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Abstract

In recent years strong light-matter interaction, in particular between localised plas-
mons and excitons in transition metal dichalcogenides (TMDCs) [1{3] has attracted
great attention due to the strong oscillator strength in TMDCs [4]. The metal-
TMDC interface provides a good platform to obtain strong coupling between ex-
citons and plasmons [5]. However, this interface can a�ect the exciton and trion
properties of TMDCs [6]. While such systems have been studied, the e�ect of the
interface on the optical properties of the system remains an open problem.

This work has studied the changes in optical properties of TMDC monolayers due
to the presence of a metal interface, with the aim to create a metal nanoparticle-
TMDC platform in which the optical and excitonic modes can potentially couple
strongly. Focus was put on the changes to the spectral weight of excitons and trions
in the TMDCs. To realise this work, mechanically exfoliated TMDC (molybdenum
disul�de(MoS2) or tungsten disul�de(WS2)) was used together with a metal struc-
ture, of either chemically synthesised Silver (Ag) nano-plates or top-down fabricated
gold (Au) nanodisks.

Photoluminescence signals showed no signi�cant trend in discrepancy under ambient
conditions. However, a spectral shift was observed in re
ection data depending on
the substrate. In both photoluminescence and re
ection a discrepancy was found be-
tween WS2-metal and WS2-dielectric system measurements. This contrast occurred
in both ambient conditions and vacuum. The discrepancy became even clearer
when the system was cooled to 77K and held at vacuum. The spectral weight was
distributed among the neutral exciton and trion in the WS2-dielectric while the
WS2-metal showed no trion.

When investigating the scattering of light from Au nanodisks covered by 2D WS2 a
red-shift was observed. In the case of 40 and 60 nm nanodisks a splitting in scattering
spectra was also observed. This splitting can be attributed to a weak coupling
between the exciton in TMDC and the plasmonic mode of the Au nanoparticle.
However, more measurements are needed to con�rm this result.

Keywords: Exciton, Trion, TMDC, Interface, Spectroscopy, Photolumines-
cence, Nanoparticle.
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1
Introduction

Technology which utilises light-matter interaction has been around for hundreds
of years with the most basic being a simple polished mirror. In 1864 James C.
Maxwell composed his equations and showed how electromagnetic waves can prop-
agate through various media [16]. Karl F. Bruan discovers in 1874, the "unilateral
conduction" between a mineral and a metal [17]. In 1894, Guglielmo Marconi builds
the �rst successful radio wave transmitter and receiver system [18]. In the same
year Jagadish C. Bose is the �rst to use a crystal for detection of radio waves [19].
Pickard and Braun patent a crystal detector in 1906 which consists of a crude metal-
semiconductor junction, i.e. a Schottky barrier [20]. Since then there has been an
explosion of technologies and devices which build upon these early inventions and
utilise light-matter interaction.

The most important technologies in the 20th century have been enabled by a full
understanding and mastering of a set of materials in their bulk form, although they
have become much smaller. These materials are metals, insulators and semiconduc-
tors. Understanding of how these function in countless compositions have allowed
us to advance in science, technology and welfare. In the 21st century, the focus
has turned to 2D materials. The 2010 Nobel Prize in Physics was awarded to An-
dre Geim and Konstantin Novoselov "for groundbreaking experiments regarding the
two-dimensional material graphene" [21]. Many have touted it as a "miracle" mate-
rial.

The interest in 2D materials [22] has led to the discovery of new materials beyond
the well renowned graphene, such as metals, which can be deposited as crystalline
monolayers (e.g. epitaxially grown platinum). In addition other materials such as,
insulators (hexagonal boron-nitride) and semiconductors including Transition metal
dichalcogenides (TMDCs). These have the form MX2 where the M is usually Mo,
W and X is a chalcogenide (S, Se, Te).

