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Abstract

The ability to control light and matter interactions at the nanoscale is a key scope of
nanophotonics. In particular, the mid-infrared (MIR) range of the electromagnetic (EM)
spectrum hosts several molecular vibrational fingerprints, making it an exciting spectrum for
many applications such as exhaled breath detection, cancerous tissue diagnosis, water quality
monitoring, greenhouse gas detection, machine vision, and navigation. Plasmonics has enabled
sub-diffraction confinement and manipulation of light. However, the high losses and lack of
dynamic tunability characterising the conventional metal plasmonics in the MIR ranges

represent a bottleneck for further progress.

This work demonstrates that the combination of graphene and silicon carbide can enhance MIR
absorption, detected field strength, and confinement. In particular, the possibility of combining
the tunable nature of graphene surface plasmon polaritons (SPPs) with low loss surface phonon
polaritons (SPhPs) supported in SiC offers great promise. The epitaxial graphene (EG) platform
technology on cubic silicon carbide on silicon wafer has substantially advanced over the last
decade and offers a straightforward, site-selective, and CMOS compatible platform for

developing tailored metasurfaces made of any complex EG/SiC pattern at the wafer -scale.

This thesis combines electromagnetic simulations and experimental characterisations to reveal
the fundamental optical properties of EG/SiC/Si using a forest of silicon carbide nanowires
grown bottom-up on silicon as a test platform. We first demonstrate that a large wavevectors
mismatch between graphene’s plasmon and incident photon hinders graphene’s SPP mode
excitation in a flat EG/SiC/Si system. We overcome this issue by investigating the polariton

modes excitation in the core/shell SiC/graphene nanowires system.

By addressing the wavevectors mismatch issue, we demonstrate absorption enhancement of
MIR photons and broadening spectral resonances outside the SiC’s Reststrahlen band, resulting
from the hybridisation of localised SPhP-SPP modes in graphene/SiC nanowires system.
Furthermore, we demonstrate extreme subwavelength confinement of the MIR photons within
a few nanometers thick oxide layer between graphene and SiC. We also reveal the potential
dynamic tunability of hybrid polariton modes in this system. Our simulation results suggest a
more compelling need to focus on top-down fabrications of periodically ordered EG/SiC-based
metasurfaces to improve further the performance of these material systems towards the MIR

nanophotonics.
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Chapter 1: Introduction

1.1.Background and Motivation

“Optics” is a branch of physics, which deals with the behaviour and properties of light, light
and matter interaction, and associated applications. It achieved considerable progress since the
invention of the classical theory of electromagnetic field by James Clerk Maxwell in the 19
century[ 1]. Conventional optics uses materials with a positive real part of the dielectric function
to propagate and manipulate electromagnetic (EM) waves at optical frequencies. The benefit
associated with the use of plane waves and refractive optics is that they enable propagation and
manipulation of light over long distances with comparative ease. However, as a consequence
of the diffraction limit first reported by Ernst Abbe in 1873, a beam of light travelling in a

medium with refractive index (n) and a converging half-angle 8, a minimum resolvable size

ofd = ﬁ results, where NA is the numerical aperture of the lens and NA = nsin6. For a

microscope objective of NA = 1, the minimum focal spot is d = % , from roughly a quarter of

a micron for the blue end of the visible spectrum and extending to several microns for longer-

wavelength infrared light[2-4].

For mid-infrared (MIR) and far-infrared (FIR) light, the focusing of light to nanoscale
dimensions is not realistic. Such wavelengths of light are advantageous for many applications
ranging from vibrational spectroscopy enabling insights into the composition of chemicals and
materials, and they provide non-contact monitoring of temperature, offer the promise of
minimal free-space attenuation of light by the atmosphere, as well as limiting light-induced
damage on samples of interest associated with higher frequency light sources. However, the
long wavelengths that enable these applications also imply that the requisite optical
components must also be at wavelength scale or larger, limiting opportunities for compact
solutions. Thus, there is a strong desire for photonic solutions that enable operations beyond
the diffraction limit, which has sparked a substantial body of works in plasmonics and

metamaterials over recent years [5].

Nanophotonics offers the possibility to improve infrared (IR) technology significantly[6, 7].
Surface plasmon polariton (SPP) modes result from strong coupling of bound EM fields with
collective charge oscillations (plasmon) in a conductor, enabling sub-diffraction manipulation
of light. Graphene is one ofthe promising plasmonic materials that can excite strongly confined

SPPs in the MIR and FIR spectral ranges with remarkable dynamic tunability and electric field



confinement, unrealisable with conventional metal plasmonics[6, 8-11]. To date, several
graphene-based novel photonic devices such as optical modulators[12], photodetectors[13-16],

switches[17], antennas[ 18], waveguides[19], sensors[10], and polarisers[20] were proposed.

On the other hand, polar dielectric materials such as BN, SiO, and SiC simultaneously support
low loss and sub-wavelength confined EM fields in the MIR and FIR spectral range via the
stimulation of surface phonon polariton (SPhP) modes[4, 21]. SPhPs arise from the strong
interaction of EM waves and collective vibration of ionic lattice within the Reststrahlen band,
a narrow spectral range between transverse optical (TO) and longitudinal optical (LO) phonon
frequencies. The ability to confine MIR wavelengths through excitation of SPPs and SPhPs has
many implications for optics and optoelectronic technologies such as MIR photodetection[16],
sensing[22], and photovoltaics cells[23]. Optical devices that combine graphene and polar
materials are inferred to significantly advance MIR photonic technologies due to the
exceptional polaritonic responses resulting from the hybridisation of SPP and SPhP modes in
these material systems. For example, recent studies of hybrid SPP-SPhP modes in graphene on

polar materials revealed the resultant dispersion relation to be significantly modified[24-27].

Thanks to the advancement of graphene synthesis techniques, the 2D material can now be
grown on, or transferred to, and characterised with different polar dielectric substrates [28].
However, in most cases, the transfer of graphene onto the substrate deteriorates graphene's
properties and is limited to small-scale samples. Epitaxial graphene (EG) grown on silicon
carbide is a suitable platform for growing graphene directly on semiconductors for diverse
technologies and applications[28, 29]. Over the past few years, some theoretical and
experimental works were optically conducted on graphene on bulk silicon carbide[26, 30-32].
Uniform quality EG can now be grown over a large scale on silicon carbide on silicon [28, 33,
34]. Notably, our research group at the University of Technology Sydney successfully
developed a novel alloy mediated catalytic method[33-35] that enables epitaxial graphene
growth on cubic silicon carbide on silicon (EG/3C-SiC/Si) substrates. This offers the
opportunity to develop and characterise complex graphene/silicon carbide 3D photonic
structures at the wafer-scale with nanoscale precision, using advanced silicon processing
technologies. Moreover, this technique enables the growth of EG conformally on the structured

SiC surfaces[36, 37].



1.2. Aims and objectives

This thesis aims to investigate the fundamental optical properties of epitaxial graphene on
cubic-silicon carbide on silicon(EG/3C-SiC/Si) and develop an EG/SiC photonic model to
serve as a robust platform towards EG/SiC-based nanophotonics for mid-infrared applications.

The following are specific objectives:

* To develop a theoretical understanding of the hybrid phonon-plasmon polariton in
epitaxial graphene on silicon carbide.

+ To investigate excitation of surface phonon polariton in cubic silicon carbide on silicon
in flat SiC/Si system using numerical simulations and experimental characterisations,
and examine the effect of parameters such as different polarisation and angles of
incident electromagnetic radiation, and thickness of dielectric space, on the resonant

excitation of surface phonon polariton in a flat SiC/Si system.

+ To investigate excitation of localised surface phonon polariton and surface plasmon in
graphene-coated SiC nanowires using numerical simulations and experimental
characterisation and analyse hybridisation of the polariton modes in these material

systems.

* To perform a sensitivity analysis on the parameters which affect the hybridisation

between SPhP and SPP modes in EG/SiC nanowires.

+ To assess the achievable electric field enhancement, confinement and tunability of the
hybrid modes in the curved EG/SiC nanowires and extrapolate potential uses with an

ordered/ periodic metasurface.

1.3. The significance of the research

A detailed understanding of the fundamental optical properties of graphene on silicon carbide
on silicon substrates will enable the design and fabrication of EG/SiC/Si-based metasurfaces
for mid-infrared applications using advanced silicon processing technologies. There are at least
four potential sectors expected to benefit from this project, as it will progress further within the

further research of the ARC Centre of Excellence for Transformative Meta-Optical Materials:

e First is the health sector, where compact photonic devices such as bio-detectors,
sensors, and lasers are needed for rapid disease diagnosis and treatment. The polariton

modes in graphene and SiC have their resonances in the MIR spectrum, a range known



to host several bio-molecular and proteins fingerprints, and this makes the EG/SiC
material a potential platform for miniaturised medical sensors and imaging detectors.

e The second sector is military and defence. Most military and defence operations such
as surveillance and targeting occur under cover of darkness, which makes it hard to
detect with visible detectors and sensors[38]. For instance, it is almost impossible to
detect a threat moving behind foliage in the dark at night using visible detectors.
EG/SiC-based tunable metasurfaces could be designed and fabricated for MIR
detection and sensing of dark objects that are opaque to visible light and for night
vision.

e The third sector is energy. Light and energy saving is another field to benefit from this
project, where graphene/SiC-based metamaterial absorbers could be designed and
fabricated to increase the efficiencies of solar cell devices extending the response range
to the MIR.

e The fourth sector is communications. The current state of communications and data
sharing needs fast, dynamic, and broadband internet, which can be addressed by
developing novel nanophotonic devices. Graphene waveguides have been investigated
in recent years [39-42]. On the other hand, a combination of graphene and polar
materials is believed to improve the propagation length of hybrid polariton modes
which are very important for plasmonic waveguides[27]. Therefore, photonic
waveguides based on the EG/SiC system could be designed and fabricated to improve

communications and data sharing.

1.4. Thesis structure
Chapter 1 is an introduction. It starts with a brief introduction and motivation of the research.
The chapter also provides the study's aim, objectives, and significance and concludes with the

thesis structure.

Chapter 2 provides detailed background on surface polariton modes. It starts with discussions
on the solutions of Maxwell equations. The chapter discusses the general theory of surface
wave excitation on a planar interface between a conductor and dielectric using a case study of
an air-silver system. Subsequently, the chapter provides a detailed theory of surface plasmon
and surface phonon polariton excitation in silicon and graphene and discusses the dispersion
relations of individual polariton modes and hybrid mode in a combined graphene /silicon

carbide material system. The chapter concludes with the calculations of propagation and



confinement figures of merit for hybrid phonon-plasmon polariton mode in graphene/silicon

carbide material system

Chapter 3 focused on the literature review. It starts with a review of different graphene
synthesis techniques focusing on the epitaxial growth of graphene on silicon carbide on silicon.
The second part of the chapter reviews the recent progress on graphene and silicon carbide-

based nanophotonics.

Chapter 4 discusses the two methodologies used in this thesis. First, the experimental part,
which comprises material synthesis, and infrared characterisation, is described. Then the
second part discusses the numerical modelling and the simulation tools employed in this thesis

focusing on the finite element method and COMSOL Multiphysics.

Chapter 5 discusses the designed photonic model to investigate surface polariton modes in a
flat graphene/ silicon carbide system. The first part of the chapter discusses how we built our
graphene on a silicon carbide model in COMSOL Multiphysics and mesh benchmark for
convergency test of the model. The second part of chapter 5 details the simulations performed
and sensitivity studies to analyse surface phonon and plasmon polariton modes excitation in
graphene and silicon carbide. The chapter concludes with the experimental characterisations of
epitaxial graphene grown on an unpatterned cubic silicon carbide on silicon to validate the

simulation results.

Chapter 6 discusses the excitation and hybridisation of localised surface phonon-plasmon
polariton modes in the core/shell silicon carbide/ graphene nanowires. It starts by creating a
graphene/silicon carbide nanowire COMSOL Multiphysics simulation model to investigate the
localised surface phonon and plasmon polaritons modes excitation and their hybridisation. This
is followed by an analysis of the modes and electric field enhancement, different sensitivity
studies, and tunability analysis of the hybrid polariton modes in the graphene/SiC nanowires
system. The second part of the chapter focuses on experiments and measurements conducted
on the core/shell silicon carbide/ graphene nanowires. The chapter concludes with discussions

and comparisons between experimental results with the simulations.

Chapter 7 summarises the main findings of this work and proposes future directions and

developments.



Chapter 2. Theoretical background on the surface

polariton modes

At the MIR and THz regions, graphene behaves like metals with a definite conductivity
dominated by intra-band transitions and a Drude like behaviour with a complex dielectric
function consisting of negative real permittivity and positive imaginary permittivity[43].
Hence, this chapter starts with a general theory of conventional metal plasmonics to understand
the physics behind the excitation of SPP mode in a conductor using metal. Later in the chapter,
the theory is extended to the particular study of graphene plasmonics and phonon polariton in

SiC.

2.1. Maxwell's equations and fundamentals of plasmonics

The fundamental behaviour of materials when interacting with electromagnetic (EM) fields can
be described by the solutions of Maxwell's equations. Notably, the dielectric function of metals
depends on the frequency of EM waves interacting with them. This strong dependency on the
frequency, which is called the dispersive nature of metals, can be analysed through their
complex dielectric function €(w). In this section, we start with the four sets of Maxwell's

equations (2.1-2.4) to examine the behaviour of metal in the presence of EM fields.

V.D = Pyt (2.1)
V.B=0 (2.2)

dB
VXE= —E (23)
VXH = Joxe + 5 (2.4)

D, E, H, and B represent dielectric displacement, electric field, magnetic field, and magnetic
induction/magnetic flux density, respectively whereas pey; and Jex: are charge and surface
current density. The total current and charge density can be given by the sum of internal and

external components of these quantities. ] = Jext + Jinternal » @1d P = Pext + Pinternal-

The four Maxwell's equations are connected by electric polarisation (P) and magnetisation (M),

as shown by the equations (2.5) and (2.6).

D=¢,E+P (2.5)



1
H=—B-M (2.6)
Ho

W , and g€, define magnetic permeability and electric permittivity of free space, respectively.
P is electric polarisation, defined as an electric dipole moment per unit volume into the material
resulting from microscopic dipoles alignment with the electric field. The divergence of electric

polarisation yields internal charge density and can be described by (2.7).

V.P = ~—Pinternal (27)

By inserting relation (2.5) into (2.1), we can get an equation that combines both external and

the induced charge density as follows,
V.(&E + P) = pey
V.6gE + V.P = poyt

V. SOE — Pinternal = Pext

V.E=— (2.8)

One can use equations (2.5) and (2.8) while considering isotropic, linear, and non-magnetic
media and get two sets of equations, (2.9) and (2.10), describing how matter and EM fields

interact.
D = g,cE (2.9)
B = p,uH (2.10)

Here €is frequency-dependent relative permittivity (dielectric function), and p is magnetic
permeability, which is assumed to be 1 for the non-magnetic media. The dielectric function of
a material is an essential parameter for analysing the phenomena that occur when it interacts

with EM fields.

In the next section, we analyse the behaviour of a conductor when interacting with an EM plane
wave at a planar interface. For simplicity, in this section, we consider a planar interface between

a metal and dielectric.

2.2. Surface wave at the planar interface between a metal and a dielectric
Surface plasmon polaritons (SPPs) are the EM surface modes that are excited and propagate at

the interface between a conductor, typically metal with negative real permittivity, and dielectric



material with positive permittivity. Since SPP modes are the surface wave, their field intensity
is maximum at a conductor-dielectric interface and vanishes exponentially in the direction

perpendicular to the interface.

We use the wave equation and Maxwell's equation in (2.1-2.4) to describe the fundamental

properties of surface plasmon polariton at a flat interface between metal and dielectric.

As a starting point, let us assume the external charge and surface current densities to be zero.
Thus the combination of the two curls in Maxwell's equations (2.3, 2.4) yields the following
expression;

0°D

VXVXE:_MOF (211)

Using identity relations[44]: VX V X E = V(V.E) — V?E and V. (¢E) = E.Ve + €V.E, with the
assumption that there is no external source (i.e., V.D = 0), equation (2.11) can be modified to

give (2.12),
v( = v) VZE = O (2.12)
o Ve = ~HoEEo 57 :

If we consider a minimal variation of the dielectric profile over distances (Ve = 0), equation
(2.12) can be adjusted into a fundamental equation that describes the theory of EM wave.
0°E
VZE — — =0 2.13
Ho€Ep a2 ( )
Equation (2.13) can be solved independently in the medium with permittivity (¢), using

appropriate boundary conditions and by taking a harmonic time dependence of electric field

(E(r,t) = E(r)e™®Y). Thus, the modified (2.13) yields the Helmholtz equation (2.14).

2 (DZ
V2E+ B =0 (2.14)

where, ¢ = /u 18 is the speed of light in the free space

0<0
We can now analyse a propagating surface EM wave at the planar interface between a
conductor and dielectric media using equation (2.14).

As depicted in Figure 2.1 for simplicity, we consider a one-dimensional problem where

dielectric permittivity changes only along one spatial coordinate, particularly the wave



propagating along the x-direction, while showing no spatial variation in the y-direction, i.e.,

e = g(z)[44].

Direction of propagation X

Figure 2.1. Schematic of the planar interface with the wave propagating along the x-direction of the

coordinate system.

The propagating wave can be characterised by E(x,y,z) = Eel®* where k, stands for a
complex propagation constant of a propagating wave and defines the wavevector's component
in the direction of propagation. By inserting this equation into equation (2.14), we obtain a

wave equation as a function of the electric field.

a?z(f) + ((%)2 g — kxz) E(z) = 0 (2.15)

Typically, equation (2.15) has its counterpart for the magnetic field (2.16), which can be
obtained by applying appropriate boundary conditions on Maxwell's equation and using a

propagating wave equation with the magnetic field.

9%H(2) N <(%)2 . kxz) H(z) = 0 (2.16)

0z2
Expression (2.15) and (2.16) are the starting points for thoroughly understanding the theory of

EM waves propagating at a planar interface between two mediums[45].

In order to use the wave equation to understand the dispersion of a propagating surface wave
and spatial field, we need to find mathematical expressions for different E and H fields

components. The curl of equations (2.3) and (2.4) and harmonic time dependence (% = —im)

lead to the six sets of equations containing E and H components of the fields.

oH, OH,
dy 0z

= —iweyeE, (2.17)



oH, 0H,

52 ox = —lwgpeEy

% - 66_1-:;( = —iweyeE,
aaEyZ = % = iwpoHy

aaEzX N aaiz = louoHy
% - aaEy" = iopoH,

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

For the wave propagating only along the x-direction (aa_x = ikx) with homogeneity (i.e., no

variation) in y-direction coordinate (aa_y = O) , equation (2.17-2.22) can be modified as follows;

0E,
By lwhoHy
OE,

0z

— ikE, = iopoH,

ik,E, = iwpoH,

oH,
Fr = iweyeEy
0H, .
Fraie ikyH, = —iweyeE,,
ikyHy, = —iwegoeEz

(2.23a)

(2.23b)

(2.23¢)

(2.24a)

(2.24b)

(2.240)

A system of equations (2.23 and 2.24) is formed by the two independent solutions with different

polarisation properties of the propagating wave[44, 45]. The first set of equations (2.23a-c)

comprise only Hy, H, and E, while the second set (2.24a-c) consists of E,, E, and Hy. The

first equations correspond to nonzero Hy, H, and E; with zero E,, E, and Hy, (2.23a-¢), this

set is known as transverse electric (TE or s) modes. The second set corresponds to a nonzero

E,, E, and Hy with zero Hy,H, ,and Eg, (2.24a-c), this set is called transverse magnetic (TM

or p) modes.

For the TE modes, equations (2.23 and 2.24) can be simplified to obtain the following:

10



1 9E,

Ky
H,= B, [4/m] (2.25b)

and by using (2.25) in (2.15), the corresponding wave equation for TE mode can be deduced;

0°E W\ 2
y 2 _
5+ ((?) e — k, )Ey =0 (2.26)

Similarly, for TM modes, equations (2.23 and 2.24)) can be reduced and yield the following:

E, = —i 1 OHy [V /m] (2.272)
X__lmsos 0z /m era
E, = K H [V /m] (2.27b)
27 wegee Y /m '

where equation (2.27) can be used in (2.16) to produce a TM wave equation as follow;

0*H W\ 2
y 2 _
ot ((?) e — k, )Hy =0 (2.28)

After getting the TM and TE modes equations, we can now analyse surface plasmon polariton
at the flat interface between a metal and a dielectric medium. Figure 2.2 depicts a schematic of
a simple system used to investigate SPP modes at a single flat interface between a dielectric
medium (z > 0) with a positive dielectric constant €; (a non-absorbing dielectric spacer) and
a conducting medium (z < 0) with a complex dielectric function €, (w). As a condition for SPP
mode to exist at the interface, the real permittivity of conducting medium needs to be negative
(Re[e;(w)] < 0) and much larger than the imaginary part, Im[e,(w)][44, 46].The

permittivity of a dielectric medium is always positive.

Herein, we are only concerned with the solution of wave propagating/confined at the interface
(z = 0) between metal and dielectric with evanescent decay of the field in the transverse z-

direction.

11



Dielectric (&) z

Figure 2.2. A sketch of collective oscillating charges at the interface between a dielectric and

conductor (generation of surface plasmon).

In order to investigate SPP modes excitation, an appropriate polarisation is required. Therefore,
we need to inspect whether we can use TM or TE polarisation to explore the propagating SPP

modes at the interface between a conductor and a dielectric medium.

2.3. Exploring the excitation of surface plasmon polariton mode in a planar interface with
TE and TM waves

Let us start with the solutions of TE mode for EM waves. By considering a flat interface as the
one described in Figure 2.2 for a wave propagating along the x-direction, the equations (2.25)
can be solved in both mediums (z < 0 and z > 0). We take the electric-field component in the

y-direction to be Ey;(z) = E,, ea*Kai? (=1, 2 for the medium 1 and 2).

For the top medium in the dielectric spacer ( z > 0 ), the wave can be represented by (2.29).

Ey,(2) = Eqy elfxx ka2 (2.29a)
—_ kZl ikyx—k;12
HX]_(Z) —_ _IEO]_Je X z1 (2.29b)
0
kx ikyx—k;12
H,,(z) = Eo; i erxt el (2.29¢)
0

For the EM wave in the second medium in the metal ( z < 0 ), the following can be deduced:

Ey2 (Z) = Eozeikxx+kzzz (2-303)

12



k., .
H,,(z) = iEq, —mif elkxX+kzzz (2.30b)
0

k, .
H,,(z) = Ey, (1):; elkxxthzzz (2.30¢)
0

Also, expression (2.26) can be modified and become;

k2 Ey; + (kge; —kZ)Ey; = 0 (2.31)
with % = kZ;Ey;.
Consequently, for z > 0 we get,

(k2, + (k3e; —k2))Ey,; =0 (2.32)
whereas, for z < 0 we obtain,

(kZ, + (k3e, —k2))E,, =0 (2.33)

Since Ey; # 0, therefore we can simplify (2.32) and (2.33) as follows;
k2, = k2 —k3g, (2.34a)
k2, = k2 — k3e, (2.34b)

From equations (2.29) and (2.30), the continuity relation of Hy at the interface ( Hy,(z) =
H,,(z) ) leads us to the following:

EOlkzl + EOZkZZ == O (2'35)
For the case where Ey; = E»,
Eo, (k,; +Kk,0) =0 (2.36)

Here E,;; and E,, defined the maximum electric field intensity in dielectric and metal,

respectively.

A condition for the confinement of SPP mode at the interface (z = 0) requires both positive
wavevectors in dielectric (Re[k,;] > 0) and in metal (Re[k,,] > 0)[44]. From equation
(2.36), this condition is only fulfilled when Ey; = Ej, = 0. This implies that the fields in
equation (2.29-2.30) will become zero. Consequently, TE polarisation cannot excite surface

polariton modes at a planar interface between a metal and a dielectric[44, 46].
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Next, we explore the excitation of surface modes with TM polarisation. Similarly, we consider
a flat interface described in Figure 2.2 for a wave propagating in the x-direction and solve the
equations (2.27) for both half-spaces, namely, z < 0 and z > 0. We also define the magnetic
field component in the y-direction to be Hy;(z) = H,;e!**~kzi? (i=1, 2 for the medium 1 and

2).

Forz > 0, equation (2.27) can be modified to obtain (2.37);

Hy,(z) = H, etfoxx ka2 (2.37a)
E. =i—“ g () (2.37b)
x wege; Y
X
Ezl = - WEYE, Hyl(Z) (2.37C)

while for z < 0, it can be modified to the following expressions;

Hy,(z) = Hyelox+kez (2.38a)
E, = —i K2y ,(2) (2.38b)
x WweyE, Y
_ X
B =~ ooe, H,,(2) (2.38¢)

The continuity relation for tangential components of the field suggests that, Ey; = Ey,

and Hy; = Hy,, yield to the following expressions:

kzl kZZ

1(1)8081 Hy,(z) = —1(1)80 X Hy,(z) (2.39a)
k k
o2 (2.39b)
€ €,

As earlier discussed, to maintain SPP mode at the interface ( z = 0 ), the following need to be
satisfied (Re[k,;] > 0) and in metal(Re[k,,] > 0). This also is confirmed by equation
(2.39b), where we need the two mediums to be with opposite signs of real electric permittivity
for that condition to remain valid. For example, a dielectric medium with (Re[g;] > 0) and a

conductor (metal) with (Re[e,] < 0).
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Using the same condition as in TE mode derivation, one can manipulate (2.28) for TM modes

to find an equivalent equation to (2.34a and 2.34b).

By combining equations (2.34) and (2.39b), we can realise the expression (2.40), which

describes the dispersion relation of the surface wave at the flat interface between a dielectric

k, =k, |—12
x=ko [t (2.40)

where k, = % represents wavevector of light in the free space. For the complete derivation of

and conducting medium.

equation (2.40), see Appendix A.

