
driven LC devices can suffer from long term stability issues. Charge carriers and ions
can be generated with longer exposure to DC voltage and they can accumulate close
to the conducting surfaces and electrodes, effectively screening the applied electric
field. Such negative effects can be limited if LCs with low ionic content are used and
the structures are refreshed with the application of AC voltage. This particular aspect
was not studied in detail as part of this thesis, but it would offer an interesting
extension to the work presented here.

2.2 Background to experimental LC - Metasurfaces

From the previous work carried out in the group by Buchnev et al. [20], where the
already tested zigzag metamaterial design used in the past to implement active
control via volume and in-plane switching of liquid crystals, a new metasurface was
designed and fabricated [89]. The changes from the previous metasurface can be seen
in Figure 2.1 below. Joining the project [89] in its final stages, I assisted with final tests,
additional analysis and discussions. The methodology and the experiments carried
out in [89] are presented here in detail as they were followed for the fabrication and

the experiments discussed in this chapter.

The zigzag geometry had each metamolecule consisting of a single chevron shape.
This shape was chosen following earlier work in the microwave regime, where wave
like structures were fabricated and showed distinct resonances. For the optical and
near-infrared regime, the nanoscale fabrication is more challenging and sharper,
rather than curved endings of the structures, are more feasible to achieve. In the first
work on such “sharp” zigzag structures [20] it was successfully shown that they act
efficiently not only as an alignment layer, as electrodes, but also a polariser in MM-LC

cells. Therefore, the zigzag pattern was retained for the further studies.

As Figure 2.1 shows, the metasurface, while retaining the shape, was modified slightly
and consisted of fully suspended on dielectric nano-bridges. This new metasurface
was designed to deform when a voltage was applied to the electrodes. The wires were
arranged in pairs instead of the alternating electrode pattern used before, such that
odd and even pairs were electrically disconnected from the opposite sides of the gold
frame. Straight sections were added on to the ends of each wire to increase its
flexibility and those straight extensions on each side of the nano-bridges ensured
uniform displacement of the zigzag sections in the plane of the structure. The bridges
were cut in a 50nm thick low-stress SiIN membrane using focused ion beam. In more
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FIGURE 2.1: Comparison between the metasurface [20], (a), and the metasurface used
to investigate stiction effects [89].

detail, the metasurface was fabricated by milling, with a focused ion-beam, a 50nm
thick gold film, which had been sputtered beforehand on a 50nm thick silicon nitride
membrane. The milling completely removed parts of the membrane in the gaps
between zigzag nano-wires, yielding a wire grid that was fully suspended on silicon
nitride bridges and could mechanically flex in the plane of the structure. The
metamaterial structure was configured to operate in the near-IR, exhibiting a

plasmonic resonance as a peak in the transmission spectrum at around 0.8um.

The nano-wires were grouped in pairs with the odd and even pairs being connected to
the electric potentials of opposite signs, so that the resulting electrostatic
attraction/repulsion between the neighbouring wires would trigger their lateral
displacement. That allowed us to apply a potential difference between the pairs,
making sure that electrostatic forces acting on each and every nano-wire were not
balanced. The resulting combination of repulsion and attraction triggered lateral
displacements of the supporting nano-bridges. Hence, when a voltage was applied
the wires were attracted together in pairs due to the electrostatic attraction and
repulsion between them. In this way, a metamaterial could be made re-configurable.

The metamaterial structure was infiltrated with a nematic liquid crystal 5CB (Merck)
applied to the surface of the sample using a drop-casting method. The choice of 5CB
(versus other nematic LCs) was done for the convenience of working with this LC,
which has the lowest clearing temperature among widely available nematic liquid
crystals (35°C), relatively low viscosity, and weak optical anisotropy (1, = 1.520,

ne = 1.681, njs, = 1.574 at A = 1um).

For the purpose of optical measurements, the drop was squeezed by a glass cover
slide, yielding a thin, optically uniform LC layer. The glass slide was coated with a
20nm thick film of non-rubbed polyimide, which ensured both parallel alignment and

weak anchoring of LC molecules at its surface. As observed in earlier work [51], a
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zigzag patterned metamaterial can act as a polariser, an electrode and as an alignment
layer. For the devices studied in this thesis, planar alignment of the LC on the
metamaterial bridges was also observed so there was no need to rub the polyimide
layer to ensure planar orientation. As a benefit, the weak anchoring from the

non-rubbed polyimide provides extra freedom of orientation for the LC well above the
metamaterial structure.

The thickness of the LC layer was set to 2um by using dielectric spacers placed
between the glass cover and gold film. To promote the infiltration of the LC into the
metasurface, the temperature of the sample was maintained above the clearing point
of 5CB for about 10 minutes.

The optical response of the metamaterial sample was characterised in transmission at
normal incidence using linearly polarized light. The polarisation was set either
parallel or perpendicular to the wires of zigzag nano-grid. Transmission spectra were
collected in the range 0.7 — 1.9um with a spectral resolution of 0.1ym using a
microphotospectrometer.
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FIGURE 2.2: (a)-(c) SEM images of the nanowire metasurface captured as voltage was

increased. Scale bars corresponds to 200nm. (d) Transmission spectra of the meta-

surface as voltage was increased. (e) Plot of transmission at 0.9um as voltage was
increased and then decreased.

The failure of the reconfigurable metamaterial due to stiction was first observed

directly under a scanning electron microscope. As the voltage was increased, the
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potential of each wire could be seen in the SEM image as a change in the brightness.
The wires remained in place until the voltage reached the critical value of 2.7V, when
they quickly snapped together in pairs. Once the wires were touching the voltage was
decreased, but they remained coupled in pairs due to the adhesive forces between the
wires being greater than the restoring force for the deformation. This effect, as
described before, is called stiction. The SEM images of this process are shown in
Figure 2.2.

The same experiment was conducted with a new sample while the spectral response
of the metasurface was observed with a microphotospectrometer. The transmission of
the sample was seen to remain stable with the increasing voltage until, as expected
from the previous experiment, it sharply reduced at 2.7V. Above this voltage the
transmission spectra showed no changes. The spectra are shown plotted in Figure
2.2(d). To make this easier to view the transmission value at the peak of each spectrum
was plotted against the applied voltage. This is shown in Figure 2.2(e). We can see the
sharp fall in the transmission value as the wires couple together and that as the
voltage was ramped back down the transmission remained at its final value. This

showed we could verify optically when stiction had taken place.

A new set of samples was then fabricated and infiltrated with 5CB, a liquid crystal.
The sample was observed under the microphotospectrometer as before. Due to the
presence of the LC, the transmission resonance of the sample was red-shifted by
approximately 200nm and the voltage required to actuate the sample was increased
from 2.7V to 6V. This is because of the increased electrical permittivity from the LC.
First the sample was observed with the LC in its disordered isotropic phase. This was
done by heating the sample above the clearing point of 5CB, 35°C, using a heated
stage for the microscope. Figure 2.3(a) and (b) show the response as the voltage was
applied. A similar response to that seen with the dry sample was observed with the
transmission at the peak of the resonance sharply falling around 6V. Above this the
transmission spectrum remained the same and as the voltage was ramped down the
sample remained in this final state. This showed that the bridges had become stuck

due to stiction.

The difference between isotropic and nematic LC effect could be understood through
an increase in the restoring force acting on the nanowires, such additional originating
from the elastic bend and splay deformation of the LC in the area between and
directly above the oppositely charged wires [89]. The force acting on the wires is much
stronger in the nematic than in the isotropic phase. This is because the force results
from the local distortions of the LC interacting with the large scale nematic order
present in the bulk of the LC. This force is not confined to the case where the wires are
closest together, but during their entire range of motion, acting to cushion their
movement.
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FIGURE 2.3: (a) Transmission spectra with isotropic LC as voltage increased. (b) Trans-

mission at 1.2um as voltage was ramped up and down with isotropic LC. (c) Trans-

mission spectra with nematic LC as voltage increased. (d) Transmission at 1.2um as
voltage was ramped up and down with nematic LC.

The wavelength of peak transmission for the case of a sample with the isotropic LC
shifted to a lower wavelength and the peak became less pronounced as the applied
voltage was increased. The exact mechanism behind these trends is still not fully
understood. There are many different contributions stemming both from the material
properties of the LC as well as from the structure of the flexible nanobridges changing
as they become coupled. Additionally the LC can become locally aligned due to the
applied electric field while remaining disordered away from the metasurface. To
investigate these factors and to fully understand the interplay between them would

require a complex simulation model to be created which is outside the scope of this
project.

While the application of LCs showed that stiction could be avoided, the aim of the
further study pursued for this thesis was whether the application of LCs after stiction
took place could reverse the damage and free up the nanobridges.
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2.3 Experiments on zigzag metasurfaces for preventing

irreversible damage

This previous study led to the question and idea whether LCs in nematic phase could
be used to repair damaged nanobridges by separating them after stiction had occurred
or whether prior infiltration was required for the observed effect. This required tests
on multiple, pristine metasurface samples to check the repeatability and universality
of the stiction effect.

The fabrication process of metasurfaces for this thesis followed the procedure pursued
for [89]. With the assistance of Dr Buchnev, six new metasurfaces were produced. The
fabrication is a very delicate process hence the need to fabricate multiple
metasurfaces, with the aim of selecting those of the best quality. They were fabricated
together on the same, large substrate and after inspection, only two were selected for
further study. These 2 samples were electrically isolated by cutting wide strips in the
gold with the FIB. There were 4 external connections onto the membrane allowing

each sample to be investigated individually.

These two samples were then observed with the microphotospectrometer as voltage
was applied with the aim of more detailed characterisation of the spectral response
when the stiction effect occurs. The results of this were not as expected so the samples
were viewed with the SEM to inspect for any problems. This showed that both
samples had sustained major damage, most likely from electrical short circuits where
some gold had not been fully removed. This led to excess heating of the nanobridges
resulting in large deformations and some gold being vaporised. SEM images of other
samples with similar damage are shown in Figure 2.4.

FIGURE 2.4: SEM images of two samples after damage from electrical problems. Scale
bars, shown at the bottom of the SEM images, are 10um
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2 new samples were fabricated on the same membrane. These were the same design
but with slightly reduced overall size to ease the fabrication process. A zoomed out
SEM image of the membrane is shown in Figure 2.5. The tracks cut in the gold can be
seen with the 2 old damaged samples in the center and the other rejected samples. To
connect the new samples to milled track in the gold must be bridged. This was done
by depositing a small track of platinum using a gas injection system.
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FIGURE 2.5: Zoomed out SEM image of the samples.

2.3.1 Spectra response of metasurfaces with applied voltage

Our two new metasurfaces were then observed with a microphotospectrometer, using
the same method as in [89]. The aim was to investigate how the spectra are affected by
the, effectively, changing structure and pattern of the metasurface.