Semiconductors have been crucial due to their inherent properties such as relatively
small separation of the valance and conduction bands. We can chose if a semicon-
ductor shall conduct or not by utilising a gate voltage in a transistor for example.
Moreover, the optical and electronic properties of the semiconductor material in
question determine how easily and extensively one can control them. TMDC mate-
rials exhibit interesting behaviour as monolayers which are very di�erent from the
bulk material, this is one of the reasons why they are of such big interest.
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1. Introduction

TMDC materials have very stable excitons (0.5-1 eV [11, 12] for monolayers) at room
temperature which makes them promising for many applications. Furthermore, they
transition from in-direct to direct band gap structure electrically as the material is
reduced to a monolayer. Moreover, as the structure is reduced to a monolayer, the
electron-hole pairs and excitons become very con�ned in the material and are thus
very sensitive to their environment. Another interesting property is the absorbance
of light in a single layer of some TMDC materials, which can be more than 10 % [4].
This makes them promising for optoelectrical applications. However, some type of
metal-TMDC interface will be present in devices for application and as such it is im-
portant to understand the e�ect of this interface on the properties of a TMDC layer.

Interest in strong light-matter interaction, in particular between localised plasmons
and excitons in TMDDs [1{3] has in recent years, attracted lots of attention due
to the strong oscillator strength in TMDCs [4]. The metal-semiconductor interface
is a good platform to obtain strong coupling between excitons and plasmons [5].
However, this interface can a�ect the exciton and trion properties of TMDCs [6].
This thesis work is focused on investigating the e�ect noble metal surfaces have on
TMDC monolayers. In spectroscopy, this work shows how the presence of a metal
surface changes the optical properties of TMDC materials. Optical measurements
show a dependence on the underlying material. This dependence manifests itself as
changes in spectral weight of exited electronic states. Furthermore, the goal is to
explore the e�ect of a metal-TMDC interface in detail. In addition to this, create
a metal nanoparticle-TMDC system in which the optical and excitonic modes can
potentially couple strongly.

1.0.1 Aim and goals

The aim of this thesis as brie
y discussed above is to get a deeper understand-
ing of the metal-semiconductor interface. More speci�cally the interface between
monolayers of TMDC material and noble metal surfaces. Furthermore, to use this
understanding in order to realise a platform for strong coupling between plasmons
and excitons in the metal-TMDC structure.

To achieve this the following goals have been set:

ˆ Investigate the reproducability of photoluminescence increase in monolayers of
TMDC on Ag surfaces

ˆ Using optical methods to concretise reasons behind the e�ect that Ag presence
has on TMDC monolayers

ˆ Use this understanding to fabricate and test a structure which has the potential
to exhibit strong coupling

2



1. Introduction

1.1 Thesis Outline

The thesis is structured in the following way:

ˆ The topic is introduced and a brief background is given in Chapter 1 followed
by the aim and goals of the thesis.

ˆ Theory concerning light-matter interaction is introduced Chapter 2, to under-
stand how the properties of materials are probed using light signals.

ˆ Important solid state properties of crystalline structures are outlined in Chap-
ter 3.

ˆ Fabrication and characterisation methods are described in Chapter 4.

ˆ Characterisation results are presented and discussed brie
y in Chapter 5.

ˆ An overview of the main conclusions is presented in Chapter 6 and followed
by a deeper discussion of these.

3



1. Introduction
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2
Light and Matter

The following chapter describes light-matter interactions such as dispersion. More-
over, it describes certain properties of matter, which a�ect how it interacts with
light, such as the dielectric function. Light-matter interactions can change several
properties of the light and by utilising these changes one can use light as a probe
into the properties of matter.

2.1 Dispersion

Dispersion corresponds to optical phenomena whereby the refractive index of a
medium is frequency dependant. This is the case for all media besides vacuum[23].
In order to adjust for this, one must consider the atomic nature of matter and in-
corporate some frequency-dependant part of it. The contribution of a large number
of atoms to the behaviour of an isotropic dielectric medium can be averaged. When
such a medium is exposed to an applied electric �eld, the internal charge distribu-
tion is perturbed. This corresponds to the generation of electric dipole moments.
These contribute to the total internal �eld of the dielectric. The resulting dipole
moment per volume is called the electric polarisationP. The electrical �eld E and
the polarisation P are related via equation (2.1) [23, 24]

