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Abstract

A pair of enantiomers are distinct from each other due to chiral structural
arrangement which leads to selective interaction with chiral light. Vibrational
circular dichroism spectroscopy in mid-infrared region provide a powerful label-
free method to distinguish chiral enantiomers. Besides, mid-infrared sensing also
significantly benefit from resolving compositional information of molecules due to
molecular vibrational fingerprints which holds promising application in biological
and medical sensing. However, the low signal-to-noise ratio associated with weak
light-matter interaction is a continuing obstacle hindering the practical application.
Recent demonstrations of chiral metamaterials have shown that due to the
chirality of structure, local superchiral field can be produced in the vicinity of
structure to interact with molecules and enhance vibrational circular dichroism
response. However, a limitation factor in development of chiral structure is the
narrow effective working bandwidth and the requirement of circular polarization
excitation. This thesis introduces an achiral nanorod-based metausrface that

enable to overcome these limitations.

First, the nanorod-based metasurface is present to achieve high efficient linear-
to-circular polarization conversion in a broadband mid-infrared wavelength range
in reflection mode. The model was firstly studied and optimised through
simulation tool based on Finite Difference Time Domain method. The device was
fabricated in a top-down approach based on electron beam lithography and

characterised using Fourier transform infrared spectroscopy. We identified two



distinct resonances originated from gap-plasmon mode at 3.4um and Fabry-Perot
mode at 7.9um. The demonstration of polarization state based on the measured
Stokes parameters within off-resonance range from 4-7uym show that the

reflected beam has converted into circular polarization state.

For practical application of vibrational circular dichroism spectroscopy, we
numerically demonstrate the induced chirality in near-field under excitation of
linear polarization with various polarization angles. These analysis suggest that
superchiral field can be produced by nanorod-based metasurface and distributed
spatially under linear polarization excitation. When polarization is parallel or
orthogonal to rod, namely the symmetry exist in the combination of rod and
incident polarization, the absolute chirality is zero due to the fact that same
amount of optical chirality density with opposite handedness offset by each other.
However it is showed that one handedness of the optical chirality density is
dominant when the symmetry is broken, hence, holds potential for circular
dichroism spectroscopy sensing. In an experimental feasibility study, we
measured the polarization states of light in far-field and demonstrate that the

absolute chirality in the far-field show similar behaviour as that in near-field.

Finally, we conduct a molecular sensing measurement based on the rod-shape
metausrface for enantiomers (alanine) identification through circular dichroism
spectroscopy. This thesis demonstrates with FDTD simulations that the
metasurface can generate superchiral fields which enable to enhance interaction
with molecules upon linear polarization excitation. By simply rotating sample with

90 degree, molecules can then interact with superchiral field with opposite



handedness. The circular dichroism is to record the intensity of reflected beam
and characterise the differential intensity between the two. Despite the measured
data do not show inverse pattern for L- and D-alanine, we confirmed that

metausrface enable to enhance the light-matter interaction.
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Introduction

1 Introduction

1.1 Motivation

Polarization, a crucial concept in electromagnetic waves, describe the oscillation
direction of the electric field by tracing the tip of electric vector as the wave
propagates. Polarization carries abundant useful information and has been
widely used in communication industry [1], material properties analysis [2],
display technologies [3] and biosensing [4], [5]. Depending on the tracing shapes,
polarization are categorised into three types: linear, circular and elliptical.
However, due to the fact that most of inherent light sources, such as sunlight or
incandescent lamps, are unpolarised light, optical elements are employed to
generate light with well-defined polarization states on demand. For example, a
linear polarizer patterned with metal wire grid on crystal is designed to select
linearly polarized light by filtering out the rest [6]. Another example is a waveplate
made up of birefringence materials such as quartz [7], mica [8] or polymeric [9].
Waveplates enable the transformation of polarization of states from s- to p-
polarized light, or linear-to-circular polarization depending on precisely designed
thickness of the material to ensure phase retardation between two orthogonal
polarized light beams is 90 degree[10], [11]. Quarter waveplates can achieve
polarization transformation with low loss, but function within a very narrow band

owing to the limited birefringence properties in natural materials. Also because of
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this, wave plates are in bulky size in order to produce sufficient phase retardation

as required.

Metasurfaces are a new class of artificial material that possess optical properties
beyond materials in nature [12]-[14]. As there is growing requirement of
miniaturization and dense integration in photonics device, there has been
increasing research works on metasurface wave plate due to its unprecedented
capabilities of manipulating polarization of light with just subwavelength thickness
[15]-[18]. In addition, metasurface provides higher degrees of freedom to adjust
its performance, such as operation wavelength, or phase delay through
engineered building blocks. Benefiting from its subwavelength thickness and
higher adjustment flexibilities, metasurface equivalents to waveplates are
opening up a promising opportunity to revolutionize conventional bulky optical
elements with ultrathin materials featuring broadband bandwidths, compactness,

low-loss and integration capabilities.

Infrared light is part of electromagnetic spectrum encompassing wavelengths
from around 1mm (300 GHz) to the nominal red edge of the visible spectrum,
around 700 nm (430 THz). The mid-IR region of the spectrum is of particular
interest in this thesis due to the important technique known as infrared
spectroscopy, which is a powerful chemical analysis tool to identify and quantify
almost any chemical species [19], [20]. Utilising the vibration of particular bonds
within molecules, the interaction between light and compounds lead to an output
spectrum with infrared absorption corresponding to the molecular frequencies.

By obtaining the unique infrared absorption spectrum, there is an enormous
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range of molecules that can be probed based on infrared spectroscopy such as:

amino acid [21] and nucleotide [22].

However, the differentiation on chiral enantiomers is particularly challenging.
Chiral refers to a geometric properties that objects cannot be superposed with
their mirror image. When a pair of molecules have identical chemical
configuration, but are mirror images of each other, they are known as a chiral
enantiomer [23], [24]. Figure 1.1 (a) shows the structure of two thalidomide
enantiomers. As you can see, enantiomers share the same molecular formula,
however, the difference in their biological properties can be profound. A classic
example is the well-known tragedy of chiral drug: thalidomide [25]. For many
years, scientists have been blind to stereochemistry, thalidomide that mixed with
enantiomers were prescribed to pregnant women to control nausea and vomiting,
however, in later study, one of the enantiomer, (R)- enantiomer in thalidomide
was found to cause fetal abnormalities such as phocomelia in pregnancy. The
drug was withdrawn later from the world market. This example illustrates the
extreme distinct consequence resulting from enantiomers and it provides the
clearest indication that differentiation of enantiomers is crucial. Circular dichroism
spectroscopy is a widely use analytical technique that measures the difference in
absorption of left and right circularly polarized light as a function of wavelength.
When enantiomers interact with circular polarized light, one state of circularly
polarized light will be absorbed to a greater or less extent than the other and this
lead to different absorption between right- and left-handed circularly polarized

light. As a result, the circular dichroism spectra display positive and negative
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resonances at particular frequencies. The circular dichroism spectra of
enantiomers have the same intensity, but opposite sign as shown in Figure 1.1
(b), which is a clear way of identifying enantiomers. However, the difference in
absorbance between left- and right- light is usually very small in the range of
(1073 — 107°) [26] therefore, the capability of enhancing weak circular dichroism
effects for chiral molecules would be extremely beneficial. Recently, an emerging
research works have been proposed to enhance the weak circular dichroism
effects using plasmonic [27]-[30] or dielectric metamaterials [31]-[33] which
show promising capability of confining the electromagnetic field to enhance the
light-matter interaction at resonance frequency. The work presented in this thesis
is an investigation of the potential of using a nanorod-based metasurface,
operating in the important mid-infrared region, for enhanced vibrational circular

dichroism spectroscopy in a broadband wavelength range.
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Figure 1.1 (a) Structures of the two enantiomers of thalidomide. (lllustration taken from [34]) (b)
CD spectra of (R)- and (S)- thalidomide. (lllustration taken from [35])
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1.2 Overview

The aim of this PhD project was to design, fabricate and characterise a nanorod-
based metasurface to investigate its capability to manipulate the polarization of
light, and its potential use in the differentiation of enantiomers based on

vibrational circular dichroism spectroscopy in the mid-infrared wavelength region.

First of all, we used commercial software Lumerical FDTD (Finite-difference time-
domain method) solutions to design and optimise structures which enable the
conversion of the polarization of light from linear to circular in mid-infrared region.
Next, the metasurface were fabricated in an ISO Class 5 cleanroom using
electron beam lithography techniques. Then, the fabricated samples were tested
with a self-built reflection system via Fourier Transform Infrared spectroscopy.
Since the measurement data shows that the light reflected from device is
circularly polarized light with linearly polarized illumination, and simulations
showed that the metasurface produces strong chiral near-fields, this led us to
investigate the metasuface’s capability to differentiate chiral enantiomers based

on vibrational circular dichroism spectroscopy.

The thesis is organised into eight chapters and the contents in the following

chapters are summarized below:

Chapter 2 provides background knowledge of polarization and vibrational circular
dichroism spectroscopy along with a review of the relevant core literature. The
first section gives a brief introduction to the polarization of light and the Stokes

parameters that can characterise polarization of light in practice. The second
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section is a literature review summarizing three common strategies to achieve
linear-to-circular polarization conversion based on metasurfaces, leading to a
discussion of the advantages of the approach taken in the work described in this
thesis. The third section is an introduction to infrared spectroscopy and vibrational
circular dichroism spectroscopy techniques followed by a summary of the latest

developments on mid-infrared spectroscopy utilizing chiral metasurfaces.

Chapter 3 present details on the simulation tool, Lumerical FDTD solutions. This
starts with an introduction to the background theory of FDTD method: Yee’s
theory. It's followed by the description on the simulation setup, analysis and

optimization of simulation results.

Chapter 4 introduces the techniques used in the fabrication and characterisation
of the nanorod-based metasurface. A brief description of the top-down
nanostructure fabrication method used, based on electron beam lithography, is
first given, followed by an introduction of the metasurface characterisation
starting from the techniques including optical microscope and scanning electron
microscope that were used to inspect fabricated samples. The next section
provides details on the set-ups of the Fourier Transform Infrared Spectroscopy to
characterise samples. This start with the introduction on background knowledge
of Fourier Transform Infrared Spectroscopy, and is followed the description of the
measurement setups, including transmission system, that were used to test the
optical elements, and reflection system which was used to characterise the

performance of the metasurface.
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Chapter 5 presents the study of a nanorod-based metasurface, upon which my
PhD project is built. With the aim of achieving broadband linear-to-circular
polarization conversion, this chapter first summarise the anisotropic property of
the metasurface with decomposed orthogonal polarizations through FDTD
method. By optimising geometries, we demonstrate that the structure can
achieve linear-to-circular polarization conversion within broadband off-resonance
wavelength range from 4-7um under linear polarization excitation. We also show
that the effective operation wavelength range for linear-to circular polarization
conversion will be reduced due to introducing an extra resonance at 4.8um in
some special cases of oblique incidence. These simulation analysis are verified
experimentally by characterising absolute polarization states of reflected beam
based on measured Stokes parameters. Part of this work has been published in

Optical Materials Express [36].

Chapter 6 presents an analysis, via simulations, of the superchiral fields induced
in the near-field of the nanorod-based metasurface, with the ultimate aim of
exploiting these in enantiomeric sensing. We first introduce the optical chirality
density as a useful concept to characterise the chirality of near-field, thus probing
strength of light-matter interaction. We show that induced near-field chirality is
spatially distributed and exhibits opposite handedness simultaneously. However,
the absolute chirality, the sum of the opposite handedness across the unit cell, is
the effective parameters to quantify the chirality of the near-field light. In order to
utilise this superchiral field more effectively, we then investigated the dependence

of the absolute chirality on incident polarization angles. We then discuss how the
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absolute chirality in the near-field shows consistency with that measured in the
far-field using Stokes parameters. The chapter finishes by considering the ideal
excitation polarization to obtain maximum absolute chirality, and corresponded to
light that excite linear-to-circular polarization conversion and its handedness can

be switched by either rotating metasurface or incident polarization for 90 degree.

In Chapter 7 a label-free enantiomeric selection experiment scheme, built on the
theoretical analysis in chapter 6, is described. Here a pair of enantiomers, L- and
D-alanine are mixed in paraffin oil separately, and drop cast onto the metasurface.
First experiments were undertaken to establish the optimum molecular
concentration. Next, we confirm that the metasurface enhances light-matter
interaction by orders of magnitude by comparing to the performance of substrate
without resonators. Finally, we perform circular dichroism spectroscopy for D- and
L-alanine. Although it wasn’t possible to observe an enhancement of circular
dichroism response, the results presented represent an important step towards

using an achiral metasurface structure for the sensing of chiral molecules.

Finally, Chapter 8 summarises the conclusions of this work, and provides a

perspective on future research avenues.
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2 Fundamental concepts and background

2.1 Introduction

This chapter will serve as the background introduction on three important
concepts discussed in this thesis, namely: polarization, metasurfaces and circular
dichroism spectroscopy. The first section will mainly focus on the concept of
polarization to understand the requirement for polarization conversion, and the
method to characterise polarization in practice. It will describe the working
principle of a traditional waveplate, which is an optical element that converts
linear polarized to circularly polarized light, and their drawbacks. This will lead to
the introduction of a metasurface that could potentially replace the conventional
waveplate for manipulate polarization. There then follows a comparison between
different approaches for achieving polarization transformation based on
metasurfaces and a discussion on the advantages of our method. The last section
is mainly focussed on the application of metasurfaces for the differentiation of
chiral enantiomers. This will start with the introduction of infrared (IR)
spectroscopy which is a powerful analytical technique as it allows the
identification of chemical components by measuring the amount of
light absorbed at specific frequencies, characteristic of specific chemical bonds.
Then the focus will shift to vibrational circular dichroism spectroscopy witch is an
analytical tool built upon infrared spectroscopy and which can used to

differentiate between enantiomers. As this technique suffer from weak light-
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matter interaction and hence a low signal-to-noise ratio, recent attention has been
focused on using metasurfaces to enhance sensitivity. Finally, circular dichroism
spectroscopy based on metasurfaces will be reviewed to illustrate the potential

benefits of the metasurface explored in this thesis.

2.2 Polarization of light

2.2.1 Polarization definition

Light is an electromagnetic wave that is made up of mutually perpendicular,
synchronized vibrating electric and magnetic field as shown in Figure 2.1. The
vibration of the two fields are perpendicular to each other and perpendicular to
the direction of wave propagation and energy, forming a transverse wave. It is
worth noting that electric field in Figure 2.1 (a) only oscillates in one direction. In
fact, natural sunlight and almost every artificial emission contain electric
components vibrate in arbitrary direction in perpendicular plane with respect to
the direction of propagation. Figure 2.1 (b) displays how natural light transmits
through a linear polarizer (a grating structure). In this case, only the light with the
electric field vibrating in a direction orthogonal to the grating can travel through
polarizer, while the rest are completely blocked. This light is said to be polarized,
whilst the light with randomly oriented electric components is described as non-
polarized light [6]. In summary, polarization describes the vibration direction and
magnitude of the electric field vector with respect to time and space in

propagation.

10
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Polarization is one of the most fundamental properties of light. It plays a crucial
role in nature. Although human eyes are unable to sense the polarization state of
light, it is very common ability amongst animals, such as insects or marine life,
who use polarized light for assistance in predation [37], navigation [38] and
intraspecific communication [39]. Polarization is also widely used in modern
optical science and it extends its applications into area such as biology,
astronomy and chemistry, and benefits our daily life [40]. In the entertainment
industry, techniques known as stereoscopic display in 3D movies is by projecting
superimposed images into both eyes differently based on polarizing filters to
produce a 3D effect [41]. In a totally different sense, liquid-crystal display (LCD)
technology used in computer monitors and television screen relies on the rotation
of the axis of linear polarization by the liquid crystal array [42].In the
communication industry, the radiation are intrinsically polarized to match the
physical structure of the antenna for a better signal receiving [43]. In chemistry,
as chiral molecules interact differently with circularly polarized light, known as
circular dichroism, circularly polarized light is used to determine the chirality of

organic molecules [44].

(a) Electric field ®)
)ec ric |e | Unpolarized light

) Polarizer
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Figure 2.1 (a) Schematic of electromagnetic plane wave. (b) Unpolarised wave travel through
grating polarizer.
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2.2.2 Three types of polarizations of light

As the magnetic field always oscillates in the plane that is perpendicular to electric
field, here we discuss the polarization of light only in terms of electric field
components for simplicity. Light can be treated as transverse electromagnetic
wave which consists of two orthogonal electric field components, also called
optical disturbances, in the plane transverse to the direction of propagation. For
reason of simplicity, the two orthogonal optical disturbances are assumed to

travel along z axis. The wave function can be represented in the time-domain as
[6]:
E.(z,t) = XEy,cos(kz — wt) (2.1)
E,(zt) = yEy,cos(kz — wt + ) (2.2)
where w = 2nf is the angular frequency, k = 27” is the wave number magnitude,

Eo, and E,, are the maximum amplitudes and § is the relative phase difference

between the two components. The wave propagates toward the observation

plane where the electric field to be measured is the sum of these two component:

E(z,t) = Ex(z,t) + E,(2,t) (2.3)
There are three types of polarizations depending on the trace of electric vector
tips during propagation: linearly polarized light, circularly polarized light and

elliptically polarized light.

12
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(1) Linearly polarized light

Linearly polarized light is given when the resultant electric vector only oscillates
along one single direction, while its magnitude and sign varies in time. When the
phase different § is zero or an integer multiple of +m, the resultant wave is

converted into:

E(z,t) = (REoy,  PEoy )cos(kz — wt) (2.4)
In this particular case, the electric field vector of the resultant wave oscillates

along a tilted line at an angle 8 with respect to x axis. It has a fixed maximum

magnitude equal to /EOxZ + Eoyz. This tilted angle is determined by the amplitude

of two components:

Eoy

tanf =
EOx

(2.5)

In particular, linearly polarized light only oscillates at 8 = 45° if the two orthogonal
components have equal magnitude: Eo, = Ey, and the direction depends on their
phase difference as shown in Figure 2.2. When § = +nm, where n is even
number, the components are in phase, the combination wave vector oscillates at
45 degree with respect to x axis. When n is an odd number, the components are
said to be out-of-phase, where the combination wave is still linearly polarized but

the plane of oscillation is rotated by 90 degree.

13
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(a) (b)

In-phase: 6§ = tnr,n=20,2,4 ... Out-of-phase: 6§ = +tnmr, n=1,3,5 ...

Figure 2.2 (a) Linearly polarized light when E, and E, are in phase. (b) Linearly polarized light
when E, and E, are out of phase.

(2) circularly polarized light

Circularly polarized light is defined when the electric vector tip traces a circle in
propagation. It can be accomplished when two orthogonal waves have equal

amplitudes, i.e. Ey, = Ey, = E, and the phase difference have integer multiple of

6= +§. In this special case, the orthogonal components become:

E.(z,t) = XEycos(kz — wt) (2.6)
E,(zt) = yEysin(kz — wt) 2.7)

The consequent wave is given by:
E(z,t) = Eq(X cos(kz — wt) * ysin(kz — wt)) (2.8)

The angle of combination electric vector 6 is:

E,
6 = arctan (E_> = +(kz — wt) (2.9)

X

14



Fundamental concepts and background

It is clear from equation (2.8) that the magnitude of the combined wave is a
constant E,, however, equation (2.9) indicates that the electric field vector is
steadily rotating at an angular frequency of w as a function of time. As shown in
Figure 2.3, the trace of electric field tip form a circle and rotation direction can be

clockwise or anticlockwise depending on the relative phase difference. When the

phase difference is —gi 2mm (m is an integer) where E, is leading E,, the

resultant electric field rotation is clockwise. Such light is referred as right circularly

polarized light. In comparison, if the phase difference is g + 2mm (m is an integer),

the combined wave is rotating anticlockwise and it is referred to as left circularly

polarized light.

(a) (b)

Right circularly polarized light Left circularly polarized light

Figure 2.3 (a) Right-handed circularly polarized light. (b) Left-handed circularly polarized light.
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By comparing equations (2.4) and (2.8), we can conclude that linearly polarized
light at 45 degree can be converted into circularly polarized light by introducing g

phase delay between components and vice versa. This can be achieved by using
a quarter wave plate, which are made out of a birefringent material such as quartz
[7], mica [8] or organic polymeric plastic [9], and which have precisely adjusted
thickness. Birefringent materials exhibit different refractive indexes along two
certain orthogonal crystal axes. This birefringent property thus introduces a
velocity difference between light polarized along optical axis. When linearly
polarized light is passed through the wave plate, it will be divide into two
components with identical magnitudes, but orthogonal polarization (components
are marked in red and blue as shown in Figure 2.4. The speed of each

polarization will be different due to the different refractive indexes, leading to a

relative phase retardation between wavelets given as: Ap = %An [6], where A,
0

is the wavelength in vacuum, L refers to the optical path length and An represent
the difference of refractive indexes. As the optical path increases, the relative
phase retardation accumulates, the state of polarization of the wave therefore

gradually changes. The key to realise an ideal quarter wave plate is to precisely
adjust the thickness of the crystal to L = Li—on to ensure a relative phase difference

of 90 degrees. Similarly, it is possible to introduce a phase retardation of 180

degree by satisfying the expression: L = % This defines a half wave plate,

20n

which enables the rotation of linearly polarized light vector with by a desired angle.

16
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Relative phase
difference= 0°
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difference= 90°
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Figure 2.4 Working principle of quarter wave plate

A significant advantage of a wave plate is that it can manipulate polarization
states with negligible loss. However, they also suffer from a limitation on the
operational wavelength range. Due to the fact that the birefringent properties of
materials is dispersive, wave plates are manufactured to function for a particular

narrow range of wavelengths.

(3) elliptically polarized light

Elliptically polarized light is defined when the tip of electric field vector traces an
ellipse in a fixed plane perpendicular to the propagation direction. In other words,
the resultant electric field vector simultaneously rotates and changes its

magnitude as a function of time. By eliminating the time-space propagator (kz —

17
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wt) in equation (2.7) and (2.2), the ellipse can be described by the expression

known as polarization ellipse:

E* N E,* 2E.E,
ExO2 EyO2 ExOEyo

cosé = sin? § (2.10)

This ellipse described in expression is tilted instead of standard ellipse in
Cartesian coordinate system as shown in Figure 2.5. This tilted angle is defined

as orientation angle :

2EE
tan 2y = % cos & (2.11)

0x 0y
In addition to orientation angle, the polarization ellipse is also determined by the
ratio of the length of the semi-minor axis to semi-major axis. This is known as

ellipticity angle y:

2EoxEoy
sin2y = ————sinéd
X Eoi? + Eoy’ (2.12)
Yy

Figure 2.5 Polarization ellipse

18
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In conclusion, equation (2.10) is a fundamental expression that governs the
polarization of light, where the elliptical state is the most general case, whilst both
linear and circular polarization states can be considered to be a special case of

elliptically polarized light.

