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Abstract

Recently, the study of two-dimensional (2D) materials such as graphene and
transition metal dichalcogenides (TMDs) has become one of the most interesting
research topics due to their unique electrical and optical properties and their great
potential for applications in optoelectronics devices. For example, the bandgap of
Tungsten disulphide (WS,) is typically layer-sensitive. It exhibits an indirect band gap
in multilayer form while it changes to a direct bang gap in monolayer form. Such
flexible photoelectric characteristics allow a wide range of applications of 2D-WS: in
transistors, photodetectors and electroluminescent devices. However, the optical and
vibrational properties of WS, strongly depend on their fabrication methods, such as
mechanical exfoliation (ME) and chemical vapour deposition (CVD). It is generally
believed that ME prepared samples have higher quality than CVD prepared samples,
but a comprehensive comparison between the two methods remains to be explored.

The thesis provides a comparative study on the vibrational and optical properties
of CVD-grown and ME-prepared monolayered and few-layered WS> by using several
optical spectroscopic techniques. Dramatic differences are observed in the Raman
response, differential reflectance, photoluminescence (PL) efficiency and
second-harmonic generation (SHG), which are all suggested to be related to the
structural defects. Surprisingly, it is found that the PL of the CVVD-grown WS; bilayer
shows almost no linear polarization dependence and exhibits no significant difference

under the two different circularly polarized excitations, while these polarization



dependences are much stronger for the ME-prepared WS; bilayer. However, it can be
observed that the CVD-grown WS, bilayer has an unprecedentedly stronger SHG
signal than the signal of both the CVD-grown and ME-prepared monolayers. The
results not only point out the importance of improving current CVVD-based growth
methods to achieve large-area TMD materials with optical, electrical and structural
properties comparable to small flakes prepared by ME methods, but also demonstrate
the promise of using CVD-grown bilayer TMDs in general for nonlinear
optoelectronics applications.

In addition, the properties of the bright and dark excitons in monolayer WS> have
also been explored. Two respective states of the splitting conduction band, which are
caused by the broken inversion symmetry and strong spin-orbital coupling, give rise
to the bright and dark excitons by coupling with holes in the valence band. Normally,
due to the selection rules, the radiative relaxation of dark excitons are generally
forbidden, which means that the dark excitons are optically dark. Because the dark
excitons have a longer lifetime, they can have potential applications in quantum
communication and play an important role in fundamental research, such as
Bose-Einstein condensation. To induce radiative emission of dark excitons in
atomically thin TMDs, different approaches have been demonstrated in recent low
temperature photoluminescence (PL) studies. However, the control of dark excitons
and the observation of dark excitons at room temperature can be the remaining
challenges. The second part of this thesis presents a way to observe the dark excitons

under room temperature by metal-film-coupled nanocavities  through



polarization-resolved PL measurements. Firstly, the mechanically exfoliated WS,
monolayers are sandwiched into the metal-film-coupled nanocavities. Then, the
polarization-resolved PL measurements are conducted to detect the dark excitons. A
blue shift of the peak from the PL spectra can be observed when the detected
polarization angle changes from 0 to 90 degree. To further examine the origin of this
phenomenon, a fitting model is established to predict and fit all the experimental PL
spectra. The fits are satisfactory in different dimensions and different characteristics
of bright and dark excitons, such as peak width, peak intensity and polarization
dependence can be directly observed. This part provides a simple method to observe
the optical effects of dark exciton in room temperature. By controlling the detected
polarization angle, the proportion of the bright and dark excitons can be changed.
Compared with other works about brightening of dark excitons, this work has
advantages in the simplification of the experimental condition (i.e. room temperature,

simple set-up) and abundance of extracted information.
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Chapter 1 Introduction and Literature

Review

1.1 Introduction of Transition Metal Dichalcognides

(TMDs)

Atomically thin two-dimensional (2D) materials have recently attracted
extraordinary research interest.' Transition metal dichalcognides (TMDs), as a
typical type of 2D materials, have attracted increasing attention due to their good
optical and electronic properties which can be applied to optoelectronic
devices.*® The chemical composition of these TMDs is MXz, where M represents
the transition metal elements (e.g. Tungsten (W), Molybdenum (Mo)) and X
the chalcogens (e.g. oxygen (O), sulphur (S), selenium (Se), tellurium (Te)).6 The
properties of these materials are different from each other. For example, the bulk
form of NbS», NbSe», TaS; et. al are metals while materials such as MoS;, WS,
MoSe,, WSe; are semiconductors.” In contrast to the most well-known 2D
material — graphene, which have a zero-energy band gap, monolayer TMDs are
direct band gap semiconductors.!® With this property, many 2D TMDs are
holding huge potential to become good candidates for making ultra-small
transistors which are more efficient than traditional silicon based transistors.!!
Besides, 2D TMDs can be used as an active layer in making light emitting diodes

and photo detectors for their good optical properties.?2?
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Atomically thin TMDs have similar structures and unique optical and
electrical properties. Here | will introduce the structure and some typical
characteristics about TMDs and focus on one of the representative materials of

TMDs.

1.1.1 TMD Crystal Structure

Bulk TMDs can be taken as the stacking of monolayer TMDs by weak van
der Waals like forces and the in-plane forces are provided by the strong covalent
bonds between different atoms. Bulk TMDs have been studied for a long time 3
and the main crystal structures of them can be divided into three types, i.e. 1T,

2H and 3R, which have been demonstrated in figure 1.1.

1T 2H 3R
Coordination i(
[% ¢ [

Octahedral Trigonal Prismatic Trigonal Prismatic

Top View ‘ /T\,,/‘ - r' .r‘ e
TR YA 9

@ M=Mo, W
@ XxX-=5

Figure 1.1 Different metallic crystalline structures of TMDs unit cells. The
atomic metal coordination can be either octahedral or trigonal prismatic. Based

on different coordinations and different stacking sequences, the crystal structure

2
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of the TMDs will be different, i.e. the Octahedral coordination forms the 1T
structure while the trigonal prismatic coordination with different stacking

sequences can give rise to the 2H and 3R structures .»°

1T crystal structure is not quite stable comparing with the 2H and 3R
structures for the TMDs this thesis has focused on (especially WS). For the 2H
and 3R structures, each monolayer has an identical structure but differences arise
from the stacking order of the monolayers in the crystal structures. Each
monolayer consists of three atomic planes, which can be taken as the
fundamental building blocks of the bulk crystal. The top and bottom planes
consist of chalcogen atoms while the middle plane consists of metal atoms. All
three atomic layers form a 2D hexagonal lattice with one metal atom and two
chalcogen atoms per sublattice site. The 2H bulk crystal structure has the
hexagonal symmetry, which have two layers in the repeated unit and the
neighboring monolayers can be taken as the rotation of 180° degrees of each
other. Therefore, the 2H crystal structure is a central-symmetric structure when
the layer number is even. However, different from the 2H structure, the 3R
crystal structure has the rhombohedral symmetry, which have three layers in the
repeated unit and the neighboring monolayers can be taken as the translation of
each other without any rotations. Previous work about the first-principles
calculations of TMDs show that those multilayer crystals in 2H structures are

more stable than those in 3R structures.’® Therefore, the TMD thin films
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prepared by mechanical exfoliation from the natural bulk crystals are normally in
2H crystal structures. Even though the 3R crystal structure is possible, it is not

frequently observed in existing works.1"18

1.1.2 Raman scattering

Raman scattering is one of the most common methods to observe the lattice
vibrational properties of a crystal. When an incident photon from the laser
interacting with the atoms in the crystals and then scattered into the environments
in all directions, the energy of the scattered photon and of the incident photon can
be either the same or different. For the process in which the energy of the photon
does not change, we call it Rayleigh scattering and the process in which the
energy of photon changed after scattering is called Raman scattering.t®
Depending on whether the energy of the photon increases or not after the
scattering process, the photon can experience either an energy loss (stokes shift)
or an energy gain (anti-stokes shift). Such kind of process in which only one
photon is involved is called first-order Raman process. On the contrary, if two
photons are involved, the process will be called a second-order Raman process.
Since the intensity of a second-order Raman scattering is normally much weaker
than the intensity of a first-order Raman scattering, | only focus on the first-order

Raman scattering process in this work.
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Figure 1.2 (a) Different symmetry types and normal displacements of each type
of optical vibration modes for bulk MXz, bilayer MXz and monolayer MXz. R,
IR and silent represent Raman-active, infrared-active and both R and IR inactive
modes, respectively. The dotted lines show that each mode in monolayer MX>
can be split into two modes in both bilayer MX> and bulk MXa, either vibrating
in-phase or out-of-phase. (b, ¢) Calculated phonon dispersion curves of (b)
monolayer MX> and (c) bulk MX; for MoS, respectively. The points in (c) are

measured experimental data.?%-??

Raman scattering mode is closely related to lattice vibrations. Lattice
vibrations can be classified based on the symmetry groups in the crystals.?® As

previously mentioned, the unit cell of bulk TMDs consists of two X-M-X units,
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which means there are six atoms in a single unit cell. This crystal structure
suggests that there are 18 phonon modes (3 acoustic and 15 optical modes). Bulk
TMDs has the Den point group symmetry, in which the lattice vibrations of
TMDs at the 7" point in the Brillouin zone can be expressed as: I"' = Aig + 2Az +
2Bog + By + Eig + 2E1y + 2E2¢ + E2u, Where Azy and Egy represent the acoustic
modes, A1y, E1g and Eoq are Raman active modes, A2y and Egy are infrared (IR)
active modes, and Byg, Biy and Eyy are related to the optically inactive modes
(silent).?#% When the layer number decreases, the symmetry in multi-layer
TMDs will reduce. For monolayer TMDs, the unit cell consists of only three
atoms and thus the vibrational modes can be simplified. The vibrations of
different vibrational modes are shown in figure 1.2.

Raman scattering measurements is a good method to identify the thickness
of TMDs, especially WS,. As the layer number increases, the intensity ratio of
the different two typical Raman active modes (Ezq' and Aig) changes and the
wave number difference between these two modes also changes. Details are

shown in figure 1.3 and table 1.1.
(a)

Ry, = 488 nm (b) ’g.= 514 nm by, = 647 N

1L

12L

Intensity (a.u.)
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e A_
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i SR
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~
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Figure 1.3 Raman spectra collected from thin WS, films with different

thicknesses (1L, 2L 3L and bulk) using three different excitation wavelengths: (a)
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488 nm, (b) 514.5 nm and (c) 647 nm.?®

Agxe Photon Modes 1-layer | 2-layers | 3-layers | Bulk
488nm Ay () (em™) 417.5 418.9 419.5 420.2
E},(I)(cm™) 355.9 355.3 355 355.8
Igs Ma,q (Intensity ratio) 0.78 0.62 0.59 0.53
514.5nm Apy () (em™) 417.2 418.4 419 420.1
E},(I)(cm™) 355.2 355 354.4 355.3
I3 a,, (Intensity ratio) 2.2 1.01 0.72 0.47
643nm Ajg(I)(em™) 417.2 418.7 419.2 420.5
E3 (M) (em™) 355.3 354.2 354 354.7
IE%g/IAlg(Intensity ratio) 0.5 0.8 0.8 0.4

Table 1.1 Summary of the wave numbers (cm™) for the main Raman modes

together with the intensity ratio for the intensity of peaks, as a dependence of the
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layer number and the excitation wavelength.

The Ezq' mode is related to the vibration within the same layer and the Asq
mode is related to the vibration involving different layers. As the layer number
increases, the intensity of Aig mode will increase while the intensity of Ezg' mode
almost has no change. Besides, the wave number difference between the Exq!
mode and Aig mode increases as the layer number increases. Therefore, the
Raman scattering spectra can be a rough reference for the thickness of thin WS

films.

