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Abstract

Plasmonic metamaterials typically consist of plasmonic nanostructures that are arranged
in arrays at a size smaller than the wavelength of interest, and they are known for their
unique optical properties that can be precisely controlled with the accurate nanostructure
design at a sub-wavelength scale. By exploiting their advantages in localizing and enhancing
the electromagnetic field, plasmonic metamaterials have been used in various applications
such as optical sensing, plasmon-enhanced spectroscopy and plasmon-assisted chemistry.
Recently, hybrid plasmonic nanostructures that combine the plasmonic fields with functional
materials have been developed to achieve enhanced optical properties and thus expand the
range of possible applications ranging from photo-catalysis and biomedical sensors to optical
modulation. In this context, we aim to explore hybrid plasmonic-molecular nanostructures to
achieve passive and active functionalities of metamaterials. In this thesis, a hybrid plasmonic
nanostructure has been realized by self-assembling a nanoscale layer of poly-L-histidine on

gold nanorods forming the metamaterial.

On the one hand, the hybrid nanostructure is used to investigate the effect of environmental
humidity on the optical response of nanorods metamaterial. Due to the high refractive index
sensitivity, a significant change in the transmission is observed with AT /T reaching values
of more than 5% when the relative humidity is changed from 11% to 75%. The experimental
and simulated results demonstrate that the mechanism behind the phenomenon is associated
with the roughness-assisted nanoscale condensation of water on the nanorod surface. Such
results further reveal the importance of protecting plasmonic nanostructures from relative
humidity variations in many practical applications that work in the ambient environment and
also gas sensing applications such as hydrogen and oxygen. The hybrid structure can be used

for the development of high-sensitivity relative humidity and dew condensation sensors.

On the other hand, light-emitting plasmonic tunnelling junctions have been successfully
built on this hybrid nanostructure where the gold nanorod metamaterial is capped with a
monolayer of poly-L-histidine working as the tunnel barrier. The compact electrical excitation

of surface plasmons and generation of light emission by inelastically tunnelled electrons



has been demonstrated, exhibiting a broadband tunability of the emitted light controlled by
the metamaterial and the junction geometry. Besides, the voltage bias-dependent emission
performance has been discussed, and typical tunnelling electrical properties have been
analysed using current-voltage curves and current mapping. Additionally, by defining the
tunnelling junction area, a type of microscale plasmonic tunnelling junction that allows a
fast modulation of the tunnelling-excited light emission has been further achieved, which
is attractive for the building of ultrafast electrically-driven light sources. Overall, these
results demonstrate the advantages of such hybrid plasmonic nanostructures, highlighting

their potential for developing optical humidity sensors and nanoscale light sources.
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Chapter 1

Introduction

1.1 Backgrounds

Photonics and electronics technologies stand at the brink where we look at merging them in
computer chips as optical interconnects [1] or active nanophotonic circuits [2]]. The resulting
increase in computational efficiency and speed will change the world. Another critical area
is photovoltaic devices, where there is a need for highly efficient ways of absorbing solar
power to minimize the volume of active material required for the process. This will help
reduce costs and introduce alternative materials that have been otherwise ignored for their

lower efficiency [3l].

However, there is a spatial limit to which light can be typically constrained using standard
optical elements (lenses, mirrors, etc.). This limit arises from the diffraction of light by
any standard optical aperture and is approximately equal to half the wavelength of the light
wave. The good news is that we can surpass this limit and confine light into much smaller
dimensions by manipulating its interaction with matter, particularly at a metal-dielectric
interface. This is because, at a metal-dielectric interface or metallic nanostructures, light is
coupled to coherent plasma oscillations, creating evanescent electromagnetic waves in the

form of surface plasmon polaritons.

Surface plasmons are collective oscillations of free charge carriers (conduction elections in
the case of metal) which, at specific frequencies, can resonate with the incident electromag-
netic field to create localised sub-wavelength distributions of optical energy in subwavelength
range structures. Depending on the spatial geometry of the nanostructure, this effect can be
manifested in different forms as surface plasmon polaritons (SPPs) or as localised surface

plasmons (LSPs). SPPs can be mathematically defined as eigenmodes of electromagnetic



waves at an interface between a dielectric and metal, i.e., they can be obtained as solutions
of Maxwell’s equations [4]. They are planar surface waves, transverse magnetic polarised,

travelling along the interface between a dielectric and a metal.

Surface plasmons are propagating waves only if one of the dimensions of the structure
is close to or longer than the wavelength. For the case where all the dimensions are much
smaller than the wavelength, like in a typical nanoparticle, surface plasmons no longer
propagate but collectively oscillate throughout the nanostructure surface. They are then
termed localised surface plasmons. The enhanced absorption and scattering of optical energy
are observed due to the localised surface plasmon resonance of the nanoparticle. This effect

has many uses in photothermal therapy, heat-assisted magnetic recording, etc.

Surface plasmons are well known to be highly sensitive to the refractive index change of
adjacent dielectric medium within the penetration depth of their near field. This remarkable
property has been exploited in label-free plasmonic sensors to detect and investigate target
chemicals. Mainly based on SPPs, existing surface plasmonic resonance biosensors have
shown their advantages in sensing with an extremely low detection limit to >10° refractive
index unit (RIU). However, its limitation, such as the relatively low sensitivity of small
analytes and difficulties in meeting more modern requirements of biotechnology, is hindering
its further development in the commercial market. In contrast, LSPs-based sensors seem much
more promising in compatibility with modern biotechnology development such as nanoscale
design, manipulation, and selectivity of (bio)chemicals. Besides, LSPs are considered
excellent sensing platforms because of their high tunability on the spectrum and substantial
enhancement of the local electric field. Despite all these advantages, compared with SPPs,
LSPs still suffer from limitations in the relatively low sensing response to refractive index
change and small probe depth. All these problems have presented an unavoidable challenge
to the current plasmonic sensors, and to face the challenge, we would like to search for
solutions from new types of plasmonic metamaterials which can combine the benefits of both
SPPs and LSPs, thus widening the application of plasmonic sensors. An important example
is gold nanorod arrays, forming a metamaterial. The gold nanorod metamaterials have been
developed to exploit nonlinear optical properties and control spontaneous emission. To further
use their potential for practical applications, the hybrid plasmonic nanorod metamaterial
structures and their properties must be studied, which may provide additional functionalities

to those achievable with bare nanorods.