Next, we will introduce the Stokes parameters, which can be used to characterise

polarized light.

2.2.3 Stokes Parameter

The polarization ellipse (2.10) is a general mathematical description of
polarization. However, neither the orientation angle i nor ellipticity angle y is
directly measureable. In theory, the electric field makes a complete rotation as
light propagates over a wavelength distance, however this is too short a distance
to be able to measure the polarization in practice. In 1852, G. G. Stokes
introduces four measureable parameters to quantify the polarization of
electromagnetic waves, known as the Stokes parameters [45], [46]. In this
method, the measurement are made in an average over a comparatively long
time interval. In this context, we need to transform the time dependent field

component from equation (2.7) and (2.2) into time averaged form [47], [48]:

(E,2) = lim & TE dt = L, 2
(E,?) = lim T1 fTE dt = 1E 2

19
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where the time average is represented by the angular brackets <>, and T is the

total averaging time. Similarly, the time average of (E,E, ) is defined as [47]:

1 (T 1
(ExE,) = ;"1—%7];) EE,dt = EEOxEOy cosé (2.15)

Apply the time average definition to the polarization ellipse, it becomes:

(E") | (B (ExEy)

cos § = sin?§ 2.16

After successive mathematic deduction, the polarization ellipse is transformed

into:

(Eox? + Eoy?)” — (Eox® — Eoy?)” — (2EoxEqy cos 8)°

(2.17)
= (2EqxEoy sin 6)°
The terms within the parentheses of (2.77) are now written as:
So = Eox” + EOy2 (2.18)
$1 = EOxz - EOy2 (2.19)
Sy, = 2EoxEg,y, cos 8 (2.20)
S3 = 2EgxEpy sind (2.21)

where S, S;, S, and S; are defined as Stokes parameters [47]. The widely used

form to arrange a set of Stokes parameters is called a column vector:

SO onZ + Eoyz
S Eoy’ — Eo,°
S = 51 =| 0 "o (2.22)
2 2EoxEqy cosé
S3 2EgyEqy sin 8 /

20
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So describes the total intensity of the optical beam. S; and S, together describe
the shape and orientation of the polarization ellipse. S; describes the handedness
of the ellipse. The four Stokes parameters can be linked by rewriting equation

(2.17) into:

S =817 + 5, + 552 (2.23)
This expression indicates that the overall intensity of the polarized light can be
obtained by calculating the sum of the square of S;, S, and S5. More importantly,
it shows that the incident light is a complete polarized light where incident beam
only have polarized waves. In the case of partially polarized light which is
indicated as a mixture of completely polarized light and unpolarised light, and its

Stokes parameters are represented by [47]:

So 1 So
S1 0 S1
= = — < <
\) s, (1-p) 0]tPls, 0<p=<1 (2.24)
S, 0 S,

where p is known as degree of polarization (DOP), is defined by:

[ J&?+&2+&2
p:poarlze — ,OSPSl
Itotal SO

(2.25)

where L,,1qriz¢q IS the intensity of polarized light, I, is total intensity. The result

show that the relation between stokes parameters must be broadened to:

So2 =82+ 5,2 48552 (2.26)
In summary, the four Stokes parameters together enable the representation of

any form of complete polarization. In the most general case, elliptically polarized
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light can be extracted with the orientation angle iy and ellipticity angle y.
According to equations (2.117) and (2.12), these angle can be expressed by the

Stokes parameters as:

1 .5

Y =—-tan" ' —, 0y <n (2.27)
2 S,
1. .5 T 1

X = >sin S—O, (_Z <xy< Z) (2.28)

As the four Stokes parameters are expressed in terms of intensities, as a result
the polarisation of a given beam become measurable. Here are some examples

for the degenerate polarization states escribed by Stokes parameters:
(1) Linearly polarized light

For the case of linearly polarized light that oscillate only along x axis, as there is

no components along y axis E,, = 0, we can calculate the Stokes parameters

from equation (2.18) to (2.21):

1
1
Sipx = xo2 0 (2.29)
0
Similarly, the linear polarized light along y axis can be described as:
1
2 —1
SLP_y = Eyo O (230)
0

The condition for obtaining linearly polarized light oscillate along +45° degree

with respect to x axis are: E,, = E,, = E, and the relative phase difference is § =

0°, then we have Stokes parameters as:
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1
0

Sipeas = Eo” 1 (2.31)
0

Similarly, for linearly polarized light oscillate along —45° degree, the

corresponding Stokes parameters can be:

1

0
Sip—45 = Eo2 -1 (2.32)

0

(2) Circularly polarized light

The condition for obtaining right circularly polarized light are: E,, = E,, = E, and

the relative phase difference is § = 90°. Substituting the condition into equation

(2.18) to (2.21) then we have Stokes parameters as:

1
Srer = Eo’ 8 (2.33)
1
Similarly, for left circularly polarized light oscillate, the corresponding Stokes
parameters can be:

Sier = Eo” (2.34)

1
0
0
-1
In conclusion, any beam can be characterised by four stokes parameters. The
measurement of Stokes parameters will be discussed with more details in chapter

5.
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2.3 Polarization manipulation based on metasurfaces

As described previously in section 2.2.2, traditional optical elements rely on the
intrinsic birefringent properties of the material to produce phase retardation
between the components of light to accomplish polarization manipulation. The
thickness of the optical element is critical in allowing control of the accumulated
phase delay. As the birefringent properties of materials are wavelength-
dependent, strong optical anisotropy can only be excited over a narrow band
wavelength range. These drawbacks significantly restricts the functionality and
potential integration of such optical components. In contrast, metasurfaces, which
have been demonstrated to possess unprecedented capabilities to control light
on a subwavelength scale, become a promising candidate to replace
conventional optical components [49]. Matesurfaces, an innovative new class of
artificial material, are typically periodic arrays of different shapes which are
engineered at the sub-wavelength scale to interact resonantly with incident
electromagnetic waves. Owing to the subwavelength size feature, metasurfaces
derive their properties from the geometry of the internal elementary unit cells,
rather than the properties of the materials that make up the metasurface.
Specifically, the optical response of metasurfaces, including the number, energy
and the direction of diffracted rays mainly depends on the corresponding
individual structures of unit cells. This provide flexibility and versatility to produce
desirable optical responses to manipulate electromagnetic radiation by optimising

unit cell structures.
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As the field of flat optics is rapidly growing, there has been increasing amounts
of research investigating miniaturised optical wave plates based on metasurfaces
that outperform conventional counterparts [50]. Early research was mainly
focused on enhancing birefringence in optical antennas arrays to achieve
polarization state modification [51]. The conceptual method for designing optical
anisotropy is achieved by decomposing incident linearly polarized light into two
orthogonal components, and manipulating the phase difference as demand
between them. For example, L-shaped [17], [52] nanostructure was reported to
support two dipole moments along arms. When incident light is polarized along
the axis between arms, it results in a superposition of both dipole moments, which
is a clear evidence that the perpendicular components along the arms are excited.
Therefore, an abrupt phase continuity was produced and results in polarization
manipulation. Examples of other pioneering works including, cross-shaped[1],
[53], V-shaped[54], Y-shaped resonator[55], split ring[56], and U-shaped[57]
structures were studied to exhibit giant birefringence properties. However, there
are specific requirements that must be satisfied for components to achieve linear-
to-circular polarization conversion: 1), equal amplitudes. 2), 90 degree phase shift.
In the following discussion, three typical mechanisms categorised according to
the underling physics to achieve linear-to-circular polarization conversion will be

introduced along with published examples.

1) Uniformed metasurface in transmission mode

Early works have shown that uniform metasurfaces designed with an array of

identical metallic resonators can be exploited to enable linear-to-circular
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polarization conversion. The unit cell is formed by resonators that support an
anisotropic optical response, as shown in Figure 2.6 (a). Through the optimization
of the resonator geometries, the two orthogonal electric field components can
have approximately equal amplitude and a 90 degree phase delay. However,
linear-to-circular polarization conversion can be achieved only over a relatively
narrow wavelength range (marked in the grey area in Figure 2.6 (a), determined
by the overlapping optical response of the electric field vector components. For
example, an early work in 2008 demonstrated a split-ring resonator supporting
two dipole resonances which was designed into a rectangular shape with different
length of bar along x and y-axis to shift away resonances [56]. Figure 2.6 (b)
displays the design of the metasurface. Figure 2.6 (c) plots the transmission of
the metasurface for x and y-polarized light, where there are two well-separated
resonances with the aim of creating a useable bandwidth over which a 90 degree
phase shift occurs (for this case is at 0.639THz), as shown in Figure 2.6 (c).
Although 99.9% of transmitted beam was circularly polarized according to the
axial ratio spectrum, the design is constrained to operate at single wavelength. In

addition, the transmission efficiency was only 70%.
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Figure 2.6 The operation principle of uniform metasurface in transmission mode with an
example adopted from [56]. (a) Amplitude and phase spectrum for orthogonal electric field
components (E,, E, ) of uniform metasurface in transmission mode. (b) The picture of waveplate
adapted from [56]. (c) The simulation and measurement results adopted from [56]. They are
amplitude, phase difference of x and y polarization, axial ratio of transmission beam.

As metasurfaces based on an array of identical resonators have narrow

bandwidths, their complementary counterparts have studied to allow a 90 degree

phase shift in a relatively broad wavelength range [58]. In Figure 2.7, the

resonator consists of two orthogonal nano-slits and its complementary structure

was studied. As shown in Figure 2.7 (b) and (d), it is clear that both structures

support two distinct resonances under x and y-polarized incidence. The same

amplitude were produced between resonances at the bandwidth where the phase
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difference is close to 90 degree (Figure 2.7 (c) and (e)). By comparing the phase
spectrum, it is clear that the complementary structure possesses broader
bandwidth allowing 90 degree phase shift. However, despite significant progress
achieved to maintaining phase shift, the effective working bandwidth is still narrow
as the wavelength range of equal amplitude remain the same. Therefore,
subsequent works utilise complementary designs for circular-to-linear

polarization conversion [59], [60].
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Figure 2.7 Complementary metasurface to enable quarter wave plate. All figures are adopted
from [15]. (a) Schematic diagram of metasurface. (b) Transmission coefficients and (c) phase
information for metasurface and similar plots in (d) and (e) for complementary metasurface.
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2) Non-uniform metasurface in transmission mode

Instead of utilizing uniform metasurface where the anisotropic property relies on
each identical resonator that supports single resonance, Yu et al. [18]
investigated a multi-resonances metasurface to achieve broadband polarization
manipulation in transmission mode. As shown in Figure 2.8 (b), this particular
design consists of subunits which is formed by eight V-shaped antennas, with
varying orientation angle and optimized geometry to provide multi-resonances.
The effective operation wavelength range was broadened by combining these
resonances. The operation principle of non-uniform metasurfaces as broadband
quarter waveplate is summarized in Figure 2.8 (a). As the subunits are assembled
from the same resonators, the amplitude of decomposed polarizations stay equal
over a broad wavelength range which is indicated with the black line by near unit
ratio of amplitudes in Figure 2.8 (c). The 90 degree phase difference between the
two polarization components of the light as depicted in Figure 2.8 (c) is induced
by the offset distance between subunits, rather than a dipole resonance from a
single element. Upon excitation of incident light, the metasurface acts like a
quarter wave plate, producing two co-propagating waves with equal amplitude as
and 90 degree phase difference, bending the light away from the original incident
direction through spatial phase gradient. Despite the degree of circular
polarization light being over 0.97, as shown in Figure 2.8 (d), one limitation of this
approach is that only 10% of the incident light can be scattered and converted

into circularly polarized light in this particular case.
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Figure 2.8 The operation principle of non-uniform metasurface in transmission mode with an
example adopted from [18]. (a) Amplitude and phase spectrum for orthogonal electric field
components (E,, E, ) of non-uniform metasurface in transmission mode. (b) The picture of

waveplate. (c) The experimental spectrum of phase difference and ratio of reflectivity. (d) The
measured spectrum of degree and intensity of circular polarization. (b), (c) and (d) are adopted
from [18].

3) Uniform metasurface in reflection mode

In order to enhance the conversion efficiency, a homogeneous design strategy
based on metal-dielectric-metal (MIM) sandwich structure has been widely
employed to realise efficient metasurface waveplates [61]—[65]. More specifically,
this design is formed by a metallic resonator, dielectric spacer and a metal ground
plane. In contrast to previous reported metasurfaces, where light simply excite
electric dipole-like resonance, for MIM structure, the incident light is able to
propagate through the metasurface and undergo multiple reflections in the

dielectric spacer where the light self-interferes. The hybridization of
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electromagnetic field interference in dielectric spacer and collective coupling from
inter-elements are known as gap-plasmon mode (GSP) [66]. Anders and co-
workers [62], demonstrated that the GSP mode excited in MIM structure offer
improved degrees of freedom to tailor the spectral dispersion of light, making it
promising candidate to design broadband and efficient metasurface waveplates.
In this work, they demonstrate a nano-brick metasurface, a typical MIM structure
as shown in Figure 2.9. Figure 2.9 (a) displays the spectrum of reflectivity and
phase difference for x- and y-polarized light. The GSP mode is excited at 800nm,
where the phase shift was maintained at 90 degree with 160nm of effective
operation bandwidth. By optimised spacer thickness and resonator size, the GSP
mode coupling strength therefore provides high efficient reflectivity for both
polarizations. The reflectance shown in Figure 2.9 (b) demonstrates that 82% of

light has been converted from circular to linear polarization.
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Figure 2.9 (a) Reflectivity and phase difference for x- and y-polarized light. (b) Reflectivity and
absorption for circular polarization light.

As discussed above, the GSP mode introduce extra degrees of freedom for
phase manipulation, meanwhile reflection is generally low at resonance.
Therefore, minimization of the reflection minima becomes the main task for

designing subsequent metasurface waveplates, and there is always a trade-off

31



Chapter 2

between additional phase manipulation and high efficiency. In addition, the phase
modulation based on excitation of signal resonance inherently limits the effective
working bandwidth. Impressively, this issue has been overcome by designing a
broadband quarter wave plate that operates in the off-resonance wavelength
range, a novel concept (Figure 2.10 (a)) proposed by Chang, et al [67] in 2019.
The working principle behind this strategy is to design anisotropic resonators that
only interact with one polarization to introduce a non-linear phase dispersion as
indicated in by red line in Figure 2.10 (a). For orthogonal component excitation,
the metasurface become non-resonant which gives near unit reflection efficiency
and linear phase dispersion as indicated by blue line in Figure 2.10 (a). As a
consequence, an approximately constant phase difference between the
orthogonal components over the off-resonance wavelength range allows the
design of waveplates operating in broadband wavelength range. In this work, a
metasurface based on an array of rod resonators (Figure 2.10 (b)) was
investigated to enable broadband linear-to-circular polarization conversion with
relatively low loss in reflection mode in the terahertz region. Figure 2.10 (c) and
(d) plot the measured reflectivity and phase spectrum for orthogonal polarization.
When light is parallel to rod (r||), the interaction with rod excite a resonance at
1.3THz (230um) with an associated minimum in reflection which introduces a
nonlinear phase dispersion as shown in Figure 2.10 (d). The mechanism of the
observed nonlinear phase modulation is due to the coupling between unit cells
and between incoming and outgoing light, and can be understood by modelling

the system using coupled mode theory [68]. When light is orthogonal to the rod
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(r1), there is no interaction and no phase discontinuity. The results shown in

Figure 2.10 (e) confirm that the conversion efficiency is largely over 90% from

0.7-1.4THz. In addition, the measured axial ratio as shown in Figure 2.10 (f) is

less than 3dB indicating a high degree of circularly polarization light.

Instead of controlling phase response at resonance, this strategy focuses on the

off-resonance bandwidth, where ideal quarter wave plates with high efficiency

and broadband operation wavelength range become possible. Inspired by this

mechanism, we introduce a nanorod-based metasurface operating in the mid-

infrared region in chapter 5.
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Figure 2.10 (a) The operation principle of uniform metasurface in reflection mode with an
example adopted from [67]. (b) Schematic of the nanorod-based metasurface structure.
Measured (c)reflectivity amplitude, (d) phase spectra, (e) conversion efficiency and (f) axial ratio

spectrum adopted from [67].

33



Chapter 2

2.4 Spectroscopy

2.4.1 Infrared spectroscopy

Infrared light is part of the electromagnetic spectrum encompassing wavelengths
from around 1mm (300 GHz) to the nominal red edge of the visible spectrum,
around 700 nm (430 THz). The infrared region can be further separated into three
categories, namely: near infrared, mid infrared and far infrared as shown in Figure
2.11 [69]. The mid-infrared range is of particularly useful because of a technique
known as infrared spectroscopy which enable to identify unknown substance and
its functional groups [70]. Covalent bonds in molecules experienced two main
vibrational motions: stretching and bending at particular frequency. It can absorb
infrared light that contain matching frequency. As a consequence, infrared light
spectrum will contain absorption dips at multiple frequencies, each of which can
be associated with a particular bond type. This absorption spectrum carrying
molecular structural information become a unique ‘DNA’ reflection to identify
molecule. Infrared spectroscopy is therefore a powerful, cost-effective, analytic
technique that can be used to resolve information on the chemical makeup of

almost any sample in almost any state.
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Figure 2.11 Spectrum of electromagnetic wave. illustration is adopted from [69].

2.4.2 Vibrational circular dichroism spectroscopy

Although infrared spectroscopy provides absorption spectra that can identify
bonds in molecules, by itself it cannot be used to distinguish chiral enantiomers.
In this section, we will introduce concept of chirality and vibrational circular
dichroism spectroscopy, which has been widely used for distinguishing chiral

enantiomers.

Chirality is a three dimensional geometrical concept that describes a pair of
objects that are mirror image to each other, which are not superimposable even
by rotations or translations [24]. The word chirality is derived from the Greek

xelp (kheir) which means "hand”, which is a perfect example of chirality.

Chiral molecules are defined when they cannot be exactly superposed to its
mirror configuration of the atoms of the molecule. Figure 2.12 shows the chiral
and achiral molecules configuration in the sense of organic chemistry. The

chirality is given when a tetrahedral carbon bond with four different substituents.
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The sp3-hybridized centre (usually a carbon) with its substituents are thus
asymmetric and is defined as chirality centre [24]. As a comparison, an achiral
molecule are however includes some equal substituents therefore symmetric

without chirality centre as sown in Figure 2.12.

mirror

plane
H H
Achiral molecule
"""" CH, CHy™/ H Mirror images are
CH,CH4 CH5CH, superimposable
mirror
plane
o of Chiral molecule
...... /L Mirror images are
H CHg CHj H non-superimposable
CH,CH, CH5CH,

Figure 2.12 Comparison of achiral and chiral molecules. Illustration is adopted from [24].

Chiral molecules share identical atomic elements, as well as chemical bonds, but
the reason that makes them different from each other is attributed to the spatial
arrangement of atomic particles in three-dimensional space. A pair of molecules
with chiral arrangement is known as enantiomers [24]. The concept of chirality is

very important in organic and biological molecules.

Chiral materials/molecules are especially unique due to the fact that the
interaction with circularly polarized light can cause chiroptical effect, including
optical activity linking to the degree of polarization rotation and circular dichroism
which defines the different absorption to right- and left-handed circularly polarized
light [6]. Based on a fact that a pair of enantiomers shows mirror symmetric
spectra with identical amplitude but opposite sign under circular polarization
excitation, a powerful tool known as circular dichroism spectroscopy has been

developed and widely used to detect and distinguish enantiomers [5], [71]-[73].
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In the work described in this thesis, we are concerned about an extension to this
known as vibrational circular dichroism spectroscopy [74], which is particularly
focused on exploiting circular dichroism response in mid-infrared region. Because
the circular absorption is associated with the infrared vibrational absorptions
bands, the measured circular dichroism spectra yields the handedness of
enantiomers, and more importantly the spectra contains absolute configuration
of a chiral molecule. With these benefits, this techniques is realising its potential

as a powerful stereochemical tool for chiral structure elucidation.

2.4.3 Chiral sensing based on metasurface

However, the vibrational circular dichroism of most small molecules in nature is
intrinsically weak due to the mismatch size of small molecules and relatively big
wavelength of light. The factor of 102 to 107 for the differential right circularly
polarised (RCP)/ left hand polarised (LCP) absorption is typical for vibrational
circular dichroism [26]. Although this is measurable with tools such as lock-in
amplifiers, and high sensitive liquid nitrogen cooled detectors, vibrational circular
dichroism still suffer from low signal-to-noise ratio. Therefore, enhancing
vibrational circular dichroism are major challenge for efficient enantiomer-

selective sensing system.

In order to improve the sensitivity, substantial effort has been devoted to
investigate the insight mechanism of near-field interaction. It has been reported
that the optical chirality density which describe the chirality of electromagnetic

field is suggested as the main mechanism offering enhancement of circular
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dichroism spectroscopy [75]. The computed optical chirality density in the vicinity
of a material enables to evaluate the strength of chiroptical interactions between
local electromagnetic field with chiral molecules due to the fact that optical
chirality density carry expressions for enantio-selective absorption for chiral
molecules [76]. Based on the work from D.M.Lipkin [77], Tang and co-worker
identified locally electromagnetic chirality for time-harmonic field in free space in

its time-average form [76]:

we
Cr) =——"Im(E" (1) x B(1)) (2.35)

where w is the angular frequency, g, is electric permittivity of free space, E* and
B are the complex conjugate electric and magnetic field vectors, respectively.
Tang and co-worker discovered that equation (2.35) appears in the expression
of rate of excitation for chiral molecules and identified that C (r) determines the
differential absorption of chiral molecules with left- or right-handed circularly
polarized light therefore it was recognised as the quantity of chirality. Based on
equation (2.35), chirality is nonzero only when some electric and magnetic
components are parallel and exhibit phase shift. In this context, circularly
polarized light is the best exemplification because its electric and magnetic field
are parallel and out of phase. For circularly polarized light in free space, the

optical chirality density is:

weg
CClLPL = i? |Eo |? (2.36)

where + represent for left-handed circularly polarized light (+) and right-handed

circularly polarized light (-), E, is the magnitude of the incident electric field.
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Equation (2.36) displays that the optical chirality density for plane wave is limited

by circular polarization sate.