P = "0� eE; " = "0(1 + � e) (2.1)

where "0 is the permittivity of vacuum and � e is the electric susceptibility. The
induced current inside the medium can be described as

J f =
@P
@t

: (2.2)

2.2 Dielectric Function

What we now desire is to rewrite the refractive index into a frequency dependant
function which allows us to model light-matter behaviour more accurately and as
such we can start from Maxwell's equations

r � B = 0; r � E +
@B
@t

= 0; r � D = � f ; r � H �
@D
@t

= J f (2.3)

The electric �eld E is connected to the current densityJ f via conductivity �

J f = � E (2.4)

5



2. Light and Matter

while the electric �eld is related to the displacement �eldD via

D = "0E + P (= "0"E): (2.5)

By Fourier transform of equations (2.4) and (2.5) and using equation (2.2) we can
obtain the relationship between the conductivity and relative permitivitty (now di-
electric function), see equation (2.6) [25].

" (k;! ) = 1 +
i� (k;! )

"0!
: (2.6)

Metal interaction with light can be simpli�ed to a local response"(k = 0;! ). This
simpli�cation holds true as long as the wavelength of light in the material is much
larger than the mean free path of the electrons in the material or the unit cell size
of the material[26]. This is valid in the IR to UV range. Moreover, one can look
at two cases of equation (2.6), where we consider high and low frequencies. At low
frequencies", ! describe the response of bound charges to an external �eld and
the contribution of free charges to the current 
ow respectively[25]. However, at
optical frequencies the di�erence between free and bound charges is blurred. In a
highly doped semiconductor, the response of the conduction electrons can be grouped
together into � 0 while the response of the valance band electrons can be grouped
into a static dielectric constant �" , leading to the dielectric function of form[26]

"(! ) = �" +
i� 0(! )
"0!

: (2.7)

2.2.1 Re
ection and Permittivity

The permittivity "(! ) = "1(! ) + i" 2(! ) and conductivity � (! ) = � 1(! ) + i� 2(! ) of a
material are in general complex functions of! [26, 27]. At optical frequencies,"(! )
can be probed via re
ectivity and determination of the complex refractive index

~n(! ) = n(! ) + i� (! ) (2.8)

of the material. This is de�ned by
p

" = ~n and also yields

"1 = n2 � � 2;

"2 = 2n�;
(2.9)

where� is called the extinction coe�cient and determines the absorption of electro-
magnetic waves travelling through the material[27] and as such the imaginary part
of the dielectric function"2(! ) governs the amount of absorption inside the material.

At normal incidence, the re
ectivity coe�cient r (! ) can be described by the following
equation [27]:

E
E0 � r (! ) � � (! )ei � (! ) : (2.10)

The amplitude � (! ) and the phase� (! ) are separated from the re
ectivity coe�cient.
Moreover, at normal incidence re
ectivity is related to the complex refractive index
(2.8) as

r (! ) =
n + i� � 1
n + i� + 1

: (2.11)
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2. Light and Matter

Re
ectance R is experimentally measurable and calculated as the ratio of the re-

ected intensity to the incidence intensity[27]

R =
I 0

I
= r � r = � 2: (2.12)

Using the measured re
ectanceR(! ) and the Kramer-Kroning relations[24, 27],
phase� (! ) of the re
ected wave (which is di�cult to measure) can be calculated.
From this we can use equations (2.8-2.11) to obtain the complex dielectric function.

2.2.2 Scattering and Absorption

The frequency dependence of the refractive index arises as mentioned from the
atomic nature of matter. Atoms can interact with incoming light in di�erent ways
depending on, among other things, the frequency of incident light. Scattering in
particles can occur in two di�erent cases, elastic and inelastic. Energy is conserved
but not the directionality in the former case. While in the latter, it can a�ect the
energy, phase and direction of light. Moreover, in cases when the energy of incident
light matches the transition energy of the atom, it can be absorbed. This excitation
can decay radiatively and non-radiatively[23, 24, 26, 27].