1.2 Motivation

In this work, gold nanorod metamaterials are combined with polymer poly-L-Histidine, and
this hybrid nanostructure is applied for two potential applications. As we all know, the optical
properties of plasmonic nanorod metamaterials are very sensitive to any environmental
change, including gas and relative humidity. Measurements conducted in the ambient
environment and gas sensing applications like H, and O, may also be affected by relative
humidity. Considering this, studying the optical change of plasmonic metamaterials caused by
the environmental relative humidity is crucial. In this work, freestanding gold nanorod arrays
are used as samples. Their relative transmission changes in various relative humidity are
observed, which might be associated with the nanorods’ surface roughness and modification
(e.g., polymer coating). Corresponding numerical simulations are also used to understand

humidity-induced optical change.

On the other hand, the PLH-gold nanorod hybrid nanostructures are made into plasmonic
tunnelling junctions for light emission. Specifically, the working principle is that inelastic
tunnelling electrons can excite surface plasmon of nanorod metamaterials, which would then
radiate as photons and generate light emission. Since the optical spectrum of metamaterials is
highly dependent on the structural parameters of metamaterials, we can easily get a tuneable
nanoscale light source by adjusting the geometry of nanorods metamaterials. Furthermore,
this helps realise device miniaturisation because the surface plasmon polaritons could be
excited by inelastic tunnelling electrons, thus eliminating the need for bulky light sources.
Besides, due to the ultrafast electron tunnelling (< 10 fs), plasmonic tunnelling junction
provides an exciting possibility to achieve ultrafast response time. Here we aim to achieve a
fast modulation speed of the optical switch by reducing the RC time delay with a defined

tunnelling junction area.

1.3 Outline

Chapter 1 addresses the aim and objectives of this thesis. After briefly introducing light-
metal interactions, in Chapter 2, we first overview the theoretical background of surface
plasmon polaritons and plasmonic metamaterials. The design, optical properties, fabrication
techniques, and relevant applications of plasmonic metamaterials are also described. Then,
the fabrication techniques and the structural and optical characterisation specific to plasmonic
nanorod metamaterials are discussed in detail in Chapter 3. Chapter 4 highlights a humidity-

induced direct modification of the optical response of plasmonic metamaterials, which is



vital for plasmonic devices operating in the ambient environment, particularly for gas sensing.
Nanorods-based plasmonic tunnel junctions and their potential for nanoscale light sources
are discussed in Chapter 5. Their structural characterisation, electric and optical properties

investigation, and emission properties are presented. Finally, conclusions and future work
are outlined at the end of this thesis in Chapter 6.



Chapter 2
Fundamentals

This chapter first introduces fundamental optical parameters to understand the interaction
between light and materials at optical frequencies. And basic concepts such as surface
plasmon polaritons and localised surface plasmon resonances are then presented to lay a solid
theoretical background for plasmonic metamaterials. Furthermore, hyperbolic metamaterials
as a subclass of plasmonic metamaterials are highlighted, and the effective medium theory
is discussed to interpret the optical properties of metamaterials. In addition, some typical
nano-fabrication techniques of plasmonic metamaterials are introduced. Lastly, a wide
range of applications of plasmonic metamaterials is covered, including optical sensing,
surface-enhanced spectroscopy, photo-chemistry/catalysis, etc.

2.1 Interaction of Light with Metals

Since the primordial explosion, which started the expansion of the universe and released
the photons to freely travel forth, the one physical property that has stayed constant is light.
Using dielectric lenses and metallic mirrors, we have managed to exploit its interaction with
matter to observe this universe, right from the division of a cell to the birth of a star. In the
modern world, we strive to manipulate light in various ways, not just for imaging. It is crucial
to understand the light-matter interaction at optical frequencies to design materials that can
precisely govern light absorption, reflection and refraction at the scale of (sub)wavelength
and realise a wide range of practical applications.

Maxwell’s equations describe the interaction of electromagnetic radiation with matter.
In the case of vacuum, deriving the plane wave equation from Maxwell’s equations, one
possible plane wave solution for the electric field is

E(r,t) = Eoei(k'r_w’) (2.1)

5



where r is the propagation direction, k is the wavevector, and @ = 27 f is the angular fre-
quency. In vacuum, for the wavenumber & (the modulus of the wavevector k), its relationship
with light can be expressed as ko = @/co and ko = 27/ Ay, where ¢y is the speed of light in
vacuum and A is the wavelength of light in vacuum.

Different from travelling in the free space, when propagating in materials, an electromag-
netic wave is often described in three different forms: transmission (7'), reflection (R) and
absorption (A). And the overall energy balance follows the equation 1 =7 +R+A. And
the ability of materials to affect electromagnetic wave propagation is usually characterised
by the optical properties of materials, which are mainly described in terms of their complex

refractive index and dielectric permittivity.

The complex refractive index n = n’ + in”, where the real part n’ is responsible for the
change of the light speed in the material, while the imaginary part n” is more related to the
light absorption in the material and also called as extinction coefficient. For equation (2.1,
if we consider its time-independent form, the plane wave solution would be expressed as

follows:

E(r) = Ege'* T (2.2)

Here the complex wavenumber k = nky = kK’ +ik” , and light wavelength in the material
hence become A = Ay /n since Ay = 27 /kg.

The dielectric constant € = &’ + i€” is another term often used to describe the optical
properties of materials. Here, the relation between the complex refraction index and the

dielectric constant can be expressed as follows: €’ = n’> —n"? and &” = 2n'n".