Recently, it has been reported that engineered plasmonic nanostructures are
able to generate optical chirality density in the vicinity of structure enhanced by a
few orders magnitude or more than that induced by circularly polarized light
without resonators [5], [72], [78], [79]. For this reason, the enhanced chiral field
has been known as superchiral field [71], [73]. The limits of optical chirality density
can be overcome by plasmonics/dielectric metamaterials which excel at focusing
light on nanoscale creating intense light field on the surface. As a consequence,
the enhanced local electric field can achieve few orders of magnitude than plain
film which make the contribution on chirality enhancement. In addition, by forming
geometric dissymmetry of structure (such as chiral shape), the local
electromagnetic field can become far more twisted than circularly polarized light,
resulting in a superchiral field. With these advantages, metamaterials are able to
provide a powerful platform for strong interaction between local fields and
molecules. The local enhancement of optical chirality generated by nanostructure
is quantified with the optical chirality density normalised by that for circularly

polarized light:

C(r) =+ = ———Im(E*(r) - B(r)) 237)
CepL |Eol

CZ», are the reference values calculated under circularly polarized incident light
without resonators. Equation (2.37) indicates that superchiral field is spatially

variable, the sign corresponds to its handedness and the region with magnitude
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of |C(r)| > 1 is so called superchiral field with the enhancement could be at few

order of magnitude larger than expected for circularly polarized light depending

on structure.

In the following discussion, we will briefly introduce three different strategies to
generate strong near-field chirality based on chiral structure. In general, chiral
plasmonic nanostructure with intrinsic dissymmetry in geometry exhibits
advantages of producing local electromagnetic field with greater chirality. In
reference [78], the authors aim to explore the chiroptical near-field response of
multiple planar and three-dimensional chiral structure. It was concluded that
compact three-dimensional structure such as stereometamaterials composed by
overlapping resonators in space or 3D helixes are the better candidate to
increase the chiral response, rather than a planar metasurface. However, as
strong superchiral field are located inside 3D centre, it is challenging to locate
molecules at the customised region. Therefore, planar chiral structures with

easier fabrication are preferred in practical situation for chiral molecule sensing.

As indicated in equation (2.37), a rather straightforward design strategy to create
chirality density in a planar structure is by establishing an electric field that has a
component parallel to the magnetic field with certain phase shift. Early work from
Hendry and co-workers [80] assemble pairs of nanoslit with certain displacement
as shown in Figure 2.13 (a). The physical mechanism can be understood with
Babinet’s principle where an electric dipole can be excited with nanorod as shown
in Figure 2.13 (a). By applying Babinet’s principle, a nanoslit can excite a

magnetic diploe with strong magnetic field at the ends, and a strong electric field
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in centre. By staggering nanoslits with a displacement, the electric and magnetic
field can overlap in the middle of slit and generate chiral field. The computed
chirality at the centre of structure is plotted in spectrum in Figure 2.13 (a) where
a symmetric pattern was observed for nanoslit and its mirror-imagined structure.
This is an indicator of strong chiroptical response. A similar structure composed
of staggered nanorods was design to excite superchiral field as shown in Figure
2.13 (b). Displacement between nanorods allows the localised electric field
overlap with the magnetic field thereby producing strong near-field chirality
between gaps. This approach has been widely used for enantiomer sensing such
as detection of alanine enantiomer based on vibrational circular dichroism
spectroscopy [81]. The spatial distribution of superchiral field show that the
maximum chirality is localised at the gap between rods with the handedness
opposite signs for left- and right-handed chiral structures. Following similar
mechanism of Babinet’s structure, Tullius and co-workers [73] introduced a novel
way of overlapping electric and magnetic fields. The structure is shown in Figure
2.13 (c), consisting of a solid ‘shuriken’ chiral nanostructure overlapping with
indentation of identical structure. The purpose of this particular arrangement is to
overlap the equivalent electric and magnetic fields in the solid and inverse
structure. It is demonstrated that by controlling the film thickness, the coupling
between top and bottom layer can be tailored to generate chiral optical properties.
This design has been widely used to detect the higher order structures of

biomolecules.
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Figure 2.13 (a /) Dipole resonance of nanorod, red and blue area indicates enhanced electric
and magnetic field. (a /7) Dipole resonance of a nanoslit. (a///) Pairing arrangement of nanoslits.

Only the arrangement on the right enable to excite chirality in near-field. (a/v) Local chirality at
centre of unit cell as a function of frequency, black dash line shows the chirality for mirror-
imagined structure. (a) is adopted from [80]. (b /) Nanorod metasurface. (b /7) Chirality at

central of metasurface for left- and right-handed structure as a function of wavenumber. (b ///)
Colormap of chirality for metasurface. (b) is adopted from [81]. (c /) Schematic of ‘shuriken’

metasurface. (c /7) Optical rotation spectrum for left- and right-handed structure. (c) is adopted
from [73].
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2.5 Summary

This chapter introduced three categories of polarization states of electromagnetic
plane wave and provided two criteria that must be met to achieve linear-to-circular
polarization conversion: 1) 90 degree phase shift and 2) equal amplitude of
decomposed polarizations, which is a key concept for designing metasurface
based quarter waveplates. In addition, we introduced Stokes parameters which
are a group of measurable parameters to characterise the actual polarization
state of plane waves. In Chapter 5, the utilisation and measurement of Stokes
parameters will be discussed with more detail. Next, typical examples of
metasurface quarter-wave plates, along with their advantages and drawbacks
including narrow bandwidth and high loss, were then described. This led to the
introduction of the design used in this work, which is holds promise for addressing
these challenges. With the aim of practical application in metasurface-enhanced
chiral sensing, we introduced the chiroptical effect of chiral molecules, and
techniques including infrared spectroscopy and vibrational circular dichroism
spectroscopy which are core for enantiomer sensing. Finally, a brief overview of

chiral metasurface enabled enantiomer sensing was discussed

Numerical modelling underpins and enables much optical nanostructure research,
and in the next chapter we will introduce the simulation technique that was used

to study the metasurface in this thesis.
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3 Finite Difference Time Domain (FDTD) solver

introduction

3.1 Introduction

Finite difference time domain (FDTD) method is a computational technique that
enables the solution of Maxwell’'s equations by discretized equation and space
through the finite-difference principle in the time domain. It was originally
proposed by Kane S.Yee in 1966 [82] where he derived a full three-dimensional
formulation, but only validated the method in two-dimensions. Later in 1975,
Taflove [83] and Brodwin [84] applied Yee’s method in three-dimensions to solve
the scattering by dielectric cylinders which has driven the growth of the FDTD
method in the decades after it was first proposed. Building on the rapid advances
in computer technology, Yee’s algorithm for is recognised as the fast numerical
way of solving Maxwell’s equations, and therefore complex electromagnetic

problems.

This chapter is divided into five sections. The first section is an introduction of
Maxwell’s equations, and is followed by the description of Yee’s method to solve
the Maxwell's equations in the second section. The third section covers the
details of setting up a simulation using the commercial software Lumerical FDTD
solutions. This contains the materials setting, boundary conditions, mesh setting
and normalisation that was applied to study nanorod-based metasurfaces

discussed in this thesis. The next section focuses on visualisation of simulation
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results, including field profile and optical spectrum and post data processing in
the Lumerical software to analysis data. Finally, the last section describes the
optimization of simulation structure and convergence testing to guarantee the

accuracy of the simulation results.

3.2 Maxwell’s equations

Maxwell’s equations which govern optical and electromagnetic phenomena are a
set of four equations that show the mathematical relationship of the

electromagnetic fields. In the time domain, these can be described as:

(1) Faraday’s Law

VXE =— E (3.1)
(2) Ampere’s Law
VXH= oD +
= J (3:2)
(3) Gauss’s Law
VD = p (3.3)
(4) Gauss’s Law for magnetism
V-B=0 (3:4)

where MKS units are used. These equations link the four macroscopic fields E
electric field intensity (V/m), H magnetic field intensity (4/m), B magnetic flux
density (Wb/m?) and D electric flux density(C /m?) with external J electric current

density (A/m?) and p electric charge density ( C/m3). Throughout the
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mathematical analysis of this chapter, for reasons of simplicity, the medium, is
considered to be isotropic, homogeneous and linear. With this condition, these

four macroscopic fields are further linked:

D = ¢E = gy&, E (3.5)

B = pH = pouH (3.6)
where &, (8.854 x 10712F /m) and u, (47 x 10~7H /m) are the electric permittivity
and magnetic permeability of vacuum, respectively. &, and u, are the relative

permittivity and magnetic permeability of the media.

In the Cartesian coordinate system, the time-domain Maxwell’s equations have

six electromagnetic components: Ey, E,,, E,, Hy, H, and H,. The subscript refers

to the projection of the field on the corresponding axis. Faraday’s law can be

described as:

0E, O0E,  0H,

9z ay Mot 3.7)
0E, 0E, 0H,
ax 0z Mo (38)
0E, O0E,  0H,
ay  ox Mot (3.9)

Similar to (1) Ampere’s Law:
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0H, 0H,  0E,

dy oz far T (3.10)

0H, 0H, OE,
9z — ax =& 9t +]y (3.11)

0H, 0H, OE,

ax 9y ot +z (312)

3.3 Finite-difference Time Domain (FDTD) algorithm and

software

All of these first-order spatial derivatives and time derivative can be approximated
via central differences. For instance, the first-order derivative with respect to x for

the formulation f(x) can be approximated with second-order accuracy by:

o) _f(x +7)~F(x-F) ‘o <sz> (3.13)

0x Ax 4

This central difference approximation is the foundation of FDTD’s algorithm which
provide discrete solutions to Maxwell’'s equations [85]. In Yee’s method [82], the
simulation geometry is discretized into a regular and rectangular grid in three
dimension with grid step of Ax, Ay and Az along each axis, as illustrated in Figure
3.1 . As mentioned previously, Maxwell’s equations are solved on a Yee cell in
both space and time, as a result, the electric and magnetic field are also discrete
accordingly. In this system, the coordinate of a node of the grid can be described
in discrete form as:(x,y,z); jx = (iAx, jAy, kAz), where i, j, k are integers referring

to the location of the unit cell. In terms of temporal discretisation the time can be
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expressed by: t =nAt. The electric and magnetic field are discretized as

nAt nAt
Eipy jnyknz @Nd Hipy iny kaz-

Three dimensional grid

g /

V=711 Ax|

|
e || (P .
(A — T

z | | | I l \ I g77 Mesh steps:Ax, Ay, Az

y nyAy

Figure 3.1 Cubic grid defined in Yee’s method.

The novelty of Yee’s method is the staggering of the electric and magnetic field
in both space and time. In other words, rather than locating all the field
components at a single point within a grid cell, Yee’s method interlaced E- and

H-field in a primary grid and a secondary grid, separately as shown in Figure 3.2.
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Staggered grid

Primary grid
z
Y1l
y Ey .
(l+i,],k+l,'
X .1 | x
(i+Z4k) E {i+%.}'+1,k]
Y...1
(1j+g. k1)
H
H e |
| Mai-Laerd E, Girghey)
(ij+5#)
YD
Secondary grid

Figure 3.2 Staggered grid

In this primary grid, the electric field vector has components along x, y, z axis and
is projected along the grid edge. As shown in Figure 3.2, the projections of
magnetic field is at centre and orthogonal to grid face. Then the Faraday’s Law

become:

Ljta k1 Lj+ak Ltk Ljk+s
Az Ay
(3.14)
n+1 n
Hxi,j+%,k+% xi,j+%,k+%
—H At
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En+% En+% En+2 En+%
i+1,), k4= ijhets i+l k1 i+2jk
Jikts okt 2J; 7
Ax Az
HJY/H-} 1 HJr/l 1...1 (3.15)
i+§'j'k+i i+3,j,k+i
=
At
1
n+2 ‘I‘L+2 n+2 ‘I‘L+2
E. , _Ex.1. Ey. 1. Py
i+5,j+1k i+5,).k +1,j+5K Lj+k
Ay Ax
n+1 n
HZ' 11 —HZ_ 11 (3.16)
l+E,]+E,k l+E,]+E,k
=u
At

The discrete form of Ampere’s law is conducted via a secondary Yee cell as
shown in Figure 3.2. The secondary cell is equal to the primary cell but located
at the centre of the primary grid. This means the edges of the secondary cell are
normal to the grid faces of the primary cell. As a result, the magnetic field
components line along the edge of the secondary cell whereas the electric field

is sampled at the centre of grid face. Ampere’s law is expressed in a discrete

form as:
n _yn n _yn
Z. 1.1 Z 1.1 y.1., .1 Y. 1.
l+5,]+5,k l+§,]—§,k . l+§,],k+§ l+5,],k—2
Ay Az
1 1
n+s n—3 3.17)
2 _ 2 G.
E ' Ex' <
_ . l+E],k 1+5,]k ]Tl
- x
At i+3,)k
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n _yn n _yn
H.,1 1 Hx..l 1 HZ.1.1 HZ 1,
i,j +E‘k+f i,j +§'k_2 l+E,]+§,k i—5.J +.k
Az Ax
n+1 n—l
2 _ 2
Ey 1 Y...1
Lj+zk Lj+zk n (3.18)
= gl +]y L1
\ At Lj+gk
Hn? H" H» _yn
1.1 1.,.1 X, . 1,.1 X, . 1,1
yl+2,],k+5 yl—?],k+3 L,]+E,k+3 L,]—E,k+§
Ax Ay
+3 -1
E'Z2 _—E 2
ks Lkt (3.19)

These six first-order difference equations are the fundamental principle of the

FDTD method. The staggering of the fields in space determine that the electric
fields are solved at time n + % ,.whilst magnetic fields are solved at time n. The
first step of the FDTD algorithm is to initialise field values as zero: E"i = H° = 0.
It is clear from Ampere’s law that E™:= E" 4 %V x H™ + J", thus the electric

field at the time n + % can be solved using the electric field at the previous time,

and the magnetic field at time of n. This process is shown in Figure 3.3. It is clear

1 1
from Faraday’s law that HI'*! can be solved if E;HZ, E;HZ and H}} are known at alll

spatial samples. Therefore, once the electric field has been updated to time +§ :
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the magnetic field can be updated to time step of n + 1 based on the function of
1
H"t1 = H" — %V x E™*2. This repetitive process, as shown in Figure 3.3, allows

the electric and magnetically fields to be continuously updated as the time step

increases, until the termination point.

HO > Hl HZ H3
\ 1 / \ 3 / \ 5 / \ 7
E2 Ez E2 E2
) 1 1 3 7
Time step: —EAt —» 0At —p EAt —> 1At —> EAt —» 20t —> EM —> 3At —> EM _—

Magnetic field:

Electric field: Ef%

Figure 3.3 Data processing steps in FDTD methods

Consequently, the interlaced electric and magnetic fields in space and time
provide a recursive scheme to solve Maxwell equation with second-order
accuracy of the central difference operators. In addition to that, there are other
advantages to use staggered grid. First, the electric and magnetic fields in
staggered grid are divergence free, as a result, the field satisfies Gauss’s Law
solely [85]. Second, the permittivity € is also discretized to correspond to each
component in Yee the cell [85]. This is very beneficial when an interface passes
through a Yee cell, as each component could be located in a different media due
to the different spatial point, as a result, the permittivity is assigned accordingly
to the component for more accurate results. Last but not the least, the physical

boundary conditions are automatically satisfied in the staggered grid.

There are approximately 30 commercial software packages available that utilise
the FDTD method to investigate the fundamental electromagnetic properties of a

media. Lumerical FDTD Solutions [86], which is specialised for optical simulations,
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was chosen to conduct all the numerical simulations described in this thesis. This
is a widely used simulation software and mainly focus on photonics, plasmonics,
and other areas when the objective feature size is on the order of the wavelength.
The software offers a user-friendly graphical interface for setting up simulations,
and allows users to the plot power efficiency spectrum and field distributions. In
addition, the integrated function provide extensive post-processing and scripting
capabilities such as to visualise field profile, allowing the analysis of results, and

the optimisation of structures.

3.4 Simulation Setup

3.4.1 Structures and materials

Physical structure can be added by clicking the corresponding icon button where
FDTD provide the primitives shape, for instance, triangle, rectangle, circle, etc.
The size and thickness of the object can be specified by defining the geometric
parameters. The material can be specified by mesh order in the case of

overlapping areas.

Once structures are built, materials can be added to corresponding shapes.
Some of most common and well-studied materials, for example, gold, silver,
silicon, etc. are available for use in FDTD material database, but users can also
define complex materials using measurement data, theoretical results or
parameterized models. For the metasurfaces discussed in this thesis, silicon

dioxide, gold and aluminium are the main materials used in simulations.
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Silicon dioxide is a dispersive material over the mid-infrared region. For the
structures studied in this thesis, silicon dioxide is defined with sampled 3D data
mode by experimental data from Palik [87] consisting of the real and imaginary

part of refractive index as a function of wavelength.

The relative permittivities of gold and aluminium are defined using the Drude

model:

o
Erotal(f) = €+ 1 27 feg (3.20)

where ¢ is the permittivity,s is conductivity with units of (Qm)™?, and f is the
frequency. In FDTD, the conductive 3D mode is used to define material following
equation (3.20) where permittivity e = 1 and ¢ is the corresponding conductivity.
Values of the conductivity for the gold and aluminium are set as 4.5 x 107 /Qm
and 3.75 x 107 /Qm respectively to be consistent with those used in previously

reported mid-infrared studies [88], [89].

Defining the material is important in simulations as the dispersion properties of
materials contribute significantly to differences with experimental results. In the
FDTD method, it is not possible to use the dispersive refractive index defined by
the user straight away. Instead, the FDTD will reset a set of data according to
provided data for the material to fit the model that can be solved efficiently through
FDTD algorithm. Therefore, it is important to obtain a good fit especially for highly
dispersive materials. Material explorer is provided to check the materials fits. If
the fit is not good enough, tolerance and max coefficient can be adjusted to

improve the fit. However. There is a trade-off between simulation time and
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accuracy so it is important to consider the acceptable level of error and efficient
simulation time. More details will be discussed in the section on convergence

tests.

3.4.2 Source and Monitor

The plane wave source is used to inject electromagnetic wave along a plane in
three dimensional simulations. Period plane wave type is used when investigating
periodic system such as periodic metasurfaces. The polarization state of the
incident wave can be set through polarization angle. The amplitude of the source
is set as 1 for simplicity. Monitors can be added into simulation region to collect
spatial simulation data in frequency domain including near-field profiles, far-field
projections and refractive index. Multiple monitors can be grouped by analysis,
which allows the efficient use of multiple monitors, and the associated script
functions allow user to obtain more complicated results such as complex
reflection S-parameter coefficients with its phase information rather than raw

monitor data.

3.4.3 FDTD solver

FDTD solver is the defined region that is applied with FDTD algorithm to solve
Maxwell’s equations. Figure 3.4 (a) displays the illustration of FDTD solver region
in a perspective view which are indicated by an orange cuboid. In this region, the
unit cell is placed in the middle, plane wave source and monitors are added to

excite metasurface and record data. Among the various parameters in FDTD
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solver, the mesh size and boundary conditions are of the most important settings

in making sure that results are accurate.

(a) Perspective view (b) xy view

Source 'A‘E* FDTD
~~ region Electric vector

Monltors P — 41» =

X " Unit cell
/ (d) yz view

(c) xz view

Figure 3.4 The illustration of FDTD solver region for nano-rod based metasurface in (a)
perspective view (b) xy view (c) xz view and (d) yz view.

As the electromagnetic field are characterised at each mesh point, a finer mesh
can provide higher accuracy of the results. However, as the mesh size become
smaller, the required simulation time and memory space increases. Therefore, it
is crucial to find a good balance to run simulations effectively. By default, the
simulation mesh is automatically generated non-uniformly according to the
specified mesh accuracy level, and the FDTD solver provide 8 level of mesh
accuracy. The target is 6 mesh cells per wavelength (PW) for a mesh accuracy
of 1, 10 (PW) for a mesh accuracy of 2, etc [90]. The mesh size at certain points
of the structure for a broadband wavelength range is defined by the smallest

operation wavelength and the refractive index of the materials. For example, the
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mesh size with mesh accuracy level of 2 in gold will be 1y/ng4,,4 divided by 10

where A, refer to the smallest wavelength in vacuum. This means that the mesh
size is inversely proportional to the refractive index, with higher index materials
resulting in smaller mesh size. Additionally, if the wavelength range is different,
or if the materials refractive index is changed, this will potentially affect the mesh
size. Obviously finer meshes provide more reliable results, however, using coarse

mesh such as mesh accuracy of 1 or 2 is recommended to begin with.

In some cases, when a certain area needs alternative mesh size, the mesh
override functions allows a small volume of space to be defined with a new mesh.
The mesh size defined in mesh override regions will be the absolute global mesh
size in this specified area, even if it is a larger mesh size than the automatically
generated mesh. This can help save simulation time with larger defined mesh, or
can force the mesh to be smaller where the structure is a more complex shape.
Mesh size can be viewed in Figure 3.4 (b) and (c) in the layout of small orange

grid.

Boundary conditions which define the boundary of each side of simulation region
are another crucial aspect in any simulation. The FDTD solver provide boundary
options including perfectly matched layers (PML), metal, periodic, symmetric,
Bloch and perfectly matched (PMC) boundary conditions. In the modelling of the
nano-rod based metasurface, PML and periodic boundary are applied as shown

in Figure 3.4 (b) and (c).
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PML boundary conditions are the most common option and are applied on at
least some boundaries in most simulations. Notably, in any reflection, the
outgoing wave can potentially re-interfere with the source, resulting in incorrect
power normalisation or scattering fields and therefore reducing the accuracy of
results. PML boundaries in the FDTD solver simulates an absorbing material
which absorbs incident light with zero reflections. The FDTD solver provide
options including different PML types and customized PML thickness, allowing
reflections to be minimized without increasing simulation time. For metasurface
simulations with normal incidence, PML boundaries will be applied on two sides
along the transmission axis in order to absorb outgoing waves. In this case, the
default PML setting with appropriate thickness is sufficient. Another important
boundary condition for the simulation of metasurface is the periodic boundary
condition. In the case of simulating a periodic system, periodic boundaries allow
entire system to be simulated using only one unit cell, which saves an enormous
amount of time. For the metasurfaces discussed in this thesis, the simulation
region is set to be the same size as a unit cell, with the four sides of the region
set as periodic boundaries. In the simulation, both the physical structure and the
optical response are periodic. The boundary simple copy the EM fields that occur
at one side of the simulation and inject them at the other side. It is worth to
mention that for the case of periodic structure illuminated by a plane wave at
oblique incidence, Bloch boundary conditions will be the option as the EM field is
not periodic anymore. For system that are both periodic and symmetric in physical

structure and EM field, symmetric boundary conditions can be used, which
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significantly reduced the simulation time by simulating only one half of the unit

cell.
3.4.4 Normalisation

The frequency domain field monitors in the FDTD record the electric and
magnetic field as a function of time, and then convert the simulated time domain

into frequency domain using the Fourier transform:

Esim(a)) =fexp(icot)§(t)dt (3.21)

where Esim(w) is the electric field returned by monitor, and E(t) is the time

domain field information recorded by monitors.