2.2.2.1 Scattering and Absorption by an Oscillator

The equation of motion for an electron with charge� e under the in
uence of an
harmonic force and electrical �eldE(x;t) is

m(•x + 
 _x + ! 2
0x) = � eE(x;t) (2.13)

where
 measures the damping force[24]. If the variation of the �eld is harmonic in
time as e� i!t with frequency ! , the dipole moment contributed by one electron can
be written as

p = � ex =
e2

m
(! 2 � ! 2

0 � i!
 )� 1E: (2.14)

If there are N molecules per unit volume and each hasZ electrons, then instead of
a single binding frequency for all, and if, there aref j electrons per molecule with
binding frequency! j and damping constant
 j , then, the dielectric function is given
by

"(! )
"0

= 1 +
Ne2

"0m

X

j

f j (! 2
j � ! 2

0 � i! j 
 j )� 1 (2.15)

the oscillator strengths satisfy the sum rule
P

j f j = Z wherej is the principal quan-
tum number [24].

This gives us two regions of interest, frequencies when! and the binding frequency
! j are close to each other and when they are not. In the �rst case, the imaginary
part of the dielectric function will dominate and these regions are called regions of
anomalous dispersion. Otherwise the real part dominates and this is called normal
dispersion. If the imaginary part is positive, the electromagnetic wave will dissipate
energy into the medium and if it is dominant the region is called region of resonant
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2. Light and Matter

absorption. The attenuation of a plane wave can be expressed in terms of the real
and imaginary parts of the wave numberk = � + i �

2 . The parameter � is the ab-
sorption or attenuation coe�cient, the intensity of the wave decreases ase� �x [24].

For metals and at high frequencies (! >> ! 0) we can approximate (2.15) to

" r (! ) � 1 �
! 2

p

! 2
(2.16)

where! 2
p = ne2

" 0m � is the plasma frequency given an e�ective mass[24, 25]. For frequen-
cies well below the plasma frequency light penetrates only a short distance before it
gets almost entirely re
ected. However, as the frequency increases, metals start to
transmit light and the re
ectivity changes drastically.

For a non-relativistic with massm and chargee bound by a restoring force� m! 2
0x

we can obtain the induced force by an electrical �eld as

F = � m! 2
0x + e" E0ei k �x � i!t (2.17)

where E0 is the magnitude and" is the polarisation (unit/direction) vector of the
incident electric �eld. Furthermore, a resistive termm(� + � 0) _x is introduced in the
equation of motion to allow for radiative and non-radiative decay respectively (total
decay constant or width� t = � + �) . Finally, the characteristic (relaxation) time �
is inserted to get

•x + (� + � 0) _x + ! 2
0x =

eE0

m
" (1 � i!� ): (2.18)

The steady state solutionx to (2.18) and radiative power of a dipoleP = c2k4

12�

q
� 0
� 0

jpj2,
p = ex can give us the scattering cross section [24]

� sc = 6� �� 2
0

"
! 4� 2=! 2

0

(! 2
0 � ! 2) + ! 2� 2

t

3

5 (2.19)

while the total cross section� t (absorption and scattering) is

� tot
sc = 6� �� 2

0

"
! 2�(� 0+ ! 2� =! 2

0)
(! 2

0 � ! 2) + ! 2� 2
t

#

(2.20)

Here �� = c=! 0 is the resonance wavelength divided by2� and resonance scattering
width is � = ! 2

0� . The scattering cross section has a resonance at! = ! 0 at which
� sc can have a maximum value of6� �� 2

0(� =� t )2 which is resonance 
ourescence. The
�rst � in the numerator corresponds to the incident radiation being absorbed and
then this is multiplied by the width of the possible �nal states corresponding to
elastic scattering and the absorptive process [24].
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3
Matter and Light

This chapter focuses on certain properties of matter and how these are a�ected by its
constituents. Furthermore, light-matter interactions are discussed and how light can
a�ect the properties of matter. By considering key material properties which connect
to the previous chapter such as dielectric functions but also phenomena derived from
solid state physics such as electronic interband transitions and collective oscillations
of electrons in metals.

