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Atomically thin-layered two-dimensional (2D) transition metal dichalcogenides
(TMDs) with chemical formula of MX> (M = Mo, W, Re; X =S, Se), have been attracted and
stimulated the research interests due to their intriguing electronic and optical properties, after
the discovery of an atomically thick carbon material of isolated graphene in 2004. In order to
confront with the natural energy shortage in the world, the intensive efforts have been forced
to fulfill the demands on the technological applications such as electronic and optical devices.
The emergent new materials and their techmological applications are strongly required to fuifil
these demands. As emergent of semiconducting materials with direct band gaps, for instance,
the atomically thin MoS2, MoSez, WS1 and WSez, as well ReSz with superior and divergence
electronic and optical properties would have high potential for these requirements, while the
graphene without a natural band gap has limitations towards the optoelectronic devices

applications.

The optical properties of TMDs have dominated by bound electron-hole pairs by the
Coulomb interactions (excitons), as a consequence of extremely large exciton binding energy
of almost 1 V. The large binding energy comes from strong quantum confinement of electron
and hole in the atomically thin space and reduced dielectric screening in the atomically thin
materials. The large binding energy enables the stable excitons even at room temperature. The
novel enhanced light absorption and spin-valley coupling are caused by the band nesting and

broken inversion symmetry of monclayer TMDs, are contributed to the excitons in the
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atomically thin layered materials. The exciton related optical properties are very crucial to be
investigated for understanding the light-matter interaction, for instance, the light emission
quantum yield and radiative lifetimes of elementary excitation, in the atomically thin layered

materials.

In this thesis, I have developed the quantum yield (QY) method to evaluate the
photoluminescence (PL) quantum yield of atomically thin-layered material, using absolute and
relative QY methods, with respect to the assigned organic reference dye, 3-borylbithiophene
derivative. The PL QY method not only is a very crucial parameter to determine the efficiency
and performance of semiconductor light-emitting devices, it is also a sensitive probe to identify
the changes in electronic structure. Due to that fact, I apply this PL QY method to identify the
nature of electronic band gap of rhenium disulfide (ReSz2) which has been debated to-date. Then,
I extend the study to more wider information on physics and details structure of monolayer
MXo, M = Mo, W; X = §, Se TMDs by combining the PL QY and PL decay time of these
material. By that reasons, the radiative lifetime of exciton in monolayer MX; TMDs can be
understand in the basis of long radiative lifetime at low temperature limit, the finite coherence

area of several square nanometers and the populations of dark exciton states.

The development of this PL QY method of atomically thin-layered material can be
significance to the new thin-material with unknown nature of electronic band gap and the
specific potential optoelectronic devices; as well as the obtained results of intrinsic physical
value of monolayer TMDs are expected to contribute to understanding of physics in light-
matter interaction scope and application of atomically thin-layered material for the next future

development.
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Chapter 1. Introduction

1.1. Background

Nanoscience is a study of extremely small things which is from only 1 to 100
nanometers (nm) in scale, which deals particularly with an atom or a molecule, by science
fields such as, physics, chemistry, biology, materials science and engineering. The concept of
nanoscience was firstly introduced by a physicist, Prof. Richard Feynman on 1959. Then, Prof.
Norio Taniguchi defined a term of nanotechnology on 1974 [1]. In relative to confront and
strive for the energy crisis as well as environmental problems, the materials and their
applications for the renewable energy and low consumption energy device based on the

nanotechnology are totally indispensable.
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Figure 1.1 Structure of graphene.(Taken from wikipedia.com).

The discovery of graphene, as an one of the carbon-allotropes, which has intriguing and
unique properties especially in quantum physics [2-8] has stimulate tremendous interests and
researches in two-dimensional (2D) nanomaterials. It is expected that the behavior of electrons
in their electronic transport in the 2D nanomaterials is much different from the conventional
bulk materials due to the quantum effect. The 2D materials have promising potential candidates
for nanoscale and flexible optoelectronic applications [9-14], photonics and energy
storage [15-17]. Atomically thin-layered 2D semiconductors have attracted much interests
from the view point of fundamental and potential application, after the advent and debut of
isolated graphene exfoliated from bulk graphite using “scotch tape” method, by Andre Geim

and Konstanstin Novoselov [2,18]. The isolated graphene is composed of a single layer of



carbon atoms bonded with a hexagonal structure, called the carbon honeycomb lattice with a

sp>-hybridized crystal structure [2,4] (Figure 1.1).
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Figure 1.2 Variety of 2D crystals.(Taken from Ref. [19]).

Encourage from the emergence of graphene, other atomically thin-layered 2D crystals
have been discovered and developed vigorously, for instance, hexagonal-boron nitride (h-
BN) [20,21], transition metal dichalcogenides (TMDs)-e.g. MoSs, WSes [22-24],
monochalcogenides-e.g. GeS, SnSe [25-27], black phosphorus (BP) [28,29] and so on. Figure
1.2 shows the classification of the atomically thin-layered materials as insulator, semiconductor,
half/ semi-metal, metal and superconductor, depending on their energy band structures, with
the energy gap, £, of more than 5 eV, within 1 —2 eV and 0 — 1 eV for insulator, semiconductor,
and half/ semi-metal/ metal, respectively. These 2D layered materials have wide range of
electronics band gap, various transparent properties, bio-compatibility [19] along with their
own specific features, thus offer the variety of potential applications due to their attractive

properties.

In particular, the family of atomically-thin layered 2D semiconductors TMDs materials
consists of 40 different compounds with a chemical formula of MX>, (M = Mo, W, Hf, Nb; X
= 8§, Se, Te), where M and X represent of transition metal and chalcogen group, respectively.
Table 1.1 exhibits 5 different groups of TMDs (group IV (4) — X (10)) with their electronic

properties including the energy band gap (£,), energy band structure, electrical conductivity, p



and magnetic properties. Most of them are semiconductor material with different band gap, and
their magnetic properties is vary with regards to the combination of the chalcogen atom either

sulfide (S), selenide (S) or telluride (Te).

Table 1.1 Electronic properties of various layered TMDs. (Taken from Ref. [16]).

Group M X Properties

4  Ti,HLZr SSeTe Semiconducting(F,=0.2-2eV).
- Diamagnetic.

5 V,Nb,Ta S,Se,Te Narrow band metals (p~10"* Q2.cm) or

semimetals. Superconducting. Charge
density wave (CDW). Paramagnetic,
antiferromagnetic, or diamagnetic.

6 Mo, W S.Se,Te  Sulfides and selenides are semiconducting
(E,~1eV). Tellurides are semimetallic
(p-1032 cm). Diamagnetic.

7 Tc, Re S,Se, Te  Small-gap semiconductors. Diamagnetic.

10 Pd, Pt S.Se, Te  Sulfides and selenides are semiconducting
(E,=0.4eV) and diamagnetic. Tellurides
are metallic and paramagnetic. PdTe,
is superconducting.

p, in-plane electrical resistivity.

Group VI (6) layered TMDs have leading the research demands [10,15,30-32] due to
their unique optical properties, such as direct band-gap semiconductor of its monolayer, with
relatively intense photoluminescence (PL), instead of indirect band-gap semiconductor for their
bulk counterparts [22,33]. These atomically thin layered materials were held together by
strongly covalent bonded for their intra-layer (in-plane) atoms, but relatively weak van der
Waals interaction between their consecutive adjacent layers [19,34]. This makes them easily
cleave micromechanically from their bulk materials [18]. The atomically thin layered materials
are identified by employing the combination measurements such as optical microscopy, Raman

and PL spectroscopy, atomic-force microscopy and scanning electron microscopy [35-40].

In contrast to the family of TMDs, a member from the group VII TMDs was known to
have anisotropic in-plane crystal structure and shows the anisotropic optical properties.
Currently, Rhenium dichalcogenides, ReX> (X = S, Se) were extensively re-introduced to the

research fields [41-47] due to their atomically thin-layered properties, instead of their bulk’s



characters a few decades ago [48-56]. A reduced symmetry with distorted I-Trigonal (1-T)
structure [50,57] makes ReXz show the anisotropic optical responses, and hence offers potential

applications on polarization-sensitive photodetectors and so on [44,45,56,58-61].

1.2. Motivation

Graphene is an attractive material, which this material has been reported to be a
strongest material ever measured [62] and has high electron mobility ~ 10 000 cm*V-'s'! [2].
Unfortunately, graphene with lack of band gap in the core atomically thin-layered two-
dimensional (2D) materials is not applicable for potential application of transistor and optical
devices [63~66]. It is necessary to find other layered 2D materials with a finite band gap in
order to fulfill deficiency of these properties. The transition metal dichalcogenides (TMDs) are

foreseen to reciprocate the inadequacy currently.

The TMDs have proved to be the direct band-gap semiconductors in the thinnest
monolayer limit [22,33]. The direct band-gap consequently enhances the optical transitions
and light emission (Juminescence) in the material. The luminescence efficiency defined as
luminescence quantum yield is very crucial for technological applications such as light
emission devices [67]. The strong Coulomb interaction between electron-hole pair results the
formation of tightly bound exciton in this material, and the excitons confribute to the
enhancement of oscillator strength in the system [31,68,69]. Despite owing to the direct band
gap and large exciton binding energies [70,71], the quantum yield of as-exfoliated TMDs have
been reported to range only 0.01 — 6 % [10,12,72-74] due to high defect states densities and
large nonradiative recombination rates [33,74,75]. The luminescence quantum yield for the
direct band gap semiconductor materials, along with the understanding how the luminescence

reduction have been forced much more works of this TMDs.

The PL quantum yield which defines as the ratio of emitted photon numbers to the
absorbed photon numbers, is a crucial parameter to determine the performance and efficiency
of a semiconductor light-emitting devices, also a sensitive probe to the change m electronic

structure. So the nature of the electronic band gap can be identify accordingly by this method.



1.3. Objectives of Study

In this thesis, I have studied the novel optical properties of atomically thin TMDs (MoS2,

MoSes, WS, WSez, and ReSz) by photoluminescence (PL), Raman scattering, and differential

reflectance spectroscopy [76,77]. I have focused the study on:

1. Develop a new PL quantum yield evaluation method specifically for atomically
thin-layered material using both absolute and relative QY methods with respect to
the assigned organic reference dye of 3-borylbithiophene derivative.

2. Apply the developed method of PL QY on thin-layered material to identify the
electronic band gap nature of atomically thin-layered rhenium disulfide (ReSz).

3. Combining the information on PL QY and PL decay of monolayer MX: (M = Mo,
W; X =S, Se) TMD:s to investigate the intrinsic physical value of exciton radiative

lifetime and understand the details electronic structure of these materials.

1.4. Significance of the Study

The PL quantum yicld of usual molecules and solutions are not suitable to be used to
determine the PL QY of atomically thin-layered material, due to very small target of the sample
in the range of less than micrometer length, and the low PL QY values as a results from high
defect densities of this semiconductor material. Therefore, the new developed method to
evaluate the PL QY of thin-layered material will be significance to a new thin-layered material
with unknown and unclear electronic structure to determine their specific potential application
as light-emitting device or long-range photodetector as a consequences from direct or indirect
band gap semiconductor, respectively. Moreover, the information on intrinsic value such as
exciton radiative lifetime of a semiconductor material, is critical to the physical understanding
behind the phenomena happen and the special features own by the material itself. Thus, the
next development and enhancement in optoelectronic device performance can be achieved and

realized.

1.5. Thesis Outline

This chapter will be follow by Chapter 2, in which all the fundamental and literature

reviews are introduced. In Chapter 3, I explain the method to evaluate the PL QY's of one of

e



the monolayer TMDs, WSez using both absolute and relative QY method employing an
assigned reference dye of 3-Borylbithiophene derivative. The exciton radiative lifetimes of
TMDs are investigated in Chapter 4. In Chapter 5, the PL QY's as well as the indirect band gap
nature of layered ReS» are studied. As a summary, a conclusion and outlook for future research

works are provided in Chapter 6.



Chapter 2. Literature Review

2.1. Basics of Optical Properties

Nanomaterial sciences dealing with the structure on to the nanometer (nm), must be
considered to the quantum mechanics, in which describe the electron as a particle and wave,
called as wave-particle duality. As an overall knowledge, the electron behaves as a particle in
classical physics, whereas behaves as a wave in the nano-scale structure, that only can be
explained by quantum physics [78]. In the following sub-chapter, I will briefly explain the

important terms involved in the fundamental physics of solids, and its advance in this study.

2.1.1. Electronic Band Structure and Effective Mass

Since the main topic in this thesis is related to the nanomaterial, thus I intentionally
connected to the formalism of quantum mechanics. The total energy (Ewwi) of an electron 1s the
sum of its potential and kinetic energies. In classical physics, the relationship will be expressed

as Bq. 2.1;

E, . =(p*/12m)+U(r) Eq. 2.1
where U(r) describes the local potential energy of the particle at position r and the kinetic
energy is given by the classical expression Exinetic= p*/2m in which m is the particle mass and
p is the momentum [79]. From the requirement for conservation of energy and momentum, the
electronic state is defined by “quantum numbers,” as shown in Figure 2.1. Each set of quantum
numbers results in a set of “wave functions”, which describes the probability of finding an
electron around a given location at a given time [79]. The principal quantum number (n) in
Figure 2.1 determines the energy leve! occupied by the electron, and n is denoted as integral
values of 1, 2, 3, ete. The / and m in Figure 2.1 are the Azimuthal and magnetic quantum
number that indicates as the shape and orientation of orbitals in space, respectively, in which /
can be denoted as “0 to n—17, and the m can take values from *“/ to —/”, whereas the s, p, d, and

f is the energy sublevel relates to the different orbitals [80].
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Figure 2.1 The quantum numbers, n (and angular momentum) relative to the elements in the

periodic table. (Taken from www.upsc_quantumnumbers.youtube).

In principle, it is impossible to exactly measure the position (x) of an electron at a
specific time (7), velocity (v) and energy (£) using the classical physics. Thus, only the way to
determine all these things is the Heisenberg uncertainty principle [81], as denote by the Eq. 2.2
and Eq. 2.3 below:

AxAp > h Eq, 2.2

AEAt 2 h Eq. 2.3
where # = h/ 27 h 1s Planck’s constant. To deals with this uncertainty, the particle should be
described by a probability distribution (its wave function) using the fundamental equation of
physics for describing quantum mechanical behavior, in the framework of Schrddinger

equation [82] as below [79]:

d¥ Eq.2.4

L Vo 7 7
dt 2m

2 Eq.2.5
E¥) :(—-2]—71)V2 () +UO(r)

where ¥ is wavefunction, and Y 2 is referred as the Laplacian and is the second spatial

derivative of the function it operates on the wave function in this case.



In the ‘free space’, the electrons freely move, because there is no potential (U(r) = 0)
affecting the motion of electrons. The electron behavior is called as the plane wave [83]. Thus,

Eq. 2.5 will become:

2 0 222 Eq. 2.6
E!P(r)Jrh—d ?zO—)—ﬂW(r)+E¥’(r)=0
2m dx 2m
thus
212 Eq. 2.7
oL
2m

The ris known as eigenvector of Eq. 2.6 and the energies E are the eigenvalues. The momentum
of this wave is p = ik, where k represents the electron momentum within a factor of / [84] and
The electron energy has a parabolic dispersion with respect to k. Figure 2.2 shows the E-k

diagram of electron in absence of a periodic potential (electron in “free-space”).