Normalised simulation results are much more useful than the impulse response
of the system because it is completely independent of the magnitude of the
excitation source. Continuous wave normalisation (CWnorm) is a default state to
return normalised results as a function of frequency in most applications. In the
CWnorm state, the field are normalised by the Fourier transform of the source
pulse, thereby yielding the impulse response of the system and given the optical

response only cause by simulated objects [91]:

E o (w) = ! J ‘tEtdt—ESim(w) 3.22
nor (@) = 575 | expliwnE(®)dt = =77 (3:22)

where s(w) is the frequency signal of the source:
s(w) =fexp(iwt)s(t)dt (3.23)
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3.5 Analysis of simulation results

3.5.1 Visualisation of results

In FDTD, with the setting of CWnorm state, the frequency domain field profile
monitor collecting data in frequency domain is a response of the source injecting
a continuous wave at a given frequency with amplitude of 1. This returns the
normalised fields that are completely independent of source at a given frequency
across the spatial region. A result manager ‘Visualizer’ is provided to visualise,
analysis and output simulation results. This can return the profile of electric,
magnetic and Poynting vector at a specific position and frequency in the form of
a colour map. Example of 2D electric profile in xy plane 6nm above nanorod-
based metasurface at 6um is shown in Figure 3.5. The x and y axis of the
colormap provides dimensions of unit cell and the values of electric intensity are
indicated using colorbar. This result provides quantitative information of electric

field enhancement by metasurface.

A=6pm |E/Eq|?
1.3 10
l 8.3
6.7
y(pm) - 5.0
33
1.7
-1.3- o
-1.3 1.3 0
x(um)
Figure 3.5 The electric field intensity at 6um on xy plane 5nm above nanorod-based
metasurface.
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This tool can also plot raw data of transmission and reflection as a function of

frequency.

3.5.2 Analysis group and script editor

In the simple cases, the monitors collect the data of near field profile and far field
projection which are enough to analyse the structure. However, in some cases,
the analysis group with its scripting function is a useful tool that can provide
additional complicated results. For example, instead of returning the transmission
and reflection profile of the given system, the analysis group can be used to
provide the far field projection including polarization information when the
simulated structures may rotate the polarization sates. In addition to the electric
and magnetic field, the analysis group can also calculate results such as the

charge distribution and current density.

The process of an entire simulation start from adding structures, setting up their
properties, running simulations and analysis of the results. This process can be
done manually as discussed above by clicking the relevant menus and specify
values for each variables. The FDTD solver also has a script editor window which
provide scripting function allow user to automate all the setting tasks by scripting.
This significantly reduces the amount of time required for multiple simulations,
such as the optimization of structures by parameter sweeping and convergence
testing (this will be discussed in the next section). It also allows simulations to be
compared by plotting results together into one graph, and it is also a useful tool

to analysis complicated results from the analysis group. For instance, it can break
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down S-parameter according to polarization state, and only plot the S-parameter
with specific polarization along with phase information scripting also allows

simulation results to be outputted in different formats for further analysis.

3.6 Optimization simulation

3.6.1 Parameter sweep

One of the most common tasks in simulation is to find the suitable value for
variables in order to obtain an optimised design. Running simulations step by step
with varying values of each parameter is extremely time consuming and uses a
large amount of memory The parameter sweep utility is a built-in algorithm to
study the sensitivity of the design performance to certain parameters. This
function allows the automation of a series of simulations with a set of varying
variables to find the optimum value. If there is more than one parameter to
optimise, the optimization utility provides an advanced optimization algorithm

which can efficiently run a large number of simulation to optimize a design.
3.6.2 Convergence testing

FDTD numerical simulations can never provide absolutely precise results due to
the discretization of space and time, the artificial PML absorbing boundaries, and

errors arising from the material dispersions.

For a limited size of mesh, the dispersion relation of FDTD can be calculated

precisely for a given mesh size. However, the discretization of the simulation
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region in space make it impossible to resolve objects into arbitrary resolution.
This can introduce errors as a curved, rotated or sharp object will not be resolved
exactly. There can also be some monitor interpolation errors that are introduced
when field components are interpolated from locations where they are calculated
on the Yee cell. The discrete mesh can also cause discrepancy between the
simulated light wave on the mesh and in practical space. In principle, due to the
discrete mesh, all of the discussed errors can be reduced by refining the spatial

and temporal mesh size.

When PML boundaries are applied in simulation, there can be errors introduced
when the boundaries are too close to objects. When the simulated structure
generates non-negligible evanescent fields, there can be coupling between the
evanescent fields comes from structures and PML boundaries. This can reduce
the quality factor of a resonance or shift the frequency of a resonance. PML can
also generate artificial reflections which can re-interfere with scattering field or
the source, causing incorrect normalisation. This source of error can be reduced
by placing the PML boundary farther away from objects, and increasing the

thickness of PML materials.

As discussed in the section on materials (3.4.1), the dispersive materials fit model
is likely to be the dominant source of error in the simulation since FDTD will re-fit
the materials properties into a model that can be solved by the FDTD algorithms.
This can be reduced by modifying the material fitting parameters in order to obtain

a good fit however, there will always error in the fit.
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Convergence testing is used as the final step to investigate the source of errors
in simulations, so that the design can be improved further to meet the desired
level of accuracy of the simulation results. It is a procedure similar to the
parameter sweep and it is used to find the optimum setting by varying the value
of variables. However, to obtain more accurate results often involves increased
simulation time and memory. While running convergence tests, it is important to
consider the acceptable level of error so that the simulation can finish in a
reasonable amount of time. For example, it is not necessary to refine the size of
object down to a precision of 1nm when the manufacturing process can only

achieve the accuracy of 10nm.

After narrowing down the range of variables using the parameter sweep, the
sources of error only cause very small effects on the simulation results, and it is
difficult to identify the ‘correct’ answer among all the similar results. Therefore, it
is necessary to quantify the level of convergence. At each step of a parameter

sweep, the difference with the results of the previous step is defined as [92]:

i = 0i-1)%dA
Ao(i) = jf(af(aj)zdzl (3.24)

where i refers to each sweep step for each parameter, Ag (i) is the corresponding
simulation results. Ideally, when this quantity becomes close to 0, it means the
parameter has finds its optimum value. However, if Ag(i) reaches a constant
value, it means that the error is being dominated by another parameter, although

the current parameter still has an effect.
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In order to quantify the absolute error, it is useful to consider the difference
between the current parameter o; and that ‘correct’ answer gy at sweep step of

N. This quantity can be defines as [92]:

. — oy)?dA
AaN(i)=\]f((}(a;Ni/1 (3.25)

This will provide a good estimate of the absolute error when i is away from N.

A set of convergence tests have been conducted to the structure studied in this
thesis. The simulations were undertaken with a single unit cell modelled with
periodic boundary conditions in the x- and y-directions over a period of 2.6um.
The structure of a unit cell consists of a 50nm thick aluminum ground plane at the
bottom, followed by a 600nm thick silicon dioxide layer, with a 3.2um by 400nm
gold rod resonator oriented at 45 degrees x axis on the top. Values of gold and
aluminum conductivity were taken as 4.5x 107/Qm and 3.75 x 107 /Qm
respectively to be consistent with those used in previously reported mid-infrared
studies [88], [89], [93], with the refractive index of silicon dioxide taken from the
Lumerical database from Palik [87]. PML absorbing boundary conditions are set
along the z direction to absorb incident light with minimal reflections. The
excitation is polarized along rod resonators expected to excite two resonances at

3.49um and 7.9um in reflectivity spectrum.

In order to test the simulation more efficiently, the convergence test is started
from the parameters that can be swept on a coarse mesh quickly, such as PML

distance and layers, leaving the tests that take longest, like finer mesh size to the
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end. To begin with, the minimum PML layer was set to 16 cells. The mesh
accuracy is set to be level 2. The inner mesh size was set as 50nm in the x and
y directions, 25nm in z direction, with the mesh boundary along the interface of
metal and silicon dioxide to guarantee the accuracy of simulation results. In the
convergence tests, we only need to investigate the reflection of metasurface
when the light source is linearly polarized in the direction along the rod, so the

polarization angle of incident light is set to be 45 degree.

(1) PML distance

To test the PML distance, to reduce the PML reflectivity, a parameter sweep
function was used to first perform 10 steps which will vary the simulation span
from 10 to 100 microns. The distance between the source and PML layer was set
to 1/5 of the simulation span, and the source position changes accordingly at
each PML distance. In the simulations, the wavelength range is from 3 to 10
microns, and the thickness of metasurface is only 0.7 microns, so the distance
from the structure to the PML, which ranges from 4.65um to 49.65um, is larger
than % of the wavelength. Figure 3.6 shows the results of the convergence test,
and it can be seen that the difference between each sweep is constant across
the entire sweep. The value of Ag(i) and Aoy (i) are relatively small and flat.
Therefore increasing the PML distance make no obvious change to the reflection

results, indicating that other parameters dominate the errors.
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Figure 3.6 Convergence testing result on PML distance. (a) Reflectivity spectrum for various
PML distance. (b) Calculated Ag (i) and Agy (i) as a function of various PML distance.

(2) PML layers

In order to test various PML layers, we set the simulation span at 40 microns,
source offset at 8um, the same mesh accuracy settings and inner mesh size as
before. In this test, PML layers are swept with 6 points including 4, 8, 16, 32, 64
and 128 layers. The simulated results are shown in Figure 3.7. At the minimum
number/thickness of PMLs, the simulated spectrum contains interference fringes
due to the reflectivity from the PML boundary. As the number of PML layers
increase, the interference fringes due in the simulated reflection, and the value of
Ao (i) shrink significantly until it reaches a constant value of 32. This is an
indication that the error from PML reflection is not dominant. Both Ag(i) and
Aoy (i) contribute less than 0.1% after 32. For the best results, we can operate
our simulation at PML layer of 64 that will be enough to reduce the error from the

PML boundary.
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Figure 3.7 Convergence testing result on number of PML layers. (a) Reflectivity spectrum for
various PML layers. (b) Calculated Ao (i) and Aay (i) as a function of various PML layers.

(3) Mesh accuracy

After setting the PML layers to the 64, the mesh accuracy level was swept from
level 1 to 5, with the resulting simulated reflection, and error, plotted in Figure 3.8
(a) and (b) respectively. From these results, the mesh accuracy level introduces
an error up to 0.8% at level of 2. As expected, higher levels of mesh accuracy
reduce the errors, and both Ag (i) and Aay (i) drop significantly and below 0.1%
at level 4. Based on the results, a mesh accuracy of level 4 was chosen,
corresponding to a target mesh size of 18 points per wavelength, was chosen for

the simulations described in this thesis
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Figure 3.8 Convergence testing result on Mesh accuracy. (a) Reflectivity spectrum for various
mesh accuracy level. (b) Calculated Aa (i) and Aay (i) as a function of various mesh accuracy
level.

(4) Inner mesh dx and dy

Based on analysis from the testing described above. The mesh accuracy was
set at level 4, PML layer of 64 and PML span of 40pum. The inner mesh of dx and
dy were then swept into 13 points between 0.01ym and 0.26um. The value of
each mesh resolution were selected to be: 0.01um, 0.02um, 0.025um, 0.04um,
0.05um, 0.065um, 0.1um, 0.2um and 0.26um so that the mesh boundary can line
along the edge of unit cell with size 2.6um*2.6um. The effect of the inner mesh
on the simulated reflection spectrum, and associated errors, are plotted in Figure
3.9, which clearly show that the inner mesh size has considerable influence on
the both the frequency and strength of the resonances. The coarsest mesh sizes,
such as 0.1um, 0.2um and 0.26um, introduces error up to 7%. As the mesh size
is decreased to values below 0.065um, the resonances in the reflection spectrum
have negligible changes between steps. At dx=dy =0.05um, the absolute error

is below approximately 1%, and continues to reduce as the mesh size is
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decreased. Considering the balance between simulation efficiency and results
accuracy, a mesh of dx=dy=0.025um was chosen, so that typical simulations

took approximately 1 hour.
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Figure 3.9 Convergence testing result on inner mesh of dx and dy. (a) Reflectivity spectrum for
various inner mesh size of dx and dy. (b) Calculated Ao (i) and Aoy (i) as a function of various
inner mesh size of dx and dy.

(5) Inner mesh dz

The last parameters to be analysed was the inner mesh size dz, which was found
to be the dominant source of error. In order to ensure that all of the mesh is lined
at the interface of different materials, dz was swept with 5 points: 0.0025um,
0.005um, 0.01um, 0.0125um and 0.025um. As shown in Figure 3.10, the
parameter dz has a small effect on the resonance at 3.4um in the simulated
reflection spectrum. At dz=0.025um, the absolute error Aagy (i) shows a maximum
value at 6%. For dz smaller than 0.025um, the error starts to drop and then Ao (i)
becomes essentially constant between 1% and 2%. This indicates that the error

from mesh size dx and dy starts to play an important role. Comparing with the
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values of Acg(i) from the other sources of error, Ac(i) of dz is still the largest.
However, the level of error is acceptable as it still allows accurate values of the

resonance frequency to be obtained with reasonable simulation time.
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Figure 3.10 Convergence testing result on inner mesh of dz. (a) Reflectivity spectrum for various
inner mesh size of dz. (b) Calculated Ao (i) and Aoy (i) as a function of various inner mesh size
of dz.

In summary, after conducting a set of convergence tests, the structure studied in
this thesis is simulated with PML span of 40um and 64 layers. The mesh accuracy

is set to level of 4 and the inner mesh size is set to be dx=dy=0.025um,

dz=0.005um.
3.7 Summary

This chapter summarised the principles behind the finite difference time domain
(FDTD method) used in this work. The chapter begun by introducing Maxwell’s
equations that govern the behaviour of electromagnetic wave. Next we
introduced the central difference approximations upon which the FDTD algorithm

is built. We then walked through the setup of the FDTD including building the
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structure, selecting materials, the simulation region and mesh setting. This
followed by post simulation actions which cover tools that offer visualisation of
results and post-processing of data. Finally, the workflow of simulation

optimization including parameter sweep and convergence testing was discussed.

Once an optimised metasurface design was obtained, metasurface samples were
fabricated to be characterised experimentally. In the next chapter, we will
introduce the top-down nanostructure fabrication method used, based on electron

beam lithography, to realise samples.
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4 Sample fabrication and characterization

4.1 Introduction

The minimum feature of metasurfaces can be on the order of ten nanometres
with subwavelength thickness. In the metasurface studied in this thesis the
minimum geometric parameter is the width of rod; 40nm. Therefore a reliable
fabrication process is required to guarantee the precise scale of the geometric
parameters of the metasurface. The fabrication of the metasurface employed a
top-down fabrication technique in which electron beam lithography and thermal

evaporation were used for nano-patterning and metal deposition.

This chapter is divided into two big sections that introduce the sample fabrication
process and characterization. The first section describes the details of the sample
fabrication process. It start off by introducing cleaning of the substrate wafer to
prepare for electron beam lithography. Then follows by the summary of the
lithography etching process, and includes a discussion of important factors
including: beam current size, exposure dose, datum level and development
process, that impact the quality of sample. The next is an introduction of thermal
evaporation and lift off process. Finally, an example set of data setting and image

for the fabricated nanorod-based metasurface sample is provided.

The next section focusses on the characterisation of the metasurface, with the
first section an introduction to metrology including optical microscope and

scanning electron microscope, and the section an introduction to infrared
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spectroscopy. Optical microscopy serves as an inspection tool during the
fabrication process to assess the quality of the pattern, while scanning electron
microscopy was used to precisely verify the geometric parameters of a fabricated
sample. The section starts with an introduction to the key part of the sample
characterisation, Fourier Transform Infrared spectroscopy (FTIR), and includes
details of the particular instrument used, a Brucker Vertex 80v FTIR spectrometer,
and its operation principle. The measurement setups used to obtain the
transmission and reflection spectra, and polarisation characterisation, are

descried.

4.2 Fabrication process

4.2.1 Cleaning

Metasurfaces were fabricated on silicon based wafers (contain 600nm SiO2 on
top of 200nm aluminium and silicon) purchased from ePAK, which were first sawn
into 1cm x 1cm chips. The fabrication started by cleaning the sample using ultra-
sonication in acetone for 20 minutes, followed by 10 minutes ultra-sonication in
isopropyl alcohol (IPA) to remove any chemical impurities or particles. Acetone
dissolves grease, wax, or any organic particles, and can therefore be used to
remove dust and other contamination, but also leaves residues. Therefore,
subsequent isopropanol soaking is essential steps to removes these residues.
Cleaning with IPA allows the surface to dry without spotting, but blowinging the
surface with compressed nitrogen gas is better for providing a completely

moisture-free environment for substrates. A final baking out step at the end of
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cleaning procedure, 200°C for 20 minutes on a hot-plate, is used for the

desorption of water and other solvent molecules.
4.2.2 Electron beam lithography

Derived from the early scanning electron microscopes, electron beam lithography
Is a direct writing lithographic process of scanning a focused electron beam on
an electron-sensitive film to deposit energy with the desired pattern. The electron
sensitive film is called a resist, and changes its solubility under exposure from the
electron beam. The most common electron-sensitive film in use is polymethyl
methacrylate (PMMA) as a high resolution positive e-beam resist, and hydrogen
silsesquioxane (HSQ) as a negative resist. As depicted schematically in Figure
4.1, a positive resist becomes easily dissolved by developer after electron beam
exposure, while a negative resist works in the opposite way to enable selective

removal of the non-exposure area.

Positive e-beam resist >
U Development

electron beam writing ’_‘ Negative e-beam resist

Development

i silicon wafer

Figure 4.1 Schematic of development process for positive and negative resist.
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The metasurface described in this thesis were fabricated using a NanoBeam NB4
el. In the lithography process, there are various parameters directly relevant to
sample quality that need to be optimised: beam current size, exposure dose,

datum level and development process.

Smaller current beam diameter, with lower throughput, always results in a better
resolution. However, the resolution is not only determined by the current beam
diameter, but is also influenced by a scattering effect from electrons also known
as proximity effect [94], which expands the interaction volume in the resist thus
broadening the diameter of the irradiated area. The e-beam dose, which
determines the number of electrons per unit area of exposure, is a critical
exposure variable for proximity effect correction. The interaction of the electron
beam-resist and electron beam-substrate means that that the required exposure
dose depends on the resist materials, thickness etc., and has to be determined
experimentally. The first lithography run was always therefore a set of dose tests,
where different doses were applied to each pixel, to find the exact dose required

for a particular pattern

A set of built in calibration packages are available in the e-beam system, including
with reference to the datum level. The datum level is an important factor in
ensuring that the beam is focussed on the surface of the sample, allowing for
different sample thicknesses. The system has 11 datum levels, with a height
difference of 110um per step, to accommodate different sample thicknesses.
Datum 1 is the highest level, which is suitable for thick substrates, while datum

11 is the lowest level for thinner substrate.
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The development process, which is used to dissolve the exposure area of a
positive resist, is another crucial process that has to be controlled precisely so
that the exposured area can be dissolved completely. The pattern fidelity is

affected by parameters such as developer concentration and developing time.

In the fabrication process for the nanorod-based metasurface investigated in this
thesis, 4% single layer polymethyl methacrylate formulated with 950,000
molecular weight resin in sanisole was used as a positive resist. The resist was
spin-coated, at a speed of 4000rpm, to form an evenly distributed thin layer of
400nm thick resist over the sample. The coated sample was exposed using the
electron beam system to precisely pattern a 77x77 array of 3.2umx0.4um rods,
in turn these arrays were written on a 40x40 grid, where each grid square
consisted of one 77 x 77 array . Once the writing is completed, the irradiated area
was dissolved in developer, consisting of a compound solution of 4methylpentan-
2-one, methyl ethyl ketone and IPA in a ratio of 5:1:15, for 30 seconds. The
sample was then rinsed in IPA, and then dried using compressed nitrogen gas.
The developed patterns was inspected under an optical microscope, to check for

errors, before the next step (metallisation) was undertaken.

4.2.3 Metallisation

After the exposure and development process, the resist layer can be used as a
template to transfer the design into a metal layer, a process called metallisation.
This starts by coating a thin layer of metal all over the sample. Dissolving an

unexposed resist using a solvent, will then leaving the deposited metal in the
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areas where there was no resist. Thermal evaporation of metals in vacuum is one
of the most commonly used methods to deposit a thin film coating on a substrate,
where metal are heated until they boil thus developing a vapour that then
condenses on the substrate for an even thin layer. An Edwards HHV Auto306
was used for the fabrication of the samples described in this work, with gold used
to form the metasurface due to its high conductivity and stability. To aid adhesion
of the gold to the substrate, a thin layer of chromium (5nm thick) was first

deposited, followed by 50nm of gold.

The lift off process is an important step to remove unwanted metal deposited on
the electron resist PMMA in order to obtain the final pattern. After evaporation, a
sample will be soaked into acetone for several hours, which will dissolved the
unexposed PMMA, so that metal deposited on the PMMA will be lifted off, while
metal deposited directly on the substrate will remain. To aid the lift-off, for small
gaps of metal on the PMMA, acetone was sometimes gently squirted directly at
the gap using a glass pipette, or the sample was placed in an ultrasonic bath for
a few seconds. Inspection under an optical microscope was used to check that
the PMMA has been dissolved entirely during the lift off process, before rinsing
the sample in IPA and blowing dry with compress nitrogen gas to complete the

fabrication process.

The schematic process flow for the nanorod-based metasurface investigated in

this thesis is shown in Figure 4.2.
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Silicon dioxide (600nm)

Aluminium reflector (100nm)
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Figure 4.2 Workflow for fabrication of nanorod-based metasurface on silicon wafer
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4.2.4 Fabricated sample

Figure 4.3 shows the fabricated metasurface on Natural Science department
sticker. Figure in magnifier displays the image under Scanning electron

microscope with 6500x magnification.