According to (2.40), TM polarised EM wave can be used to excite surface mode at the planar

interface.

In the next section, we analyse the dispersion relation of the surface plasmon polariton mode
supported at the conductor-dielectric planar interface. We use silver as a conductor and air as

a dielectric medium.

2.4. Dispersion of surface plasmon polariton at the dielectric- metal interface
Much about the physics of SPP modes can be understood by analysing the dispersion relation
(frequency dependence of the in-plane wavevector of SPP modes) of these modes (2.40). For

simplicity of notation, we replace ky by kgp, to describe the wavevector of surface plasmon

polariton (kspp =k, ’(;fj )) propagating along x-direction of the interface of a conductor
2 1
and dielectric.

Herein we take silver and air interface (Figure 2.3) as a case study. In the later sections of this
chapter, we will extend this theory to the dispersion relation of surface phonon and surface

plasmon polaritons supported in silicon carbide and graphene materials.

The dielectric function of silver €, (w) can be calculated using the Drude model (2.41)[44].
2

g2(w) = (1 - w—") (2.41)
(w? +iyw)
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where wp, and y define the plasma frequency and damping constant. In our calculations, we

used w, = 7.90 eV and y = 0.06 eV from[47]. Figure 2.3b shows the calculated negative real

and positive imaginary permittivity of silver.

(a)

E;a

Air (& = &)

‘“’ WY VYN
vbW\fU

Silver &(w)

(b)

100

(c)

-3
on

nd

100+

200

=Real permittivity
~Imaginary permittivity|

300
SPP at Silver =Air interface

Frequency (w/ w

400

Permittivity(a.u)

500 : 0 |
5 10 15 20 0 1 2 3

Wavelength{m) Wavevector(in units of wplrl::l

Figure 2.3. (a) A schematic showing SPP mode excited at the flat interface between air and silver, (b)
the calculated permittivity (real and imaginary) of silver, calculated using equation (2.41). (c) The
calculated dispersion relation of air-silver interface compared with the dispersion of light propagating
in the free space. The horizontal solid black line in (c¢) denotes the surface plasmon polariton frequency
(ospp), whereas the discontinuous green lines indicate the position of plasma frequency (®p). Note, the

frequency () in the y-axis is normalised to the plasma frequency (®,), while wavevector in the x-axis

is normalised to mp/c.

As shown in Figure 2.3c, at low frequencies (for small wavevectors), the dispersion curve of
SPP mode in the air-silver approaches that of light in the free space, and the waves exist several
wavelengths into the dielectric space[44, 47]. Many researchers describe these characteristics
as grazing incidence waves, also defined as Sommerfeld-Zenneck waves[48]. At high

frequency, the wavevector of SPP is significantly larger than the wavevector of light in the free

space ( Kspp > ko). This indicates that for an equal angular frequency, the wavevector of SPP
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modes is always much larger than the wavevector of light in free space ( kspp > k), leading
to the so-called momentum mismatch ( hikgpp > hik,) between light travelling through air and
of SPP at the surface of the silver. Thus, this needs to be overcome for light to be coupled with

SPP.

It is worth noting that surface plasmon frequency ( wspp) sets the upper limit where surface
plasmon polariton excitation can take place[46, 47]. Expression for wsp, can be derived from
relation (2.41), when the damping factor of the free oscillating electrons in a conductor is
considerably negligible (y = 0). This implies that imaginary permittivity be zero (no
absorption losses), and frequency-dependent permittivity of metal is equal to the dielectric

constant of dielectric material but with opposite sign (e, = —¢g;)[46].

By solving (2.41) with the stated conditions, we get the following expression for the SPP mode

resonance frequency;

2

Wp

—g =1- > (2.42a)
Wspp
Wp

Wspp = == (2.42b)
1

Using relation (2.42b) for the air-silver system, we can calculate wgp, =

1364 THz (~220 nm), which corresponds to mi = 0.71 from the normalised frequency in
p

Figure 2.3¢ (horizontal solid black line). It is also worth mentioning that at wgp, the wavevector

of SPP tends to infinity (k - 00) since €, = —¢; , and thus the corresponding wavelength

spp

tends to zero (Aspp - O). This is what makes SPP an exciting phenomenon for subwavelength

confinement of light, particularly in high-resolution microscopy[49].

Furthermore, at the frequencies beyond the plasma frequency (wp) (spectrum above the green

horizontal dash line in Figure 2.3c), metals support volume plasmon, also called the bulk

plasmon[44, 46, 50].

Generally, SPP modes also exhibit damping, which is described by propagation length ( Lgpp).
It is related to the ohmic losses in metals and can be determined from imaginary permittivity
(Figure 2.3b). Consequently, the energy contained in SPP modes considerably drops as they

propagate along the interface. If one intends to fabricate plasmonic devices, the propagation
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length set the upper limit of the size of the intended devices [47]. The equation for propagation
length of SPP mode can be obtained from the imaginary component of its wavevector (kgpp).

1

Lspp = =—r— (2.43)
°r ZkSPP

An imaginary component for the SPP modes' wavevector can be deduced from relation (2.40)
to obtain the following[46, 47].
3

£, €61 \2
Képp = K 2.44
SPP 02(8/2)2 (8’2 +81> ( )

e, and €, denote real and imaginary electric permittivity of a conductor (silver), respectively.

We can put together (2.43) and (2.44) to get the expression for the propagation length of the

surface plasmon[46].

3

(82)% (g5 +81\2
L = A - 2.45
SPP 0 2']'[82 8’281 ( )

From equation (2.45), it can be seen that propagation length is a multiple of the wavelength of
light in the free space. For low loss metals and when a condition for |g,| > |g,] is fulfilled[47],
the expression for propagation length of SPP mode can be simplified as,

(e5)?

2Te,

Lspp = 2o (2.46)

Equation (2.46) suggests that long propagation length requires a conductor/metal with very
small imaginary permittivity and large negative real permittivity[47]. Usually, the propagation
length of SPP mode at the interface between a dielectric and metal vary from tens to hundreds
of micrometres. In Figure 2.4a, we report the calculated propagation length of SPP modes at

the air-silver interface.

Lastly, we need to know how the fields associated with SPP modes would penetrate the
medium bounding the interface (air-silver), and this is analysed from the parameter known as
penetration depth (8,; ). The penetration depth of the fields describes the distance over which
fields intensity decay to 1/e of their maximum intensity at the interface (z=0). Both

expressions for penetration depth into the dielectric (8,,) and metal (§,,) can be obtained by
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manipulating expressions (2.39b and 2.40). Also, it is given by the inverse of the imaginary

part of the wavevector in the z-direction (6, = % )[46, 47, 51].

0,1 and §,, symbolise the penetration depth

respectively.

!
€, + &

(2.47)

(2.48)

in dielectric (air) and a conductor (silver),

In Figure 2.4b-c, the calculated penetration depths into silver and air as the function of

wavelength are shown for the air-silver material system.

(a) 400

(b) 3

0.4

0.6

0.8 1
A(um)

1.2

1.4

Figure 2.4. (a) Propagation length of SPP modes at the air/silver interface. (b) Penetration depth into

dielectric (air), c) penetration depth into metal (silver). We performed the calculations using ®,= 7.90

eV and y=0.06 eV from[47].
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At the lower wavelength (visible spectrum) below ~ 1 pm, the penetration depth (§,;) into
dielectric (air) is relatively equal to the wavelength of light in the free space while it is
significantly larger for longer wavelengths, Figure 2.4b. This happens because metal behaves
like a perfect conductor, and thus the wavevector of SPP modes gets closer to those of light in
the free space (see the dispersion curve in Figure 2.3c¢), causing weak confinement of the fields
to the surface[47]. The penetration depth into the dielectric provides information on how the
SPP modes would be affected by changes in a refractive index. It also defines the required air
gap thickness (coupling medium) for optimal coupling of evanescent fields into SPP modes in

Otto prism configuration. This will be discussed further in section 5.3.1of chapter 5.

Figure 2.4c shows the calculated penetration depth into a conductor (silver) 6,, with a
maximum value of ~29.5 nm. Generally, the maximum value of §,,, can go up to ~50nm at
the visible frequency regime for metals, and it provides information about the thickness of
metal films needed to excite SPP modes in Kretschmann prism configuration[46, 47]. It also
indicates the required measures for the feature sizes of metal, allowing control of SPP modes
in plasmonic devices[47, 52]. As shown in Fig.2.4c, §,, is significantly smaller than the free
space light wavelength, indicating strong SPP mode confinement in silver at the visible

frequency regime.

As hitherto indicated, the SPP modes excited at a flat air-silver interface have a larger
wavevector than the light in the free space, which we referred to as momentum mismatch. In

the following section, we discuss how to overcome this issue.

2.5. Excitation of surface plasmon polariton at a dielectric- metal interface

For a given light of frequency w, a wavevector k, = % can be increased by a certain value

Ak using prism coupler in the process known as coupling via attenuated total internal reflection
[53]. It is also possible to overcome the deficiency between the momentum of light and SPP
mode using the gratings coupler, where the periodicity of gratings gives the Ak. Another
method consists of scattering from engineered defects on the surface, such as subwavelength
holes or asperities [52, 54, 55]. Such defects can enable momentum matching between free-
space light and surface plasmons by scattering the incident light, which leads to the generation
of localised SPP modes [44, 54]. SPP modes can also be excited by coupling free-space light
to the nanoparticles of a diameter similar to or larger than the wavelength of incident light

through the process known as Mie scattering[44, 56].
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Finally, other techniques for launching and analysing SPP mode include scattering-type
scanning near field optical microscopy (s-SNOM), high energy electron beam, and
fluorescence imaging using emitters such as fluorescent molecules or quantum dots[44, 50].
However, in this thesis, we limit our discussions on the coupling with a prism and grating

coupler.

2.5.1. Excitation with a prism through attenuated total internal reflection
Generally, the momentum and energy of incident light have to be matched to that of SPP
modes, and a component of the field of the incoming wave should be oriented in the same

direction as the oscillating surface charge to have incident light coupled with SPP mode.

In Figure 2.5a, a diagram for excitation of SPP modes with plane incident wave using prism

method is given. The light incident inside prism with refractive index n = /e, ( €, > 1) and
its wavevector becomes kp = %) /€p instead of Kk, = %) in the free space. where g, stands

for permittivity of prism and kp represents the wavevector of light in the prism. If we project

it along the interface plane (x — the direction of propagation), we can get the following;
(D -
Kpx = ?\/s_p sin®; (2.49)

Therefore, matching the wavevector of light travelling through the prism and SPP at the air-

metal interface requires the following relation to be fulfilled:

(o
Kepp = Kpx = ?\/s_p sin®; (2.50)

where 6; represents the angle of incident light inside the prism (see Figure 2.5a). Once the
condition in (2.50) is fulfilled, light (evanescent fields) couples with SPP modes at a dielectric
(lower refractive index medium)-conductor interface (Figures 2.5b) or conductor-dielectric

(Figures 2.5c¢) for the two different coupling configurations via the tunnelling effect.

Moreover, this technique requires total internal reflection of light at the prism and dielectric

interface; therefore, the angle of incidence inside the prism ( 6;) should be greater than the

Ved

critical angle (0.), where 8, = sin™! (—), with €4 and €, representing permittivity of lower

Vep

density dielectric medium and prism, respectively.
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However, it should be noted that wavevector matching takes place at a certain angle beyond
critical (8; > 6.). This angle, which is also defined as SPP resonance angle (Ospp)[SO], can be

calculated from the condition set in (2.50) using (2.40) as follows;

k 1 €€
Ospp = sin‘1< > > =sin™! | — 27d (2.51)

pPp
kO\/S_p \/S_p & + &4

where €4 = €; in the equation (2.40).

Equation (2.51) implies that the incident light will have its wavevector at the resonance angle

matching the wavevector of SPP mode of the same frequency.

Figure 2.5 depicts the two geometry configurations commonly used for prism couplings. The
first geometry, depicted in Figure 2.5b, was proposed by Andreas Otto[57]. His configuration
consists of a higher index prism separated from the conductor by a lower index dielectric
material, typically an air gap. Incident light in prism undergoes total internal reflection at the
interface between prism and air interface when 6; > 6., and through the tunnelling effect, SPP
mode gets excited at the air-conductor interface[57, 58]. Otto prism configuration is highly
recommended when direct contact with the sample being measured is undesirable, particularly

for surface quality characterisation[44, 50].

(c)
(b)
) Prism
& Prism
€p
d SPPDielectric(air}
o (@) Conductor/metal
£-,(w) Conductor/metal &2 W SPP onductor/me
&p > Eq &d Dielectric (air)

Figure 2.5. (a) Schematic of prism coupler configurations[46]. (b) Andreas Otto configuration, (c)

Kretschmann- Raether configuration.
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The second geometry is known as Kretschmann- Raether method[53, 59, 60], in which a metal
(conductor) film is deposited on a high index prism while the other side of the conductor is
covered by a lower index medium (e.g., air). Incident light travels through a prism at 6; > 0,
and tunnels through the metal film to excite SPP modes at the interface between metal and air

(see Figure 2.5¢).

In Figure 2.6, we report the dispersion relation of light propagating through free space and the
effect of prism in overcoming the wavevector mismatch issue. As shown in Figure 2.6a, the
light travelling through free space has a smaller wavevector than the wavevector of SPP in
silver, and the disparity ‘Ak’ between their wavevector is more prominent when the incident

free-space light is at an oblique angle (see solid yellow line in Figure 2.6a).

On the other hand, if light travels through a higher index prism (e.g., diamond n = 2.4)
with 6; > 6. = B, the wavevector K, increases to match kg, at a particular frequency near
the surface plasmon frequency ( wgpp), see this in Figure 2.6a (the solid green line where a

missing wavevector Ak is gained by passing light into diamond at 45°).

(a) (b)

1 7 ' 1
. J/' f‘\o-
37038 / 3 08
~ / S~
3 3
5 06 - SPP in ATSiver- without prism O 06 [ SFP I AxiSilver- wihout prsm
c C ~Light in the free space
g 0.4 -Light in the free space g 04 ~Light nto prism @ 6,=30°
g Light in the free space(9=45°) T ~Lightnto prism @9;=45°
202 ' 002 Lightnto prism @4 =60°
= Light into prism @9 =45° L _Lightinto s @0 =75°
0 0
0 12 30 1 2 3
Wavevector(in units of wp/c) Wavevector(in units of wp/c)

Figure 2.6. (a) The dispersion of light travelling in the different mediums compared to the dispersion of
SPP modes in the air-silver system. Light in free space (broken red line), light propagating in free space
at 0= 45° (solid yellow line), wavevector of SPP in silver (solid black curve), wavevector of light
propagating into a diamond (n = 2.4) at 6; = 45° (solid green line), a red arrow indicates a missing
wavevector that can be generated via prism coupling. (b) Change in wavevector of incident light in air

and diamond for the different incident angles. Data for silver are m,= 7.90 eV and y = 0.06 eV[47].
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The incidence angle of the light within the prism is another crucial parameter to consider to
excite SPP mode using a prism coupler. From Figure 2.6b, one can see that for different
incident angles, the wavevector of light into prism crosses that of SPP modes at different
frequencies, showing the importance of the angle of incident light to the excitation SPP mode

at the flat interface system.

2.5.2. Excitation with grating coupler

The disparity between the wavevector of SPPs and incident plane wave can also be overcome
by patterning the surface of the conductor (metal) with the periodic structures in the form of
grating with certain lattice constant (A). In Figure 2.7, a simple geometry for gratings is shown.
When incident light hits a grating with a lattice constant A at an incident angle 0;, in-plane
wavevector changes by a factor of Ak,. The following expression can be used to describe the

in-plane wavevector.

Kgx = Kox £ mAk, = koy/; sind; + m == (2.52)
where kg, and ko, denotes in-plane wavevector of light at the grating grooves and in free space,

respectively, while m (1,2, 3, ....) is an integer number representing the diffraction order.

A

A Conductor/metal

Figure 2.7. Schematic for excitation of SPPs mode with grating

For the grating coupling technique, the conservation of momentum is realised by equating the

wavevector of SPP modes (2.40) with (2.52), and can be expressed by the following:
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€1&2
(e2+€1)

k

(2.53)

. 21
spp = KoV sing; m-—== ko

Unlike prism coupling, it is clear that the conservation of wavevector in grating coupling

depends strongly on the lattice constant A and the value of m.

The plasmonics research has significantly advanced over the past few years, mainly in the
visible and near-infrared (NIR) parts of the EM spectrum, where most of the metals hold their
SPP resonances. There is also recent interest in the plasmonics works focusing on the surface
polariton modes at the mid-infrared (MIR) to far-infrared (FIR) spectral ranges. Graphene and
polar materials like SiC, GaAs, and hBN are the widely investigated alternative materials for

MIR and FIR polaritons.

Hence, building from the fundamental theory of surface plasmon polariton excitation in the air-
silver system, the rest of this chapter we discuss the fundamental theory and dispersion relation
of surface plasmon and phonon polariton modes excited in graphene and SiC and their
hybridisation in graphene/SiC system. In the next section, we start with a brief discussion on

the electronic band structure of graphene.

2.6. Electronic band structure of graphene

The best way to introduce graphene is by talking about carbon, an essential material for the life
and centre of all organic chemistry. Due to the flexible nature of carbon bonding, carbon-based
systems display an unlimited number of different structures with a relatively large variety of

physical properties resulting primarily from these structures' dimensionality[61].

Graphene is a two-dimensional (2D) material, one atom thick and an allotrope of carbon formed
by SP? hybridised carbon atoms bonded together to form a hexagonal honeycomb lattice[62].
Graphene is considered a fundamental building block for other allotropes of carbon, such as
fullerenes (0D), which are the molecule where carbon atoms are arranged in a spherical shape,

carbon nanotubes (1D), and graphite (3D)[61].

Graphite, which is a three dimensional (3D) allotrope of carbon, was known since the discovery
of a pencil in 1564[63], and its usage as a writing tool originated from the fact that graphite
consists of the stack of graphene layers that are weakly connected by van der Waals forces[61].
Therefore, when one writes on a sheet of paper with a pencil, the graphene stacks get produced,
from which graphene layers could be identified. Though graphene is a primary material for
carbon allotropes, and it gets produced whenever someone writes with a pencil, it was only

discovered in 2004[64]. The reasons were that nobody believed in graphene's existence in a
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free state and the lack of experimental instruments that can permit the study of one-atom-thick
materials in the middle of the pencils rubble covering microscopic area[61, 64]. The flexible

structure of graphene originates from its electronic properties.

The SP? hybridisation between S orbital and 2P orbitals yields a trigonal planar structure and
the formation of a sigma (o) bond between carbon atoms that are separated with 1.42A. The
robustness of the lattice structure for all carbon allotropes is due to the ¢ band. Due to Pauli’s
exclusion principle, the ¢ bands have a filled shell and form a deep valence band. The
remaining unfilled P orbital, orthogonal to the planar structure, can form a covalent bond with
neighbouring carbon atoms, creating a © band. Subsequently, as each P orbital contains one
excess electron, therefore m band is half filled[61]. Traditionally, half-filled bands in transition
elements played a vital role in the physics of firmly connected systems. Their strong tight-
binding nature results in large Coulomb energies that lead to magnetism, collective effects, and

insulating behaviour from the connecting gaps[65].

A unit cell of graphene can be represented by two lattice vectors, a; and ap, as described in

Figure 2.8a, which can geometrically be defined as follows,

a; = (3,V3) (2.54)

a, =3 (3—V3) (2.55)

a = 1.42A is the lattice constant lattice/distance between carbons to a carbon atom. The vectors

reciprocal to the lattice vectors can be represented by (2.56) and (2.57).

b, = z—: (1,v3) (2.56)

b, = 2—: (1,-V3) (2.57)

The two symmetric points K and K'at the corners of the Brillouin zone (BZ) are of significant
importance for the physical properties of graphene (Figure 2.8b). These two points are known

as the Dirac points, and their coordinates in momentum space can be described by (2.58);

K <2T[ 2T ) K — <2T[ 2T ) (2.58)
~ \3a’3v3a/’  \3a’3y3a )

The three closest neighbour vectors in space are defined by
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8 =5 (1,V3), & =5 (1,-V3),83 = —a (1,0) (2.59)

While the other six-second closest neighbours are situated at 8;' = +ay, 8, = +a,,8; =

t(a; —ay).

The electronic band structure of graphene reveals the conduction and valence band meeting at
the Dirac point/a charge neutrality point characterised by a linear dispersion and a zero bandgap

(see Figure 2.8c).
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Figure 2.8. (a) Hexagonal (honeycomb) lattice representation of graphene zone ( a; and ax depict the
lattice unit vector while 81 a3 describe the nearest neighbour vectors). (b) Brillouin zone where K and
K’ points designate the location of Dirac cones. (c)Electronic dispersion/ energy bandgap of graphene
showing the Dirac point, with t = 2.7 eV and t” = -2t. Adapted with permission from [61]. Copyright
©2009 American Physical Society.

2.7. Surface plasmon in graphene
To study graphene plasmonics, it is worth starting by analysing its surface conductivity. The
surface conductivity of graphene[66, 67] can be calculated using the well-known Kubo

formalism[68, 69].
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o(pe, », T,y) = —

with f(E) describing the Fermi distribution function, which is given by the following

expression

f(E) = (1 + e(i_—;Tc)>_ (2.61)

A simplification of equation (2.60) leads to two sets of equations (2.62) and (2.63), with one
expressing intra-band (electron and phonon scattering) contributions, while the other stands
for inter-band (bound electron) contributions[70, 71]:

2ie®T

_ He
e?[1 1 hw — 2, i (hw + 2p.)?
et 1 W T Ak b 2.63
Tinter = 37y [z +n“”m"< 2T ) 2 (hw — 21)? + (2T)2 (2:63)

where . designates chemical potential, T, and T represent temperature and relaxation time,

while kg and i symbolise Boltzmann and reduced Plank constant, respectively.

The conductivity of graphene can be obtained by summing (2.62) and (2.63).

0 = Ojntraband + Ointerband (264)

For graphene with a carrier density of ~10'2cm™2 the intra-band contribution dominates the
conductivity of graphene at MIR and FIR frequencies, while the inter-band contribution
dominates graphene conductivity at the near-infrared (NIR) and visible regimes[72]. The
effective permittivity of graphene (g4(w)) can be approximated from its conductivity[73],
using equation (2.64) through the following:

ioc(w)
wA

gg(w) = g + (2.65)

where A describes an effective thickness of the graphene layer.
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Like conventional metal plasmonics, a TM polarised wave (2.28) can excite an SPP mode in
graphene. By considering such a wave with the following field components (E,, Hy, E,), one
can solve Maxwell's equations with appropriate boundary conditions to get the following

relation for the dispersion of SPP in graphene[6, 74].

€4 €m(®) _ o(w)

= —i (2.66)
jkzpp(w> — el jkgpp(w> — em(@)K2

wEe

where o(w) represents the frequency-dependent conductivity of graphene ( see Figure 2.9 for

graphene sheet on a substrate &, (w) and surrounded by a dielectric medium with permittivity
Sd).

Equation (2.66) can be solved to produce the following expression or the dispersion of SPP

mode in graphene[6].

(g4 + &m () Ao (1 + i(tw)™)

kgpp (@) = kg 4o By (2.67)
where ~ i, is the fine structure constant. See complete derivation of equation (2.67)
4mhc g 137
in Appendix B.
Air &g

Figure 2.9. Graphene layer surrounded by air and a substrate of €4 and em(®), respectively.

In the MIR and FIR spectral regions (~ 3 um -300 pm), the intra-band transitions dominate the
optical behaviour of graphene, causing it to act as a metallic film and support an SPP mode
once the sufficient conditions for SPP excitation are fulfilled[43]. Thanks to the 2D nature of
collective excitations of carriers in graphene, this SPP mode is confined significantly more than

in conventional plasmonic materials, as the wavelength of graphene SPP mode can be much
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smaller than the wavelength of light at the same frequency[24]. Moreover, exceptional
confinement of the SPP mode in graphene can be understood by comparing its dispersion with

that of a thin layer of'a doped semiconductor (e.g., InAs) of comparable w,. The SPP dispersion

of a thin-film of InAs can be calculated using the following relation[75-77].

€1Kz3 €2Kz3 81kzz>
1+ — = itan(k,,d ~+ . 2.68
€3k, 1 ( w2 )<33kz,2 €2K; 1
. . £nw? 1/2 . e .
where d is the film thickness and k,, = ( ‘;2 —k”) (n=1, 2, 3) is the longitudinal

wavenumber of the SPP supported on the film and the surrounding medium and k; = Kkgpp.

2
Using the assumption that SZC—(; < k”2[76], we can calculate and compare the dispersion of a

10-nm thick layer of a doped InAs to graphene.

Both graphene and InAs exhibit almost equivalent negative real permittivity values close to w,
(Figure 2.10a). However, an apparent deviation can be noticed near this frequency in Figure
2.10b, where the wavevector for graphene’s SPP is much larger than that of doped InAs near
the plasma frequency (55.4 THz). It is worth restating that the plasma frequency sets the limit
for the metallic behaviour of metals and doped semiconductors, and beyond this frequency,
these materials do not support SPP modes (the green curve in Figure 2.10b). On the other hand,
the dispersion curve of SPP in graphene is almost linear, with a larger wavevector than that of
InAs at the frequencies around the InAs plasma’s plasma frequency (see blue curve in Figure

2.10b). This suggests that SPP modes are confined more strongly in graphene than in doped
InAs at these frequencies.