In order to capture in more detail, the relevant differences in the spectra, the whole
spectrum was collected from 400nm to 2000nm, although for the wavelengths below
600nm, the spectra are dominated by the absorption of gold. As shown in the
following figures, the spectra are rather complex for such zigzag membranes, with the
actual resonances being quite broad and does not consist of a single, resonance peak.
Indeed, with incoherent illumination from the spectrometer, the broad resonance peak
appears to be split, with a dip in the middle. The investigation of this feature was



2.3. Experiments on zigzag metasurfaces for preventing irreversible damage 25

pursued in a separate project and is covered in Chapter 3. Here, for the purpose of the
analysis of the change in spectra/resonance due to applied voltage, the comparison
between transmission at different voltages was carried out for a wavelength at which
the changes in transmission were the largest.

Figures 2.6 and 2.7 presents the spectra collected for Sample 3, for voltages increasing
from 0V, through 2V, then 3V and back to 0V
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FIGURE 2.6: Transmission spectra of Sample 3 metasurface measured at increasing
voltage starting from 0V to 3.4V and then back to 0V

As shown in Figure 2.7, the spectra for the initial 0V and 2V are closely overlapping,
with little difference between them, indicating that up to 2V, the nanobridges are only
slightly deformed from their initial state. There is evidence of stronger deformation at
3V and then again at 3.4V, suggesting that mechanical reconfiguration becomes
noticeable around that voltage. Finally, reducing voltage to 0V makes no obvious
difference to the spectra — they remain approximately the same as for 3.4V, thus
confirming the results from the SEM images, that the nanobridges experienced stiction
at 3.4V and remained attached to each other even if the voltages is switched off.

Figure 2.8 shows an example of the same measurement for Sample 4, where a larger
range of deformation was observed for voltages from 0V to 3.9V and then back to 0V'.

The comparison between spectra of the two samples provided some important
insight, confirming the need to test multiple samples.
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FIGURE 2.7: Zoomed in transmission spectra of Sample 3 metasurface measured at
increasing voltage starting from 0V to 3.4V and then back to 0V.

In Sample 3 spectra at 0V before and after the voltage was applied were noticeably
distinct. The spectra Sample 4 for such case showed a somewhat different trend.
While the metasurface does not recover completely to the initial state, the blue and
black curves (at 0V before and after higher voltage was applied) overlap more closely
than in the first sample. Furthermore, the trend in the changes in transmission with
applied voltage, increasing to 3.9V, while evident does not follow the same route as in
Sample 3 nor does it follow what was observed in [89].

2.3.2 SEM images of fabricated metasurfaces actuated with electric field

Following the measurements using the microphotospectrometer the metasurfaces
were viewed again under the SEM to verify that a change had occurred. All of the
wires had coupled together on sample 4 but 2 pairs of wires remained unstuck on
sample 3. Figure 2.9 shows sample 3 with 3V applied. The electrical potential can be
seen on the wires as a change in brightness.

As seen in Figure 2.9, most of the nanobridges are in direct contact. The voltage was
increased in steps to 3.7V and then switched off. Figure 2.10 shows SEM images of one
of the unstuck pairs as the voltage was varied. The zigzags can be seen to couple
together at 3.7V and remain stuck once the voltage was reduced to 0V.
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FIGURE 2.8: Transmission spectra of Sample 4 metasurface measured at increasing
voltage starting from 0V to 3.9V and then back to 0V

This experiment on the pristine metasurface shows that the nanobridges that bore the
wires connected to opposite potentials, started to move only at around 3V and come
into physical contact with each other immediately. When the bias voltage was
withdrawn the nano-brides remained stuck, held together by Van der Waals forces
and dielectric charging. That process permanently transforms the pattern of the
metamaterial from a single to a, effectively, double-wire zigzag grid as shown on
Figure 2.2¢, which was also detected optically as an irreversible change in the
transmission spectrum of pristine metamaterial samples. Hence, in comparison with
[89] and between two samples (3 and 4), it can be concluded that in spite of fabrication
aiming to produce exactly the same samples, their response to applied voltage — for
example — the voltage that stiction occurs can vary from 2.7V to 3.4V, for example,
and the spectral response of such dynamic system is complex and not exactly
overlapping for different samples with the same applied voltage.

Although, optical changes due to complete structural switching in a reconfigurable
metamaterial can in principle be extremely large, it is of no use if the switching
happens once and cannot be reversed. Thus, highlighting once again that stiction is a
major reliability issue in many micro and nano-electro-mechanical systems, and it so

far has severely limited the application of mechanical tuning in metamaterials.
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FIGURE 2.9: Sample 3 with 3V applied. Most bridges are coupled except the bottom

pair and a pair in the center. Scale bar, shown at the bottom right of the SEM image, is
Sum.
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FIGURE 2.10: Zoomed in image of a pair of nanobridges as voltage was applied and
then removed.

While applying voltages and measuring spectra, the resistance between nanobridges
was also monitored, providing additional data on when the bridges get attached and
their resistance changes.

After testing the metasurface samples and leading to stiction, in the next part of this
project LCs were applied to their surface to explore if the nanobridges could be
repaired using the elastic forces of the LC.
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2.3.3 Spectra of zigzag nanowire membrane with liquid crystals and
applied voltage

Sample 3 and Sample 4 were then hybridised with the liquid crystal 5CB following the
procedure described earlier. A drop of LC was deposited on a glass substrate, covered
with polyimide, a typical alignment layer used in LC cells to ensure uniform
arrangement of LCs. The glass substrate was placed on a hot plate, kept there for
approximately 15 minutes and thus warmed up to the temperature of 65°C, to induce
a phase transition in the LC to the isotropic phase. Subsequently, the substrate was
then put together with a metasurface membrane. Figure 2.11 shows the changes in
transmission spectra of sample 3 with the addition of 5CB.

Spectroscopic results provided most useful insight into the response of the bridges
with and without LCs. Ideally, capturing images of the membranes containing organic
layers would have been very helpful, but given the nanoscale of the zigzag features,
optical microscopy would be of limited value. SEM images, of sufficient resolution
and contrast, were not possible to obtain due to technical challenges in capturing
images of systems with an organic overlayer.

Figure 2.12 shows the changes in transmission spectra of sample 4 with the addition of
5CB.

5CB remained as a LC of choice. Although there are other liquid crystals that have
higher elastic constants [90], so in principle other LCs could provide a stronger
restoring force. 5CB elastic constants are K; = 6pN and K3 = 9pN while another,
easily available liquid crystal, E7, has K; = 10.7pN and K3 = 16.2pN. However, E7
has relatively high phase transition temperature, 58°C, so realising isotropic-nematic
transition as shown in [89] for 5CB (with its nematic to isotropic phase transition
temperature of 35.2°C) would be more difficult to realise. Furthermore, another
important parameter for infiltrating small gaps between nanobridges is viscosity. 5CB
has rotational viscosity of approximately 92.5m.Pa.s, while E7 has viscosity
approximately 2.5 times higher, namely 232.6m.Pa.s [91]. Thus, 5CB is more suited as
a tool to detach stuck nanobridges. The viscosity of 5CB decreases to approximately
20m.Pa.s in the isotropic phase, hence the LC was heated to reach this phase, thus
promoting more strongly the infiltration of the gaps between the nanobridges. The
elastic constants are also reduced in the isotropic phase, all approaching 2pN. Hence,
the effect observed in Figure 2.3, where voltage was ramped up and down with LC
being in the isotropic phase and this state, there was a hysteresis in transmission,
indicating that the nanobridges remained stuck. The small elastic forces of 5CB in the
isotropic phase were not able to prevent stiction, but when cooled to the nematic

phase, at room temperature, the bridges were unstuck.
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FIGURE 2.11: Transmission spectra of sample 3 before and after 5CB added for polar-

isation parallel (a) and perpendicular (b) to the nanowires.

The same procedure was undertaken to test the samples as in [89] and in the case of

pristine samples, as shown in the previous section, except as mentioned earlier, the
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FIGURE 2.12: Transmission spectra of sample 4 before and after 5CB added for polar-
isation parallel (a) and perpendicular (b) to the nanowires.
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samples could not be observed using the SEM as having an organic layer of LCs on
top, the image of the underlying structure could not be captured with a technique like
SEM. The samples were therefore only tested using a microphotospectrometer as
before. As in the previous study, due to the presence of the LC, the transmission
resonance of the sample was red-shifted by approximately 200nm, as

As stated earlier, following the results shown in Figure 2.3, the challenge was whether
a metasurfaces, with stuck nanobridges, could be repaired by the subsequent
application of liquid crystals. This was tested on Sample 3 and Sample 4, with stuck
nanobridges and LCs applied to their surface after stiction occurred. The spectra were
then collected to see if returning to 0V, following application of voltages above 3V,
leads to close overlap with the spectrum recorded for a pristine sample (and
accounting for a phase shift due to LC layer).
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FIGURE 2.13: Transmission at 1um as the voltage is varied with 5CB for polarisation
parallel to the nanowires. (a) Sample 3 and (b) Sample 4.

The preliminary results, shown in Figure 2.13 were promising. Both samples show
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similar paths as the voltage was varied. The relatively flat response in the level of
transmission, measured at the resonant wavelength, from 0V up to approximately 5V
indicates that the core membrane structure remained the same in that range. The
transmission for neither of the samples returned to its starting point once the voltage
(10V) was removed. It is hard to tell whether this change is from the increased
mobility of the bridges, once released, or whether we are seeing changes due to the
liquid crystal present. As the change is irreversible, one explanation could be the LC

being worked into the metasurface and penetrating further as the voltage was cycled.

The differences in spectra of the pristine samples 3 and 4 as they were coupled,
indicated their differences, stemming from their different stiffness and their varying
dependence with increasing voltage. Therefore, it was decided that several additional
samples, had to be fabricated in order to fully understand the effect. Unfortunately, in
spite of successful fabrication of the previous samples, all the new metasurfaces kept
failing due to persistent short circuit problems, with the issue persisting for months in
spite of multiple attempts. One of possible reasons was a different supply of gold
material (as the old source was no longer available) or contamination from the FIB.
The attempts with fabrication were paused and the closure of cleanrooms due to

Covid prevented any later experiments.
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2.4 Conclusions

The results shown in this chapter extended the earlier work aiming to implement
tuneablity in metamaterials as well as offering an anti-stiction solution for
NEMS/MEMS, multifunctional sensors and switches. Liquid crystals were chosen to
achieve this functionality and given a wide range of the structural transitions
exhibited by these materials at the nano-scale, smart and adaptable nano-systems and
meta-devices could be envisaged.

As shown in the experimental section, the work carried out for this thesis, confirmed
in new samples that LCs, when coupled to the fabric of a re-configurable photonic
metamaterial, can efficiently modify the behaviour of nanoscopic mechanical

actuators.