E (k)

Figure 2.2 E-k diagram of electrons in "free-space".

In real world, the motions of electron are never free, because of the Coulomb attraction
between the proton (positive) in the nucleus and the electrons (negative) [85]. Also in a solid,
the atoms are being apart with a regular spacing, and the spacing is called the translational

vectors of Bravais lattice [84]. The periodic potential has the property of

Ur)=U(r+R) Eq. 2.8
where R is any Bravais lattice translation vectors [86,87]. So, the Eq. 2.5 of Schrddinger

equation is modified to [87],

i Eq. 2.9

EW(r):{—z

v+ U(r)}‘au =¥

m

where H in Eq. 2.9 is denoted as the Hamiltonian operator. The eigenfunctions of electrons

inside the bands, show that the electrons behave as a form of Bloch wave (Bloch
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theorem) [79,83]. The Bloch theorem leads to a description of the electronic energy levels in a
crystal (periodic potential) in terms of a family of continuous functions £,(k) with each
continuous band indexed by n and having the periodicity of the reciprocal lattice [87], called

Brillouin zone.

When the numerous numbers of atoms form the crystal lattice, the energy levels will
split to the number of states and forms the energy “bands”, as exhibit in Figure 2.3. There are
no energy band states between the electron occupied and unoccupied bands as the forbidden
energies. The energy difference between the electron occupied and unoccupied bands are
referring to band gap, £; which will determine whether a material is metal, semiconductor or

insulator [85].

4N states :
0 electronsy, !
allowed band | | ERENG 6N states
P f _______ 2N electrons
Forbidden band |
—band gap, Eg ]
g AN states
S E" — 4N TeAUTHT 2N states
| 2N electrons
allowed band 3 | !
o |
|
1
T —

Figure 2.3 Energy dispersion curve of electrons, with the actual band structure calculated from
the Schrodinger equation by solving for a crystal to get a complex series of allowed energy
states according to the crystal momentum (%), with lattice constant (a) and series number of

states (bands) (V). (Taken from Ref. [88]).

2.1.2. Metal, Semiconductor and Insulator Materials

The classification of a material to be either metal, semiconductor or insulator is depends
on the size of band gap and the number of electrons in the outermost band (conduction
band) [85]. Figure 2.4 shows the typical band structures at absolute zero temperature (7'= 0 K),
with the dashed region denotes as filled band. The VB (CB) is valence (conduction) band, and
Es is an energy gap, defined as the energy difference between the valence band (occupied band)

and conduction band (unoccupied band).
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Figure 2.4 Types of materials; metal, semiconductor and insulator, at T = 0 K. Dashed region

denote as occupied energy band. (Taken from Ref. [89]).

The metal has no band gap (E, = 0), in which I can clearly see that the valence and the
conduction band of metal are overlapped each other. This makes the electrons freely and easily
mobile, thus highly conductive in the material. In contrast, the semiconductor and insulator
have the band gap in the range of <4 eV and > 4 eV, respectively, at room temperature [85,89].
The additional energy is required to excite the electrons to the unoccupied states to overcome
the band gap in the semiconductors and insulators. In the insulators, the larger energy is
required to excite the electrons from valence to conduction band, while obeying the Pauli

Exclusion Principle (strictly one state for one electron) [90].

2.1.3: Density of States (DOS) and Quantum Confinement

Heisenberg uncertainty principle is applicable to describe the natures of considerably
small scale object or crystal depending on the size and dimensionality, as a consequence of the
quantum confinement effect [36,89]. The electronic density of states (DOS) corresponds to the
number of states per unit volume per unit energy interval; g(£) = (1/V)(dN/dE), where V' is a
volume, dN is the number of electron quantum states within the energy interval, dE. According
to the relation of £ = p*/2m (classical physics) for potential energy in Eq. 2.1 and the
Heisenberg uncertainty principle of Eq. 2.2, the E is referring to the confinement energy

Econfinement according to quantum mechanics. Econfinement Will be described as [91,92],

i) (AP,T)z 72 Eq. 2.10
confinement Ym 2]’}1(AX)2
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where m is a mass of electron. If the confinement energy is comparable or larger than the

kinetic energy of particle due to the thermal energy of %2 kg7. The Eq. 2.10 becomes

7 BEqg.2.11
Ac=
migT

From Eq. 2.11, if Ax corresponding to the size of system is smaller than 10 nm at room

temperature (7= 300 K, with an electron effective mass, m* = 0.1 mo (mo is electron rest mass),
the quantum confinement effects become significant. Thus, in the atomically thin-layered
materials with a thickness of less than 1 nm, the quantum confinement effect becomes

extremely prominent for the electrons.

Figure 2.5 shows the dimensionality reduction for the semiconductor systems from 3D
for bulk, to 0D for quantum dot, and the DOSs in each dimension are also shown. For the 3D
system such as a bulk semiconductor, the DOS is proportional to the squared root dependence
of E”, while that in the 2D system shows a step-like DOS, as define by Eq. 2.12 and Eq. 2.13,
respectively. Those in the quantum wires (1D) and dots (0D) exhibit the divergence and 8-
function like DOS [89].

32 Eqg. 2.12
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20 fi-
ot Eq. 2.13
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Figure 2.5 Reduction of dimensionality from the 3D (bulk) to 0D (quantum dot) of
semiconductor systems, with the relation of the density of states (DOS) to the confinement

energy. (Taken from Ref. [89]).

2.14. Optical Transition

Optical transition in a solid corresponds to the excitation of electrons from band-to-
band, so called interband transition, and can be explained by optical transition of interband

absorption or interband luminescence, discussed as follow:

Interband Optical Absorption (Absorption)

The physical meaning of the absorption process is that an absorption of electromagnetic
(EM) radiation occurs during the propagation of light, when the frequency of light is resonant
with the transition frequency of electronic states in the material. In this case, the light will be
attenuated as it progresses due to the absorption of photons by the materials [91].

Energy
A upper band

R A

Y

lower band

Figure 2.6 Interband optical absorption. (Taken from Ref. [91]).

Figure 2.6 shows the energy band diagram with two distinct bands; the upper band (£7)
— conduction band, and the lower band (E;) — valence band, which is separated apart by the
energy gap (E,). By considering the energy and momentum conservation, the interband

absorption of band-edge transition is described that an electron is excited to the conduction
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band, by absorbing an incoming photon (A@ > E,), thus left a hole at the valence band. This
optical transition creates an electron-hole pair, called as exciton. This exciton (bound electron-
hole pair) is an important quasiparticle, which strongly affects the optical properties of a

semiconductor [91].

(a) E (b) E

conduction
band
E
By -

conduction
band

e . U F‘":k

Figure 2.7 Direct and indirect band gap optical transition. (Taken from Ref. [93]).

Direct bandgap Indirect bandgap

Energy conservation S E; =E. + hv ' Ef' = E +hv 4_'-'E,;h

Momentum conservation k= k= k; ke = ki + ki,

b he _ hs Wt Wi Eg=Ei-§ | |4 E,n = (+) Phonon abs-or‘ption
A Ak = k;- ki (-) Phonon emission

Figure 2.8 Optical excitation process in the direct and indirect band gap transition (With f and

1 denote as final and initial).

Figure 2.7 show the two kinds of interband optical transitions which are direct and
indirect band gap of semiconductors, with the y- and x-axis denote the energy (£) and
momentum space (k). The direct band gap transition can only be realized if the conduction band
minimum (CBM) and valence band maximum (VBM) are located at same momentum, 4 in the
Brillouin zone as shown in Figure 2.7(a), thus described as k = ki = kr (Figure 2.8), whereas the
indirect band gap transition is involving by VBM and CBM with different location in k, thus

denoted as Ak, as shown in Figure 2.7(b). The indirect band gap transition is governed by the
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optical transition accompanied with phonon-assisted process, i.e. either phonon absorption or
phonon emission to fulfill the momentum conservation, thus the conservation of energy is
expressed as Ey = Ei + hv + Epn (in Figure 2.8). Examples of direct band gap semiconductors
are GaAs, InP, and InAs, while the examples of indirect band gap semiconductors are Si, Ge
and AlAs [93]. The optical excitation involved in the direct and indirect band gap transition
processes is summarized in Figure 2.8, where 4 is the Planck constant, ¢ is a speed of light, A

is a wavelength of light, @ is an angular frequency, 4v (=Epn) denotes the phonon energy.

Interband Luminescence (Photoluminescence)

Interband luminescence is the reverse process of the interband optical absorption, where
an excited electron in the conduction band decays to the valence band, thus emitted a photon
corresponding to the E,. This process causes the reduction in number of electrons in the
conduction bands and holes in the valence band, hence corresponds to the annihilation of
electron-hole pair, known as radiative recombination of electron-hole pair [91]. Luminescence
can occur on several processes, however, here I focusing on the photoluminescence (PL)

process, i.e. re-emission of photon (light) after absorbing a photon by photoexcitation [91].

conduction band

Figure 2.9 Schematic diagram of photoluminescence process in a direct band gap

semiconductor. (Taken from Ref. [91]).

The physical processes containing in PL are more complicated than those of absorption,

since the PL process is affected by the various energy states, such as impurity and defect state,
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and so on. Here, for briefly understanding of the physics concept of PL, I describe simple

mechanism with only two bands, the conduction and valence band as shown in Figure 2.9.

The electron in the valence band will be excited to the conduction band, by absorption
of the energy of incoming light with Avi, which is larger than the band gap energy, L. The
electron in the conduction band will be in the higher energy state of the conduction band, but
not stable for long time. The electron then quickly loses its excess energy by emitting phonon
within several-hundred femtosecond timescale, and these steps can be seen as cascade of
transitions within the conduction band, and still obeyed the laws of energy and momentum
conservation [91]. After being in the lowest state in the conduction band, the electron will relax
to valence band and recombined with the hole within nanosecond timescale, hence emitting a
photon, Av. The rate of decay transition will be described in the next sub-chapter (2.1.6) of

radiative lifetime.

2.1:5; Quasiparticles (Exciton, Trion, and Biexcitons)

The concept of excitation waves in a crystal and a term of “exciton” were firstly
introduced in early 1930 (1931-1936) by the Russian theorist Yakov Frenkel, and then invented
further by the Swiss physicist Gregory Hugh Wannier and the English theorist Sir Nevil Francis
Mott in the end of 1930s [79].

Figure 2.10 Exciton: electron-hole pair with a stable orbit around each other.

An exciton is electron (negatively charged particle) and hole (positively charged
particle) pair bound by mutual Coulomb interaction between each other. The exciton can be
viewed in the simplest picture of small hydrogenic system, in which the electron and hole are
bound in a stable orbit around each other, as shown in Figure 2.10 [91,94]. Absorption of
photon in interband absorption process creates an electron and hole in the conduction and

valence band, respectively, and the oppositely charged particles can only be formed and
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satisfied if the gradient of the conduction and valence band are at the same point of the Brillouin

zone where the transition occurs, and have exactly same group velocities, ve = vu [91].

There are two types of excitons, namely as Wannier-Mott and Frenkel excitons. The
Wannier-Mott exciton is also called as free exciton and freely moving in the crystal, where the
average distance between the bind electron and hole are much larger than the inter-atomic
spacing, thus the binding energy for this exciton is only a few meV, which will be described
after. In contrast, the Frenkel exciton is a tighly-bound exciton, which has very small distance
between bound electron and hole, and smaller exciton size. The small exciton size causes the
large binding energy with the range of several hundreds of meV. The difference between the

two-types is summarized in Table 2.1

Table 2.1 The differences between Wannier-Mott and Frenkel excitons.

Wannier-Mott Excitons Frenkel Excitons
* Schematic diagram: Free exciton + Schematic diagram: Tightly bound exciton
. s ey s S B R R
: . S i oM
L] L] . & & & e @ 9 & @
- . ° . @ Oe. @ @ & @ »
L] LI ) e & & & ® & & & & &
L] . o . & & & 2 & & @

« Delocalized — move freely throughout the * Localized — propagate through crystal by
crystal hopping from atom site to site

+ large radius — average separation of the  * Very small radius — comparable to the
electrons and holes much greater than interatomic spacing
interatomic spacing

» Small binding energy ~ few meV « Large binding energy ~ hundreds meV
{0.1 - several eV)

The radius of the exciton related to the inter-particle spacing, usually called exciton

Bobhr radius (aB), is define as Eq. 2.14 [91,94]:

2t Eq.2.14
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where £ and u are the background dielectric constant and reduced mass of electron and hole,
respectively, and e is the electron charge. The exciton binding energy (Ewn) with its quantum
number, # is referring to the total energy used to separate the exciton into its constituent parts;

one electron and one hole can be express in Eq. 2.15, Eq. 2.16 and Eq. 2.17,

e B Eq.2.15
bn nz
=T Eq.2:16
E;m ‘ng Ean 4
% e’ B 2 Eq.2.17
®on’s? 2ua?

where Eg is the exciton binding energy, Fwo is the binding energy of lowest exciton state, and
Exn is the exciton transition energy, which correspond to the energy difference between the

energy gap, £y and Ew, [91,94].

When the free electrons are residuals in the doped semiconductor, the excitons will
interact and eventually bind with the surrounding charges, thus form a charged exciton called
trion [95,96]. The trion can be either positive or negative trion, as the electron-hole and electron,
or electron-hole and hole, are bounded, respectively, as shown in Figure 2.11. The exciton A
and B is cause by the transition from two different valence band to the conduction band. In
contrast, the trion A is the exciton (electron-hole pair) bound with other electron due to the
collision or scattering while being excited, then emitted directly after that. There is another
form of quasiparticle by many-body interactions of excitons, known as biexcitons, which
dominate the photoluminescence (PL) spectra at low temperatures and high excitation densities
with 2 pairs of exciton within two different momenta e.g. K and K’ as shown in Figure
2.12[97,98]. The simple overview of an exciton, trion and biexcitons is exhibited in Figure
2.12.All these quasiparticle are available due to their specific reasons in the two-dimensional
(2D) atomically thin-layered semiconductor, transition metal dichalcogenides (TMDs), which

will be investigated in this thesis.

Negative Positive
trion trion

Figure 2.11 Positive and negative trion (charged exciton).
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Figure 2.12 Simple overview of exciton, trion and biexciton in 2D semiconductor material of

TMDs. (Taken from Ref. [99]).
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2.1.6. Einstein Coefficients and the Radiative Lifetime

The radiative lifetime is one of the important physical property in low-dimensional
excitons which represents their optical transition rates, and also helps to understand the nature
of the excitation, especially the photon emission; e.g. PL [100,101]. The excited atoms will
emit light (photon) by spontaneous emission process, when the electrons in the excited state
relax to the ground state. The radiative transition should be followed the Pauli exclusion
principle, which the two excited atoms cannot be permitted in the same quantum state [91]. All
the mentioned transitions can be demonstrated as 3 probability coefficients called the Einstein

coefficients, which can be simplified by Figure 2.13 and Table 2.2.