1.1.3 Electronic structures of TMDs

As previously mentioned, the electronic structures of 2D TMDs are largely
depending on their crystal structures. When the thickness reduces to monolayer, a
significant change is the transformation of indirect band gap in the bulk form to
the direct band gap in the monolayered form. Theoretical simulations using
density function theory (DFT) calculations firstly examined the existence of
direct band gap in monolayer WSe, and MoS; at the corners of the hexagonal
Brillouin zone (i.e. the +K points).?"?® In addition, the first experimental
evidence for the existence of direct band gap is achieved by PL measurements.
The result shows the PL intensity from a monolayer exhibit a significant (orders
of magnitude) increase compared to their multilayer or bulk forms.2%%

To simplify the theoretical model, only critical points will be considered in
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analysis of the electronic structures of TMDs. Critical points mean the extreme or
saddle points of the energy bands. They play important roles in the determination
of the optical and transport phenomena in TMDs. For monolayer TMDs, only the
active bands (i.e. the top valence band (VB) and the lowest conduction band
(CB)) need to be considered. In monolayer TMDs, the conduction band
minimum (CBM) and the valence band maximum (VBM) are both located at the
corners of the first Brillouin Zone (BZ). The six corners of the BZ belong to two
different groups denoted by K and —K points which are inequivalent to each other.
Each group has three corners which are equivalent to each other. The details of

reciprocal lattice and the first BZ are shown in figure 1.5.°

by A

d -
Figure 1.4 The first Brillouin zone. b1 and bz are the reciprocal lattice vectors,

respectively.®

Generally, the band gap refers to the energy difference between the CBM
9
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and VBM. The band gap can be determined by either transport or optical
measurements. However, the energy of band gap determined from these two
methods is different. This difference may arise from the existence of excitonic
effects in optical process. The band gap determined by transport measurement is
commonly taken as the electronic band gap. The electronic band gap
characterizes single-particle excitation process. It is defined as the total energy
needed to separately tunnel a hole and an electron into the system.3! Different
from the electronic band gap, the optical band gap is defined as the total energy
needed to create an exciton. During the optical process, the system absorbs a
photon and then creates an electron in the CB together with a hole in the VB. The
electron and the hole will bind together by Coulomb interaction and then forms
an exciton. It is obvious that the energy difference between the electronic and
optical band gap is closely related to the binding energy of the excitons.

Therefore, this energy difference could show the strength of the Coulomb

interaction.
TMDs Optical Band gaps
MoS:2 1.83,1.90
WS> 1.95
MoSe; 1.66
WSe: 1.64

Table 1.2 Optical band gaps in monolayer TMDs determined by

photoluminescence (PL) measurements. The unit of the energy is eV.%1°

10
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Optical band gaps of TMD monolayers can be determined by optical
measurements, such as PL and reflectance measurements. The results from
previous works about optical band gaps in PL measurements are listed in table
1.2. It can be easily found that all four types of TMDs have the optical band gaps
in the visible range, which makes them good candidates for applications in
semiconductor optics and optoelectronic applications. However, the substrate and
dielectric environments could affect the size of the optical band gap by a few
percent.3-3¢ The band structures of WS, from monolayer to quadlayer calculated

by DFT calculations is shown in figure 1.5.

Monolayer Bilayer Trilayer Quadlayer
- e 5 e
NS Y S\ VA A
< 2 \/ \V/
1]
> 11(a) F1(d) -
2
2 01 7 - F 4 23
AN /] W ;/?
1 — 1 A"“-\/ 3 1 7~ = == 1 = 3
r K M rr K M rr K M rr K M r

T /;.L_ A ] ’k/ fl\\::: ] P I = ___, Ly
2 Y/\f( g -\W”; T t W‘? - W
' (h)

0 - ¥ b oA ¥ +
i 0.42 ™ AN A 0.43 & 0.44 /
£ - £ 1 )
s t 3 s + 1 1) t
-1 -\rjf/, , ,./___ \ ‘\\,\ ] NN F

r K M rr K M rr K M rr K M T

BN

Energy (eV)
©
S

A

Figure 1.5 Band structures for WS, from monolayer to quadlayer without
spin-orbital coupling [(a)-(d)] and with spin orbital coupling [(e)-(h)]. The
splitting of the valence band at K point arise from spin-orbital coupling which is

nearly independent of the number of layers.®

11



Q THE HONG KONG POLYTECHNIC UNIVERSITY

1.1.4 Second harmonic generation (SHG)

Second harmonic generation (SHG) is a typical type of second-order
nonlinear optical process. Different from two-photon photoluminescence (TPL),
the SHG is a process in which two photons with the same frequency interacting
with a typical nonlinear material will be “combined” together to generate new
photons with twice the original energy, which means the frequency will be
doubled and the wavelength will be half of the initial one (Figure 1.6).3"-°

Therefore, SHG can be taken as a special case of sum frequency generation.

Excited state
— Virtual state
/\/\ﬂ W o = 2w,
Y ® < 20 Y ﬂ'vﬂvﬂv“ﬁ\f_’
,\/‘_”i\/_) w; ~1015s
& ~109%s
Ground state Ground state
Two-Photon Excited Fluorescence Second Harmonic Generation
Involves real transition Involves virtual transition
Energy is partially lost Energy is conserved
Nanosecond response time Femtosecond response time
Frequency lower than SHG Frequency exactly doubled

Figure 1.6 Comparison between two typical types of nonlinear optical process:

Two-photon excited fluorescence and SHG.*

The optical response of the nonlinear materials can be described by
expressing the produced polarization P(w) as a function of the optical field
strength E(w) of the incident light:

P(w)=xyY E(w)+ x?@ - E(@)?+ xy® E(w)3+ -
12



Q THE HONG KONG POLYTECHNIC UNIVERSITY

In that function, the coefficient y™ means the nth-order susceptibility of
the material. For example, ¥ corresponding to linear optical process such as
absorption or reflection, y® corresponding to second-order nonlinear optical
process such as SHG and y® corresponding to third-order nonlinear optical
process such as third harmonic generation. However, due to the limitation of the
optical selection rules, the optical transition of SHG in central-symmetric
structure is forbidden. Therefore, materials without inversion symmetry could
have SHG response.

Second harmonic generation was first studied by Peter Franken, A. E. Hill,
C. W. Peters, and G. Weinreich at the University of Michigan, Ann Arbor, in
1961.% Before that time, the SHG study suffered from low concentration and
incoherence of the light source. After the invention of laser, which can provide a
good coherent light source, this demonstration was made possible. After this
phenomenon has been observed, the formulation of SHG, was initially described
by N. Bloembergen and P. S. Pershan at Harvard in 1962.%? The formulation was
based on Maxwell’s equation and many rules of light in linear and non-linear
optics.

Second harmonic generation includes three types, which are named as O, |
and I1. In Type 0 SHG, two photons, which have extraordinary polarization with
regard to the crystal will be combined together to form a single photon which has
twice the frequency and energy of the original one. In Type | SHG, two photons

having ordinary polarization with respect to the crystal will be combined together
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to form one photon which has twice the frequency and energy of the original one.
In Type Il SHG, two photons having orthogonal polarizations will be banded
together to form one photon which has twice the frequency and energy of the
original one. However, for a given crystal orientation, only one type of SHG can
exist. And the type is determined by the structure and characteristic of the crystal.

SHG microscopy based on the principles of SHG has a wide range of
applications in biological and medical imaging because some endogenic proteins,
such as collagen fibrils in connective tissues or the actomyosin lattice of muscle
cells, have good structures and characteristics to generate detectable SHG.*®
Therefore, those materials with good SHG response always have potential

applications in bio-imaging and bio-medical applications.**

1.1.5 Applications of TMDs

Recent studies on thin flakes of 2D-TMDs have shown their unique optical
and electronic properties which allowed their potential applications in electronic
devices (i.e. atomically thin transistors,* vertical tunnelling transistors*® and
vertical field-effect transistors (VFETs)*’ which is the key point for building 3D
integrating circuit) and new types of optoelectronic devices (i.e. tunable
photovoltaic devices and light emitting devices).**°2 The 2D-TMDs can exhibit a
great number of physical properties and play important roles in metallic,
superconducting, semiconducting or charge density wave (CDW) subjects. This

part will focus mostly on the applications of 2D-TMDs in semiconductor
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devices.

Most of the 2D-TMDs have similar band structures and the most unique
feature is the change from indirect band gap in bulk materials to direct band gap
in monolayer thin films. This feature was firstly be examined by the PL
measurements of atomically thin MoS,, in which the PL intensity of monolayer
films was more than 10* times compared with the bulk crystals. This result could
be taken as a direct evidence for the transition to a direct band gap semiconductor
in monolayer Mo0S,.%*%% In addition, similar results can also be observed in WS;
and WSe,.1% Normally, most of the TMDs have their intrinsic band gap within the
range 1-2 eV. Therefore, the 2D-TMDs can break the major limitations of
graphene for electronic applications, which are the lack of band gap (graphene
has a zero band gap), unsatisfied on/off current ratio and the properties of current
saturation. For example, using the MoS, flakes prepared by mechanical
exfoliation method as the semiconductor channels, the current on/off ratio of the
field-effect transistor (FET) can be enlarged by more than eight orders of

magnitude.*>>*

Top gate Monolayer MoS,

Drain Source
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Figure 1.7 3D schematic view of the transistor using MoS2 as the
semiconducting layer.*

Apart from the transistor using one single type of TMD monolayer as the
semiconducting layer, those using TMD heterostructures also attracts many
research interests. In general, TMD heterostructures represents for the vertical
stacking of several TMD monolayers through Van der Waals forces. The
heterostructures formed by atomically thin 2D TMDs can allow rapid
modification of the electronic band structures thus forming atomically thin
heterojunctions.>® With so many types of 2D TMDs available, a great deal of
different complicated heterostructures can be built and created by nearly
randomly assembling several 2D-TMD monolayers into heterostructures or
superlattices due to the breaking of the limitations in lattice matching. These
heterostructures have unique properties, such as sharp interfaced, almost no
inter-diffusion of atoms and manually controlled components. The creation of
these TMD heterostructures can provide a new method for manufacturing the
electronic and optical properties at the atomic level. Therefore, it can provide
potential applications in atomically thin electronic and optoelectronic devices.
For example, recent studies about the heterostructure formed by MoS; and WSe>
monolayers have demonstrated unique properties of this heterostructure, which
are the spatially direct absorption and indirect emission.>® The PL intensity of
this indirect emission is quite strong, which indicates a strong interlayer coupling

of the charge carriers. In addition, they also found this coupling strength can be
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tuned by changing the thickness of the inserting dielectric layer between WSe;
and MoS;. Therefore, those findings make it possible for tuning optoelectronic
properties of the heterostructures thus provide the potential applications in

tunable optoelectronic devices.

O o A g2 a
¥ E MoS, " N,
SLMoS, SLWSe, L5 , o« P ARG I A

Figure 1.8 Schematic diagrams of (left) the band structures of WSe2/MoS;
hetetrostructure under photo-excitation (right) the heterostructure consists of
WSe, and MoS; monolayers with the h-BN spacer as the dielectric layer. The
thickness of the dielectric layer can be controlled by changing the layer number

of the h-BN spacer.®’

1.2 Introduction of plasmons and plasmonic effects

Plasmonics is a favorable field of science and technology which aims to
explore the interaction between light and matter. With the surface plasmon
resonance (SPR), a great deal of properties and functions can be established.>®
The SPR can be taken as a kind of oscillation of charge carriers induced by the
electromagnetic wave at the interface between materials with positive and

negative permittivities, especially for dielectric or metal materials. Depending on
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whether the oscillation propagate along a planar surface or confined on a
localized structure, the surface plasmon polaritons (SPPs) or localized surface
plasmon reasonances (LSPRs) can be achieved. Once excited, both types of SPR
can confine the incident electromagnetic field into an ultra-small space, which
leads to a strong enhancement of the local field. Based on those unique properties,
the plasmonic materials can have wide range of applications in photonics,

chemistry, energy and even life science.>%%¢

1.2.1 Optical diffraction limit and strong light-matter interaction

It is generally agreed that light-matter interaction can be one of the most
important physical process in fundamental science. From atomic transition to
photo-synthesis, most of the processes are closely related to the light-matter
interactions. By controlling this interaction, many different kinds of advanced
technologies including global telecommunication and signal detection in atomic
scale can be enabled. However, the main limitation of light-matter interaction at
subwavelength scale is the so called optical diffraction limit. This limit is
demonstrated and examined by the weakness of the light transmitting through a
single ultra-small hole.®”% The theory about optical diffraction limit was firstly
established by German physicist Ernst Abbe in 1873. According to his theory,
two objects with their distance smaller than A/2n could not be resolved better
whatever attempts tried to improve the resolution of the microscope by optical

lens fabrication, where 4 is the wavelength of the incident light and n is the
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refractive index. Therefore, the smallest size of the optical which can be
observed by optical microscope can be written as a = % where NA is the
numerical aperture of the objective in microscope. This limit strongly affects the
ability to observe the optical phenomena in the ultra-small scale.

Generally, strong light-matter interactions are key points in optical
applications, including surface-enhanced Raman scattering (SERS),
photoluminescence and nonlinear optics.3"%%"° However, most of those processes
suffer from the ultra-low transmission and conversion efficiency. Therefore, to
achieve a strong emission intensity, the excitation light should have high optical
intensity. With the invention of laser, this problem has been partially solved.
Laser can provide a coherent light source with strong optical power and critically
enhanced optical density by focusing the light into the spot size close to the
theoretical value of diffraction limit. However, the limitation of optical
diffraction limit is still left unsolved. Recent study about the physical phenomena

which are related to the surface plasmon resonances (SPRs) have opened a new

way to break this limitation.