We also used the two figures of merit (FOMs)[78], to compare the performance of doped InAs
against graphene qualitatively. The first FOM is associated with the propagation of an SPP
mode (FOMprop.), Which is given by the propagation length (Lgpp) normalised to the
wavelength( Agpp) of the surface plasmon polariton while the second is a measure of the
vertical confinement (FOMcont) of SPP mode at the interface and can be calculated as the ratio
between the penetration depth of SPP mode ( §spp) and the wavelength of an incident free-

space light (Ag).

LSPP

FOM (2.69)

prop. = Aspp
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Ao
FOM¢ons = —

(2.70)
8spp

In terms of propagation, InAs SPPs do exhibit a larger FOM,,,, than graphene. It is worth

noting that the relaxation time of T = 88.5 fs used in Figure 2.10c is low for graphene but

reasonable enough to allow a sensible comparison of its dispersion with that of doped InAs.

Due to the higher polariton confinement of graphene, the 2D material is very promising for the
fabrication of novel metamaterial-based devices and nanophotonic applications at the discussed

spectral regions[6, 8, 10, 24, 74, 79-81].
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Figure 2.10. Dispersion relation of SPP in graphene compared with a doped InAs thin film. (a) The
calculated permittivity inset shows the frequency where permittivity is near zero for graphene and InAs.
For InAs, permittivity is zero at @p.mas = 55.4 THz. (b) Dispersion relation of SPP modes in both
materials. (c) FOM for propagation length and spatial confinement of SPP modes in graphene and doped
InAs. The calculation for dispersion relations was performed using the equations (2.41) and (2.68) for
the doped InAs and (2.65 & 2.67) for graphene. The epsilon near zero (ENZ) conditions are Er = ).
mas/2=27.7 THz (=0.12 eV) and relaxation time T = 88.5 fs for both materials.
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2.8. Surface phonon polaritons in silicon carbide

While SPPs are derived from the coupling of coherent free-carrier oscillations with light, the
collective ionic oscillations of a polar crystal enable the stimulation of SPhPs[4, 21]. These
modes are analogous to SPPs and can be supported within the spectral region known as the
Reststrahlen band[82, 83], which is bound between longitudinal (LO) and transverse optical
phonon (TO) frequencies[84]. SPhP modes have been demonstrated in a wide variety of polar
materials such as SiO2[85], GaAs[86, 87], SiC[84, 88], hexagonal[89, 90] and cubic BN[91],
and revealed strong sub-diffraction field confinement with relatively low optical losses[21].
Moreover, due to the optical phonon nature of SPhP modes, they are resonant in the MIR to
THz spectral ranges, a region of great interest for applications in thermal imaging and chemical
spectroscopy. Particularly, SPhP modes have been reported with high resonance quality factors
of up to 300 in the far-field and 400 in the nearfield with long lifetimes on the order of one to
hundreds of picoseconds[92, 93], with a very recent record high-quality factor of 501 realised
in hBN[94]. This is in comparison to SPPs, which feature quality factors typically on the order
of 10, resulting from scattering lifetimes of tens to a few hundred femtoseconds[84, 95]. Thus,
these effects identify polar dielectrics as low—loss materials than their SPP counterparts[4, 83,
84]. In the following section, we discuss the dispersion of SPhP modes using SiC as a case
study.

2.8.1. Dispersion of surface phonon polariton in silicon carbide

In order to understand the physics associated with the excitation of SPhP modes in SiC, it is
worthwhile to look back on the optical properties and phenomena that cause metals to support
SPPs. Similar to metals, polar dielectric materials also exhibit high reflectivity and negative
real part of the permittivity within the Reststrahlen band (Figure 2.11a-b)[4, 96]. The dielectric
function of such polar materials thus deviates from Drude materials (e.g., metals and doped
semiconductors) in that the negative permittivity is only observed within the Reststrahlen band,

and thus is typically defined by the so-called TOLO formalism provided in equation (2.71):

2

wi, — w3
s(m):soo<1+ e ) (2.71)
w3, —w* —ilw

where wrg and wy g, represent the TO and LO phonon frequencies, while I' defines the damping
constant associated with optical phonon modes, respectively.

A plane wave incident on the surface of a polar material may stimulate an evanescent wave
within the Reststrahlen band, provided methods for overcoming the momentum mismatch
between the incident free-space light and the polaritonic mode are employed as described

previously[3].
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Figure 2.11. (a) Measured FT-IR spectra (red curve) of 4H-SiC indicates the high reflectivity nature of
SiC within the Reststrahlen band, while the Raman spectra indicate the positions of optical phonon
modes[4]. (b) The calculated dielectric function of 4H-SiC showing real and imaginary permittivity,
the broken vertical black lines indicate the position of TO (left at 23.9 THz) and LO (right at 29.2THz)
frequency, the two parallel vertical dashed lines (LO and TO) represent the Reststrahlen band, (c)
Dispersion of surface phonon in 4H-SiC, and light is propagating in free space calculated using relation
(2.40). We performed the calculations using 4H-SiC data for 4H-SiC wro= 797 cm™ (23.9 THz), oro=
973 cm™(29.2THz), and I'= 4.7 cm™ (0.1 THz)[4].

2.9. Hybrid phonon-plasmon polaritons in graphene on polar materials

One of the essential aspects of graphene is that it can couple strongly to the various dielectric
substrates for diverse applications[97]. However, one of the biggest challenges is to maintain
its exotic properties while transferring it onto those substrates (most of the synthesis techniques
are built on ex-situ growth where the transfer of graphene flakes is required for device
fabrication and characterisation)[28]. For instance, suspended single-layer graphene can have

carrier mobilities of about 200.000 cm?V~1s™1, but the mobility drops once graphene is
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placed on a dielectric or an insulating substrate such as Si02[98]. Surface optical phonons from
the dielectric substrate induce increased scattering of the free carriers in graphene and serve as
one of the predominant factors limiting the carrier mobility. This can be mitigated by placing
graphene on an appropriate substrate, such as hBN[27, 99], where mobility can be much higher.
Different ways to synthesise EG on silicon carbide on silicon have been developed[28, 35,
100]. The essential advantage of this growth technique is that the graphene layers are directly
grown on the substrate. Thus, no transfer is required for optical/electrical characterisation and
device fabrication, which prevents damage to the graphene layers, eliminates deleterious
effects from residual polymers, and thus provides the most straightforward avenue towards
maintaining the intrinsic properties of graphene.

This is a benefit for the development of EG-based photonic devices (e.g., photonic crystal
cavities) on SiC on Si, thanks to the well-established silicon fabrication techniques and
scalability[ 101, 102]. Moreover, one can optimise the geometry of this heteroepitaxial system
containing graphene and SiC on Si to couple their SPP-SPhP modes. To understand this
coupling within the EG/SiC system, in the following section, we analyse the dispersion relation
for epitaxial graphene on SiC.

2.9.1. Dispersion of hybrid phonon-plasmon mode in epitaxial graphene on silicon carbide
Much of the physics of hybrid SPP-SPhP within the EG/SiC system can be extracted from the
dispersion relation of this material system. However, it is worth looking back to the dispersion
of each material involved in the coupling to analyse its effect. As discussed earlier, the
dispersion of the large wavevectors of SPP modes in graphene at frequencies approaching the
plasma frequency results in a large k-vector/momentum mismatch with free-space light. This
results in extremely short polariton wavelengths and, thus, strong field confinement of SPPs in
graphene. On the other hand, the dispersion curve of SPhPs in SiC coincides with the light line
at the TO phonon and asymptotically approaches large momentum values near the LO phonon
(Figure 2.12b). Hwang et al. realised that hybridisation between graphene and SiC polaritons
modifies their dispersion curves[30], where two different energy regions arise (symbolised by
w,and w_) separated by a gap (forbidden zone) between surface optical phonon frequency

(wgp) and wrq [30, 103]. wgg defines the asymptotic limit up to which the optical phonon

mode can be stimulated on a planar surface, and it is related to wg as wgg = wTo -
©0

where &sr and €. define the static and high-frequency dielectric constants of the material,
respectively. One can notice from Figure 2.12¢ that for lower frequencies, the wavevector of

the hybrid system drops towards zero (k — 0), with the modes in the lower region (w_)

34



behaving more like SPP modes, while those in the upper region (w, ) exhibiting characteristics
more akin to the SPhPs and converge towards surface optical phonon frequency (w, = wgg).
On the other hand, for higher wavevectors (k — o) the mode in the lower region (w_)
converges towards wrg and behaves more like SPhP mode (see Figure 2.12b for SPhP
dispersion in 3C-SiC), while the modes in the upper w, region exhibit SPP-like features
(Figure 2.12a). These can be understood from the strong coupling between SPhPs supported in
the substrate and the collective SPP mode and electronic degrees of freedom in graphene[6].
Note that the green lines for the dispersion curve of graphene/3C-SiC differ from the bulk

phonon polariton observed in SiC, and this is because of the presence of graphene [30, 103].
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Figure 2.12. Dispersion relation of (a) SPP in the free-standing graphene (b) the dispersion of phonon
polariton in a free-standing 3C-SiC. (¢) The hybrid phonon-plasmon mode in air/graphene/3C-SiC
material system (w+ and ®. show the two regions resulting from the coupling between SPP mode in
graphene and SPhP mode excited in 3C-SiC). (d) A comparison between the dispersion curve of free-
standing graphene (blue), 3C-SiC (black curve), and air/graphene/3C-SiC (green curve) system. The
wavevector is normalised to the speed of light in the free space “c”. The calculation for the dispersion
graphene on SiC was performed using equation (2.67) with Fermi energy Er= 1 eV (245 THz) and
dielectric properties data for 3C-SiC wo= 118 meV (28.5 THz), oro=97.3 meV (23.5 THz), and ' =
0.6 meV (0.1 THz)[4].

Furthermore, a comparison between individual dispersion curves (freestanding graphene and

air/SiC) with the dispersion of hybrid SPhP-SPP in graphene/SiC shows a larger wavevector
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in hybrid graphene/SiC system (Figure 2.12d).This suggests that the resulting SPhP-SPP mode
in EG/SiC exhibits strong confinement than the individual SPP and SPhP modes. The
confinement and propagation length characteristics of polariton modes EG/SiC material are

discussed in the next section.

2.9.2. Propagation and spatial confinement of hybrid SPP-SPhP mode in graphene on
silicon carbide

As previously discussed in section 2.4, the propagation length and the degree of confinement
of SPP/SPhP modes greatly influence their use in diverse photonics applications. However, it
is not easy to find a plasmonic material with low propagation losses and strong confinement
simultaneously. For example, the strong spatial confinement of graphene SPPs via the
extremely short polariton wavelengths is understood to be limiting its propagation length to
few tens of microns[104] and affects its use for some of the applications where long
propagation lengths are required, such as in information processing and communications[105,
106]. As mentioned previously, the long lifetimes of SPhP modes do not necessarily result in
commensurate increases in propagation lengths, with typical values reported falling in a range
that is of an order comparable to that for SPPs[4, 107, 108].

To quantify the properties of the hybrid graphene/SiC material system, we used equations.
(2.69) and (2.70), and calculated FOMs for graphene SPP and SiC SPhP modes and compared
them with that of the hybrid SPP-SPhP mode (Figure 2.13). While SiC exhibits a slightly higher
propagation FOM compared to graphene SPPs (Figure 2.13a), graphene outperforms SiC
SPhPs in terms of spatial confinement (Figure 2.13b). One can notice that the hybrid
graphene/SiC polaritons provide an improved FOM for spatial confinement compared to those
of the individual materials (yellow and purple curves in Figure 2.13b). However, the
propagation FOM for the SPP-SPhP mode in the hybrid graphene on the SiC system seems to
be not as good as the FOMs of the individual SPP and SPhP modes in SiC and graphene (Figure
2.13a). As reported by Lu et al., FOMs for propagation and spatial confinement can be further
improved by adjusting the chemical potential or carrier density in graphene [104]. For instance,

by increasing the carrier density in graphene from 1 X 1012 cm™2 (used in the calculation for

2
ellow curves in Figure 2.13) to 1 x 103 cm~2 (and mobility of ~100 —— as reported in[109]
y g Vs

for graphene/SiC system), we can improve the propagation at the expense of the confinement
FOMs of hybrid SPP-SPhP mode in graphene on the SiC system (purple curves in Figure 2.13).
Note that the improved FOM for propagating hybrid SPP-SPhP mode occurs near to
wro (~23.5 THz) and at the frequency ~28 THz (within the Reststrahlen band), the spectral
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position where SPhP mode in SiC can couple with graphene’s SPP mode (see purple curve in
Figure 2.13a).

Such improvements of SPP-SPhP modes was experimentally revealed for graphene coupled to
hBN, which resulted in extended propagation lengths for the hybrid mode that were 1.5-2.0
times longer than the individual modes[27, 108]. Furthermore, this offers the opportunity to

increase the propagation or lateral confinement depending on the desired applications.
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Figure 2.13. FOMs for graphene, SiC, and graphene on SiC. (a) FOM for the propagating mode (ratio
of propagation length and wavelength of SPP or SPhP mode) (b) FOM for the lateral confinement of
the modes (ratio of the free space wavelength and evanescent field decay in the air from air/plasmonic
or phononic material interface). The yellow and purple curves show that the propagating and lateral
confinement FOMs of the hybrid polariton modes in the graphene/SiC system can be improved by
tuning the Fermi energy in graphene. The calculations were performed using Er= 260 meV (n ~1x10'
cm?) with relaxation time T =261 fs, and Er= 369 meV (n ~1x10" cm?) with t = 4 fs. The dielectric
properties data for 3C-SiC used here are o= 118 meV (28.5 THz), oro= 97.3 meV (23.5 THz), and
I'=0.6 meV[4].

2.10. Summary

In this chapter, the theoretical background for excitation surface polaritons modes was
discussed. First, the dispersion relation of SPP modes in a conductor and a dielectric medium
were discussed. Secondly, we used the dispersion relation of air and silver planar interface to
discuss the mechanism and conditions leading to the excitation of SPP modes and discussed
the three-length scales of SPP modes, namely: polariton wavelength, propagation length and
penetration depth. Subsequently, we extended the theory to the dispersion relation of SPP and

SPhP in graphene and silicon carbide, respectively. Our calculation revealed significant
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modification of the individual SPP and SPhP modes’ dispersions which result from the
hybridisation of SPhP-SPP modes in the EG/SiC system. Furthermore, the calculations
revealed this hybridisation to improve the propagation and confinement figures of merit of this

system's resultant hybrid SPhP-SPP modes.
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Chapter 3. Literature review

3.1. Graphene growth techniques

H.P.Boehm et al. reported producing a monolayer graphite sheet in 1962[110]. Twenty-four
years later, they gave the name graphene to their monolayer graphite[111]. Since the discovery
of graphene, several graphene production techniques were reported, such as micromechanical
exfoliation of small mesas of highly oriented pyrolytic graphite[64], chemical vapour
decomposition(CVD) on metals and insulators[112-114], unzipping of carbon nanotubes[115],
chemical reduction of graphene oxide[116], and thermal decomposition of a bulk SiC
substrate[29, 117, 118]. Herein, the most popular graphene growth techniques, such as

mechanical exfoliation, CVD, and thermal decomposition of SiC, are discussed.

3.1.1. Micromechanical exfoliation of single-crystal graphite

Micromechanical exfoliation of monolayer graphene from highly ordered pyrolytic
graphite(HOPG) was first realised by Andrei Geim and Kostya Novoselov in 2004[64]. In this
technique, they used an adhesive tape on the surface of HOPG, and by exerting normal force
on the HOPG surface, they obtained monolayer graphene, which was transferred to the
substrate to reveal for the first time the electronic properties of graphene. This work won Geim
and Novoselov a Nobel Prize in physics in 2010. The graphene produced through this technique
revealed the best quality and large area flake. To date, outstanding graphene properties had
been discovered with graphene produced by the mechanical exfoliation technique. However,
the challenges with mechanical exfoliation are that it is a labour-intensive and time-consuming

method that makes it impracticable to scale it up for industrial mass production.

Moreover, this technique requires that the produced graphene be transferred to the substrate,
such as silicon and silicon oxide, for further processing and device fabrication. However, such
a process degrades graphene's electrical and optical properties due to the substrate's scattering
effect[119, 120]. Also, the transfer of graphene flake on the substrates can cause graphene
defects, affecting graphene-based devices' quality[ 120]. Therefore, a more suitable method to

overcome the above issues is required.

3.1.2. Chemical vapour decomposition on metals and insulators

The chemical vapour decomposition (CVD) process uses hydrocarbon gases such as methane
and ethane, which are annealed at high temperature and decompose into carbon radicals on the
surface of metals such as Ni, Cu, Ir, and Co, which rearrange to form a single layer or a few

layers graphene[121-125]. Metals play two fundamental roles in the CVD method: first, they
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act as catalysts to lower the energy barrier of the reaction; second, they define the graphene
deposition mechanism, which is vital for the quality of graphene produced via the CVD growth

method[121].

The CVD method produces high-quality graphene over large areas. For example, in 2011, Bae
et al. used a roll to roll CVD to grow large-area graphene on 30 inches wafer for transparent
electrode applications, where their graphene displayed optical transparency 0£97.4% and sheet
resistance of 125 Q/sq[28, 112]. When they stack together four layers of their doped graphene,
they recorded sheet resistance of 30 €/sq and optical transmittance of 90%, higher than the

commonly used indium tin oxide transparent electrodes[28, 112].

Despite the mentioned advantage of CVD graphene, however, the graphene produced in this
process needs to be transferred onto the appropriate substrate for further characterisation. The
main scattering mechanisms linked to the graphene produced via CVD are dislocations, lattice
defects, grain boundaries, and other substrate-related disorders[28, 126]. The metals can also
contaminate the quality of graphene produced, affecting graphene-based devices' performance.
Therefore, to overcome these challenges, a transfer-free technique for large-area graphene

production is required.

An effort to improve the CVD graphene growth method was made by growing graphene on the
dielectric substrates such as SiOz, h-BN, AbO3[127-129]. For instance, the grain boundaries
scattering and transfer-related contaminations are minimised with increased carrier mobility of
up to 30 000 cm?/Vs for CVD graphene grown on h-BN substrates[126]. However, the CVD
growth of graphene on the dielectrics is generally difficult due to the low surface energy of the
dielectrics[ 130], where a plasma-enhanced CVD at low temperature is required to overcome

this.

Consequently, direct growth of graphene on SiC was invented as an alternative method to
overcome the challenges associated with mechanical exfoliation and CVD growth techniques.
Contemporary, diverse graphene growth techniques through SiC substrate were developed, and

we discuss some of them in the following section.

3.1.3. Thermal decomposition of silicon carbide

Thermal decomposition of a bulk SiC substrate was introduced as a suitable alternative path to
obtain a transfer-free, homogeneous, and large-area graphene for electronic and photonic
application[117, 118, 131, 132]. This technique consists of sublimation of Si from the SiC

sample at a high temperature ~1400°C under the vacuum/controlled atmospheric pressure

40



conditions, as the vapour pressure of carbon is higher than silicon's, at such temperatures, the
surface carbon atoms reconstruct to form graphitic layers [28, 117]. D.V.Badami reported the
first thermal decomposition of bulk hexagonal SiC in 1965[133]. He annealed the SiC crystals
to an extremely high temperature of ~ 2180 °C for one hour under vacuum to realise a graphite
layer on top of SiC. Ten years later, Bammel et al. reported monolayer graphite on the C face
and Si face of hexagonal SiC, grown at the low temperature (~800 °C), and ultra-high
vacuum(UHV)[134]. In these early reports, graphene was identified as monolayer graphite. In
2004, the De Heer research group at the Georgia Institute of Technology, USA, reported the
first transport measurements on three graphene sheets grown via thermal decomposition of 6H-
SiC[29]. Their reported graphene exhibited the Dirac nature of the charge carriers with mobility
over 1100 cm?/V s, which was increased later on by improving their graphene's quality on

SiC[117, 135].

Although the thermal decomposition of SiC in a high or ultra-high vacuum seems to be a
promising route towards large-area production of graphene-based electronic and optoelectronic
devices, the challenge is that the graphene produced through this process contains small grains
of 30-200 nm with varying thickness[28, 136, 137]. These results from the morphological
transformation of the SiC surface when annealed at a high temperature. Additionally, graphene
produced via thermal decomposition of SiC with high/ultra-high vacuum shows poor quality

due to the significant sublimation rates at low temperatures.

Emtsev et al. reported a method to improve graphene layers' morphology on the SiC
surface[118]. Their method consists of annealing the SiC samples at 1650 °C in an argon
environment. Here argon environment enables the reduction of the evaporation rate of Si
atoms[138]. The released silicon atoms from the surface can be reflected back to the surface
by colliding with argon atoms. The high temperatures used in this experiment improved surface
diffusion such that surface rearrangement occurs before graphene formation. Further
improvements of graphene produced via thermal decomposition of bulk SiC were reported in

the following references[117, 139, 140].

3.1.4. Direct growth of graphene on silicon substrates

Even though good quality graphene can be realised on bulk SiC via the thermal decomposition
method, the challenges with this technique are the limited size of SiC wafers, their high cost,
and the limitation of available micro-nano machining processing tools for bulk SiC wafers.

Ideally, one would benefit from having graphene directly on a silicon substrate for diverse

41



technological applications using conventional, complementary metal-oxide-semiconductor
(CMOS) processes. Large area graphene growth on Si substrates offers the opportunity to
explore the potential properties of graphene using Si technologies and enable the development
of graphene-based micro- nanophotonic devices. Graphene on cubic silicon carbide (3C-SiC)
emerged as an appealing route for graphene directly grown on Si substrates. The following
section discusses the advancement of graphene on 3C-SiC/Si, associated challenges and

opportunities.

3.1.5. Graphene on silicon through heteroepitaxial cubic silicon carbide
Although various techniques to grow graphene on 3C-SiC on Si had been proposed, here we
only focus on the two most promising techniques: thermal decomposition of 3C-SiC on Si and

metal-mediated graphene growth on 3C-SiC on Si.

3.1.5.1. Graphene growth through thermal decomposition of cubic silicon carbide on
silicon

Thermal decomposition of 3C-SiC on Si is the most investigated technique to produce epitaxial
graphene on Si substrates, and many researchers have been reporting graphene grown via this
technique with a slight modification from one’s growth process conditions to the others [100,

131, 141-145].

In 2009 Suemitsu et al. successfully reported the first epitaxial graphene (EG) on Si via the
thermal decomposition of 3C-SiC(111) on Si(110)[146]. Two steps were involved in their
graphene growth: - the growth of 3C-SiC(111) on Si(110) substrate through gas source
molecular beam epitaxy (GSMBE) with monomethyl silane (MMS) used as a single source
gas, followed by— annealing the samples at high temperature ~1300 °C for 30 minutes under
ultrahigh vacuum to realise a single and two-layer graphene on 3C-SiC(111) on Si(110). Their
graphene on silicon unlocked the doors toward graphene-based devices on the silicon substrate,
and thus they called their technique graphene on silicon (GOS) technology. Even though they
believed that graphene was grown on 3C-SiC(111)/Si(110), their later studies revealed that
graphene was grown on 3C-SiC(110)/Si(110)[147]. Subsequently, in 2010 Suemits, and
Fukidome  successfully grew  graphene on 3C-SiC(111)/Si(111) and 3C-
SiC(100)/Si(100)[142], respectively. Other research groups also developed a method to grow
graphene on a silicon substrate, like Ouerghi's team from CNRS in France, which used the high
vacuum sublimation process at high temperature 1300 °C to produce GOS[100, 143, 148].
Their approach consists of the degassing of SiC on Si samples at 600 °C under ultra-high
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vacuum conditions followed by the removal of native oxide by annealing the samples under a
low(0.1 mm per minute) Si flux at 900 °C, followed by annealing the sample at high-
temperature of 900 to 1300 °C to obtain EG/SiC.

The quality of graphene produced through thermal decomposition of 3C-SiC on Si substrates
can be affected significantly by the defects like surface roughness, crystallographic defects,
and orientation of the SiC films[147, 149, 150]. For example, a significant amount of antiphase
boundaries(defects) were reported for 3C-SiC heteroepitaxial films on Si(100) substrate[151].
Therefore, these antiphase boundaries can be transferred to the graphene layers on 3C-SiC on
Si(100) and degrade the graphene's intrinsic properties[28]. An effort was performed by
growing 3C-SiC films on off-axis(100) silicon substrates to remove these antiphase boundaries,
where single domain epitaxial graphene layers were realised on the surface[ 144]. Alternatively,
the 3C-SiC films grown on Si(111) substrates are believed to be less affected by the antiphase
boundaries and thus the most preferred surface for epitaxial graphene growth[144, 145]. The
surface roughness of 3C-SiC films is also a vital parameter that affects the quality of epitaxial
graphene. One of the properties of epitaxial graphene strongly affected by the surface
roughness is the electron mobility and misorientation of the graphene layer[147, 150]. The
high-quality epitaxial graphene layer requires a surface roughness of less than 1 nm[28§].
Numerous techniques were proposed to improve the 3C-SiC surface's smoothness, such as

plasma-assisted polishing and chemical mechanical polishing[152-154].

There are two significant limitations with graphene grown via the thermal decomposition of
SiC: the limited quality of the graphene layer produced via ultrahigh vacuum, resulting from

the difficulty of controlling sublimation rates[131, 149] and the relatively higher Raman
intensity ratio for D and G band (;—D ~ 1) than the exfoliated graphene[131, 146]. Moreover,
G

graphene growth via thermal decomposition of SiC on Si is limited to the use of 3C-

SiC(111)/Si(111)[100, 147].

Consequently, a metal-mediated graphene growth on cubic silicon carbide on silicon was

invented as an alternative to the thermal decomposition approach.