Level 2: population N,

E,
ol ta T
\N\/\/\P | absorption ENRLEL.  JEUIRIANS. aA A
emission emission
u(v) u(v)
‘El

Level 1: population N,

Figure 2.13 Schematic of the optical transitions explained by Einstein coefficients.

(Reproduced from Ref. [91]).



20

Figure 2.13 shows three optical transitions processes of an elementary excitations,
where iv denotes the photon energy, u(v) is source of electro-magnetic wave with frequency
(v), E1 and E» are initial and final energy state, and /V is the population of the atoms [91]. As
previously mentioned in chapter 2.1.4, the absorption and emission occur when the electron is
excited and decay, respectively, from one to another energy level by absorbing and emitting
the photon, for the former and latter, respectively. The energy relationship can be express in

equation below [91]:

]’W = E2 _El Eq. 2.18

Table 2.2 Summary of Einstein coefficients and the processes involved [91].

Einstein Process Corresponding Population

Coefficient Involved Rate Equations, N

Spontaneous ﬁ&:- N. 1

Sl i o Al (D)
dN

By, Absorption —Ck—-‘=—BnNIn(v) €3}
Stimulated dN,

by A 3

B emission dt .BnNzn(v) &)

Table 2.2 denotes the summary for the Einstein coefficients and the process involved,
in which the subscript of 21 (12) means the transition from energy level 2 to 1 (vice versa).
The appearance of n(v) in Equation (2)((3)) denotes that, the absorption (emission) must be
induced and stimulated by the incoming electromagnetic wave radiation [91]. The equation (1)

in Table 2.2 can be rewrite as,

N, (t) = N,(0)exp(=4,,?) Eq. 2.19
=N, (0)exp(-t/71)
where
1 Eq. 2.20
T=——0o,
Ay,

7in Eq. 2.20 is called the radiative lifetime, and the relation of Eq. 2.19 and Eq. 2.20 can be
described in Figure 2.14.
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Figure 2.14 The exponential population decay curve.

I assume that the atoms are inside a close black box at temperature 7. The atoms will
directly interact to the blackbody radiation and the three optical transitions processes will occur.
The relation of these processes will be governed by laws the Boltzmann’s law in thermal-

statistics physics as described in the equations below [91]:

B,Nu(v)= A4, N, + By Nu(v) Eq. 2.21

N, _& [ hy J Eq. 2.22
N, g kT

where g and g» is degeneracies of levels 1 and 2, respectively. The energy spectrum of a

blackbody source is given by the Planck formula [91],

Sy 1 Eq. 2.23

U= ¢’ exp(hv/k,T)-1

The equation below tells us that the probability for stimulated absorption and emission are the

same apart from the degeneracies factors.

g,B, = 2,8, Eq.224

Rhv? Eqg. 2.25
A, =——=—B,

c
The behaviors of atoms in thermal equilibrium condition with blackbody radiation have been

understood from the Eq. 2.24 and Eq. 2.25.
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217, Raman Scattering

Raman scattering spectroscopy is a critical method to determine, identify and analyze
a material providing the information on chemical bonding, material structure, and the structural
phase transition, which was firstly introduced by Sir C. V. Raman [102,103]. The Raman
scattering is mainly due to interaction of incident of light (electromagnetic wave) with atom or
molecule in the material, causes the excitation of lattice vibrations (phonons). In principle, a
light with a specific energy interacting with the atoms or molecules cause the light scattering
at the same energy (elastic scattering) with the incident light, called Rayleigh scattering and
also the light scattering to different energy (inelastic scattering) by molecular vibrations, called
Stokes (decrease in energy) and Anti-Stokes (increase in energy) scattering. These strong
Stokes scattering will be used for spectroscope analysis as Raman scattering
spectroscopy [104]. Figure 2.15 shows the examples of the Raman spectrum that contain the
previous mentioned process, including Rayleigh scattering, Raman scattering — stokes and anti-

stokes.

Raman Scattenng

Raman scaltenng
Anti-Stokes

P AL A

SR WS S, L S e L T TR B e

=300 =400 -300 -200 <100 0 100 200 300 400 300
Wavenumber (cm?)

Figure 2.15 Example spectrum of Raman scattering. (Taken from Ref. [105]).

2.1.8. Optical Anisotropic and Polarization

In general, there are three states of matter; gases, liquids and solids. For gases and liquid,
since they have randomly arrangement of the atoms and no long-range order is present, the
optical properties of the matters is the same in all directions, so called isotropic. The crystal
solids with well-defined axes, can be either isotropic (cubic) or anisotropic (non-cubic),
depending on spacing of atoms (lattice constants) in the structure. The anisotropic crystals have

different vibrational frequencies in each directions, thus change in the refractive index between
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the directions of incident light [91]. Explicitly, the optical properties of anisotropic crystal
structure is absolutely depending on the direction of electromagnetic radiation propagation and
the polarization state of the radiation [106]. Before I go deep on the optical anisotropy, I will

briefly describe about the light as electromagnetic (EM) waves.

Figure 2.16 (a) shows the propagation of light as EM wave, with components of electric
field (E) and magnetic field (B) in-phase and perpendicular with each other, and perpendicular
to the propagation direction. As usual, to represent light, I just show the E (Figure 2.16(b-1))
since only the E is detected by eyes, a photographic film, a charge-couple-device (CCD) etc.,
as a consequence from the Maxwell’s equation. The natural or ordinary light is behaving as
unpolarized light, as shown in Figure 2.16(b-ii). The wavelength (A) in Figure 2.16(a) can be

defined as the distance between two crest, as shown in Figure 2.16(b-1).

(a) (b-i) E: ELECTRIC FIELD

Electromagnetic Wave
+——Magnetic Fleld (B)

DiRec

PRo, TION op

Pa0atioy

Figure 2.16 Light as EM waves with electric field (E) and magnetic field (B) components.

(b-ii)
< 1!] & ation

Wavelength (A) L2 l?:c@

(Taken from bigbangcentral.com, and hyperphysics.com).

There are three types of light polarization; linear, circular, and elliptical polarization,
which are clarified depending on amplitude and phase shift of electric fields, [107] shown in
Figure 2.17, and can be explained by: (a) the linear polarization is a plane polarized wave, in
which the electric field vector oscillates in specific one plane; (b) the circularly polarization
can be classified into either right-circularly polarized (clockwise) or left-circularly polarized
(counter-clockwise) states, consisting two perpendicular plane waves with equal amplitude and

phase difference of 45° as shown by Figure 2.17(b)-bottom panel; and (c) the elliptical
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polarization consists of two perpendicular plane waves with unequal amplitude and phase

difference of 90°.

Figure 2.17 Three types of polarization; (a) linear, (b) circular, and (c) elliptical polarization.

(Taken from hyperphysics.com (upper) and [ 108](bottom)).
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2.2. Atomically Thin-Layered Two-Dimensional (2D) TMDs

2.2.1. Crystal and Electronic Band Structures of TMDs

Transition Metal Dichalcogenides -

1 2
H He
) B hydrogen W poor metals

Be # alkali metals B nonmetals
B alkali earth metals B noble gases

B transition metals M rare earth metals

Figure 2.18 Components of TMDs in the overall periodic table. (Taken from Ref. [40]).

2D atomically thin-layered TMDs have attracted great research interest in recent
years [33,70,109,110], having a thickness of a just few nanometers with fascinating
technological potential [10,15]. TMDs is a material with chemical formula of MX> (M =
transition metal atom and X = chalcogen atom), where the transition metal element can be
either from group IV (4) (Ti, Zr, or Hf), group V (5) (V, Nb, or Ta), group VI (6) (Mo, W), or
group X (10) (Pd or Pt), and the chalcogen element (Se, S, or Te), as shown in periodic table
in Figure 2.18 [16,111]. In this thesis, I work-out with MoS;, MoSe>, WS>, and WSe: from
group VI and ReS: from group VII of TMDs.

Monolayer TMDs consist of three-layer sheets, sandwich of three-dimensionally
bonded of X-M-X, which is different from the monolayer graphene with chemically bonded
sp?-carbon atoms in a hexagonal sheet. Figure 2.19 (a) shows the unit cell of most typical MoS..
Each molybdenum (Mo) atom form the strong covalent bonds to six sulfur (S) atoms in a

trigonal prismatic or octahedral structure, results in a 2D layer of three atoms thick (~ 5 — 8 A)
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with no dangling bonds on the basal plane [112]. The adjacent layers as shown in Figure 2.19
(b) are stacked by weakly van der Waals interactions to form bilayer, multilayer until bulk

crystal in a variety of polytypes [68,111].
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Figure 2.19 (a) Unit cell of MoS,, and (b) crystal structure of TMDs. (Taken from Ref.
(a) [110] and (b) [19]).
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Figure 2.20 TMDs structure of polytypes, 2H (hexagonal symmetry), 3R (rhombohedral
symmetry) and 1T (tetragonal symmetry). (Taken from Ref. [111]).

Figure 2.20 shows the polytypes TMDs structure with various metal atom coordination
and stacking orders [111], indicated by 2H, 3R an 1T phase. The H, R, and T are denoted by
hexagonal, thombohedral and tetragonal (octahedral) symmetry, respectively, while 1, 2, and

3 are assigned to the number of layers correspond in a unit cell [112]. The 2H structure has a
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hexagonal symmetry with two layers per repeat unit, and trigonal prismatic coordination; 3R
has a rhombohedral symmetry, with three layers per repeat unit, and trigonal prismatic
coordination, and 1T has a tetragonal symmetry with one layer per repeat unit, and octahedral
coordination [111]. The « and c in the Figure 2.20 are the lattice constants in the range of 3.1
3.7 A, and the stacking index for interlayer spacing ~ 6.5 A [111,113]. The 1T phase of TMDs
has the metallic properties, while the 2H and 3R phase exhibit the semiconducting
properties [68,112].

Figure 2.21 shows the electronic band structure of 2H-MoS:, calculated by density
functional theory (DFT) for bulk, quadlayer, bilayer and monolayer, with y- and x-axis
corresponds to energy and momentum, respectively. The monotonic increased of indirect band
gap (conduction band minimum, CBM) as decreasing the layer numbers can be observed [33].
Consequence from the phenomenon, the transition from indirect to direct band gap
semiconductors for bulk to monolayer limit of MoSa, respectively, where the valence band
maximum (VBM) and CBM are located at I and I'-K point in the bulk MoSz, while both VBM
and CBM are located at same K-point of the Brillouin zone in monolayer MoSa. The direct
optical transition at the same momentum space of K point thus affects the PL intensity as well

as its PL quantum yield of monolayer MoS: to be higher than that of its bulk counterparts [22].
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Figure 2.21 Electronic band structure of 2H-MoS: by DFT calculation, for (a) bulk, (b)
quadlayer, (c) bilayer, and (d) monolayer. (Taken from Ref. [33]).
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2.2.2, Photoluminescence (PL) Spectra

PL comes from the recombination process of electron and hole pair. The PL spectra can
generally be detected if a material has a band gap, in which the emitted photon energy
corresponds to the band gap of the material. The basic concept of the PL has been already

discussed in the previous sub-chapter of optical transition (Chapter 2.1.4).

Figure 2.23(a) shows the PL spectra of MoS, sample with the y-axis shows the PL
intensity as a function of photon energy. The large variation of PL intensity examined for MoS»
sample in Figure 2.23(a) is due to the indirect band gap nature for 2L MoS: instead of direct
band gap nature for 1L MoSa. Figure 2.23(b) exhibits the normalized PL of MoS: as varying
layer numbers from 1-6L. The three distinct peaks of A, B and I are assigned to the A, B
exciton and indirect band gap peak, respectively. The spectral shapes were observed differently
as changing the layer number that can be used as the fingerprint to determine the layer numbers
of MoS». The different of PL spectral shape as changing layer number for WS, and WSe; are
also reported previously [114].
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Figure 2.22 PL spectra of MoS,. (Taken from Ref. [22]).

2.2.3 Raman Spectra

Raman spectroscopy provides the fingerprint to identify the layer number of atomically
thin-layered materials, as well as versatile method to explore the phonon modes in TMDs

crystals [37,115-118]. The concept of Raman scattering has been explained in Chapter 2.1.7.
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There are four optically active Raman modes, namely as Aig, Eig, Eog and Bog modes
as shown in Figure 2.23, where A,g and E;g correspond to optical vibrations of chalcogen and
metal atoms within the same layer, while the two latter modes are originated from antiphase
vibration between different layers [116]. The Ajg and E;g are frequently used in the study of
Raman scattering spectra of TMDs [119,120], as they correspond to out-of-plane and in-plane

vibrational mode, respectively.
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Figure 2.23 Schematic regarding atomic displacement of four Raman active modes in 2D

TMDs. (Taken from Ref. [121]).

Raman Intensity (arb. units]

: A0=19.2 em 1L
380 400 420

Raman Shift (cm™)

Figure 2.24 Raman spectra of MoS». (Left) the Raman spectra of 1L — 6L MoS; (right) the
expanded scale of Raman spectra for 1L — 3L MoSa. (Taken from. Ref. [38]).

Figure 2.24 shows Raman spectra for 1-3L of MoS,. The increase in frequency

difference between E'se and A, as the increase in layer number is the crucial fingerprint to
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determine the layer number of MoS,. The Raman scattering spectra and fingerprint for the other
TMD such as WSe» can be seen in Figure 2.25, where the Raman spectra for 1L WSe: is absent
of 308 cm™! peak, but the peak becomes Raman active for 2L and more thicker layer, which is

useful to confirm the layer number of WSe> [122].
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Figure 2.25 Raman spectra of WSe:. (Taken from Ref. [123]).

2.2.4. Differential Reflectance (AR/R) Spectra

The differential reflectance (AR/R) spectrum is referring to reflectance contrast of the
very thin material supported by the transparent substrate, and contains the information on the
light absorbance on the approximation of normal incidence of light and very thin
material [68,114]. The relationship of differential reflectance (reflectance) and absorbance can
be simplified as [68]:

Rove=uR Eq.2.26
AR/R ===t s

q

where the Rsiq and Rs are reflectance of substrate with and without TMDs sample, respectively,
while » is refractive index of the substrate, and Abs. is absorbance of the TMDs itself.
Absorbance, sometimes called optical density (O.D)[91] has a direct relation to the

transmission of sample as indicate in Eq. 2.27 [91,124].

Eq.2.27
0.D =logm%—>T=10"0'D !
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The differential reflectance spectra of monolayer TMDs (WS, and WSe) are shown
in Figure 2.26. The three prominent peaks of A, B and C is assigned to the A and B exciton
transition, respectively, while the C is corresponds to higher energy absorption C exciton.
Figure 2.26(a) and (b) show the variation of differential reflectance spectra of WSz and WSe»
with different layer number from 1L to 5 L. All peaks show a gradual increasing and distinct

red-shift with increasing the layer number [114].
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Figure 2.26 Differential reflectance spectra of (a) WS» and (b) WSe: for 1L - 5L. (Taken from
Ref. [114]).