Figure 4.3 Images of the nanorod-based metasurface studied in this thesis. 1lcm*1cm sample
on Natural Sciences badge. Figure in magnifier is SEM image.

4.3 Metasurface characterization

4.3.1 Optical microscope

A Nikon LV150 upright optical microscope equipped with 5x, 10x, 20x, 50x and
100x bright field objective lenses was used in the fabrication process to inspect
sample patterns after e-beam lithography or the lift-off process. With the
maximum magnification provided by 100x lens, it is feasible to check 3.2um

x0.4um rod resonator. Figure 4.4 shows an optical microscope image of a
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fabricated metasurface after the development and lift-off processes under optical
microscope under 100x magnification. It is clear to see that the structure was
patterned with complete and equal unit cells without any unexpected connection.

Therefore, optical microscope can be used for inspection to predict errors in

fabrication and save time.

N

Figure 4.4 Images of the nanorod-based metasurface studied in this thesis under optical
microscope. (a) Nanorod-based metasurface after development process. (b) Nanorod-based
metasurface after lift-off process.

4.3.2 Scanning electron microscope (SEM)

Due to the fact that the smallest size of the metasurface features are in
nanoscales, final inspection of fabricated metasurface patterns was conducted
by scanning electron microscope (SEM) to precisely measure the geometric

parameters of the resonator structure.

SEM is a type of microscope using electron instead of visible light. The

wavelength of visible light limits the resolution of images. By using a beam of
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electron with much shorter wavelength, SEM can overcome the limitation of
optical microscope for higher resolution imaging purpose. Some electron
microscope techniques employ resolution of 0.2 nanometres which is more than
1000 times better than light microscope allowing researchers to study the surface

topography and composition of the sample.

Figure 4.5 shows the images of the fabricated nanorod-based metasurface under
optical microscope and SEM (TESCAN VEGAS3). Although the image provided by
optical microscope is with the maximum magnification of 100x, the resolution is
not high enough to inspect individual resonator shapes and their spacing,
whereas the use of SEM enables much better quality image with higher resolution

allowing to check the outline of shape and measure the geometric parameters

precisely.

HV curr det tit mag WD HFW
10.00 kV0.13 nAETDO °10 000 x 10.8 mm 25.6 um

Figure 4.5 Images of the nanorod-based metasurface. (a) Image taken under optical
microscope with 100X magnification. (b) Image taken under SEM.
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4.3.3 FTIR

Fourier-transform infrared spectroscopy (FTIR) is an analytical technique used to
characterise the metasurface, and their interaction with chiral molecules, studied
in this thesis. FTIR spectroscopy is often used to identify and characterise the
chemical composition of substance based on their interaction with infrared light,
where a beam of infrared light in a broadband wavelength range is directed onto
a sample. The interaction with sample causing specific bond in the detected small
molecules to vibrate at multiple characteristic frequencies leading the multiple
absorption dips in the output infrared spectrum. These vibrations are unique to
all basic building blocks of life such as lipids, proteins and nucleic acids in this
spectral range and allow for the identification of composition and determination
of their structures. This significant advantage not only allow to collect high-
resolution spectral data over a wide spectral range all at once and saving much

time but also provide more accurate results to resolve the chemical bonds mode.

A Brucker Vertex 80V instrument, a high resolution, ultra-fast rapid-scan FTIR,
was used in this work. Figure 4.6 (a) depicted the internal components and Figure
4.6 (b) shows the schematic optical beam path inside system. With standard air-
cooled MIR source, convergent polychromatic infrared light is emitted from a
globar, which is a U-shaped piece of silicon carbide. The emitted infrared light is
focussed at a point, then passes through an aperture wheel allowing adjustment
of beam size in the range 8mm to 0.25mm. After collimation by a parabolic mirror,

the infrared beam will travel through a Michelson interferometer, and then is
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focussed at the sample position using a parabolic mirror. The output beam is then
directed to a liquid nitrogen cooled detector which can measure the intensity of
infrared light as a function of time. Finally, the time-domain signal will be Fourier-
transformed into a frequency-domain spectrum that represents the intensity of

the infrared light as a function of wavelength or wavenumber.

(@) (b)

Jours

Figure 4.6 Schematic diagram and beam path of Bruker Vertex 80v FTIR spectroscopy
(illustration taken from [95])

The Michelson interferometer, consisting of a beam splitter, a stationary mirror
and a movable mirror on a precise linear scanner, is a core component in FTIR.
The basic setup of this interference system is shown in Figure 4.7 (a). The beam
splitter is designed to split the incident beam into two (shown in blue), with one
beam directed to a stationary mirror, and the other to a movable mirror. The
separated beams will then be reflected by each mirror (the reflected beam are
marked as red and yellow and then recombined at the beam splitter, generating

an interference wave which is then guided to the sample chamber.

84



Sample fabrication and characterization

(a) (b) _
Fixed mirror ] ) Ax=10 R ]
/N N N —~ .
e L\ \ L\ Y\ Constructive wave
d 4 N \ ' X I (Maximum amplitude)
A N AN
A
N P B —
Movable mirror N AN LA AN
Detector \ 7 7 . 74
DO JAAY >
i z
2 N S
NN/ NN l =
A L AL N
A 31
x=—
N B 1
P e SN N
.,«.;_,/ X »iod 0 A
4 2
Ax =1
N4 va K4 »——> Deconstructive wave
Source (zero signal)

Figure 4.7 (a) Schematic diagram of Michelson interferometer. (b) Two separate beam (marked
in red and orange) with the combined signal (marked in green) for five different optical path
difference. The figure of right side display amplitude of the combined beam as a function of

optical path difference.

The movable mirror is designed to actively control the beam path difference
between the separated beams. Figure 4.7 (b) shows how the amplitude of the
combined beam (marked in green) changes as the optical beam path difference
increases. First case is when the two beams are all in phase (Ax =0),

constructive interference occurs, in which case the combine beam reach to its
maximum amplitude. When the two beams are out of phase (Ax = %), destructive

interference occurs, in which case two beams are offset to each other resulting
combined beam with zero amplitude. The diagram in Figure 4.7 (b) reveals that
the light intensity of the combined beam is a maximum value in the case of
constructive interference when the difference in optical beam path is zero (Ax =
0). As the mirror starts to move, the intensity of combination beam gradually
decreases to zero, when the optical beam path difference is 1/2. The diagram on
the right in Figure 4.7 shows the combined wave intensity as a function of optical
path difference for a wave with single frequency. As expected, if the mirror keeps

moving further away, the combined wave intensity will start to increase again.
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The case discussed above is only for a single wavelength, we can plot the
equivalent results for various frequencies as shown in Figure 4.8 (a). The initial
condition is recorded when waves have zero path difference at which point the
combined wave for various frequencies have maximum amplitude. As the mirror
moves away from its initial position, the optical path difference start to increase.
As a result, the intensity of the light will decrease to zero due to destructive
interference with speed corresponding to their frequncies. In FTIR, the sum of
complex oscillatory signal with decreasing amplitude as a function of optical path
difference is referred as interferogram (depicted in Figure 4.8 (b)). The further the
mirror moves, the less the combined signal can be detected until at a point where

the light signal will converge to zero when light are out-of-phase completely.

3 wavenumber per unit distance
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Combined signal
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Signal in detector

v
A 4
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Figure 4.8 (a) Intensity of combined wave as a function of optical path difference for different
frequencies. (b) Sum of multiple frequency as a function of optical path difference

In practice, a typical interferogram diagram is shown in Figure 4.9 (a). The x-axis
represents the optical path difference in units of centimetre and the y-axis

represents the intensity of beam. The interferogram carrying information of

86



Sample fabrication and characterization

sample’s optical properties will be collected and Fourier-transformed into infrared
transmission or absorption spectrum with light intensity against wavenumber,
which is defined as reciprocal of wavelength in centimetres with unit of cm™1, as
shown in Figure 4.9 (b). To better visualise the optical properties of test sample,
the spectrum will be normalised by background signal. The final spectrum will be

plotted as shown in Figure 4.9 (c).
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Figure 4.9 The process of collecting spectrum in FTIR spectrometer. (a) The diagram of
interferogrm. (b) The transmission spectrum of a device. (c) The normalised spectrum by
background signal

In FTIR spectroscopy, the use of the Michelson interferometer offers many

significant advantages:

1. Multiplex Advantage
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In FTIR, the broadband infrared source is not separated into individual
frequencies for measurement. Each scan contains all wavelengths as the mirror

moves allowing measurement be completed all at once.

2. The Throughput Advantage

Because of the multiplex advantage, this slit-free system dramatically improves
the optical throughput which leads to more light reaching the detector. The higher
signal leads to an improved signal-to-noise ratio and improved sensitivity, which
allows small details in the sample optical response to be distinguished that would
be almost impossible to resolve in a classical dispersive infrared spectroscopy

instrument.

3. High Resolution

The maximum achievable resolution in FTIR is determined by number of data
points, and this is controlled by sampling rate and maximum optical path
difference. The VERTEX 80v instrument is equipped with a Helium-Neon (HeNe)
laser that emits red light with a wavelength of 632.8nm. This stable
monochromatic light source travels the same path as the infrared beam
generating a sinusoidal interferogram and is employed as an internal reference
to measure the optical path difference. In addition, this stable laser source is used
to trigger a clock which precisely controls the sampling rate when the laser signal
pass through zero. This means that the IR discrete signal can be collected at very

small wavelength intervals offering high resolution.
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The resolution is also determined by the maximum optical path difference, simply
because the longer the maximum movement distance the mirror can reach, the
more data points can be collected to produce the interferogram, with higher
resolution and lower noise. The VERTEX 80v standard configuration provides

spectral resolution of better than 0.2 cm™1.

4.3.4 Transmission system

The Brucker VERTEX 80v FTIR instrument comes with a wide range of optional
light sources, detectors and beam splitters. These optical components are
mounted on dovetail slides allowing them to be easily changed as demand. The
diagram in Figure 4.6 only display the most important internal components inside
spectrometer. As shown in that diagram, the Bruker Vertex 80v has a built-in well-
aligned transmission measurement system. In transmission mode, the standard
air-cooled MIR source is employed to emit mid-infrared light, with potassium
bromide (KBr) used for the infrared beam splitter as it is transparent across the
8000-350cm ™1 spectral region. For detecting signal, a liquid nitrogen cooled
cadmium-mercury-telluride (CMT) detector is used for the measurements

described in this thesis.

A typical measured transmission spectrum for air (background) is shown as in
Figure 4.10. As expected, IR-active atmospheric molecules (CO2, H20) are
clearly visible as minima in the measured background spectrum. There is a strong
doublet at around 2300 ¢m™!, which corresponds to absorption from carbon

dioxide [96]. The strong absorption features centred around 3800c¢m™! and
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1600cm™! are due to the absorption of H20 [97]. The overall shape of the
background spectrum reflects the optical response of the overall system,
including the output of the source, transmission thought the optical components

(e.g. beam-splitter, and response of the detector).
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Figure 4.10 The transmission spectrum of background in Air and vacuum.

In the measurement, a reference spectrum of air/vacuum taken as a background
before measurements are performed on a sample. Sample spectra are then
normalised to the background spectra to remove the effects of atmospheric
absorption, and the response of the system, leaving just the response of the

sample.

The built-in transmission system was used to characterise the properties of the
optical components, such linear polarisers and quarter wave plates that were
used in the testing of the metasurfaces in an external reflection system. The linear
polarizer used in the experiments was a holographic wire grid polarizer from

Thorlabs which operates over the 2-30um spectral range. It is consists of a
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periodic array of metal wire, deposited patterned onto a calcium fluoride substrate,
such that only incident light polarised orthogonal to the wires is transmitted. The
polarizer can therefore be used to create linearly polarized light from an
unpolarised light source. Figure 4.11 (a) the measurement setup where two linear
polarizers are positioned one after the other, and Figure 4.11 (b) shows the
measured transmission spectrum. The MIR light source in the FTIR is unpolarised,
only the fraction of incident light which is polarized orthogonal to polarizer grating
(marked as white line in diagram) can travel through. From the measured
transmission spectrum in Figure 4.11 (b), It is clear that the transmission of a
single polarizer is approximately 0.5, which means half of the incident light is
transmitted. When the two polarizers are placed in line, the transmission
decreases as one is rotated with respect to the other, thus no signal can be
detected across the entire spectrum when the polarizers are orthogonal to each
other.
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Figure 4.11 (a) The setup to measure transmission of linear polarizer. (b) Transmission
spectrum of two aligned linear polarizer

The quarter wave plates used in the measurement were assessed in the same

way.
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4.3.5 Reflection system

Unlike the built-in transmission system, the reflection system used to characterise
metasurfaces was a self-built external setup to conduct linear-to-circular
polarization conversion measurements, and is shown schematically in Figure

4.12.
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Figure 4.12 Schematic diagram of reflection measurement setup.

In the reflection system, the collimated infrared beam from outport port 4 (details
in Figure 4.6) of the FTIR system is first incident on a pair of parabolic mirrors, of
different sizes, to reduce the diameter of the collimated beam from 8mm to
approximately Imm. The beam then passed through a 2mm thick germanium
beam splitter, which divides the beam into two equal parts, but without effecting
its polarization. One beam is then directed into the sample using a gold mirror.
The reflected beam from the sample will follow the same beam path back to the
beam splitter, and is then guided to a third parabolic mirror which focuses the

light into a MCT detector. Parabolic mirrors were chosen for this system as they
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have >97% average reflectance over a broadband wavelength range up to 20um,
with no polarization dependence (Figure 4.13), and have focal points which do

not depend on wavelength.

Unprotected Gold Coating (-M03, 45° AOI)
100

95

—— P-Polarized

Unpolarized
—— S-Polarized

90

Reflectance (%)

85

R 20
Wavelength (pm)

Figure 4.13 The reflectance of unprotected gold parabolic mirror for p-, s- and un-polarized light.
(illustration taken from [98])

Unlike the transmission system, where the red HeNe laser could be used to help
align to the sample, the germanium beam splitter in the reflection system
completely blocks visible light. In order to precisely align the system, a lock-in
amplifier with an optical chopper was employed to help improve the signal-to-
noise level of the system. This allowed measured reflection signals to be
displayed and optimised during the alignment process. For all the experiments
conducted in this thesis, the rotation frequency of the chopper was set at 533Hz
(to avoid mains pick-up and reduce 1/f noise in the MCT detector). During
alignment, the MCT detector was directly connected to the lock-in amplifier output,
and the displayed signal maximised through positioning of the detector. The aim
of alignment process is to get the as maximum signal as possible by adjusting

position of the MCT detector Once the alignment process was finished, the optical
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chopper was removed from the beam path, and the MCT detector was re-

connected to the FTIR system to conduct reflection measurements.

The reflection system was designed to measure the linear-to-circular polarization
conversion performance of metasurface samples, and strict maintenance of
polarization states in the system is crucial. As mentioned above, the parabolic
mirrors have negligible effects on polarization states. However, different beam
splitters could potentially twist the polarization, causing errors in the

characterization of the metasurfaces.

Four types of beam splitters were therefore tested: calcium fluoride, sapphire,
and germanium with Imm and 2mm thickness. To characterise the beam splitters,
unpolarised infrared light transmitted through the beam splitter was reflected back
by a gold mirror, then followed the beam path to pass through a linear polarizer

before incident on the detector, as shown schematically in Figure 4.14.

Tested Beam
Unpolarized light splitter

N

Optical Chopper

y FTIR
| spectrometer
VA

1 =i

Linear polarizer

Parabollc mlrror

Preamplifier
Lock-in amplifier

Figure 4.14 Schematic diagram of reflection system to test beam splitters
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For each beam splitter, the reflected signal were measured with linear polarizer
at 4 different angle: 0, 45, 90 and 135 degree, where the wire grid on polarizer is
aligned on 0 degree. The 45 increment is set to cover 180 degrees of direction.

The measured reflection signal from four different beam splitter are shown in

Figure 4.15.
(a)
T T T T
CaF2 L2_45deg
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Figure 4.15 Measured reflection of (a) CaFz (b) Sapphire (¢) 1mm thick germanium (d) 2mm
thick germanium beam splitters

In Figure 4.15 (a) and (b), there are different levels of signal detected when the
linear polarizer is at different angle. This indicates that the detected light is not
unpolarised and so the calcium fluoride and sapphire beam splitter selectively
transmit and reflect light with certain polarizations. For germanium with 1mm

thickness, there is an observable difference in the measured reflection for
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different angles of the linear polarizer as shown in Figure 4.15 (c), but this not the
case for the 2mm thick germanium in Figure 4.15 (d). In comparison, the light
almost equally pass through germanium beams splitter at tested angles indicating
the light still consists of polarized components in all direction. In conclusion, the
2mm thick germanium beam splitters show good maintenance on the polarization

state in the system and was therefore chosen for the reflection system

4.4 Summary

The first of this chapter was an introduction to the metasurface fabrication
process, which starts with substrate cleaning. Electron-beam lithography, which
is the used to define individual nano-resonators was then described. The
metallisation and lift-off process, the last stages of the fabrication were then
discussed. The second section of the chapter is focussed on sample
characterisation. First we describe two methods, namely: optical microscope and
scanning electron microscope, to inspect fabricated sample on nanoscale. Next,
there was an introduction to mid-infrared FTIR spectroscopy, along with a
summary of the operation mechanism. Finally, the extra self-built reflection
measurement setup was described. Together with the FTIR spectrometer this
allows measurement of the reflectivity spectrum, and also the Stokes parameters,

to characterise the performance of the metasurface.

The next chapter describes the characteristics of a mid-infrared nanorod-based

metasurface using both simulation and experiments.
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5 Broadband efficient mid-infrared linear-to-circular
polarization conversion using a nanorod-based

metasurface

5.1 Introduction

Building on the work on metasurfaces for the terahertz region [67], this chapter
mainly investigates metasurfaces, consisting of arrays of nanorod-based
resonators, for efficient linear-to-circular polarization conversion in the
technologically important mid-infrared spectrum. In simulation, two resonances
at 3.4um and 7.9um are detected, and the metasurface is verified to convert
linearly incident polarized light into circularly polarized light in reflection, with near
unity conversion efficiency, within the off-resonance range. A thorough analysis
of the two resonances is undertaken to understand the design by exploring the
current density distribution, the near field distribution profile of the structure and
the dependence on geometric parameters. The angular dependence
characteristic is studied to prove that normal incidence is the key for the
metasurface to work with a large bandwidth. Fabricated metasurfaces were then
characterised, with the polarization state of the reflected beam determined by
measuring four Stokes parameters using a reflection system based on a FTIR
spectrometer (see Section 4.3). Experimental results were in good agreement
with those from simulations, showing that the structure enables conversion of

linearly polarized light into circularly polarized light across the wavelength range
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4-7um with polarization conversion efficient up to 83%. Such metasurfaces,
which have subwavelength thickness, could potentially replace conventional
quarter wave plates, but could also be used for circular dichroism spectroscopy
in the mid-infrared region, allowing the relative easy differentiation of chiral

enantiomers.

5.2 Design of nanorod-based metasurface

A schematic diagram, and scanning electron microscope (SEM) image of a
fabricated sample, of the metasurface studied are shown in Figure 5.1 (a) and (b)
respectively. Simulations were undertaken using the FDTD software Lumerical,
as described in Chapter 3, with a single unit cell modelled with periodic boundary
conditions in the x- and y-directions over a period of 2.6um, and a light source
linearly polarized in the y-direction incident along the z-direction. PML absorbing
boundary conditions are set along the z direction to absorb incident light with

minimal reflections.

The structure of a unit cell consists of a 100nm thick aluminium ground plane at
the bottom, followed by a 600nm thick silicon dioxide layer, with a 3.2um by
400nm gold rod resonator oriented at 45 degrees to the edges of the device (x
axis) on the top. Values of gold and aluminium conductivity were taken as 4.5 X
107 /Qm and 3.75 x 107 /Qm respectively to be consistent with those used in
previously reported mid-infrared studies [88], [89], [93], with the refractive index
of silicon dioxide taken from the Lumerical database (in turn taken from Palik [87]).

The mesh size was set as 5nm in the z-direction, with the mesh boundary along
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the interface of metal and silicon dioxide to guarantee the accuracy of simulation

results.

(a) (b)
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Figure 5.1 Schematic of nanorod-based metasurface. (a) The schematic of one unit cell of
nanorod-based metasurface with geometric parameters. The device is placed on the x-y plane
and light travels along z direction. (b) SEM photo of fabricated sample with 20000x
magnification.

5.3 Simulation results

5.3.1 Reflectivity and phase spectrum

In order to investigate the polarization conversion of nanorod-based metasurface,
the incident light is resolved into two orthogonal components polarized along the
rod and perpendicular to rod as shown in Figure 5.2 (a). At normal incidence, we
performed the reflectivity and phase spectrum of metasurface under two
orthogonal polarizations respectively and the simulation results are displayed in
Figure 5.2 (b) and (c). From Figure 5.2 (b), itis clear that the metasurface exhibits

an anisotropic optical response for the two incident orthogonal polarizations,
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whilst at the same time near unity reflectivity is obtained in the off-resonance
between wavelengths of approximately 4um to 7um. When the incident electric
field component is parallel to rod (marked with red curve), the two distinct
resonances excited at 3.4um and 7.9um result in decreases in the simulated
phase, as shown in Figure 5.2 (c). On the other hand, when the field is orthogonal
to the rod (marked with blue curve), there is negligible interaction between the
light with resonators. As a result, the phase spectrum for E, also shown in Figure
5.2 (c), is smoothly changing with relatively weak wavelength dispersion over a
wide wavelength range. In the off-resonance wavelength band from
approximately 4um to 7.5um (indicated in grey region in Figure 5.2 (c)), the phase
difference between the two light components is relatively stable with the
magnitude at a value of around — /2. As a consequence, the combined wave
will become circularly polarized light. This verifies that incident linearly polarized
wave is converted into circularly polarized wave and the nanorod-based
metasurface functions as a quarter wave plate within the off-resonance region.
The calculated circular polarized state of reflected light is plotted as a function of
wavelength in Figure 5.2 (d). RL, Rr represent reflection for left and right circularly
polarized light. The data shows that the reflected light is almost pure left-handed
circularly polarized light, with conversion efficiency over 90%, in the range from
4um to 7.5um. Finally, the diffraction effect was investigated due to the periodic
array arrangement of metasurface through FDTD simulations with provided
grating analysis group which provides results including numbers of diffraction

order, diffraction angles and grating efficiencies in response of broadband
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wavelength range [99]. Simulation results show that, at normal incidence, the
metasurface only support one diffraction order in reflection from 3-10um meaning

the incident light is simply reflected with no diffraction.
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Figure 5.2 Simulation results of nanorod-based metasurface. (a) Schematic showing the
polarization of the two orthogonal components in simulation. E(E, ) stands for the incident light
is polarized parallel (orthogonal) to rod. (b) Amplitude and (c) phase spectrum under excitation

of two orthogonal components by FDTD full-wave simulation. (d) The retrieved normalized
circularly polarized light reflected from metasurface.