According to the Beer-Lambert law, the intensity of an electromagnetic wave decays

exponentially from the surface after travelling a certain distance in a lossy material, as

I(r) =Ipe ™" (2.3)

2

where the intensity/power of a wave is modulus squared of the electromagnetic field I = |E|~,
and o denotes the absorption coefficient. When the electromagnetic field decays to 1/e
of its original value, this particular travelling distance is termed the skin depth 9, and its
relationship between the complex refractive index and wavenumber follows these equations:
0 = 1/nk" =1/n"ky. Besides, from equation (2.2)) and (2.3]), we can also obtain the relation

between the skin depth and the absorption 6 =2/« [5]].
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Based on the energy band theory, materials, according to their different electronic band
structures, can be roughly divided into three classes: conductors, semiconductors and insula-
tors. Fundamentally, metals, as a kind of conductors, are characterised by the overlapping
of the valence band (VB) and the conduction band (CB), meaning that electrons can freely
transport at room temperature under an externally applied electric field. In other words,
metals have a high density of free electrons, around 10?® — 10% ¢/m? [6]. Semiconductors,
however, are characterised by having the VB and the CB separated by a small forbidden
energy band gap, and the movement of electrons from the VB to the CB is achievable when
the external energy is higher than the forbidden energy gap. If the forbidden energy gap is so

large that electrons can’t move to the CB, it is called an insulator.

To understand their optical properties, metals are often considered as a collection of free
electron gas moving around relatively immobile positively charged ions. And the optical
response of metals under an external electromagnetic field can be well described by the
Drude model, where free electrons go through damped oscillations due to electron-ion
collisions. Because of this, the Drude model is also called the free electron model. Applying
Newton’s law to the motion of free electrons and writing in the differential form, we obtain
the following motion equation:

2
me% —|—mey% = —cE 2.4)
Where m, is the effective mass of free electrons, —e is the charge of free electrons, r is the
electron displacement, E is the external driven electric field, and y = 1/7 is average collision
frequency, where 7 is the average collision time. Here, 7 is related to the average collision
distance / (mean free path) and the average thermal velocity of classical particles v;, by

[ = TVih.

An approach to solve the above equation is assuming the external driven electric field
is the harmonic time dependence E(t) = Ege~'®", and therefore the electron displacement
becomes r(t) = roe '®!. After a simple algebra operation for equation (2.4)), we can get:

e
r=——>———E (2.5)
me(®* + iyw)

Since each free electron can produce a dipole moment p = —er, for metals with electron
density N (the averaged number of electrons per unit volume), its polarisation density vector

(the averaged density of dipole moment per unit volume) can be described as



P = Np = —Ner (2.6)
Considering its relationship with the driven electric field and electric displacement field:

D =¢eE=¢E+P 2.7

where & is the vacuum permittivity, and € is the relative permittivity of metals. Combining
the equations (2.5), (2.6) and (2.7), we finally arrive at a complex, frequency-dependent
dielectric constant (permittivity) for metals:

(o) =¢(w)+ie" (o)

o> o> (2.8)
=== . 3) il . 2'1)
Y+ Y+ 0? o
with
Neé?
2
= 2.9
, o, (2.9)

@), 1s known as the bulk plasma frequency, and it is an important parameter in showing the
metallic behaviours of metals. If the collision frequency ¥ is far smaller than the bulk plasma
frequency w,, then the equation (2.8)) can be simplified as

0> 0y
g(w) = (1 —w—§)+i% (2.10)

And thus the real part of the metal permittivity €' (@) is expressed as follows:

>

s’(w):l—w—’; (2.11)

Its value is negative in the frequency range below the bulk plasma frequency ¥ < @ < @,.
The physical meaning is that the free electrons inside of metal would oscillate in phase
with the external electric field and then reradiate the same field back. This is because of
the high reflectivity and small skin depths of metals. And this frequency regime is called
the relaxation regime. The reflection of metals decreases significantly at the bulk plasma
frequency, and the €’'(®) becomes positive for @ exceeding the plasma frequency @ > ®,.
At this spectral region, the electrons lag behind the applied electric field, penetrating the

materials, making the metal look transparent [7].



Based on a lot of assumptions, e.g., using the Kinetic theory of gases, focusing only on
the collisions and ignoring electron-electron and electron-ion interaction, the Drude model
correctly predicts and explains the optical proprieties for most metals at low frequencies.
However, it doesn’t apply successfully to the high-frequency regime where the electrons’
inter-band transitions dominate. Therefore, for noble metals, such as gold and silver, which
have high electron density in the conduction band and their plasma frequency in the ultraviolet
range, it is necessary to consider the inter-band transition effect when describing their optical
properties at a lower frequency, e.g., in the visible and infrared spectrum. Hendrik Antoon
Lorentz later developed the Drude model, which included an additional restoring force term
into the electron motion equation. Afterwards, Arnold Sommerfeld combined the resulting
Drude-Lorentz model with Fermi-Dirac statistics, leading to the Drude-Sommerfeld model.
More details related are outside the scope of the current thesis and will not be discussed

further.

2.2 Surface Plasmon Polaritons

Plasmons are regarded as collective oscillations of the free electrons in the media. Suppose
the plasmons are confined to the surfaces between a metal and a dielectric medium and
strongly interact with an external electromagnetic field. In that case, it is called surface
plasmon polaritons or surface plasmon resonance. Mathematically, SPPs can be defined
as eigenmodes of an interface between a dielectric and metal, i.e., the theoretical model
for SPPs can be obtained as solutions of Maxwell’s equations in the absence of an incident
electromagnetic field [4)]. In practice, we assume all materials are linear, isotropic and
homogeneous for the sake of simplicity. The SPPs phenomenon then can be viewed as a
simplified case where a plane wave propagates along the interface between two semi-infinite
half-space materials with different dielectric constants. By satisfying boundary conditions of
the continuity of tangential components of electromagnetic wave, both electric field E and
magnetic field H, and also considering the normal component of the electric displacement
field D across the metal-dielectric interface, we can describe the fundamental physical
properties of SPPs.