SEM images and spectra were captured from two different nanobridge metasurface
samples and their analysis showed that stiction observed in SEM images of the
pristine samples can also be detected through the observed spectra. The optical
spectra capture the changes in the structure of the nanobridges, where in places it
changes from a single zigzag wire to a double zigzag, where the nanobridges end up
attached to each other. The comparison of the two metasurface samples, although
designed to be the same, revealed that while they both experienced stiction, the effect
started at different voltages and the trends observed in their spectra with increasing
voltage were also somewhat different. Further investigation could include
measurements with AC voltage at different frequencies to explore the effect on the
spectra and on the voltage when stiction occurs. In addition, different polarisation
states of the incident light, such as circular for example, could be included, following
the experiments presented here with linearly polarised light parallel or perpendicular

to the zigzag nanowires.

The results and analysis shown in this chapter demonstrate that nanostructured
metasurfaces remain an attractive platform and test bed to explore both optical and
mechanical effects, in spite of the challenging fabrication techniques required. Their
structure is well suited to integrate organic materials, such as LCs, to investigate how
the dielectric, optical and elastic properties of the organic layer can affect the response
and the performance. This study of a suspended metasurface was followed by a
related project which explored the optical characteristics of the zigzag metasurface
geometry on a static glass substrate, in particular their response to light with different
levels of coherence.
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Chapter 3
Zigzag Metamaterials

As summarised in the previous chapter, the concept of artificially engineered media
(known as metamaterials) has revolutionised the field of optics, photonics and
materials, extended the boundaries of microfabrication and stimulated the
development of novel characterisation techniques. The demonstration of anomalous
reflection and refraction of light by metasurfaces opened another exciting chapter in

optical engineering [92].

One class of such metasurfaces, namely non-diffracting wavevector selective
metasurfaces [27], exhibit optical transmission spectra with a strong amplitude
correlation with the angle of incidence. The zigzag design, belonging to this class, was
explored in this study. Different variations of this design were simulated and
fabricated to further explore its properties. These designs were optically characterised
and showed differences when compared with the simulated spectral responses. To
understand these differences the zigzag metasurfaces were characterised using a

coherent light source in the near-IR.

3.1 Design and fabrication of zigzag metasurfaces

The first 2 metasurfaces that were investigated consisted of arrays of continuous
zigzag nano-wires (ZZnW) and their inverse, continuous zigzag nano-slits (ZZnS).
The unit cell of the metasurface was 650nm x 500nm which rendered the zigzag
metasurfaces immune to scattering into high-order diffraction modes in the near-IR.
Each unit cell contained a single chevron of the zigzag structure. The chevrons arms
were 125nm wide and at 45° to the base of the unit cell and at 90° to each other. A
32 x 40 array of this unit cell formed the full metasurface making an active area of
20.8um x 20um.
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FIGURE 3.1: SEM image of entire continuous zigzag slits metasurface. Scale bar is 5

A Helios Nanolab 600 DualBeam FIB/SEM was used to mill the metasurfaces into an

quartz

80nm thick film of amorphous gold sputtered onto a 0.5mm thick fused

substrate. This machine incorporates a field-emission SEM with imaging resolution

down to 1nm and a gallium ion gun with a milling resolution of 20nm.

To further investigate the properties of the zigzag metasurfaces additional samples

were fabricated with variations in the zigzag geometry. The first of these was to break

the continuous structures to see how they are affected by blocking the propagation of

The gaps were

gaps were placed at each apex in

the zigzag geometry to form metasurfaces of isolated wires or slits.

plasmons along the zigzag wires and slits. To do this,

50nm wide for the wire samples and 100nm wide for the slit samples. This difference

was required to ensure the gaps in the slit samples remained intact during the milling

process. In addition to the fully isolated designs another variation was made with

samples are shown in Figure 3.2. The next change was to make the angle between the

gaps placed at every other apex to form metasurfaces of separated chevrons. These

zigzag arms sharper. Samples were fabricated with the zigzag arms at 51° and 59° to
the base of the unit cell with the width of the zigzag arms remaining constant. These

had unit cells with dimensions of 600nm x 600nm and 500nm x 650nm respectively.
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The angle variations for the slits are shown later in Figure 3.18. Continuous, isolated

and chevron wires and slits were fabricated with each of these sharper angles.
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FIGURE 3.2: SEM images of fabricated planar metamaterials featuring (a) continuous

zigzag nanowires, (b) continuous zigzag nanoslits, (c) broken zizag nanowires, and

(d) broken zigzag nanoslits. Yellow boxes indicate elementary unit cells of the meta-
materials. Scale bars are 1um.

3.2 Optical characterisation

The transmission and reflection spectra of the metasurfaces were recorded using a
commercial near-IR microspectrophotometer. It was developed by CRAIC
Technologies based on a ZEISS Axio microscope and features a cooled near-IR CCD
array with spectral resolution of 0.8nm and a Kohler illumination system with a

broadband linear polariser. The latter incorporated a tungsten-halogen lamp and was

tuned to a x 15 reflective objective with NA 0.28, producing broadband incoherent

plane-wave illumination at near normal incidence. The spectra were collected through

a set of square apertures of various sizes installed in the image plane of the
microscope. The largest aperture that fit within the active sample area was used for
each measurement, most commonly the 11pm square. The measured transmission

spectra were normalised to the transmission of the bare substrate or with the sample
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removed where this was not possible. The reflection from a bare gold area of the
samples was used to normalise the reflection spectra. A dark scan was also used to
remove any stray incidental light from the measurements. For reflection this was done
by replacing the sample with a piece of Vantablack which has near 0% reflectivity and
for transmission by blocking the illumination path.

Some of the spectra presented in the following figures include a minor technical
artefact present at 900nm where the detectors change in the spectrometer from one
sensitive to visible light, to a cooled detector for infrared radiation. This is a common
issue in spectrometers with a large spectral range and can be reduced through careful
calibration of the machine.

3.3 Simulation method

The commercial simulation software COMSOL Multiphysics was used to model the
zigzag metasurfaces. The model consisted of a single unit of the gold metasurface
placed on top of fused quartz and with air above. The quartz and air extend 2um
away from the gold with refractive indices of 1.45 [93] and 1 respectively. The real and
imaginary refractive indices from tabulated data [94] were used to define the
properties of the gold. The 4 boundaries surrounding the metasurface were defined as
continuous boundary conditions, effectively making the model an infinite plane. The
top and bottom of the model were defined as ports and were terminated using
perfectly matched layers to eliminate any reflections. Different volumes in the
metasurface plane were selected to be gold to model the inverted and isolated
structures. An identical model with no gold present was used as a reference to

normalise the results. Further details can be found in Appendix B.

3.4 Transmission spectra of zigzag metasurfaces

Figure 3.3 shows the details of the three designs of slits explored in this study. The
inverse of these formed the wire samples discussed later.

3.4.1 Spectra of zigzag slits

The following figures show either the reflection or the transmission spectra of the
three types of zigzag structures considered here: Continuous, Isolated and Chevron
illuminated by incoherent light. The first set of figures presented the slits format as

shown in Figure 3.3.
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FIGURE 3.3: SEM images of the 3 zigzag slit variations investigated. Each image con-
tains 9 unit cells in a 3 x 3 array with a total size of 1.95um x 1.5um.
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FIGURE 3.4: Transmission spectra from three zigzag variants. Polarisation parallel to
slits.

As shown in Figure 3.5, the continuous slits have a distinct double dip in reflection
around 1100nm. The chevron slits have a less pronounced double dip at a slightly
lower wavelength. The isolated slits have a single dip in reflection at 950nm. Figure
3.4 shows features in transmission that line up with the features observed in the
reflection spectra. The continuous slits have a distinct double peak, while the chevron
slits have a much less pronounced double peak. The isolated slits show a single peak
in transmission.
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FIGURE 3.5: Reflection spectra from the 3 zigzag variants. Polarisation parallel to slits.
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FIGURE 3.6: Transmission spectra through the three zigzag variants. Polarisation per-
pendicular to the slits.

Figure 3.7 spectra indicate that both the isolated and chevron slits have a strong dip in
reflection at 1300nm and 1900nm, respectively.
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FIGURE 3.7: Reflection spectra of three zigzag slit variants with incident polarisation
perpendicular to slits.

Figure 3.6 presented the spectra with the isolated and chevron slits that have peaks in

the transmission spectra that line up with the dips in reflection on the previous slide.

The peak for the isolated slits is much lower and shows absorption of around 40%
when compared with the dip in reflection. Chevron slits only show around 5%
absorption.

3.4.2 Spectra of zigzag wires

The next figures show the spectra of the inverse metasurface consisting of nano-wires.

These can be considered as the positive complement to the negative designs shown
previously which consisted of nano-slits. 3 variations on the design were again
investigated. These are shown in Figure 3.8 and were continuous, isolated and

chevron zigzag nano-wires.

Figure 3.10 shows the reflection spectra with the polarisation perpendicular to the
nano-wires. The continuous wires show a double peak in transmission around
1150nm. The chevron wires only have a single peak here. The isolated wires have a
single peak at a slightly lower wavelength.

Figure 3.9 shows that the continuous wires have a double dip in the transmission
while the chevron and isolated wires only have a single dip. These features
correspond to the reflection features seen on the previous slide.
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Continuous wires

FIGURE 3.8: SEM images of the 3 zigzag wire variations investigated. Each image
contains 9 unit cells in a 3 x 3 array with a total size of 1.95um x 1.5um.
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FIGURE 3.9: Transmission spectra from the zigzag wire variants. Polarisation orthog-
onal to the wires.

Figure 3.12 shows that the isolated wires have a peak in reflection at 1350nm. The
chevron wires have a peak around 1900nm. The continuous wires have a peak at

700nm and show a rise in reflection towards the end of the wavelength.

Figure 3.11 shows that the isolated wires have a dip in transmission at 1350nm which
shows around 30% absorption when compared with the reflection spectra. The
chevron wires have a dip at 1900nm with an absorption of about 20%. The continuous
wires show the same split resonance feature that is seen with the continuous slits
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FIGURE 3.10: Reflection spectra from the three wire variants. Polarisation orthogonal
to the wires.
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FIGURE 3.11: Transmission spectra from the zigzag wire variants. Polarisation parallel
to the wires.

sample at 1ym. While this is the same resonance feature it is much broader and the
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FIGURE 3.12: Reflection spectra from the zigzag wire variants. Polarisation parallel to
the wires.

split is not as deep for the wires as their geometry has not been optimised for this

polarisation.

3.5 Discussion

The figures presented in the previous section demonstrate the emergence of the split
resonance for the continuous wires and slits, and for the chevron slits. The
relationship between the reflection and transmission spectra for each polarisation can
be seen and the effect of absorption is also observable. The transmission and reflection
spectra of the continuous, isolated and chevron metasurfaces for both polarisation
orientations form a comprehensive dataset for the exploration of these effects.

The discussion of results starts with a comparison between the experimental results
and simulated spectra.