3.1.5.2. Metal mediated growth on cubic silicon carbide on silicon

A catalyst-based method for realising epitaxial graphene on 3C-SiC on Si substrate was
introduced to overcome the limitations encountered in the thermal decomposition of 3C-SiC
on Si. This method consists of deposition of a metal layer such as cobalt or nickel on the surface

of 3C-SiC on Si sample followed by annealing at 750 to 1200 °C, relatively lower than the
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temperature used in the thermal decomposition approaches. The metal reacts with SiC atoms
during the annealing phase to form metal silicides and release carbon atoms into the
system[155]. During the cooling phase, carbon atoms released during the annealing stage
rearrange to form graphene. However, on most occasions, the graphene is formed on the metal
surface, which still requires the transfer onto the appropriate substrates for further processing
and limits its usage to small-scale device fabrication. Even though the nickel-mediated
approach for amorphous and crystalline SiC on silicon appeared promising, uniformity of the

graphene layer and density of the defects remained the critical challenges.

To overcome these limitations, our research group led by Professor Francesca lacopi
successfully invented an alloy-mediated catalytic approach to grow high quality and highly
uniform graphene on 3C-SiC/Si (100) and 3C-SiC/Si(111) substrates using nickel and copper
as the catalysts[33, 34, 37]. This method consists of depositing a double layer of nickel and
copper on 3C-SiC on Si substrate, followed by heating the sample at 1100 °C for 1 hour. After
graphitisation, excess carbons and metal silicides on the sample's surface get removed through
subsequent wet chemical etching. This results in high quality and uniformly distributed
graphene on 2 inches Si wafer with a Raman intensity ratio for D and G band ranging between
0.2 and 0.3, revealing fewer defects for graphene grown through this approach[33, 34]. It is
worth noting that the Raman intensity ratio for D and G band in this process is consistent over
large areas and relatively small compared to those reported on epitaxial graphene on 3C-SiC
on Siusing other growth techniques[131, 147, 148]. The advantage of this synthesis process is
that it offers a straightforward, site-selective and CMOS compatible platform for fabricating
micro and nanostructure of any complex EG/SiC shape at a large wafer scale.

Details on an alloy-mediated catalytic approach are discussed in the methodology chapter 4.
3.2. A review on the surface polariton modes in graphene and silicon carbide

3.2.1. Overview of graphene plasmonics

As discussed specifically for graphene in a number of reviews over the past few years[6, 9, 72,
156], graphene has the major advantage of broad tunability, enabling spectral tuning over much
of'the MIR to FIR spectral range. While in this chapter we limit our discussion on the tunability
of SPP modes in graphene, it is worth highlighting that recent work has also been able to show
exotic physics, such as photodetection[157] and emission[158, 159], as well as
nonlocality[160-163], and polariton properties controlled by moire lattice formation[164] in
stacked layers. This highlights that while graphene plasmonics research has spanned the past

decade, new phenomena are identified regularly within this material. In particular, it is worth
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highlighting that bilayer graphene may also hold many benefits in terms of infrared
optoelectronics[ 156, 165, 166]. However, for this thesis, we focus the discussion on the tunable

properties of graphene plasmons as it pertains to their interactions with silicon carbide.

3.2.1.1. Tunability of surface plasmon polariton in graphene
The linear dispersion of the Dirac fermions in graphene is the basis of its broadband tunability,
which makes it superior to other plasmonic materials[6]. Typically, the charge carriers induced

2 to

in graphene through doping can be increased from on the order of 10! cm™
1013 cm™2[167]. Pradeep et al. used Hall effect measurements and have recently reported
carrier concentrations exceeding such values, reporting 3 X 103 cm™2 and 7 X 103 cm™2 for
EG on SiC/Si(100) and EG on SiC/Si(111), respectively[109]. Additionally, the carrier
concentration in graphene can be increased up to 101* cm™2 through electrostatic gating[168].
Such broad tunability has enabled the realisation of numerous novel photonic devices and
applications, such as tunable signal modulators[97, 169-173], optical detectors[14, 79, 174,
175], and filters[176, 177], along with many others. As previously shown in equations. (2.64
and 2.67), both the conductivity and SPP dispersion of graphene depends directly upon the

Fermi energy and are also strongly sensitive to the nature of the surrounding dielectric

environment, frequency, electronic band structure, and densities states of the carriers[72]. For

monolayer graphene, the Fermi energy can be calculated as: Ep = /mh?vE n , where h

represents the reduced Planck constant, while vg and n represents the graphene Fermi velocity
(= 106?) and carrier concentration, respectively. Thus, the carrier density control can be

simply represented via the Fermi energy in EG[178, 179] and free-standing graphene[ 180-182].
The roughness of the SiC film on which EG is formed can affect carrier mobility, with a
roughness of about 1 nm RMS required for good-quality EG[28, 183]. Other factors that impact
the intrinsic properties of EG are crystallographic defects, such as anti-phase boundaries[151],
which are more prevalent in thinner films[ 184, 185].

Due to the strong sensitivity to local materials and interfaces in the proximity of graphene,
these changes in the environment can induce doping in graphene through charge transfer
processes, where p-doping can result from polymers with nitrogen, fluorine, and oxygen
constituents, while n-doping can be induced in graphene on metallic samples[72]. Thus, careful
materials selection is needed to control the carrier density and doping, and it has become one
of the most common practices in controlling its electronic properties. For example, Hu et al.
demonstrated the use of an ion-gel to induce a broadly tunable SPP mode at a fixed frequency

of 1270 cm™! using low voltage modulation of about 4V tuned from the Dirac point [186]( see
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Figure 3.1). Furthermore, by encapsulating graphene between hexagonal boron nitride layers,

it is possible to maximise the propagation length[99].
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Figure 3.1. Hu et al. work on graphene tunable plasmons[186]. (a)The experiment diagram set up for
graphene plasmon tunable device, (b) top image shows an optical micrograph of the fabricated graphene
nanoribbon device covered with ion gel (green), and the bottom is an SEM image of graphene
nanoribbon array. (c)The calculated resonance frequencies of phonon like polariton (PP) and graphene’
plasmon (GP) peaks as a function of Fermi energy controlled through the top gate (blue curves) and
through the back (red curves), diamond and spheres curves denote experimental results. (d) Extinction
spectra of the graphene nanoribbon array at different values of Fermi energy tuned through the top ion
gel. The Figures were adapted with permission from[186] Copyright © Royal Society of Chemistry
2015.

Tunable SPP modes can also be realised when coupling graphene modes with the localised SPP
mode of a metal. Generally, metals exhibit lower optical losses than graphene in the visible and
NIR spectrum (optical loss in graphene in the visible range is due to the interband transitions
of charge carriers). A tunable SPP mode can be realised with a metal nanostructure coated with
graphene with effective EM energy coupling at these frequencies. For instance, tunable and

robust graphene/metal plasmon can be realised from the devices designed from graphene and
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metal nanoparticles, where the localised SPP resonance in the metal can be controlled by
graphene. Niu et al. demonstrated this with graphene and metal nanoparticle structures which
exhibit tunable SPP resonances[187]. In Figures 3.2a and 3.2b, their graphene-gold hybrid
nanostructure is shown. The tunability was controlled by changing the thickness of the
dielectric (Al,05) spacer implanted between graphene and the metal nanoparticles. When they
varied the spacer thickness from 0.3 nm to 1.8 nm, the wavelength of the surface plasmons
resonance peak blue-shifted from 583 nm to 566 nm. This change in resonant frequency results
from the electromagnetic field coupling strength variation between the localised SPP mode
induced by metal nanoparticles and graphene film. For graphene coupled on a gold nanorod
such as in[188], the resonance frequencies of localised SPP can be controlled by modifying
interband transitions in graphene through electrostatic gating, and the frequency shifts are

controlled by the polarity of the applied gate voltage ( see Figure 3.2¢ and 3.2d).
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Figure 3.2. (a) A schematic of the structure with graphene embedded between the dielectric medium to
induce tunability of gold nanoparticles formed on the top of dielectric (inset show SEM and the cross-
sectional view of the device), (b) tunability of resonance wavelength. (¢) Schematic of the device with
graphene on the top of gold nanorods to show how electrolyte gate with the ionic liquid is used to tune
the plasmon resonance through graphene. The inset shows an SEM image (100 nm resolution) of gold
nanoribbon coated by graphene. (d) Rayleigh scattering spectra of the graphene-based device at four
different gate voltages to confirm its ability to excite tunable plasmon. (a &b) adapted with permission
from [187], © 2012 American Institute of Physics, and (¢ &d) adapted with permission from [188]
Copyright © 2012 American Chemical Society.
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Liu et al. proposed a highly tunable hybrid metamaterial as a high-speed THz modulator using
graphene resonators as a source of SPP coupled to metal-based ring resonators. Their device
can potentially be applied in sensing, nonlinear frequency generation, and photo-detector[189].
In their study, monolayer graphene sheets were grown through CVD and transferred on SiO2/Si
substrate, which was also employed as a back gate for electrostatic control of the carrier density
in graphene[189]. Furthermore, graphene induced tunability through electrical doping of the
graphene layer and coupling on the dielectric substrates for diverse applications were studied
in [190-200]. Thanks to its lower loss nature at the THz and MIR frequencies, depending on
the intended applications, effective doping of graphene can be used as a channel to tune the
surface plasmon mode. For higher frequencies such as in the visible spectrum, graphene can
be coupled with noble metals to tune their low loss localised surface plasmon resonance.

The following sections discuss graphene-induced tunability of hybrid SPhP-SPP modes in
epitaxial graphene on silicon carbide at the MIR regions. However, before we review the works
about hybridisation between SPhP-SPP in EG/SiC, let us start by reviewing the recent progress

on SiC*‘s based nanophotonics.

3.2.2. Silicon carbide nanophotonics

Analogous to plasmonic materials, the surface of SiC can be carefully tailored, and
nanostructure patterns fabricated into it that can support long-lived localised SPhP modes[201-
206]. These SPhPs modes are known to be tightly confined at subwavelength scales and exhibit
high-quality factors with expected Purcell enhancements on the order of about three order
magnitudes higher than what is attainable with noble-metal and doped semiconductor
plasmonic structures[84, 207]. Furthermore, akin to plasmonics, nanoscale patterning of SiC
can also create gratings and enable phase matching for the excitation of propagating
modes[202]. The ability to couple localised resonances with propagating modes in SiC has
been proposed as a means to realise photonic integrated systems similar to those with SPP
modes[208]. One such hybrid localised/propagating SPhP mode is the so-called monopole
resonance that results from a coupling between a propagating SPhP and a modified longitudinal
dipole when nanostructures are fabricated into the same polaritonic material[95, 209-213]
Feldman[214, 215] was the pioneer in developing our understanding of optical phonons within
SiC, with Nienhaus[88] and Nakashima and Harima[216] extending our understanding
substantially when they revealed excitation of surface phonons in 3C, 4H, and 6H-SiC using
Auger electron spectroscopy, high-resolution electron energy loss spectroscopy and with

Raman scattering techniques. Tiwald et al.[217] reported a widely employed dielectric function
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model for SiC that subsequently enabled the seminal works of Hillenbrand et al.[218] and
Greffet et al.[219], which revealed the first experimental studies of SPhPs in this material.
Hillenbrand et al.[218] used scanning near field optical microscopy (SNOM) to investigate
propagating SPhPs on 4H-SiC surfaces.
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Figure 3.3. Experimental works on the propagating SPhP mode in SiC. (a) Probing of phonon in SiC
using scattering-type MIR scanning near field microscopy (s-SNOM). (b) Image of Au covering SiC
sample (2 rectangles shows the area used to extract the data. (c¢) The infrared near field images showing
the scattering field amplitude taken at different illumination frequencies (the blue colour shows Au).
SiC surface looks much brighter than other areas covered by Au at the phonon resonance frequency
(929 cm™). The contrast reverses at 938 cm™. IR images taken from either side of the phonon resonance
show a systematic local variation at 895 cm™ and 938 cm™. (d) Atomic force microscopy image of SiC-
based grating to support SPhP. The period of grating d=0.55A (A=11.46 pum) was taken so that the
propagating surface wave could couple with the propagating wave at the studied frequencies. (e)
Measured and calculated reflectance of SiC grating at the MIR, Showing the dependence of SPhP
response on the incident angle. (a-c) adapted with permission from[218] Copyright © 2002, Springer,
and (d & e) adapted with permission from[219] Copyright © 2002, Springer.
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By mapping the spatial amplitude (proportional to reflection) and phase (absorption) of the
infrared optical response of the material resulting from the scattering of incident infrared laser
light off of a metalised atomic force microscope tip near the SiC surface, they revealed a
contrast in the near field amplitude of the sample at frequencies within the Reststrahlen band.
This is shown in Figure 3.3a-c, where the brightness ofthe SNOM image displays enhancement
in the scattering amplitude of incident optical fields on the surface of 4H-SiC in comparison to
the surrounding Au. At the same time, Greffet et al.[219], used SiC-based gratings to induce
spatially coherent thermal emission (Figure 3.3d-e). This was followed by Taubner et al.
exploring superlenses in the near field[205] and additional work from the Shvets group, which
demonstrated prism coupling for chemical sensing platforms[220, 221].

Subsequently, Schuller et al. demonstrated the far-field measurements of the resonant localised
modes[206] and that they could serve as the basis for a polarised narrowband IR thermal
source[222]. Caldwell et al. demonstrated silicon carbide-based nano-antennas wide flexibility
and tunability, where they explored sub-diffractional, localised SPhPs in nanopillar arrays
fabricated in 6H-SiC[84]. Extraordinarily narrow resonance linewidths (ranging from 4
to 24 cm™1), were reported, with corresponding quality factors of about 40 to 135, which
exceeded typical values in pure plasmonic resonators by about an order of magnitude (Figure
3.4a-c). Similarly, Wang et al. demonstrated the ability to realised resonant SPhP modes
through creating metal apertures on the surface of SiC, which offered quality factors as high as
60[223]. More recently, a few hundred quality factors have been reported in this material
system[224, 225]. The model reported by Caldwell et al.[84] revealed coupling of the localised

1
3
}\I‘ESO

SPhP modes to extremely small modal volumes ~ ( )5, which yielded potential Purcell

effect

enhancements of 1.9 X 10° to 6.4 x 107, far larger than what can be theoretically realised with
SPPs. Furthermore, Chen et al.[202] reported that the resonance intensities remain almost
unaffected irrespective of variation in the filling fraction of the nanopillars, resulting from the
strong coupling between the localised and propagating SPhPs supported in this system. Gubbin
et al. (2016), built on this work, investigating the strong coupling, localisation, and propagation
of SPhP modes in SiC-based resonators (cylinders of micron size)[202]. In their study, the
nanoresonators were fabricated into SiC wafers to induce the localised SPhP modes and act as
grating coupler for excitation of propagating SPhPs (Figure 3.4d-f). From the tunability of the
SPhP dispersion, they found a spectral anti-crossing occurred between localised and
propagating modes, which confirmed strong coupling between them. It is worth noting that

such an anti-crossing is only achievable if the Rabi frequency (oscillation frequency of a Rabi
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cycle undertaken for a given atomic transition in a given EM field) exceeds the losses of the

combined modes[226].
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Figure 3.4. Excitation of localised SPhP in SiC. (a) The profiles of the field distributions in SiC-based
nanopillars with contributions due to the transverse dipole and monopole modes. (b) depicts the spectral
resonant responses of 6H- SiC-based nanopillars with a comparison between the Q factor of plasmonics
mode (in plasmonic materials) and localised SPhP modes (in polar dielectric materials) for 6H-SiC,
Inset shows arrays of 6H- SiC-based nanopillars. (c) FTIR reflectance spectra of the periodic array on
6H-SiC with the simulation results of the nanopillars showing the monopole (M) and transverse dipole
(TD) resonances of the SiC-based device. (d)SEM image of a SiC device fabricated to excite localised
SPhPs modes. (e) Electric field norm for the modes of the coupled array with the sinusoid curve to show
the SPhP mode wavelength. (f) Dispersion of the SPhP mode (black curve), the solid blue line show
SPhP mode folding from the edge of the first Brillouin zone for different periodicities varying from 5-
7 pm, while the inset shows the norm of the electric field of the SPhP mode at air/SiC interface. (a-
c)adapted with permission from[84], Copyright © 2013 American Chemical Society. (d-f) Adapted
with permission from[202], © 2016 American Physical Society.

Recently, Gubbin et al. used 4H-SiC nanopillars to demonstrate strong coupling between
transverse and longitudinal SPhPs and theoretically modelled this behaviour through the
realisation of hybrid excitations referred to as longitudinal-transverse-phonon-polaritons
(LTPP). These strongly coupled modes were observed experimentally by tuning localised SPhP

monopolar resonance into the spectral proximity of a zone-folded LO phonon intrinsic in SiC
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polytypes with higher degrees of hexagonality[227]. Such coupling between longitudinal and
transverse fields offers the potential opportunity to electrically stimulate optically active
modes, with their work paving the way towards the development of novel MIR emitters.
Similarly, Folland et al. recently demonstrated that SPhPs in SiC could couple to molecular
vibrational transitions in a liquid, paving the way for a new methodology for creating
vibrational polaritons and strong coupling in liquids[228]. Further opportunities for ultrafast
modulation of SPhPs were demonstrated by Dunkelberger et al. through the injection of free
carriers into localised SPhP resonators[229].

Nevertheless, the challenges associated with excitation of the SPhP modes in polar materials
are that their responses are limited to the narrow, material-specific Reststrahlen bands,
hindering the exploitation of these modes over broad frequency ranges[96, 108]. Further, the
fast spectral dispersion in the dielectric function within this band also infers that the SPhPs will
result in modes with exceptionally slow group velocities, thereby limiting propagation lengths
despite the long polariton lifetimes[4]. While efforts to overcome such limitations are
underway via the crystalline hybrid concept[230], these challenges remain a significant
roadblock. On the other hand, the experiment conducted by combining polar materials with
graphene has revealed an ability to overcome the restrictions of SPPs and SPhPs through the
electromagnetic hybrid concept[230], which relies on the formation of phonon-plasmon hybrid
modes[26, 30, 103, 231-233]. These experiments demonstrate the possibility of developing
devices with low losses due to the long lifetimes of SPhPs and the broad spectral tunability of
graphene SPPs. For instance, hybrid SPP-SPhP modes in graphene and hBN were
demonstrated to propagate longer than the pure polaritons in either material[27]. Moreover, the
coupling of graphene SPPs with SPhPs in polar materials is supported by recent advancements
in synthesis techniques, enabling graphene to be grown directly on a given substrate, perhaps
most notably on silicon [33, 35, 131]. The following section will review the current literature

about hybrid SPP-SPhP modes within graphene on silicon carbide heterojunctions.

3.2.2.1. Graphene on silicon carbide photonics

The successful synthesis of EG on 3C-SiC/Si wafers was a substantial leap forward as such a
system enabled large area and uniform growth of graphene on a desirable substrate, which
benefits the advancement of photonic and electronic research fields[29, 234]. SiC has been
used in micro/nano-electronics for many years, and studies on growing pristine graphene on
different polytypes of SiC have been conducted for more than a decade[28, 29]. However, there

is still a need to get further insights into the interactions between graphene and SiC, such as
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carrier dynamics that can be affected by the range of coupling and interference effects that
result from optic-phonon/free-carrier interactions. Recent progress in obtaining graphene from
hetero-epitaxial 3C-SiC on silicon[35, 37, 131] holds promise for potentially adopting and
translating this powerful approach to create a platform for nanophotonics in a silicon-
compatible material system.

A study investigating the coupling of SPP and SPhP modes in epitaxial graphene on SiC was
conducted using dispersion measurements via angle-resolved electron energy loss
spectroscopy (AREELS)[26]. In their work, graphene was epitaxially synthesised on a 6H-SiC
(0001) substrate. AREELS measurements were performed on epitaxial graphene and bare
hydrogen (H)-etched SiC (6H-SiC (0001)) at room temperature and pressure of 2 X 10710 torr.
Robust coupling of about 130 meV (much higher than 20 meV measured from the coupling of
the SPP to SPhP modes in GaAs[235]) was observed between the dipolar E fields[236]. This
coupling originated from the collective oscillation of T-electron charges in graphene and the
collective vibrations of SiC. The carrier density of graphene was recorded to be in the range of
1013 cm™2 as a result of the charge transferred from the surface of SiC to the graphene
sheet[26]. The momentum of phonon modes in SiC caused these transferred charges to
oscillate, a phenomenon which is understood to be the source of unusually strong anti-crossings
observed in the measured dispersion curve of the coupled system (see Figure 3.5a).
Subsequently, Kosh, Seyller & Schaefer conducted another study about plasmon and phonon
coupling where high-resolution electron energy loss spectroscopy (HREELS) was utilised to
reveal strong coupling of these modes in graphene on 6H-SiC (0001) with a higher carrier
density in the range of 1.5 X 10> cm™3 at the long wavelength limit[103]. The spectra of
energy loss recorded (see Figure 3.4b) confirmed the existence of coupled plasmon and phonon
modes separated by wgy and wry. Coupling was also theoretically confirmed in Figure 3.5c,
whereby using the dielectric function, the spectra of the energy losses and dispersion of the two
coupled modes were calculated. Later, Kosh et al. again realised the coupled phonon-plasmon
modes in EG on SiC[237]. Their study used HREELS and a dielectric function model to unveil
coupling for epitaxial graphene to the buffer layer and in quasi-free standing graphene on both
oxygen and hydrogen-intercalated SiC (0001) (See Figure 3.5d-f). They revealed the coupling
of internal modes to occur even for bilayer graphene with asymmetric inversion, which results
from disparity of charges across the layers. They also revealed that interface modification

through intercalation cannot quench plasmon-phonon coupling in the EG on SiC substrate.
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Figure 3.5. (a) Graphical representation of the peaks energy losses against wavevector in monolayer
(ML) and bilayer graphene on SiC. The dashed surfaces show the area covered by single-particle
excitation (SPEs) spectrum results from inter-band and intra-band transitions, while the two insets show
plasmon and phonon modes before (top) and after coupling (bottom), adapted with permission from

[26]. ©2010 American Physical Society. (b) Spectra of energy loss (measured by HREELS at the
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resolution of 20 cm™) of hydrogen etched SiC (before graphene formation on top) and on EG SiC (001)
after formation of graphene (bottom curve), (c) dispersion of SPhP-SPP modes coupled (red dots and
solid blue lines represent measured and calculated results, respectively. The dashed line describes the
nature of q"? b &c adapted with permission from [103]. ©2010 American Physical Society. (d)
Dispersion of plasmon-phonon coupled modes on monolayer graphene on SiC, (e) dispersion of
plasmon-phonon coupled modes hydrogen-terminated EG on SiC (0001), and (f) dispersion of plasmon-
phonon coupled modes for oxygen terminated EG on SiC (0001). The coloured images (blue and red)
show the coupled plasmon-phonon modes and are marked by ®., ®+, ana ®++ While the back and white
circles indicate the maximum energy losses as measured with HREELS recorded at different primary

beam energies. (d-f)adapted with permission from[237]. © 2016 American Physical Society.

Moreover, the strong coupling of SPPs to localised SPhP modes in graphene and periodic
gratings (micro-cavities) fabricated into SiC substrates (to induce localised and propagating
modes in the system) was theoretically studied for tunable SPPs at infrared frequencies[31]. In
that study, they considered monolayer graphene on a SiC grating, and they used numerical
calculations with the finite element method (FEM)[238] to investigate the optical responses. It
was reported that as SiC will behave as a near-perfect reflector within the Reststrahlen band,
this can enable a cavity effect sufficient to launch graphene SPP standing waves[96]. Rabi
splitting in the absorption spectra confirmed the presence of strong coupling of the localised
SPhP resonant modes supported on the SiC grating and SPP resonances in graphene cavity
modes. The resultant hybrid mode displayed the characteristics of each constituent (SPPs in
graphene and SPhPs modes in SiC). The tunability of the mode in their device was also revealed
by varying the chemical potential of graphene and by changing the cavity width, where they
observed a shift in absorption peaks. Moreover, Qing et al.[173] theoretically demonstrated
that an ultrathin layer of MoS> and hBN sandwiched between SiC and graphene can support
extremely confined SPhPs with confinement factors over 100 and a tunable hybrid SPP-SPhP
mode, which was used for an electro-optic modulator with over 95% of modulation depth.
Further works on the hybrid coupling of the SPP-SPhP modes in EG on SiC were performed
in the following references[32, 232, 239-241].

3.3. Summary

This chapter reviewed different graphene growth techniques such as micromechanical
exfoliation of single-crystal graphite, CVD, thermal decomposition of silicon carbide, and
direct graphene growth on silicon through heteroepitaxial cubic silicon carbide. The chapter
revealed tremendous progress in terms of graphene synthesis techniques. The recent progress

on the quality and control of epitaxial graphene grown on silicon carbide on silicon carbide
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showed more potential advantages due to its large wafer growth and compatibility with existing
silicon processing technologies that enable the fabrication of any complex three-dimensional
structures and optical characterization of graphene together with silicon carbide.

The chapter also reviewed the recent progress in graphene and silicon carbide-based
nanophotonics and revealed significant progress for graphene plasmonics and silicon carbide
nanophotonics individually for the past few years. The reviewed literature revealed that the
coupling of graphene and polar materials improves photonic devices' performance
significantly. However, only a few works were conducted on combined graphene -silicon
carbide materials systems, despite recent progress on EG/SiC on a silicon substrate that eases
the fabrication of photonic devices of any shape using existing CMOS technologies. Hence

further studies need to be conducted on EG/SiC/Si.
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Chapter 4. Methodology

4.1. Experiment

4.1.1. Graphene synthesis - A catalytic alloy graphene growth on epitaxial silicon carbide
on silicon

In this project, commercial 3C-SiC films heteroepitaxially grown on (100) silicon substrates
(3C-SiC/Si(100)) of 2 inches supplied from NOVASIC, France, were employed for the
experimental results reported in chapter 5. For experiments performed in chapter 6, 3C-SiC
nanowires on the silicon substrate (3C-SiC NW/Si) from IMEM-CNR Institute, Italy, were
used. The 3C-SiC/Si wafers were diced into small samples of ~1 cm X1 cm size for

characterisation and graphene growth.