To make things easier, we assume the geometry and the electromagnetic fields are invariant
along one direction (i.e., y-direction). By doing so, we turn the three-dimensional plane wave
equation problem (x-y-z coordinate system) into a two-dimensional problem (x-z plane)
which is easier to solve. In this case, the corresponding two-dimensional solutions can be

written as a superposition of two independent self-consistent terms: transverse magnetic



modes (TM modes, also called p-polarised modes) and transverse electric modes (TE modes,
also called s-polarised modes). For TM-polarised mode, the magnetic field H is transverse to
the propagation direction and parallel to the material surface (Hy), while the electric field E
has components both transverse and longitudinal to the propagation direction (E, and E,).
TE-polarised mode has Hy, H;, and E,. And, thus the total electric field can be expressed in
the form as: E(r) = E"™(r) + ETE(r).

Z A

D"e\ec’[ﬂc €4
wetal 52(‘”)

Fig. 2.1 The schematic of the metal-dielectric interface.

Figure 2.1 shows a classic schematic of a surface wave travelling at the planar interface
(z = 0) between two different materials. The material 1 is at the region z > 0 with the
dielectric constant €, while the material 2 is at the region z < 0 with the dielectric constant
&. Assuming there are no external driving charges or current densities, two sets of plane
solutions can be derived from the Maxwell equations for this system in TM modes and TE
modes, respectively. However, here we only discuss the case of TM-polarised modes for the
excitation of SPPs, because the SPPs excited via TE modes don’t exist at optical frequencies

unless the permeability of materials is negative, which is not the case for metals.

By solving the wave equation solution for TM-polarised waves, we obtain the following

equations:
kzl &
== (2.12)
kzZ &
k2 + k= ekd (2.13)
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k2 + k2 = ek (2.14)

where k, is the component of the wavevector along the x-direction, k,; and k> are the normal

components of the interface for each material, and kg is the wavevector at vacuum.

Replacing the k;; and k;, in the equation (2.12)) with the equations (2.13)) and (2.14), the
dispersion relation of SPPs at the metal-dielectric interface can be expressed as the following:

&1& &

ky =k = &1k 2.15
R &+ & 0 & +& 1)
And the expression for the normal wavevector components can also be obtained:
812
k1 =k 2.16
a =kl o= (2.16)
822
ko =k 2.17
2=kl e (2.17)

To make the SPPs propagate along the interface, k, is required to be a real value while the
normal components k;; and k;, both are imaginary. From the above equations (2.15))-(2.17),
we know that this can only be achieved when the sum and product of dielectric constants are
both negative, that is, £ + & < 0 and €& < 0. Assuming the dielectric constant of material
1 is real-valued, and thus, the real part of the material 2, 8&, needs to be negative and also
|€}| > €1. In a word, SPPs can only exist at the interface between a metal (¢ < 0) and a
dielectric material (€ > 0).

As an SPPs propagates along the x-direction, energy is dissipated to the metal due to
absorption. This decay can be described with an SPPs propagation length [, by which the
intensity of SPPs decays by a factor of 1/e. Since the relation between the electric field
intensity and wave propagating length x is I = |E|* o e~ 2% oc g=21"ko¥ the SPPs propagation
length [spp thus can be expressed as

1 1

lgpp = —— = — 2.18
SPP = 30 = kg (2.18)

Equation (2.18)) indicates that the decay of energy origins from the imaginary part of the
permittivity of materials. As a relatively absorbing material, aluminium’s propagation length
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is only 2 um at 500 nm. However, for a metal with a lower imaginary permittivity at the
same wavelength, such as silver, the propagation length increases to 20 um [8]. Furthermore,
it should be noted that this equation is for an ideal smooth surface. However, in practice,
there are more energy losses due to the surface roughness, which makes it an unavoidable

challenge in the practical application of plasmonics.

Likewise, the electric field decays exponentially perpendicular to the metal-dielectric
interface (z-direction). For the dielectric medium, the decay length of the field is typically on
the order of half the wavelength of the electromagnetic field involved (19/2n,), while the
decay length for the metallic layer is determined by the skin depth, which can be expressed
as

kp——2"
O\/8d+£m

where /,, defines the confinement depth normal to the metal-dielectric interface, kg is the

Im =

(2.19)

optical wavevector in a vacuum, and € is the optical permittivity of the metallic layer (m).

Equation (2.19) shows how the skin depth indicates the confinement of the evanescent
wave to the metal-dielectric interface. For an Ag/Air interface at 633 nm, the decay depth in
the dielectric is 210 nm, while in the metal, we have confinement depth /,,, as 11 nm. Thus we
see that for higher values of permittivity, one can have extreme sub-wavelength confinement
of optical energy.

4 (a) 4 ©
Dielectric £ T
DAAAG: i
Metal Tm

Fig. 2.2 (a) SPPs propagation at the interface between metal and dielectric. (b) The evanescent
field that decays exponentially into the two half space [§].
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Altogether, Figure shows the decaying evanescent characters of the electromagnetic
wave at the metal-dielectric interface both at x and z directions [8]].

we can derive the SPP dispersion relation for a metal based on the mathematical results
we have obtained. Take the lossless Drude metal in the air, for example. In this case, only the
real part of the metal permittivity &’(®) is considered, and the dielectric constant of air is
1 (¢1 = 1). By substituting Drude’s lossless permittivity equation into the dispersion
relation equation (2.15]), SPP dispersion curves for the lossless Drude metal in the air are
obtained [9], as the grey curves given in Figure[2.3]

fa—y
I

a
g 0.} = .
S Ysp.air
> ] P
c 06 - S
g —— (:}___|_:
T spsilica:
g 04l i :
L
0.2
0
0 1

Wave vector [c/ O

Fig. 2.3 Dispersion relation of SPPs at the interface between a lossless Drude metal and air
(grey curves) and silica (black curves) [9].