3.1 Drude-Lorentz Model

In order to understand the optical properties of crystals, one must consider a proper
dielectric function. Both the free and bound electrons can interact with incident
light. The free electron model is covered by the Drude model (3.1) which is a
rewritten form of equation (2.7) [28]

"Drude = 1 �
! 2

p

! 2 + i
!
(3.1)

where ! p = ( Ne2

m" 0
)

1
2 is the plasma frequency
 is the damping, N is the number of

carriers per unit volume and m is the e�ective mass. In order to get a accurate
model, we must account for the bound electrons which are described by the Lorentz
model. In this case" = "Drude + "Lorentz

" = 1 �
! 2

p

! 2 + i
!
+

f ! 2
0

! 2
0 � ! 2 � i
 0!

: (3.2)

Here, f is the oscillator strength, ! 0 the resonance frequency and
 0 is damping
[28]. Important to note is that the plasma frequency is not the same as in the Drude
model. It is important to consider the fact that the Drude Lorentz model does not
compensate for the forbidden gap region of non-metals. The Drude Lorentz model is
most valid for metals, while for semiconductors it is enough to consider the Lorentz
part [28].

3.2 Electronic Interband Transitions

The electronic properties of periodic crystals can be described using a band structure.
The band structure is derived using periodic potentials with material dependent
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3. Matter and Light

parameters[26, 27]. In semiconductors there exists an energy gap between the highest
occupied band (valence) and the lowest unoccupied band (conduction). In a given
semiconductor there exists one out of two types of band gaps as seen in �gure 3.1.
Indirect or direct, depending on if the minima of the conduction band (CB) and the
maximum of the valance band (VB) occur for the samek vector. If this is the case
then the band gap is direct, if not the gap is indirect. If a semiconductor with a

Figure 3.1: Excitation of an electron and creation of a hole (and phonon) in a
direct (and indirect band gap).

direct band gap is illuminated by light (which satis�es equation (3.3)

~! = ECB (k) � EV B (k); (3.3)

where CB is an empty band andV B is a �lled band), the incident light can ex-
cite an electron from the VB to the CB. For the case of an indirect band gap the
incident light must generate a phonon (with energyEph) also in order to conserve
momentum. In this case~! = ECB � EV B + Eph. The total absorption can be
obtained by integrating over all transitions at given! in the zone that satis�es (3.3)
[27]. Transitions accumulate at frequencies for which the bands are parallel.

3.2.1 Excitons

Electron hole pairs can be created when a crystal absorbs a photon. The Coulomb
interaction between the electron and hole can bind them together. Furthermore,
as the electron and hole are bound they reduce their total energy thus gaining a
binding energy (1 meV to 1 eV [27]). This creates a new particle called exciton.
The binding energy of the excition is illustrated in �gure 3.2[26, 27]. The exciton
does not transfer charge as it is neutral but it can move through the crystal and
transfer energy. In addition, excitons can decay through several channels, both
radiative and non-radiative. Photoluminescence is a radiative decay mode in which
the electron drops into the hole and emits light characteristic to the exciton energies
as in �gure 3.3. There are several types of excitons and exciton complexes. The
most fundamental ones are Frenkel excitons and Wannier-Mott which are outlined
in this chapter. Furthermore, an important complex in this work is the trion (two
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3. Matter and Light

Figure 3.2: Comparison of an electron-hole pair and an exciton. Binding energy
of the exciton is the di�erence between band gap and the exciton level.

holes and one electron or two electrons and one hole) which is discussed in more
detail further down.

Figure 3.3: A: recombination of excitons which leads to photoluminescence. B:
example spectrum of photoluminescence.

3.2.1.1 Frenkel Excitons

A Frenkel exciton is a tightly bound quasiparticle, which is usually very localised to
one atom. The elctron hole pair are near the same atom but the pair can hop from
one atom to another by neighbour coupling [26, 27].

3.2.1.2 Wannier-Mott Excitons

The Coulomb potential between an electron in the CB and a hole in the VB, if they
are weakly bound can be described as

U(r ) = �
e2

"r
; (3.4)

where r is the distance between the particles and" is the appropriate dielectric
constant. The weakly bound exciton will have bound states which have lower total
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3. Matter and Light

energy than the bottom of the conduction band as shown in �gure 3.2. Using a
hydrogen atom model one can write the energy as a modi�ed Rydberg equation.