1.2.2 Surface plasmon polaritons and localized surface plasmons

Surface plasmon is a kind of the electron oscillation which takes place at the
interface between the metal and dielectric.’! It has attracted huge research
interests recently and it can take place at any type of metal-dielectric interface

which can provide many potential applications. There are two main types of the
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surface plasmon modes, which are named as surface plasmon polaritons (SPPs)
and localized surface plasmons (LSPs), respectively (figure 1.9).

SPP occurs on the large area of planar interfaces and the transition direction
of the SPP wave is parallel to the metal-dielectric interface. At optical
frequencies, plasmons can couple with a photon to create another quasiparticle
which is called plasmon polariton. Wavelength of SPPs is always smaller than
wavelength of the plane waves in the corresponding dielectric material and the
wavelength of SPPs can be modified by choosing certain type of metal and
dielectric. Therefore, the SPPs can break the limitation of diffraction.

In comparison, LSPs are sustained by the metallic nanoparticles. LSP refers
to the result by restricting the surface plasmon into a nanoparticle with the size
close or smaller to the wavelength of the light which is used to excite the
plasmon. In addition, those metallic nanoparticles can act as optical antennas,
which can trap the incident light into a small space with subwavelength scale.
Through this process, the LSPs can be used to break the optical diffraction limit.
Therefore, with those properties, LSPs can permit various kinds of applications
in SERS?" photo-thermal extraction in tumor therapy’>’" and some novel

types of high efficient photovoltaic devices’8-,
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Figure 1.9 Schematic diagrams demonstrating (a) a surface plasmon polariton

and (b) a localized surface plasmon, respectively.8!

There are two ways to excite SPPs, which are through electrons and photons,
respectively. There is almost no limitation for the excitation process by electrons,
but for the process by photons, the limitation is strong. To excite an SPP, the
incident photon should have the same frequency and momentum along the
surface with the SPP. However, a photon in the free-space always has less
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momentum than an SPP. To break this limitation, one of the methods is to replace
the air by another medium with a higher dielectric index, which is shown in

figure 1.10.8

T,

%
Metal/NPM Air gap
Air Metal/NPM
(a) (b)

Figure 1.10 Schematic of Kretschmann (a) and Otto (b) configurations. Those
two configurations provide the solutions to the limitations of the excitation of

SPPs by photons.8®

Different from the excitation of SPP, the excitation of LSP is quite simple. It
can be excited directly by the plane wave because the total contribution of LSPs
can be treat as a dipole, which could highly interact with propagating wave.
Since the LSP is confined within the nanoparticle, when the scale of the
oscillation amplitude matches the size of the nanoparticle, a strong resonance
will take place. That kind of resonance is called localized surface plasmon
resonance (LSPR). LSPRs existed in metallic nanoparticles have attracted many
research interests in basic science study and applications. Most of the

applications are based on the unique properties of LSPRs, such as the resistance
22
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to corrosion or oxidation in air and the strong electromagnetic resonances at
visible and near-infrared range. By these LSPRs, the optical properties of these
metallic nanoparticles can be determined. When the incident photons to
illuminate the nanoparticles are at the resonant wavelength, the plasmonic
nanostructures will exhibit much stronger light-matter interactions. A strong
electromagnetic field will be confined around the nanoparticles when the
resonant oscillation occurs, which could be used for the enhancement of
light-matter interactions. Besides, the nanoparticles will exhibit different colors
which related to the plasmonic resonances when they are illuminated by the
white light, which provide the potential applications in color printing and sensors.
Since the LSPRs are closely related to the scale, geometry, composite and the
surrounding environment of the nanoparticles, their optical properties can be

modified easily by controlling the synthesis or fabrication process (Figure 1.11).

h-."!
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ARNNARE

Figure 1.11 Photos of gold nanoparticles showing different colors. The labeled

scales are the diameters of the certain gold nanoparticles.®*
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1.2.3 Plasmonic coupling and metal-film-coupled nanocavity

Previous parts have introduced the LSPRs sustained in single metallic
nanoparticles. However, to achieve more suitable and desired properties,
researchers use more than one nanoparticle to form plasmon coupling which can
create the certain type of plasmon resonance through different methods, such as
generating sub-radiant and super-radiant modes or creating plasmonic Fano
resonances.®8 Therefore, many new types of metallic nanostructures, including
nanoparticle clusters or oligomers can be synthesized by directly plotting more
than one nanoparticles into a system which can be either symmetric or

non-symmetric (Figure 1.12).8
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Figure 1.12 Simulated spectra of nanoshell clusters assembled by more than one
nanoparticles. Different types of clusters can support tunable electric, magnetic,
or fano-like resonances. Most of the electric dipole resonances can be observed
in plasmonic nanostructures such as monomer (one single nanoparticle) or dimer
(two nanoparticles). On the contrary, the magnetic resonances always exist in

“ring” shaped nanostructures, such as packed trimer (three nanoparticles packed
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as a closed ring). In addition, Fano-like resonances can be found in more

complicated nanostructures, such as heptamers.®

Normally, one or more near-field hot spots can be observed at the gap
regions between neighbor nanoparticles. These hot spots arise from the strong
electromagnetic interactions between the individual nanoparticles in the plasmon
coupling systems. With these unique properties, the plasmon coupling systems
could have potential applications in both SERS and PL spectroscopy.8°! In
addition, the coupling system without centrosymmetric could also provide a
platform for second harmonic generation (SHG) due to the breaking of the
selection rules.®>% The resonance and enhancement of the coupling system are
very sensitive to the size of the gaps. Therefore, by changing the size and
structure of nanoparticles, the plasmon resonances of these systems can be tuned,
thus provide a possible solution for modification of the line-width and line-shape

of the resonance.®*
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Figure 1.13 Simulation of the field intensity distribution of dimer consists of
metallic nanoparticles (diameter: 100nm) at the plasmon resonance (wavelength:

650nm).

Nowadays, the most common synthesis methods for the plasmonic
nanostructures are the lithographic method or the simple distribution of the
nanoparticles in a plane substrate. However, these two methods both have
limitations. The lithographic method suffers from the restriction of the resolution
of the equipment which limits the size of the achieved gap region (>10nm).
Although the latter method can achieve an ultra-small gap distance, tuning the
optical response by controlling the gap distances between different nanoparticles
is almost impossible. In addition, due to the difficulty of the in-plane

arrangement, adding the monolayer molecules or 2D materials into these
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nanoscale gap cavities seems to be impossible for these nanostructures. Therefore,
the metal-film-coupled plasmonic nanostructures can be taken as a good
candidate to break these limitations sinceand these nanostructures also have

received many research interests in the past decades.*¢%
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Figure 1.14 Schematics of the electromagnetic interaction between the metallic
nanoparticle and the metal film. In this figure, the dipole-image model has been
applied to simulate the optical response of the metal-film-coupled system by the
electrostatic approximation. Therefore, the optical properties of the
metal-film-coupled system equivalent to that of a metal nanoparticle dimer in the

vertical orientation.202

Due to the development of the technologies in metal film deposition and
fabrication of dielectric spacers, the gap distance between the particle and the
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film can be easily controlled.’®®% By tuning the gap distance, the optical
properties of these nanostructures can be modified (Figure 1.15).1%2 In addition,
the gap distance can also be reduced down to the sub-nanometer scale, which
provide the potential applications in nonlocal effect and quantum
mechanics.11% Moreover, the achieved ultra-small nanocavities can provide a
good platform for adding various kinds of active monolayer molecules or 2D
materials.!®” Therefore, the formed nanostructures could achieve a series of
breakthroughs in studies of the added monolayer molecules, such as
subwavelength plasmonic lasers, huge spontaneous emission enhancement and
even realization of strong coupling between single molecule and at room

temperature,108-112
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Figure 1.15 Normalized dark-field scattering spectra of single Au nanoparticles
on Au film with different thicknesses of the spacers. The resonance peak
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experiences a blue shift as thickness of the spacer increases.'*

1.3 Introduction of excitons

This part will summarize the main properties of the excitons in TMD
monolayers and their roles in optical response. In addition, the formation process
of excitons will be demonstrated and excitonic effects in light-matter interactions

will also be discussed.

1.3.1 Coulomb-bound electron-hole pairs and neutral excitons

When promoting an electron from the saturated valence band to the empty
conduction band, an empty electron state will be left in the valence band.
However, such a kind of multi-body system is too difficult to be analyzed. To
simply this system, the description of the system can be regarded as a
two-particle system in which the negatively charged electron in the conduction
band will interact with a positively charged electron hole in the valence band.
Therefore, to discuss the excitonic effects, the only matter that needs to be
considered is the Coulomb interactions between the electron and hole pairs.

The consequences of the Coulomb electron-hole interaction can be
separated into the direct and exchange contributions, both of which can be
further separated into long-range and short-range coupling. The long-range
coupling represents for the Coulomb interactions happens at the distances

between the particles are larger than the bond lengths between atoms. On the
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contrary, the short-range coupling occurs when the overlap of the electron and
hole wave functions are at the same scale with the lattice constants (ap=0.33nm
for 2D-WSe), especially for the range of one or several unit cells.!t?

The direct Coulomb interactions play the important roles in the properties of
the materials since they can determine the nature of the electronic excitations in
materials. For example, the schematic demonstration of the optical absorption in
an ideal 2D semiconductor is shown in figure 1.16. The presence of the strong
Coulomb interactions results in the formation of the exciton resonances. In

addition, the optical band gap is defined from this process, which is the

lowest-energy excitonic feature in the optical absorption (the ground state of the

exciton).
S
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Figure 1.16 Schematic demonstration of the optical absorption in an ideal 2D
semiconductor. This figure includes the series of bright exciton transitions below

the renormalized quasiparticle band gap.''*

In comparison to the direct contributions of Coulomb interactions, the

exchange contributions are closely related to the Pauli exclusion principle. Based
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on this principle, the wave function of the multi-electron system in which one
carrier is promoted to the conduction band should have the different spin
orientation of the particles. Therefore, the energy of the exciton depends on
reciprocal orientation of electron and hole spins. Similarly, the energy of the
exciton in TMD monolayers should depend on the quasiparticle valley states. As
previously mentioned, the exchange contributions also have long-range and
short-range parts. The long-range exchange interaction is related to the
electrodynamic nature, which can be taken as the result of the interaction of an
exciton with the induced electromagnetic field in the process of virtual
electron-hole recombination.!*®> For TMD monolayers, the long-range exchange
part mainly determine the spin-valley depolarization of the excitons.!* Different
from the long-range part, at short range, the exchange interaction caused by Pauli
exclusion will depend on the spin and valley states of the particles. Therefore, for
monolayer TMDs, it causes the energy separation between the optically bright

and dark excitons.11

Coulomb interaction type Effects

Direct Exciton binding energy

Neutral excitons: around 500 meV

Charged excitons, biexcitons: around 50 meV
Quasiparticle band gap

Self-energy: around 500 meV

Exchange Exciton fine structure

Long-range | Neutral exciton spin or valley depolarization

~1-10 meV
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Coulomb interaction type Effects

Short-range | Splitting of dark and bright excitons

~10s of meV

Table 1.2 The effects of different types of electron-hole Coulomb interactions on

optical and polarization properties of excitons in TMD monolayers.''4

1.3.2 Dark and bright excitons

Normally, excitons exhibit optically bright when the incident photons are on
resonance.!*®” On the contrary, for a more complex process such as
nonresonant photon excitation or electric injection, more than one exciton states
can achieve. For optically bright exciton, the interaction process is radiative. If
the optical transition for the exciton is nonradiative, or in other words, spin
forbidden, this kind of exciton is called dark exciton.

In TMD monolayers, exciton-photon coupling is closely related to chiral
optical selection rules. For normal incident photon, the direct interband
transitions at the K* points of the Brillouin zone allow the incident photon with
o* circular polarization, respectively.!'® For the interband transitions, the spin and
valley states of the electrons keep unchanged and the electron and hole pairs
arise from the same unit cell. Therefore, the exciton states in which the electron
and hole states have the same spins are bright and the ones with different spins
are dark. The schematic demonstration of the bright and dark transitions which
are related to the respective exciton states is shown in figure 1.17. For TMDs,

these rules can be applied to A-exciton series. In addition, these rules can also be
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applied to B-exciton series since the corresponding spins have the opposite

signs.t®

K- K* Q

-valley Dark
intra-valley

Figure 1.17 A schematic summary of the optically bright and dark (allowed and

forbidden) electronic transitions for respectively bright and dark exciton states.?