The straight grey line presents the light line in the air (k, = @/cp). The SPPs dispersion
is mainly composed of two branches according to the value of angular frequencies (® > w):
high-frequency branch, and @ < ®;),: low-frequency branch), between which dash curves
denote a frequency gap. k, is purely imaginary valued in this frequency gap, which means
the evanescent wave decays in the x direction and hence there is no SPP propagation. In
the high-frequency branch for (@ > w)), the normal component wavevector k; is not purely
imaginary anymore, meaning there is electron oscillation inside the metal and thus results in
bulk plasmon. On the other hand, in the low-frequency branch for (@ < ), ky has a valid
real part component while k, is purely imaginary, which altogether fulfils the wavevector
conditions for SPPs mode to exist. It’s noted that ), is the limit of @ when k, — oo (that
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is, when & — —g&; = —1), with the inverse derivation of the equations (2.11]) and (2.13)), we
finally get the angular frequency for SPPs of lossless Drude metal in the air:

O _ %

()] = =
SPP Tre 2

It is worth noting that, in this dispersion relation, a field can be confined extremely along

(2.20)

the z direction and no energy loss because k; — oo and no imaginary k, exists when k, — oo.
However, in reality, & is a complex number as the equation (2.10) shows, which means that

the imaginary part of k, exists at all frequencies and therefore results in the energy losses.

We can also notice that the dispersion relation of SPPs for lossless Drude mode (the
low-frequency branch) lies outside of the light line in the air €. And this phenomenon
always exists even when changing air to other different dielectrics, e.g., &jico = 1.5 (black
lines and curves in Figure [2.3)). This is due to the momentum mismatch between SPPs and
free space photons (at the same frequency, the k, of SPPs is always greater than that of
free space), which means that it is impossible to excite SPPs with the incident light in the
dielectrics directly.

(@)

Thin metal film SPP

High index

()

/ SPP

Fig. 2.4 Schematic diagrams of different SPP excitation configures. Prism coupling with (a)
Kretschmann, (b) Otto configuration. Other exciting SPPs with (c) a periodic grating and (d)
surface features scattering.
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To overcome the momentum mismatch, many techniques have been invented after decades
of effort. Figure [2.4] shows several schematic diagrams of different SPP excitation configures.
Prism excitation is the simplest way to excite SPPs. The principle of such a method is to
increase the wave vector of incident light by adding a high-refractive index medium, such
as prism/glass. The incident field from the prism can either decay to the evanescent field
between the prism-metal interface and then couple to the metal-air interface on the other side
(Kretchsman configuration), or it can first decay between the prism-air interface and then
couple at the metal-air interface to excite SPPs (Otto configuration). Other techniques are
based on the idea of introducing new wave vectors, including grating excitation [10]], surface

defects excitation and near field source excitation [11], etc.

2.3 Localized Surface Plasmon Resonances

When all the structure dimensions are much smaller than the wavelength, like in a typical
nanoparticle, the distinction between bulk and surface plasmon disappears, and surface
plasmons no longer propagate but collectively oscillate throughout the nanostructure surface.
They are then termed localized surface plasmon resonances. Most of the LSPRs resonance
frequency lies in the visible-near infrared region. Because of the high spatial confinement
of the particles, the excitation of LSPRs can be achieved via direct incident light without
considering the momentum mismatch difficulty. The resonant frequency of the plasmon
is highly sensitive to the local environment of the nanoparticle so nanoparticles can be
used as highly efficient sensors. Also, the highly enhanced absorption of optical energy
due to LSPRs can significantly help to harvest energy at the interface between the particle
and its neighbouring dielectric medium. This property has many uses, like photovoltaics,

photothermal therapy, heat-assisted magnetic recording, etc.

Most physical effects of LSPRs can be explained with a simple mode, a spherical metal
nanoparticle. Assuming a metal sphere in the radius of R in an isotropic and non-absorbing
dielectric medium, the dielectric constants of the medium and sphere are € and &;, respec-
tively. Under a uniform time-harmonic electric field Eq, the conduction electrons would first
shift relatively away from the nuclei due to the electric field driving force and then move
back towards the nuclei under a restoring force caused by Coulomb attraction. Together these
shifted electrons would experience a resonant oscillation at a certain frequency (Wysprs).
Figure [2.5|shows the LSPRs on spherical particles under an external electric field. Since the
size of the sphere is far smaller than the wavelength of the external field, the scattered electric
field outside the sphere can be quasi-statically approximated as a dipole field, which induces
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Fig. 2.5 Schematic diagram of LSPRs of metallic spheres.

a dipole moment P. And the relation between the external field and the dipole moment is
given by P = a&1Eg. Here, « is defined as the polarizability of a spherical particle, which
represents the resonance behaviour and is greatly determined by the particle’s shape, size and
material, and also the material of the surrounding dielectric medium. For a spherical particle,

a can be mathematically expressed as follows:

E — &
a=4nR>—— 2.21
& +2g (@2

We see that to satisfy the surface plasmon resonance condition, it requires €'(@) = & =
—2¢1. Submitting this equation to a lossless Drude metal in the air (equation (2.11)), we
easily obtain the associated LSPRs frequency for the metal sphere:

Wp
0) = —= 2.22
LSPRs 3 (2.22)

Likewise, the polarizability of other shapes of metallic particles, such as ellipsoids, can
be obtained based on the same theory. The only difference is that the polarizability along
each direction should be treated separately as it varies with the geometric parameters of
nanoparticles.