The diced 3C-SiC /Si samples were then graphitised using an alloy mediated catalytic process,
a novel technique developed by our research group for epitaxial graphene growth [33, 35]. Our
alloy-mediated catalytic graphitisation process involves three fundamental steps to synthesise

epitaxial graphene on silicon carbide on silicon. The three steps are depicted in Figure 4.1.

The first step is the sputtering or deposition of catalyst metals on 3C-SiC on Si samples. This
step begins by cleaning the samples using acetone and isopropyl alcohol (IPA) solution. The
cleaned samples are then loaded into a cryopump deposition chamber with a vacuum pressure
of ~ 10~ mbar and a deposition current of 200 mA for nickel's (Ni ) and copper (Cu) deposition
on 3C-SiC/Si. After deposition of catalyst metals, alloy—mediated graphitisation step follows
using a carbolyte high-temperature furnace. In this step, the samples are annealed at ~ 1100 °C
(25°C/min) for one hour under the controlled vacuum condition of ~ 10~ mbar, and the samples
remain in the furnace to gradually cool down (at ~2 °C /min rate) to room temperature[33].
During the annealing phase, Ni reacts with SiC, which results in the formation of silicide
groups, typically the NixSi, intermixed with metals while releasing the carbon, which
precipitates during the cooling phase. The intermixed layer of metal silicides, metals, and
excess carbon that did not participate in graphene formation get removed by a wet freckle etch
process that uses a mixture of acid solutions. The freckle solution consists of a mixture of 85%
of phosphoric acid (H3PO4):Glacial acetic acid (CH3COOH):70% Nitric acid (HNO3):48%
Tetraflouroboric acid (HBF4): H>O in the ratio of 70:10:5:5:10. Lastly, the samples are rinsed
using milli-Q water and dried with nitrogen gas[242].
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Figure 4.1. A schematic representing alloy mediated catalytic graphitisation of epitaxial graphene on

cubic silicon carbide on silicon[33].

4.1.2. Scanning Electron Microscope

A scanning electron microscope (SEM) is an electron microscope that generates images of a
sample. SEM employs a focused beam of electrons to illuminate and collect detailed and
complex properties of the sample and display them in the image and topological form. SEM
can magnify the sample from 10 to 3 X 10° times. Modern SEM had been improved that can
have a resolution as high as 1 nanometer, making it a powerful tool for micro and

nanostructures research[243].

To characterise the surface morphology of our samples in this thesis, we used a Zeiss SUPRA
55- VP high-resolution field emission SEM operated by the accelerating voltages ranging from
2kVto 10 kV.

4.1.3. Raman Spectroscopy

Raman spectroscopy is an optical tool used for measuring the vibrational energy in molecules.
With Raman spectroscopy, it is possible to distinguish various elements present in the sample.
This tool is usually considered as a complement to IR spectroscopy. This is because IR and the
Raman spectroscopies have different selection rules for the surface vibration modes
excitation[242]. For IR spectroscopy, a change in the molecule's dipole moment during
vibration is required to initiate interaction with the incident EM fields. However, for a vibration
mode to be Raman active, a change in the polarizability is necessary. Also, while the IR
spectroscopy measurement relies on the interaction between molecule and incident radiation,
the Raman technique depends on the inelastic scattering in which the molecules loses or gain
energy before re-radiating the incoming radiation[242]. The difference between Raman

scattering and infrared absorption processes is depicted in Figure 4.2. When the incident EM
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field on the sample is elastically scattered, the phenomenon is called Rayleigh scattering.
Otherwise, the phenomenon is called Raman scattering when it is scattered inelastically, either

blue shift/anti-Stokes or red-shift/Stokes.

Virtual
energy states

Vibrational
energy states

4
3
2
% - :
- »w 0
Infrared Rayleigh Stokes Raman  Anti -Stokes
absorption Scattering Scattering Raman Scattering

Figure 4.2. A schematic representation of infrared (IR) absorption, Rayleigh, and Raman scattering
processes. The IR absorption is induced by a direct increase in the absorption energy; Rayleigh
scattering comprises an elastic process in which the scattered and incident waves have the same energy;
the Raman scattering takes place when the incident fields gain/loses energy as they interact with a

vibrational excited/unexcited molecular system[242].

For the measurements with Raman spectroscopy, a laser as a monochromatic light source is
required. The latter emits the radiation which hits the sample, and the vibration states of the
sample are recorded as a spectrum of phonon modes (typically as wavenumber versus Raman

intensity).

We used WITEC confocal Raman microscope and Renishaw inVia Raman microscope to
characterise our samples in this thesis. For simplicity, we only discuss the WITEC Raman
Renishaw measurement procedure in this chapter, while inVia Raman is discussed in chapter
6. WITEC confocal Raman microscope mapping (Figure 4.3)[244, 245], was used at room
temperature in a backscattering geometry with a WITec ultra- high throughput spectrometer
(UHTS) excited by 532nm (argon-ion) laser using 100X objective with a spot size of ~300
nm. Silicon was used as a reference sample to calibrate the instrument before Raman

spectroscopy measurements to ensure that the Sipeak's spectra position is at ~520 cm™ . To keep
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statistical accuracy in measurement, we performed an area mapping of 10 pm x 10 um with

0.2 um and 0.1-second step size and integration time, respectively.
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Figure 4.3. A schematic of a WITEC confocal Raman microscope. Adapted with permission

from[244], © 2018 Springer International Publishing AG.

The Raman spectral positions of the D, G, and 2D bands of graphene were identified, and their
intensities ratio (Ip/Ig) was calculated and recorded to evaluate the quality of the produced
graphene samples. Typically the D peak appears only for the broken graphene’s lattice
symmetry, and its presence indicates the structure defects in graphene, such as edges and point
defects[28]. The G peak in the Raman spectra of graphene arises from the in-plane vibrational
mode (C-C bond in graphitic materials) due to the SP? hybridisation of carbon atoms. Raman
intensities for the D and G peaks (Ipn/Ig) ratio provide the information needed to approximate
the graphene defects, where a lower ratio indicates less defective graphene. Moreover, the

following relation[246]:

-1

I
L, = 2.4 x 10710)% <1_D) (4.1)
G

can be used to estimate the grain size of graphene from Ip/Ig and the laser's wavelength for the

Raman spectrometer.

4.1.4. Fourier transformed- infrared spectroscopy
Fourier transformed infrared (FT-IR) spectroscopy is a powerful and widely used technique to
identify and characterise the samples' transmission, reflection, and absorption properties in the

infrared spectrum. Currently, FTIR can measure and provide the samples' spectra properties at
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the far-infrared, mid-infrared, and near-infrared, with only the differences being on the
detectors, beamsplitters, filters, or lenses used by the tool[242]. Interferometer and Fourier
transform computation are the two vital parts of an FTIR. A schematic of an interferometer is
depicted in Figure 4.4. The interferometer provides information on the interference pattern
between two light beams. The light beam leaving an infrared source enters into the
interferometer, divided into two single light beams. After the two beams have moved through
their separate paths, they couple to form one light beam and leave the interferometer. The
optical path difference (OPD) of an interferometer can be defined as the difference between
the distances travelled by the two different light beams. When two distinct light beams travelled
equal distances, the OPD of the interferometer becomes zero, a condition which is known as

zero optical path difference (ZOPD).

Different FTIR manufacturing companies use different interferometer designs, but most
modern FTIRs use the Michelson interferometer, named after its inventor Albert Abraham
Michelson[247]. Here we used the Michelson design to explain the interferometer's working

principle, which is also applied to different interferometer types used in modern FTIRs.

Infrared Collimating
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. ]

Fixed mirror

Figure 4. 4. A schematic of Michelson interferometer. Adapted with permission from [247] , © 2011
by Taylor & Francis Group, LLC.

As depicted in Figure 4.4, Michelson consists of four major components. The top part contains
the infrared light source (ILS) and a collimating mirror (CM), which collects the light from the
ILS and causes the beams to move parallel to each other. The bottom part contains a fixed

mirror (FM). On the right, the Michelson interferometer has a moving mirror (MM), moving
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right and left. The left side of the Michelson interferometer has an infrared detector and the
sample holder, while the central component of the interferometer is an optical beamsplitter. A
beamsplitter is made to transmit part of the incident light beam while reflecting the other light
incident on it—the transmitted light from the beamsplitter moves toward FM. Upon reflecting
from these mirrors, the reflected light beams move back to the beamsplitter, where they
recombine to form a single light beam which leaves the interferometer to interact with the
samples and be collected by the detector. Recombination of the two light beams reflected from

the moving and fixed mirror follows the superposition law of the two waves[248].
Af = A1 + AZ (4.2)

where A¢, Aq, and A, describe final amplitude, fixed mirror light beam amplitude, and moving

mirror light beam, respectively.

For A with higher intensity than A, or A,, the recombination of the two light beams is called
constructive interference, whereas for A¢ lower than A;or A, indicates destructive interference.
The intensity of the light beam is directly proportional to the square of its amplitude. Therefore,
the name interferometer is given to the instrument because the two light beams interfere in the

interferometer, which measures their interference pattern.
How does the interferometer produce the spectrum?

It is worth knowing how the interferometer produces a spectrum. Let us assume that the IR
source excites light composed of only one wavelength, A (typically, the IR source in FTIR
excites light with several wavelengths)[247]. We can also consider a situation where an
interferometer is at ZOPD. This implies that the speed and distance travelled by the light beam
reflected from the fixed mirror and the light beam reflected from the moving mirror are equal.
Consequently, at the beamsplitter, the two light beams recombine constructively. When the
OPD of these two light beams is in phase, the following relation between the OPD and

wavelength needs to be respected.
OPD = nA (4.3)

where n=0, 1,2, ..... represents an integer number. While n=0 corresponds to ZOPD, and n=1
indicates a situation where the light beams are precisely one cycle out of phase, while n=2
corresponds to the case when the light beams are two cycles out of phase. For a non-zero OPD
between the two beams, the moving mirror's distance in an interferometer is called the mirror

displacement (MD). Thus, as the light beam traverses from and to the moving mirror, the OPD
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corresponds to 2MD. For example, a mirror displacement of 1 cm in the Michelson
interferometer corresponds to 2 cm OPD. By gradually moving the mirror back and forth from
the beamsplitter, constructive and destructive interferences get induced, which produces an
interferogram (i.e., interference writing). Here interferogram can be defined as a plot of the
light intensity against OPD. The back and forth movement of the mirror from the beamsplitter
is called a scan. The interferograms resulting from several scans are Fourier transformed in
computer software and produce a spectrum, so the technique is named Fourier Transform
Infrared (FTIR) spectroscopy. Figure 4.5 describes the FTIR spectroscopy processes. Further
details on the FTIR technique can be found in these references[247, 249].
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Figure 4.5. A schematic of the FTIR spectroscopy procedures showing spectrometer, interferogram,
and computer system from which Fourier transformation calculation takes place to generate a spectrum

of results.

FTIR has four main sampling techniques: transmission, specular reflection, attenuated total
reflection, and diffuse reflection. Nevertheless, attenuated total reflection (ATR) is commonly
used to analyse the samples qualitatively with less sample preparation. The main advantages
of ATR sampling arise from the small sampling path length and the depth of penetration of the
infrared beam into the sample. Moreover, it is used to analyse the surface plasmon or phonon
polariton responses in the samples. Typically this is good for flat samples, where the ATR
sampling technique offers the opportunity to excite these surface polariton modes, and the

instrument crystal, usually a high refractive index prism, acts as a coupler to provide the light
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with enough momentum matching that of surface plasmon or surface phonon mode in the

characterised samples for the polariton modes excitation.

In this thesis, a Thermo Scientific Nicolet, 6700 FTIR spectrometer, connected to ATR
(diamond crystal) accessory, was used to measure the investigated samples' reflectance and

absorbance characteristics.

4.2. Numerical modelling

Numerical modelling has become an essential part of science and engineering, thanks to
computational power and software development advancements. The numerical methods
involve using physics laws and mathematical models to design and predict the intended final

product's performance.

Typically, it is challenging to know the exact behaviour of an actual complete system or
different components of a system before being tested for the designed purpose. Designing and
testing the system's behaviour usually results in excessive materials/samples and time
consumption from the design to the production stage. In most cases, this practice is cost-
ineffective. Consequently, the designers prefer using numerical software to simulate, optimise,
and refine the designed system before the final physical prototype is manufactured. The
simulation and numerical modelling tools play a significant role in reducing the design
process's duration and the final product's total cost and exploring the new phenomena that may
not be revealed experimentally due to the absence of technologies to disclose them. Nowadays,
modelling and simulation techniques in the photonics research field have gained immense
progress where new numerical and analytical methods have been developed, and existing ones
have been upgraded to meet the researchers' purpose. Additionally, the advancement of
computing power and software development enabled commercially available software and
simulation tools for improving the numerical modelling of various photonic devices. Generally,
these simulation tools need to be robust, accurate, fast, and user-friendly with significantly low

memory and computational requirements.

Several types of numerical modelling techniques for photonic devices have been developed to
meet the users' needs. Most of the invented numerical methods focus on mathematics, physics,
chemistry, and engineering problems, while others had been successfully implemented to solve

other disciplines' research problems[250].

Traditionally, analytical calculation methods and closed-form solutions have been

predominantly used to model different photonic devices[250]. However, as the devices
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increasingly became more complex and analytical techniques became significantly ineffective,
numerical modelling methods became a better alternative route. Additionally, this was
empowered by the tremendous advancement in software development and low-cost computing

power, enabling automation and computerising numerical algorithms.

Consequently, it is now possible to simulate complex structures using commercially developed
software based on different numerical methods. Some of the extensively used numerical
techniques for photonic modelling are the transfer matrix method[251], finite difference time
domain[252], finite integration technique[253], finite element method[250, 254], transmission
line matrix methods[255, 256], and many others. These techniques approximate the solutions
of Maxwell’s equations, which is the starting point for any investigation on the photonic

devices using numerical methods.

The finite element method (FEM) used in this thesis is regarded as one of the most effective
modelling techniques for investigating various optical phenomena in photonic structures. Thus,
the following section discusses the basic principles of FEM, focusing on photonic device

modelling using COMSOL Multiphysics.

4.2.1. Finite element method

The finite element method (FEM) is one of the leading numerical modelling techniques first
introduced in the 1940s[257]. In the beginning, FEM was used for structural analysis and
aircraft designs[258]. Thanks to its flexibility and ability to produce accurate and robust results
for many challenging problems, FEM was later expanded to other science and engineering
branches, such as heat transfer and fluid dynamics[259], electrical engineering[260], and
electromagnetics[261-264]. In electromagnetic modelling, the FEM is used to find numerical
solutions of partial differential equations (PDEs) or ordinary differential equations (ODEs) of
boundary value problems[265, 266]. The boundary value problems generally result from the
coupling of the governing PDEs and boundary conditions (Figure 4.6). The boundary
conditions can be expressed in terms of mathematical equations. However, due to the
complexity of mathematical equations representing the boundary value problems, it is not easy
to solve them manually. Consequently, FEM uses a set of algebraic equations to approximate

a solution to the problems.

Boundary Value Problems E— Governing (ODEs or PDEs)Equations . Boundary Conditions

Figure 4.6. General description of boundary value problems

65



The FEM computation involves four fundamental steps[267]: 1)segmentation of the structure
into finite elements, 2)creating the governing equations for each element,
3)collection/assembly of all elements into a system of equations, and 4)finding the solutions of

the system of equations.

Segmentation of the structure geometry consists of dividing the geometry of the complex
structure/problem into numerous small parts “’elements” such that the dielectric is
homogeneous in every element (Figure 4.7). This process is also known as “mesh
discretisation.” The meshed structure results in small and simple elements with different
geometrical shapes such as triangles, quadrilateral, tetrahedron, or hexagonal shapes,
depending on the dimension of the original object “domain” and the capacity of available
computational resources[266, 268]. In this thesis, triangular and tetrahedron meshes will be
considered for our FEM models[269]. Usually, 2D models tend to use triangular-shaped
meshes, while 3D models tend to combine triangular and tetrahedron meshes[254, 265]. These
meshes are interconnected in the FEM model with nodal points called nodes and boundary
lines. Figure 4.7b illustrates mesh, nodes, and boundary lines. At the connecting nodes, each
adjacent element shares the degree of freedom equal to the product of the number of nodes and

the values of field variables.

(a)

-— T

Figure 4.7. A schematic illustrating mesh discretisation in a FEM model. a) An object or model domain
before mesh discretisation, b) model domain after mesh discretisation showing the nodes (red circle)

interconnected by boundary lines to form an element (triangular shape).

In FEM, the computational space, also called the model domain (Figure 4.7a), is divided into

a finite number of subdomains. There are several advantages of using subdomains. Subdomains
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can represent complex geometry and different material properties more accurately. They divide
the original problem into a smaller set of simple problems; hence, they can be structured to
collect more information. This solves the problem more efficiently as the FEM-based software
can automatically generate the mesh using built-in algorithms. If the field distribution in each
element e assumed to be @€, the distribution over the entire FEM structure is a linear

combination of every element's distributions and can be described by the following relation;

Ne
oY) = ) @) (44)

where N. represents the number of elements constituent of the structure being investigated. In

FEM, N is to be chosen such that the maximum length of the element’s edge is less than a

tenth of the free space wavelength(%/ 1 O)'

The second step in FEM modelling is developing the governing PDEs for each element. In
setting up the FEM model, variational and Galerkin formulations can be used[250, 265].
Though the two formulations have different starting points, they can yield expressions that can
be discretised with the FEM technique and converged to eigenvalue matrix equations[250,
265]. The variational approach requires reducing an expression/functional setup in terms of
variables such as potentials and the fields with respect to the slight variation in these variables.
The main principle for the variational approach is that for very small variation, the functional
is stationary while the system reaches its equilibrium. The Galerkin formalism is a form or
example of the weighted residual method, and it starts by creating a residual directly from the
PDE connected to the boundary value problem being analysed[265, 270]. The residual is
created by transferring all terms of the PDE on one side. Afterwards, the created residual is
multiplied by a weight function and integrated over the domain of a single element. This is
why the Galerkin formulation is a form of the weighted—residual method[264]. Galerkin's
formulation was explained in a number of the FEM modelling textbook [250, 254, 264, 267,

271]. For simplicity in this chapter, we limit our discussions to the variational method.

The distribution of field variable ¢ for every element is extended in an appropriate basis
function Y. The P can be either edge or node-based functions. For simplicity, here, it is taken
to be a node-based function. The basis functions only contain a value over the element, and
they disappear outside of the element, e. Moreover, the basis functions use the boundary

conditions to influence the field value in the adjacent elements. To effectively represent € ,
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the basis functions have to form a complete set. The limited capacity of computation tools
restricts the basis functions used in the FEM model to a few numbers, which are generally

determined by the governing differential PDE equations through a continuity condition.

The expansion can be realised with the following expression by taking an element e with the

nodes p.

p
(1Y) = ) CUE () (45)

where C; and 5 describe the unknown complex coefficients and the basis functions,
respectively. The unknown complex coefficients, C;, can be determined by substituting (4.5)
into the governing differential wave equations (2.14). With variational functionals, an average
satisfaction of the differential equations may be realised utilising the following

expression[265].
1
Polo] = [| 1V0°1? — 1 (o®)?] axdy (46)
S

where [F€] describes a set of equations to be solved for each element in a FEM model.

After this stage, an assembly phase follows. During the assembly phase, the structure/problem
being simulated gets simplified to generate more sparse matrices, which can be solved to
generate the unknown vector . There are several variable solvers such as lower- upper(L-U)
decomposition, also called factorisation[267], parallel direct sparse solver(PARDISO)[272],
and iterative solvers exist for FEM modelling and can be used depending on the problem under

investigation.

Currently, different FEM modelling software tools are commercially available on the markets
to simulate different photonics. These include but are not limited to Computer Simulation
Technology (CST), High-Frequency Structure Simulator (HFSS), Lumerical, COMSOL
Multiphysics, and many others. COMSOL Multiphysics has emerged as one of the robust
simulation tools widely employed for photonic modelling and other science and engineering

problems[268, 269, 273].

In this thesis, COMSOL Multiphysics was used for numerical simulations of our investigated
photonic structures. Consequently, the rest of this chapter discusses setting up a FEM

simulation model in COMSOL Multiphysics. Our discussion here is limited to the boundary

68



conditions, source, and mesh settings, as these are the main components that require much care

for any accurate simulations using COMSOL Multiphysics.

4.3. Building a finite element method model in COMSOL Multiphysics

COMSOL Multiphysics is a powerful simulation tool that uses FEM to model and solve several
scientific and engineering problems. COMSOL Multiphysics has a robust working
environment with a model builder that assists in designing different models. With COMSOL
Multiphysics, various coupled physics phenomena can be solved and analysed. One of the
advantages of using COMSOL Multiphysics for FEM modelling is its meshing capability,
which can be generated automatically by computer with the software or manually defined and
refined by the users. Although the software has a built-in materials property database, it also
offers the customer users the opportunity to create their materials based on their desired

properties.

4.3.1. Boundary conditions and source set up in COMSOL Multiphysics

Efficient use of boundary conditions is a recommended practice in electromagnetic simulations
to reduce the problem's size. It is worth noting that it is challenging to truncate the model's
geometry without introducing too many errors. Most simulation models extend to infinity or
have some domains where the solution only experiences minor variations. For such a problem,
two common approaches are generally used to resolve the model. One is to truncate the model
geometry in an appropriate position, while the other is to apply suitable boundary conditions.
In static and quasi-static problems, it is generally possible to assume that the fields are zero at
the open boundary as long as the source and model are a sufficient distance away from each

other.

On the other hand, special absorbing or low reflecting boundary conditions such as the perfectly
matched layer (PML) in the order of a few wavelengths away from the source need to be
applied to solve radiation model problems[269, 273]. Another occasion where the boundary is
used in COMSOL Multiphysics is defining a thin layer in the model. For example, the perfect
electric conductor (PEC) or transition boundary condition (TBC) for 2D conductive materials

can replace highly conducting materials.

4.3.1.1. Periodic boundary conditions in COMSOL Multiphysics
Periodic boundary conditions (PBCs) can be employed to truncate a simulation model once
assumed to be infinitely repeating in a direction with a particular period. The PBCs enable

solving any infinite structure provided that a small unit cell/proportion of the whole system can
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be modelled and that the relationship between each unit cell constituents of the model is known.
In some cases, PBCs can also be used to solve isolated structures, provide that the simulation
domain is large enough to be sure that the periodicity k- vector is significantly negligible to
affect the results[269, 273]. The model's periodicity can be obtained by determining the unique
part of the device(unit cell) and analysing the relationship between the fields on one side of a

unit cell and the fields on the other side/opposite side[274].

In COMSOL Multiphysics, the implementation of PBCs can be accomplished by using source
and destination boundaries of similar shapes, as shown in Figure 4.8a. The software
interpolates the source and destination boundaries variables across the boundary elements and
sets the required boundary relationships. The established relationship efficiently brings the unit

cell together, making a periodic structure.
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Figure 4.8. A sketch depicting an implementation of periodic boundary conditions in COMSOL
Multiphysics. (a) Unit cell showing periodic boundary conditions applied on the sidewall of the model
along x-direction indicating the source and destination, (b) an array of periodic structure when the
periodic boundary conditions are applied along with x and y- directions of a unit cell. The fields in each

are related to the adjacent unit cells by the phase shift. Figure adapted from[275].

There are three kinds of PBCs available in COMSOL Multiphysics[269]: 1) continuity in which
the fields variables are equivalent on the source and destination, (Eg.. = Eqs); 2)
antiperiodicity in which the fields at the source and destination have opposite signs (E;q; =

—E,.); and 3) Floquet periodicity, in which the destination and source are connected by phase
shift.
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Usually, the phase shift is determined by the period (distance between source and destination)
and a wavevector. Implementation of Floquet periodicity in COMSOL Multiphysics is
described in Figure 4.8. Assuming a periodic structure described in Figure 4.8b, with PBCs
applied on each side of the unit cell, i.e., in X and y- directions, when the model is excited by
an oblique incident (6;) plane wave, the field scattered at the destination side of the model, can

be described by the Floquet-Bloch theorem[274, 276-278].

Eg ¢ (X + Xy, V) Z, 0)) ei(kexp)

. (4.7)
ESrC (X'y + yp)el(kYYP)

Edst(Xi Y, Z) =

where, E;,. and E;,; describe the electric field at the source and destination, respectively.
ki = —Kk¢sin; and ki, = —kgsinf; represents wavevectors of an incident plane wave

whereas x,, and y, denote the period in x and y coordinates.

4.3.1.2. The transition boundary condition for the simulation of 2D conductive materials
As hitherto mentioned, the boundary condition can be used to simulate thin layer geometry like
graphene and other 2D materials. In COMSOL Multiphysics, a thin layer can be simulated with
impedance matching boundary or transition boundary conditions (TBC)[269, 279]. The latter

was used to simulate graphene throughout this thesis, and it is discussed in this section.

The transition boundary condition is usually employed on the interior boundaries to simulate a
sheet of a material that initially is geometrically thin but does not necessarily need to be
electrically thin. It is typically used to model a thin conductive layer with a relatively smaller
size than the thickness and curvature of the object being simulated (d « L.). That is, for
example, the case of conductive 2D materials such as graphene and h-BN. Here d describes
the thickness of the ultrathin conducting layer being considered for TBC and L. represents the
characteristic size and the curvature of the object being simulated. The TBC can also still be
employed when a conductor's thickness is much thicker than that material's skin depth[279,
280]. The TBC suggests a discontinuity in the tangential electric field(E;) and can
mathematically be described by electric field discontinuity and the induced surface current
density(]J) relationship[269].