For neutral 1s excitons, the energy differences between the bright and dark
excitons is determined by both the previous mentioned short-range
Coulomb-exchange interaction and the sign and amplitude of the spin splitting in
the conduction band. For W-based TMDs (i.e. WS, WSe), the spin orientations
of the electron in the lower conduction band and upper valence band are opposite.
However, in Mo-based TMDs (i.e. M0oSz, MoSez), the electrons have the same
spin orientations. Therefore, the energy of the dark excitons are lower than

neutral bright excitons in WS, (figure 1.18).
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Figure 1.18 Schematic demonstration of the band structures and interband

transitions of MoXz (a) and WX (b) monolayers.!!*

1.4 Scope and Outline of the Thesis

This thesis consists of five chapters.

The current Chapter  introduces the basic knowledge of 2D materials and
surface plasmons. In addition, the properties of excitons and differences between
bright and dark excitons will also be mentioned in this chapter.

Chapter 2 is about the experimental parts. The synthesis and fabrication
methods of the samples will be demonstrated. Besides, the various techniques
and instruments for the characterization of the 2D materials and plasmonic
nanoparticles will also be introduced.

Chapter 3 is about the comprehensive comparison study of the vibrational
and optical properties of thin WS, films prepared by both chemical vapor
deposition (CVD) and mechanical exfoliation (ME) methods. The results show
that the CVD-grown samples have more defects than ME-prepared samples and

these defects mainly affect the optical properties of WS, especially the excitonic
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effects and polarization dependence. However, the unexpected strong SHG
response observed from CVD-grown WS; bilayers may provide a potential
application of CVD-grown WS; thin films in nonlinear optoelectronic devices.

Chapter 4 is the main part of this thesis and demonstrates a novel method to
detect the dark excitons under room temperature. The WS, monolayers are
assembled into the nanocavities formed by Au nanospheres and Au films. These
metal-film-coupled nanocavities could provide the localized electric field which
can enhance radiation of the dark excitons. By applying the linear polarization
resolved photoluminescence (PL) measurements, the PL arises from bright and
dark excitons can be distinguished and separated. In addition, a fitting model is
also established to study the difference of optical properties between bright
excitons and dark excitons. The fitting results show good agreement with the
experimental results and the dark excitons can be detected by this method under
room temperature.

The last chapter, chapter 5, will summarize the main results of this thesis

and discuss some possible future work based on this thesis.
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Chapter 2 Sample fabrication and

Instruments for characterizations

The samples used in this thesis consist of two parts: the metal-film-coupled
nanoparticle structure and thin WS, films. This chapter will introduce the details
about synthesis of thin WS, films and demonstrate the fabrication methods for
metal-film-coupled nanocavities. Furthermore, the optical system involved in this

work will also be mentioned.

2.1 Synthesis of thin WS films

2D-TMDs have many kinds of synthesis methods, such as chemical vapor
deposition (CVD), physical vapor deposition (PVD), liquid exfoliation and
mechanical exfoliation (ME). In this work, only CVD and ME methods are
involved.

ME is a popular synthesis method for graphene and TMDs. The key step of
this method is using the scotch tape to exfoliate the thin graphene or TMD films
from their bulk crystals. After the exfoliation step, the scotch will be directly
adhered onto the substrate and the exfoliated thin films will be transferred onto
the substrate. Therefore, samples prepared by this method have an obvious
disadvantage: the size and thickness of the achieved thin films are almost
uncontrollable.

CVD method involves chemical reactions, in which the conditions and
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environment of the reaction should be strictly controlled. For CVD-grown thin
WS films, the process consists of two steps, which are the reaction step and the
deposition step, respectively (figure 2.1). The reaction step involves the main
chemical reactions in the whole synthesis process. For example, to grow the thin
WS, films, tungsten (W) powders or tungsten oxide (WOs3) powders will react
with the sulfur (S) powder and form tungsten disulfide (WS,). After the reaction,
the Argon (Ar) or other kinds of gas will flow through the reactor and deposit the
WS, onto the substrate (i.e. Si wafer). By controlling the conditions (i.e.
temperature, pressure) of the reactions and the speed of gas flow, the size and
thickness of CVD-grown sample can be roughly controlled. Normally, most of

the thin WS films prepared by this method are monolayers.
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Figure 2.1 Schematic demonstration of the corresponding CVD growing process

for WS,. 12!

2.2 Fabrication of the Metal-film-coupled nanocavity

The fabrication of the metal-film-coupled nanocavity consists of two steps.

The first step is about the deposition of the planar Au films and the second is
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about how to assemble the Au nanoparticles onto the Au films.

2.2.1 Deposition of Au film

The planar Au film is deposited on a piece of ultraclean silicon wafer with a
thermal evaporator (Denton, DV-502). The photo of the equipment and the basic
mechanism of the deposition process are shown in figure 2.2. With the
electrically heating, the bulk Au in the source container will be melted and
vaporized into Au atoms under high temperature and the Au atoms will be
deposit onto the surface of the silicon wafer hanging above. After the
accumulation, the planar Au film will be achieved.

Substrate

¢—————— Deposition of thin film

¢ Vaporized material

L Source material

4—4_ Evaporator
— Heater

Vacuum chamber

Figure 2.2 Photo of the thermal evaporator (left) and the schematic of the basic

mechanism of the thermal evaporating process (right).

There are two main parameters which describe the characteristics of the

deposited Au film: thickness of the film and roughness of the surface. The former
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one can be controlled by the deposition time and the quantity of the source
material. The latter one is mainly affected by the environmental conditions of the
evaporating chamber, such as the pressure and vacuum level. In addition, the
speed of the deposition can also affect both the thickness and the quality of the

Au films.

2.2.2 Au nanoparticles

In this thesis, the Au nanoparticles used are nanospheres, which are
purchased as the form of colloidal solution. However, the Au nanoparticles are
not stable and easy to form a cluster. Therefore, to avoid those situations, the
nanoparticles are all coated with a single layer of Cetyltrimethylammonium

Bromide (CTAB) molecules which carry positive charge (figure 2.3).

% \ ~Br
=NAANNAANANANANN,

= N\

Figure 2.3 Schematic demonstration of the Au nanoparticles coated with CTAB

molecules.

To build the metal-film-coupled nanocavity, the Au nanoparticle needs to
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be dropped onto the surface of the planar Au film. Before the dropping step, the
colloidal solution needs to be centrifuged for 15mins at the speed of 5500 rpm.
The step aims to remove the excessive CTAB molecules in the solvent. After that,
the colloidal solution needs to be diluted by deionized water to lower the
concentration level. The last step is to drop the diluted solution onto the surface
of the Au film. The surface of the Au film will be dried in air and the

nanoparticles will be left.

2.3 Characterization techniques

This part will introduce the instruments for characterizations of the samples

in this thesis.

2.3.1 Reflectance and dark-field scattering

The reflectance and dark-field scattering measurements are all carried out
on a home-build optical system. The main part of this system is an Olympus
BX51 optical microscope installed with a 100 W tungsten quartz halogen lamp as
light source. The microscope is equipped with 4 different objective lens, which
are 10x, 20x, 50x and 100x, respectively. The 50x and 100x objective lens have
both bright-field and dark-field modes while the 10x and 20x lens only have
bright-field mode (figure 2.4).

Both the reflectance and dark-field scattering signals are collected by a
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TE-cooled CCD. The differential reflectance is calculated as 1-Rsa/Rs, where Rsa
and Rs are the reflected light intensities from the sample and the substrate,
respectively. The dark field scattering intensity is calculated as (lp-1b)/lsource,
where I, and Ip are the dark-field scattering intensity collected from the particle
(or sample), background and the Isource is the intensity collected from the light
source. The photo of the optical system and the schematic illustration of the
mechanisms for dark-field scattering measurements are shown in figure 2.5. For
linear-polarization-dependent dark-field scattering measurements, the polarizer

can be added in both the excitation path and the detection path.

Figure 2.4 Photograph of the home-build optical system.

41



&

THE HONG KONG POLYTECHNIC UNIVERSITY

L1 BS

Mirror
Light source I

Obj. 100X
-~ (NA=0.9)
Objective — v
Concave

R O NPs
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Figure 2.5 Schematic illustration of the mechanisms for dark-field scattering
measurements. The BS represents beam splitter and L1, L2 and L3 represent

lenses.

2.3.2 Raman scattering and PL

Raman scattering and PL measurements can both be carried out based on a
modified confocal microscope system with a spectrometer. There are three
systems (Horiba; WiTec; NT-MDT) involved in this thesis and all of them can
perform Raman scattering and PL measurements, together with the
polarization-resolved PL measurements and mapping tests.

To carry out the linear- and circular-polarization-resolved PL measurements,
the excitation and detection paths should be modified. A half-wave plate (HWP)

can be added into the excitation path to change the linear-polarized direction of
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the incident laser and a polarizer can be added into the detection path to change
the linear-polarized direction of the detection. To change the linear-polarized
excitation laser into a circular polarized light source, a quarter-wave plate and a
polarizer need to be added into excitation path. By adjusting the orientation of
the quarter-wave plate to be +45° and -45° with respect to the polarization
direction of the excitation laser, the generated laser beam can be either left- or

right-handed circularly polarized (figure 2.6).

Camera
Laser

HWP < Lens

Raman/PL

S—— BS

LP DM

Obj. 100X
(NA=0.9)

Sample
Substrate

Figure 2.6 Schematic demonstration of the Raman scattering and PL
measurements. HWP represents for half-wave plate, LP represents for linear
polarizer, DM represents for dichroic mirror and BS represents for beam splitter.
For circular-polarization-dependent PL measurements, the quarter-wave plate
and the LP will take the position of the HWP. Meanwhile, the same combination

(quarter-wave plate and LP) should also take the position of the LP in this figure.
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2.3.3 Nonlinear optical spectroscopy

The measurements of nonlinear optics, especially SHG, are carried out on a
commercial scanning confocal microscopy system (TCS SP8, Leica) installed
with a Ti:sapphire femtosecond laser (Mai Tai HP, Spectra-Physics). Figure 2.7
demonstrate the schematic of the nonlinear optical spectroscopy system. The
laser beam will scan on the focal plane which is controlled by the beam scanning
resonator. The laser beam is focused by a dry 100x objective lens. To collect
second order nonlinear-optical response, especially the SHG signal, the size of
the pinholes between L1 and L2 needs to be set as fully opened. Therefore, the

intensity of the background noise can be decreased and the signal-to-noise ratio

will increase.
HWP BSR
L3 Sample
M1 Detector

Controller,

Figure 2.7 Schematic demonstration of the nonlinear optical spectroscopy
system. The HWP represents for half-wave-plate, BSR represents for beam
scanning resonator, DM represents for dichroic mirror and L1, L2 and L3

represent lens.
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2.3.4 Atomic force microscope (AFM)

Atomic force microscope (AFM) can measure the surface characteristics of
the sample. For example, by collecting the reflected signals from the AFM tips,
the thickness of the sample can be observed. The AFM measurements in this
thesis are carried out on a scanning probe microscope (Asylum MFP-3D infinity)
with the help of a conductive tip (Si-based). This system can detect the magnetic
field and electric field on the surface of the sample. Besides, it can also
characterize the piezoelectric properties of a ferroelectric sample. Figure 2.8

demonstrate the schematic of the mechanisms for AFM.

Detector and
Feedback

Electronics

Photodiode

’ Laser

Sample SurfaM Cantilever & Tip
. PZT Scanner

Figure 2.8 Schematic demonstration of the mechanisms for AFM.
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Chapter 3 A comprehensive comparison

study of CVD-grown and mechanically
exfoliated few-layered WS;: vibrational

and optical properties

As a typical TMD material, WS> transits from indirect to direct bandgap
when the thickness is reduced to monolayer, allowing for potential applications
in transistors, photodetectors and electroluminescent devices. However, the
optical and vibrational properties of WS strongly depend on their fabrication
methods, such as ME and CVD. This chapter will provide a comprehensive
comparative study on the vibrational and optical properties of CVD-grown and
ME-prepared thin WS; films by using several different optical spectroscopic
techniques. Intense differences in their Raman response, differential reflectance,
PL efficiency and SHG can be observed, which are all possibly related to the
structural defects. In addition, the PL of the CVD-grown WS, bilayer is almost
unpolarised-dependent and exhibits almost no significant difference in the two
circularly polarized excitations, while these polarization dependences are much
stronger for a ME-prepared bilayer sample. However, the CVD-grown WS;
bilayer exhibits an unexpected stronger SHG signal than the both the
ME-prepared and CVD-grown monolayer. The results not only point out the
importance of improving current CVD-based growth methods to achieve

large-area TMDs with optical, electrical and structural properties comparable to
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small flakes prepared by ME methods, but also demonstrate the promise of using

CVD-grown bilayer TMDs in general for nonlinear optoelectronics applications.