A good example of LSPRs properties is plasmonic nanoparticles, whose optical res-
onance is mainly determined by their size and shape. Silver nanoparticles, for example,

can show different LSPRs with different geometries ranging from spheres and triangles to
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Fig. 2.6 Typical optical spectra and the corresponding TEM images of individual silver
nanoparticles [12].

pentagons [[12,[13]], as shown in the Figure 2.6] And gold nanoparticles, as another example,
also exhibit different enhancement and localization of the electromagnetic field with different
geometrical designs [[14]. With the development of nano-fabrication techniques, more com-
plex geometries such as Au-SiO, core-shell nanoparticles have emerged to achieve precise
control over the plasmonic enhancement. Au-SiO, nanoparticles consist of alternating shells
of silica and gold layers and have optical properties which can be tuned with careful control
over the shell thicknesses and the number of layers. This gives a route to define the supported
plasmonic modes and therefore engineer the optical spectrum of the nanostructure. Besides,
for plasmonic nanoparticles, the plasmonic interaction between them is highly sensitive to
their separation and the surrounding dielectric materials, making them great use as optical
sensors. Other applications based on the strong electromagnetic field enhancement and
localization have also been explored, such as molecular rulers [15] and cancer imaging and
photo-thermal therapy [16].
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2.4 Metamaterials

2.4.1 Plasmonic Metamaterials

With the support of SPPs/LSPRs, nano-structured metallic (metallic-dielectric) objects can
show desired optical characteristics that conventional materials usually don’t possess. And
their fundamental optical properties are not only determined by their atomic structure but also
by their artificial nanostructures that much smaller than the wavelength of the electromagnetic
field. These unique nanostructures are termed "metamaterials", where the "meta" derives
from the Greek peT& meaning "beyond". And the nano-sized bulking blocks that govern
their matter-light interactions (resonance) are usually called "meta-atoms". Correspondingly,
the two-dimensional versions of bulk metamaterials produced by a careful arrangement of

meta-atoms are often called "meta surfaces".

While it was more than two decades ago that the term "metamaterial" was introduced
for the first time [[17]] , the definition of metamaterials has varied since then due to its rapid
development and increasing applications. According to the structural characteristics and
their relationship with the optical properties, W.Cai and V. Shalaev first proposed that [18]]:
"A metamaterial is an artificially structured material which attains its properties from the
unit structure rather than the constituent materials. A metamaterial has an inhomogeneity
scale much smaller than the wavelength of interest, and its electromagnetic response is
expressed in terms of homogenized material parameters." While this classic definition has
been widely recognized, the meaning of metamaterials can extend widely to include the
diffraction-related (photonic crystal) effects [[19] and also, it can restrict itself to a region

with a certain application (e.g., a sub-wavelength control of phase) [20].

With the intentional design of metamaterials, ranging from the materials, size, and shape
to the orientation and arrangement of meta-atoms, one can precisely control the optical
response of the metamaterials over a broad range of wavelengths, particularly in the visible
and near-infrared spectral region where is most commonly studied due to the plethora of
nanoscale applications. Thanks to the advance of fabrication nanotechnology, a large number
of metamaterials with different geometries have been structured at the nanoscale, such as
fishnets [21]], split-rings resonators [22], metallo-dielectric multi-layers [23], nanostars [24),
23], nano-flowers [26] and nanorod assemblies [27, 28]. Owing to the strong enhanced

optical resonances supported by SPR and/or LSPR, a multitude of applications are enabled,
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including surface-enhanced sensors [29-32], light absorbers [33-36], light propagation
controller [37]], sub-diffraction imaging and nano-lithography [38]], etc.

2.4.2 Hyperbolic Metamaterials

For any material, its effective dielectric permittivity tensor can be diagonalized as follows

& 0 O
=10 g, O (2.23)
0 0 g

where the €, €, and &, are respectively the X, y and z components of the dielectric

permittivity.

For simplicity’s sake, all the components of the effective magnetic tensor are assumed
to be positive and will not be discussed further in this thesis. The z-axis is selected as the
optical axis, so the out-of-plane component which is in parallel with the optical axis, can
be represented with the component along z-axis €| = €., while the in-plane components £
consists of &, and €,,. A general expression of the dispersion relation of a material can be

presented as equation [2.24]

SH €L c2

(2.24)

where ki, ky and k; are the components of the electromagnetic wavevector along the x, y and

z optical axis, respectively, o is the angular frequency, and c is the speed of light in vacuum.

In the case of TM-polarized electromagnetic wave, the dispersion relation for materials
can be divided into several different cases according to the sign of dielectric permittivities

along the three optical axes:

The isotropic media. The dielectric permittivity is the same along all optical axes g =€,
so that the propagation of the electromagnetic wave is independent with the propagation

direction, representing a closed spherical isofrequency surface.

The anisotropic media with positive components. The in-plane dielectric permittivities
are equal to each other g = &,x = &y but not to the out-of-plane component €, = &, # €|,
which means the propagation constant depends on the propagation direction. In this case, the

wave vectors present a closed elliptical shown in Figure 2. 7.
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Fig. 2.7 Isofrequency surfaces for different types of media [39]: (a) a closed elliptical for
a uniaxial material with g *e, g > 0 and €; > 0, (b) opened hyperbolic for a uniaxial
material of type I (¢ <0, €, > 0), (c) opened hyperbolic for a uniaxial material of type II
(EH >0,& <0).

The anisotropic media with positive and negative components is then classified as hyper-
bolic metamaterials, whose name comes from its hyperboloid-shaped isofrequency surface.
There are two types of hyperbolic metamaterials. The type I is characterized with £, > 0
and g <0, as depicted in Figure , while the type II is characterized with €, < 0 and
€| > 0, as depicted in Figure |2l7|c The hyperbolic dispersion implies the existence of high
wave vectors and strong local optical density in the region of the hyperboloid cones, which

are usually beyond the optical properties of conventional materials.