2.2.5, TMDs Chemical-Treatments

Almost monolayer TMDs in this chapter were prepared using mechanically exfoliation
method. Only for monolayer MoS> and ReSz were chemically treated after the mechanical
exfoliation to increase their PL intensities (as well as the PL quantum yield). The detail TMDs-

chemical treatment involved in this thesis are discussed as followed:

F4sTCNQ: 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane

The 2.3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FsTCNQ) is used for the
chemical treatment for ReS: in this study. The p-type chemical dopant of FsTCNQ has

previously reported to successfully improved and tuning the PL intensity in n-type monolayer
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MoS, (Figure 2.27) [38]. As a consequences of F4TCNQ treatment, the PL intensity of an
unintentionally heavy electron-doped (n-type) monolayer MoS> becomes improved [125] by

the enhancement of neutral exciton emission (X) instead of charged exciton, trion X" [38].

| —e—As-prepared =
—&-F , TCNQ-doped
! A 4

PL Intensity (arb. units)
1]
PL Intensity (arb. units)

17 18 19 20 21 22 11 19 20 21
Photon Energy (eV) Photon Energy (eV)

Figure 2.27 PL spectra of monolayer MoS: before (as-prepared) and after F4,TCNQ treatment
(F4TCNQ-doped). (Taken from Ref. [38]).

TFSI: Superacid bis(trifluoro-methane)sulfonamide

Only the monolayer MoS: is chemically treated by a nonoxidizing organic superacid,
bis(trifluoro-methane) sulfonimide (TFSI) in this thesis, because the chemical treatment causes
an extremely PL intensity enhancement of monolayer molybdenum disulfide, MoS> and
tungsten disulfide, WS> but the superacid TFSI does not work for the selenide (Se) group of
monolayer TMDs e.g.: MoSe; and WSez [75,126]. The enhancement of PL intensity reaches
to about 100 times, which can be seen clearly in their optical PL mapping of as-prepared and
treated sample. According to the result of this paper [75], the near-unity PL quantum yield of

the monolayer TMDs are demonstrated as shown in Figure 2.28.
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Figure 2.28 Enhancement of PL intensity and PL quantum yield of TMDs. (a) The PL spectra
for as-exfoliated and TFSI-treated monolayer MoS», and (b) the PL quantum yield of TMDs
before and after TFSI treatment. (Taken from Ref. [75] and [126], respectively).

2.2.6. Special Features of TMDs

Remarkably distinctive features of 2D semiconducting TMDs are their strong Coulomb
interactions due to reduced dielectric screening in these atomically-thin systems, thus the
optical properties of these materials dominated by excitonic transition, electron-hole pair
(exciton) and charged exciton (trion) [127-129]. Moreover, the large exciton binding energies
of few hundreds meV [70,71,130], are almost one order of magnitude larger than those of other
bulk semiconductors [125,131]. This makes the exciton be stable even in room temperature

and implies the platform to study many-body effects in their exciton states [63,132-135].

The valence band edge of the TMDs is split, Aso ~ 100 — 500 meV [136,137], hence
the optical transition between the split valence bands and the conduction band gives rise to the
two prominent peaks of absorption spectrum denotes by A and B exciton [70], as shown in
Figure 2.29. Overall schematic diagram of energy band for the monolayer, bilayer and bulk
TMDs can be expressed in Figure 2.30. There are two-band of valence band split due to spin-
orbit coupling, where the splitting were seen to be increase as increase in layer number.
Moreover, the figure also show the exciton binding energy, Es and the band gap energy, £
(BG peak) which has a relation to the A and B exciton energy transition, by Exa = Eg — EB
(same as eq. 2.16).
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Figure 2.29 Band structure and absorption spectra of MoS,. (a) Typical band structure for MX
with spin-orbit (SO) splitting of the valence band, v| and vz, and (b) optical absorption spectrum
of MoS2. The A and B exciton are denoted in the spectrum. (Taken from Ref. (a) [70] and

(b) [138]).
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Figure 2.30 Schematic of energy diagram of monolayer, bilayer and bulk TMDs with exciton

binding energy and spin-orbit splitting of the valence band. (Taken from Ref. [139]).

The broken inversion symmetry and large spin-orbit interaction in monolayer TMDs
cause the anomalous coupling of spin and valley degree of freedom. Figure 2.31(a) shows that
the two unit cells of monolayer MoS:, which exhibits broken inversion center symmetry in the

middle plane. Moreover, the high total mass elements of MX>, consequently give rise to the
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strong spin orbit interactions. The graphene with the light carbon mass, thus very weak spin-
orbit interaction [111,140,141] dose not apparently appearing the spin-valley coupling. Thus,
the monolayer TMDs with a lack of inversion symmetry and strong spin-orbit interaction have
been proposed for suitable materials for valleytronics [111,141]. The valley and spin of the
valence bands are coupled in monolayer TMDs, thus allowed interband transition at two valleys
for optical excitation of opposite helicity, with right (o) and left circularly polarized (o) at the

K and —K valleys, respectively, as shown in Figure 2.31(b).

Figure 2.31 Broken inversion symmetry of 2H-MX> (a) Broken inversion symmetry of 2H-
MoS:2, and (b) schematic diagram of band-edge of the band structure located at the K and K'
points.(Taken from Ref. [141]).

The lack of inversion symmetry and strong spin-orbit coupling (SOC) of monolayer
TMDs materials not only cause the large splitting ~ 100 — 500 meV for valence band (VB), but
also affect to the conduction band (CB) splitting for a few to tens of meV [69,137,142]. For
simplest overview, the SOC of VB gives rise to A and B exciton peaks for optical absorption,
while SOC of CB is related to the optically bright (allowed) and dark (forbidden) transition.
The SOC of both VB and CB can be seen in Figure 2.32, where the up- and down- arrow denote

the electron-spin.

Figure 2.32 Schematic of band structure of TMDs with spin-orbit coupling (SOC) induced

splitting valence and conduction band. (Taken from Ref. [137]).
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The dipole-allowed exciton called as optically bright exciton is generated in the usual
optical excitation process, and recombination of dipole-allowed exciton emits the photons as
luminescence, where the spin-flip processes are not occurred. In contrast, the subsequent
process such as scattering and collision of exciton with electrons, phonons, and defects, may
induce the spin flips, accompanied by changing its momentum [69], would generate the spin-
related dark excitons, and the dark exciton does not directly couple to light. Figure 2.33(a)
shows the splitting of dark-bright energy of A 1s state excitons in MoX> and W.X2 systems by
theoretical calculation. The MoX> exhibits that the bright exciton state is lower energy state
than that to dark exciton state, but opposite to W.X> as the dark exciton state is lying below the
bright state. The different features of upper- and lower-lying dark state causes the different
temperature dependence of photoluminescence intensity with elevating the temperature, as

shown in Figure 2.33(b).
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Figure 2.33 Dark states of TMDs. (a) Splitting of energy band for upper- and lower-lying dark
exciton state for MoX, and WX, respectively, and (b) Temperature dependent PL intensity
from monolayer MoX> and WX, with upper- and lower-lying dark state. (Taken from Ref.
(a) [137] and (b) [143]).



37

>

Dark
excitons

. | IKuuel S -0 §

Center-of-mass

momentum K.
Figure 2.34 Several types of bright and dark exciton transition. (a) Schematic overview of
typical bright (allowed) and dark (forbidden) exciton transition, (b) schematic illustration of

the exciton-photon dispersion (light-cone) for exciton picture. (Taken from Ref. [69]).

With considering the exciton-photon coupling and the interband transitions, the spin
and valley state of electron excited are conserved, which means that the chiral optical selection
rule is allowed for electron and unoccupied states with the same spin and the exciton are
generated in the same momentum space, as shown in Figure 2.34(a) [69]. Figure 2.34(b) shows
the different bright and dark excitons features, as they comes from the exciton-light cone or
called exciton-light (photon) dispersion due to the momentum conversion. The exciton
generated within the light cone (Kexe = 0) can emit the photons, however, once they are
spontaneously scattered at out-side of light cone Kexc > 0 i.e. are converted to dark exciton in
the momentum space. They are optically inactive, not spontaneously decayed [69] without

interaction with the dark exciton and the other quasiparticles, such as phonons.

The atomically thin 2D TMDs also show the strong optical response due to the band
nesting [31,144,145]. As an overview picture, the band nesting is occurred, when the dispersion
of valence and the conduction band are parallel to each other in the energy band structure. The
enhancement of light absorption for the resonance energy, not only due to the direct band gap
semiconductor for its monolayer limit, is occurred, which is appeared in van Hove singularities
of joint density of states (JDOS). The singularity features in the JDOS correspond to the
divergence in optical conductivity and only occur in the low-dimensional material [92,144].
Figure 2.35 shows the interband absorption and photoluminescence (PL) process, where both

electrons excited to the conduction band, and the holes left at the valence band will
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spontaneously relax to their band extremum. The immediate separation of electron and hole at
A and I" point, respectively, also causes the low quantum yield of the TMDs material for higher

excitation photon energies than energy resonant [31].

Absorption Photoluminescence (PL)
Nesting

\

Figure 2.35 Optical response of TMDs materials due to the band nesting. (Reproduced from
Ref. [92]).

2.2.7. Optical Properties of Anisotropic structure of TMDs family,
Rhenium Dichalcogenides, ReX> (X =S, Se)

a 0.8 = Dars b
MoS, x> % R

AR 8 AR D A 1.5 E e

Bulk
0.0 | Monolayer Ep

Energy (eV)

K’ : I" M’
Figure 2.36 Crystal and electronic structure of ReS,. (a) Comparison of side (upper) and top
(bottom) view of 2H (2-hexagonal phase) of MoS: and distorted 1T (I-tetragonal) of ReS»

crystal structure — the red line indicate Re-chain. (b) DFT calculation of electronic structure for

bulk (orange line) and monolayer (purple dashed-line) ReS.. (Taken from Ref. [41]).
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Recently, new members from the family of transition metal dichalcogenides (TMDs),
rhenium dichalcogenides, ReXz (X = S, Se) have been introduced to the research field of 2D
materials. It has been reported that the ReSz and ReSez exhibit an anisotropic structural from
the propagation direction of the incident light [41,44,45,58,146]. The anisotropic ReXz are
stable in ambient condition, which is much different from well-known anisotropic atomically
thin-layered two-dimensional (2D} material of black phosphorene (BP) [147,148], because the
BP is obviously suffering to fast degradation by ambient condition [149-151]. These properties
of ReX> has intensively attracted the interest among scientific researches. The lower crystal
symmetry of ReS, leads to the anisotropic properties due to the distortion of 1T (1-tetragonal)
structure (Figure 2.36(a)), which is different from other family members of TMDs such as
MoSa2 [42,51,152,153]. Moreover, the atomically thin ReS» has been reported as the direct band
gap semiconductors from the bulk counterparts and monolayer limit (Figure 2.36(b)) by the
first report of density-functional theory (DFT) calculation [41], which is further distinguished

as the atomically thin MoS:.

Figure 2.37 shows results of high-magnification of annular dark-field (ADF) by
transmission electron microscopy (TEM). The ADF image clearly exhibits the Re-chain (b-
axis) of ReSz and ReSe:. Raman and differential reflectance (AR/R) spectra have also reported
the highly-sensitive response to the angle of incident light polarization due to anisotropic
structural of ReSa, as shown in Figure 2.38. The two prominent peaks of Raman modes of 4
layer (4L) observed in Figure 2.38(a) has different response with respect to the cleaved edge,
also known as Re-chain or b-axis (Figure 2.38(b)). Same goes to the differential reflectance
spectra of monolayer (1L}, where the intensity and the spectral shape of exciton 1 (Exc-1) and
exciton 2 (Exc-2) response parallel and almost perpendicular with regards to the b-axis,

respectively.
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Figure 2.37 (a) Schematic of crystal structure of ReX>. (b) and (c) ADF images results of ReXo.
The lattice spacing for Re diamond chains (Re diamond-shape clusters) is 0.34 nm (0.31 nm)
and 0.39 nm (0.35 nm), for ReS: and ReSez, respectively. Scale bar is 0.6 nm. (Taken from
Ref. [154]).
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Chapter 3. Evaluation of PL Quantum Yield of
WSe; using 3-Borylbithiophene Derivative

3.1. Introduction

Photoluminescence (PL) quantum yield is defined as the ratio of absorbed photons in
the materials and emitted photons from the materials [76,77], which is essential value for
optical analysis of semiconductors [77,155]. There are two typical ways of evaluating the PL
quantum yield, such as absolute method using the integrated sphere [156-158] and relative

method using the reference dye with well-known quantum yield [77,157].

Monolayer TMDs, MX> (M =Mo, W; X =5, Se) are reported to be the direct band gap
semiconductor at K-peint of the Brillouin zone [22,33,159], thus promising for optoelectronic
devices [15,72,160]. The light emission efficiency is critical value to evaluate the quality of
monolayer TMDs and also determine the device performance, because the light emission
process is strongly affected by the non-radiative relaxation process of electron-hole pairs
(excitons). As-exfoliated TMDs have been reported to have very low PL quantum yield due to

high defects densities and large nonradiative recombination rates [22,33,73].

In this Chapter, I have carefully measured and studied the evaluation method of
photoluminescence (PL) quantum yield of monolayer semiconductors transition metal
dichalcogenides {(TMDs), tungsten diselenides, WSes on a transparent substrate using both
absolute and relative methods [76,157]. Monolayer WSez was chosen from TMDs because it
exhibits various important characteristics, for instances single photon light emission 34,161~
164], biexciton emission [97], and existence of dark exciton state [143,165], which represents
a model of 2D systems to understand the light emission properties. [ have employed highly-
emissive 3-borylbithiophene derivative (CssHaoBN2S4) [166] in a PMMA matrix as our
reference dye, in which the PL intensities and absorption of both reference dye and monolayer

WSe> were compared.
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3.2. Methodology — Samples Preparation

3.2.1. Preparation of Monolayer TMDs samples

Q\;@

Figure 3.1 Mechanical exfoliation method. (Left) Photograph of blue tape using for

mechanical exfoliation, (Right) Brief overview of mechanically exfoliation method [8].

The 2D TMDs have strong covalent bond between intralayer transition metal M atom
and chalcogen X atom, but weak van der Waals interactions between its adjacent
layers [17,167]. Indeed, the TMDs can be simply exfoliated using mechanical exfoliation [4],
chemical exfoliation [168], and so on. In this thesis, the preparation of TMDs samples are using
mechanically exfoliation method so-called “scotch-tape” exfoliation method [2,4]. The
“scotch-tape” used in this study is a special adhesive blue tape for exfoliation as shown in
Figure 3.1 (left). The schematic and brief overview of mechanical exfoliation process are
shown in Figure 3.1 (right). For Figure 3.1 (right) (a — d) show the blue tape is pressed against
a bulk TMDs crystal, and the crystals will mechanically cleaved. Then, the micro-crystals on
the tape will be transferred to the SiO2/Si substrate (300-nm- thick SiO» layer) or quartz
substrate, once peeling-off process is applied. The layer number and thickness of the layered
TMDs will be determined by optical spectroscopy measurement such as Raman scattering, PL

or atomic force microscopy (AFM).