3.1 Introduction

Atomically-thin TMDs have become an important class of 2D
semiconductors and attracted increasing interests due to their unique optical and
electronic properties which are intensely different from their bulk crystals.*>12?
Similar to graphene, bulk WS> crystallizes in a layered structure which consists
of groups of S-W-S branches.?*?° In contrast to the most well-known 2D material
— graphene, which has a zero-energy band gap, monolayer WS has a direct band
gap and the energy of the band gap is around 1.95eV, making its PL peak
wavelength located in the visible range.° Therefore, monolayer WS, can be used
as an active layer in making light emitting diodes (LEDs),}? switchable
transistors and photo detectors.*>13

In general, WS, samples prepared by CVD methods suffer from low quality,
size inhomogeneity and structural defects, which are possibly caused by the
unavoidable drawbacks associated with the fabrication procedure.!?12°
Large-area CVD growth of thin WS layers has not yet been realized and the size
of the CVD-grown sample is usually quite unsatisfied. In particular, structural
defects, such as sulphur vacancies, anti-site defects and dislocations, could exist
in CVD-grown WS; films.126127 These defects can cause localized states in the

bandgap, leading to hopping transport behaviour which results in a large decrease
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in the carrier mobility'?®

and thus significant changes in the linear and nonlinear
optical properties such as Raman, PL and second-harmonic generation (SHG). In
contrast, WS, flakes prepared by mechanical exfoliation (ME) show less amount
of defects comparing with CVD-grown samples.?®1?8 For example, Ayse et. al
found that the Raman intensity ratio of CVD-grown WS films I(Ezlg)/I(Alg) has
no obvious dependence on layer number.?® However, the same ratio of
ME-prepared WS, exhibits a significant decrease when the layer number
increases from one to two, which is in good agreement with theoretic
prediction.!?® In addition, a strong enhancement in PL intensity has been
observed in ME-prepared WS, monolayers as reported by Zhao et al., which
indicates that monolayer WS; is a direct bandgap semiconductor and the result is
in good agreement with density function theory (DFT) calculations.® However,
this PL enhancement was not distinctive for CVD-grown WS; films. Although it
is well known that ME-prepared WS; thin films have less structural defects than
CVD-grown samples, it lacks a directly comprehensive comparison study on the
optical properties of samples prepared by both methods. In addition, it is not
clear so far that whether the CVVD samples still have some advantages over ME
ones in the view of some particular optoelectronics applications.

In the chapter, the Raman, reflectance, PL and SHG response as a function
of layer thickness varying from monolayer to bulk of the thin WS, films prepared

by both ME and CVD methods are investigated. For both sets of samples, the

Raman peak position is generally in agreement with previous reports but the
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intensity ratio of two characteristic Raman modes is quite different. The spectral
peaks in the measured reflectance and PL for both samples experience a redshift
as the layer number increases because of the diminished quantum confinement of
excitons, which agrees well with theoretic simulation. However, the PL intensity
and the detection polarization dependence of both samples exhibit a large
difference. More interestingly, the SHG of a CVD-grown WS, bilayer is even
stronger than that of an ME-prepared monolayer. These dramatically different
vibrational and optical properties observed in the two sets of samples are
physically explained in terms of their different amounts of structural defects as

demonstrated by SHG mapping.

3.2 Experimental Methodology
3.2.1 Sample preparation

Thin WS films are prepared by both ME and CVD methods. The
ME-prepared flakes are exfoliated from a commercially available WS, bulk
crystal and deposited on a quartz wafer.!® The CVD-grown flakes on quartz are
purchased from SixCarbon Technology (Shenzhen). In the CVVD growth process,
WO3 powder placed on a silicon substrate is placed in the centre of a furnace at
1000 °C (heating rate 15 °C/min). The heating process is conducted under a
pressure of 50000 Pa and a continuous gas flow of Ar (100 sccm) and H» (15

sccm). After keeping the temperature for around 30 mins, sulfur powder is
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evaporated to react with WOs. The heater which is carried out to heat up the
furnace is then turned off and the samples are left in the chamber until cooling
down to room temperature. With this method, thin WS, flakes (especially WS;
monolayers) can be prepared and could be easily observed under an optical

microscope.

3.2.2 Raman, PL and reflectance imaging and spectroscopy

Raman imaging and spectroscopic measurements are carried out at room
temperature on a Horiba confocal microscope coupled with a spectrometer. The
wavelength of excitation laser is 488nm and the output power is around 25uw.
The exposure time is 5s for Raman spectroscopy. PL spectroscopic
measurements are carried out with an NT-MDT confocal microscope system.
The wavelength of the excitation laser is 532nm and the output power is around
10uw. The exposure time is 1s for PL spectroscopy. Raman mapping is carried
out with the same NT-MDT confocal microscopy system (excitation wavelength
633nm and output power 100uw). The exposure time for one pixel
(corresponding to an area of 0.25 pm?) is 1s. In both spectroscopic and mapping
measurements, a 100x objective lens (NA = 0.8) is applied for both focusing the
excitation laser beam to the sample plane (at a spot size of ~1um diameter) and
collecting the emission signals from excitation areas.

Reflectance imaging and spectroscopic measurements are carried out on an
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Olympus bright-field microscope installed with a tungsten quartz halogen lamp
as light source. A 100x objective lens (NA = 0.8) is applied for both focusing the
incident white light to the sample plane and collecting reflected signals to a
spectrometer installed with a TE-cooled CCD. Differential reflectance is
calculated as 1-Rsa/Rs, where Rsa and Rs are the reflected light intensities from

samples and substrates, respectively.

3.2.3 Excitation- and detection-polarization-dependent PL

spectroscopy

Polarization-resolved PL spectroscopic measurements are carried out at
room temperature on the NT-MDT confocal microscopy system where a
polarizer is inserted in the detection path to examine the linear polarization
response of PL signals from samples. For the circularly polarized excitation, a
quarter-wave plate is inserted in the excitation path to generate either a left- or
right-handed circularly polarized beam by adjusting the orientation of the
quarter-wave plate to be +45° and -45° with respect to the laser polarization
direction, respectively. A combination of a quarter-wave plate and a polarizer is
inserted in the detection path to collect either right- or left-handed circularly
polarized PL signals. The measurements are conducted with a 100x objective
lens (NA = 0.8). The laser output wavelength is 532nm and the output power is

around 100puw. The exposure time is 1s.
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3.2.4 SHG imaging and spectroscopy

SHG spectroscopic measurements are carried out on a commercial laser
scanning confocal multiphoton system (Leica TCS SP8 MP Multiphoton
Microscope), installed with a Ti:sapphire femtosecond laser. The pulse width and
repetition rate of the laser are about 500 fs and 80 MHz, respectively. The power
density at the sample plane is around 10° W/cm? after focused by a 100x
objective lens (NA = 0.95). SHG signals are collected by the same objective lens
and transferred to a HyD detector after dispersed by a prism. To measure the
incidence polarization dependence, a broadband half-wave plate is inserted in the
excitation optical path before the objective lens to control the polarization
direction by rotating the wave plate mechanically. A change of ¢ in the half-wave

plate results in a change of 20 in the incident polarization direction.

3.3 Optical images and Raman mappings

The layer number of samples prepared by both CVD and ME methods is
roughly determined by contrast of their reflectance image (Figure 3.1(a) and (c)
and the mapping of Raman scattering spectra (Figure 3.1(b) and (d) for the A4,,
Raman mode). As shown in Figure 3.1(a) and (c), the bright-field reflectance
images of the two samples show obvious differences in colours and the
reflectance intensity increases as layer number increases for both samples.
Similarly, Figure 3.1(b) and (d) show that the intensity of the Aig mode increases

as the layer number of the samples increases, which can result from the increased
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strength of interlayer interaction.?* Therefore, the thickness of the WS; flakes can
be roughly identified by contrast of their reflectance image and Raman mapping.
Particularly, the monolayer regions in the Raman mapping of the CVD-grown
WS, sample (Figure 3.1(b)) show light blue, the bilayer regions show light green
and the tri-layer regions show light yellow. The multilayer regions in this image
show orange and the bulk regions are in red colour. For the Raman image of the
ME-prepared sample (Figure 3.1(d)), the monolayer regions are in blue, the
bilayer regions are in light blue and the tri-layer regions are in light green. The
multilayer regions in this image are in yellow mixed with orange and the bulk
regions are in red. It can be observed that the thickness-dependent reflectance
intensity contrast is consistent with the signal intensity mapping of the Aig

Raman mode.
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Figure 3.1 (a and c) Optical reflectance images of a CVD-grown WS flake on
quartz (a) and a ME-prepared one on quartz (c). The labeled layer numbers of
different regions were roughly determined by optical contrast and precisely
determined by Raman spectroscopy later. (b and d) Signal intensity mapping of
the A;, Raman mode for the same samples as in a and c. The size of the
reflectance and Raman images is 20 x 20 um? for the CVD-grown sample (a and

b) and 10 x 10 pm? for the ME-prepared sample (c and d).**°

3.4 Layer-dependent Raman scattering measurements

Figure 3.2(a) and (b) show the Raman spectra for different regions of the
CVD-grown and ME-prepared samples, respectively. For both samples, two
strong spectral peaks at 356 and 420 cm™ can be observed, which are
corresponding to the Ezlg (in-plane vibration) and A,, (inter-layer vibration)
Raman modes, respectively. It is noticed that the Ezlg Raman shift has a very
slight change when the layer number increases from one to three (only around
0.5 cm™). However, the A;4, Raman shift has an intense redshift, which is up to
3 cmt. From monolayer to tri-layer, the corresponding Raman shift difference
between the two peaks is around 62.6, 63.4 and 64.5 cm™, respectively, which
are consistent with previous results.?*3 With these results, it can be confirmed
that the layer numbers labelled in Figure 1 are correct. In addition, Figure 3.2(c)

shows that the difference between the Raman shift of the two modes for the CVD

54



Q THE HONG KONG POLYTECHNIC UNIVERSITY

and ME samples has little dependence on the synthesis methods. However, the
intensity ratio of the two modes as a function of layer number is quite different
for the two samples as shown in Figure 3.2(d). In general, due to the in-plane
vibration nature, the Ezlg Raman mode has a stronger intensity than the A,
Raman mode for monolayer WS,. As the layer number increases, the intensity of
the Ezlg Raman mode does not have an obvious change but that of the A,,
mode dramatically increases. This general behaviour can be observed for the
ME-prepared sample but cannot be observed for the CVD-grown sample in

Figure 3.2(d), pointing out possible existence of structural defects in the CVD

sample.
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Figure 3.2 (a and b) Normalized Raman spectra for the CVD (a) and ME WS;
(b) as a function of layer number. The peaks at the left represent Raman mode
and the peaks on the right are the A, mode. (c) Raman shift difference between
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the Ezlg and A;, modes as a function of layer number for both samples. (d)
Intensity ratio of the Ezlg and A;, modes as a function of layer number for

both samples.t*

3.5 Layer-dependent differential reflectance

measurements

Differential reflectance can be applied to determine absorbance of 2D
materials on a transparent substrate (e.g. quartz) under weak absorption
approximation of thin films. For this purpose, the thin WS, flakes are on the
quartz substrate. The change in reflectance (6R) for a thin layer sample is closely
related to the absorbance (A) of the material. The relationship between JR and A
can be described by the following formula:

Or W =

AD)

2
sub_1

where nsup represents for the refractive index of the substrate and we assume
this index independent on the wavelength.’® Figure 3.3(a) and (b) show the
measured differential reflectance spectra for different areas in the two samples,
respectively. Three sharp peaks labelled as A, B and C are observed in the
spectra, demonstrating the appearance of the exciton states. For a single-photon
absorption process, the s orbital states of different excitons induce resonant
absorption of incident photons with particular energies, which result in the sharp

peaks observed in the differential reflectance spectra at certain wavelengths.'*?
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Based on conventional understanding of orbital states of excitons, the exciton
state with the lowest quantum number has the highest transition probability.32133
This indicates that the three spectral peaks are most likely associated with the 1s
orbital resonance absorption of different excitons.’** The peaks A and B located
at around 613 nm and 520 nm are generally recognized as the 1s exciton
absorption of the excitons A and B at the K valley where they share the same
excited state but with different initial ground states.!®® The difference in the
excitation energy of the excitons A and B corresponds to the energy difference of
two splitting valleys induced by spin-orbit coupling. The reflectance peak C is

associated with the density of state peak in the conduction and valence bands of
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Figure 3.3 (a and b) Differential reflectance spectra of the CVD (a) and ME WS>
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represents the differential reflectance intensity defined as 1-Rsa/Rs, where Rsa and
Rs are the reflected light intensities from the sample area and the bare substrate,
respectively.® (c and d) Spectral position (c) and intensity (d) of the differential
reflectance peaks labelled as A, B and C in (a) and (b) as a function of layer

number for the ME and CVD samples.'*®

As shown in Figure 3.3©, the reflectance peak positions as a function of
layer number are nearly the same for the CVD and ME samples, agreeing well
with the previously reported results.!®** All three sets of reflectance peaks
exhibit a gradual redshift with increasing layer number, also consistent with the
previous observation.'®?® The amount of peak redshift from the monolayer to
tri-layer WS; is around 10 nm for the reflectance peaks A and B and 30 nm for
the peak C. This difference further signifies different physical origins of the
excitons A, B and C as mentioned above. In addition, the layer number
dependences of differential reflectance intensity for the two samples are quite
similar with each other. Besides, the absolute intensity of differential reflectance
for the ME-prepared thin WS, films is close to the CVD-grown counterparts.
That small difference indicate the quality of the CVVD-grown sample is close to
that of the ME-prepared one, suggest this CVD method is comparable to the ME

method.
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3.6 Layer-dependent PL measurements