_ ZsEy — Z1Ey

= 4.8

Jor = 5 (4.9)



The indices 1 and 2 denote different sides of the film/boundary (see Figure 4.9) whereas Zg
and Z; describe surface and transfer impedance, respectively, and can be estimated using the
following expressions.

—iop 1

25 = " tan(kd) (410)

—iop 1
= 411
2= T Sin(kd) (4.11)
where k represents the propagation constant and can be calculated using (3.12),
o
k = — 4.12
oo <s + (ioo)) m (4.12)

Here o represents the conductivity of the layer while € and p define permittivity and
permeability of the conducting layer, respectively.

Implementation of TBC in COMSOL Multiphysics is described in Figure 4.9. In COMSOL
Multiphysics, the TBC takes the material properties (i.e., refractive index/permittivity,
permeability, and conductivity) and the film's thickness as input to the model, then computes

the impedance (Z), surface, and transfer impedances of the conductive ultrathin layer. These

permit the current (J5) flowing on both sides of the film's surface to be connected.

Reflected EM wave

e
d &L @

Figure 4.9. Schematic showing how the applied transition boundary condition computes the surface

currents (purple arrows) on both sides of the boundary[279].

The TBC assumes that the wave propagates in the normal direction in the thin film. As a result,

the wave can be incident normal to the direction of propagation, or the wave can refract to
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propagate in the direction normal to the thin film[269, 280]. The latter condition occurs only

for the good conductors.

4.3.2. Source

After applying suitable boundary conditions to solve the model, another vital step in
electromagnetic simulation is to define an appropriate electromagnetic wave source to excite
the model. In COMSOL Multiphysics, there are three types of sources: point sources, line
sources, and boundary sources. The line sources in the 3D formulation are equivalent to point
sources in 2D formulations. The way the source is set in a simulation model significantly
impacts the quantities computed from the model. The source definition in the COMSOL
Multiphysics model depends on the problem's nature and geometry being solved. Generally,
utilising boundary or volume sources provides more flexibility than employing line sources or
point sources; however, it costs more memory and time to mesh the source domains. This thesis
used the boundary sources (ports) to excite the model with an electromagnetic plane wave. An

example of a port boundary source is provided in Figure 4.10.
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Figure 4.10. Source boundary (top highlighted in purple) setup in COMSOL Multiphysics, the red arrow

pointing down indicates the input port.

It is worth mentioning that the source /port employed to excite the model must be compatible
with the applied boundary conditions for accurate simulation. For example, in this thesis, we
used periodic ports to match the periodic boundary conditions applied on the sidewalls of our

simulation model.
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COMSOL Multiphysics provides the opportunity to choose a suitable port from the ports list
for accurate simulation of the investigated structure. There are six types of ports in the
COMSOL Multiphysics RF module: numeric, transverse electromagnetic, rectangular, coaxial,
circular, and periodic port, and each can be assigned to the simulation model depending on the
nature of the simulated model and the intended simulation output. In this thesis, we focus more
on the periodic port which was used for the simulation of our structures. From the port setting,
one has the opportunity to assign input electric or magnetic fields, polarisation, and angle of

incident electromagnetic radiation[269].

Ports also were employed here to collect the scattering parameters of the simulated models
from which optical properties of the model were obtained in terms of reflectance, transmittance,

and absorbance.

4.3.2.1. Scattering parameters and ports

The scattering parameters (S-parameters) are the complex quantities in matrices form,
containing the frequency-dependent reflection and transmission of electromagnetic waves at
different ports (source or destination) of the devices, such as antennas, filters, waveguides, and
transmission lines. The S-parameters have origin from the transmission line theory[255, 269],
where they are determined based on the reflected and transmitted voltage waves. However, for
the high-frequency EM wave problems like the mid-infrared spectrum investigated in this
thesis, voltage is not a well-defined quantity, and instead, S-parameters are expressed in terms
of the electric fields[269, 281]. The main advantage of using s-parameters in the simulations is
that they enable reflection and transmission coefficients and phases calculations. To accurately
simulate S-parameters in a simulations model, all ports (input port and output port) must be
connected to match loads/feed, i.e., no reflection directly at the port. For example, consider a
model with two ports: input port 1 and output port 2. The scattering parameters representing
the reflected (S11) and transmitted (S21) electric fields can be estimated using the expression

(4.13) and (4.14).

_ [ port1 (E. - E,) .E})dA1l
U [portl (E,.EY) dA1

(4.13)

o - [port 1((E. — E;).E3)dA2 414)
2 [ Port1 (E,.E})dA2 '

74



where E. is the computed electric field at the port and comprises of the excitation (4.15) and
the reflected field (4.16), whereas E; and E, denote the electric field of the fundamental modes

on portl and 2, respectively.

The computed field on the port containing excitation boundary port (portl) is calculated as

follows[269];

EC = E1 + ZSLlEl (4.15)
i=1

whereas the computed field on the other ports is described by (4.16);

E.=Y-151E; (4.16)

with i=1, 2, 3,... describes port number.

For the structure with n number of ports, the S-parameters can be estimated using the following

S -matrix[269].

[ Sll Slz 813 IR Kl Sln T
Szl SZZ 823 MEs = o EEE ® ® EEE EEE W ----SZn
S31 S32 S33 . " wEE EEE EEE ® R oE omEw S3n
" oaa " (4.17)
Sni Snz Snz « oo eee + o +.Son

. . . 2
The average intensity of the transmitted and reflected power can be calculated as|Si]-| .

S-parameters are automatically created by setting up the ports correctly in the COMSOL
Multiphysics model and can be extracted for further analysis after the simulation[269]. The

names of ports (generally represented by integer numbers) define the variable names.

For the simulation models investigated in this thesis, two ports were used. That is port 1, which
is the input port to excite the electromagnetic radiation in the model. The second is the output
port; port2 is also known as a listener or receiver port. The software automatically generates
the variables S;; and S,;. The variable S;; represents the S-parameter for the reflected wave,
while S,; contains the S-parameters for the transmitted wave. Moreover, S-parameters can be
reported in a dB scale such as S;;dB and S,;dB, which can be calculated using the following

relation.

Si;dB = 20log10(|S;|) (4.18)
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4.3.3. Mesh set up in COMSOL Multiphysics

The finite element method provides the solutions within each element, utilising the simple
shaped functions that can be constant, linear, or of a high order. Depending on the model’s
elements order, coarser or finer meshes are needed to approximate the solution. Generally,

there exist three problem-dependent features that define the required mesh resolution[269]:

- First is the change in the solution due to the geometrical features. In COMSOL
Multiphysics, the finer meshes get automatically generated where there are several fine
geometrical details. Such details should be removed if they do not impact the solution as
they produce several unnecessary mesh elements, which also require huge computer
memory to simulate.

- The second feature is the skin effect, also known as the field variation caused by the losses.
Typically, the skin depth can be estimated from permeability, conductivity, and frequency.
More than two linear elements per skin depth are recommended to detect the fields'
variation. When the skin depth is not analysed, or a very accurate determination of the
dissipation loss profile is not required, the boundary conditions may be used to replace the
regions with a small skin depth, thus saving elements. If needed to resolve the skin depth
accurately, the boundary layer meshing is appropriate for getting a denser mesh around the
boundary.

- The last feature that influences mesh resolution in COMSOL Multiphysics is the
wavelength of incident light. To correctly resolve an electromagnetic wave, about ten linear
elements per wavelength need to be employed. It is worth noting that the wavelength
depends on the model's local material's properties. Section 5.2 of chapter 5 discusses the

impact of mesh and mesh element size for COMSOL Multiphysics simulations results.

4.3.4. Dielectric function of silicon carbide and graphene utilised in our simulations

The frequency-dependent complex permittivity measured on our 3C-SiC membrane sample
was used as input to our simulated model for the material properties of SiC. The following
parameters were extracted from the fit of the measured dielectric function to Lorentz

oscillator/TO LO formalism (2.71), and the fit graph is shown in Figure 4.11a: high-frequency

1 1

permittivity €, = 6.52, TO and LO phonon frequencies wzo- 797 cm™", w;9=-973 cm™",

and damping constant ' = 12 cm™.

The effective dielectric function of graphene £,(w) was calculated using equations (2.65)

described in chapter 2. The following parameter values were used as input for graphene: Fermi
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energy Er = 0.37 eV, equivalent to the carrier concentration of 1 X 1013 cm ™2 as measured
gy br q

with Hall Effect[34], relaxation time 7 = 370 fs, and T = 300 K. The calculated frequency

dependent complex permittivity of graphene is shown in Figure 4.11b.
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Figure 4.11. Dielectric function of SiC and graphene used in our simulations. (a) A comparison between
measured permittivity in 3C-SiC and the calculated permittivity using the TOLO model (2.71) showing
the best fit between measurement and calculations when wro= 797 cm™, o= 973 cm’', £w= 6.52 and
I' = 12 cm™ used as input parameters in equation (2.71). (b) The calculated permittivity of graphene
using equation (2.65). Graphene was simulated as a monolayer with a thickness of 0.33 nm, Er = 0.37
eV, and T =370 fs.

4.4. Summary

In this chapter, we have described the experimental and numerical methods used in this thesis.
A catalytic alloy growth process for epitaxial growth of graphene on silicon carbide on silicon
substrates was discussed. Then, we discussed the scanning electron microscope and Raman
spectroscopy characterisation, Fourier transformed infrared spectroscopy techniques employed
for material and infrared characterisation of our samples in this thesis. After clarification of the
experimental method, we subsequently discussed the numerical method used in this study. The
finite element method which is used for numerical simulation reported in this thesis was
discussed in detail. Using the case of COMSOL Multiphysics, a simulation tool used in this
thesis, we discussed the main factors affecting the simulation results in a FEM photonic model
and revealed the importance of the boundary conditions, source, and mesh in photonic

simulation using the finite element method.
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In the following chapter, a photonic simulation model based on graphene and silicon carbide
is built-in COMSOL Multiphysics to investigate the surface polariton modes excitation in a

flat graphene/SiC/Si material system.
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Chapter 5. Investigating surface polariton modes in flat

graphene on cubic silicon carbide on silicon system

5.1. Introduction

Building a FEM model in the COMSOL Multiphysics model involves several steps and
requires much care, such as determining the accurate mesh, appropriate boundary conditions,
the source to excite the model, and materials for the different model’s components. In addition,
for instance, some components of the model may require special mesh refinement than others.
Thus, before building a very complex simulation model, it is always advised that one should

first create a simple structure and develop from it to form a more complex model.

Consequently, in this chapter, we performed the mesh benchmarking using a simple FEM
simulation model to test the convergence and accuracy of the simulation results. We first built
a simple silicon carbide on a silicon model, which we used to compare the numerically
simulated spectral reflectance with analytical ones calculated using Matlab to validate our
simulation model's accuracy. After confirming the optimal parameters/ mesh requirement for
the best accurate simulations results, we subsequently build from that to the more complex
silicon carbide model and graphene/SiC models to investigate surface polariton modes
excitation in these materials. Analytical calculations were performed using the Fresnel
reflection coefficient in Matlab, while the numerical/FEM simulations were conducted using

COMSOL Multiphysics 5.5.

5.1.1. Analytical modelling - Fresnel coefficients

When an electromagnetic wave “light” interacts with an interface separating two mediums with
refractive index n, and n,, two phenomena, reflection, and refraction occur. The Fresnel
equations can describe the fraction of reflected and transmitted waves to the incident wave and
their phase shifts[248]. The Fresnel equations assume a flat interface between the two
homogeneous and isotropic media[248]. Therefore, these equations offer the opportunity to
resolve the EM wave problem of different polarisation, s, and p polarisations. The p -
polarisation refers to the situation where the electric field part of the EM wave is in the plane
of incidence while the magnetic field component of the EM wave is normal to the plane of
incidence. On the other hand, s -polarisation corresponds to when the electric field part of the
wave is normal to the plane of incidence while the magnetic component is in the incidence
plane. Electromagnetic field polarisation was discussed in chapter 2, section 2.3, and

elsewhere[44, 248]. By considering a plane wave incident at the interface between two
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mediums with refractive index n; and n, as one shown in Figure 5.1, the Fresnel equations

enable the calculation of reflection (R) and transmission (T) at the various incidence and

polarisation angles[248].

Figure 5.1. A schematic showing a plane wave incident with an oblique incidence angle (8;) o the

interface between the two mediums of refractive index n; and n, undergoing reflection and transmission

processes. 0;depicts the angle of the reflected wave.

n;(w)cos9d; —n 1-— ( N1(w) Sina.)z
R. = n; (w) cos 9; — n,(w) cos Y, 2 B ! ! 2(w) n,(w) i
5 In; () cos 9; + ny(w) cos I, -
2 (@) cos 9 + () [1- (RS9 sin ;)
n,(w) cos9; — ny (w) [1— <n1(m) sinx‘)-)2
R = n,(w) cos 9; — ny (w)cos 9| B g ' ! n,(w) i
P Iny(w) cosd; + ny (w)cos 9yl -
() cos 9 + 1y (@) [1- (228 sino;)

where J; and 9, describe incidence and transmission angle

(5.1)

(5.2)

Similarly, the transmission coefficients for both s and p polarization can be calculated as

follows;

2n,(w) cosY;

Ts

~
Il

n; (w) cosY; + n,(w) cos Y

2n;(w) cos Y;

p
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Considering a multilayer structure comprises of air/epilayer and epilayer/substrate interfaces
excited with a near-normal incidence, the Fresnel reflection coefficient can be simplified as
follow;

_ nj(w) — nj(w)
7 (@) + ny(w)

(5.5)

where indices i and j represent different regions/mediums in the model.

Subsequently, the total reflectance coefficients of such a multilayer system can be calculated

using the following Cadman and Sadowski's expression[282];

_ Typ + T3 exp(2iB)
1+ ry,ry5 exp(2iB)

Iy (5.6)

where ry, and r,; represent the Fresnel reflection coefficient at air/epilayer and

epilayer/substrate interfaces.

B = 2ndw,/€,(w), defines the phase difference, which depends on the thickness (d) and
dielectric permittivity of the epilayer. The reflectance of the system can therefore be calculated

using equation (5.7),
R = |rq|? (5.7)

We use expressions (5.6) and(5.7) for a benchmarking analysis performed in the next section,
where the analytical calculation results from (5.7) are compared to the numerically simulated

results in COMSOL Multiphysics to test the convergence of the simulation model.

5.2. Silicon carbide on silicon model for mesh benchmarking

In this section, we build a simple air/silicon carbide/silicon model in COMSOL Multiphysics,
and the simulated reflectance is compared to the analytically calculated reflectance obtained
using equations (5.6) and (5.7). Figure 5.2a shows the schematic of the silicon carbide on
silicon considered in our calculation. The model consists of an airbox, silicon carbide film (C=2
um thick), and silicon (S=3 um thick). The structure is considered to be infinitely large, and
thus, periodic boundary conditions were employed on the side of the model (the simulation
window of W=2 um). We used the boundary source/port to excite the model. The model was
excited with a plane EM wave at normal incidence (0i=0). The reflectance (R) was calculated

from the s- parameters Si1 (R = |S;4/?).
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The frequency-dependent dielectric function of SiC was modelled using a Lorentz
oscillator/TOLO formalism (2.71), and it is also reported in Figure 4.11 along with the material
input parameters for 3C-SiC. Silicon was simulated as a nondispersive medium with a
refractive index of 3.42. Figure 5.2b shows analytical reflectance and the simulated reflectance

at different maximum mesh element sizes.
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Figure 5.2. (a) The schematic of the SiC/Si model for mesh benchmarking, (b) Simulated reflectance at
different maximum mesh element sizes when compared with the analytically calculated reflectance of
SiC/Si model, highlighted in red, is the spectral range where the large element size (coarse meshes)
failed to resolve the model and yield to noise results, (c) the calculated absolute error with respect to
the maximum element showing a good match between simulated results and the analytical one when

the maximum element size is small ~0.2um, (d) The total number of elements with respect to the

maximum element size revealing that large computer memory is required for smaller element size, (e)
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a comparison of analytical results with numerical /FEM results simulated using COMSOL Multiphysics

with a maximum element size of 0.2 pm.

The simulated reflection spectral reveals the noise (highlighted with red box) in the high-
frequency range, suggesting a finer mesh requirement for better simulation results at that
spectra range. Taking analytically calculated reflectance obtained with equation (5.7) as a

reference result, we calculated relative error for different element sizes in the simulation model;

_ Analytical results — FEM Simulation results
Relative Error = _ (5.9)
Analytical results

The calculated relative errors at different maximum mesh element sizes are shown in Figure
5.2c. From Figure 5.2c, one can observe that the smaller the maximum element size is, the

closer the simulated results are to the analytical one.

In the simulated structure, a thinner element size of ~ 0.2 pm displays the most accurate results.
Though the smaller element size converges to the most accurate results, the structure is divided
into more elements (Figure 5.2d), leading to large computation memory and time required to
complete the simulation. In Figure 5.2e, the simulated reflectance results using a maximum
element size of 0.2 pm are reported. The analytically calculated reflectance shows a better fit
between the two methods, FEM and analytical reflectance, when a smaller maximum mesh
element size 0f 0.2 pm is used to mesh the model corresponding to 1/10 of the thickness of SiC

in the model.

The simulated FEM model matches analytical results for the simple two-layer structure
investigated in this section. Therefore, we extend our FEM model to a complex structure in the
following sections by adding diamond and graphene to investigate surface polariton mode

excitation in these materials.

5.3. A simulation model for analysis of surface phonon polariton excitation in silicon
carbide on silicon

As hitherto discussed, silicon carbide supports surface phonon polariton(SPhP) mode within
the spectral region known as the Reststrahlen band[82, 83], which is bound between LO and
TO frequencies [84]. Thus, this section investigates SPhP modes excitation in cubic silicon
carbide film (3C-SiC/Si). It was shown in Figure 2.11 that SPhP modes are characterised by a
large k- vector than the incident plane wave (photon) of the same frequency. Therefore, to
couple incident photons into surface polariton mode, their momentum needs to be matched.

The incident photon needs to be manipulated using a prism coupler, diffraction gratings, or
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scanning near field optical microscope to match its wavevector to the k- vector of surface
plasmon/phonon modes[44, 46]. Here we used the prism coupler to excite SPhP in SiC/Si

model.

Two configurations for prism coupling, Otto with air coupling gap[57] and Kretschmann
without air gap[53], are typically employed to excite SPP and SPhP modes in a planar interface
('see this in section 2.5.1 of chapter 2).
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Figure 5.3. The simulation results for investigation of surface phonon polariton excitation in the SiC/Si
model. (a) schematic of the bare SiC/Si simulation model using Kretschmann prism configuration (b)the

simulated reflectance of SiC/Si model when Kretschmann prism configuration is used ( no excitation
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of SPhP mode in SiC). (c) a schematic of the bare SiC/Si simulation model using Otto prism
configuration. A yellow vertical dash line in a and ¢ shows a cutline along which the electric field was
calculated. (d) The simulated reflectance of SiC/Si model when Otto prism configuration is used (
showing SPhP mode excitation in SiC). (e) the calculated E-field along a cutline in the bare SiC/Si
model using Kretschmann prism configuration shows the absence of evanescent field in Si to match
SPhP’s field nature, which hinders coupling between incident photon and surface phonon in SiC. (f)
Using Otto prism configuration, the calculated E-field along a cutline in the SiC/Si model shows the

evanescent field generation in air and facilitates the SPhP excitation in the air —SiC interface.

To investigate SPhP mode excitation in the 3C-SiC model, we built a FEM simulation model
using Kretschmann and Otto configurations. The diamond prism with a refractive index of 2.42
was employed. This is because a diamond crystal was used for our IR characterisation in our
experimental samples using the attenuated total reflection- FTIR (ATR-FTIR) system. Figure
5.3 shows the schematics of the model and simulation results for SPhP mode analysis in the
SiC/Si system. As shown in Figure 5.3.a, we first used the Kretschmann configuration with the
diamond in direct contact with SiC. The simulated reflectance revealed only one dip in
reflectance at 797 cm™!, which is a TO bulk SiC phonon mode (Figure 5.3b). This indicates that
with the Kretchman prism coupling, we cannot match the momentum of an incident photon to
that of SPhP in SiC for surface phonon polariton excitation in this flat SiC / Si system.
Generally, this is possible if we can meet the condition of total internal reflection at the prism
(high index media) and the dielectric spacer (lower refractive index media), leading to
evanescent fields generation, which couple with surface phonon for SPhP mode excitation. It
is shown in Figure 5.3c that after adding an air gap between diamond and SiC and exciting the
model with a TM/p-polarised wave at 45° of incidence, the evanescent field was generated.
This leads to the coupling of surface phonon in SiC with the evanescent field at the air- SiC
interface, and hence excitation of SPhP mode happens at the resonance frequency of ~948 cm”

!, corresponding to a sharp dip in the reflectance spectra (Figure 5.3d).

Furthermore, we analysed the cutline field (electric field intensities calculated along the yellow
dash line in Figure 5.3a and c) for SiC/Si model at the resonance frequency of 948 cm™. From
Figure 5.3e, for the Kretschmann configuration, the coupling to SPhP is supposed to occur at
the SiC-Si interface; however, the fields in Si are not evanescent and fall considerably in this
medium due to the large refractive index of Si of 3.42. Therefore there is no excitation of SPhP
mode. On the other hand, when we integrated an air gap between diamond and SiC, Otto

configuration (Figure 5.3c¢), the calculated E-fields along the cutline in the z-coordinate show
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maximum E fields at the air—SiC interface. Then the fields evanescently decay inside SiC and
air, respectively (see Figure 5.3f). Such a presence of an evanescent field enables the coupling
between incident photon and surface phonon in SiC, leading to excitation of SPhP mode at 948

cm.

5.3.1. Effect of air gap thickness on the resonance excitation of surface phonon polariton
resonance in silicon carbide

The thickness of a dielectric space/ coupling medium, the refractive index of both the spacer
and prism, polarisation and the angle of incident radiation are the three critical factors affecting
the strength of surface polariton mode excited using Otto’s configuration. This section analysed
the effect of air gap thickness on the resonance excitation of SPhP in our SiC/Si model. The air

gap thickness in Figure 5.4a was increased from 0 pm (i.e., without air gap) to 1.5 pm.
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Figure 5.4. The effect of air-gap thickness on the surface phonon polariton excitation in SiC/Si model
(b) simulated reflectance for different air-gap thickness, (c) calculated reflectance at 948 cm™ as a
function of air gap thicknesses revealed three ranges of coupling between incident light and surface

phonon.

The simulated reflectance at various air gap thicknesses is reported in Figure 5.4b. It is shown
in Figure 5.4b that when A=0 pum, there is no excitation of SPhP, as discussed in the previous

section. However, for A > 0, SPhP mode can be excited with varying reflectance intensities
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(different dips in reflectance spectra). This condition holds for all air gap thicknesses
comparable to the penetration depth (dp) of the evanescent field in the coupling spacer. The

penetration can be calculated as follows:

4 - A (5.10)

’ Znnd\/sinze - (E—:)Z

where A and 0 describe the wavelength and angle of incidence light at the diamond and coupling

spacer(air) interface, ngq and ng represent the refractive index of the prism (nq) and the spacer
(ng), respectively. The calculated penetration depth at 45° and 948 cm™ for a diamond-air
interface is ~ 1.3 um.

Three distinct coupling ranges occur for different thicknesses of the coupling medium. That is,
under-coupling, optimal-coupling, and over—coupling[283]. For the diamond/air/SiC/Si model,
optimal coupling corresponds to the A~ 0.5 pm, while under and over- coupling ranges

correspond to thicker and thinner than 0.5 um, respectively (Figure 5.4c).

5.3.2. Effect of the polarisation and incident angle of electromagnetic wave on the
resonant excitation of surface phonon polariton

As discussed in chapter 2, excitation of surface modes on a planar interface requires an incident
EM radiation to be a TM/ p- polarised source. This means that the magnetic component of EM
fields is purely transverse to the direction of propagation (k- vector). Consequently, we
investigated the effect of different polarisation of incidence waves on the resonance excitation
of SPhP mode in the SiC/Si model (Figure 5.5a). In Figure 5.5b, the simulated reflectance
results for TE (an electric component of the fields is purely transverse to the direction of
propagation) and TM polarisation are provided. As expected, when incident radiation is TE
wave, there is no excitation of SPhP modes for the SiC/Si model. This is because the surface
phonon at the air-SiC planar interface has an electric field component perpendicular to the
interface and vanishing evanescently in both mediums and a parallel component of the field
along the direction of propagation. When the model is then excited by the TE source, there is
no perpendicular component of the E field; only a parallel component of the E field is present,

and it is not along the direction of propagation, preventing SPhP mode excitation.

On the other hand, when we excite the model with a TM polarisation, we have a perpendicular
component of E field and a parallel component along the direction of propagation matching
with that of surface phonon in SiC. Hence this leads to the excitation of SPhP mode at the air-

SiC planar interface at the resonance frequency of 948 cm. It is worth noting that the
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resonance excitation of SPhP mode occurs at a particular incident angle called ‘surface
polariton resonance angle[50]. The resonance angle of the surface polariton model can be

calculated using equation (2.51) as described in chapter 2, section 2.5.
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Figure 5.5. Polarisation and incident angle dependency on SPhP mode excitation in SiC/Si model. (a)
a schematic of the simulated SiC/Si model (excited with TM wave). (b) Simulated spectra reflectance
for TM and TE polarised EM source. (c) Simulated angular dependent reflectance at different
polarisation TM and TE showing the resonance excitation of SPhP at the resonance angle of Or~32°,

and (d) spectral reflectance at different incident angles when the source is TM polarised.

To analyse the resonance angle for SPhP mode excitation in SiC/Si model, we performed the
simulation at the varying incident angles (01) of the EM wave for TE and TM polarisation at a
fixed frequency of 948 cm!. It can be observed in Figure 5.5¢ that the lowest dip (~0) in the
reflectance was realised at the resonant angle Or~32° when the model was excited by a TM
source. This coincides with the analytically calculated Or of ~30° obtained using (2.51) for

diamond/Air/SiC/Si system.