5.3.2 Resonances analysis

With the incident light parallel to the rod, three distinct resonances are observed
in the simulated reflection spectrum (Figure 5.2 (b)). The resonance at 9.4um
originates from the phonon absorption of silicon dioxide, and the wavelength of

this resonance does not vary with the shape of the resonators. The resonances
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at 3.4um and 7.9um, however, are based on different underlying mechanisms.
The resonance at 3.4um is consistent with the gap surface-plasmon (GSP) mode
[62], [100], which can be more generally understood as a magnetic resonance
with the magnetic dipoles being generated by the anti-symmetric surface current
distribution in the rod resonator and aluminium ground plane. This can be verified
by the simulated current density distribution and magnetic field distribution at
cross plane. In order to calculate current density, FDTD assume that the effective
permittivity of the metasurface is contributed by background permittivity £, and

permittivity correlated to current density ¢;. Then the displacement field vector for

a given electric field can be calculated based on [101]:

D = EmatesurfaceE = (& + EJ)E (5.1)
Then we have:
D=D,+ ! (5.2)
0 w

Then we yield the current density as:

] =Dy —iwD (5:3)
As shown in equation (5.3), the current density can be calculated through electric
field and refractive index of metasurface which can be extracted through analysis
group. In FDTD simulation, mesh size is set into dx*dy*dz=50nm*50nm*5nm in
a mesh override region of 2.6um*2.6um*1.4um. Calculated current density vector
J can be visualised at a slice on xy, yz and xz plane. In order to verify the anti-

symmetric surface current distribution in the rod resonator and the aluminium
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ground plane, we plot current density distribution in xy plane locating in (a) rod
and (c) aluminium layer at resonance of 3.4um in Figure 5.3. As Comparison,
Figure 5.3 (b) and (d) illustrate the current density at 7.9um. In both cases, it is
clearly that the current vector generated in the rod has the opposite direction to
that generated in the aluminium. Nevertheless, the current density at 3.4um are
10 times stronger than 7.9um. This indicates that the anti-symmetric current
distribution exhibit, characteristic of the gap surface-plasmon (GSP) mode, which
is the dominant effect at the 3.4um resonance, while the resonance at 7.9um

originates from a different mechanism.

Figure 5.3 Simulated current density distribution in the plane across (a) rod at 3.4um (b) rod at
7.9um (c) aluminium at 3.4um (d) aluminium at 7.9um
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The mechanism underpinning the two resonances can be verified by inspection
of the magnetic field profile. Figure 5.4 shows the calculated magnetic field
profiles for the resonances at 3.4um and 7.9um in the xz-plane at the centre of
metasurface, where the outline of the structure is marked in white. In both cases,
it is clear that the magnetic field is confined to the sides of rod and gradually
reduces in strength as a function of depth in the silicon dioxide. However, within
the same scale bar, the maximum value of magnetic field at 3.4pm is almost twice
as strong than that at 7.9um, and same for the volume of localised region for
enhanced magnetic field. The strong localisation of magnetic field originates from
the anti-symmetric current distribution in the metal layer which is consistent with

the fundamental GSP mode mentioned in above paragraph.

(a) A=3.4pm |H/Hy|2  (b) A=7.9pm |H/Hg|?
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Figure 5.4 Magnetic field distribution in xz-plane at center of metasurface at resonances of (a)
3.4um and (b) 7.9um.

The GSP mode is a result of complex near-field coupling between the top and
bottom metal layers as well as adjacent resonators, therefore, the resonance
wavelength is influenced by spacer thickness and periodicity. The effects of

silicon dioxide thickness and unit cell periodicity on the reflectivity are shown in
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Figure 5.5 (a) and (b). In Figure 5.5 (a), we studied the periodicity varies from
2.6um to 5um. To begin with, here are only two resonances at 3.4um and 7.9um.
As the periodicity increases, the coupling between adjacent resonators
decreases from the GSP mode, and the resonance at lower wavelength shows
significantly red-shift. As a result, the off resonance bandwidth becomes narrower,
and is inversely proportional to the periodicity. In order to achieve a maximum
broadband wavelength range, a periodicity of 2.6uym was chosen for the

metasurfaces studied in this thesis.

The SiO:2 thickness also play an important role in the characteristics of the
structure, and Figure 5.5 shows the effect of varying the SiO2 thickness from 0 to
1000nm. With no SiOz spacer, the reflectance is unity across the entire spectrum.
As the SiO2 spacer layer becomes thicker, the two resonances become visible in
the spectrum. The resonance strength at 3.4um first becomes stronger, then
weaker, as the SiO2 thickness increases due to less coupling between the top
and bottom metal layers. However, unlike the periodicity, the thickness of SiO2
only has a negligible impact on the resonance wavelength. As the SiOz2 thickness
also strongly determines the relative phase delay, we selected 600nm as SiO2
thickness to ensure a 90 degree phase delay between the components of incident

light.
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Figure 5.5 Reflectivity spectrum of E; as a function of (a) periodicity and (b) thickness of silicon
dioxide, respectively. Colorbar corresponds to reflectivity value from 0-1.

In contrast to the resonances at 3.4um, the resonance at 7.9um, doesn’t show
the same magnetic enhancement and localization, and can be understood as a
Fabry-Perot cavity like mode where the two layers of metal are only linked by
multi-reflection in the spacer layer, with negligible near-field coupling [102]. A
minima in the reflection indicates that the incident light is trapped by the
metasurface as a result of destructive interference between multi-reflection and
direct reflection from metasurface. This is determined by the dispersive properties
of dielectric spacer and shape of resonators. The schematic diagram of
interference theory at normal incidence is shown in Figure 5.6, where the
resonator rod array is considered as a homogeneous layer medium 1, and the
silicon dioxide layer is treated as medium 2. There are incident light E;,, and multi-
reflected light R;, R,, R3, etc, where ¥ and ¢ represent the reflection and
transmission coefficients between the two media. These are complex numbers
carrying phase information where £, is the transmitted coefficients from medium
1 to medium 2. 75 is the reflected coefficients from medium 1 to medium 2.

Similarly, £,; is the transmitted coefficients from medium 2 to medium 1. 73; is the
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reflected coefficients from medium 2 to medium 1. The incident light E;,, (which
is assumed to be unity) is first incident on the interface between mediums 1 and
2, with part of the light reflected back to air with the reflected coefficients of 775,
part transmitted into the dielectric material with the transmitted coefficients of ;,
and hitting the bottom metal plane, whilst phase index accumulates e/f =
e/Mspacerkod gimyltaneously in propagation, where Nspacer 1S the dispersive
refractive index of silicon dioxide, k, is the wavenumber in free space and d is
the thickness of silicon dioxide. This light carrying power of t;, e/# will be
reflected completely by the aluminium plane, with a power of =t;, e/# due to the
reflection coefficient of -1. The reflected light will propagate in the dielectric
medium, before being reflected by the resonator array, therefore forming a FP-

cavity resonance. The overall reflection will be simply sum of all the reflection

light as:
R:R1+R2+R3+'“ (54)
Etn
R1 RZ R3
Medium 1:
Air+Rod array iz —f,e72PE5; tr2e/*P 316

Figure 5.6 Schematic diagram of interference theory.
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ReplacingR4, R,, R; ...with reflected coefficients and transmitted coefficients:

R =7 + (—t,e7?Pt5,) + t,e/*F 7515,

+ (_tl'vzej6/3f-;12f;1) + .- (5.5)

The total reflection coefficient can then be calculated as:

1 - (—ei2br5;)"
1= (—e/ry)

R = 7, — ty,t5,e/%F [
(5.6)
o E5,e/28

1+ el?Pry,

~
~

T2

According to equation (5.6), except for phase parameter f, the complex
transmission and reflection coefficients: t;,,773,t,1,7; can be obtained by
simulating a unit cell without aluminium reflector to calculate the total reflectivity
as shown in Figure 5.7 (a). In simulations, the thickness of silicon dioxide was
taken as half of original value for simplicity. The plane wave source is set to travel
along - z direction to acquire t;,, 73, and +z direction to calculate t,;,75;. The
reflectivity and corresponding phase value of rod resonator with silicon dioxide
as a function of wavelength is shown in Figure 5.7 (b) and (c). A dipole resonance
at 6.4um is detected as a minima in transmission or a maxima in the reflectivity
spectrum. As a pair of t;,, 77, show similar value with t,;, 75, it confirms that the
direction of incident light have negligible impact on the intensity of coefficients.
However, its influence on phase spectrum is significant as shown in Figure 5.7
(c). As aresult, the calculated reflectivity based on simple interference theory has

a minima reflectivity at a wavelength of 7.91um, as shown in Figure 5.7 (d). This
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is consistent with the resonance observed in the FDTD simulation at around
7.94um. The excellent agreement validates that the resonance at 7.9um can be

understood as Fabry-Perot cavity like mode.
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Figure 5.7 (a) Schematic diagram of original metasurface and the unit cell with beam path in
simulation. (b) Simulated coefficients and (c) corresponding phase spectrum. (d) Reflectivity
spectrum obtained from FDTD and interference theory.

Back to equation (5.6), this light absorption dip at 7.9um can be explained a result
of destructive interference between the primary reflected light Ry = 75, = 17,e/%12
and superposition of multi-reflection R, + R34+ - . From the diagram of
interference modes in Figure 5.6, the phase difference between R,, R3, etc.
remains as (2 + 180 + ¢,,) and equal to 357 degree at 7.9um. The phase
difference is plotted as a function of wavelength in Figure 5.8 (a). Light incident

on the rod resonators, and then reflected from the aluminium therefore

109



Chapter 5

experiences a phase delay of 357 degrees. As a consequence, the multi-reflected
light experiences constructive interference. The overall phase value of the
superposition of the multi-reflected light R, + R3 + -+, represented as the second
term including negative sign in equation (5.6), is calculated as -29.7° in Figure
5.8 (b) . As comparison, the phase spectrum of the first term, representing as R,
is shown in Figure 5.8 (b). The phase difference (yellow line) between two term
reach to 175.7° at 7.9um which satisfy the requirement of destructive interference.
This indicated that the multi-reflected light destructively interferes with direct
reflection from rod resonator. As a result, the total reflection is almost zero at
resonance. Although there is no near-field coupling in this mode, but the multi-
reflections link top and bottom metal parts in this mode.
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Figure 5.8 (a) Phase difference between R,, R; etc.(b) Phase spectrum of primary reflection R,
sum of multi-reflection R, + R3 + --- and their phase difference.

5.3.3 Non-normal incidence

As discussed above, it's worth highlighting that normal incidence is of great

importance to enable the nanorod-based metasurface to maintain a broadband
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effective operation wavelength. As discussed in 5.3.1, the phase response of the
optical resonator highly relies on excitation polarization. In order to create an ideal
quarter waveplate, incident polarization must be at certain angle to excite rod
resonator to produce a 90 degree phase shift between decomposed components.
In this section, the characteristics of the metasurface with incident at oblique

incidence, with some special cases.

An oblique incidence is defined by three angles: theta, phi and polarization angle
as shown in schematically in Figure 5.9. Theta and Phi are the source angle,
where theta describes the angle between the propagation vector of the incident
beam and the surface normal (theta is between 0 and 90 degree), and phi defines
the angle from the positive y-axis to the vector’s orthogonal projection onto xy
plane. There is also the polarization angle that describes the oscillation direction
of the electric field vector of the incident light. All three angles contribute to the
interaction between incident light and the resonators, and thus make impact the

metasurface characteristics.
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Polarization angle (0-360°)

Polarization plane
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Figure 5.9 Schematic of a unit cell at oblique incidence.
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For simplicity, we investigated the anisotropic property of the metasurface for two
special cases at oblique incidence, when phi equals to -45° and -135°, with theta
set to 10° in both cases. The decomposed two orthogonal polarizations are set

as 0° and 90°, as indicated by the green and yellow arrows in Figure 5.10.

(@) (b)

X

Figure 5.10 Schematic diagram for metasurface unit cell with oblique incidence. (a) ¢ = —45°.
(b)) @ = —135°.

The simulated reflectivity and phase spectrum for the decomposed two
orthogonal polarizations are plotted in Figure 5.11. In both situations when ¢ =
—45°/—135°, there is a similar anisotropic response, where reflectivity is near
unity across the entire spectrum (non-resonant mode) for one polarization, but
contains multiple strong absorption minima for the other incident polarization
(excitation mode). In excitation mode, the double-linked resonances around 3-
3.5um and a sharp resonance at 7.9um seen when ¢ = —45°/—135°, can also
be excited at normal incidence as discussed in the previous section. However,

an extra resonance at 4.5um can only excited when ¢ = —45° for polarization
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angle of 0°. This also results in a phase discontinuity as shown in Figure 5.11 (b),
where a small phase jump can be observed in the blue curve. As a consequence,
we cannot obtain an ideal quarter wave plate at 4.5um because of the amplitude
of this resonance, and the non 90 degree phase shift. By comparison, the
demonstration of an anisotropic response when ¢ = —135° is very similar to that
at normal incidence plotted in Figure 5.2, where the reflectivity stays equal and
the phase shift is -90 degree from 4pym to 6um, confirming that the metasurface

still functions as a quarter wave plate within the off-resonance wavelength range.
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Figure 5.11 Simulated (a) amplitude and (b) phase spectrum under excitation of two orthogonal
components when ¢ = —45°. Equivalent results in (c) and (d) when ¢ = —135°
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5.4 Experimental results

5.4.1 Measured reflectivity

Samples were fabricated using the electron beam lithography techniques
described in chapter 4. Measurements were conducted at room temperature
under ambient conditions, with the reflectivity of the samples characterized using
a Fourier transform infrared (FTIR) spectrometer as shown schematically in
Figure 5.12. This setup is similar to that in Figure 4.12 but a x15 reflecting
objective lens from Thorlabs were used to focus light onto the sample. With a pair
of parabolic mirrors, the source beam size is reduced and then guided to the
germanium beam splitter (ratio close to 1:1) which allows reflected light to be
collected. The third off-axis parabolic mirror is used to focus the reflected light
into a liquid nitrogen cooled HgCdTe detector with a 2—12 um response, then the
signal from the detector will be amplified by a low noise preamplifier before being

passed to the FTIR spectrometer.

Germanium  Reflective
Linear polarizer Beam splitter Qpjective

e

Sample on
rotation mount

I 7Y ...
. \ J de) \ i

Parabolic mirror Linear polarizer
Quarter wave plate

Figure 5.12 Schematic diagram of experiment set up at oblique incidence.
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A wire grid linear polarizer with its optical axis orientated along y-axis, was placed
before the beam splitter to generate linearly polarized incident light with electric
vector along x axis. In our case, the light is oriented horizontally to the platform
surface. The sample is mounted on a separate manual rotation stage with 360°
continuous rotation as shown in Figure 5.14 (a) in which the incident light along x
axis is marked with red arrow. The reflectivity of the two components (E; and E,)
was performed by rotating the sample stage with 45° in anticlockwise or clockwise
direction so that the rod resonators are either parallel or orthogonal to the
polarization of incident light as shown in Figure 5.14 (b) and (c). The measured
reflectivity was then normalized to that obtained from a substrate that had no

resonators.

(a)

3159 L 450
y Vo7
E. [[ | T~ Rotation
in |e —
 \\ /] mount
\ L \ Metasurface

Figure 5.13 The illustration of incident light and metasurface to measure reflectivity of E; and E, .
(a) The illustration of sample mounted on rotation mount. (b) The illustration of sample mounted
on rotation mount to measure E;. (c) The illustration of sample mounted on rotation mount to
measure E, .

Reflecting objective lens provide angular incidence and the experiment results

are plotted in Figure 5.14 (a) and (c) as a function of wavelength. In Figure 5.14
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(a), when light polarization is parallel to resonators, minima in the measured
reflectivity for E, are observed at wavelengths of approximately 3.4pum, 3.6um,
4.8um and 7.9um. The strength and wavelength of these resonances match
those observed in simulations for non-normal incidence from Figure 5.11. (a),
which verify that light is at non-normal incidence. This is due to the fact that
reflective objective lens has intrinsic incident angle up to 35 degree. With the light
orthogonal to the rods, near unity reflectivity over the operation wavelength range
is be observed in the spectrum as shown in Figure 5.14 (b). As comparison, the
reflectivity measured without the reflective objective lens are plotted in Figure
5.14 (c) and (d). In this case, the metasurface are excited at normal incidence.
By comparing the reflectivity at non-normal incidence, it is clear that the
resonances at 3.6um and 7.9um remain however the resonances at 3.4um and
4.8uym disappear. As described earlier, these two remaining resonances
correspond to the gap surface plasmon (GSP) mode and Fabry-Perot cavity
mode, respectively. The resonances at 3.4um and 4.8um disappear at normal
incidence which confirms that these two resonances are angular dependence.
These additional resonances, arising from non-normal incidence, will narrow the
working bandwidth of the metasurface as a quarter wave plate. Therefore, it is
important to take incident angle into consideration in order to perform

metasurface in a broadband wavelength range.
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Figure 5.14 The direction between incident light and metasurface with the measured reflectivity.
Reflectivity of (a) E; and (c) E; at non-normal incidence. Reflectivity of (b) E, and (d) E; at
normal incidence.

5.4.2 Measured Stokes parameters for non-normal incidence

To further characterize the properties of the metasurface, the Stokes parameters,
which give a direct physical interpretation of the state of polarization of a given
electromagnetic field, were measured. In this case, sample is rotated at O degree
so that the incident light is polarized at 45 degree to resonators. To measure the
Stokes parameters an additional wire grid linear polarizer was placed between
the parabolic mirror and detector, as shown in Figure 5.12 in the dashed rectangle.

The classic measurement setup to obtain the Stokes parameters is depicted in
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Figure 5.15 [103]. The measurement start with setting this additional linear
polarizer with its optic axis along y-axis, 45 degree to y- axis and x axis to
measure the intensity of the reflected beam from the metasurface. The data are
marked as P;(0°), P,(90°), P;(45°) respectively. These three measurements can
calculate three Stokes parameters: S,, S; and S, which describe the polarization

ellipse of the light.

Optical axis

Measure power 1: P;(0°) Polarizer axis horizontal

Measure power 2: P, (90°) Polarizer axis vertical

y

‘ Measure power 3: P3(45°)
z

Figure 5.15 Classic measurement setup to obtain first three Stokes parameters.

Polarizer axis at 45°

T

The three Stokes parameters can be expressed as:

So = P1(07) + P,(90%) (5.7)
S; = P;(0°) — P,(90") (5.8)
S, = 2P;(45°) — S, (5.9)

The accurate polarization ellipse of the reflected beam can be characterized

using the value of ellipse parameters E,,, Eq, and orientation angle {, as

indicated in Figure 5.16, with the parameters given by:
E = 1 (5.10)
ox = |5 (So +51)
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’1
Eoy = E(So —$51) (10

§ = ~tan~! (_2) (5.12)

2E,,

Figure 5.16 Indication of ellipse parameters E,,, E,, and orientation angle 1.

Figure 5.17 (a) shows the calculated ellipse parameters E,,, Eq, and orientation

angle Y calculated based on measured three stoke parameters (S,, S; and S,)
with reflective objective lens from 3um to 10um. It is clear that the ellipse
parameters Eo,, E,, are almost equal from 3.8um to 4.8um indicating an ellipse
close to circular however, they start to be different after 4.8um which means the
polarization is an tilted ellipse rather than circular. In conclusion, the linear-to-
circular polarization conversion is interrupted by the resonance at 4.8um
originating from non-normal incidence. In Figure 5.17 (b), the ellipse parameter
is plotted as a function of wavelength between 3.8um and 4.8um. Clearly, E,,,
Eo, show little wavelength dependence over the range 3.8um to 4.8um, as well
as orientation angle . Therefore, the polarization state of the beam is constant
over this range. Within the wavelength range from 3.8um to 4.8um where linear-
to-circular polarization conversion occurs, the polarization ellipse are illustrated

at 4.1um, 4.3um, 4.5um and 4.7um respectively as examples to visualize the
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polarization states at specific wavelength in Figure 5.17 (c). These clearly

demonstrate that the reflected beam is circularly polarized in this range.
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Figure 5.17 Experiment results of nanorod-based metasurface at non-normal incidence. (a)
Calculated ellipse parameters E,,, Ey, and orientation angle y based on Stokes parameters
from 3um to 10um and (b) from 3.8um to 4.8um. (c) The schematic of polarization state of
reflected beam at 4.1um (E,, = 0.669, E,,, = 0.667,9 = —4.33°), 4.3um (E,, = 0.648,E,, =
0.685,% = —3.37°), 4.5um (E,, = 0.654,Ey, = 0.654,% = —3.35°) and 4.7um (Ey, =
0.620, Eoy, = 0.656,1) = —4.38°).

5.4.3 Measured Stokes parameters for normal incidence

As discussed above, the metasurface operation bandwidth is angular dependent,
therefore, it is necessary to apply normal incidence to obtain its maximum working
bandwidth. In the following discussion, the measured Stokes parameters at
normal incidence without the reflective objective will be presented. Although in
this case a slightly different measurement procedure was used, which allows the
handedness of circularly polarized to be obtained, the obtained results are directly
comparable to those obtained at non-normal incidence. In these measurements

the fourth Stokes parameter S5, was also measured, which required that a quarter
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wave plate was inserted in the beam path with its fast axis fixed at 0° to the x-

axis to obtain the intensity P,(0°,45"), as shown in Figure 5.18.

Measure power 4: P,(0°, 45°) /l/" %

Fast axis
Quarter wave plate Linear polarizer

Figure 5.18 Classic measurement setup to obtain the forth Stokes parameters.