3.5.1 Comparison between modelling and experiments

The results of the COMSOL simulations for each metasurface design are shown in the
Figure 3.13 alongside their corresponding experimental results. The method used was
described previously in Section 3.3 and further details can be found in Appendix B.
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FIGURE 3.13: Transmission spectra for the continuous and isolated slits and wires, as

indicated in the insets. Measured spectra are shown as solid lines and the simulated

spectra as dashed lined. Note the colours: black, red, green and blue indicate the four
designs indicated in the insets.

There is a large disparity between the experimentally obtained spectra and those from
the modelling. The experimental result for transmission through the zigzag slits,
plotted as a solid black line, shows a double peak when the incident polarisation is
parallel to the slits of the surface. This is not seen in the modelled spectra, plotted with
a dashed line, which shows a single resonance peak. An analogous effect is observed
for transmission through the zigzag wires when the polarisation is orthogonal to the
wires, shown again in Figure 3.13. Here a double dip is observed experimentally
where a single dip is found when the structure is modelled.

The double dip feature seen for the zigzag wires corresponds to the double peak
feature for the zigzag slits. The feature for the zigzag wires is red shifted by 100nm
from that of the slits. This is due to the two metasurfaces not being the exact inverse of
each other. This can be seen in the SEM images in Figure 3.13 where the slits and wires
milled in the gold are roughly 150nm and 100nm wide, respectively. This is due to
imperfections from the fabrication techniques.

The simulations for the chevron structures show a single peak or dip for the slits and
wires respectively. The experimental results for the chevron wires agree with this
while the chevron slits show a less pronounced double peak. For the isolated slits and
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wires the experimentally obtained spectra agree with the results from the simulations,
both showing a single peak or dip. These result shows that the effect is inherent to the

larger superstructure of the surface and not the individual unit cells.

The results of my simulations, presented in Figure 3.13, agree with the experimental
spectra observed from the isolated wires and slits but not for the continuous wires and
slits where the distinctive split resonance is missing. One apparent difference between
my simulations and our experimental set up is the coherence of the incident light. In
the microphotospectrometer, the light originates from an incandescent white light
source, meaning the light is incoherent. In contrast, the light in my simulations is in

the form of a plane wave and is therefore spatially coherent.

To investigate this difference further a larger and more complex COMSOL model was
constructed by Dr Vassili Fedotov to simulate the effect of incoherent illumination.
Instead of using periodic boundaries, a complete, albeit smaller, version of the
continuous zigzag slits was created. It contained 10 x 12 unit cells, measuring

6.6 x 6.2um. All the simulation’s boundaries were terminated using scattering
boundary conditions. Light was input through one of the faces parallel to the surface
and the power was captured at the opposite face. Unlike before the input face was
split into 9 different regions which each produced an individual light beamlet. Each of
these beamlets had a cross-section measuring 2.4 x 2.4um. This size corresponds to
the spatial coherence length of incandescent white light at a wavelength of 1.1um. The
response to incoherent light was simulated by running the model 9 times, each time
engaging only one of the beamlets, and then calculating the sum of the 9 transmission
spectra. By running the model with all the beamlets engaged, coherent illumination
could be produced.

The results of Dr Fedotov’s simulations are shown in Figure 3.14. As can be seen, for
incoherent light, the model reproduced the signature double peak feature that we
observed experimentally. When the model was set to produce coherent light the same

response as was seen in our previous simulations was observed.

3.5.2 Spectral response of the zigzag slits

The simulated spectral response of the metasurfaces for all three types of designs,
continuous, isolated as well as chevron, contained a single resonance spanning from
0.9um to 1.5um and centred at 1.1um. This resonance corresponds to the excitation of
the fundamental A /2- current mode — a standing wave of charge (plasma) oscillations,
which builds up in every straight segment of the zigzag pattern once the half of its
period can fit the length of the segment.

In the wavelength range 0.9 — 1.5um the spectral feature, shown in blue curve in

Figures 3.4 and 3.10, for example for the continuous slits design, includes a pair of
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FIGURE 3.14: Modelled spectral response of the continuous zigzag slits when illumi-
nated using incoherent and coherent light. Insert shows the polarisation orientation
relative to the slits.

resonances separated by a gap of about 0.2um. This feature is also visible, but less
pronounced for the case of the chevron slits, shown in red curve, but is absent for the
case of isolated slits (green curve) Intriguingly, the overall profile of the spectral
response in each case resembles closely that of Fano resonances normally exhibited by
metasurfaces with substantially more complex patterning. More intriguingly, the
results of our measurements disagree — even at the qualitative level — with the
predictions of rigorous numerical modelling that informed the actual design of the

metasurfaces.

Given the complementarity of the two metamaterials, the profiles of the respective
split resonances were also complementary (as dictated by Babinet’s principle): peaks
in one spectrum corresponded to dips in the other, and vice versa. Intriguingly, the
results of our measurements disagree, even at the qualitative level, with the
predictions of rigorous numerical modelling that informed the design of our
metamaterials (dotted curves in Figure 3.13). Indeed, the modelled response in each
case displayed a whole resonance centred at 1.1um [25]. It resulted from the excitation
of the fundamental A /2-current mode, the most common localised (dipolar) resonant
mode that had been particularly favoured by microwave and RF antennas and planar
metamaterials of various designs [25; 26]. In the zigzag metasurfaces the mode
corresponded to a standing wave of charge oscillations, which built up locally in every
straight segment of the zigzag pattern, once the half of the wave’s period fitted the
length of the segment (see insets to Figure 3.13). That rendered each segment as an
independent half-wavelength resonator, which determined the response of the planar
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metamaterials. The noted strong (and rather unexpected) discrepancy called for
careful examination and verification of the methodology used.

Importantly, since the resonant mode supported by the continuous pattern had its
nodes located in the corners of the zigzags, the described modification did not affect
the nature of the resonant response in the resulting nanostructures. The localised
distributions of charge density sustained by the reference metamaterials at their
resonance were very similar to those calculated for the ZZnW and ZZnS metasurfaces.
Also, as in the case of continuous zigzags, the transmission spectra predicted for
piecewise zigzags featured a whole resonance spanning from 0.9um to 1.5um, though
its centre appeared blueshifted by about 50nm due to physical shortening of the
broken segments. In spite of the apparent similarities between the two cases, it was
possible to reproduce experimentally the main features of the response predicted

numerically for the reference samples.

Some quantitative mismatch resulted from an uncertainty in specifying the dielectric
function of gold and the difficulty of reproducing fine features of piecewise zigzags
during the fabrication. The apparent discrepancy between the calculated and
measured spectra in Figure 3.13 below 0.9um signifies the appearance of the
tirst-order diffraction modes in the substrate due to the 660nm period of the
metasurfaces (which acted as conventional diffraction gratings in that wavelength
range for light propagating in the substrate). The discrepancy results from the fact that
those diffraction modes existed only in the substrate, which for practical reasons was

modelled as a semi-infinite slab while in the experiment it had a finite thickness.

3.5.3 Origin of transmission suppression by ZZnS metasurface under
incoherent illumination

The analysis shown above indicates that the discrepancy between the theory and
experiment we observed earlier with the ZZnW and ZZnS metasurfaces corresponded
to a genuine effect, previously unseen in metamaterials and somewhat exclusive to the
continuous pattern. This discrepancy could only have resulted from the difference
between the simulated and actual illumination conditions, which thus far had been
routinely disregarded in the study of metamaterials: the common modelling approach
assumed the complete coherence of incident light, while the spectroscopic

measurements involved spatially incoherent light.

The nature of the discovered effect and, more specifically, the origin of the split
resonance can be deduced from the distribution of electric field near the ZZnS
Metasurface at the split’s centre wavelength. Light wave polarised in the plane of the
cross-section (——polarization), which propagates upward as a beamlet until

scattered by the nanostructure. While the incident wave is confined laterally to the
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area of the patch, the transmitted and reflected waves can be pictured as spreading
along the plane of the metamaterial far beyond these confines. The resulting field
configuration indicates that the mechanism of light scattering by the ZZnS
metasurface is extremely nonlocal. Since planar metamaterials do not diffract as a
whole (i.e. do not support high-order diffraction modes) this mechanism must involve
plasmon waves, which due to the continuity of the pattern can leak from a locally
excited unit cell and propagate up and down the zigzags. In the ZZnS metasurface
these waves are guided in the form of a mode confined to the nanoslits. It transports
the excitation via the zigzag channels to other parts of the metamaterial, where it is

radiated and interferes with the fields scattered there locally.

A strong local response plays a crucial role here not only by selecting the actual mode
that mediates nonlocal scattering but also by rendering it nondispersive. As explained
earlier, at the resonance of the zigzag metasurfaces the period of the plasmon waves

has to fit inside one unit cell exactly.

Since in the near-IR the dispersion of surface plasmons in gold is close to linear, their
wavelength can be estimated as A, ~ /\\/m, where ¢; is the dielectric constant
of the substrate. Correspondingly, at the resonance A¢/2 = 0.44pum matches almost
exactly the length of zigzag segments, 0.45um.

This ensures that only A /2-mode is sustained by the zigzag channels and all the unit
cells engaged in nonlocal scattering will be driven to the resonance radiating most
strongly. More importantly, this guarantees that the radiated fields are all in phase
and, hence, add up to form planar wavefronts that stretch wide over the metamaterial,
significantly increasing the spatial coherence of scattered light. Nothing of this kind

happens outside the resonance.

The total transmitted field then arises as a superposition of the planar wavefronts
propagating in the forward direction, which are sourced by different unit cells exposed
to light. In the case of incoherent illumination, the exposed unit cells are excited with
random phases and, hence, the planar wavefronts they produce do not interfere,
preventing the transmission of a ZZnS metasurface from reaching maximum. Under
coherent illumination all unit cells oscillate in sync, which ensures constructive

interference of the scattered planar wavefronts and, as a result, maximal transmission.

The effect could also be summarised as follows. The field transmitted by a ZZnS
metasurface arises as a superposition of the planar wavefronts propagating in the
forward direction, which are sourced by different unit cells exposed to light. In the
case of incoherent illumination, the exposed unit cells are excited with random phases
and, hence, the planar wavefronts they produce do not interfere, preventing the
transmission of the metamaterial from reaching its maximum (as illustrated in Figure
3.15a). This is evident from the expression for transmitted light intensity written down

below in terms of the planar waves scattered non-locally as shown in Equation 3.1:



52

Chapter 3. Zigzag Metamaterials

(b)

sca
Ei

[ I [ ] I | Y
ZZnS metasurface

Incident wavefront

sea
E;

i-1 i i+1

I [ 1 | | Y

Z7ZnS metasurface
L0

Incident wavefront (spatially coherent light)

(spatially incoherent light)
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where N is the number of unit cells, which are engaged in non-local scattering by each
locally excited unit cell, and E** is the complex amplitude of the planar wave sourced
by i" unit cell through non-local scattering. Given that the phases of E{” are random,
all cross-terms in Equation 3.1 cancel out. Correspondingly, under coherent
illumination all unit cells oscillate in sync with the exact same phase, which ensures
that the cross-terms in Equation 3.1 all add up (constructive interference of the
scattered planar wavefronts) and, as a result, maximum transmission is achieved (see
Figure 3.15b).