En = Eg �
�e 4

2~2"2n2
: (3.5)

Here n is the principal quantum number and� is the reduced mass:

1
�

=
1

me
+

1
mh

; (3.6)

formed from the e�ective massesme, mh of the electron and hole. The exciton
ground energy is obtained by settingn = 1 in (3.5) while the Bohr radius of the
exciton is given by

aex =
"~2

�e 2
: (3.7)

If the Bohr radius is reduced, changes in the parameters of equation (3.7) are such
that the Wannier-Mott model will break down. If the reduction of radius is reduced
enough it will form a Frenkel exciton as they are opposite extremes of the same
phenomenon [26]. Typical values of the exciton Bohr radius are between 1-40 nm
[7, 29].

3.2.1.3 Trion

The exciton complex trion is formed when three particle (2 holes and 1 electron or
vice versa) bind together. This process happens when free electrons and excitons
interact with surrounding charges and form charged excitons so called trions [8]. The
formation of trions is heavily dependant of pressure and temperature as the binding
energy is comparable withkB T at room temperature. Doping in semiconductor
materials increases the number of charges and as such the ability of forming trions
in the material. Moreover, trions can similarly to excitons decay both radiatively
and non-radiatively [8, 30].

Figure 3.4: Comparison of an exciton and a negative trion (such as in WS2 [7]).
Binding energy of the trion is the di�erence between the exciton level and the trion
level [8].
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3.3 Metal - Dielectric Interface

A metal dielectric interface can a�ect optical and electronic phenomena in both
materials in several ways, as outlined in this section.

3.3.1 Schottky Barrier

In the contact region between a metal and a semiconductor a barrier layer is formed
in the semiconductor in which the charge carriers are heavily depleted. This is also
called the exhaustion or depletion layer [27].

3.3.2 Work Function

The work function W of a uniform metal surface is de�ned as the di�erence in
potential energy of an electron at vacuum level and Fermi level. The vacuum level
is the electron energy if it is su�ciently far away from the surface, such that the
electrostatic image can be ignored. The Fermi level is the electrochemical potential
of the electrons in a material. The work function is a�ected by the symmetry and
charge concentration at the exposed crystal face. The work function of a metal is at
absolute zero, equal to the threshold energy for photoelectric emission.~! = W + T
where~! is the energy of an incident photon,T is the kinetic energy of the emitted
electron andW is the work function [27].

3.3.3 Light-Matter Coupling

If we consider a two level system interacting with a perfect optical cavity where a
photon is transitioning between the two cyclically, then the dynamics of this system
can be described by following Hamiltonian of Jaynes-Cummings form [5, 31, 32],

H loss =

"
! 0 � i
 0 g

g ! c � i
 c

#

(3.8)

where 
 c and 
 0 are the dissipation coe�cients of the cavity and emitter while the
decay width is two times these factors. Furthermore,~! 0 is the transition energy of
the two level system and! c is the resonance frequency of the cavity. The coupling
strength g = d ��

~ , whered and � are the transition dipole moment and the vacuum
�eld in the resonator at the emitter position, respectively. The coupling strength
is inversely proportional to the volume of the cavity [1]. Diagonalisation of this
Hamiltonian yields two eigen state energies

E � =
! 0 + ! c

2
� i (
 0 + 
 c) �

s

g2 +
1
4

(� � i (
 0 � 
 c))2 (3.9)

where � = ! c � ! 0 is the detuning. The Rabi splitting [5] in the case of resonance
! c = ! 0 is 
 =

q
4g2 � (
 0 � 
 c)2. This gives us three cases, either
 = 0 in which

case there is no coupling,0 < 2
 < j
 0 + 
 cj which is called the weak coupling
regime where the dissipation of energy out of the coupled system is larger than the
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3. Matter and Light

energy transfer between the two constituents and �nally2
 > j
 0 + 
 cj which is the
strong coupling regime in which case the energy transfer outweighs any dissipation
or decoherence [5, 33]. The three regimes are outlined in �gure 3.5.