The fourth Stoke parameter can then be obtained as:

Sy =S, — 2P,(0°,45") (5.13)
The Stokes parameters were measured at four different wavelengths, 3.5um, 4.5-
4.9um, 6um, 7um using four different quarter waveplates. The measured Stokes
parameters at normal incidence are shown in Figure 5.19, where grey bands
correspond to the bandwidth of the particular quarter waveplate used for each
measurement. In each figure, S, represents the total intensity of light, thus the
value of S, is 1 1 across the entire band through normalisation. As discussed in
section 2.2.3, S; and S, describe linear polarized light along with electric field
vector oscillate along x/y axis and +45°/-45°. This means when linearly polarized
light is along x/y axis, the value of S; will approach 1 whereas when linearly
polarized light is along +45°/-45°, the value of S, will approach 1. This is seen in
the measurement results shown in Figure 5.19 (a) where S; is close to 1, while
S, is near zero, therefore, the light at 3.5um is a linearly polarized light along the

xly axis. The fourth Stokes parameters S5 is related to the handedness of
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circularly polarized light. It can be observed ranging from —1 and 1 , the negative
value implies left polarized light and positive value stands for right polarized light.
In this context, when it is lineally polarized light, the value of S5 will be 0 hence, it
is perfectly circular polarization light when S; equal to +1. In the measurements
shown in Figure 5.19 (a), S; equal to zero at 3.5um which confirms that the light
at this wavelength is linearly polarized. At 4.5-5um the value of S; is
approximately the same as that of S,, whilst S; has value over 0.5. Similar results
can be found at 6um and 7um. Compared with results in Figure 5.19 (a), the light
detected at 4.5-5um, 6um and 7um are more likely to be right-handed circularly

polarized light.
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Figure 5.19 Measured Four Stokes parameters (a) at 3.5um, (b) 4.5-5um, (c) 6um and (d) 7um.

122



Broadband mid-infrared linear-to-circular polarization conversion

Based on equation (5.10)-(5.12), the calculated ellipse parameters E,, Eq, and

orientation angle y at each wavelength are plotted in Figure 5.20 Calculated
ellipse parameters at (a) 3.5um, (c) 4.5-5um, (e) 6ym and (g) 7um and the
corresponding ellipse based on the marked value at (b) 3.5um, (d) 4.5-5um, (f)
6um and (h) 7um., where Savitzky-Golay smoothing was applied. At 3.5um,
4.7um, 6um and 7um, a set of ellipse values is picked and marked in the figure,
with the corresponding ellipse shown in the right-hand figures. At 3.5um, due to

the fact that E,, is close to 1 while E,,, is close to zero, we can predict that the

detected light is more like to be a linearly polarized light, which is confirmed by
the extracted ellipse. However, it is at 4.7um, 6um and 7um where E, and E,
have similar values, and have a weak wavelength dependence. This indicates
that the polarization state is stable across a broadband wavelength range. In
particular, Ey, and Ey, have identical values at 4.7um, confirming that the
detected light is a circularly polarized light at 4.7um (the noise in the
measurement of angle is due to the particular quarter waveplate used). The
reflected light at 6um and 7um is no longer perfectly circularly polarized but is
characterised as elliptically polarized light with axis ratio (AR = tan y) ranging
from 0.4 to 0.65. These experimental results show that for normal incidence the
reflected light from the metasurface has been stably converted into elliptically
polarized light across a broadband spectrum from 4um to 8um, with reflected light

at 4.7um being perfectly circularly polarized.
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Figure 5.20 Calculated ellipse parameters at (a) 3.5um, (c) 4.5-5um, (e) 6um and (g) 7um and
the corresponding ellipse based on the marked value at (b) 3.5um, (d) 4.5-5um, (f) 6um and (h)

7um.
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In order to obtain the polarization conversion efficiency, the degree of the circular
polarization (DOP) which represents the amount of circular polarization light in

the detected beam is defined by:

_IC_S3
PoL 75,

0< p < 1 (5.14)
where I, stands for the amount of circular polarization light, I, represents the
power of reflected beam. From Figure 5.20, the DOP at 4.7um is 0.6, at 6um is

0.88, at 7um is 0.7. The polarization conversion efficiency will be:

I. I I
polarization conversion ef ficient = — = —+— =p - — (5.15)
I L I I

where I, indicates the power of source corresponding to reflectivity from mirror.

Figure 5.21 shows the measured ;—T as a function of wavelength in the range of

N

3.5um to 10um. Due to the existence of aluminium reflector, the reflectivity of
metasurface is almost unity across the off-resonance region. Three data points
at 4.7um, 6uym and 7um are highlighted to calculate polarization conversion
efficiency of the metasurface based on equation (5.15) and the results are
marked in green. At 4.7um, the conversion efficient appears to be 0.58 lower than
the rest. This is attributed to the low level of DOP (only 0.6). This could be due to
that a tuneable quarter wave plate was used at this wavelength (supplied by
ALPHALAS GmbH), which affected the alignment of the measurement system.
At the other wavelengths, standard, fixed wavelength, quarter waveplates were
used. In contrast, the conversion efficiencies at 6um and 7um were 0.83 and 0.65

respectively, closer to the expected values
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Figure 5.21 Reflectivity of metasurface and the calculated conversion efficiency.

Overall, the nanorod-based metasurface can provide linear-to-circular
polarization conversion within around 4.7um with average conversion efficiency
of 58%. Broadly, this device can convert linearly to elliptically polarized light with
axis ratio ranging from 0.4-0.65 across a broadband wavelength range from 4-
7um with polarization conversion efficient up to 0.83 at 6um. This is contrast to
a conventional quarter wave plate, based on birefringent material, which only
provides polarization conversion at specific wavelengths. With the emerging
demand of integration optical system, this metasurface with sub-wavelength

thickness provide a promising design to replace conventional quarter wave plates.

5.5 Summary

In conclusion, we have designed, fabricated and characterised the optical
properties of a nanorod-based metasurface in mid-infrared region. Experiments
showed that fabricated metasurfaces enable to convert linearly- to circularly-

polarized light within the off-resonance range from 4-7um which are in good
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agreement with the simulations. With recorded data, the polarization conversion
efficiency can reach up to 0.83 at 6um. Experimental results also show that
special cases of oblique incidence will introduce an extra resonance at 5um which
narrows the effective operation wavelength range. Compared with conventional
bulky quarter wave plates, which only provide polarization conversion at a specific
wavelength, the metasurface provides a working bandwidth of 3um, but with
subwavelength thickness (~A/4). Such metasurfaces could therefore become a

promising candidate for replacing conventional optical quarter wave plates.

With the aim of exploring the use of these metasurfaces for the sensing of chiral
molecules, in the next chapter, the near-field chirality characteristics of the achiral

nanorod-based metasurface is explored.
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6 Near-field chirality of a nanorod- based metasurface

6.1 Introduction

Substantial efforts have been devoted to develop chiral metamaterials with
superchiral fields to allow detection and characterisation of chiral molecules. As
summarised in section 2.4.3, chiral structures such as gammadion, double slit
and double dimer have been experimentally demonstrated to provide measurable
circular dichroism response to differentiate molecule enantiomers with high
signal-to-noise ratio. However, a practical limitation of these approaches is the
enhancement of circular dichroism relies on matching the structure resonance
with the single molecule absorption band. Therefore a design strategy based on
chiral structures can only be applicable at specific wavelengths, so can’t provide
molecular information at multi absorption bands. Results discussed in chapter 5
demonstrate that a metasurface based on nanorods can operate as a quarter
waveplate across a broadband off-resonance. In this chapter we use simulations
to determine whether a superchiral near field is excited in the metasurface across
the same wavelength range, with the aim of assessing the potential use of the
metasurface for broadband vibrational circular dichroism sensing in the mid-

infrared region of the spectrum.

This chapter is organised as follows: first we demonstrate the findings of
superchiral field generated on the surface of the nanorod-based metasurface,

and plot the chirality as a function of wavelength under x-polarized excitation.
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Then we compare the superchiral field distribution for x- and y-polarized light
excitation and provide the far-field observation. Finally, to understand and
effectively utilise the induced chirality, we analyse the behaviour as a function of

incident polarization angles.

6.2 Chiral nearfields

6.2.1 Excitation with x-polarized light

We start by presenting the simulations of the nanorod-based metasurface
discussed in Chapter 5 for x-polarized light excitation as depicted in Figure 6.1
(a). The simulated reflection spectrum can be seen in Figure 6.1 (b) where
3.42um and 7.9um are marked as the position of resonances. As shown in the
previous chapter, under illumination with normal incidence light, it is proved that
the reflected light will be converted into circularly polarized light across the 4um

to 7um region.

Figure 6.1 (e) displays the strength of the optical chirality density € (r) (as defined
in section 2.4.3), at a slice 5nm above the metasurface, for four different
wavelength including two resonances at 3.5um, 8um, and two other wavelengths
(5um and 6um) in off-resonance band. The =+ sign refer to handedness of the
superchiral field. A slice 5nm above metasurface was chosen because this is the
point at which maximum optical chirality is observed. It is clear from these figures
that superchiral fields are observed at all four different wavelengths, with the

strongest chirality field localised asymmetrically at both sides of the nanorod in
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each case. The maximum value of C(r) in the slice is plotted as a function of
wavelength in Figure 6.1 (c). As might be expected, the superchiral enhancement
is greatest at the resonances with enhancements of approximately 65 and 20 at
3.5um and 7.9um. The enhancement at off-resonances is lower, with values
between -9 to 6, but still demonstrates the potential of this structure for the

sensing of chiral molecules.

The simulations of the electric field profile on xy plane located 5nm above
metasurface for the four different wavelengths are plotted in Figure 6.1 (f). It can
be observed that the strongest enhancement of the electric field is at the
resonances (3.5um and 8um), at which optical chirality density reaches maximum
enhancement as shown in Figure 6.1 (e). As indicated from equation (2.37), the
effective enhancement of chiral fields are the consequence of the electric field
enhancement. However, the spatial distributions of the electric field are different
from the superchiral distributions, indicating that the generation of superchiral
field arises from a complex interference between incident and scattered field

rather a result of electric field alone [104].

It is also interesting to note that, from the colourmap in Figure 6.1 (e), we can
observe a clear contrast between red and blue areas, which represents the sign
of chirality C(r). This means that the chirality appears to be opposite handedness
depending on its regions on the same slice. Therefore, we plot the sum of optical
chirality as a function of wavelength in Figure 6.1 (d), which increases as a
function of wavelength. Interestingly, it is observed to reach the maximum value

in the off-resonance region from 4um to 7um. In contrast, the sum of the optical
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chirality is only half or less than that for the resonance modes. It can be concluded
that although the resonances lead to a strong superchiral field, they mostly cancel
out due to the same amount field of opposite handedness leading to the vanishing
of chirality when averaged over a unit cell. In the off-resonance region, however,
the induced chiral field with one handedness is dominant, leading to significant
overall chirality enhancement, holding promise to implement on chiral enantiomer

sensing in a broadband wavelength range.
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Figure 6.1 (a) Schematic diagram of a unit cell and incident light. (b) Simulated reflectivity as a

function of wavelength. (c) Maximum and (d) Sum of optical chirality of the slice at 5nm above

metasurface as a function of wavelength. (e) Optical chirality and (f) electric near-field intensity
distribution computed at the slice 5nm above metasurface at four different wavelength.

This conclusion can be related to the metasurface far-field reflection discussed in
chapter 6. From the insects in Figure 6.1 (e), we attached the polarization state

of the beam at four different frequencies in far-field. It can be observed that at

132



Near-field chirality of a nanorod-based metasurface

same linear incident light excitation (x-polarized light), circularly polarized light
can only be observed within the off-resonance region of the spectrum, while light
still remains linearly polarized at the resonances. Therefore, the far-field

polarization states are consistent with the sum of the computed near-field chirality.

6.2.2 Comparison between excitation of x- and y-polarized light

In far-field, the nanorod-based metasurface gives rise to circularly polarized light
with its handedness sensitive to incident polarization angle. This is evidenced by
the simulated results displayed in Figure 6.2. Under excitation of y-polarized light,
the reflectivity for the two excitation polarizations is the same across the 4um to
6.5um region, whilst there is a difference of 0.5z in the phase as shown in Figure
6.2 (c) and (d). Figure 6.2 (d), indicating that reflected light becomes right-handed
circularly polarized light under excitation with y-polarization. Bounded with the
equivalent results for x-polarized excitation are plotted in Figure 5.2, it can be
confirmed that the wavelength dependence of the reflectivity, phase and
conversion efficiency are identical for the x- and y- polarized light excitation,
except that the behaviour of the two orthogonal components of the electric field
are reversed. This implies that the handedness of the reflected circularly
polarized light can be switched most efficiently by simply rotating the metasurface
by 90 degrees or rotate incident polarization by 90 degree just like a quarter wave

plate.
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Figure 6.2 Simulation results of nanorod-based metasurface rotating 90 degree. (Equivalent
data for excitation with original polarization is plotted in Figure 5.2)

To experimentally demonstrate these simulation findings, the Stokes parameters
at 6um were measured in the same way as for incident polarization along x axis,
as described in chapter 5, and are shown in Figure 6.3 (a). S; and S, have similar
values, close to zero, while S;, which represents the amount of circularly
polarized light, is close to —1. This shows that the reflected light is left-handed
circularly polarized light and this is generated by metasurface for incident light
along the x-axis. By contrast, when the metasurface is excited by linear light
polarized along the y-axis (in the experiments, the metasurface was rotated by
90° as shown in insects whilst the incident polarization was kept the same), the

handedness of circularly polarized light is expected to switch to right-handed. In
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the measured Stokes parameters spectrum shown in Figure 6.3 (b), S; and S,
still have values close to zero, whereas S; becomes close to 1. Therefore, the
circularly polarized light is now right-handed, showing consistent with the
simulation expectation. It can be concluded that the metasurface can generate
circularly polarized light with customised handedness by controlling the

polarization direction of incidence.
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Figure 6.3 Measured Stokes parameters of metasurface for linearly polarized incident light
along x- polarization. (a) Rod is at I, /V quadrant. (b) Rod is at 1,7 quadrant.

Now we turn our attention to compare the spatial distribution of the optical chirality
density C(r) in the near-field for incident polarization along x and y axis. Figure
6.4 (c) and (d) show the simulated optical chirality distribution under x and y-
polarized excitation at three different wavelength namely: 3.5um and 8um which
are resonances, and 6um which is in the off-resonance region. From the optical
chirality distribution, there are two clear findings. First, a distinct colour contrast
can be seen along rod resonator, where the strongest superchiral field are
confined. Second, it is obvious to see that a flip distribution map along resonator

including colour switching were observed at all wavelengths for both x and y-
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polarized excitation. This means that the superchiral field distribution has been
flipped along the rod in terms of the size and the handedness. We plot the sum
of computed optical chirality as a function of wavelength under the orthogonal
excitation as shown in Figure 6.4 (b). The symmetric spectral response of € (1)
over the wavelength range of interest indicates that an opposite sign of chirality
are induced when the metasurface is illuminated with x- and y-polarized light.
Different from the other two resonances, at 6um, a clear contrast in the sign of
C(r) can be seen in the region marked with dash triangle between rods. This can
be treated as the dominant handedness of chirality in the slice as the sign of local
chirality at each pixel is consistent with the sign of sum of chirality. Therefore, the
handedness of superchiral field can be observed on a colourmap easily. However,
at resonant wavelengths, the sum of chirality is relatively low due to the offset of
opposite handedness, the sign of the entire slice is thus difficult to determine

according the colourmap of the spatial distributions.

Although it is very difficult to experimentally characterise the near-field optical
chirality, it is interesting to note that, in the far field, right-handed circularly
polarized light was detected at this wavelength for excitation of x-polarized light
which is the same handedness for the induced optical chirality in the near-field,
and same principle can be applied for y-polarized excitation. To conclude, it is
clear that the handedness from the near-field chirality is consistent with the far
field projection. In the 4um to 7um region, where linearly polarized light is
converted into circularly polarized light, strong super chiral near-field is excited

with light twisted in the same direction as light in far-field.
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Figure 6.4 (a) Schematic diagram of a unit cell and incident light. (b) Simulated sum of optical
chirality of the slice at 5nm above metasurface as a function of wavelength for x- and y-
polarized incident light. Optical chirality distribution computed at the slice 5nm above
metasurface at three different wavelengths for (c) x- and (d) y-polarized incident light.

6.2.3 Chirality with various incident polarization angle

As discussed, the handedness indicated from sum of optical chirality in the near-
field shows strong dependence on incident polarization which also control the
handedness of circularly polarized light in the far-field. To further explore the link
between the near and far field optical chirality, we investigated the metasurface
far-field polarization conversion performance and near-field superchiral

distribution as a function of polarization angle.
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First, in order to characterise the polarization states for far-field projection, the
Stokes parameters of metasurface rotated at four different angles were measured
for x-polarized incidence at 6um and the results are presented in Figure 6.5,
where the inset in each figure shows the diagram of a unit cell and x-polarized
incidence. In Figure 6.5 (a) and (c), we have previously discussed these two case
when the resonator is oriented at -45° or 45° with respect to the polarization
direction of the linearly polarized excitation (x-polarized light in this case), where
the detected beam can be identify as circularly polarized light with opposite
handedness. As expected, we observed similar value of S; and S, but opposite
sign of S; from results in Figure 6.5 (a) and (c). For measurements with the
resonator oriented along, or orthogonal to incident x-poalrized light shown in
Figure 6.5 (b) and (d), similar values of Stokes parameter are observed in both
case, with §; close to 1 and S, and S5 close to zero. This means that the
detected light is linearly polarized along the x-axis, and the metasurface does not
give polarization conversion in this case. In summary, the chirality in far-field

shows strong dependence on excitation polarization.
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Figure 6.5 Measured Stokes parameters of metasurface at four different angle for x-polarized

incident light

To go further, we investigate the superchiral near-field as a function of

polarization angle. The simulation results for five different incident polarization

angle ¢ (45°, 67.5°,90°, 112.5° and 135°) are shown in Figure 6.6. These angles

are selected from 45° to 135°, with an increment of 22.5°, to cover the cases

when the rod resonator is excited by orthogonal light, parallel light, and in-

between. Figure 6.6 (a) displays the schematic diagram of the unit cell versus five

different polarization angle ¢. First, since the superchiral field is non-uniformly

distributed with opposite handedness, we plot the value of strongest chirality field

as a function of wavelength in Figure 6.6 (b). When the metasurface is
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illuminated with linearly polarized light where the electric field vector is orthogonal
to the rod (polarization angle is 45°), there is negligible chirality field generated
across the entire wavelength range. As the polarization angle increases to 135°,
the maximum value of induced optical chirality also increases until the incident
light become parallel to rod, where the strongest induced chirality field is

observed.

In order to understand the insight physical principle behind the generated
superchiral field, Figure 6.6 (c) displays the superchiral field distribution at 6um
under increasing polarization angle. Starting from the smallest angle (45°), it is
obvious that there is almost no superchiral field being generated. In this case, the
incident light is polarized along the direction that is orthogonal to the resonator,
resulting in weak interaction with rod resonator. There is thus no electric field
enhancement in the vicinity of the metasurface. As a consequence there is no
strong near-field contribution to generate chirality. When the polarization angle
increases, the induced superchiral field become more and more intense and
reaches tomaximum at 135°. This phenomena can be understood by the Hertzian
dipole mode discussed in [104], where the rod resonator is treated as an electric
diploe and the induced chirality arises from the interaction between the magnetic
field of the incident light and the scattered electric field. When incident light
polarization exhibit an arbitrary angle to dipole axis, the induced superchiral field
is then directly linked to the components of those two that is parallel to dipole.
When incident light polarization is parallel to the dipole, the induced superchiral

field is determined by components of those that is orthogonal to dipole. As the
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magnetic field of the incident light is always orthogonal to the dipole, the
maximum chirality is induced when the incident light is polarized parallel to the

resonator.
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Figure 6.6 (a) Schematic diagram of unit cell and five different polarization angle (b) Maximum
of optical chirality of the slice at 5nm above metasurface for five different polarization angle as a
function of wavelength. (c) Optical chirality distribution computed at the slice 5nm above
metasurface at 6um for five different polarization angles.
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Although the strongest superchiral field is induced when incident light is polarized
along the resonator, due to the geometric symmetry, equal amounts of chirality
with opposite handedness are also induced, as shown in the chirality distribution
in Figure 6.6 (c). As a consequence, the sum of chirality approaches zero,
potentially making the metasurface not suitable molecular sensing. In Figure 6.7
(a), we plot the spectrum of the sum of chirality for five different polarization

angles. As expected, the sum of chirality become zero when light is either parallel

141



Chapter 6

or orthogonal to the rod. On the contrary, the absolute chirality exhibits maximum
value when incident light is at 90 degrees. Figure 6.7 (b) gives the sum of chirality
at 6um as a function of incident polarization angle, which clearly shows that the
sum of chirality is polarization-dependent. Therefore, the generation of optical
chirality is linked to the absence of symmetry between the excitation polarization

and metasurface resonators.
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Figure 6.7 (a) Computed absolute chirality as a function of wavelength for five different
polarization excitation. (b) The absolute chirality at 6um as a function of excitation polarization
angle.

6.3 Summary

In summary, we numerically modelled the near-field chirality of a nanorod-based
metasurface. The simulation results show that a superchiral near-field can be
generated under linear polarization excitation, when the polarization angle is 45
degrees to the rod resonator. The same superchiral field can be generated, but
with opposite handedness, when the polarization angle is rotated by 90 degrees.

Thus, the nanorod-based metasurface can be exploited to enhance chiroptical
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effect for enantiomer sensing based on circular dichroism spectroscopy. We also
investigate the induced chirality in the near-field as a function of polarization angle.
Bounded with the chirality measured in far-field, we conclude that the absolute

chirality in near-field exhibit consistence with that in far-field.

Based on the theoretical analysis above, in the next chapter, we will provide an
enantiomeric selection measurement to conduct circular dichroism spectroscopy

using the nanorod-based metasurface.
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7 Molecular enantiomer differentiation using a

nanorod-based metasurface

7.1 Introduction

Molecular enantiomers, which include many important biomolecules, are made
up of identical atomic elements, but have a chiral arrangement of the molecular
components which may lead to distinct chemical and physical properties.
Because enantiomers vary in the stereogenic context to their structure, they
interact with circularly polarized light differently. Circular dichroism spectroscopy,
measures the different absorption for left- and right-handed circularly polarized
light, is a core technique to identify different molecular enantiomers. However,
the weak interaction between molecules and light means that it is challenging to

resolve molecular information due to a relatively low signal-to-noise ratio.

The advent of nanophotonics, which enable the concentration of the
electromagnetic field, has paved the wave for significant research on fast and
high-sensitivity biosensing on nanoscale for small molecules. By optimising the
shape and size of the resonating structure to match corresponding operation
wavelength, signal enhancement with few orders of magnitude has been
demonstrate in fluorescence, surface enhanced Raman scattering in the visible
spectrum, and surface enhance infrared absorption in the mid-infrared region.