Different from the differential reflectance spectra, the PL spectra of the
CVD-grown and ME-prepared WS, samples have notable dependence on the
layer number. As shown in Figure 3.4(a), the most obvious PL peaks for the
CVD-grown 1 to 3 layers are labelled as A, which is related to the direct band
gap transition between the conduction band and valence band at the K point in
the Brillouin zone.®™¥" The PL peak wavelength of the monolayer WS is at
around 633 nm (1.959 eV) from Figure 3.4(a), which is very close to the direct
band gap energy of monolayer WS, (1.96 eV).2? As the layer number increases
from 1 to 2, the peak wavelength shows an intense redshift. However, a blueshift
is observed when the layer number increases from 2 to 3, in good agreement with
the previous result.!%13 Sych transition of PL peak wavelength from redshift to
blueshift is related to the quantum confinement effect which is significantly
enhanced at the thickness of WS, less than two layers. Such peak shift is
accompanied with a dramatic decrease in the PL intensity when the layer number
increases from 1 to 3. In particular, the PL intensity of the WS, monolayer is
almost three times of the PL intensity of the WS, bilayer, which is simply due to
the transition from the direct to indirect band gap. Therefore, the PL intensity in
the tri-layer WS> should be much weaker than the monolayer and bilayer ones,
which can also be directly observed in figure 3.4(a). Figure 3.4(b) shows similar
results for the ME-prepared WS, with the results for CVD-grown WS in figure

3.4(a). As expected, the PL intensity of the ME-prepared monolayer is much
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larger than that of the CVD-grown monolayer, around three times increase.
However, the PL intensity of the ME-prepared monolayer is nearly ten times that
of the ME-prepared bilayer and tri-layer WS,. This indicates the presence of a
large amount of structural defects in the CVD-prepared WS> which significantly
degrades the photoluminescence efficiency of monolayer WS, but slightly

improves the efficiency of bilayer WS..
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Figure 3.4 (a and b) Measured PL spectra of WS, flakes prepared by CVD
method (a) ME method (b) both consisting of 1-3 layers. The peaks A in the
graph represent the direct bandgap transitions and the peaks | the indirect

bandgap transitions.**

3.7 Linear- and circular-polarization-dependent PL

measurements

Polarization-resolved PL spectroscopic measurements are carried out on
both ME and CVD samples to study the effects of fabrication processes on their

valley polarization properties. Figure 3.5(a) and (b) show the PL intensity as a
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function of detected linear polarization angle. For a bilayer 2H-WS;, each layer
can be taken as a 180° in plane rotation of the neighbouring layer and the
locations of W atoms of one layer are just on the top of the S atoms of the other
layer. This structural symmetry interchanges the K and K’ valleys but keeps the
respective spin state, which can consequently suppress the interlayer coupling.
This feature of a bilayer WS, presents a more robust valley polarization than a
monolayer WS,.1%2" A linearly polarized light can be regarded as the
superposition of two circular polarized lights with a certain phase difference,
which is directly related to the linear polarization direction of the polarized light.
If the valley polarization of the bilayer WS, has been maintained, the phase
difference between the two circular polarized emissions should be kept.
Therefore, the PL should have the same polarization state as the excitation light
which means the PL from WS, should also be a linear polarized light. For the
ME-prepared bilayer WS,, the detection-polarization-dependent PL can be well
fit with sin?(0) as shown in Figure 3.5(b), indicating that the generated PL has a
good linear polarization. However, the generated PL from the CVD-grown
bilayer is almost independent on the detection polarization angle as shown in
Figure 3.5(a). The PL spectra with maximum and minimum intensity for both
samples shown in Figure 3.5(c) and (d) further elaborate such direct comparison.
To quantitatively characterize the polarization response of the generated PL, a
degree of linear polarization is defined as P = |(Imax - Imin) / (Imax + Imin)|, where

Imax and Imin are the collected maximum and minimum PL intensities,
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respectively.?’ For the ME-prepared WS bilayer, the difference in the maximum
and minimum PL intensities is quite large and the degree of linear polarization is
around 40%. However, the difference in the PL intensity for CVD-grown bilayer
between different linear polarized detection is quite small and the degree of
linear polarization is around 8%. These results further demonstrate the different

contents of structural defects present in two sets of samples.
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Figure 3.5 (a and b) Measured PL peak or integrated intensity as a function of
detection polarization for a CVD-grown (a) and a ME-prepared (b) WS2 bilayer.
The green dots are the experimental data and the red lines are the fit of sin?(0). (c
and d) Measured PL spectra of maximum and minimum intensities for the CVD

bilayer (c) and ME bilayer (d).**°

As mentioned above, monolayer WS> has a direct band gap where the band

edge is located at the K and K’ valleys of the first Brillouin zone.*?® Figure 3.6(a)
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shows the detected right- and left-handed (o+ and o-) circularly polarized PL
spectra of the CVD-grown bilayer WS, under a right-handed circularly polarized
laser excitation, which exhibit almost no difference in the PL intensity. In sharp
contrast, the PL spectra of the ME-prepared sample in Figure 3.6(b) show a huge
difference in the intensity for the right- and left-handed detection. Since the PL
intensity is dominated by the A exciton transition at the K and K’ valleys, the
generated PL should follow the same helicity of the circularly polarized
excitation field according to the valley-selective optical selection rules.**® Similar
to the linear excitation polarization analysis, the circular detection polarization
dependence can also be quantitatively evaluated by defining a degree of circular
polarization, i.e. P = [(lo+ - 15) / (lo+ + 15.)], where I, are the PL intensities
measured from the right- and left-handed circularly polarized detection,
respectively.’®® The degree of circular polarization is observed to be around 50%
for the ME-prepared bilayer WS>, which is consistent with the valley optical
selection rule and in good agreement with the previous work.t3%-141 However,

this parameter for the CVD-grown bilayer is only around 7%.
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Figure 3.6 (a and b) Detected left- and right-handed circularly polarized PL
spectra for the CVD (a) and ME bilayer (b) under a right-handed circularly

polarized excitation.3

3.8 SHG measurements

Finally, the SHG responses of the two sets of samples are also explored,
which in turn provides indirect evidence for the presence of grain boundaries and
structural dislocations in the CVD-grown samples. Here large-area monolayers
and bilayers are selected from the CVD-grown sample on the same substrate as
the sample studied above to ensure the same quality and fair comparison. As
shown in Figure 3.7(a), the ME-prepared monolayer WS> has a strong SHG at
450 nm under 900 nm femtosecond laser excitation, which is much stronger than
that of the CVD-grown monolayer, simply due to the poor quality of the
CVD-grown samples. In general, due to the lack of inversion symmetry,
monolayer WS, exhibits an extraordinary second-order nonlinear susceptibility
(origin of SHG), which is supposed to be absent in bilayer 2H-WS,,42-144
consistent with the measured negligible SHG signal for the ME-prepared bilayer
(result which is not shown). Surprisingly, Figure 3.7(a) shows that the
CVD-grown bilayer WS, has a much stronger SHG than both the ME-prepared
and CVD-grown monolayers. This unexpected phenomenon indicates the

presence of structural defects, such as dislocations and polycrystalline in the
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CVD-grown sample. For an ideal bilayer 2H-WS,, the SHG response of the first

layer and the second layer would cancel with each other, leading to a negligible
SHG response. When bilayer WS, samples are grown with typical CVD
methods, however, the upper layer tends to nucleate on the grain boundaries of
the first polycrystalline layer, which may form structural dislocations and make
the CVD-grown bilayer become a non-ideal 2H structure. Such imperfect
structure is expected to give rise to an unexpected strong SHG response because
of the partial lack of the inversion symmetry. The second-order response of these
samples is further verified by the quadratic dependence of measured SHG signals

on the excitation power as shown in Figure 3.7(b).
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Figure 3.7 (a) Measured SHG spectra of a ME-prepared WS, monolayer and
CVD-grown WS, monolayer and bilayer under 900 nm fs laser excitation. The
angle between the incidence polarization direction and the crystal orientation is
fixed to be the same for the three measurements. (b) Corresponding excitation
power dependences of the SHG signals shown in (a) in log-log sale. Dots are

experimental data and lines are linear fits.**
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To further understand the unexpected SHG response of the CVD-grown
samples, excitation-polarization-dependent SHG was measured. It is well known
that monolayer WS; has a Den crystal symmetry,'#>146 which means the crystal
orientation will be the same after every in-plane rotation of 60°. With this type of
symmetry, the second-order nonlinear susceptibility tensor should have nonzero
elements of x® = X;(f;)ay, = ng,,x, = Xj(,?,)c,x, = —)(3(33,,3,,, where x” and y’ are
crystalline coordinates.**” Here, x’ is along the armchair direction and y’ should
be perpendicular to the direction of x’. Due to this structural symmetry, the
polarized SHG signal intensity is expected to have an angle dependence.148:14°
The previous result shows that when the incident laser beam is polarized along a
horizontal direction (here we defined this direction as x), the parallel (x) and
perpendicular (y) components of the SHG field should be proportional to sin36
and cos36, respectively, where 9 is the angle between the direction of crystalline
coordinates x* and the incident beam direction x. In physics, when the incident
pump laser beam is polarized along a certain direction, the SHG emission power
should follow P, o sin®(36) andP, o cos?(36) but the total power should be
independent of .10

Normally, the broken inversion symmetry of the thin monolayer WS, shows
a strong SHG signal. Due to that reason, the high-quality CVVD-grown monolayer
sample should exhibit a uniform SHG intensity result from the SHG mapping

figures. However, some obvious edges (marked as yellow dash lines) can be

clearly observed from Figure 3.8(a). The edges can be inferred as the places
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where the translational symmetry is broken. In our experiments, the incident
polarization of the laser beam is along either x or y axis and the total SHG signal
is collected. The uniform SHG intensity within each grain regions (e.g. I, Il, 111)
can indicate that the individual grain regions consist of single crystals but at the
grain boundaries, the subsequently decrease of SHG intensity can be observed.
This result is caused by the destructive interference and annihilation of the SHG
signals generated from the neighbour grains with different orientations.*>® Even
though the grain boundaries is quite thin (only a few atom sites in width), the
crystal boundaries could be seen clearly. However, such kind of edges seems to
be absent in figure 3.8(b). From the previous analysis, a strong decrease of SHG
intensity could be observed at the grain boundaries. So the absent of such kind of
edges in bilayer CVD-grown WS; can indicate that an individual grain region
consists of single crystals in the second layer grown on the grain boundaries of
the first layer. This kind of polycrystalline structure can further support the
results of linearly and circularly polarized PL shown in Figure 5. Besides, the
result shown in figure 3.8(b) could also further support the prediction that the
upper layer tends to nucleate on the grain boundaries of the first polycrystalline

layer.
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(a) (b)

Figure 3.8 (a and b) Excitation-polarization-resolved total SHG images for a
CVD-grown monolayer (a) and bilayer (b) with incident polarization along axis x

and y. 130

3.9 Conclusion

In summary, the optical and vibrational properties of monolayer and
few-layered WS, flakes prepared by typical CVD and ME methods have been
comprehensively investigated and compared. The results in this chapeter
collectively point out that although both un-polarized differential reflectance and
photoluminescence spectroscopies seem incapable of distinguishing the
structural  quality of CVD-grown and  ME-prepared  samples,
polarization-resolved photoluminescence imaging and spectroscopy reveal
dramatic differences in the two sets of samples because of their high sensitivity

to crystal structural symmetry. In contrast to the optical properties, the spectral
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positions of Raman modes of the samples prepared by both methods have almost
no difference yet their layer number dependent intensity ratio depends on the
synthesis methods. We conclude that the nonlinear optical response of
CVD-grown samples such as second-harmonic generation seems superior to that
of ME-prepared samples because the crystal structure of CVD-grown bilayer
WS, undergoes significant breaking of the spatial inversion symmetry due
mainly to the presence of polycrystalline domains and structural dislocations,
pointing out the promise of using CVD-grown bilayer TMDCs in general for

nonlinear optoelectronics.