Figure 3.16 shows a cross-section of the simulated ZZnS metasurface discussed earlier,
in Section 3.5.1, while it is excited from the center only with light polarised parallel to
the zigzag slits at a wavelength of 1.12um. The plane of the cross-section is parallel to
the slits with the blue to red colours representing the real part of the electric field. The
direction of incidence is indicated by the white arrow with the white dashed lines

indicating the lateral extent of the incident wave.

N A=1.12pm

* Air

Quartz

FIGURE 3.16: Simulation of the zigzag metasurfaces response to plane wave, incoher-
ent illumination at 1.12um (from [95]).
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3.5.4 Zigzag nanowires under incoherent illumination

The results obtained for the wires version of metasurfaces agree and are consistent
with the spectra measured for the slits version. However, the evidence of the split
resonance is less pronounced, indicating perhaps stronger absorption. Furthermore,
while in Figures 3.4 and 3.5, there was some evidence of the split for the chevron slits,
in the corresponding case of wires, Figures 3.9 and 3.10, the split shows a smaller

contrast and, furthermore, it is absent for the case of chevron wires.

In this case of a ZZnW metasurface the scattering process at the resonance is very
similar to that revealed by the case of slits. The only differences are that nonlocal
scattering is mediated by the plasmonic mode of the nanowires, while the field
scattered forward propagates alongside the field of the incident wave.

Correspondingly, nonlocal scattering controls reflection of the ZZnW metasurface in
the exact same way as it controls transmission of the complementary ZZnS design (in
agreement with Babinet’s principle): it reduces the intensity of light reflected by the
Z7ZnW metasurface under incoherent illumination. This translates into an

enhancement of transmission, as it was observed in the experiment.

3.6 The effect of coherent illumination on the transmission

spectra of the zigzag metasurfaces

The zigzag metasurfaces have been modelled under both coherent and incoherent
illumination but the spectra have so far only been recorded experimentally under
incoherent illumination. The final piece missing was to measure the spectra under
coherent illumination. To achieve this, 2 new metasurfaces were fabricated on a gold
coated fused-quartz substrate. These consisted of a continuous ZZnS metasurface and
a continuous ZZnW metasurface using the same design as discussed earlier, in Section
3.1. Both metasurfaces were 20 x 20um and were spaced further apart than usual to
ensure that they could be illuminated individually. Additionally, a window matching
the dimensions of the metasurfaces was milled into the gold to be used as a reference.

The experiment was carried out in Professor Pavlos Lagoudakis lab and was led by Dr
Tamsin Cookson. A quasi-CW optical parametric oscillator (Chameleon Compact
OPO) by Coherent with a tuning range of 1 - 1.35um was used. The transmission
response of the metasurfaces to coherent light was measured using a combination of
the wavelength-tuneable laser and a broadband power meter. The Linearly polarised
OPO output was focused on the samples to a spot with a diameter of 50um by an
achromatic lens with an 100mm focal length. Another 100mm lens was used to collect
the transmitted light and direct it towards the power meter. The spectra were acquired
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FIGURE 3.17: Transmission spectra of (a) ZZnW metasurface and (b) ZZnS metasur-
faces measured under incoherent (solid lines) and coherent (crosses) illumination at
normal incidence.

with a step of 25nm and normalised to the transmission of the fused-quartz window.
The recorded spectra, shown in Figure 3.17, are missing the split resonance observed

with incoherent illumination and feature a single resonance centred around 1.1um.

3.7 The effect of a sharper angle between the zigzag arms

The angle between the zigzag arms was varied to explore the effect on the split
resonance discussed earlier. The original design, with arms at 45° to the horizontal,
was fabricated alongside 2 new designs with their arms at 51° and 59° to the

horizontal. Figure 3.18 shows SEM images of the different zigzag slit structures used.

The following figures capture the main experimental results collected, with each angle
variation shown in a different colour for the continuous, isolated and chevron designs.
The design of these structures was discussed earlier in Section 3.1. As in the previous
experiment, the incident light polarisation was set to be either perpendicular or
parallel to the zigzag rows.

The results for the continuous zigzag slit metasurfaces are shown in Figure 3.19. As
the angle of the zigzags was made tighter the split in the resonance is seen to reduce.
The wavelength of the split is shifted to a higher wavelength for the 51° design.

Figure 3.20 shows the spectra from the chevron slit zigzag designs. The maximum
transmission at the resonance increases and the split appears to move away from the
central resonance to lower wavelengths for the larger angles.
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FIGURE 3.18: SEM images of the zigzag slit metasurfaces used. Images are not to the
same scale.

100

— 45°
90 — §5]°

= 5O
80
70
60 1
30 A

40

Transmission / %

30 A

20 1

10 4

O T T T T T T T
400 600 800 1000 1200 1400 1600 1800 2000
Wavelength / nm

FIGURE 3.19: Transmission spectra of the three continuous zigzag slit metasurfaces
with polarisation parallel to the zigzags.

All three of the isolated slit metasurfaces showed a well defined single resonance peak
in their spectra. The wavelength of the resonance moves to higher wavelengths for the
2 larger angles investigated.

The next figures explore the zigzag wire metasurface designs. Figure 3.22 shows the
results for the continuous zigzag wire metasurfaces. The double dip feature for 45°
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FIGURE 3.20: Transmission spectra of the three chevron zigzag slit metasurfaces with
polarisation parallel to the zigzags.
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FIGURE 3.21: Transmission spectra of the three isolated zigzag slit metasurfaces with
polarisation parallel to the zigzags.

which can be seen to be reduced as the angle is increased with an additional dip
appearing at a slightly lower wavelength.
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FIGURE 3.22: Transmission spectra of the three continuous zigzag wire metasurfaces
with polarisation perpendicular to the zigzags.
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FIGURE 3.23: Transmission spectra of the three continuous zigzag wire metasurfaces
with polarisation parallel to the zigzags.

Looking at the opposite polarisation orientation for the continuous zigzag wire

designs the same split resonance feature observed for the continuous zigzag slit
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metasurfaces is seen. It is broader and less defined for the wires designs as they were
not optimised for this polarisation. As the angle of the zigzags is increased the split in
the resonance becomes narrower for 51° and then almost disappears for the 59°
sample.
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FIGURE 3.24: Transmission spectra of the three chevron zigzag wire metasurfaces with
polarisation perpendicular to the zigzags.

For the chevron wire structures a single dip is observed for the 45° design with an
additional dip appearing at lower wavelengths for the larger angles. This is shown in
Figure 3.24.

Figure 3.25 shows the spectra for the isolated wire designs. For 45° and 51° a single

dip can be seen. For 59° a second dip appears for lower wavelengths.

The reduction of the split resonance feature, as the angle is increased, can be explained
by increased losses stemming from the sharper corners of the zigzag geometry and by
the larger path length the plasmons must take to travel along the zigzags. These
increased losses mean that the plasmons originating from different points along the
zigzags have less chances to interfere with each other leading to a reduction of the
split resonance observed.

The centre wavelength of the resonance is determined by the size and the geometry of
the unit cell, as discussed earlier. In general, each unit acts as a resonator thus the
resonance can be controlled by altering its design, in particular the length of the arms.
In this part of the experimental work, different angles between the arms were

considered, but in doing so the length of the arms did not remain constant. Hence,
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FIGURE 3.25: Transmission spectra of the three isolated zigzag wire metasurfaces with
polarisation perpendicular to the zigzags.

multiple aspects of the designs were altered, making more precise conclusions about
the effect of the varying angle more challenging. An extension of this project would
need to consider these aspects separately.

Concluding this part of the project, the split resonance feature was observed in the
new designs with different angles. As the angle was increased it was seen that the
split in the resonance decreased in contrast. However, exploring these different
designs and angles, with the aim of determining the optimum design did not lead to a

stronger effect, thus the original design proved to be the most successful.

3.8 Varying the angle of incident illumination

To explore further this effect, a separate study was carried to explore the dependence
of the spectral response on the experimental conditions, namely the tilt of the samples
at different degrees and planes with respect to the incident light. The aim was to
investigate how the split resonance in the optical transmission spectra varied with the
angle of incidence.

The following figures present the impact of tilting the sample on the spectra. Figures
3.27 and 3.28 considers the case of slits/wires being tilted so that the zigzags are
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FIGURE 3.26: Rotation axis with zigzags down the slope, (a), and along slope ,(b).

running “down the slope”. Figures 3.29 and 3.30 show the case where the zigzags are
running “along the slope”. The axis of these rotations are defined in Figure 3.26.
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FIGURE 3.27: Spectra of continuous zigzag slit metasurface as inclination angle is in-
creased with the zigzags going down the slope. Polarisation parallel to the slits.

For both the nanowire and nanoslit samples, shown in Figures 3.27 and 3.28, the split
in the resonance becomes broader and deeper as the incidence angle is increased. The
central wavelength of the split becomes slightly red-shifted at the larger angles.

Figures 3.29 and 3.30 show the spectra as the sample was inclined on the opposite
axis. In this case, the dependence on this tilt angle is much less pronounced. The slits,
shown in Figure 3.29, show an overall decrease in transmission around the split
resonance with the lower wavelength half having the largest change. In Figure 3.30 we

can see that the nanowires metasurface shows very little change when the tilt angle
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FIGURE 3.28: Spectra of continuous zigzag wire metasurface as inclination angle is
increased with the zigzags running along the slope. Polarisation perpendicular to the

wires.
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FIGURE 3.29: Spectra of continuous zigzag slit metasurface as inclination angle is in-
creased with the zigzags running along the slope. Polarisation parallel to the slits.
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FIGURE 3.30: Spectra of continuous zigzag wire metasurface as inclination angle is
increased with the zigzags running along the slope. Polarisation perpendicular to the
wires.

was increased with the largest decrease in transmission being below 900nm away from
the split resonance.

The enlarging of the split in the resonance observed for the zigzag slit samples can be
explained by the effect discussed previously, in Section 3.5.3 and shown in Figure 3.16,
where the metasurface scatters light of the resonant frequency in the form of a plane
wave. This scattered plane wave will propagate perpendicular to the plane of the
metasurface and therefore, as the angle of incidence is increased, more light of the
resonant frequency will be redirected from the beam path through the spectrometer
leading to a reduction in the observed transmission. As discussed in Section 3.5.4, the
ZZnW metasurface acts as the inverse to the ZZnS which explains the enhancement of
the transmission observed as the angle of incidence is increased.