Lastly, we investigated the spectral reflectance of the SiC/Si model under different incident

angles, as shown in Figure 5.5d. To excite surface polariton at the planar interface between a
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conductor and a dielectric, one needs to excite the model with an incident angle larger than the
critical angle (01 > Oc¢). In the diamond/air/SiC/Si system, the critical angle at the diamond air
interface is 0.~24°. As shown in Figure 4.5d, for incident angles below 20°, there is no dip in
the reflectance. However, as the angle of incident radiation starts approaching the critical angle
(24°), the evanescent field is generated; hence the SPhP mode is excited. Moreover, the sharp
dip in reflectances is realised at the incident angles closer to the resonant angle (6r~32°) and

begins to decrease for higher incident angles.

5.4. Exploring the excitation of surface plasmon polariton in epitaxial graphene on silicon

carbide on Silicon

5.4.1. Validity of graphene FEM model - A comparison of graphene’s simulation in
COMSOL Multiphysics with a graphene reference transfer matrix method model
Accurately simulating graphene in this thesis is vital since graphene is the main material in this
study. Hence, in this section, we tested our COMSOL Multiphysics model by comparing our
results to the transfer matrix method model from the literature. The reference model is a
multilayer structure containing graphene embedded between the dielectric materials(Figure
5.6a) and exhibiting surface plasmon resonance[284]. Figure 5.6b shows the simulated surface
plasmon resonance modes, which were calculated at a fixed central frequency of 1THz using
the transfer matrix method[284]. We used our COMSOL Multiphysics model, where graphene
was simulated as a transition boundary, to compare to the reference model (Figure 5.6a).
Figures 5.5c and 5.5d show the simulated results with our COMSOL Multiphysics model, with
and without graphene in the model, respectively.

As shown in Figure 5.6c¢, the simulated results without graphene reveal a ~100% flat reflectance
for the simulated structure for all incident angles above 15°. However, after adding graphene
using COMSOL’s TBC (see Figure 5.6a), we realised three surface plasmon polaritons
resonances indicated by the sharp dip in the reflectance of the structure. The simulated results
in our COMSOL model agree well with the reference results calculated using the transfer
matrix method[284].

This implies that graphene can be accurately simulated with TBC in our COMSOL
Multiphysics model. Hence in the next section, we build a COMSOL Multiphysics model based
on our epitaxial graphene on silicon carbide material system to investigate the excitation of

surface plasmon polariton in EG.
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Figure 5.6. (a) A schematic of the reproduced graphene stratified slab model embedded between prism
ad semi-infinite dielectric layer( Otto prism configuration excited by TM-wave incidence) as reported
in [284]. (b)The simulated angular dependent absorbance, transmittance, and reflectance at 1 THz using
the transfer matrix method. (c) The calculated angular dependent absorbance, transmittance, and
reflectance at 1 THz using our model in COMSOL multiphysics, without graphene, and (d) the
calculated angular dependent absorbance, transmittance, and reflectance at 1 THz using our COMSOL
Multiphysics model with graphene (simulated as TBC) embedded between the dielectric mediums

(n=1.8, n>=1.4, n=1, and germanium prism with n;=4).

5.4.2. Analysing the excitation of surface plasmon polariton in graphene on silicon
carbide at the planar interface

To investigate the graphene plasmon polariton response in EG/3C-SiC/Si material system, we
added a graphene layer in our SiC/Si model. Figure 5.7b describes the simulated reflectance

with graphene and without graphene in the model.

It is noticeable from the inset of Figure 5.7b that the presence of graphene on SiC has a slightly
noticeable effect on the reflectance of the bare SiC/Si model. It is believed that surface plasmon
polariton in graphene and phonon polariton in SiC would have different polariton resonance
angles, implying that EG/SiC system would have a different resonance angle to SiC/Si system.

Thus we performed the reflectance simulations of the graphene/SiC/Si model at different
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incident angles, which revealed a similar resonance angle of 32° to the one obtained in the bare
SiC/Si model for SPhP resonance angle (Figure 5.7c). This indicates that we are unable to
excite the propagating SPP mode in the graphene on SiC with a flat interface. The reason is
that graphene plasmon has a larger k-vector than incident EM radiation, which hinders their

coupling for graphene SPP mode excitation.
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Figure 5.7. Investigation of surface plasmon polariton excitation in graphene/SiC/Si model. (a)
schematic of the simulated model. (b) Simulated spectral reflectance of bare SiC/Si and graphene/SiC/Si
model( inset shows slight blue shift for the SPhP mode when graphene is added to the SiC/Si model).
(c) Angular dependent reflectance of bare SiC/Si and graphene/SiC/Si model( adding graphene on
SiC/Si shows no noticeable impact on the SPhP resonance angle of the system). (d) Simulated
reflectance at different graphene Fermi energy(Er) showing a slight blue shift of the mode when Ekr is

increased to high values.

Furthermore, we performed the simulation with different Fermi energy in graphene. This was
performed to analyse if graphene can tune the resonance frequency of the graphene plasmon
polariton modes and enable us to analyse them. As shown in the inset of Figure 5.7d, by
increasing the Er from 0.1 eV to 1 eV, a slight blue shift of the mode at the surface phonon

polariton resonance can be noticed. This suggests that we need to investigate a different model
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where graphene is on a patterned SiC to excite graphene plasmon polariton. This will be

addressed in chapter 6.

5.5. Experimental characterisation of surface polariton in epitaxial graphene on silicon
carbide at the planar interface

Lastly, we conducted experiments and infrared characterisation on the bare SiC/Si(100) and
EG/3C-SiC/Si(100) samples to confirm the simulation results. First, the epitaxial graphene on
cubic silicon carbide on silicon (EG/3C-SiC/Si) was grown using a catalytic graphitisation
process[33, 34] as described in section 4.1.1 of chapter 4 (see Figure 4.1 ). Second, we
performed Raman spectroscopy analysis of the EG/3C-SiC/Si sample using a WITEC confocal
Raman microscope excited by 532nm (argon-ion) laser with 100 X objective with a spot size
of ~300 nm (see section 4.1.3). Figure 5.8a depicts Raman spectra measured on EG/3C-SiC/Si
(100). The reported spectrum is an average collected over 10 um % 10 um area on the sample
with 0.2 um step size and 0.1-second integration time. The Raman characteristics of the sample
revealed the ratio of Ip/Ic and LO/2D 0f0.25 and 0.24, respectively, which is in line with the

Raman characteristics of the best EG produced in our catalytic graphitisation process[33-35].

Infrared characterisation of bare and EG/3C-SiC/Si samples using FTIR-ATR is shown in
Figure 5.8b. As expected, the measured reflectance showed three reflectance dips at 610 cm™,
797 cm’, and 940cm!. The dip at ~610 cm™ is a bulk silicon mode and was not considered in
our numerical simulations. The second dip at 797 cm™ is a bulk SiC mode, corresponding to
the transverse optical phonon (TO). At ~940 cm-1, the dip occurs within the SiC’S

Reststrahlend spectral band, where SiC has the surface phonon polariton mode.

Thus, the reflectance measured on the EG/3C-SiC/Si sample, in agreement with simulation,
did not reveal a very pronounced effect of graphene compared to the measured reflectance on
the bare 3C-SiC/Si except for the noticed weak reflection dip at ~1060 cm-1 which is a
consequence of epoxy-functional groups such as silicon oxycarbide (SiOC) present in the
graphitised 3C-SiC/Si samples[35, 285]. After our catalytic graphitisation process, these epoxy
functional groups appear on our samples and have their vibrational resonances around this

spectra frequency[35]. They were not considered in our numerical simulations.

The fact that the reflectance measured on the EG/3C-SiC/Si failed to reveal a pronounced
difference compared to the bare 3C-SiC/Si reflectance confirms the momentum mismatch
between incident photon and surface plasmon in EG/SiC/Si system, which could be overcome

by growing graphene on the structured (no flat) SiC substrate.
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Figure 5.8. The experimental characterisation for surface phonon excitation in EG/3C-SiC/Si. (a)
Raman characterisation of EG/3C-SiC/Si(100), (b) FTIR-ATR characterisation of bare 3C-SiC/Si and
EG/3C-SiC/Si revealing the surface phonon polariton response at 940 cm™ for both the bare SiC and
EG/3C-SiC on silicon.

5.6. Summary

In this chapter, a flat finite element method simulation model based on epitaxial graphene on
silicon carbide on silicon was created and characterised using COMSOL Multiphysics to
investigate surface phonon and surface plasmon polariton excitation in these materials systems.
First, simple bare silicon carbide on silicon model excited with a plane wave was proposed and
validated by comparing the analytical results with the simulation results at different mesh sizes
in the COMSOL model to confirm the accuracy of our simulations. Second, we investigated
the surface phonon polariton excitation in a bare silicon carbide model. It was realised that Otto
prism coupling configuration with an air gap of thickness comparable to the penetration depth
is required for excitation of SPhP polariton in a SiC/Si system with a flat interface. We further
demonstrated the dependency of SPhP resonances excitation on the polarisation and angle of
incident radiation with a TM/p- polarisation and incident angle of 32° required for resonant
excitation of SPhP modes in our SiC/Simodel. We integrated graphene into SiC/Si FEM model
to investigate graphene’s surface plasmon polariton excitation in epitaxial graphene on silicon
carbide on silicon (EG/SiC/Si) system. Our simulation results revealed that graphene had a
negligible effect on the reflectance of the model and that silicon carbide SPhP’s response
dominated the simulated results. Lastly, we conducted experiments and infrared measurements
to investigate further the surface polariton responses in EG/3C-SiC/Si material system. IR
characterisation of the bare 3C-SiC/Si and EG/3C-SiC/Si samples confirmed the simulation

results where only SiC surface phonon polariton response was realised and indicated by the dip
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in the reflectance at ~ 940 cm!. It is believed that graphene SPP modes can be excited if
graphene is grown on the patterned silicon carbide substrate, where the structures can provide
a missing momentum to the incident photon to match the momentum of graphene’s surface
plasmon. Thus, in the following chapter, we investigate surface plasmon, surface phonon

excitation, and their hybridisation in graphene-coated silicon carbide cylindrical nanowires.
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Chapter 6. Hybrid surface phonon-plasmon polariton in
graphene-coated silicon carbide nanowires for mid-

infrared nanophotonics

6.1. Introduction

Over the recent years, researchers have been investigating surface plasmon polariton in curved
graphene sheets such as carbon nanotubes (hollow cylinders rolled up from graphene sheets)
[286-291]. For example, Hartmann et al. studied the launching of propagating SPP modes in
carbon nanotube dipolar emitter[292]. They showed that the semiconducting single-walled
carbon nanotubes act as directional near-infrared point dipole sources to excite propagating
surface plasmons along the nanotube axis. Subsequently, Chiu et al. revealed strong and
broadly tunable plasmon resonances in a thick film of aligned carbon nanotubes[293]. They
indicated that the outstanding nanotube alignment enables 99% of attenuation to be linearly

polarised along the nanotube axis.

On the other hand, adding a shell consisting of a different material onto a metal nanoparticle
has been shown in some cases to enhance absorption and broaden the tunability range of the
localised plasmon resonance by adjusting the shell's thickness. Several two-layered systems,
such as metal nanoparticles with dielectric shell[294] or Si core with metal shell[295], were
demonstrated for optical wavelengths. While metal-dielectric-metal[296, 297] or Si-dielectric-
metal[298] configurations, which are of particular interest for biomedical applications[299],
have been well-studied, fewer examples of three-layered multi-shell nanostructures have been
reported. There is great interest in three-layered nanostructures as it has been generally shown
that the addition of a dielectric spacer layer drastically changes the electric field distribution
within the structures, opening the possibility for subwavelength confinement and enhancement

of the field within the spacer[297, 298].

An analogy can be drawn between metal nanoparticles in the optical regime and SiC phonon
polariton response within the Reststrahlen band at the MIR range. A few initial studies on SiC-
graphene nanoparticles have been published[300, 301], but only limited theoretical research
was conducted on curved multilayer metal-graphene[302, 303] or more general SiC-graphene
nanostructures[304, 305]. Hence, further research is needed to investigate the MIR
characteristics of core-shell SiC-graphene nanoparticles and nanowires, particularly now that

a clear path exists to obtain such structures experimentally.
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This chapter combines experiments and COMSOL Multiphysics simulations to investigate the
localised surface phonon and plasmon polariton modes excitation and their hybridisation in

EG-coated silicon carbide nanowires (3C-SiC NWs) system.

6.2. Theoretical characterisation of mid-infrared photon response in core/shell silicon
carbide/graphene nanowires

6.2.1. Numerical simulation model

A schematic of the SiC/graphene core/shell nanowires is shown in Figure 6.1a. The model
consists of SIC NW coated with graphene on Si substrate, including a silicon oxycarbide
(Si0C) layer sandwiched between the graphene and the SiC core. Numerical simulations to
investigate the MIR responses of the NWs were performed in COMSOL Multiphysics[269]
using the finite element method (FEM). We modelled a single NW of a total 50 nm diameter,
consisting of a SiC core diameter of 42 nm and an oxide shell thickness of 4 nm, replicated at
a regular pitch of W=500 nm by applying periodic boundary conditions (PBC) in x and y

coordinates. The pitch size was chosen to minimise cross-wire interactions.

The model utilises a TM/p polarised wave incident at 9; = 45° into the diamond (D=100 nm)
with a refractive index n; = 2.4 in order to match the ATR-FTIR experimental conditions. An
evanescent field with dominant vertical E, component and negligible Ex or Ey components is
excited in the air gap (A=120 nm) after total internal reflection from the air-diamond interface,
which couples to the surface plasmon and phonon in graphene and SiC, respectively. Input
frequency-dependent complex permittivity for graphene and silicon carbide are provided in
section 4.3.4 of chapter 4. Silicon (S= 200 nm) was treated as a non-dispersive medium with
a refractive index ng = 3.42. The oxide layer between graphene and SiC NW is a silicon
oxycarbide (SiOC) with a refractive index n=1.5[306]. Absorption A=1-R-T was calculated

from reflectance R and transmittance T and is shown in Figure 6.1b.

We also built additional intermediate models for SiC NW/Si and graphene/SiC NW/Si with a

total wire diameter of 50 nm in all cases (also graphene/air/Si in Appendix C, Figure C.1).

The simulated absorbance of a bare SiC NW (blue dotted line in Figure 6.1b) revealed two
weak absorption peaks at 797 cm™ and 940.5 cm™. The first corresponds to the SiC's bulk
transverse optical (TO) phonon mode. The second peak, which appears within the SiC
Reststrahlen window (shown in blue shading), is attributed to a Frohlich/localised dipole

surface phonon polariton (LSPhP) mode.
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Figure 6.1. (a) Schematic of the graphene/oxide/SiC NW simulation model in 3D view (upper graph)
and cross-section view (lower graph), (b) the simulated absorbance for SiC NW, Graphene/SiC NW,
and Graphene/Oxide/SiC NW models. W=500 nm, S=200 nm, A=120 nm, D=100nm. The total

diameter of NW is 50 nm consisting of the oxide shell thickness of 4 nm and SiC diameter of 42 nm.

The simulation conducted with graphene-coated SiC NW, without considering an oxide layer
in between (black dashed line in Figure 6.1b), showed the splitting of the modes resulting in
three absorption peaks: a sharp absorption at ~574 cm™, plus the SiC's bulk TO mode, and
another broader peak at 1060 cm™. The splitting of the peaks results from the hybridisation of
graphene's SPP mode with SiC localised dipole SPhP mode in a core-shell type configuration,

resulting in localised phonon-plasmon coupled modes M1 and M2.

The simulated results on the graphene/oxide/SiC NW model (red solid line in Figure 6.1b)
show three absorption peaks at 714 cm™ (M1), 797 cm™ (TO mode), and at 1067 cm™ (M2).
The presence of oxide also leads to a blueshift of the modes. There is a higher contrast between
the permittivity of SiC and oxide at the lower frequency mode than at the higher frequency
mode. The weaker absorption of the TO peak, a bulk mode, is expected due to the reduction in

the total volume of the SiC core from 50 nm to 42 nm diameter in the model.

6.2.2. Modes and field analysis

Resonant frequencies of cylindrical nanostructures can be calculated as poles of electric
polarisability derived from the electrostatic approximation of Lorenz-Mie theory[296, 307,
308]. The theory applies to both metallic and dielectric nanoparticles. Localised dipolar SPP
and SPhP are considered due to the orientation of the incident evanescent vertical electric field

perpendicular to the nanowires. While metal core-shell nanoparticles are represented with
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layers of finite thickness, graphene is usually treated as a conductive boundary due to its
negligible thickness, which allows adding conductivity term to the polarisability expression
rather than increasing the number of layers. For a two-layer SiC/graphene core-shell
nanoparticle, the resonant frequencies can be determined by setting the denominator of electric

polarizability to zero[304, 305]:

SSiC((U) — &air + 29(0))

(@) = 4R ) ¥ Zeay T 29(@) ©1)
g(w) = lgii,a;z) (6.2)

where R is the total radius of the particle, €, is the permittivity of free space, o is graphene
conductivity, &g;c and &,;,- are permittivities of SiC and surrounding air correspondingly. SiC
permittivity is frequency-dependent and can take positive and negative (metallic) values, so the
resonance condition can be satisfied at multiple frequencies, representing hybridisation of
graphene's shell SPP mode with SiC core SPhP mode and resulting in phonon-plasmon coupled
modes M1 for lower frequency and M2 for higher frequency. The presence of a dielectric
different to air, such as oxide, is known to shift plasmonic resonance in metallic nanoparticles;
however, it does not lead to the appearance of new resonances. In the absence of graphene

(g=0), equation (6.1) gives Frohlich resonance condition of a bare SiC nanoparticle, 940.5 cm
1

Further, we analysed the field distribution at the resonances for bare SiC NW and
graphene/oxide/SiC NW models. Figures 6.2a-b show the calculated electric field distribution
(|E|) for bare SiC NW/Si at the resonances for TO mode and LSPhP (at 940.5 cm™) where
maximum electric fields are around the SiC N'W surface. This is also shown by the magnitude
of electric fields calculated along a cutline in the z-direction (yellow vertical dash lines in
Figure 6.2a-b), showing a high electric field at the surface of the SiC NW exponentially
decaying inside the SiC core (Figure 6.2c¢).

We subsequently calculated electric field distribution profiles of the graphene/ oxide/ SiC NW
model for M1, TO, and M2 modes (Figure 6.2d-f). After introducing oxide between graphene
and SiC NW, the electric field distribution became significantly confined within the oxide
layer. This is explained by the calculated magnitude of electric fields along the cutline (yellow
vertical dash lines in Figure 6.2d-f), showing the electric field increasing inside the oxide and

exponentially dropping inside the SiC (Figure 6.2g). It is noticeable that the magnitude of
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electric field intensity in the graphene/oxide/SiC NW is one order of magnitude higher than the
calculated electric fields on the bare SiC NW model (Figure 6.2c and Figure 6.2¢g). Vector plots
of the fields for M1 and M2 can be found in Appendix C, Figure.C.2.

a 710 b sehe d
e /'\‘ 'E',gf{ b
l4 ( Ii
| =]

M2
|E| fV/n;} WIE| (V/m)
x10 x10°?

I4 ) Il-s

1

2 0.5
|, el

C X108 g X109  Graphene _

6.0, o
E —
S 40 £ 6.0
E € 4.0{_
2 20/ S Si '

0.9 Ressssoeeesead ) 2 /

80 200 220 240 260 280 180 200 220 240 260 280
Z(nm) Z(nm)

Figure 6.2. Simulated electric field distribution profiles and the magnitude of electric field intensities.
(a) & (b) simulated electric field distribution profile on bare SiC NW for TO mode at 797 cm'and
LSPhP at 940.5 cm™ showing the majority of field concentrated around the SiC NW surface, (c)
magnitude of electric field intensity calculated along the cutline (yellow vertical dash lines in a&b) on
bare SiC NW for TO and LSPhP modes, ( d) -(f) calculated electric field distribution profiles on
graphene/oxide (4 nm)/SiC NW for M1 mode at 714 cm™', TO mode at 797 cm™' and M2 mode at 1067
cm’ showing maximum fields concentrated inside the oxide layer (g) the calculated magnitude of
electric field intensity along the cutline (yellow vertical dash lines in d-f) for the graphene/oxide/SiC
NW for M1 mode at 714 cm’', TO mode at 797 cm™ and M2 mode at 1067 cm™ demonstrating strong

enhancement of the field within the oxide shell layer.

6.2.3. The effect of the oxide shell thickness and refractive index on the MIR response:
sensitivity studies

As the experimental nanowires forest is expected to have varying NW diameters and hence
also varying oxide thicknesses, we examined the effect of the oxide shell thickness on the
system's absorbance and electric field intensities. The simulations were performed for oxide
shell thickness between zero (no oxide, only graphene shell) and 15 nm, while the NW's total
diameter was kept constant at 50 nm, i.e., the reduced size of the SiC core is compensated by
oxide thickness. In Figure 6.3a, the simulated absorbance at different oxide layer thicknesses

revealed a blue shift of the modes when the oxide thickness is increased. Also, the absorption
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intensity of M1 is weakened while the absorption intensity for M2 is enhanced. We also note
that for an oxide thickness between ~6 and 10 nm, the M1 position falls in close proximity to
the bulk TO mode, leading to complete overlap for an oxide shell of about 7-8nm thickness

and creating a misleading impression of an enhanced TO peak.
We subsequently calculated electric field enhancement for M1 and M2 using equation (6.3):

|E|
Eenhancement = IE I (63)
0

where E represents electric field calculated along the vertical cutline (yellow vertical line in
Figure 6.2d-f) in graphene/oxide/SiC NW model, while E, is electric field calculated at the

same point along the cutline without graphene/oxide/SiC NW in the model.

The calculated peak field enhancement showed a more substantial field enhancement of M1
than M2 (Figure 6.3b). The strongest peak field enhancement for M1 corresponds to oxide with
a smaller thickness. Three scenarios occurred for M1 while varying the oxide thickness: under-
coupling, optimal coupling, and over-coupling[283]. From Figure 6.3b, optimal coupling for
M1 corresponds to an oxide thickness of ~ 1 nm, where a maximum peak field enhancement
of about 60 is calculated. Below 1 nm, different physics might apply due to the 2D nature of
the material. However, for an oxide shell thickness of zero, i.e., no oxide between the SiC core
and the graphene outer shell, the M1 enhancement drops dramatically (over-coupling), as well
as for thicknesses over 10nm (under-coupling). It is also worth noting that the oxide layer

appears to have a more dramatic influence on M1 than M2.
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Figure 6.3. (a) Simulated absorbance of graphene-coated SiC nanowires at different oxide layer

thicknesses, (b) The calculated peak field enhancement for different oxide shell thicknesses. Field
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enhancement was calculated at the peak absorption for each oxide shell thickness. Note that for an oxide
shell thickness of zero, i.e., no oxide between the SiC core and the graphene outer shell, the M1 field

enhancement drops dramatically, as well as for thicknesses over 10nm.

In addition, we performed a sensitivity study by varying the oxide shell refractive index (n)
and observing the effect on the MIR response of the graphene/oxide/SiC NWs. The shell of the
graphitised 3C-SiC nanowires consists of a low-density SiOC medium[35, 36], where the SiC
has been gradually depleted of its carbon due to the solid-source graphitisation process.
Therefore, it is safe to assume that its refractive index would not be uniform through the entire
shell. Hence, we performed the simulation by varying the refractive index of the oxide between
1 (air gap) and 2.5 (pure silicon carbide, as if no oxide was present between SiC and graphene).
Figures 6.4a and b show the absorption spectra and profile map calculated for a fixed nanowire
size of 50 nm diameter (thickness of oxide=7.5 nm and diameter of SiC=35 nm). Both M1 and
M2 redshift, the absorption intensity of M1 is enhanced, while the intensity of M2 weakens

when the oxide shell refractive index is increased.
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Figure 6.4. Simulated data of graphene/oxide/SiC NW at a different oxide's refractive index, (a)
absorbance spectra, (b) mode position and intensity for different oxide refractive index, (c) peak electric

field enhancement.
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We also analysed the electric field enhancement at the resonance for different oxide refractive
indexes using equation (6.3). The calculation revealed the high field enhancement of ~24 for
M1, corresponding to n ~1.6 (Figure 6.4c). This happens as a result of M1 being located closer
to the TO frequency, where SiC exhibits the largest permittivity, which is vital for highly
confined surface modes[309, 310]. The calculated peak electric field enhancement for M2
revealed the highest enhancement of ~24 when n=1 (air) is used for the shell between SiC and

graphene, then dropping monotonically for higher refractive indexes.

6.2.4. The effect of silicon carbide core diameter on the MIR response of core/shell silicon
carbide/graphene nanowires

We performed a sensitivity study by varying the diameter of the SiC core and recording the
effect on the MIR response of the graphene/oxide/SiC NWs. We increased the diameter of SiC
from 10 nm to 90 nm and kept oxide shell thickness fix to 7.5 nm. The simulated absorption

spectra and profile map at different SiC diameters are shown in Figure 6.5a and Figure 6.5b.
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Figure 6.5. Effect of the diameter of SiC core on the absorption and field enhancement of
graphene/oxide /SiC NW model. (a)Simulated spectra absorption and (b) colour profile map showing
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the spectra absorption profile at different SiC diameters, (c) peak field enhancement at different SiC

core diameters.

The simulated absorbance revealed a redshift effect for both M1 and M2 when the diameter of
SiC is increased. For a smaller diameter of 10 nm, the TO mode is not noticeable in the
absorbance spectra as this is a bulk mode which intensity is entirely dependent on the size of
SiC. We also noticed that the intensity of M1 becomes very weak for smaller SiC diameters

and disappears for diameters below 20 nm while it gets enhanced for larger SiC diameters.