3.2.2. Preparation of Reference Dyes

Reference dyes play crucial parts as method of evaluation and determining the

photoluminescence (PL) quantum yield (QY) of monolayer TMDs in this study. I have
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prepared two types of reference dyes, which are Rhodamine 6G (R6G) and 3-borylbithiophene
derivative dye, and these dyes were prepared carefully according to previous suggested
reports [166,169]. The dye with high QY in the solid form (thin-film} should be chosen to
proceed the PL QY measurement of TMDs. Therefore, | have choose the 3-borylbithiohene
derivative as my reference dye. But in this thesis, I will explain both procedure to prepare the
references dye as supplementary information. The detail preparation procedures are explained

as follows.

Rhodamine 6G (R6G)

As an initial stage to evaluate the PL QY of the monolayer TMDs, I have employed a
standard reference luminescent dye, Rhodamine 6G (R6G) as our reference dye. The R6G is a
typical laser dye with molecular formula of C2sH31CIN203, and has high QY value only in
solution form for > 80 % [170]. The dye has been prepared accordingly before we confirm the

low value of QY in solid form (thin-film} and proceed to other reference dye:

The solid powder of R6G was added to a 1 wt % solution of solid poly{vinyl alcohol)
(PVA) (Mw = 1.25 x 10° g/mol) in the ratio of 1:1 in methanol -~ water with the concentration
~ 10 M. The solution was sonicated using the bath-sonicator about 10 — 15 minutes until the
solid PV A is fully dissolved. The R6G dye solution was then spincoated to a quartz substrate
using spincoater (spincoater 1H-D7, Mikasa Co. Ltd.), using the spun rate of 500 rpm for 5 -
10 seconds and 5000 rpm for 30 seconds immediately, to get the uniform film to measure the

absolute quantum yield.

3-Borylbithiophene Derivative

The reference dye of 3-boryl-2,2’-bithiophene with 7 types of full-color organic solids
were suggested to be highly emissive and have high quantum yield with wide range of emission
wavelength from 350 to 900 nm [166] as shown in Figure 3.2 (upper panel). Figure 3.2 (lower
panel) shows the 7 different color of the dyes with their respective emission wavelength as
Figure 3.2 (upper panel). The derivative no. 7, CssHyBN2S4=5,5"""-Bis(N,N-dipenylamino)-

4’-dimesitylboryl-2,2":5*,2°":5"* 2°"’-quaterthiophene with similar emission wavelength (500
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— 900 nm) to that of monolayer TMDs was chosen for measuring the relative quantum yield.
This 3-borylbithiophene derivative dye was chosen instead of R6G because this dye has high
QY value of > 30 % in solution and solid form. The dye has special bulky-boryl group in their
conjugate-m to prevent the intermolecular interaction that diminished the self-quenching
emission in condensed phase [166]. The method to prepare the dye has been explained as

below:

Figure 3.2 Fluorescence of 3-borylbithiophene derivatives. (a) Fluorescence spectra of
derivatives 1 and 3-7, measured in THF solution, and (b) photographs of the dyes under

irradiation at 365 nm. (Taken from Ref. [166]).

The dye solution with concentration of 102 M prepared in concentrated of
tetrahydrofuran (THF), was mixed with ratio of 1:1 to 2 x 10* M of poly(methyl methacrylate)
(PMMA) (with respect to THF solution), as PMMA behave as a protecting layer [171]. The
solution was bubbling under Argon gas for 10 minutes. The mixed dye solution was then
spincoated to ~0.15 mm and ~1.00 mm thickness of micro-cover glass and quartz substrate,
respectively. The substrate is spun at a low speed 500 rpm for 5 - 10 seconds and directly
proceed to higher speed of 5000 rpm for 30 second to spread homogeneously the dye solution

to the substrate to form a uniform and large size (10 mm x 10 mm) of reference dye film.
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3.3. Sample Characterizations

3.3.1. PL, Raman and Differential Reflectance Measurements

The photoluminescence (PL), Raman and differential reflectance measurement on
TMDs materials were carried out using micro-Raman spectroscopy system, (Nanophoton,
RAMANTouch). The photograph of system and the objective microscope lens used are shown
in Figure 3.3.

Figure 3.3 Micro-Raman spectroscopy system. (a) Photograph of Nanophoton RAMANTouch,

and (b) the microscope objective lens.

Figure 3.4 shows the schematic diagram of Nanophoton (RAMANTouch) setup
composed of several parts: (1) the excitation wavelength of laser light (continuous wave, c.w.)
0f 532 nm 1s employed, (2) the microscope objective lens of either x5 (numerical aperture, NA
=(.2), x20 (NA = 0.5), x50 (NA = 0.8) and x100 (NA = 0.9) are being used, (3) the Raman
(PL) signals from the samples were detected by spectrometer with Si CCD camera, and (4) the
data were recorded by the software of Raman Viewer. For the measurements of anisotropic
structural materials such as rhenium disulfides (ReS:) and black phosphorus (BP), the linear
polarizer (LP), half-wave plate (HW) and quarter-wave plate (QW) will be used to significantly
observe the different of optical measurement correspond to the incident excitation angle. The

green and red solid line is the excitation and emission side, respectively.
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Figure 3.4 Optical schematic diagram of Nanophoton (RAMANTouch).
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Figure 3.5 Optical contrast and PL mapping of 1L, 2L and 3L of MoS:.

Figure 3.5 shows the PL mapping of monolayer (1L) and few layer (2 - 3L) MoS2 on
sample substrate. Noted that the contrast of the TMDs flake is vary with the substrate used. 1
can identify the layer number of samples by seeing the optical contrast (Figure 3.5 upper panel)
and the brightness of the PL mapping (Figure 3.5 bottom panel). The variation of the contrast
and color of the mapping with respect to the mapping scale (at right and left of the Figure 3.5)

with blue-black to yellow-white is equal to the weak to strong PL intensity, respectively.
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3.3.2. UV-Vis Measurements

The UV-Vis spectrophotometer (UV-1800, Shimadzu Co.) as shown in Figure 3.6 is an

equipment used for measuring an optical absorption of the thin-film reference dyes.

Figure 3.6 Photograph of UV-Vis spectrophotometer.

o4
splitter ’ .

Figure 3.7 Optical Schematic of the UV-Vis spectrophotometer. (Reproduced from

www.shimadzu.com).

Figure 3.7 shows the schematic of optical layout in the UV-Vis spectrophotometer. The
combination of deuterium (D) and halogen lamp is used for light source in 190 — 1100 £ 0.3
nm. The two-light sources are crucial in the UV-Vis spectrophotometer since the measured

wavelength range should be covered from UV to near-infrared region. The white light
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(monochromatic light) from the lamps was selected by the diffraction grating (grating) and
simultaneously separated into two optical paths for the transmissions of sample and reference
photodiode, respectively. The absorption spectrum of the blank substrate (as reference or
background) was firstly measured before the reference dye film, to obtain the baseline for the
spectrum correction. Then, the detected spectra were recorded by the specific software of

UVProbe in the personal computer which directly connected to the spectrophotometer.

3.3.3. Absolute QY Measurements of the Reference Dyes

(c)

ot

Quartz blank cell
Integrating Sphere  (powder & thin-film)

Figure 3.8 (a) Photograph of absolute PL QY spectrometer. (b) Integrating sphere, and (c)

quartz blank cell for powder of thin-film sample. (Taken from www.hamamtsu.com).

Absolute QY of the standard reference dyes have been measured and determined by
commercial absolute PL quantum yield spectrometer (C11347 series, Quantaurus-QY,
Hamamatsu Photonics K. K.), as shown in Figure 3.8 (a), while (b) and (c) show the integrating

sphere and quartz blank cell that can be used for powder and thin-film sample, respectively.

Figure 3.9 shows the schematic diagram of the absolute QY spectrometer. The spin-
coated thin-film dye sample on the transparent substrate was firstly inserted in the quartz blank
cell, in the integrating sphere. A monochromatic light from 150 W xenon lamp through an
optical fiber was employed to be an excitation light to excite the dye sample. The integrating
sphere with a 3 inch inner diameter was adopted which contained baffle between the sample
cell and exit of detection position, to prevent direct exposure and detection from the scattered
excitation light (blue solid line) and/or emission (red solid line) from the sample. The signals

including the spectra of excitation light and PL were detected by back-thinned CCD
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sensor [158,172]. The data acquisition from the absolute QY measurement was automatically

calculated using the dedicated software in the personal computer.

5s MC2
Lamp
BT- pC
CCD

sSC Dye - film

Figure 3.9 Schematic diagram of absolute QY spectrometer. The absolute QY spectrometer
has integrated sphere (IS) system, with two monochromator (MC1 and MC2), optical fiber
(OF), quartz blank cell (SC), baffle (B), back-thinned CCD (BT-CCD) and the personal
computer (PC). (Reproduced from Ref. [158]).
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Figure 3.10 Data acquisition procedure of absolute QY measurement (absolute QY profile).

(Taken from www.hamamtsu.com).

The principle calculation of the absolute PL QY from the absolute QY measurement is
shown in Figure 3.10 as an example, with the y-axis is a fluorescence intensity as a function of
wavelength. In this figure, the excitation wavelength is ~ 320 nm and the detection emission is
in the range of 490 — 640 nm. The intensity different between the excited light from the

reference (blank substrate) and the fluorescence dye sample (sample) — (blue area) is assigned
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to the absorbed photon numbers by the sample, while the area under the luminescence spectrum
curve (green area) is denoted as the emitted photon number from the sample. Therefore, the
ratio of the latter to the former, will calculated automatically as the absolute QY value of the

sample using the assigned software in the personal computer (PC) in Figure 3.9.

3.4. Results and Discussion

3.4.1. Absolute QY of Reference Dyes

The Rhodamine 6G (R6G) was firstly used for a reference dye to measure the relative
quantum yield (QY) of as-exfoliated WSe2 samples. I have made the confirmation of QY value
using of R6G (with different concentration) in solution, as shown in Figure 3.11. In the lower

concentration of R6G (<10 M), the values of QY yield (> 80%) are well consistent with the
previously reported [169].

Figure 3.11 shows the excitation photon energy employed to excited the R6G dye
sample is 2.33 eV (wavelength of 523 nm), and the detection emission of the dye in this
experiment are in the range of 1.5 - 2.5 eV (495 — 830 nm). Strong intensity which response to
the large area under the PL spectrum curve, denoted that the emitted photon numbers is larger
to than that of absorbed photon numbers (intensity difference between the excited light from

the blank and the dye), thus the obtained absolute QY values is also higher for lower

concentration of the R6G dye were observed.
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Figure 3.11 Absolute QY profile of R6G diluted solution.
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It is well known that the high QY value of the R6G dye cannot be realized in a solid
form. The absolute QY profile of R6G spincoated film in Figure 3.12 shows that there are no
any PL peaks in the visible range (1.5 — 2.5 eV), which is in contrast with that in a solution
(Figure 3.11). This is because that the aggregation of dyes in the solid form causes the PL
(fluorescence) to quench [170]. I also measured the powder of R6G dye using higher excitation
energy of 2.75 eV, and the very weak PL is observed at ~ 1.89 eV (656 nm). The inset of Figure
3.12 shows the absorption for blank cell and the R6G powder itself. The determined absolute
QY of R6G powder was still less than 1%, which is not suitable for the R6G dye to be appointed

as the reference dye for the evaluation of PL QY in the monolayer TMDs.
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Figure 3.12 Absolute QY profile of R6G spincoated dye and R6G powder.

Then, I tested the absolute QY measurement of a highly emissive 3-borylbithiophene
derivative (CssHa9BN2S4), to achieve precise measurements of PL QY in the monolayer TMDs.
Figure 3.13 shows the results of absolute PL QY of 3-borylbithiophene derivative as a reference
dye (Dye) with respect to blank glass substrate (Blank) at photon energy of 2.33 eV
(wavelength of 532 nm). The figure shows the excitation light profiles (light-green region) and
PL spectrum (light-vellow region) of reference dye. The broad PL with center photon energy

of 1.98 eV is observed in the spectrum.
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Figure 3.13 Absolute QY profile of 3-borylbithiophene derivative reference dye on glass
substrate, with the PL spectrum (light-yellow region) and the excitation light profiles (light-

green region) for the absolute quantum yield measurement of reference dye in a PMMA matrix.
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Figure 3.14 Excitation light profile of absolute QY in expended scale (inset).

The inset of Figure 3.14 exhibits the excitation light profiles of the dye, close-up from
the rectangle in the Figure 3.14 (expended scale). The intensity difference of the excitation
light with (Dye) and without (Blank) reference dye corresponds to the absorbed photon
numbers, and the area of PL peak corresponds to the emitted photon numbers from the
reference dye. Thus, from the ratio of emitted photon numbers and the absorbed photon

numbers [158], the absolute PL quantum yield of the reference dye film, @, on the glass and
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the quartz substrate (absolute QY profile not showed) are measured about 36 % (0.359 £ 0.003)
and 47 % (0.473 + 0.008), respectively, where the high QY is kept in the solid form.

Figure 3.15 shows the optical absorption spectrum of reference dye in PMMA matrix
using the UV-Vis spectrophotometer. The value of absorbance of the reference dye, Abs, at
2.33 eV (532 nm) shows relatively low value of ~ 0.003 £ 0.001 and this value is used for the
evaluation of QY of monolayer TMDs. The value of the measured absorbance will denoted the

absorbed photon flux which will be explained in the next sub-topic of 3.4.3.
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Figure 3.15 Absorption spectrum of reference dye.

3.4.2. Optical Measurements of Monolayer WSe;

Figure 3.16(a) shows the Raman scattering spectrum of monolayer WSez on the glass
substrate. The inset of Figure 3.16(a) is the optical image of the WSez with the region inside
the dotted lines corresponding to the monolayer of WSe». The typical intense Raman peak of
E's and weak Ay degenerated modes are observed at 250 and 262 cm™!, respectively. The no
distinct peak at 308 cm™ which is the Raman active mode in bilayer, multilayer and bulk WSe;,
strongly suggests the monolayer TMDs of WSe> [122]. I also confirmed the layer number of
WSex» from optical contrast and PL peak position [114], other than analyzing the characteristic

of Raman peaks.
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Figure 3.16 Optical image, Raman and differential reflectance spectrum of monolayer WSex.
(a) Raman spectrum of monolayer WSe. The inset (dash-line) shows the optical image of
measured monolayer WSez. (b) Differential reflectance spectrum of monolayer WSe2. Peak A

and B indicate the A and B exciton, respectively. Both spectra are on the glass substrate.

Figure 3.16(b) shows the differential reflectance AR/R spectrum of monolayer WSe: on the
glass substrate. Several peaks (A and B) are observed in the differential reflectance spectrum
corresponding to the optical transition of A and B exciton peak [128]. The distinct A exciton
peak comes from the lowest optical transition in monolayer WSe: [68]. The value of optical
absorption is evaluated from the value of differential reflectance spectrum at excitation energy

of 2.33 eV using Eq. 2.26.
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Figure 3.17 PL spectrum of monolayer WSe> with fitted line using Voigt function. PL

spectrum of monolayer WSez (black line) at low excitation power density of 36 W/em?. The
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spectrum is fitted (orange line) using Voigt functions assuming the exciton and charged exciton
(trion) peak. The inset shows the integrated PL intensity of monolayer WSez as a function of

power density, and the solid line indicates the linear relationship region.