Figure 3.5: Regimes of emitter cavity coupling depicted in the energy dependence
of the detuning, � = ! c � ! 0. A shows the case of no coupling, the emitter decay is
spontaneous. In B we see the weak coupling regime; there is a change to the energy
levels but the mode splitting is not resolvable. The optical density modes of the
cavity alter the emission rate (Purcell e�ect [9]). While in C the strong coupling
regime, we can see a hybrid system with new energy levels which give an anticrossing
behaviour at energy~
 R .

3.3.4 Surface Plasmon Polaritons

Surface plasmon polaritons (SPPs) are excitations propagating on the interface be-
tween a conductor and a dielectric. The SPPs are evenecsently con�ned in the
perpendicular direction. SPPs arise via a coupling of the conductors plasma to the
electromagnetic oscillations [25].

3.3.4.1 Localised Surface Plasmons

Unlike SPPs, localised surface plasmons are non-propagating excitations of the con-
duction electrons in metallic nanostructures coupled to an oscillating electromagnetic
�eld [25]. Solving the scattering problem of a sub-wavelength (in size) conductive
nanoparticle in an oscillating electromagnetic �eld gives these plasmonic modes. An
induced dipole moment is generated by the oscillating �eld which will have a reso-
nance at a critical frequency depending on the permittivity of the nanoparticle and
the surrounding medium. In the case of a spherical particle with dielectric function
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" , radius r in a surrounding non-absorbing medium with dielectric constant"m , the
induced dipole moment is

p = 4�" 0"m r 3 " � "m

" + 2"m
E0 (3.10)

whereE0 is the driving �eld. Thus the polarisability � is de�ned usingp = "0"m � E0

as
� = 4�r 3 " � "m

" + 2"m
(3.11)

which has a resonance enhancement asj" + 2"m j is minimised [25].

3.3.5 Fluorescence near Interface

An interface can alter the decay of an excitation in two ways. First by modifying
the boundary conditions of the electromagnetic �eld, as such it can alter both the
radiative decay rate as well as the spatial distribution of the emitted radiation.
Secondly it can enhance non-radiative transfer of energy from the excited material
to the interface [34]. The process of spontaneous emission such as photoluminescence
is not entirely intrinsic but can be a�ected by external in
uence. The re
ected �eld
can, depending on the distance between the emitter and the interface, both enhance
or quench emission. The induced mirror dipole can, depending on if it is in phase,
drive the emitter. On the other hand, if it is out of phase, it can reduce the emission
[34, 35]. If the distance between the emitter and the interface is varied the emission
dies very quickly as the distance is reduced to very small values. This is due to
coupling between the dipole �eld and surface plasmon polaritons. This is because
the wave-vector of the mode which is in plane of the interface(metal) is always
greater than that of a free photon in the medium above the emitter (air). However
for emitters with low quantum yield the emission can be enhanced several orders of
magnitude as a function of separation distance [36].

3.4 Transition Metal Dichalcogenides

Monolayer transition metal dichalcogenides (TMDCs) are a very interesting group
of materials for several reasons. Their band gaps are in the visible and near IR
regions[12], the absorption e�ciency is on the order of10% for a monolayer[10].
In addition, they transition from an indirect band gap to a direct band gap (see
�gures 3.7 A and C) as the material is reduced to a monolayer[11, 12]. Due to
strong Coulomb interactions in the materials, the excitons are formed with binding
energies in the the range of 0.5 and 1 eV [12] while the binding energy of trions
is between 20 and 40 meV[30, 37]. This ensures the existence of excitons at room
temperature as well as trions in some cases, and thus PL as well.
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Figure 3.6: A and B show hexagonal crystal structures of MoS2 and WS2 respec-
tively. Lattice constants a;b= 3:18 �A and c = 18:1 �A for both approximately[10, 11].

Figure 3.7: A and B show optical properties of MoS2 while C and D shows the
same for WS2[10, 12]. In A and C we see the band structure of both materials with
the CB in red and VB in blue. In B and D absorption spectra is seen in orange with
photoluminescence in blue. Positions for two excitonsX A and X B marked in �gures
B and D
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4
Methods

The following chapter outlines the di�erent methods used for fabrication and char-
acterisation of the structures used in this work. The characterisation methods are
described following the explanation of sample fabrication. Experimental set-ups
used for optical characterisation of samples are explained and depicted in �gures in
this chapter.