Reflectance Good Good Quality comparable

PL Low-efficiency ~ High-efficiency ME > CVD
Circular-Polarized  More Less Choose ME

PL Depolarization  Depolarization

Linear-Polarized More Less Choose ME

PL Depolarization ~ Depolarization

SHG Strong ineven  Only in odd Large-area devices - CVD

Table 3.1 Summary about the performance of samples prepared by two different

methods.
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Chapter 4 Probing dark excitons iIn

atomically thin TMDs through plasmonic
gap modes In metal film-coupled
nanostructures by polarization resolved

Photoluminescence spectroscopy

Excitons in TMDs have attracted much attention because of their close
relations with exchange interaction between the electron-hole pairs and light
emissions. Depending on the spin configuration of the electron-hole pairs, the
excitons of TMD monolayers can be either bright or dark through optical
transition. Limited by the selection rules, radiative emission through dark
excitons is generally forbidden due to their anti-parallel spin configuration. Dark
excitons have potential applications in quantum computing and optoelectronic
due to their long lifetimes. However, the method to brighten and control the dark
excitons has remained challenging because dark excitons are difficult to couple
with light. In addition, previous methods to optically excite the dark excitons also
suffer from low-temperature experimental conditions or complication of the
experimental set up. This chapter introduces a novel method for probing the dark
excitons of TMDs through plasmon-exciton coupling. Using a 2H-WS;
monolayer on the gold substrate and plotting a gold nanosphere on its surface,

the radiation of dark excitons at room temperature can be observed by applying
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the polarization-resolved photoluminescence (PL) detection. To further analyze
the spectra, a fitting model which can directly demonstrate the optical properties
and polarization dependence of PL from dark and bright excitons has been
established. This approach provides a novel way to optically detect the dark
exciton and analyze the excitonic characteristics directly in low-dimensional
materials under room temperature, offering many potential applications in

optoelectronics.

4.1 Introduction

Recently, two-dimensional transition metal dichalcogenides (TMDs) have
attracted much attention due to their unique optical and electronic properties.>15!
These 2D TMDs exhibit a direct bandgap when their thickness reduces to
monolayer, which creates tightly bound excitons with strong Coulomb
interaction and particularly large binding energy.'3%1%21%3 With these unique
excitonic properties and strong light-matter interactions, 2D TMDs suggest a
wide range of applications in optoelectronics.*2** In monolayer TMDs, due to
the broken inversion symmetry and strong spin—orbit coupling effects, a spin-
and energy-splitting in the conduction band will occur.*>>*% The electrons in the
two respective states of the spin-split conduction bands have spins with
anti-parallel orientations.’>” These electrons, combining with the holes in the
related valence band, could give rise to the bright and dark excitons.**® Besides,
depending on the spin configuration, the transition dipole orientations of these
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two distinct states of excitons are perpendicular to each other, which have been
demonstrated recently both theoretically and experimentally.!>*-1%1 Different
from the bright excitons, dark excitons (Xp) have longer lifetimes due to merely
non-radiative decay channels and spin flip processes.®2%3 This unique nature of
dark excitons in TMDs has attracted many research interests for potential
applications, such as coherent two-level systems for quantum information

164 and Bose-Einstein condensation.’®® Protected by the optical

processing
selection rules, the optical transitions in semiconductors only occur intensely
when the spins of the electrons do not change. As a result, when the orientations
of the electron spins are perpendicular to the plane (z direction), excitons with
zero spin (S; = 0, arise from the bands with the same electron spin) are bright,
while excitons with non-zero spin (S; = £1, arise from the bands with opposite
electron spin) are dark, thus the dark excitons are quite difficult to be accessed
optically.'6®

In order to enhance the optical emission of dark excitons in atomically thin
TMDs, different approaches can be applied by either enhancing the efficiency of
the excitation procedures or increasing the emission intensity. By putting an
absorber at the local hotspot, the field around the absorber can be enhanced and
this thus enhances the absorption process.®’ By applying the Purcell effect of
cavity systems, the optical local density of state around the emitter can be
increased to enhance the emission process.'®® Both of them can be achieved by

169

the structure with ultra-small gap™° or localized surface plasmon resonances
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(LSPRs).1® The gap structure can increase the optical density of state in the gap
by concentrating the field from the environment into the gap. This thus induces a
strong field enhancement at the gap position and at the same time enhances the
Purcell effect.!’* The enhancement from the gap structure always occurs at a
wide wavelength range. On the contrary, LSPR can enhance the field at a certain
wavelength through the resonance effect, leading to several orders of local field
enhancement.’’?> Recently, Park et. al demonstrate an approach to brighten the
dark exciton through tip-enhanced PL spectroscopy under room temperature by
using the gap mode between the gold tips and the gold film.*® Apart from the
field enhancement from gap mode, the Purcell effect arising from the
plasmonic resonance of single nanoparticle has also been demonstrated.'’ By
exciting the out-of-plane polarized surface plasmon polaritons (SPP), the
radiative emission of dark excitons can be induced by the coupling between SPP
and dark excitons.*™ To further enhance the emission efficiency of dark excitons,
the novel plasmonic nanocavity formed by metal-film-coupled nanoparticle
could be a good candidate since it could provide both a gap mode and the Purcell
effect by plasmonic resonance.10+1%

This chapter demonstrates a novel method to detect the dark excitons based
on the resonant field enhancement from the gap mode of metal-film-coupled
nanocavity. The gap mode in a metal-film-coupled nanocavity provides a z-axis
dipole which can be easily coupled with the dark excitons due to the coincidence

of the orientations. The exfoliated WS, monolayers are mechanically transferred

73



&

THE HONG KONG POLYTECHNIC UNIVERSITY

onto the gold metal film and gold nanospheres are assembled onto the top surface
of the monolayer WS;. By applying the polarization resolved PL spectroscopy, a
blue shift of the PL peaks can be observed when the detected polarization angle
is changed from the 0° (parallel to the incidence polarization) to 90°
(perpendicular to the incidence polarization). Such a blue shift is a strong
evidence for the emission of dark excitons since it has a different energy and
emitting polarization. The collected PL spectra are well fitted by a fitting model
incorporating both bright and dark exactions, further confirming the observation
of dark excitons at room temperature. Moreover, based on such fitting model, the
different characteristics of dark and bright excitons including their energies,
emission intensities, linewidths and especially the polarization orientations have
been analyzed. Therefore, this chapter presents a novel and efficient approach to
study the property of dark excitons in TMD monolayers at room temperature,

which undoubtedly can be applied to many plexciton systems.

4.2 Experimental Methodology
4.2.1 Sample preparation

Monolayer WS; flakes are mechanically exfoliated from a bulk crystal onto
a scotch tape (3M Scotch, 18mm*50mm). Then the thin WS; flakes are adhered
onto a thermal-released tape (REXPAN) by directly adhering the thermal
released tape onto the WS; film on the scotch tape and mechanically lifted the

thermal released tape up. After that, the tape with WS, films is adhered onto the
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metal film and heated up to 125° C for 5mins. The tape can be easily removed
after the heating process and the WS, flakes will be left on the metal film. The
thickness of the thin WS; flakes are initially determined by optical contrast and
then confirmed by AFM. The metal film is prepared on an ultra-clean Si wafer
using a thermal evaporator (Denton, DV-502B). The metal film consists of two
layers. The lower layer is Chromium (Cr) with the thickness of 5nm + 0.5nm and
the upper layer is gold (Au) with a thickness of 100nm £ 5nm. The heating
process is conducted under a vacuum of 5x10° torr. Nanoparticles (60nm Au
with 1nm CTAB, Nanoseeds) are assembled directly onto the Au substrates

covered with thinWS; flakes by spin coating.

4.2.2 Dark-field scattering measurements

The dark-field scattering image and spectroscopy, together with optical
microscopy and spectroscopy are carried out on an Olympus BX-51 upright
microscope equipped with a standard dark-field optical module using a 100x
dark-field objective (LMPIan, Olympus). A dark field condenser (NA=0.93) in
the objective is used for focusing the incident white light to the sample plane and
the main lens (NA=0.8) of the objective is applied for collecting signals to a
spectrometer coupled with a TE-cooled CCD. The dark-field scattering intensity
is regarded as (Is-In)/lis, where Is and I, are the collected light intensity from the
samples and backgrounds, respectively while the Is is the light source intensity,

which is collected by the scattering intensity of the light source from the standard
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diffused reflection white board. The detection-polarization-resolved dark-field
scattering measurements are carried out on the same system and linear polarizers

have been added to both the excitation optical path and detection optical path.

4.2.3 Detection-polarization-resolved PL measurements

The detection-polarization-resolved PL measurements are carried out on the
WiTec confocal microscopy system with a TE-cooled CCD (UHTS 600, VIS). A
linear polarizer is inserted into the detection path to examine the linear
polarization response of the PL from the samples at room temperature. The
measurements are conducted with a 100x objective lens (NA = 0.9). The laser
output wavelength is 532nm and the output power is 0.5mw. The exposure time

is 3s.

4.2.4 AFM

The Atomic Force Microscopy (AFM) characterizations are carried out on a
Scanning Probe Microscope (Asylum MFP-3D Infinity) under AC mode. The

experiment is conducted by a Si N-type SPM probe (AppNano ACTA-50).

4.3 Characterization of structural properties

Figure 4.1(a) shows a schematic diagram of the microscopy systems that
have been applied in this chapter. The WS, monolayers are exfoliated from a
commercial bulk crystal onto a scotch tape and then transferred onto the gold

metal film by a thermal release tape. After the transfer procedure, the AuNS
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solution is dropped onto the surface of the WS, by spin coating. The monolayer
regions are roughly identified by the optical contrast from the bright field optical
image and the position of the AuNS can be located under the dark-field optical
images (Figure 4.1(b)). To further confirm the thickness of the sample, AFM
measurements are conducted. The height profile in Figure 4.1(c) and (d) shows
that the thickness of the identified monolayer region is 0.97 nm, which shows

that the observed region has WS, monolayer.
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Figure 4.1 (a) Schematic of the experimental setup for dark-field scattering and
polarized-resolved photoluminescence (PL). HWP: half-wave plate, DM:
dichroic mirror, BS: beam splitter, LP: linear polarizer. (b) Bright- (left) and
dark- (right) field images of a gold nanosphere (AuNS) on WS, supported by a
Au film. The monolayer region and AuNS are labeled in the images. (c) A
typical AFM image of the sample containing monolayer region. (d) Measured
sample height as a function of position of the black line in figure 4.1(c). The
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height profile shows a thickness of around 0.97nm in the monolayer region

identified from bright field optical image.

4.4 Dark-field scattering and

detection-polarization-resolved PL measurements.

To further examine the plasmonic properties of film coupled nanoparticles,
the dark-field scattering spectra of the AUNS on the metal film with and without
the monolayer WS; are examined. Figure 4.2(a) shows the dark field scattering
spectrum of a single AuNS on the metal film with and without WS,. The
scattering spectra of the AuNS on Au film without the monolayer WS, exhibits
two resonance modes, which are at wavelengths around 530nm and 710nm,
respectively. To distinguish these two modes, linear polarizers are added into
both the excitation and collection paths to control the polarization of the incident
white light and collect the polarization dependent dark field scattering signal.
The peak intensity at wavelength around 530nm shows a cos?8 dependence on
the detecting polarization angle, indicating a horizontally oscillating mode. In
sharp contrast, the peak intensity at wavelength around 710nm shows almost no
dependence on the detecting polarization angle since it is attributed to a vertically
oscillating mode. As a matter of fact, the previous studies have identified these
two modes at lower and longer wavelengths correspond to a horizontal and a
vertical dipolar mode of the cavity, respectively.1%17>176 Similarly, the dark field

scattering spectrum of the AuNS on Au film with WS; also exhibits two peaks,
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one at around 530nm and another at around 660nm. The blue shift of the
vertical gap mode results from the increased gap distance between the AuNS and
Au film by inserting the monolayer WS,. However, no sign of peak splitting can
be observed from the spectra, implying no plasmon-exciton coupling. This is
reasonable since the vertical gap mode (out-of-plane) is orthogonal to the bright
excitons (in-plane). The results in Figure 4.2(a) clearly show that there are two
LSPRs which have different resonance frequency and polarization dependence in
the system, which can be distinguished by the polarization resolved optical

measurements.1’>177
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Figure 4.2 (a) Normalized dark field scattering spectra of AUNS on Au film with
and without WS>. The benched figures are detected linear polarization dependent
peak intensities of different modes in the spectra. The incident light in the
polarization test is linear polarized light and O degree means the detected

polarization angle is same with the linear polarization direction of the incident
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light. (b) Schematic diagram of PL measurement with detection polarization
analysis. (c and d) PL spectrum at 0° and 90° degree polarization of WS;
without (¢) and with (d) AuNS. The left y-axis shows the PL intensity with
detected polarization at 0° and the right y-axis shows the PL intensity with
detected polarization at 90°. The dotted line indicates the photon energy of the

PL peak.