Figure 3.17 exhibits the PL spectrum of the monolayer WSez. The spectral fitted results
using Voigt functions are also shown with consideration of the exciton and charged exciton
(trion) at 1.66 and 1.62 eV, respectively. The figure shows that the PL spectrum is dominated
by the exciton emission in monolayer WSe; at linear excitation power density of 36 W/cm®.
Moreover, the contribution of trion for the spectrum is small amount of less than 20 %, which
is negligibly small in the analysis. The inset of Figure 3.17 shows the integrated PL intensity
of exciton in the monolayer WSez, as a function of excitation power density. The solid line
represents the linear relationship of integrated PI. intensity as a function of excitation power
density. With increasing the excitation power density, the integrated PL intensity exhibits a
nonlinear saturation behavior above around 100 W/cm? because of the strong exciton-exciton

annihilation processes [135].

3.4.3. Estimation of Photoluminescence Quantum Yield of Monolayer

WSe: with respect to Reference Dye

In order to estimate the PL QY of monolayer, multilayer and bulk transition metal
dichalcogenides (TMDs) (MX>2, M = Mo, W, Re; X = S. Se), the relative QY method will be
employed. The relative QY is measured by comparing normalized PL intensity of the sample
and reference dye, using the QY of reference dye that is obtained from the absolute QY
measurement. Here, I used the reference dye of 3-borylbithiophene derivative dye
(CssHa9BN2S4) with high QY and similar emission wavelength to monolayer TMD. Noted that
the experimental conditions of optical studies should be carefully implement in the same
condition. The excitation wavelength to measure the reference dye and monolayer TMDs in
this study, is fixed to 2.33eV (532 nm), and the experiments are perform at weak excitation
conditions where the PL intensity linearly increases with the excitation power density. All

measurements were carried out at room temperature condition.
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Figure 3.18 Formula of relative QY of TMDs sample. (Reproduced from Ref. [76,77,114]).

The method to estimate the PL quantum yield of monolayer WSe: using the QY relative
method is described in Figure 3.18, where 4 is the linear gradient coefficient evaluated from
the emission photon flux (PL per s per unit area) of the monolayer WSez (TMDs) and the
reference dye (dye), as a function of excitation power density. The absorbed photon flux at the
excitation photon energy of 2.33 eV (532 nm wavelength) of fimps is evaluated from differential

reflectance (AR/R) spectra, where fbye is obtained from the UV-Vis absorption measurement.
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Figure 3.19 Comparative of PL spectra of reference dye and monolayer WSe:. Both the PL
spectra of reference dye and monolayer WSe> are excited using excitation power density of 1.3
and 36 W/cm?, respectively. The inset shows the linear relationship of integrated photon flux

as a function of power density for both reference dye and monolayer WSez.



58

Figure 3.19 shows the PL spectra of reference dye (CssHaoBN2S4) (black solid line} and
the monolayer WSe> (red solid line) on the glass substrate at low power conditions (linear
region) of 1.3 W/cm? and 36 W/cm?, respectively. The inset of Figure 3.19 shows the
comparison of the integrated emission photon flux calculated from the PL intensities of
reference dye (black-filled circle) and monolayer WSe: (red-filled circle) as a function of the
excitation power density. Both gradient coefficient, 4 of reference dye and the monolayer WSez

depict linear power dependence at low power density conditions of < 5 W/cm?,

I evaluated the PL quantum yield as 0.18 £ 0.03 % for the monolayer WSe: on the glass
substrate at room temperature using equation in Figure 3.18. Moreover, the PL quantum yield
of the monolayer WSe» on a quartz substrate is also determined using the same reference dye
{CssHaoBN2S4) on a quartz substrate (O, = 47 % (0.473 £ 0.003)). The value of the PL quantum
yield of the monolayer WSe» on quartz substrate is evaluated as 0.61 = 0.08 %. In addition, the
difference of quality in each monolayer W Se», the surface condition, difference in doping and
charge transfer phenomena are suggested to cause the deviation of the PL quantum yields of

the monolayer WSex on the glass and quartz substrates.

3.5. Chapter Summary

As a summary of this chapter, [ have evaluated the PL quantum yield of monolayer
WSez on transparent substrates at room temperature by employing highly emissive reference
dye of 3-borylbithiophene derivative (CsgHssBN2Ss) in a PMMA matrix. Using the reference
dye film on the glass (quartz) substrates with the high absolute quantum yield of 36% (47%), |
have successfully evaluated the PL quantum yield of mechanically exfoliated monolayer WSe:
as 0.18 = 0.03 % and 0.61 £ 0.08 % on glass and quartz substrate, respectively. My finding
also helps to provide insight information on evaluation methods of quantum yield for solid

samples.
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Chapter 4. Long Effective Exciton Radiative
Lifetime of TMDs

4.1. Introduction

In Chapter 2, the elementary excitation — electron-hole pair (exciton) in the monolayer
TMD has large binding energy about several hundred meV [70,71,173]. This extraordinary
nature of the elementary excitation compared to those of other semiconductor materials [174—
176] makes the stable bound exciton formation even at room temperature due to strong
Coulomb interactions, which provides the novel optical properties of this material. The
monolayer TMDs representing a model system of 2D materials have been received a lot of
attention, because they are directly band gap semiconductors, and are expected to be superior
light emitters in the visible range[22,33,127][30,177] and other optoelectronic
devices [10,11,178,179]. For the optoelectronic applications, it is essential to know the
radiative lifetimes of excitons[129], because it reflects the strength of light-matter
interaction [11,180,181] and the light-emission efficiency, such as PL quantum yield. The PL
quantum yields of as-exfoliated TMDs have been reported to be very low because of high

defect densities and large nonradiative recombination rates [22,33,73].

In this chapter, I have extend the studies of PL QY's to other members of group VI of
2D semiconductors TMDs such as MoS2, MoSe2 and WS;. The main objective of this chapter
is to experimentally evaluate the effective exciton radiative lifetimes of TMDs of MXz (M =
Mo, W: X = S, Se) from simultaneous measurements of the PL QY and the PL decay time at
room temperature. The experimentally evaluated PL QY's in comparison with the theoretically
calculated results, were further discussed in the basis of long radiative lifetime of bright
excitons at low temperature limit, a finite coherence area and the populations of dark exciton
states. Explicitly, the PL quantum yield in this chapter is ascribed to the A exciton quantum

yield (exciton quantum yield) which resonant to the exciton emission in this TMDs materials.

4.2. Methodology — Samples Preparation
The monolayer samples of TMDs, MoSz, MoSez, WS2 and WSe2 were prepared using

mechanically exfoliated method onto transparent of quartz substrate. Due to the weak PL

-
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intensity and the PL QY as well as the PL decay time of monolayer MoS> compared to other
TMDs monolayer, [ have treated the monolayer MoS, with the chemical superacid of

bis(fluoromethane)sulfonimide (TFSI) [75].

N, meter

' Clips

TFSi
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+, seal-strip ¢
i L LT R

Figure 4.1 Experimental setup for preparing the TFSI solution. Note that step 1 and 2 referring
to bottle 1 and 2, respectively; DCE = 1,2-dichloroethane (Sigma-Aldrich); and TFSI/DCE =
mixed solution of TFSI and DCE.

I have carefully treat the superacid TFSI (Sigma-Aldrich), and carry out an
experimental procedures of TFSI diluted solution in the glove-bag (Figure 4.1). The nitrogen
(N2) gas should be purged to fully replace the oxygen (O>) gas inside the glove bag. Since the
TFSI solid powder is highly reactive and evaporated very fast even in N2 gas (in Figure 4.1), I
transferred neatly and immediately the 100 mg of TFSI in the weighing boat, then I mixed the
diluted solution of 20 mg/mL — TFSI and 1,2-dichloroethane (DCE) (Sigma-Aldrich), in the
bottle 1 (Figure 4.1) which denoted as 1 in the flowchart of Figure 4.2. After that, only 0.05
mL from the 20 mg/mL of diluted TFSI/DCE was added to other bottle of DCE (bottle 2) with
4.95 mL, to make the mixed solution of 0.2 mg/mL of TFSI/DCE. This step shown as 2 in
Figure 4.2, and followed by the next step 3 — 5 are perform outside the glove-bag. The

monolayer MoS: on the substrate was immersed in the TFSI in DCE solution and annealed at
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100°C on hotplate for 15 minutes. After the blowing the substrate by N> gas without rinsing,
the substrate then annealed at 100 °C for 5 minutes. The detail procedure of TMDs-TFSI

treatment [75] is summarized in Figure 4.2.

1 100 mg of TFSI 2 ) 0.05 mL of TFSI/DCE
+ - +
5 mL of DCE 4,95 mL of DCE
= 20 mg/mL TFSI/DCE = 0.2 mg/mL TFSI/DCE
3 ) Sample immersed in @ l
15 minutes
100 °C on hotplate

1 (in tightly close vial)

4 Sample removed from@ 5 Sample annealed
& blow dried with N, ‘ 5 minutes
(without rinsing) 100 °C on hotplate

Figure 4.2 Flowchart of TMDs-TFSI treatment.

4.3. Sample Characterizations

4.3.1. PL, Raman and Differential Reflectance of TMDs

The optical measurements of PL, Raman scattering and differential reflectance (AR/R)
spectra of monolayer MX (M = Mo, W; X = S, Se) were carried out mainly by using micro-
Raman system (Nanophoton, RAMANTouch) as explained in chapter 3.3.1, while the time-
resolved PL (TRPL) were implement to measure the PL decay of the samples at room

temperature.
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4.3.2. Time-Resolved Photoluminescence (TRPL)
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Figure 4.3 The setup of the time-resolved photoluminescence (TRPL) with TCSPC technique.

The TRPL were executed using a homemade setup equipped with a monochromatic
super-continuum light source (~20 ps) (WL-SC480-4, Fianium) with an excitation wavelength
of 532 nm and a repetition rate of 40 MHz. The schematic of TRPL measurement setup is
shown in Figure 4.3. The focused spot size on the sample was ~2 pum in this setup. The PL
signal was detected by a monochromator equipped with a liquid-N»-cooled charge-coupled
device (CCD) camera. The PL decay profiles were recorded by a time-correlated single-photon
counting (TCSPC) technique using a single-photon avalanche Si photodiode. The instrumental

response function (IRF) of this setup was ~70 ps.

The TRPL is measured by time-correlated single photon counting (TCSPC) method,
which provides the information on the photocarrier (exciton) dynamics of the semiconducting
materials [182] such as TMDs in the picosecond/ nanosecond time-range region. The concept
of TCSPC methods is that the accumulation of arrival time of emitted photon from the sample
against the excited pulsed laser to the sample is measured. The occurrence of the emission over
time after the excitation pulse corresponds to the PL decay due to the recombination of

electron-hole pair (exciton) of the sample [92,182].
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4.4. Results and Discussion

4.4.1. Optical Measurements of TMDs

The samples of monolayer TMDs have been characterized by measuring the Raman
scattering (Figure 4.4) and PL spectra (Figure 4.5). The Raman spectra for all monolayer TMDs
are well consistent with those previously reported [63,111,122,183,184]. The PL spectra of the
monolayer TMDs (Figure 4.5) were collected at room temperature under weak (linear)
excitation power condition to avoid nonlinear effects. The PL peaks (exciton energy, Ex) were
observed at 1.88, 1.57, 2.01, and 1.66 ¢V for monolayer MoS,, MoSez, WS>, and WSez,
respectively, in good agreement with those previously reported [38,114,177].
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Figure 4.4 Raman scattering spectra of monolayer TMDs, MX> (M = Mo, W; X =S, Se).
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Figure 4.5 Normalized PL spectra of monolayer TMDs MX> (M =Mo, W; X =S, Se) at

room temperature.

Integrated Photon Flux (a. u.)

% 20 40 60

Power Density (Wiem?)

Figure 4.6 Integrated photon flux as a function of power density for monolayer TMDs. The
data sets from three different monolayer samples of each MX: are shown. The solid lines
indicate the linear relationship between the integrated photon flux and the excitation power

density for each sample.
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The PL spectra of the monolayer TMDs were recorded by varying the excitation power
density. The quantum yields were then calculated using the gradients of the emitted photon
fluxes from the integrated PL intensities of exciton emission (X) at the linear excitation region
in Figure 4.6 as a function of the absorbed photon densities evaluated from differential
reflectance spectra (Figure 4.7) at 2.33 eV [76,155]. The data sets from three different
monolayer samples for each MX: in Figure 4.6 are shown in Figure 4.8. Figure 4.8 shows the
optical microscope image of 3 different sample (different flake, point and substrate) of each
monolayer TMDs MXz, M = Mo, W; X = S, Se. Variations in the data are observed even for
the same monolayer MX, because of fluctuations induced by imperfections (strain, defects, and

vacancies) and carrier densities.
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Figure 4.7 Differential reflectance spectra of monolayer TMDs.



60

10um  mose, (i)

5Hm  MoSe, (ii)

3UM Mo, (i) 5um  MoSe, (iii) ws, (i) Jll Sum  WSe, (iii)

Figure 4.8 Optical microscope of monolayer TMDs on quartz substrates. The cross symbols

in the images denote the positions of the PL and Raman measurements.

4.4.2. PL Spectral Fitted and Linewidth Estimation

Figure 4.9 exhibits the normalized PL spectra of monolayer MoS>, MoSe>, WS», and
WSe», and the spectral fitting results obtained using Voigt functions [185] with homogeneous
and inhomogeneous broadening assumed to be Lorentzian and Gaussian functions,
respectively [186,187]. Each PL spectrum is composed from the exciton (X) and charged
exciton, trion (X*) emissions. The spectral shape of the experimentally obtained PL spectra for
each monolayer TMD is well reproduced by the fitting results obtained assuming
immhomogeneous broadening of 5-15 meV, as reported previously [177,187,188]. Here, I used
the PL linewidth of monolayer TMDs at cryogenic temperature (~5 K) as the values of
inhomogeneous broadening, which were mainly determined by the temperature-independent

impurity (defect) scattering of excitons and by the inhomogeneity of the exciton energy [189].
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Figure 4.9 Normalized PL spectra of monolayer TMDs with PL spectral fitted using Voigt

function. The X and X* denote the exciton (orange) and trion (purple) emission, respectively.

From the spectral fitting results, the homogeneous linewidth of the excitons, A, for
monolayer MoSa, MoSe2, WSz, and WSe: at room temperature was evaluated as 45.4 = 0.3,
38.3 = 0.3, 28.2 + 0.5, and 38.8 + 0.3 meV, respectively. These values are approximately
consistent with the previously revealed values [165,177,190]. Moreover, the energy separation
between the X and X* emissions, as determined from the fitted results, ranges from 30 to 40
meV. These values are also consistent with the previously reported values, which also supports
the validity of the spectral analysis [38,177,191,192]. Notably, the PL spectra of TMDs studied

here are dominated by the exciton emission (X) at room temperature.