Due to the existence of molecular vibrational fingerprints in the mid-infrared
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spectrum, surface enhance infrared absorption is particularly powerful for

resolving molecular functional groups without labelling requirement.

An enhanced circular dichroism response has been demonstrated with various
chiral nanostructure due to the capability of inducing a high degree of superchiral
fields which is suggest to enhance enantiomeric selective absorption. Based on
the near-field chirality analysis in chapter 6, we numerically showed that the
nanorod-based metasurface possess unique ability of creating strong superchiral
field under linear polarization excitation in a broadband mid-infrared spectrum. In
comparison to conventional circular dichroism spectroscopy based on chiral
nanostructures, which enhances the potential response by matching the
plasmonic resonance with the vibrational absorption of the molecules, the
nanorod-based structure explored in this work as two main potential advantage:
1), the metasurface can create superchiral field across a broadband mid-infrared
range from 4-7um and can thus provide molecular information at multiple bands.
2), conventional circular dichroism spectroscopy requires fabrication of both left-
and right-handed metasurfaces to selectively interact with enantiomers. For our
structure, the opposite handedness of chiral field can be generated by simply

rotating either the metasurface or incident polarization, by 90 degree.

Motivated by these numerical results, we proposed the measurement scheme as
follow to measure enhancement of circular dichroism response of the amino acid

alanine enantiomers on nanorod-based metasurface.
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7.2 Sample preparation

Our enantiomers of choice is L-alanine and D-alanine, suspended in paraffin oil.
Chiral enantiomers and paraffin oil were purchased from Sigma-Aldrich. As both
L-alanine and D-alanine are supplied in crystalline form, the sample preparation
is designed to mix the molecules and paraffin oil well so that the alanine is evenly
distributed on the metasurface. Figure 7.1 display the sample preparation
process. It starts from thoroughly grinding alanine powder in a mortar with a
pestle. The powder (0.05 gram in this experiment) is then added into 1.5ml
reaction tube, where the desired volume of paraffin oil is added. In order to evenly
disperse alanine powder in paraffin oil, the reaction tube are placed into a
sonicator for about 5 minute until the liquid become completely cloudy, with no
large big particles seen. After mixing, the liquid sample is drop cast onto a
substrate with a pipette. Finally, an IR polished calcium fluoride optical window
(10mmx0.35mm) was added on top of the mixture layer, to both reduce the
sample thickness and to make sure that this thickness is the same across the
device. Measurements on the metasurface were conducted separately with the
enantiomers in the order as: L-alanine, clean, R-alanine, clean. After each
measurement, the metasurface was soaked and rinsed with acetone then
Isopropyl alcohol to remove any residues and contamination from previous
measurement on surface. Once the measurement were finished, the metasurface

were cleaned and reused for the next measurement.
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Figure 7.1 Schematic diagram of sample preparation process.

7.2 Transmission Measurements

Before characterization of the circular dichroism response using the metasurface,
the transmission spectrum of the D-alanine and paraffin oil suspension was
measured with a FTIR spectrometer from 4000 to 1000 cm to identify the
functional groups (the same spectrum was observed for L-alanine). In this case,
the molecular sample was drop cast onto a transparent calcium fluoride window,
and the transmission was measured in the FTIR chamber in vacuum to reduce
the effects of atmospheric transmission. Same measurement was conduct for
pure paraffin oil. In order to better visualise the molecular absorption, the obtained

raw data for paraffin oil was normalised by the transmission of calcium fluoride
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window only and the data for molecular sample is normalised by the transmission
of pure paraffin oil. The normalised transmission spectrum for paraffin oil and D-
alanine are plotted in Figure 7.2 (a) where the inset shows the chemical structure
of D-alanine. The marked red area at 2958cm, 1459cm™* and 1376cm
respectively are the overlapping bands where both paraffin oil and alanine
contribute to the vibrational absorption. For alanine, there is a strong and sharp
vibrational absorption that can be detected for C-H asymmetric stretching at 2958
cm?. The minima at 2112 cm® marked with blue area represents the
asymmetrical bending vibration of NHz*. The absorption band at 1621 cm is due
to the contribution from C=0 stretching, and is used in conventional circular
dichroism spectroscopy. The minima at 1453 cm is related to CHs bending
modes [105], [106]. Considering that metasurface excites strong and consistent
superchiral field in the spectrum from 4-7uym, we selected the region of 2500-
1400cm?, which includes the 2111cm™ and 1621cm, absorption fingerprints
only from alanine to characterising circular dichroism spectroscopy for alanine

without interference from the paraffin oil.
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Figure 7.2 Transmission spectrum of paraffin oil and L-alanine at 4000-1000cm-.

7.3 Vibrational circular dichroism spectroscopy

Infrared reflection spectra were measured with FTIR spectrometer from Bruker
Vertex 80v with a self-built reflection measurement system as shown in Figure
7.3 (a) (details of the measurement system can be found in section 4.3.5). The
size of the source aperture was set to 8mm to match the size of the resonator
array (8mmx8mm in the centre of a 10x10mm chip) in order to collect as much
signal as possible. A holographic wire grid polarizer from Thorlabs (transparent
from 2 to 30um) was used to generate horizontally polarized light guided to the
metasurface. To excite circularly polarized light, the metasurface sample
(mounted on a rotation stage) was initially positioned with the rod resonators

oriented at 45 degrees to the incident polarization at II, IV quadrant. In this case,

we marked this position as 0 degree as shown in Figure 7.3 (b). In order to switch
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the handedness of induced superchiral field, the metasurface sample was rotated
by 90 degrees, therefore, the position was marked as 90 degree. Measurements
were conducted in the off-resonance region which corresponds to spectrum of
1400-2500 cm™!, where the superchiral field were generated. For a final
measurement spectrum, a total of 1120 scans (taking an hour) were averaged

with 1cm~? spectral resolution.
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Figure 7.3 (a) Schematic diagram of FTIR-based reflection measurement setup. (b) Schematic

diagram to show the orientation of rod resonator with incident polarization. Sample is mounted

on a rotation mount labelled with dials to show the degree of rotation. Simply rotate 90 degree
to switch the handedness of metasurface.

150



Molecular enantiomer differentiation using a nanorod-based metasurface

7.4 Results and Discussion

7.4.1 Effect of molecular concentration

The concentration of molecules in the paraffin oil suspension can affect the
quality of the vibrational circular dichroism. A higher concentration lead to
stronger absorption features. However, there is an upper limit beyond which
increasing concentration may result in situation where there is not enough signal
at the minima of the molecular resonance to be able to accurately measure the
circular dichroism. To identify the optimum concentration, we performed reflection
measurements using the metasurface with three different concentration of D-
alanine in paraffin oil: Omol/L, 0.05mol/L and 0.2mol/L. In this experiment, the
liquid mixture with different concentration were prepared independently in
advance. After drop casting the suspension on top of the metausrface, the
reflectance spectra were measured with metasurface being rotated at 0° (to
excite a left-handed superchiral field) recorded as R(0°), and 90° degree (excite
right-handed superchiral field) recorded as R(90°). Note that the experiments
were conducted in ambient conditions in air, and raw spectra contain rapidly
varying atmospheric absorption bands. A Savitzky-Golay filter method was
applied to the raw data to remove the effects of atmospheric absorption, whilst
allowing the absorption bands from molecules of interest to be more clearly seen.
In order to keep variables on similar scale between measurements, the measured
raw data R(0°) or R(90°) are then normalised by the data obtained without

molecules (pure paraffin oil on metasurface)and recorded as Rn(0°) or Rn(90°).
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The circular dichroism response is characterised by the ratio between two
reflectance: Rn(0°)/Rn(90°) for each concentration to better visualise the

differential absorption.

The reflectance spectra (smoothed raw data) for three different concentration of
D-alanine are shown in Figure 7.4 (a). In Figure 7.4 (a), for the metasurface
coated with pure paraffin oil, two very strong absorption bands: 2350cm™ (COz2)
and 1460cm (Paraffin oil) are observed, with the features in the range from
2000cm to 1400cm? due to atmospheric water. For the case of paraffin oil only,
the spectra measured at 0° and 90° should be identical, and the small deviations
between the two measured spectra are likely to be due to alignment issues. When
the concentration was increased to 0.05mol/L, the existence of alanine results in
adecrease in reflectance. Two strong absorption bands at 2110cm* and 1600cm-
1 associated with alanine appears. As the concentration increased further to
0.2mol/L, the absorption will become stronger, with the reflectance amplitude
being reduced further across the entire spectrum as shown in Figure 7.4 (a). The
absorption fingerprint caused by the alanine becomes more significant than that
for less concentration, especially at 1600cm where the reflectance amplitude
was reduced to zero. Because the entire signal was absorbed by alanine, the
differential interaction between alanine with opposite superchial field become
negligible which is challenging to measure. As a result, a concentration of
0.05mol/L is better to undertake circular dichroism spectroscopy as it provides

clear and distinguishable absorption fingerprints with measureable signal.

152



Molecular enantiomer differentiation using a nanorod-based metasurface

To confirm that 0.05mol/L is the sufficient level of concentration to carry out
circular dichroism spectroscopy, in Figure 7.4 (b) circular dichroism response
Rn(0°)/Rn(90°) for three different concentration is plotted. With just paraffin oil, the
ratio is largely independent of wavelength, with an average value of 1.05. This
confirms that that the paraffin oil interacts with the two different hands of the
circularly polarised light equally, as expected. In contrast to paraffin oil, it is
interesting to observe that features emerge in the plotted ratio as the alanine
concentrations increase. However, for 0.2mol/L, it can be observed that
significant light absorption occurs, resulting in zero reflectance at 1600cm-2. This
doesn’t allow the difference in absorption for left- and right-handed superchiral
fields to be distinguished. For a concentration of 0.05mol/L, the ratio appears is
relatively independent of wavelength, with clear features at 2110cm? and
1600cm associated with the alanine. This demonstrates the feasibility of using

the metasurface for enhanced vibrational circular dichroism.
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Figure 7.4 (a) Smoothed reflectance spectrum for sample with three different concentration:
Omol/L, 0.05mol/L and 0.2mol/L. the dark (light) line represent the spectrum measured when
metasurface is at 0 (90) degree. (b) The calculated R,(0°)/Rn(90°) as a function of wavenumber
for three different concentrations.
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7.4.2 Enhancement infrared absorption based on metasurface

In order to investigate the metasurface’s ability to enhance the infrared absorption
by molecules, reflectance spectra for a metasurface and substrate (SiO2/Al/Si
without resonators), rotated at 0 and 90 degrees, were conducted. In this
experiment, the concentration of 0.05mol/L for D-alanine was selected. Figure
7.5 show the Rn(0°)/Rn(90°) for substrate and metasurface as a function of
wavenumber. For substrate, the value of the ratio across most of the spectrum is
1, indicating that the molecule interacts with light equality as there is no chirality
being generated without resonator in near-field. However, there are three
absorption bands (2359cm, 2112cm™* and 1600cm™), marked in the grey area,
where the shifts slightly away from 1. This means that there are signal changes
after the substrate being rotated by 90 degrees. The main reason behind this
unexpected difference can be attributed to alignment issues in the measurement
system: 1), as the substrate was rotated by 90 degree, the incident light may
interact with a different amount of paraffin oil and molecules, which could then
lead to a difference in reflectance. 2), the rotation of substrate could cause

changes in light scattering, reflection and absorption.

A similar result was observed for the measured Rn(0°)/Rn(90°) produced by
metasurface, where the value of the ratio is approximately 1 over most of the
spectrum. However, for the metasurface only alanine vibrational absorption
bands, namely: 2112cm™ and 1600cm™ are visible as minima, with their size

being much greater than equivalent result from substrate. Despite the potential
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optical alignment issue, this distinct behaviour is sufficient to prove that the chiral

near-field of the metasurface has enhanced the interaction with the molecules.
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Figure 7.5 The calculated Rx(0°)/Rn(90°) as a function of wavenumber for metasurface and
substrate.

7.4.3 Vibrational circular dichroism

The near-field analysis in chapter 6 showed that superchiral field with opposite
handedness is expected to generate when the metasurface is orientated at 0° or
90. Therefore the ratio of Rn(0°)/Rn(90°) for D- and L-alanine should be the
complement of each other (i.e.in one case lying above 1, in the other lying below
1). However the calculated Rn(0°)/Rn(90°) for D-, L-alanine and paraffin oil on the
metasurface, in Figure 7.6, shows that the results are very similar for both
molecules, in contrast to the expectations from the near-field analysis. The
absence of a circular dichroism response raises questions regarding the

alignment of the reflection measurement system. The vibrational circular
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dichroism signal for enantiomers are typically weak compared to electric
transitions, and their characterization requires highly sensitivity instruments to
detect weak signal from molecules, and a robust measurement system to reduce
any influence from other variables and making it easier to compare and analyse
signals from different enantiomers. In this experiment, several challenges are
presented regarding keeping variables constant between measurements: 1), the
experiment is conducted in air, thus the absorption from atmospheric gases,
particularly water vapour and carbon dioxide, could cause unpredictable
absorptions and scattering affecting the chiroptical response. 2), Precise
alignment of optical components is a challenge in the mid-IR region due to the
higher likelihood of beam divergence and diffraction effects. 3) By manually
rotating the metasurface, extra variables could have introduced more variables
4), paraffin oil cannot dissolve alanine particles, so a suspension | formed, and it
is therefore hard to ensure even distribution of molecules across the metasurface.
Further work is needed to optimise the measurement system to enable the

demonstration of enhanced circular dichroism.
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Figure 7.6 The calculated R,(0°)/Rn(90°) as a function of wavenumber for metasurface

7.5 Summary

With the aim of validating the near-field analysis of the nanorod-based
metasurface, and the potential use of the metasurface for chiral enantiomer
sensing, a comprehensive experiment was conducted to assess the capability of
this achiral metasurface to enhance chiroptical effect with chiral molecules. The
nanorod-based metasurface generates superchiral field under linear excitation,
and the handedness of the chiral field can be switched by simply rotating
metasurface by 90 degrees. In contrast to conventional circular dichroism
spectroscopy which measures the differential absorption for left- and right-
handed circularly polarized light, this experiment aim to observe significant
reflectance difference with the metasurface orientated at 0° and 90° to

characterise the circular dichroism response. First, we identified two distinct
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absorption bands at 2112cm™ and 1621cm* originating from the chiral molecule
from alanine in the measured transmission spectrum. Next, we investigated
molecule concentration effects on circular dichroism, with the measurement
results showing that 0.05mol/L is the ideal level of concentration which provide
distinguishable absorption feature associate with alanine. With reference to
measurements using the substrate only, measurements also showed that the
metasurface produces strong near field that significantly enhance molecular
interaction. Although it wasn’t possible to observe an enhance circular dichroism
response, we believe that this is dues to the limitations of the measurement
system, and the results presented represent an important step towards using an

achiral metasurface structure for the sensing of chiral molecules.
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8 Conclusions and outlook

8.1 Conclusions

8.1.1 Broadband efficient mid-infrared linear-to-circular
polarization  conversion using a nanorod-based

metasurface

A nanorod-based metasurface was designed, fabricated and characterised to
conduct efficient broadband linear-to-circular polarization conversion in the mid-
infrared region of spectrum. The anisotropic property of metasurface is
investigated by decomposing linear incidence into two orthogonal polarizations
with one along the rod, the other one perpendicular to the rod. Simulations
showed two well separated resonances at 3.4pm and 7.9um are excited in the
reflection spectrum, and in the wavelength between these resonances orthogonal
components have almost equal amplitude and 90 degree phase shift, allows
reflected light be converted into circular polarization light. The properties of two
resonances that introduce phase shift are investigated with metasurface
geometries and the underlying mechanism are analysed by inspection of the
near-field distributions and the properties of Fabry-Perot cavity-like modes.
Simulation results validate that 3.4um is originated from a gap-plasmon mode,
whilst the resonance at 7.9um is due to Fabry-Perot cavity-like mode. An

investigation of the performance of metasurface at oblique incidence showed that
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a further Fabry-Perot mode can be induced, so that normal incidence illumination
for the metasurface is important in maintaining broadband operation wavelength.
Stokes parameters within the off-resonance wavelength range were measured to
extract the actual polarization properties of the reflected beam. Results showed
that light had been converted into circular polarization from 4-7um, with efficiency
up to 0.83, showing consistency with simulations. This metasurface with
subwavelength thickness demonstrates potential as alternative optical element

for conventional quarter wave plates.

8.1.2 Near-field chirality of a nanorod- based metasurface

With aim of practical application of chiral sensing, the near-field chirality of the
nanorod-based metasurface was investigated, and we showed that under
illumination, the strong superchiral field is induced, which holds promise for chiral
enantiomer sensing. The simulation results showed that the superchiral field is
distributed non-uniformly on the metasurface, with opposite handedness. The
maximum enhancement (29 and 26 times increase) was founded at the
resonances of 3.4um and 7.9um due to enhancement of electric field, but a lower
enhancement was seen in the wavelength region between resonances. However,
the absolute chirality, which is the sum of the fields across the unit cell of the
metasurface, and which characterise the strength of interaction with an analyte,
showed opposite behaviour. The absolute chirality diminished at the resonances,
but exhibit maximum value within broadband off-resonance range, offering

potential for chiral enantiomers sensing. In addition, by simply switching the
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excitation polarization, we demonstrate that the absolute chirality can switch its
handedness which indicates that the absolute chirality is polarization dependent.
In experiment, we measured the handedness of chirality in far-field, showing that
switching the excitation polarization switches the handedness, as with the near-
field chirality. Solid evidence of the polarization dependence of the near field
chirality, and similar behaviour for far-field chirality was found by investigating the
absolute chirality as a function of incident polarization. Results shows that
maximum absolute chirality can be obtained when light is polarized along axis at
45 degrees with respect to the rod, and it is zero when light is polarized
along/orthogonal to rod. Measurements results also prove similar behaviour in

far-field.

8.1.3 Molecular enantiomer differentiation using a nanorod-

based metasurface

An enantiomeric selective experiment scheme based on vibrational circular
dichroism spectroscopy was conducted with nanorod-based metasurface. For
this experiment, the tested substance was a suspension of the amino acid alanine

(L- or D-alanine) in paraffin oil.

First, we recognised two distinct absorption bands at 2112cm™ and 1621cm™?
originating from the chiral molecule alanine in the measured transmission
spectrum. Next, we investigated molecule concentration effects on circular
dichroism, with the measurement results showing that 0.05mol/L is the ideal level

of concentration which provide distinguishable absorption feature associate with
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alanine meanwhile higher concentration lead to stronger absorption result in
diminishing reflectance. With reference to measurements using the substrate,
measurements also showed it is validated that the metasurface is capable of
producing strong near fields that significantly enhance molecular interaction.
Although it wasn’t possible to observe an enhanced circular dichroism response,
we believe that this is due to the limitations of the measurement system, and the
results presented represent an important step towards using here open possibility
of chiral sensing on an achiral metasurface structure for the sensing of chiral

molecules.

8.2 Outlook

8.2.1 Polarization conversion

Due to the invisibility of mid-infrared light, the most challenging thing in the
experiments is to align measurement system, making sure that the beam properly
illuminates the sample. The alignment also needs to be maintained between
measurements to ensure the reproducibility of results. This adds up more
challenges as introducing the sample could potentially change the alignment of
the reflection system, thus introducing instability in the final results. For example,
the measured Stokes parameters at 4.5-5um in Figure 5.20 (c) are very noisy,
even though the feature can stand up after smoothing data, the measured third
Stokes parameters is at value of 0.59 which is a deviation from the theoretical
expectation. As the third Stokes parameter was measured with a tunable quarter-

wave plate, and its tunability is accomplished through tilted the bulky window at
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certain angle, this also affecting the alignment and introduced more errors into
results. The use of identical quarter wave plates at each measurement

wavelength would provide improved reproducibility of the measurements.

8.2.2 Relationship between near-field and far-field chirality

In most published research, the superchiral field are induced and enhanced by
chiral plasmonic nanostructures such as, double slits [29], [80], hierarchical
structure [73], gammadion arrays [71], [107] and nanorod dimer[72], [108]
because of the geometric chirality. Excitation of circular polarization of light
introduces intrinsic chirality in the system, with the confinement of local
electromagnetic field, the induced superchiral field can increase by a few orders
of magnitude compared to a substrate. In 2012, Martin [104] from University of
Stuttgart numerically calculated optical chiral density in near-field of achiral
structure under achiral light and showed that superchiral field can be produced
even in a symmetric environment. Following this pioneering work, the subsequent
development of achiral structures shows enhanced superchiral field under
excitation of achiral light, including examples from dielectric slab [109], gold
nanodisks [110], nanorod [111], elliptical nanohole [112] and the nanorod-based
metasurface studied in the thesis. It should be emphasized that in this case, the
absolute chirality could be offset to zero thus making no contribution to chiroptical
effect. The use of an achiral structure can causes a more complicated chiroptical

effect. Further work is needed to understand the mechanism of the circular

163



Chapter 8

dichroism response, and the relationship between the near-field and far-field

chirality.

8.2.3 Optimised design to generate stronger super-chiral field

As demonstrated in Chapter 6 and other examples of achiral metasurface [28],
[110], [111], [213], it is confirmed that geometric chirality is not a necessary
prerequisite to produce superchiral fields to enhance the chiroptical response.
However, there has been much less focus on achiral metasurfaces compared to
chiral structure, which have been widely investigated for enantiomeric selective
sensing due to their intrinsic chiroptical response. Although there is a profound
capability for tailoring the superchiral fields obtained from a chiral structure, in the
scenario of practical application such as: enantiomeric sensing, a chiral structure
geometric-based approach has four drawback: 1), due to the offset from opposite
handedness, the non-uniform distribution of superchiral field diminishing the
overall impact on chiral molecule. 2), the superchiral field excitation relies on the
resonances of the nanostructures used, therefore limiting the effective working
bandwidth. 3), circular polarization excitation is required.4), a pair of structures
for opposite handedness has to be fabricated. As demonstrated in Chapter 6, an
optimised achiral structure hold promise for overcoming these drawbacks, with
the possible exception of creating spatially uniform superchiral fields. In 2023, L.
Cui and co-workers [114] investigated a design of a simple nanoslit which
impressively generates chiral light with pure handedness inside the slit, which

provides an ideal volume for molecular detection. Overall, the use of achiral
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structures holds promising possibilities to facilitating chiroptical effects, and they

provide ab excellent platform to study a range of interesting physical phenomena.
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