Changing the angle of incidence of the light illuminating the sample was another
experimental parameter that was explored to further investigate the observed split in
the resonance. This part of the experimental work was intended as a proof of principle
investigation to provide an additional control on the observed split, in particular the
mechanism of the directional selectivity and its effect on the spectra. A more in-depth
understanding of the trend observed requires follow-on modelling that would
constitute future work and the extension of this project.
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3.9 Conclusions

In this chapter, planar metamaterials were shown as a powerful paradigm of optical
engineering, which enables one to control the flow of light across structured material
interfaces in the absence of high-order diffraction modes. Here, planar metamaterials,
formed by nanopatterned metal films, respond differently to incoherent light,
depending on the design of the zigzag pattern.

Experimentally verified, and confirmed via rigorous numerical modelling that the
optical response of metallic planar metamaterials (homogeneous metasurfaces that do
not diffract as a whole) may vary dramatically with the spatial coherence of incident
light. Correspondingly, any continuous periodic metamaterial pattern should exhibit
the effect provided that its unit cells locally support the resonant excitation of the
symmetric A /2-dipole mode.

In future work, different shapes of the nanostructure could be explored, for example,
an array of meanders, the so-called fish-scale pattern [96] could be among the
potential candidates. Further investigation into variations in the zigzag design could
also include shallower angles of the zigzags or the case half way between the slits and
wires designs, where the surface is its own inverse. Further simulations should be
undertaken to model the response of the zigzag metasurfaces as the angle of incident
light is varied. A more complex simulation method using COMSOL reproduced the
signature double peak feature which could be explored further.

Following this investigation of the different zigzag designs, and their influence on the
transmitted and reflected light, the next part of the project expanded on the
exploration of nano-structured metamaterials, focusing on those consisting of achiral

units and their potential to induce optical activity.
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Chapter 4

Specular optical activity with

metasurfaces

Specular optical activity effect manifests itself as rotation of light polarisation upon
reflection from chiral materials and diffusive scattering from chiral liquids. It is an
extremely weak phenomenon which has been rarely studied and reported in literature
or, indeed, used in practical applications. One exception was the strong specular
optical activity observed at microwave frequencies for oblique incidence of an
incident beam on a reflective planar metamaterial [40]. However, the demonstration of
the effect in the visible domain has remained difficult to achieve mainly due to the

challenging nanoscale fabrication.

The results show a strong effect from a single reflection from our nano-structured
non-magnetic metal films, so called metasurfaces, where it mimics longitudinal
magneto-optical Kerr effect. While the magneto-optic Kerr effect is a well-known
phenomenon of rotating light polarisation on reflection and is commonly used to
characterise magnetic materials, the new, subtle effect explored here investigates the
contribution to polarisation rotation from nanostructured metallic films that are not

magnetic themselves.

4.1 Optical activity

There are many examples of materials which have the ability to rotate the polarisation
of light. This effect is called optical activity and is usually observed from the
transmission of linearly polarised light through structurally chiral materials, such as
quartz crystals or solutions of chiral molecules such as sugars. Optical activity is also
present in some liquid crystals, mainly in cholesteric liquid crystals that form a helical
order with their molecules. Their spiralling structure is present with the average
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direction of the molecules twisting around an axis perpendicular to the long
molecular axis. Incident, linearly polarised light is rotated by such helix and if its pitch
is comparable to the wavelength, then reflected light of a single wavelength can be
observed. The cholesteric pitch, and thus the wavelength of the reflected light can be
changed with temperature, where the pitch decreases for increasing temperature.
Temperature was therefore used from early on to tune the response of chiral systems
and they found applications in thermometers, guest-host colour displays and lasers
[97].

Chirality can be expressed as asymmetry between the refractive indices for right and
left-hand circular polarised light (An), so the light polarisation undergoes optical
rotation by an angle determined by

Ap = (4.1)

where L is the thickness of the medium and A is the wavelength of incident light [98].

If in a medium the absorption coefficients for the right and left-hand circular
polarisations are different, the effect called circular dichroism [99], optical activity also
takes place.

Manipulation of light polarisation in bulk metamaterials has been extensively
explored over the past several years [10]. For example, photonic metamaterials were
fabricated, consisting of a lattice of submicron gold helices, which acted as a
broadband circular polariser [100]. Other metamaterial designs of chiral
metamolecules included sets of two identical, twisted planar metallic coils, crosses
and rosettes [101].

Exploring metasurfaces for optical activity offers a clear advantage in terms of more
straightforward fabrication. Indeed, such planar metamaterials, when homogeneously
patterned, act on light polarisation [29], but their effect is not confined to its rotation
and more complex polarisation patterns can emerge. The underlying mechanisms
[102] are not just stemming from the asymmetry of refractive indices or absorption
and the medium chirality in its structure is no longer required to observe asymmetric

light transmission.

While polarisation rotation is often described considering transmission through an
optically active medium (as in Equation 4.1), for planar metamaterials, the rotation is
due to reflection from the surface. Upon reflection from a chiral material the
polarisation of light will be rotated by a much smaller amount when compared to
transmission through the material [103]. This is due to the light only interacting with a
few atomic layers at the surface, in contrast to propagating through the bulk of the

material.
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4.2 Polarisation control with metasurfaces

Giant specular optical activity from a single reflection off a metasurface has been
demonstrated in the microwave region of the spectrum [40; 104; 105]. The concept
exploited an array of oriented, achiral metamolecules in combination with particular
direction of propagation of incident light, such as oblique incidence.

The effect was demonstrated on metasurfaces with arrays of asymmetric, split-ring
metamolecules, which was an example of a unit without two-fold rotational

symmetry, that together with together with oblique incidence of an illuminating beam
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FIGURE 4.1: (a) - Metamolecule with fictitious magnetic currents and resultant ficti-
tious electric and magnetic dipoles. (b) - Interaction at normal incidence [40].

Figure 4.1 presents a metasurface consisting of an array of double split circular slits
[40]. At the metamolecule level the optical activity is due to simultaneously excited
electric and magnetic dipoles in the structure, just as with conventional optical
activity. These dipoles are the result of fictitious magnetic currents oscillating along
the length of the slits. The fictitious currents oscillate with a phase difference
dependant on the frequency of incident radiation and can oscillate in two modes,
symmetric and anti-symmetric. The symmetric mode where they oscillate together
results in a fictitious magnetic dipole in the plane of the surface while the
anti-symmetric mode results in a fictitious electric dipole normal to the surface. This is
shown in Figure 4.1(a). When both dipoles radiate differently polarised fields in the
direction of the reflected wave certain effects can be observed. At normal incidence,
shown in Figure 4.1(b), only the magnetic dipole can contribute to the reflected wave
so there is no effect. Whereas at non-normal incidence, shown in Figure 4.1(c), both
dipoles contribute leading to the polarisation state of the reflected radiation being
altered, except when the plane of incidence is parallel to the plane of symmetry of the
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structures. Therefore, at other than normal incident angles, both dipoles can
contribute which leads to the polarisation state being altered. The change is due to the
circular dichroism and circular birefringence exhibited by the metasurface. In general,
the contribution from each of these effects varies with the frequency of the incident

radiation.

In summary, optical activity occurs when both dipoles radiate differently polarised
tields in the direction of the reflected wave

Exploring this effect with the microwaves Plum at al. [40], constructed a sample

consisting of 1mm wide slits cut into a 1mm thick aluminium plate. Each metamolecule
comprised of a 15 x 15mm? unit cell with a 1mm wide circular slit, of 6mm radius, split
at two positions, leaving two arcs: one subtending an angle of 140° and the other 160°.
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FIGURE 4.2: Design of a metasurface for observing optical activity at microwave fre-
quencies [40].

The change to the polarisation state is caused by the circular dichroism and circular
birefringence of the surface. Circular dichroism is the difference in reflectivity
between left and right circularly polarised radiation whereas circular birefringence is

the difference in the phases of the reflected components.

Characterising specular activity, the metasurface involved considering the linearly
polarised, reflected light as a combination of left- and right-hand polarised light.
Following the analysis outlined in [40], in the first step, the electric field of the
reflected light E":

E] = ryEl" (4.2)

is related to the incident light E”* through right-handed (RCP, i = +) and left-handed
(LCP, i = —) circularly polarised light components. The reflection coefficient is
defined as:
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Rij = [ry? (4.3)

Specular circular dichroism, which can be also described as circular differential
reflectance AR is defined as the difference between the reflection coefficients between
incident RCP and LCP waves. Given that on reflection from a homogenous surface,
the handedness of circularly polarised waves is reversed, specular circular dichroism
can thus be calculated from:

AR=R_, —R,_ (4.4)

Next, angle of rotation Af experienced by an incident linearly polarised wave upon

reflection, the specular circular birefringence effect, can be defined as:

80 = 2 (arg(r) —arg(ri ) (45)
Figure 4.3 presents the main experimental results on specular reflection spectra of a
metasurface for an angle of incidence of 30°. This particular metasurface has a
resonance at approximately 9.4GHz. As Figure 4.3(a) shows, reflection coefficients are
different for RCP and LCP components, thus from these results the presence, as well
as the magnitude, of specular circular dichroism can be extracted. The phases are also
different and hence specular circular birefringence was also detected.

The most interesting is the narrow band around 9.4GHz, at a 30° incidence angle, this
double split ring metasurface exhibited a large circular birefringence, but no circular
dichroism meaning the surface acts as a pure polarisation rotator. Using this
metasurface, Plum et al. [40] demonstrated a 17° polarisation rotation from a single
refection at 9.4GHz.

4.3 Designs of achiral Metasurface for Optical Activity upon

Reflection

For this thesis, in order to explore this effect at optical wavelengths new metasurfaces
were explored. This involved the fabrication of such nano-structured metal surfaces
featuring a specially design resonant achiral nano-pattern. The metamolecules of this
metasurface consist of a pair of slits of different length residing in a square

250 x 250nm unit cell, a simplified design for the ease of fabrication. Samples with
various sizes of slits (ranging from 50nm to 200nm) were fabricated. Reference

samples with single slits and double slits of equal length were also fabricated. The
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FIGURE 4.3: Reflection spectra for left and right polarisations [40].

metal for the samples was changed from aluminium, used in the microwave regime,
to gold to take advantage of its plasmonic properties. The slits were milled, using a
focused ion beam, into an 80nm thick gold film that had been deposited on a fused
quartz substrate. Each sample consisted of 80 x 80 metamolecules resulting in a

20 x 20um active region.

The schematic design for the new metasurface is shown in Figure 4.4 with typical

dimensions indicated.