4.4.3. Evaluation of Exciton Quantum Yield of TMDs

As briefly noted in the introduction of this chapter, I have estimated the PL quantum
yield of monolayer TMDs by ascribing to the A exciton emission. Here, I define the PL
quantum yield from A exciton as exciton quantum yield, because the characteristic carrier
relaxation process occurs due to the band nesting in the monolayer TMDs. The excitation
energy of 2.33 eV in this experiment corresponds to the higher-energy states than B excitons
in all the monolayer TMDs studied here. All of the photoexcited electron-hole pairs do not

relax to the lowest A exciton energy state contributing to the radiative emission because some
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of the photoexcited electron-hole pairs are spontaneously separated in the k-space (the
relaxation pathways toward the A-point for electrons and toward the I'-point for holes) due to
the existence of nested bands (band nesting) in the monolayer TMDs, as explained in Chapter
2.2.6 [31,144]. As a consequence, with consideration of the band nesting and variations of the

PL intensity in each monolayer MX> using the relations;
D Eq. 4.1

" BN’
the @ of the monolayer MoS,, MoSez, WSz, and WSe> were evaluated as 0.68 + 0.13, 0.79 +
0.30, 0.47 £ 0.23, and 0.45 £ 0.24%, respectively, at room temperature.

4.4.4. PL Decay Measurements of TMDs
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Figure 4.10 PL decay profiles of monolayer TMDs at room temperature in the linear excitation

power density regime. The black square indicates the IRF of the experimental setup.

Figure 4.10 shows the instrument response function (IRF) of the experimental setup
and the PL decay profiles for monolayer TMDs at linear excitation power regions, whereas the
Figure 4.11 shows the PL decay profiles of monolayer MoS>, MoSez, WSz, and WSez on quartz
substrates at different excitation power densities. In my study, I only concentrate on the linear

region of the emission, means in the weak and linear power excitation density. This is because
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we want to prevent the other effect to the sample such as exciton — exciton annihilation (at high
and saturated power excitation region) which will drastically affected our calculation for
exciton radiative lifetime (will explained in next sub-chapter). Shortening of the PL decay due
to an exciton—exciton annihilation process [135] was observed at higher excitation power

densities (>0.3 pJ/cm?) in Figure 4.11.

The solid lines in both Figure 4.10 and Figure 4.11 is corresponds to the curves fitted
by the convolution of a double-exponential function and the IRF. The average PL lifetimes

were calculated as follows,

Ty = AT+ AT, Eq.4.2
where 7 () is the decay time of fast (slow) decay component and 41 (42) is the amplitude of
fast (slow) decay component in the double-exponential functions. The experimental results for
each TMD are well reproduced by the fitted curves. The PL decay lifetimes, wr were evaluated
as 420 + 110, 360 + 100, 220 + 70, and 380 + 130 ps for monolayer MoSz, MoSe2, WSz, and

W Ses, respectively.
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Figure 4.11 Normalized PL decay profiles of monolayer TMDs at various excitation power
densities, and IRF. The solid lines correspond to the curves fitted by double-exponential

functions.
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Determining the Effective Excitons Radiative Lifetimes of

TMDs

Effective radiative lifetimes of excitons, zid, in this study represent the experimentally

measured radiative lifetimes of excitons, calculated from the relation of the obtained PL decay

time, 7p1, and the exciton quantum yield, @, using the equation of zaq = oL / © [73,193,194].

By employing this relationship, the 7.4 values were evaluated as 61 + 8, 36 £ 9, 55 + 18, and

93 £ 27 ns for monolayer MoS2, MoSe>, WS», and WSe:z, respectively, at room temperature.

The values of @, 7pr, and 7.q for the studied monolayers are summarized in Table 4.1.

Table 4.1 Values of band nesting (BN) at an excitation energy of 2.33 eV [31], PL quantum

yield (@), exciton quantum yield (@), PL decay time (tpr), and effective radiative lifetime

(7raa) of monolayer TMDs.

Band o @
TMDs | Nesting I Y Y
Ny | OB (%) (ps) (ns)
0.34 0.50 £0.05 310 £ 20 628
0.50 0.74 £ 0.08 380 & 50 51+9
oS el 0.54 0.81 +0.09 570 + 70 70 £ 12
Ave.:0.68£0.13 | Ave.:420+110 | Ave.: 618
0.24 1.10 £ 0.04 480 £ 20 442
0.19 0.87 £+0.03 230 + 20 2742
MoSes | 0.09 0.39 +0.01 : -
Ave.: 0.79 £0.30 | Ave.: 360 £100 Ave.:36%9
0.10 0.15 £ 0.02 120 £ 20 816
0.42 0.59 + 0.06 250 + 20 42 +6
ws 0.71
: 0.47 0.67 +0.07 290 + 30 43+7
Ave.: 047 £0.23 | Ave.:220+70 | Ave.:55%18
0.28 0.35 £ 0.04 450 £ 10 129 16
0.19 0.23 +0.03 200 £ 20 85+ 14
ae g:80 0.62 0.78 £ 0.09 500 20 64 +8
i | Ave.:0.45%0.24 | Ave.: 380 2130) | Ave.:93127

The evaluated 7aq values at room temperature are relatively long—on the order of
several tenths of a nanosecond, which is similar to the previously reported values for

mechanically as-exfoliated [73,195] and chemically treated monolayer TMDs [75,126]. In
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contrast, the relatively long effective exciton lifetimes on the order of several tenths of a
nanosecond is much differ from the theoretically predicted values of ~ 1 ns at room
temperature [129,196]. Our long effective exciton radiative lifetimes are explained in
consideration of (1) the long radiative lifetime of bright excitons at low temperature limit, (2)
a finite coherence area and, (3) the populations of dark exciton states. Figure 4.12 shows the
simple model to understand the factors contributed to the longer exciton lifetimes, as I

estimated by the theoretical predicted values and will be discuss accordingly.

(b) E

nw(T)

4eS/KBT

o1t

Figure 4.12 Schematic model of TMDs long effective exciton radiative lifetimes; (a) at low
temperature limit, %a(Q~0), and (b) as a consequence of [inite coherence area, A. and
population of dark exciton state, v, where £ is energy, Qex denotes as exciton momentum, A
is set as the homogeneous linewidth, and the & is energy splitting distance between the bright

(B) and dark exciton state (D).

In order to understand our experimentally obtained results, here I calculated the
effective radiative lifetime of excitons at finite temperature, 7m(7) with consideration of
exciton momentum distribution, and effect of dark exciton states. The experimentally observed
zer( ) values do not simply correspond to that of the singlet bright exciton at Qex~0 as Trad( O~0),
where Qe is the exciton momentum as shown in Figure 4.12(a). This is because the oscillator

strength of Qcx~0 exciton is shared by all states within the finite homogeneous linewidth A(T)



72

because of the uncertainty of Qex induced by the dephasing process, which changes the radiative
lifetime of the exciton as a factor of ro(A)™! (Figure 4.12(b)). Moreover, not only the
thermalization within each single exciton band but also the exciton distribution among the
singlet bright states and other states, including the dark states, further elongates the radiative
lifetime of the exciton as a factor of rm{7)™". Figure 4.12(b) only shows the band structure of
Mo-based TMDs {(e.g. MoS» and MoSe»), where the dark exciton state are higher than the bright
exciton state. In contrast, the dark exciton states of W-based TMDs (e.g. WS» and WSez) were
observed to locate below the bright state (lower-lying dark states) [143]. Thus, the 7%m(7) with

consideration of three factors mentioned is described as

T, =1, (0~0) (&) -1, (1) Eq.4.3

Moreover, the factors of rs and rw are elaborated as,
27} Eq. 4.4

}AS(A) = ; 27

M, de

2 Eq. 4.5
)= >
2+4e

where temperature 7'is 300 K, M is the exciton mass, ¢ is the speed of light, £z is the Boltzmann
constant, and ¢ is the energy splitting between the bright and dark exciton states, which is
approximately +3, +21, ~27, and ~38 meV for MoS:;, MoSe, WSz, and WSes,
respectively [142]. The positive (negative) signs denote the position of the dark exciton state
as being above (below) the bright exciton state. The calculated values of r(A) and rmw(7) (with
consideration of both X and K’ valleys of TMDs) are presented in Table 4.2, The exciton
coherence area, Ac, which is defined by the area over which the excitons capture the oscillator
strength, is deduced as s = Qs*4., where Qo = Evhe [129] is the momentum of a photon with
an energy equal to the exciton energy. Meanwhile, A. is described as Eq. 4.6 [197], and the
calculated coherence areas of excitons range from 3 to 5 nm? at room temperature in monolayer
TMDs, as also shown in Table 4.2,

4= _2_@: Eq. 4.6
M4’

The values of 7ua((©~0) are approximately the same for monolayer MoS2, MoSen, WS,

and WSe:, and are evaluated as 0.23, 0.24, 0.19, and 0.22 ps, respectively, as derived from

theoretical studies [196]. However, the values of 7z calculated from Eq. 4.3 using the

theoretically predicted values of 7aa(Q~0) <1 psare 0.72 £0.03, 0.64 £ 0.06, 0.71 £ 0.04, and

2.55+0.02 ns for monoclayer MoS2, MoSez, WS», and WSes, respectively, at room temperature.
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These values are more than one order of magnitude smaller than the experimentally obtained
values, as shown in Table 4.1. The quantitative differences between the theoretically predicted
Tiaa(O~0) and the experimentally obtained values might arise from weak localization of
excitons in 2D monolayers at low temperatures [129]. Here I employed values of #.s(Q~0) for
monolayer TMDs of 2-10 ps, as obtained from the time-resolved PL at low
temperatures [63,198,199]. The calculated radiative lifetimes of excitons from eq. (1) using
T10a(Q~0) of 8 ps [199] are 25 + 1, 21 + 2, 30 & 2, and 93 & 1 ns for MoSz, MoSez, WS, and
WSez, respectively, which are almost consistent with the experimental results, as shown 1n

Table 4.1.

Table 4.2 Homogeneous linewidth (A), coherence area (4c), r«(A) and mu(T), and calculated

effective exciton radiative lifetime { %) of monolayer TMDs as obtained using Trad(Q ~ 0) = 8

ps [199].

A Ac rs m Teff

TMDs {meV) (nm?) (x107?) (ns)
MoS: 454 £0.3 3132007 89+ 4 0.3595 25+1
MoSe: 38.3£03 | 3.36x0.15 7116 0.5286 21%2
WS, 282+05 | 414+0.13 178 £ 11 0.1504 30+2
WSe; 388+03 | 343002 8341 0.1039 93 £ 1

The experimentally obtained and theoretically calculated results are summarized
Table 4.1 and Table 4.2, respectively. The deviation of 7n(7) of monolayer WSe: compared to
other TMDs is caused by combination effects from homogeneous linewidth, A due to dephasing

process, the exciton mass, Mx [70], as well as the splitting between the dark and bright state, 0.

4.5. Chapter Summary

As a summary to this chapter, I have investigated the effective radiative lifetimes of

monolayer TMDs of MoS2, MoSez, WSz, and WSe: at room temperature. The considerably
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long effective radiative lifetimes of exciton (> 10 ns) at room temperature were evaluated and
determined from exciton quantum yields of 10 to 10 and PL decay lifetimes of several
hundred picoseconds. The long effective radiative lifetimes of monolayer TMDs at room
temperature are suggested to be affected by the long radiative lifetime of bright exciton at low
temperature limit, the distribution of singlet exciton population in other states, including the
dark states, and a finite exciton coherence length (area) or several square nanometers. The
findings are expected to provide crucial information about exciton dynamics for the future

development of optical applications based on monolayer TMDs.
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Chapter 5. PL Quantum Yields for Thin-Layered
ReS;: Identification of Indirect Band Gap
Semiconductors

5.1. Introduction

Rhenium dichalcogenides (ReXs, X = S, Se) is a member of two-dimensional (2D)
atomically thin-layered semiconductors of transition meta] dichalcogenides (TMDs). They are
observed to be distinguish from other TMDs members as they have anisotropic structured,
which response strongly and exactly to the angle of incident light, strained and Re-chain (b-
axis) [44,45). Rhenium disulfides, ReS; has been studied for the past two decades due to the
optical and electrical anisotropic of its bulk counterparts [49,52,200-202]. Just recently, the
thinner layered until its monolayer part has been discovered to have their own atiractive
properties, especially in optoelectronic devices, such as field-effect transistor,
photodetectors  [203,204], optical waveplates [61], thermoelectric and piezoelectric
devices [205]), by manipulating its flexible, birefringence and anisotropic optical
properties [206,207].

The PL quantum yield (QY), @r has been described previously (in chapter 3.1) is the
crucial parameter to determine the efficiency and performance evaluation of an optical
device [208]. Different with the monolayer TMDs group VI, MXo (M = Mo, W; X =5, S¢)
which reported to have strong PL intensity, and hence its PL quantum yield due to the direct
band gap semiconductors, instead of indirect band gap nature of their multilayer and bulk
counterpart [22,33,145], the nature of the band gap two-dimensional (2D) ReS; semiconductor,
are still under debate to-date [41,45,152,209].

In this chapter, I have properly examined and reported the PL QY of thin-layered ReS;
using circularly polarized light on transparent substrates at room temperature. The calculated
PL QY for layered ReSz of monolayer (1L) to few-layer (2-7L) in the range of 10 are reported
to be almost independent with regards of its layer number and the substrate occupied. This
occurrence is proposed by no prominent band gap transition and indirect band gap
semiconductor nature of thin-layered ReS2, and the phenomenon is deviate to the previously

reported monolayer-to-few-layer MoS;, the prototype of TMDs group VI.
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5.2. Methodology — Samples Preparation

The ReSz samples from mono to few layer (1-7L) were prepared using a mechanically
exfoliation method, same as other previous TMDs samples in previous chapter. PL intensities
of monolayer, multilayer as well as bulk ReS> are very weak, even when comparing to the
monolayer as-exfoliated MoSz. In order to enhance their PL intensity, I have consider a
chemical-treatments method for verification of charge-carrier doping to the ReS; samples. A
p-type dopant of F4TCNQ (as ReS: is also confirm to be n-type semiconductor [203,210,211])
and a nonoxidizing superacid TFSI (as these chemical have been discussed previously in
chapter 2.2.5) were utilized for the chemical-treatments of ReS: samples. The method
preparation for the TFSI treatments have been explained previously in chapter 4.2, while the

F4-TCNQ — ReS: treatment is explained as follow:

The F4TCNQ was prepared with the concentration of 0.02 umol/ mL in toluene solution
by using the bath type sonicator (As One Corporation) for 40 minutes. The diluted FATCNQ
solution was then applied to the quartz substrate by drop-cast method with approximately 10
uL droplet on substrate area of 1 cm?. The proper procedure to prepare the F4TCNQ solution

is summarized in Figure 5.1.

[0.02 umol/mL]
1 mL=0.02 pmol = 0.02 x 10¢ mol

Molecular weight of
F,TCNQ = 276.15 g/mol

F,TCNQ powder I Tolhene

(Sigma Aldrich) 100 mL

=0.0008 g
Sonication

40 minutes

N

Drop-cast
on substrate

Figure 5.1 Procedure to prepare F4TCNQ solution [38].
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5.3. Sample Characterizations

5.3.1. PL and Raman scattering of ReS;

The PL and Raman scattering spectra of ReS> have been measured using micro-Raman
system, Nanophoton (RAMANTouch) spectroscopy same as previously done for other TMDs
(MX2, M = Mo, W; X = S, Se) samples. But, I have specifically assisted with a quarter-wave
(A/4) and half-wave plate (4/2) filter (as shown in Figure 5.2), for averagely excited the sample
with circularly-polarized light, and I employed the linearly-polarized light to the ReSz samples,

respectively.