From the dispersion relation of hyperbolic metamaterials, we know that, to realize hyper-
bolic metamaterials in practice, metallo-dielectric building blocks (meta atoms) are required
to get the real part of g and €, having opposite signs of the effective dielectric permittivity.
The dielectric media provides the positive dielectric permittivity in one direction, while the
reflective metals provide the negative dielectric permittivity in the perpendicular direction,
altogether leading to strong anisotropic optical properties. Regarding nanostructure design,
two examples use metallo-dielectric building blocks to obtain hyperbolic metamaterials. One
is a multilayered metamaterial consisting of alternating metallic and dielectric layers with
a sub-wavelength thickness (typically 10 — 30 nm). Thin-layer deposition techniques can
achieve this type of multilayered nanostructure. The other one is a nanorod metamaterial.

It’s produced by an array of vertically oriented metallic nanowires/nanorods embedded in a
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dielectric matrix, and it is usually fabricated via anodization and electrodeposition. Figure[2.§|

presents these two nanostructures.

(a) (b)

Metal
Dielectric

Fig. 2.8 Two different designs of nanostructure for hyperbolic metamaterials: (a) sub-
wavelength metallic-dielectric multilayers, (b) dielectric matrix surrounded nanorods array.

The optical properties of these hyperbolic metamaterials are highly associated with the
design of nanostructures. For instance, to have good metallic properties and simultaneously
make energy loss as low as possible, a suitable metal must have a big real part and a small
imaginary part in its effective permittivity. Noble materials such as gold and silver are often
considered the most commonly used metal for showing excellent optical response in the
visible spectral range. At the same time, aluminium is more useful in the ultraviolet spectral
range. Apart from the choice of material, the geometric parameters of nanostructures also
play a crucial role in the optical response. Taking a gold nanorod array, for example, its
extinction spectra can be precisely tuned from visible to the near-infrared range with control
over the length, diameter and inter-rods separation of the nanorods.

2.4.3 Effective Medium Theory

We can interpret metamaterials with theoretical approaches, such as Effective Medium Theory
(EMT), often used to describe the optical properties of metamaterials and metasurface. From
this perspective, P. Wan and A. Krasavin [39], etc. believe that "An optical metamaterial is
an artificially structured medium, whose optical properties can be described by an effective

medium theory (EMT) providing an effective permittivity and permeability; in case of the
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metasurface, one can speak about an effective surface impedance.". Using the EMT, one
can derive the effective permittivities of hyperbolic metamaterials, including nanorod and
multilayer metamaterials. For the nanorod metamaterials, the in-plane and out-of-plane
components of the effective permittivity are given by [40, 41]]

Eefr)| = fem+(1—f)ea
o pE (1 -pe (2.25)
T p)en+ (1+ p)eg

where €,, and g; are the permittivities of the metal and dielectric media, respectively, while

f = md?/(2+/3p?) is the filling factor of the metal in the case of a hexagonal dielectric array,
d is the nanorod diameter, and p is the periodicity of the nanorod array.

For the multilayer hyperbolic metamaterials, EMT gives
£ o Ea€m
Eoffl = fe&m+(1—f)eg

where f =t,,/(t, +1,) is the filling factor of metal for the alternating metal-dielectric

multilayer, #,, and #; are the thicknesses of the metal and dielectric layers, respectively [42].

Combined with the transfer matrix method, this EMT model can be used to derive the
dispersion relations and describe well all the major optical properties of the hyperbolic
metamaterials, such as the transmission, reflection and absorption spectra [43]]. However,
the local EMT presented above is based on the metamaterial homogenization approach
and certain assumptions. For instance, the size of the nanostructure is required to be sub-
wavelength because the valid wave vectors of metamaterial modes (k are expected to be
smaller than the inverse of the size of structural elements ~1/a, a is the period of the
nanostructure. Furthermore, this theory considers an ideal lossless case, but in reality, losses
are unavoidable. Overall, these lead to the theory’s limitation on the spectral and wave vector
ranges [44]. For the detailed characterization of hyperbolic metamaterials, the non-local
response of the composite is taken into consideration [45-48]]. This non-locality (spatial
dispersion) originates from the metamaterial nanostructures, which differs from the one from

the plasmonic material response related to the complex free electron dynamics [49].
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2.5 Fabrication of Plasmonic Metamaterials

The nanostructures design plays a crucial role in the government of the optical proper-
ties of plasmonic metamaterials, which requires state-of-the-art fabrication processes with
nanometer-scale resolution. When selecting an ideal technique for realizing plasmonic
nanostructures, many aspects must be considered. The spatial resolution is important for
controlling and tuning the resonances in the desired spectral range, while the scalability
is emphasized for industrial applications. Besides, materials quality is crucial because it
affects the optical properties directly, and it might also be a concern if the final nanostructure
has the potential for realizing functional devices with further treatment. Last but not least,
equipment costs and the requirement for clean-room facilities must also be taken into account.
Lithographic techniques are often used to make nanoscale patterns, which can then make
desired nanostructures when combined with other techniques, such as thin film deposition
and chemical etching. In general, lithography techniques, as a top-down technique, are
suitable for sculpturing nanostructures with ultrahigh-resolution. However, they are limited
by their scalability because they require individual direct writing for each pattern and thus
are time-consuming. On the contrary, bottom-up approaches, such as self-assembly, provide
a new opportunity for large-scale production because it is affordable and can offer a high
possibility for realizing various structures. In this section, we introduce the most commonly

used fabrication techniques for the geometrical design of plasmonic metamaterials.