Figures 4.4 and 4.5 show that an individual metamolecule consists of a pair of slits,
each of different length. Two main metasurfaces designs were therefore considered,
both achiral and with the same sub-wavelength period. One had an asymmetric
design with two slits of different length per unit cell and the second, reference

metasurface had a symmetric design featuring a single slit per unit cell. Samples
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50nm and 100nm slits 50nm and 120nm slits 50nm and 150nm slits

FIGURE 4.4: Design of the metasurface for optical activity at optical wavelengths.

consisting of single and double slits of the same length were fabricated to act as a
reference.
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(a) Asymmetric double slits (b) Single slit reference

FIGURE 4.5: SEM image of symmetric and asymmetric designs. The scale bars are
indicated at the bottom of each panel, namely 1 ym for the a) panel on the left and 3
pm for the b) panel on the right

4.4 Experiments with optically active metasurface system

The metasurfaces were investigated using a magneto-optical Kerr effect microscope,
the NanoMOKES3 from Durham Magneto Optics Ltd. It provides the ability to view
samples simultaneously in reflection mode and polarisation rotation mode (Kerr
signal). The core principles behind the NanoMOKE3 measurement and imaging
techniques were developed in 2003, to provide high sensitivity measurements of
nanostructures and capture maps of magnetic domains on the surface of samples
[106]. The instrument is a very powerful tool, but its main purpose is the investigation
of magnetic materials and as it is an all-in-one system, is not particularly flexible. For
example, it is not possible to freely adjust the angle of incidence which would be an
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interesting parameter to explore for the different slit designs considered in this work.
Nevertheless, the ease of access to this instrument and the nature of the project
pursued as part of this thesis, namely providing an initial proof of concept, justified

the use of the NanoMOKES3.
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FIGURE 4.6: Schematic diagram of MOKE instrument with the main optical compo-

nents indicated: neutral density filter (ND), beam expander (BE), polariser (Pol), beam

splitter (BS), lens (L), quarter-wave plate A /4; variable neutral density filter (VarND),

photodiode detector (PD1, PD2) to collect the Kerr and reference signals, respectively
(from [106])

Figure 4.6 presents a schematic diagram of the design and the main optical
components. A linearly polarised beam is reflected off the sample and in the case of a
passive surface, the reflected light remains polarised in the same plane as the incident
beam. If optical activity is present, the light becomes elliptically polarised and with its
major axis rotated from its initial incident polarisation direction. This is usually
expressed as the rotation of the major axis with respect to the plane of polarisation of
the incident light beam and the ellipticity factor, so called Kerr rotation and Kerr

ellipticity, respectively [107].

On reflection from the sample, the light passes through the quarter-wave plate and
then the analyser, namely a Glan-Taylor polarising analyser, which directs the
transmitted and reflected beams to be detected by the photodiodes. The main role of
this combination of quarter-waveplate and analyser, both being adjustable, is to
calibrate the system. For example, through the rotation of the quarter-waveplate and
adjusting the position of the analyser, its fast axis can be set to match the polarisation
of the reflected beam and thus null the effect of rotation of that axis. The settings of the
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polarisers/analyser and the waveplate are important for the correct offsetting of any
depolarisation, non-Kerr rotation or ellipticity that contribute to the signal [106]. A
background field can come from the variation of the incidence angles of the light beam
reflecting from the surface of the sample and its micro or nanostructure. The inclusion
of the neutral density filters also allows for setting the intensities of the Kerr and

reference signal to be comparable for the ease of analysing the results.

The main goal of this experimental study, however, was not the precise determination
of the rotation of polarisation, but exploring if the effect can be detected from the
asymmetric slits and if so, to provide initial data on the size and the geometry of the
samples that yield the strongest effect.

In the results presented here, the Kerr microscope measured polarisation rotation of
linearly polarised light, at the wavelength of 660nm, reflected off the samples at 30°
from the normal to their surface, forming the Kerr signal. Both reflection and Kerr

rotation modes were collected.

Figure 4.7 presents a photograph of the NanoMOKE3 set up and the arrangement for
the incident and the reflected beam.

FIGURE 4.7: Pictures of the NanoMOKE3 microscope used.

The geometry of the incident and the reflected beams are illustrated on Figure 4.8,
indicating linearly polarised 660nm light incident on the sample and then collected for

analysis.

A series of images were collected and analysed. An example of a raw imaged collected
is shown on Figure 4.9. As shown, the microscope can image the surface in reflection
and polarisation rotation modes. Images were taken at regular intervals as the samples
were rotated through 360° and then data was then extracted from these images.
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FIGURE 4.8: Diagrams showing the angle of incidence (a) and the angle of the plane of
incidence with respect to the samples (b). he size of each unit, a set of two asymmetric
slits, is 250 nm.
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FIGURE 4.9: Example of reflection image output. The colour bar represents the per-
centage of reflection. The line at the bottom is the scale bar indicating the size of the
area probed.

4.5 Main experimental results specular optical activity

The experiments were carried out on several sets of samples, with slits of different
dimensions and design as shown on SEM images in the previous section. Multiple
measurements were taken to detect and confirm the effect as well as check the
repeatability. This section presents the main results with the measurements taken
shortly after fabrication and they demonstrate the strength of the effect, while the
following section includes examples of supplementary measurements.

Multiple experiments were carried out with a NanoMOKE3 microscope at Dr Gavin
Stenning’s, Materials Characterisation Lab at the Rutherford Appleton Laboratories.
Another set of experiments undertaken for this thesis was carried out at the
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University of Cambridge using the same NanoMOKE instrument, which additionally

included an extra magnifying optics.

Each sample was mounted on a holder, as shown in Figure 4.7 that allowed it to be
rotated while keeping the same incidence angle. During imaging the sample were
rotated in their plane to extract the contribution of the metamaterial anisotropy to the
Kerr signal. Therefore, the samples were rotated with respect to the plane of incidence
keeping the incidence angle constant. Reflectance and Kerr rotation images were
taken for each angle. From these images the Kerr signal from the sample could be

determined.

100nm single slits 150nm single slits ~ 100nm double slits ~ 150nm double slits

FIGURE 4.10: Design of the reference metasurfaces.
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FIGURE 4.11: Measured Kerr signal against angle between the plane of incidence and
the sample slits for single slit (SS) and double slit (DS) samples.

First set of data, shown on Figure 4.11 presents results collected for the reference
samples with either single slits (SS) or with different sizes of double slits (DS) — all
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symmetric samples. As expected from the experiments, and the analysis, in the
microwave regime, standard sine-like signal was detected, without any additional
prominent features. The origin of the difference in their amplitudes and in the
smoothness of the curves is likely to originate from the experimental procedure and
the precision of mounting the sample exactly in the middle of the holder to ensure
precise rotation. This was difficult to achieve, given some degree of undesired
movement of the holder while rotating. Such technical issues are most likely
responsible for the differences in those symmetric curves, especially for the 100nm

double slits results.

As can be observed on figure 4.11, the reference curve for the 100nm DS case is 180°
out of phase with the other metasurfaces. This is likely due to an experimental error
that was not realised during the measurement, stemming from the calibration of the
machine. This reference plot was nevertheless included to show its regular and

smooth shape, as expected.

The symmetric samples were then replaced by three different asymmetric samples

ones and the results are presented on Figure 4.12.
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FIGURE 4.12: Measured Kerr signal against angle between the plane of incidence and
the sample slits asymmetric samples.

It is also helpful to compare on the same graph the Kerr signal detected for an

asymmetric sample with respect to the signal for a symmetric sample. Figure 4.13
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presents the two signals, with the region where the optical activity was detected
indicated by a dashed, light red line.
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FIGURE 4.13: Measured Kerr signal compared between active and reference samples.

As shown on the figure, the reference sample shows a sinusoidal like dependence,
whereas the asymmetric double slit sample shows more features, indicating potential
optical activity. This typical sinusoidal variation of the Kerr signal for the symmetric
metasurface originates from its inherent structural anisotropy of the design. The same
response was observed for all of the single and double slit reference samples as well as
the asymmetric samples which are not resonant with the wavelength of the laser. This

background effect only varied in amplitude for the different samples.

This is sinusoidal variation is also seen for all the asymmetric slits, as shown on Figure
4.12, but it is accompanied by additional features, which can be regarded as
modulation from the polarisation rotation. Importantly this modulation reverses
when the sample is rotated through 180°, which is characteristic of the specular

activity effect, which was the aim of this experiment.

The behaviour of the asymmetric metasurface is more complex, with two pronounced
asymmetric features in the Kerr signal (amplitude 1°) located at 90° and 270°
superimposed on the sinusoidal profile, which correspond to optical activity of
opposite signs. They correspond to specular optical activity exhibited by the sample
when the plane of incidence becomes parallel to the slits, with the strength of the

effect of around 1°.
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The results obtained for the three sizes of the asymmetric slits show that the specular
optical activity was the strongest for the design that had the largest difference between
the two slits forming a metamolecule, namely 50/150nm (red curve on Figure 4.12 and
blue curve on Figure 4.13). For the two other asymmetric in size slits, the effect was
not as strong. For these two other slits, with 50/100nm and 50/120nm, some
indication of specular optical cavity could be detected inspecting the asymmetry of
the signal — the difference in the slope of the leading and the trailing edge of the
sine-like curve (green and blue curve in Figure 4.12). Such asymmetry in the signal
was not observed for the symmetric slits. The effect was expected to be the strongest

for the largest difference in the two slit sizes, such as 50/150nm, as indeed observed.

4.6 Robustness and long-term stability of symmetric and

asymmetric slit metasurfaces

This section provides a more detailed account of the experimental work carried out,
with the aim of confirming repeatability and robustness of the observed effect. The
limited access to the NanoMOKE instruments as well as unavoidable delays, including
those caused by maintenance and repairs, meant that the measurements presented
here were collected over three years. Due to this, in some cases the samples were
tested soon after their fabrication and then re-tested several months later. Care was
taken to store the nanostructured gold samples in a suitable environment but despite

this, possible deterioration of their quality and thus performance was expected.

New sets of samples were also fabricated, and given the challenging nanofabrication
requirements, their quality was not always sufficient to use in experiments or detect
such subtle effect as specular optical activity. The following figures capture the results

from each round of experiments.

Two sets of samples were initially fabricated and called Set 2 containing asymmetric
samples was assessed via SEM as having good quality. Previously Figure 4.4 showed
the design of the three asymmetric slits. Set 2 results were included in the previous
section already, but shown here for completeness and comparison. As described
before, they had the structures milled from gold mounted on a fused quartz substrate.
The unit cell was 250 x 250nm unit and the total area was 20 x 20um.

Figure 4.14 show the comparison of the Kerr signal dependence on rotation angle for
measurements taken shortly after fabrication at RAL NanoMOKES3 (Figure 4.14(a))
and then after three months using Cambridge NanoMOKE3 instrument (Figure
4.14(b)). Only the most promising, 50/150nm sample, was tested in that second

instrument to investigate reliability.
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FIGURE 4.14: (a) Initial measurement with the setup at RAL, (b) Measurement three
months later using the Cambridge setup.

In spite of using two different instruments and the passage of time the presence of the
additional features/modulation can be observed in both experiments, thus confirming
repeatability. The use of additional optics to focus the signal, available with the
Cambridge NanoMOKE3 was also tried in this measurement, but this additional

element did not bring any significant improvements in the resolution achieved.