Laser (cw pulse)
Aexcitation = 532 NM

spectroscope

Yaor Ya

wave-plate X
Si detector

100x objective
NA= 0.9
R932 ot

Figure 5.2 Nanophoton optical setup for PL and Raman measurements of ReS.

5.3.2. Differential Reflectance Measurements of ReS:

In this thesis, the differential reflectance measurement of ReS2 has been done using
two kind of optical setup: (1) using the Nanophoton (as usually used for monolayer TMDs
group VI), and (2) by utilizing the optical home-made setup. The former is employed for
unpolarized excitation light (which mainly discussed and explained in this chapter), while the
latter is employed to confirm the polarization-angle dependent of the anisotropic structure of

ReS:.



78

5.4. Results and Discussion

5.4.1. Optical Measurements of ReS;

Quartz
Substrate

10 pm

Figure 5.3 Optical image of 1-7L and bulk ReS> on quartz substrate.

Figure 5.3 show the optical image of 1-7L of ReSz on quartz, under high magnification
of x100 with NA = 0.9. The layer number of ReS> has been confirmed by analyzing the Raman
scattering spectra, as well as by identifying the optical contrast [212] from its optical image.
Figure 5.4(a) shows the Raman scattering spectra of monolayer (1L) to few-layer (2-7L) of
ReS, on quartz substrate. There are 5 Raman modes with two pronounced modes detected of
IIT and V mode, as they are respect to the in-plane and out-of-plane vibration of rhenium-sulfur

atoms, respectively [44].
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= = 16t Tk S
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140 150 160 21054220 1 el e R LS TS
Raman Shift (cm™) Layer Number

Figure 5.4 (a) Raman spectra of 1-7L at room temperature, (b) Frequency difference between
I and III mode; and Inset figure: peak Raman intensity of III and Ag-like mode as a function of

layer number .
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The Raman modes exhibit monotonic increase in I to IV and Ag-like modes for 1-7L.
The observed tendency are consistent with previous report [44,213] with the peak positions of
111, IV and Ag-like mode is constant at 153, 163 and 214 cm™!, respectively. The frequency
difference between I and III modes of 1-7L which shows in Figure 5.4(b) is decrease from 17
to 13 cm’! of Raman shift, is also in agreement with the report [44]. The frequency difference
for I1I-I mode is appointed as a way for characterizing the layer number thickness of ReS»

samples, as same method applied for monolayer MoS:z of TMDs using E'>c and A1, mode [38].

16 1.8 20 22
Photon Energy (eV)

Figure 5.5 Differential reflectance spectra of 1-7L ReS; on quartz substrate.

Figure 5.5 shows the differential reflectance spectra of 1-7L ReS on quartz substrate
at room temperature. The absorption information can be deduced from the spectra, as the
different in reflectivity of ultrathin layers is proportional to the absorption constant [214] thus
the absorbed photon flux information can be evaluated from the values of differential
reflectance [215] at 2.33 eV (532 nm wavelength). Figure 5.6 depicts the value of the
differential reflectance was observed to be identical even the substrate employed is different,
and this indicate that the absorption transition for layered ReS: is independently to substrate

and carrier, but not as PL which commonly affected due to the defect, impurities and carrier.
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Figure 5.6 The differential reflectance of 1-7L on different substrates, such as quartz (Q) and

sapphire.

Figure 5.7 shows the PL spectra of 1-7L (left) and 1-5L (right) ReS> on quartz and
sapphire substrate, respectively, at room temperature using the circularly polarized light. The
blue-shift of the PL spectrum as decrease in layer number were noticed with overall PL
intensity enhancing consecutively as layer number, and these observation are consistent with
earlier reported PL intensities’ trend [41]. However, the results of ReSs is in contrast with that
in the atomically thin layer MoS; [22]. The peak intensity for each PL spectral shape is
originated to the peak position of exciton 1, which has greater intensity than exciton 2 and

3 [45], as exhibit in Figure 5.8.
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Figure 5.7 PL spectra of 1-7L (left) and 1-5L (right) ReS> on quartz and sapphire substrate,

respectively.
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Figure 5.8 PL spectral fitted of 4 layer (4L) ReS; and the correspond energy position. (a) PL
spectral fitted using Voigt function, with I and X indicated by indirect band gap transition, and
exciton 1, 2, and 3, respectively, and (b) Energy position of peak I (indirect transition), X; —

X3 (electron-hole pair, exciton emission) of 1-7L ReS» on quartz substrate.

Figure 5.8 shows the typical PL spectrum of 4L ReS», and the PL spectrum is
decomposed by the several peaks with assuming Voigt functions. [216] The spectrum is
reproduced by the X; (red line) and X> (blue line) peak arising from emissions of bound
electron-hole pair (exciton) confined along and perpendicular to the crystal direction of Re-
chain (b-axis), respectively, whereas the Xz (grey line) at higher energy side is assigned as the
hot PL. [45] [56] The asymmetric shape of PL spectrum in the lower energy side (< 1.55 eV)
in Fig. 2 (b) suggests the additional weak emission I peak (dark-grey line) that has been
assigned to the indirect exciton transition, [45] where the energy separation between the lowest
indirect transition and X, peak is evaluated as ~ 30 meV. The energy positions of the peaks (I,
X1, Xa, and X3) shift to higher energy side with decreasing layer thickness of ReS: as depict by
the Figure 5.8(b).

5.4.2. Estimation of PL Quantum Yield and Determination of Band

Gap Semiconductor ReS; at Room Temperature

[ further our investigation of the band gap nature of ReSa, by estimating the PL quantum

yield of layered ReS: on transparent substrates using the absolute and relative method of PL
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quantum yield [76] using highly emissive standard reference dye of 3-borylbithiophene
derivative [166].
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Figure 5.9 Gradient coefficient of 1-7L ReS> on quartz substrate.
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Figure 5.10 Integrated photon flux vs. power density of 1-7L ReSa.
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Figure 5.9 shows the gradient coefficient as a function of layer number 1-7L ReS2 on
quartz substrate. The gradient coefficient is assigned from the solid line of the integrated photon
flux (PL per s per unit area) with respect to the excitation power density, as example shown in
Figure 5.10. In this study, I only consider the linear regime of the power excitation supplied to
eliminate the effect of exciton-exciton annihilation as its will contribute to non-intrinsic PL
quantum yield of semiconductor materials. In addition, Figure 5.11 shows the gradient
coefficient with the inset figure exhibit the detail data related of 1-5L of ReS> on sapphire

substrate.
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Figure 5.11 Gradient coefficient, and inset figure: the integrated photon flux vs. power density

for 1-5L ReS: on sapphire substrate.

The integrated emission photon flux normalized by the absorbed photon numbers
defined as the normalized integrated emission photon flux, being proportional to PL QYs, is
evaluated in each thin layer ReS.. I also performed the same experiments on the reference dye;
the PL QYs of ReS: are evaluated in comparison with the normalized integrated emission
photon flux in ReS: and in reference dye with the known absolute PL QY of 40.7 + 0.3 %. In
the evaluation of PL QYs, I assume that all electron-hole pairs generated by the light absorption
process relax to I point without the spontaneous separation of electron and hole (band-nesting
effect) [31], which is confirmed by the comparison of differential reflectance with the PL
excitation (PLE) spectrum as shown in Figure 5.12. The differential reflectance and the PLE
spectrum were seen to be matched with each other is indicate that there are no band nesting
effect in thin-layered ReS: which oppositely observed for monolayer TMDs MX: (M = Mo,
W; X =S, Se) previously.
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Figure 5.12 Differential reflectance (AR/R) (blue line) and PL excitation (PLE) (red circle and
line) spectra of 7L ReS> on the quartz substrate using the polarized excitation incident light at

room temperature. The PLE spectrum is matched to the differential reflectance spectrum.
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Figure 5.13 Layer number dependence of PL QYs of 1-7L ReS; on the quartz substrate.

Figure 5.13 shows the calculated PL QY's of 1-7L ReS» on the quartz substrate. The
values of PL QY's almost keep constant in a low range from 0.02 — 0.04 % (10%) in 1-7L ReSa.
The PL QYs in the order of 10 in thin layers ReS; are more than one-order smaller than those
in mechanically exfoliated 1L MX; (M=Mo, W; X=S8, Se) with direct band gap energy
structures [22,195,217]. These experimental results strongly suggest that the thin layers (1-7L)
ReS: are indirect band gap semiconductors. Noted that the energy structure change from direct
to indirect semiconductor in 2L and 1L from the DFT calculation [209] has not been

experimentally observed at room temperature.



85

. {1 AFTER

o R 1L BEFORE|
=

2

‘B

% 1 B

£ 002 |} lw
— L
o ! i

15 16 17 18 19
Photon Energy (eV)

Figure 5.14 PL spectra of monolayer (1L) of ReS: before and after F4-TCNQ treatment.

In order to validate our prediction on the indirect band gap nature of ReS:, by
manipulating the PL QY's that is sensitive to the charge carrier and electronic structure of the
material, here I also evaluated the PL QYs of 1-5L ReS» on different substrates as well as
performing the chemical treatment (chemical doping) to 1-5L ReS: using 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4-TCNQ). This is because, the thin-layered TMDs has
been reported to strongly depends on the substrate due to the charge transfer effect [39], while
the chemical doping with the F4~TCNQ with a high electron affinity was reported successfully
works as the hole dopant for n-type monolayer MoS> [38]. I noticed that the PL spectrum and
its intensity are nearly no change in the 1L ReSz with a chemical doping of F4-TCNQ (Figure
5.14), whereas those of 1L MoS; are significantly changed in the same experimental

conditions [38].
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Figure 5.15 the PL QYs of 1-5L ReS: on the different substrates of quartz (Q), sapphire, A2O3
(S), and chemically treated using F4-TCNQ on quartz (Q-C).



Table 5.1 Values of PL QYs of 1-5L ReS; on the different substrates.

Substrate Quartz (Q) Sapphire, Al;Os (S) F2-TCNQ {Q-C)
Layer # (%) {%) (%)
1 0.026 = 0.003 0.034 + 0.002 0.030 # 0.008
2 0.034 £ 0.006 0.028 + 0.002 0.038 £ 0.004
3 0.033 + 0.006 0.021 £ 0.002 0.038 £ 0.001
4 0.026 x 0.003 0.018 £ 0.001 0.028 = 0.007
5 0.027 + 0.002 0.017 £ 0.001 0.029 £ 0.006
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The Figure 5.15 shows the summary of evaluated PL QY's of 1-5L ReS:z on the various
substrates (quartz, Q and Al2Os, S) and on the quartz with chemical treatment (Q-C). The detail
values are shown in Table 5.1. The almost similar value of the reported PL QY's in the range
of 0.02 -0.04 % (10} of the substrate dependent as shown in Figure 5.15, I suggest that the
conduction band minimum at middle of I'-X point [206] is partially filled, because the thin
layers ReS; is unintentionally n-type doped [203]. However, the mainly observed PL peaks of
X1 and Xa are attributed to the recombination of bound electron-hole pairs (excitons) at I
point [206]. The experimental results of insensitive PL QYs for the modulation of electron

density also support the indirect band gap nature of thin layer ReSa.

5.5. Chapter Summary

As a summary of this chapter, I have evaluated the PL QYs of thin layers rhenium
disulfide (ReSz) at room temperature by utilizing both the absolute and relative QY methods.
The PL QYs in 1-7L ReS: independent on the layer numbers show the lower values of ~10
than those in the direct band gap 1L-MX: (M=Mo, W; X=S8, Se). The experimental results of
low PL QY's and their almost constant values suggest the indirect band gap electronic structures
in 1-7L ReS». Moreover, the PL QY's being insensitive to the charge catrier transfer and n-type
carrier doping also supports the indirect band gap nature of thin layers ReSa. My findings will
provide valuable information for the development of the electronic and optical device

applications in thin layers ReS-.
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Chapter 6. Summary and Future Outlook

6.1. Summary

In this thesis, I have studied the optical properties of atomically thin-layered two-
dimensional (2D) transition metal dichalcogenides (TMDs) of group VI and VII with a
chemical formula of MXa (M = Mo, W, Re; X = S, Se). Through optical spectroscopic
techniques, for instance, photoluminescence (PL), differential reflectance spectra, I have
properly evaluated the PL quantum yields (QY's) of monolayer MoS2, MoSe2, WS> and WSe,

as well as ReSq at room temperature.

The PL QYs defined as the ratio of emitted photon numbers to the absorbed photon
numbers of semiconductor materials, are very crucial for determination of efficiency and
development performance of a semiconductor light-emitting device. In the initial stage, I have
developed the evaluation method of PL QY in the monolayer WSe: utilizing both absolute
and relative methods using a highly-emissive reference dye of 3-borylbithiophene derivative
(CssHa9BN2Ss). The reference dye of CssHaoBN2Ss in the PMMA matrix was chosen instead
of standard fluorescence reference dye of Rhodemine 6G (R6G) is due to high absolute PL
QY's values in the solid form, and the emission wavelength of the dye is matched with the PL

emission of monolayer TMDs, MXa,

I also have determined the effective exciton radiative lifetime of monolayer TMDs at
room temperature. The radiative lifetime of elementary excitation, electron-hole pair (exciton)
is very important in semiconductor physics as they reflects to the strength of light-matter
interaction, and inversely proportional to the oscillator strength of optical transition. In this
thesis, I have revealed the exciton radiative lifetime of monolayer MoSy, MoSes, WS2, and
WSe: of > 10 ns, from the PL QYs of 102 — 10 and PL decay time of several hundred
picosecond, in the basis of long radiative lifetime of bright exciton at low temperature limit, a

finite exciton coherence area and the population of dark exciton states.

Moreover, | have determined the indirect band gap nature of thin-layered ReS: from
mono to seven layers (1~ 7L) at room temperature with employing the PL QY's, where the PL
QY is a sensitive probe to the change of electronic structure in a material. The low PL QYs i

the range of 10 independent on the thickness of ReS» suggests the indirect band gap nature of
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atomically thin ReS», which provides the valuable information for the optical applications of

atomically thin-layered ReSs.

6.2. Future Outlook

For future outlook, the developed new method of evaluation PL QY in this study,
specifically for atomically thin-layered material can be significant and important to a new thin-
layered material with controversial or under debate in research field, either being direct or
indirect band gap semiconductor nature. This thus can provide valuable information to
determine the specific potential application of the thin-layered material itself to be a good and
high efficiency light-emitting device or long-range photodetector which take advantage from

the former and latter band gap nature, respectively.

In spite of promising the potential optoelectronic applications, the challenge of
atomically thin-layered materials is to understand the fundamental quantum physics behind all
the phenomena happens and the characteristic features owned. Thus, the information on
intrinsic value such as exciton radiative lifetime of a semiconductor material, is critical to the
physical understanding behind the phenomena happen and the special features own by the
material itself. Thus, the next development and enhancement in optoelectronic device
performance can be achieved and realized. When I can resolve and attain the minimum defect
density of atomically thin-layered 2D semiconductor providing the minimum non-radiative
decay recombination rate, the information on PL QYs will play essential roles to the

accomplishing goals of high performance optical devices application.
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