2.5.1 Electron Beam Lithography

Electron beam lithography (EBL) is widely used to fabricate plasmonic metamaterials due
to its ability to enable high spatial resolution (down to around 10 nm). A typical EBL
fabrication procedure is illustrated in Figure [2.9] At first, the substrate is covered by a
thin layer of electron-beam resist, which would go through a chemical reaction and alter
its solubility/stability under the exposure of the electron beam. Relying upon the type of
resist used, the exposed area either is dissolved (positive resist) or remains (negative resist)
after washing in a chemical developer solution, thus forming a resist with the predesigned
pattern. A thin layer of desired metal material can be deposited onto the substrate using
film deposition techniques, such as chemical- or physical-vapour deposition. Thus, the
metamaterial with the desired nanostructure is finally obtained after dissolving the residual
resist (called the lift-off process). Optionally, additional steps such as reactive ion etching
(RIE) and wet etching can be further performed to remove the undeposited region and the
unwanted metal based on the aimed nanostructures. On the other hand, the desired thin film
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Fig. 2.9 Schematic showing the fabrication principle of EBL.

can be deposited on the substrate before the EBL is processed, in which case, the patterned
resist acts as a hard mask that protects the underlayer film from subsequent etching and thus
reveals the desired metasurface [14].
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Fig. 2.10 SEM image of a gold V-shaped nano-antenna array fabricated via EBL [50]. The
thickness and width of antennas are 50 nm and ~220 nm, respectively.
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Figure [2.10 shows a scanning electron microscope (SEM) image of a gold V-shaped
nano-antenna array fabricated by EBL [50]. The highly compact meta atoms of uniform
shape and size at the nanoscale exhibit the excellent high resolution of EBL. Apart from two-
dimensional metasurfaces, three-dimensional structures, such as multilayered metal-dielectric
metamaterials, can also be realized if alternating metal and dielectric layers instead of the
single metal film are deposited onto the patterned substrate [51}52]. Despite the ultrahigh
spatial resolution it can achieve, EBL suffers from its limited throughput and scalability,
which results from the slow speed of point-by-point writing of focused electron beams.

2.5.2 Focused Ion Beam
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Fig. 2.11 (a) Schematic illustration of the direct ion milling of FIB. (b) SEM images of an
array of gold bow-tie nanostructure fabricated via FIB. The inter-tie separation is 20 nm [33]]

Focused ion beam (FIB) milling is a type of lithography technique where the desired
nanostructures can be directly created on the substrate by the bombardment of the focused ion
beam. Figure 2.1Th illustrates the fabrication process of FIB schematically. Similarly to the
EBL case, FIB allows an ultrahigh spatial resolution (5 — 20 nm) due to the use of nanoscale
ion beams [54]. An array of gold bow-tie nano-antennas with 20 nm gap fabricated via
FIB is presented in Figure 2.11p, showing the precise control of FIB on the nanostructures’
dimension [53]. The fabrication speed of FIB is higher than EBL since it is free from a
few time-consuming process steps. However, for such a mask-less technique that requires
individual directing-writing, throughput and scalability remain inevitable challenges for the
large-area fabrication of metamaterials with FIB.
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2.5.3 Self-Assembly

Self-assembly is a process where individual components automatically build an organized
structure once triggered by local mutual interactions, such as Van der Waals forces, molecular
binding forces, electrostatic forces and capillary forces. Compared with other lithography
techniques, self-assembly avoids the need for expensive instruments and cleanroom facilities,
which makes it an affordable technique that can be widely used. Apart from the low cost,
techniques based on self-assembly have also emerged as promising approaches to fabricating
metamaterials because of their advantages in both high throughput and precise control of
architecture designs.

Fig. 2.12 SEM images of (a) gold nanotriangles and (b) sliver nanocones fabricated via
template-assisted self-assembly techniques [55, 56].

There are two methods mainly based on self-assembly. One is the directed self-assembly
processes, from which ordered metal nanoparticles array can be directly fabricated from
colloidal solutions, leading to the formation of close-packed nanostructures with various
shapes [57-59]], such as nano-spheres, nanocubes, octahedra. Their optical properties, which
are dependent on the interparticle gap and packing density, can be finely tuned by the length
of polymer chains on the metal nanoparticles and the particle concentration, respectively,
and therefore provides a lot of flexibility for various nanostructures construction [13 58]
The other one is called the template-assisted self-assembly technique or colloidal nano-
lithography. In this method, the highly ordered monolayers formed via self-assembly, which
is often made of spherical polymer particles such as polystyrene, can be used as templates
for fabricating plasmonic metamaterial in combination with other nanofabrication, such as
thin-film deposition and etching techniques [60]. Several metamaterials with various shapes
have been obtained using this method, including nano-triangles 53] , nanoholes [61]]

and nanowires [62]. Figure [2.12]shows two representative nanostructures obtained via the
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self-assembly method combined with thin film deposition [S5] and reactive ion etching [S6],

respectively.

2.6 Applications of Plasmonic Metamaterials

Supported by SPP and/or LSPs, plasmonic metamaterials have manifested their excellent
ability to control local electromagnetic field intensity and field polarization and localize the
field on sub-wavelength scales, which has provided new possibilities for the enhancement
and government of light-matter interactions. Benefiting from the outstanding advantages,
plasmonic metamaterials have been exploited in various applications, including ultrasensitive
optical sensing, plasmon-enhanced spectroscopy, plasmon-assisted chemistry and catalysis.

In this section, a brief overview of the applications of plasmonic metamaterials is provided.

2.6.1 Optical Sensing

Sensing has been deemed an important area in many industries where a high sensitivity
and fast response are highly required (e.g., food safety, electronics, health and environment
monitoring. Compared with the conventional electric sensors used predominantly, the optical
sensors have been appreciated as a great sensing platform because of their advantages such
as high sensitivity, fast response, immunity to electromagnetic noise and various signal
retrievals. As mentioned before, due to the strong near-field electromagnetic confinement
and enhancement, surface plasmons are extremely sensitive to tiny changes in the local
surrounding medium, making optical sensing one of the most representative applications of
plasmonic. The earliest reports can be traced back to more than 40 years ago when a probe

of electrochemical interface [63] and detection of gas was demonstrated [64]].

Biochemical Sensors

Plasmonic metamaterials are used for biochemical sensing based on their high sensitivity to
the refractive index variations in the surrounding medium. Metal film-based SPP biochemical
sensor has manifested its superior sensing ability with an extremely low LOD (~107 RIU [65,
66]]). Ho