Moreover, we calculated the electric field enhancement for different SiC diameters. As shown
in Figure 6.5c, the calculated peak electric field enhancement increases with increasing SiC
diameter and reaches the highest enhancement value of ~27 when the diameter of SiC is ~ 50
nm and dropping monotonically for diameters >50 nm. For M2, the field enhancement is higher
for smaller SiC diameters, with the highest enhancement of ~22 realised for SiC diameter of

10 nm, while electric field enhancement drops significantly for larger SiC diameters.

6.2.5. Dynamic tunability analysis at different graphene Fermi energy

Among the exciting properties of graphene is its electrostatic gate- tunability of the carrier
concentrations/Fermi energy, which makes the SPP modes supported in this material
dynamically tunable. The carrier concentrations in graphene can be increased from ~ 10 cm
2 to 10" cm™as a consequence of the Dirac fermions linear dispersion in this material[6]. To
investigate the dynamic tunability of the modes in our graphene/oxide/SiC NW system, we
fixed the diameter of nanowires to 50 nm (thickness of oxide=7.5 nm and diameter of SiC=35
nm) and refractive index of oxide to 1.5. We also assumed a constant relaxation rate T =
370 fs in equation (2.65). Then we performed the simulation at varying Fermi energy (Er)
ranging from 0.212 eV to 0.40 eV according to the reported value of carrier concentrations in
EG on flat 3C-SiC/Si[34]. The simulated absorbance spectra and the absorption profile map
showing the tunability of M1 and M2 in graphene/oxide/SiC NW are shown in Figure 6.6a and
Figure 6.6b. A blueshift effect of ~ 150 cm™ for M1 and ~128 cm™ for M2 was realised by
increasing graphene's Fermi energy from 0.212 eV to 0.4 eV.

Moreover, the calculated E-field enhancement at the resonance frequencies for different Er
revealed up to ~26 enhancement of the field for M1 corresponding to graphene’s Er of ~ 0.3
eV (Figure 6.6¢). It was also noticed that the E field for M2 gets enhancement as the Er

increases with maximum field enhancement of ~10 realised when the Er of graphene is 0.4 eV.

103



Wavelength(um)
a 67 125 100 83 71 63 56 |you

1.24 O 0 M2 .
= M1
s | | ~ 0.3
2 o8] 0.400 eV %
s | 0.370 eV ~ 0.2
2 7 w
2 04 0.309 eV 01
0.250 eV .
0.04 0.212 eV 0 0
600 800 1000 1200 1400 1600 1800 500 667 834 1000 1167 1333 1500 1667 1833
Wavenumber(1/cm) Wavenumber(ﬂcm)
© 25
E /\
20-
& —_—
S 151 ——M2
=
T
= 10-
t.a_i ///
w g
3
8- o

020 025 030 035 040
Er(eV)

Figure 6.6. Dynamic tunability analysis for M1 and M2 in graphene/oxide/SiC NW. (a) The simulated
absorptions spectra showing a blue shift effect on M1 and M2 when the Fermi energy (Er) in graphene
is increased, (b) colour profile map showing the spectra absorption profile at different graphene’s Fermi
energy Er, (c) peak field enhancement for different Fermi energy showing high peak field enhancement

of ~26 for M1 and ~10 for M2.

6.3. Experimental characterisation of mid-infrared photon response in core/shell silicon
carbide/graphene nanowires

6.3.1. Graphitisation and material characterisation

The bare 3C-SiC NWs were grown on Si (100) substrates at the IMEM-CNR Institute, Italy,
using a chemical vapour deposition reactor at 1100°C, with Nickel nitrate [Ni (NO3)2] and
carbon monoxide used as a catalyst and gaseous precursor, respectively. More details about the
growth of 3C-SiC NWs on Si substrates were reported in[311]. The as-grown nanowires
possess two characteristics: 1) they are of a core-shell type, where the core is cubic SiC, and
the shell is composed of a very thin oxygen-rich layer 2) their growth temperature of 1100 °C,
together with the presence of oxygen and nickel may lead to a sporadic and incomplete
graphitisation of the wires surface concurrently to their growth[36]. In this work, we have
investigated two batches of SiC nanowires with different amounts of unintended graphitisation,
the first with barely any (bare SiC nanowires) and the second one with a greater extent of

graphitisation (weakly graphitised).
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The graphitisation of 3C-SiC NWs was performed using N1i/Cu catalytic alloy mediated growth
using the SiC nanowires as a solid source of carbon[33, 36]. Thanks to the liquid phase epitaxial
growth nature of this synthesis technique and hence the long and efficient adatom diffusion,
the graphene grown via this process can conformally coat the nanowires. In addition, a few nm
thick, highly oxidised (silicon oxycarbide) layer is simultaneously formed in between graphene
layers and SiC[35, 36]. A catalytic graphitisation process of the 3C-SiC NWs is shown in
Figure 6.7.

~3CSIC NS L

Catalysts Annealing
(Ni &Cu) @1050°C & 107
deposition mbar, for 1 hour

Figure 6.7. Schematic demonstrating a catalytic graphitisation process for epitaxial graphene growth on

silicon carbide nanowires on a silicon substrate.

Using a Cryopump deposition chamber with a vacuum pressure of ~ 10~ mbar and deposition
current of 200 mA current, a double blanket layer of Nickel (Ni ~ 5 nm) and copper (Cu~
10nm) were sputtered on 3C-SiC NWs/Si substrates. Ni/Cu/3C-SiC NWs/Si samples were then
annealed at a high temperature of ~ 1050° C (25° C/min) for an hour under the medium vacuum
condition of ~ 10> mbar and then gradually cooled down to the room temperature. Note that
no final wet etch was performed on the graphitised nanowires to remove residual metal

catalysts and excess carbon due to the low adhesion of the nanowires to their substrate.

6.3.2. Surface morphology and Raman characterisation of graphitised silicon carbide
nanowires

Surface morphology characterisation of the NWs samples before and after graphitisation was
performed using a Zeiss Supra 55 VP high-resolution emission scanning electron microscope
operated at 2 kV. The scanning electron microscope (SEM) images of the bare and graphitised
3C-SiC NWs samples are shown in Figures 6.8a and b. The average diameter of as-grown 3C-
SiC NWs varies between 40 nm and 50 nm (Figure 6.8a). More morphology characteristics
along with energy-dispersive X-ray spectroscopy (EDS) and transmission electron microscope
(TEM) data of as grown 3C-SiC NWs was reported in[36]. A decrease in the diameter of SiC

NW and increased granularity is seen after graphitisation as the nanowires are a solid source
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for the carbon in the graphene (Figure 6.8b). The diameter distributions of the nanowires
estimated from the SEM images before and after graphitisation are reported in Appendix C
(Figure B.4). The fully graphitised SiC NWs possess a shell of low-density oxide (silicon
oxycarbide) medium between the graphene and SiC NWs. This directly results from the
catalytic graphitisation of 3C-SiC N'Ws and also occurs on flat surfaces[33, 35, 36]. The formed
oxide medium has varying thicknesses due to the varying diameter of the as-grown bare SiC

NWs, as shown by transmission electron microscope (TEM) data[36].
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Figure 6.8. Morphology, Raman, and infrared characterisation of the 3C-SiC NWs samples. SEM
images of (a) bare and (b) graphitised 3C-SiC NWs. (c) The measured Raman spectra for bare 3C-SiC
NWs, the weakly and fully graphitised 3C-SiC NWs. Note that the Raman spectra are intentionally
offset for comparison. (d) The measured absorbance for bare 3C-SiC NWs, the weakly and fully
graphitised 3C-SiC NWs. The highlighted spectral range between TO and LO represents the

Reststrahlen band, where SiC can support a surface phonon polariton mode.

Raman spectroscopy of the nanowires was performed with a Renishaw inVia Raman
microscope activated by a 633 nm laser. The measurements were conducted on 9 different spots
on1lcm X 1cm size samples, and the D and G and 2D spectral intensities were recorded. In
Figure 6.8c, the Raman spectrum of bare SiC NWs revealed the TO and LO phonon modes at
797 cm™ and 973 cm!, respectively, which are the characteristics of 3C-SiC. The LO peak is

convoluted with the Raman response from the silicon substrate, as expected[36, 312, 313].
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Extremely weak peaks around the positions of the D and G bands of graphene are observed for
the bare 3C-SiC NWs, showing a negligible extent of unintended graphitisation of the wires.
This effect is more prominent on the second batch of as-grown SiC nanowires, which
henceforth we refer to as "weakly graphitised." The Raman spectrum of the weakly graphitised

NWs shows, in addition, a faint fingerprint of the 2D peak at 2684 cm.

Fully (and intentionally) graphitised 3C-SiC N'Ws revealed prominent D, G, and 2D bands at
1340 cm™!, 1578 cm™, and 2684 cm™, respectively, matching the characteristic of epitaxial
graphene on 3C-SiC on Si[33]. However, a large average D over G band intensity ratio (Ip/Ig)
of 1.13 as compared to the Ip/Ig of ~0.2 in the normal epitaxial graphene grown on flat 3C-SiC
on Si samples[34] is a characteristic of the graphitised SiC NWs due to their small diameter of
40-50nm.

6.3.3. Infrared characterisation of graphitised silicon carbide nanowires

The IR spectroscopy of the samples was performed at room temperature with a Thermo
Scientific Nicolet 6700 using an Attenuated Total Reflectance Fourier Transformed Infrared
(ATR-FTIR) spectrometer. The diamond crystal with 45° of the incident radiation was used
for the ATR system. The samples' absorption spectra were collected using 100 scans, and the
average intensity was reported in arbitrary units. The IR absorption characteristics of the as-

grown and graphitised SiC NWs are reported in Figure 6.8d.

A comparison of the experimental data from Figure 6.8d and simulated results for oxide
thickness =7.5 nm (red curve from Figure 6.3a) is shown in Figure 6.9. Both experimental and
simulated absorbance of the bare SiC nanowires shows low IR absorption with a weak but
sharp absorption peak at ~797 cm’! corresponding to the 3C-SiC TO mode. The simulated
LSPhP mode at ~940.5 cm™ is weak and broad in measured absorbance spectra on the bare SiC
nanowires sample, making it unlikely to be observed in our experimental forest of nanowires.
The weak broad absorption measured around 1050 cm™ cannot be attributed to a phonon-
polariton as it is outside of the SiC Reststrahlen band and hence is attributed to vibrational
resonances of hydroxyls and epoxy functional groups[314, 315] stemming from the oxide in
the outer shell of the as-grown SiC nanowires[36, 311]. The IR absorption spectra of the weakly

graphitised NWs (Figure 6.8d) show similar fingerprints but with an increased absorbance.

The experimental IR spectrum of fully graphitised SiC nanowires reveals a substantial 5 to 9 -
fold enhancement for the two measured absorption modes, as compared to the bare SiC

nanowires. Interestingly, one of the experimental modes seems to overlap with the SiC TO,
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around 797 cm™'. An absorption enhancement of the bulk TO mode can be excluded, as in fact
the total volume size of SiC nanowires is expected to decrease after graphitisation because of
the consumption of the SiC, solid source for the catalytic graphitisation, while the oxide outer
shell in between the SiC and the graphene is increased to a typical value of ~8-10 nm as
observed experimentally with transmission electron microscope[36, 311]. From the simulated
spectra in Figure 6.3a, oxide shells roughly in the 6-10 nm thickness range would lead
effectively to the overlap of TO and M1 modes (see also Figure 6.5 for absorption of SiC at
different nanowire diameters). Simulated oxide shell thickness of 7.5nm and a refractive index
of 1.5, corresponding to a generic silicon oxycarbide medium[306], was chosen for comparison
of simulation and experiment. Therefore, we suggest that there is an overlap between the TO
and M1 responses. This all indicates that surface polariton phenomena are at work in this

material system.

The second mode at around 1050 cm™ from the measured absorbance on the fully graphitised
SiC nanowires is particularly broad and shows a significant enhancement. While we expect
that the hybridised mode M2 would correspond to the experimental position of this second
mode, as shown by the simulated spectrum in Figure 6.9, it is worth noting that here we are
likely to observe a convoluted response caused by the vibrational resonances of epoxy-
functional groups present in the nanowires sample. In addition, the fact that those groups are
physically concentrated in the oxide shell between the SiC core and the graphene outer shell
would likely lead to further amplification of their IR fingerprint, thanks to the field

concentration taking place in the oxide, as shown in the electrical fields in Figure 6.2g.

The regular simulated pattern with minimal cross-talk between wires (Figure 6.1a ) is clearly
highly simplified with respect to the highly irregular experimental NWs forest in the SEM
images (Figure 6.8a and b), with random wire pitch, orientation, and varying diameters (see
distribution in Appendix C, Figure C.4). However, the simplified model provides enough
fundamental information to interpret the more complex response from the experimental forest

of nanowires.

The key differing aspects are those of varying spatial orientation, varying dimensions, and the
presence of cross-wire interactions. The response of randomly oriented nanowires effectively
provides a combined response to irradiation by incident waves with electric field orientation
both along and across the wires. Note that the predominantly vertical E; field leads to similar

dipolar responses for either orientation of the incident electric field, except that the TO peak is
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absent when there is no field component along the wire (as shown in Appendix C, Figure C.3).
The experimental size distribution is expected to introduce a strong peak broadening (see
Figure 6.5 for spectra simulated for different nanowire sizes) and the additional cross-wire
interactions that were neglected in the numerical model but are not expected to change the

fundamental nature of the response.

Wavelength(um)
16.7 125 10.0 8.3 7.1 6.3 56

—— Graphitized SiC NWs - Exp.
--------- Graphene/Oxide/SiC NW - Sim. |
: Bare SiC NWs - Exp.
- Bare SiC NW - Sim.

o
IS
1

Absorbance(a.u)
o
N

- 0
sem®

0.0 Joer cersassr = . 1 -

600 800 1000 1200 1400 1600 1800
Wavenumber(1/cm)

Figure 6.9. A comparison of the measured IR absorbance spectral of bare and fully graphitised 3C-SiC
NWs and the simulated absorbance on bare SiC NW and graphene/oxide/SiC NW with an oxide shell

thickness of 7.5nm and refractive index of 1.5.

6.4. Summary

In this chapter, we have shown an experimental 9-fold absorption enhancement in graphene-
coated SiC nanowires as compared to the absorption of as-grown, bare SiC nanowires. With
the help of finite element multiphysics modelling, we attribute this effect to the hybridisation
of the surface phonon in SiC and the surface plasmon response in graphene. Furthermore, we
revealed this hybridisation to generate a mode splitting and extend the graphitised nanowires'

spectral resonances beyond the SiC's Reststrahlen band.

We also show that the oxide layer between the graphene shell and the SiC core acts as a
coupling medium, leading to a substantial absorption and electric field enhancement. We
indicate extreme subwavelength confinement for a MIR wavelength of around ~ 10 pm within
a few nanometers (< 10 nm) of the oxide shell medium. Additionally, the model indicates that
a more ordered and periodic nanowire structure could potentially lead to even higher

enhancement factors up to 60 times, and we indicate that this effect can also be used to enhance
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the IR fingerprint of molecules physically trapped in the intermediate shell (epoxy molecules,
in this case). We believe that these findings open up a promising avenue towards tunable MIR

molecular sensors and detectors based on graphene/3C-SiC nanostructures.
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Chapter 7. Conclusions and Future works

7.1. Conclusions

In order to realise sub-diffraction photonics, the choice of the constituent materials and
tailoring of the operational spectrum are two critical factors that need special consideration.
Photonic systems with low optical losses and dynamically tunable can offer a broader range of
spectral and functional flexibility, and graphene can offer such opportunities while supporting
the sub-diffraction confinement of optical fields. The coupling of graphene with polar materials
that support low loss SPhPs offers further opportunities to improve the loss characteristics

beyond what is achievable in graphene SPPs alone in MIR and FIR frequencies.

This study shows that the realisation of high-performance (low optical losses and tunable)
nanophotonic systems could be best achieved via a tailored combination of graphene and polar
material to generate hybrid phonon plasmon polariton modes in a device. While previously,
the coupling between SPPs in graphene with SPhPs in polar substrates was achieved using
mechanically transferred graphene[28, 316, 317], EG offers the opportunity to realise
epitaxially grown graphene directly on SiC[29, 135, 318]. Notably, our alloy catalytic growth
method enables EG growth on SiC on silicon[28, 33-35], offering unique opportunities to
couple tunable graphene SPPs with long-lifetime SPhPs in SiC in a single versatile optical
platform. The recent progress in the quality and control of epitaxial graphene on SiC on silicon
opens unique opportunities for the fabrication over large scales of any complex three-
dimensional nanophotonics, which could also be integrated with silicon processing

technologies.

In this thesis, we first demonstrated the excitation of propagating surface phonon polariton in
a flat SiC/Si system and revealed a large wavevectors /momentum mismatch between
graphene’s plasmon and incident photon that impedes graphene’s SPP mode excitation in a flat

EG/SiC/Si system.

Second, we have used epitaxial graphene on silicon carbide nanowires, grown bottom-up as a
disordered “forest”, as a test platform to reveal the fundamental optical properties of EG on
cubic silicon nanostructures. We have shown that the momentum mismatch can be overcome
using the graphene/SiC nanowires system via the excitation of localised surface phonon and
surface plasmon polariton modes in SiC and graphene. Subsequently, we have demonstrated a

substantial enhancement of the MIR photons absorption and broadening spectral resonances
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outside the SiC’s Reststrahlen band, which resulted from the hybridisation of localised SPhP-

SPP modes in the graphene/SiC nanowires system.

Furthermore, we have revealed extreme subwavelength confinement of the MIR photons of ~
10 um wavelength within a few nanometers (< 10 nm) thick oxide layer between the graphene
and SiC. This intermediate oxide shell layer is inherently realised during our EG alloy catalytic
growth method and acts as a coupling medium between the SiC core and graphene outer shell.
The study also demonstrated the potential for dynamic tunability of hybrid polariton modes in
the graphene/SiC nanowire model, as revealed by the modes’ resonances shift when graphene’s
Fermi energy is tuned according to the measured carrier concentrations on our EG/3C-SiC/Si

samples.

The sensitivity studies performed on the graphene/SiC nanowire model suggested further
enhancement of the MIR photons absorption and field confinement for EG/SiC-based

metasurfaces with periodically ordered patterns on silicon.

7.2. Future works

e Design, fabricate and develop periodically ordered metasurfaces using a top-down
approach utilising the EG on SiC on silicon platform[33-35] to achieve various
objectives such as ultra-compact multi-modal MIR detector for image detection and
remote and molecular sensing. This can be now achieved by using the platform
developed in our group[37, 319].

e Design and investigate the fabricated metasurfaces’ sensitivity to polarisation, phase
and different angles of incident electromagnetic radiation.

e Examine the dynamic tunability capability of the fabricated EG/SiC/Si-based

metasurfaces using the gate-tuning approach.
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Appendices

Appendix A. Derivation of the equation for the dispersion of surface polariton at the
planar interface between a conductor and a dielectric medium

We define the magnetic field component in the y-direction to be Hy;(z) = Hye'*x*kziz (i=1,

2 for the medium 1 and 2 in Figure 2.2).

For z > 0, equation (2.27) can be rewritten as

Hy, (z) = Hetkxxkznz (A.1)
Eai = —2H,,(2) (4.2)
WEYE,
E, = _a’fo ) yl(Z) (A.3)
While for z < 0, it can be modified to
Hy,(z) = H,e'kxxtkzzz (A.4)
Fao = ~1—2—H,,(2) .5)
weoey (W) Y
E,, = wc‘?oé‘z(a’) yZ(Z) (A.6)
The continuity relation suggests that, Ex; = E,, and Hy,; = H,;,, and it yields the following,
@) = —i— 2, () (4.70)
WEYEL 5052( )Y
ks_ T ezk ® @b
Using H,;(z) = Hye™x*tkziZ and —2- o~ Hy‘ = kZ;H,,; we can modify (2.28) as follows,
Forz > 0,
kz Hy + (k§e, —ki)H, =0 (A.8a)
(k2, + (kie, —k2))H, =0 (A.8b)
Since Hy; # 0, therefore, (k2, + (kZe; —k2)) =0
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2 _ 12 2
k71 = ki —kye

For z <0,
kZ,Hy, + (kfe,(w) —kZ2)H,, =0
(k2, + (kiey(w) —k2))H,, = 0
k7, = ki — ki (w)
We can divide (A.10c) by (A.9) to obtain the following (A.11);

k7, kZ—kie(w)
k§1 B kz — k(2)51

We can rearrange (A.7b) to get (A.12)

kzZ — _52 (0))

k1 &

Equality relation between (A.11) and (A.12) suggests,

(_ 52((0)>2 _ ki — kiey(w)

(":1 k_,zc - kg(":l

&3 (ki — ef (w)e ki = efki — efe;(w)k§

kZ(ey(w) — &1)(e2(w) + &) = kg (e2(w) — &) 16, (w)

(A4.9)

(A.10a)
(A.10b)

(A.10¢)

(A4.11)

(A.12)

(A.13a)

(A.13b)

(A.13¢)

Simplification of (A.13c) leads us to the expression (2.40) representing the dispersion of

surface polariton mode at the planar surface between a conductor and a dielectric medium.

_ _ &8 (w)
e = espp = kO,/(ez(w) T e
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Appendix B. Derivation of the equation for the dispersion relation of surface plasmon
polariton in graphene

Equation ((A. 7b)can be rearranged into the following;

€1 & (w)
— = (B.1)
kzl kzZ
By including the conductivity of graphene above equation (B.1) becomes (B.2),
€ &(w o(w
L ICMPLICO N (B.2)

k1 ko wEy

Inserting the value of k,, and k,, from relation (A.9) and (A.10c¢) into (B.2), we can get (B.3);

& w2 e 2 WE
Jkgpp(w)— 1z \/kgpp(w)_z(fé’#

&1 & (w) — o(w)

(B.3)

where k, = kgpp

We consider a nonretarded regime where the wavevector of surface plasmon is much higher
than that of the light passing through the vacuum (i.e., kg, > %) [72, 74]. Therefore expression

(B.3) can be simplified into the following expressions:

& glw) » o(w)
JiE (@) Jk @) we (B.4a)
) = 220+ ) o
Koy (@) = iw g (&,(w) + &) 510

o(w)

At the low frequency and high doping regions, the fermi wavevector (kr) is greater than the
ks,p and also, the Fermi energy is superior to the energy of incident light (i.e.,Er > hw),
causing graphene conductivity to be dominated by the intraband electronic contribution and

take the form of Drude model as follow.

2
e“Er
o(w) =1 B.5
(@) wh? (w +it™1) (B.5)
where 7 is the carrier relaxation time. Replacing conductivity by its expression, k,, becomes;
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iw go(&; + £5(w))

kspp (0)) = ] €2EF (B 6a)
LR (w+it™1)
ks (@) = w & (&1 + & (w))mh? (w + it™1) (B.6b)

e’Ex

By multiplying and dividing ¢ on the above equation (B.6b), the equality will be kept as in the

following equation;

wc & (&1 + & (w))mh? (w +it™1)

kspp (@) = = o, (B.7a)
ceoley + &5(w))mh? (w + it7 1)
kspp((l)) = kO O( ! 2 eZ)E (B 7b)
F
&+ & hlw +it™Y) 4mhce
kspp(w) = ko( k 2(0))) (wri’) X i K (B.7¢)

4 Eg e?

Simplification of (B.7c¢) leads us to the equation for the dispersion relation of surface plasmon

polariton in graphene.

(&1 + & (W) hw(1 + i(tw)™Y)
4a Er

kspp (0)) = kO (B 8)

2
a= M:lcg ~ é , 1s a fine structure constant that defines the strength of electromagnetic
0

interaction between elementary charged particles.

Appendix C. Supporting information for chapter 6

C1. Additional simulation models

Four models were built and investigated, as shown in Figure C.1a. We first built a SiC NW/Si
model, graphene/air/Si, followed by a graphene/SiC NW/Si model, and then finally, we created
a graphene/oxide/SiC NW/Si model. The simulated absorbances for four different models are

shown in Figure C.1b.
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Figure C.1. Electromagnetic simulation model set up. (a) Schematic of 4 different simulated models:

Bare SiC NW, graphene/Air, Graphene/SiC NW, and graphene/oxide/SiC NW. (b) Simulated

absorbance for four different models

: bare SiC NW, graphene/air, graphene/SiC NW, and

graphene/oxide/SiC NW. The following geometry parameters were used: W=500 nm, S=200 nm,

A=120 nm, D =100nm. For all four simulations, the total nanowire diameter is 50 nm. For the

graphene/oxide/SiC NW model, oxide shell thickness is 4 nm while SiC is 42 nm.

C2. Electric field vector analysis for M1 and M2 in Graphene/Oxide/SiC NW model
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Figure C.2. Electric field vectors for (a) M1 and (b) M2 in graphene/oxide /SiC NW model when oxide

shell thickness is 4 nm.

C3. Simulated absorbance for different orientations of the incident field
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Figure C.3.Absorbance for different orientations of the incident field for 4nm thick oxide layer (a) Hy,
Ex, Ez (b) Hx, Ey, Ez. The Ez component in both cases dominates the response. Lack of electric field

component along the wire (Ex) significantly reduces TO response in (b).

C4. Nanowires diameter distributions
Figure C.4 shows the nanowires diameters distributions. The diameters distributions were

estimated from the SEM image(Figure 6.8a-b) for the bare and graphitised 3C-SiC nanowires
using Image J software[320].
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Figure C.4. Nanowires diameter distribution as estimated from SEM data of bare and graphitized 3C-
SiC NWs samples using Image J software[320]. (a) Bare 3C-SiC NWs, the average diameter is 48.6 nm
(b) fully graphitized 3C-SiC NWs, the average diameter is 44.8 nm.
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