To examine the coupling effects of the dark excitons and plasmons, this
thesis further performed the detection polarization-dependent PL measurement as
sketched in Figure 4.2(b). Here, 0° degree and 90° degree mean the detecting
polarization is parallel and perpendicular to the polarization of the excitation
laser, respectively. Figure 4.2(c) and (d) show the PL spectra of WS, with and
without AuNS detected by different linear polarization angle. Interestingly, the
PL spectra of 0° and 90° degree in the system with (Figure 4.2(c)) and without
(Figure 4.2(d)) AuNS exhibit distinct features. In detail, an obvious blue shift of
the peak in the PL spectra of 90 degrees with respect to that of O degree is
observed in the system with AuNS (figure 4.2(d)) while in the system without
AUNS (figure 4.2(c)) the PL spectra show no sensitive to the polarization of
detection. This phenomenon implies that there are two PL emission modes with
different photon energies and polarizations in this system. However, comparing
the PL spectra with the dark field scattering result of the nanoparticles, these two

modes are not related to the LSPR, which means both of them should arise from
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the material only.

4.5 Fitting model
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Figure 4.3 (a) Simulation of far-field radiation of horizontal (bright) and vertical
(dark) dipoles in nanogap. (b) Fitted and experimental result of PL intensities
with the dependence of different polarization angle. The selected data are at
different photon energy which related to the fitted bright (1.997eV) and dark
(1.955eV) photon energy, respectively. (c and d) The experimental and fitted
result of PL spectra at detected polarization degree of 0 (c) and 90 (d),
respectively. The dashed line shows the photon energy of the selected lines in

figure 4.3(b). Figure 4.3(b) (c) and (d) show the fitted result.

To further understand the blue-shift of the PL peak in Figure 4.2(d), this

thesis analyzes the whole detection-polarization dependent PL spectra by
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establishing a physical model. In elemental or binary semiconductors, because
the bound exciton has almost no kinetic energy, the line width of the bound
exciton is smaller than kT.1"® Therefore, the theoretical line shape of bound
excitonic optical transitions in binary semiconductors can be approximately fitted

by a Lorentzian function, which is

I"Z

L(E) = r2+(E—Ep)?

(1)

where E, is the energy center and 7" is a parameter specifying the width.
The PL arises from bright exciton is dominated by the emission from so-called
‘A’ exciton at K and K’ valleys. The excitons carry a clear circular dichroism
under the excitation with circularly polarized light due to the valley optical
selection rule, which means the PL follows the same helicity as the incident
optical field.®*® A linearly polarized light can be considered as the coherent
superposition of two circularly polarized light with opposite-helicity and a
certain phase difference which determines the polarization direction.”*® So in
semiconductors, a linearly polarized photon excites the excitons with energy
transfer and emits a photon retaining the same polarization as the incident light.
As a result, the detected PL intensity as a function of the detecting polarization
angle should follow a cos?8 dependence. However, due to the thermal effects
and existence of relaxation time, the degree of polarization will decrease in
experimental conditions. In all, the PL intensity arises from bright excitons could
be fitted by

)(bright(g) = apcos?0 + a; 2)
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where 6 is the detected polarization angle with respect to the excited linear
polarization angle and «,, a; are constant parameters.

Different from the bright exciton, the dark exciton has an out-of-plane
transition dipole moment which mismatches the in-plane polarization of the
incident light. However, the excitation of the vertical gap mode in the metal-film
coupled AuNS system provides a strong z-direction field in the gap region, which
can be easily coupled with the dark excitons. Besides, this plasmonic nanocavity
also has a large Purcell effect at around this gap mode. Both of these two factors
make it possible to brighten the dark excitons emission in this system. Since the
transition dipole moments of dark excitons are out-of-plane (z-direction), the
corresponding PL should show no dependence on the detecting polarization
angle, with an intensity following

Xaark(0) = b1 3)

where [3; is a constant parameter.

Due to the thermal effects at room temperature, it is reasonable to consider
the emission of bright excitons and dark excitons as two independent processes,
which means their total PL intensity can be taken as the direct summation of each.
In this regard, the polarization and energy dependent total PL intensity of the
system can be written as follows:

Xtotal(6,E) = Xbrignt(0) * Lprignt (E)*Xaark(0) * Lagri(E)

rbrightz 2 Fdarkz
= aycos“0 + ay) + 4
Fbrightz"'(E_Ebright)z ( 0 1) rdarkz‘l'(E_Edark)z '81 ( )

In this  function, seven independent parameters  lprign:
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Tgarks Ebrignts Eaark, @0, a1, B1 need to be determined. Therefore, a fit on all
the experimental data by this function for various photon energy (E) and
detecting polarization angle (¢) can determine the best fitted parameters with the
least error. The details about the fitting conditions are shown in figure 4.4. Upon
varying E, the PL spectrum of a certain # can be taken as the sum of two
Lorentzian peak with the center at Ep,gne and Egqri, respectively. When
varying 0, the PL intensities can be taken as the sum of functions (1) and (2),
respectively. Figure 4.3(a) shows the far-field radiation of a horizontal
(representing the bright exciton) and a vertical dipole (representing the dark
exciton) in an ultra-small gap, which indicates the different linear-polarization
dependences of bright and dark excitons. To further examine the accuracy, the
fitted result needs to be compared with the experimental data. Figure 4.3(b), (c)
and (d) show the fitting. Figure 4.3(c) and (d) show the fitted PL spectra as a
function of the photon energy at 0 and 90 degree, respectively. It is clearly seen
that the fitting results agree quite well with the experimental measurements,
which also shows that the total PL spectra can be decomposed into two separated
Lorentzian peaks at photon energies of dark and) excitons at 1.955eV and
1.997eV, respectively. Those two Lorentzian peaks have different intensities and
widths due to different optical properties of bright and dark excitons. The energy
difference between the bright and dark excitons is obtained as 42meV from the
fit, which is also in good agreement with the previous experimental and
theoretical results.}*417®
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In addition, in figure 4.3(b), the fitted and experimental PL intensities are
compared as a function of the detecting polarization angle at the separated bright
and dark photon energies marked by the dash lines in figure 4.3(c) and (d),
respectively. Based on equations 2 and 3, it can be concluded that the total PL
intensity at a certain photon energy should follow x;orq: = @ + bcos?8, where a
and b are constants. The good agreement between the fitted and experimental
results in Figure 4.3(b) further confirms the validity of the proposed model. In
this regard, the characteristics (e.g. linear polarization dependence, emission
peak width and intensity) of dark and bright excitons based on this fitting model
can be analyzed by changing the polarization angle. In addition, the proportion of
the contributions from bright and dark excitons into the measured PL intensity

can be controlled by tuning the polarization angle of detection.

4.6 Fitting results
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Figures 4.4 Demonstration of the fitting result in 3D plots. The figures are
captured from different directions of view. The blue lines are related to the result
in figure 4.3(b) and the red lines related to the result in figure 4.3(c) and (d). The

surface shows the fitting result and the grey dots represent the experimental data.
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4.7 Conclusion

This chapter demonstrates a novel method to brighten the dark exciton
emission in monolayer TMDs by utilizing the plasmonic gap mode in a metallic
particle-on-film system at room temperature. In comparison with tip on film
cavity, the resonance feather of such gap mode greatly enhances the PL emission
of dark excitons, which makes it detectable even by commercial confocal
microscopy. High valley polarization of bright exciton in TMDC has been
utilized to distinguish between bright and dark excitons. By changing the
detected polarization angle from O degree to 90 degree, an obvious peak shift
occurs indicating the existence of emission of dark excitons. To further analyze
the bright and dark excitons in the PL spectra, a simplified model of superposing
polarized and unpolarized Lorentz emissions have been built to fit all of the
experimental data. The fitted results show a good agreement with the
experimental data verifying the reliability of the model. In addition, the different
characteristics (i.e. polarization dependence, intensity and peak width) of bright
and dark excitons can be directly examined by applying this model. The PL
arises from both bright and dark excitons can be observed through this method
and by controlling the detected polarization angle, the proportion of bright and
dark excitons in PL can be controlled. The collected PL signal from this method
could contain more information about the fine structure of the energy levels of
the TMD monolayers and find potential applications in plexciton systems,

optoelectronic devices, quantum communications, etc.
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Chapter 5 Conclusions and outlooks

5.1 Conclusions

This thesis reports studies on 2D TMDs, especially WS,. The whole thesis
focuses on two topics. One is the comparison of the optical and vibrational
properties of 2D WS, prepared by two different methods and the other is an
approach to detect the dark excitons under room temperature.

For the first topic, the optical and vibrational properties of thin WS, flakes
prepared by CVD and ME methods have been comprehensively compared and
studied. The differential reflectance measurements of these two samples show
that the quality of the CVD-grown sample is comparable to that of the
ME-prepared sample. However, the PL measurements of two samples indicate
that structural defects existing in the CVD-grown sample could affect the PL
efficiency. In addition, the polarization-resolved photoluminescence imaging and
spectroscopy reveal dramatic differences in the two sets of samples because of
their high sensitivity to crystal structural symmetry. Different from the optical
properties, the peak positions of Raman modes for the samples prepared by both
methods show almost no difference. In addition, the nonlinear optical response of
CVD-grown samples, especially second-harmonic generation, seems stronger
than that of ME-prepared samples because the crystal structure of CVD-grown
bilayer WS> is not an ideal central symmetric structure due to the existence of

polycrystalline domains and structural dislocations. This provides the promise of
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using CVD-grown bilayer TMDs for nonlinear optoelectronic devices, such as
bio-imaging sensors.

The second topic demonstrates a novel approach to brighten the emission of
dark excitons in TMD monolayers (especially WS>) by using the plasmonic gap
mode in a metallic particle-on-film system under room temperature. Different
from a previous work using tip on film cavities, the resonance feather of the
plasmonic gap mode in this thesis greatly enhances the PL emission of dark
excitons. This enhancement makes it possible for detection by commercial
confocal microscopy. By changing the detected polarization angle from 0
degree to 90 degrees, an obvious peak shift occurs, which can indicate the
existence of emission from dark excitons. To further analyze the reasons for peak
shift, a model was established to fit all the experimental results. The model is
based on the different detection-linear-polarization dependence of the PL
emission from dark and bright excitons and the fitted results show a good
agreement with the experimental data, which can indicate the reliability of the
model. In addition, the different characteristics (i.e. polarization dependence,
intensity and peak width) of bright and dark excitons can be directly observed by
analyzing the fitting results from this model. The PL arises from both bright and
dark excitons can be observed through this method and the proportion of bright
and dark excitons in PL can be controlled by changing the detected linear
polarization angle. The detected dark excitons from this method could provide

potential applications in plexciton systems, optoelectronic devices, quantum
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communications, etc.

5.2 Outlooks

The results shown in this thesis provide a comprehensive comparison study
about thin TMD films synthesized by CVD and ME methods and demonstrate a
novel approach to detect the emission of dark excitons under room temperature
with commercial confocal microscopy system. However, the study on the
synthesis methods and dark excitons in TMDs is still quite attractive. For the
future work, there are several topics worth to be investigated.

The first topic is about the synthesis methods of thin TMD films. although it
is generally agreed that the ME-prepared samples have higher quality than
CVD-grown ones, which is also examined in this thesis, CVD method still have
its importance which cannot be replaced by the ME method. For example, the
shape of CVD-grown samples is controllable and the sample sizes of
CVD-grown thin TMD flakes are always quite large, which makes the
characterizations more convenient. Therefore, future works should focus more on
how to improve the quality of the CVD-grown samples. Besides, several
techniques such as high-resolution transmitted electron microscopy (TEM)
measurements need to be carried out for studies of structural defects and based
on these measurements, further studies on how to “fix’ the defects also deserved
to be explored.

The second one is about the detection of the PL emission of dark excitons.
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This thesis provides a simple and novel approach to detect the radiation of the
dark excitons under room temperature. However, the emission from dark and
bright excitons is too difficult to be distinguished. Even though the different
characteristics could be observed from the fitting result, the direct observation of
the radiation from dark excitons is not achieved in this work. Therefore, the
characterization methods to directly detect the emission from only dark excitons
deserve to be explored in the future.

At last, this thesis studies the plasmon-exciton coupling effects through WS>
monolayers sandwiched into the metal-film-coupled nanocavities. This work
mainly focuses on the PL emissions of dark excitons enhanced by this
nanostructure. However, other optical properties induced from the
plasmon-exciton coupling effects are also deserved to be explored. For example,
the study about whether the metal-film-coupled nanocavities can enhance the

SHG response of TMDs is quite fascinating.
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