For calibration and as an additional reference, a Kerr signal was collected for the

incident light polarised along the perpendicular direction, namely s-polarisation on
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FIGURE 4.15: Kerr signal as sample was rotated for incident s-polarisation.

No specular optical activity was expected and, indeed, none was observed, as shown
on Figure 4.15. This experiment was carried out after the measurement of Kerr signal
for p-polarisation with the Cambridge NanoMOKES3 for the same set of 50/150nm
slits (Figure 4.14(b)). The signal in Figure 4.15 shows a regular sine-like dependence,
similar to the traces measured for the symmetric cells. This experiment on polarisation
dependence provided an additional argument on the specular optical activity being
the source of the additional features as detected and shown in Figure 4.14.

Figure 4.16 shows the follow-on measurements on the same Set 2 taken 17 months
after the original measurement of Kerr signal. The experiments were carried out with
the RAL NanoMOKE3. The experiment conducted after 17 months also included the

measurements for a larger range of angles, namely from 0° to 720°.

Capturing the signal over this large range of angles means that the details of the
additional features are less visible, even for the 50/150nm sample (green curve), but
nevertheless, their presence was detected, thus again, confirming the robustness of the

samples.

In parallel with the investigation of the asymmetric slits, similar long term stability
tests were carried out for the symmetric slits. Figure 5.8 presents the main design of

the symmetric slits, called Set 3.
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FIGURE 4.16: Kerr signal as sample was rotated.

The symmetric samples were fabricated together with the asymmetric ones, again
milling their nanostructure in gold, supported by a quartz substrate. The
metamolecules had unit cells size of 250 x 250nm and the total area was 20 x 20um.

Figure 4.17 shows the results of Kerr signal measured after 17 months. When
compared to Figure 4.11 in both cases featureless sine-like dependence with respect to

the rotation angle was measured, as expected.

In the next stage of the experimental work, new metasurfaces were fabricated to
explore if the effect could be enhanced with improving further the quality and the
precision of the slit shapes. The same design and size as the most promising sample
explored before was fabricated. This challenging fabrication process produced one set
that was deemed to have good quality, namely one set of symmetric 50/150nm slits as
well as 150nm symmetric double slits, as seen from their SEM images, shown on
Figure 4.18.

The fabrication of the samples took place 27 months after the initial fabrication. As
seen from Figure 4.18, the SEM images indicated good quality and correct size of the
slits. Kerr signal experiments were then carried out using RAL NanoMOKES3,
following the same procedure. Two sessions scheduled over a period of seven weeks
produced the plots shown in Figures 4.19, each session consisting of at least two sets
of measurements. Unfortunately, the signal detected from the asymmetric samples
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FIGURE 4.17: Kerr signal from reference samples as they were rotated.

FIGURE 4.18: Active and reference sample pair SEM image.

was dominated by sine-like dependence, similar to the symmetric samples, thus not

showing any obvious features originating from the specular optical activity.

The Kerr signal for the asymmetric slit sample, while not showing in such detail the
additional features to the extent observed for the original Set 2, does not follow the
regular, symmetric angle dependence as detected for the symmetric double slit
sample. The leading and the trailing edge of the asymmetric slits Kerr signal are

different, again indicating the influence of specular optical activity.

The repeated tests did not lead to resolving in more detail this difference between the
two edges of the signal. It was also not possible to achieve a stronger indication of the
specular optical activity effect. Inspecting the results from several experimental
attempts confirmed that the precision of alignment was extremely crucial as well as
the precise collimation of the beam. Instruments such as NanoMOKE3 are intended

for testing other types of materials, such as larger samples ferromagnetics, so
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FIGURE 4.19: Kerr signal from 2 pairs of samples as they were rotated.

achieving precise alignment of the light source on a relatively, small sample proved

very challenging as well as the position of the detector.

The incidence angle was also limited by the instruments constraints, with the option
of just two incidence angles, namely 30° and 45°. Hence, it was not possible to

optimise the incidence angle to achieve a stronger signal.
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4.7 Conclusions

Specular optical activity is generally extremely weak, especially in the visible domain.
This subtle effect was detected as the contribution to polarisation rotation coming
from nanostructured metallic films that are not magnetic themselves and no magnetic
tield was present. Such specular optical activity in the visible part of the spectrum was
shown as part of this thesis, for the first time to the best of our knowledge, present for
a single reflection from nano-structured achiral metal surfaces.

The originally fabricated set of 50/150nm asymmetric samples produced the strongest
evidence for specular optical activity, with the measurements being repeatable after
three months. However, further tests revealed the issues with the long term stability
of the samples as well as unknown contamination of the samples during
nanofabrication which affected their performance.

This demonstration of principle could be followed by further experiments as well as
simulations to extract more quantitative estimates on the magnitude of the optical
activity observed as well as to potentially increase the effect. Further extension, in line
with the other project carried out in this thesis, is to consider integrating the structure
with liquid crystal chiral materials. However, as the results show here demonstrated,
a detailed spectroscopy of nanostructured gold would be need to be captured to detect
possible contamination or the use of different metals. Simulations will also aid further
optimisation of the possible designs to optimise the strength of the specular optical

activity.

In addition, while the NanoMOKE instrument can provide very high resolution
measurements, it is not particularly flexible in terms of changing the incidence angle.
The incidence angle of 30° was attempted in this project, following the initial estimates
as likely to yield the maximum effect, but exploring a wider range of incident angles
and for all the sets of slits considered would provide a more comprehensive study of
this phenomenon. Furthermore, the initial estimates also indicated that 50/120 nm
slits would be the optimum design for maximising optical activity, while in fact 50/150
nm slits provided the strongest response. In order to carry out such investigations,
own MOKE experimental set up would need to be designed and constructed rather to

have the required flexibility in adjusting the measurement conditions.
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Chapter 5

General conclusions and future
work

In this thesis, three main, experimental projects were undertaken aiming to enhance
the functionality of metasurfaces and exploring new effects using nanoscale

metasurfaces.

In the first project, the reconfigurable metasurfaces with mechanical switching were
investigated. The use of liquid crystals to reverse adhesion between the metasurface
movable nanobridges was attempted with the aim to repair such metasurfaces by
exploiting the elastic forces of liquid crystals. While the full reversal of stiction was
not achieved, the results obtained indicated that liquid crystals affected the resonances
of the liquid crystal loaded metasurface beyond just the change of the refractive index
in the vicinity of the nano-bridges. The supply of good quality samples with such
nanoscale metasurfaces proved increasingly difficult to obtain due to short circuit
issues, possibly stemming from contamination during gold evaporation or gallium
contamination during focused ion beam milling. Future work on this project, with
good quality samples, could include using different fabrication techniques, such as
e-beam. Other options include exploring different liquid crystals, namely those with
higher elastic coefficients to engage stronger elastic forces to separate the stuck
nanobridges, while also considering their viscosity and the conditions to promote
their infiltration of the gaps between the nanobridges. Furthermore, with successful
fabrication, the nanobridge wires of different length could be produced, thus

exploring the strength of the restoring force for the liquid crystal.

One additional challenge with this project is that the resonances and the response of
the nanobridge wires cannot be easily modelled. The detection of the stiction effect
taking place relies on capturing the SEM images before and after voltage is applied.
Such imaging cannot be done with a layer of liquid crystal integrated with the

nanobridges. Hence, the effect of liquid crystal and the potential repair needs to be
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deduced from the light transmission measurement, while ramping the voltage up and
down. However, the liquid crystal alignment, and thus their effect on transmission
will also change with applied voltage hence if they even partially remove the adhesion
of the nanobridges, they may not be easily extracted from the experimental results.

The zigzag design was used in the second project, where zigzag metasurfaces
fabricated for this thesis were used to explore the spatial coherence of light. The
intriguing effect, where the resonance detected for the incoherent light was found not
to match the theoretical simulation, with the model that assumed a coherent
illuminating beam. The fabrication and the experiments confirmed this effect and
included experiments on varying the spatial coherence of the illuminating sources by
changing the size of the aperture near the sample. The dependence of the measured
resonance of such variation of spatial coherence was observed. The effect was later
explored and confirmed in a separate experiment (led by Dr T. Cookson) using OPO.
Future work on this system could include a more comprehensive investigation of
different tilt angles to explore the direction of the re-radiated, scattered light and

whether beam steering could be achieved.

The third project, which again involved fabrication on the nanoscale, explored the
effect of specular optical activity using samples with asymmetric slits, such as
50/150nm. The challenging experimental work, as well as nanofabrication, provided
evidence on the presence of such effect in the optical regime. In spite of the effect
being quite subtle, the features observed for the Kerr signal reflected from such
non-magnetic samples with respect to the angle of rotation showed potential specular
optical activity. One of the main challenges concerned the use of MOKE instruments
for such small and non-magnetic samples. MOKE magnetometers are intended for
analysing much larger samples of ferromagnetic materials, inspecting for example, the
magnetic grains of such bulk materials. Detecting specular optical activity with
MOKE was carried out at the edge of this instrument resolution and proved
challenging in understanding how the Kerr signal is processed, controlling the
measurement of the signal and as well as achieving a precise alignment. This included
the correct collimation of the beam to prevent the specular optical activity features
being averaged out. Future work on this project, to achieve better resolution of the
observed features and modulation would require building a dedicated optical set up
to go beyond the indication of the effect collected from the use of a commercial MOKE

magnetometer.
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COMSOL Simulation Details

COMSOL was used to model the zigzag metasurfaces. The model consisted of a single
unit of the gold metasurface placed on top of fused quartz and with air above. The
quartz and air extend 2um away from the gold with refractive indices of 1.45 and 1
respectively. An interpolated model of the real and imaginary refractive indices was
used to define the properties of the gold.
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FIGURE B.1: (a) Blue volume defined as gold for the zigzag wire samples. The inverse
selection is made for the zigzag slits. (b) Blue volume defined as fused quartz

The parameters of the model were varied to create the different aspect ratio and
different parts were selected to be gold to create the inverted and isolated structures.
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The 4 boundaries surrounding the metasurface were defined as periodic boundary
conditions, effectively making the model an infinite plane. The top and bottom of the
model were defined as ports to allow for waves to be created and collected. Scattering
boundary conditions were used to eliminate any reflections from the ports.

| |
(a) [t (b) [t (c)

N N

FIGURE B.2: (a)&(b) Periodic boundary conditions on the sides. (c) Ports with scatter-
ing boundary conditions at the top and bottom.

Finer mesh elements were used in the metasurface plane. Larger mesh elements were
used for the air and glass volumes. The mesh was defined for 2 perpendicular sides
and then copied to the opposite sides to ensure the mesh matched for the periodic

boundary conditions. The internal volume mesh was then generated after this.

FIGURE B.3: The mesh.
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