4.1 Sample Fabrication

This work has focused on structures containing single 
akes in conjunction with
metallic components such as Ag plates and Au nanodisks. This section outlines the
di�erent techniques used to fabricate some of the components of the samples. All
samples used Au coated substrates consisting of a 55nm SiO2 top layer with thick
(1 mm) Si below. Substrates used for Ag samples were fabricated to have markers
as in �gure 4.1.

Figure 4.1: Au markers on a 55nm SiO2 - Si substrate.

The cleaning procedures for the sample batches are outlined in table 4.1. In addition,
all samples were blown dry using N2-gas.

Sample Acetone IPA Water O2-Plasma Annealing
MoS2-Ag 10min 50� C 10min 50� C No 100W for 60s No
WS2-Ag I 7min 50� C 7min 50� C No 50W for 60s No
WS2-Ag II 10min 60� C 10min 60� C 5min 80� C No No
WS2-Au No No No No 10min 300� C

Table 4.1: Sample cleaning procedures for di�erent sample batches.
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4. Methods

4.1.1 Ag Nano-Plate Fabrication

High quality single crystalline silver plates were synthesised using a wet chemical
procedure as described by [38]. Figure 4.2 A and B, show SEM images of Ag nano-
plates at tilted angles of 0� and 15� with respect to the substrate, respectively.
Figure 4.2 C shows the crystal structure of [111] Ag.

Figure 4.2: A and B show SEM images of Ag plates made using the chemical
method described above. C shows an electron di�raction analysis of Ag structure.
The array is characteristic of a [111] Ag facet. The crystal structure of the Ag plate
was determined to be a FCC structure [13].

4.1.2 Mechanical Exfoliation

The two dimensional material is prepared via mechanical exfoliation and later trans-
ferred using the all dry method [14]. In detail the material is prepared by using scotch
tape exfoliation in a clean room environment. A bulk crystal is used and a piece is
exfoliated and transferred onto a polydimethylsiloxane (PDMS) sheet sitting on a
glass substrate. Part of the process is depicted in �gure 4.3. The sample is ready
for optical inspection where 
akes of the crystalline material are identi�ed using
transmission and backscattering microscopy. Once a desirable 
ake is identi�ed the
sample is used as a stamp. A substrate is prepared and aligned with the 
ake in
a microscope. The glass piece and the second substrate are brought into contact
using a micromanipulator and the desired 
ake is stamped. Using the microma-
nipulator the pieces are separated. The 
ake is inspected using transmission and
backscattering microscopy.

Figure 4.3: A shows bulk TMDC material on blue tape (SPV 224PR-M) being
exfoliated by utilisation of shear forces. B shows another step in the process in by
which the material is being transfered onto a PDSM stamp. Images taken from [14].
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4. Methods

4.1.3 Ag - TMDC samples

Using aforementioned methods Ag plates were drop cast onto a 55nm SiO2 - Si
substrate. After drying, a monolayer of TMDC material was transferred using the
dry transfer method [14] onto the plate and substrate as seen in �gure 4.4.

Figure 4.4: A shows a sketch of the Ag - TMDC sample. B shows a bright �eld
image of an actual sample of MoS2 on a Ag plate on 55nm SiO2 - Si substrate.

4.1.4 Au Nanodisk - TMDC samples

Au nanodisks of varying size were fabricated on the same type of substrates as
described above, using electron beam deposition (EBL - JEOL JBX 9300FS). These
samples were cleaned and prepared as mentioned in 4.1 and vacuum sealed before a
dry transfer of TMDC material was done. Sketch and �nished samples are depicted
in �gure 4.5.

Figure 4.5: A shows a sketch of the Au grid - TMDC sample. B and D are bright
�eld images of an actual sample of WS2 on the Au grid on 55nm SiO2 - Si substrate.
The luminescent part indicates the TMDC monolayer of the sample. C shows a dark
�eld image of the same sample created by scattered light, the small dots are the Au
nanodisks.
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