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ABSTRACT

The re-discovery of the atomically thin transition metal dichalcogenides (TMDs), which
are mostly semiconductors with a wide range of band gaps, has diversified the family of
two-dimensional materials and boosted the research on their potential applications in the
fields of logic nanoelectronics and high-performance nanophotonics. Many body effects
are of great significance in 2-dimensional TMDs, especially when thinned down to a
monolayer. As a result, the exciton-related phenomena are prominent in TMD
monolayers, which distinguish the monolayers significantly from their bulk counterparts.
This thesis systematically studies the optical properties in semiconducting, monolayer
TMDs, including Raman spectroscopy, photoluminescence (PL), and optical absorption.
In order to further understand the excitononic properties in 2-dimensional TMDs, we
took monolayer MoS: as an example, and studied its exciton behaviors with different
carrier densities and dielectric environments through PL. measurements with the help of
electrochemical gating and non-ionic solvent immersion. Our findings are helpful to
understand better the tightly bound excitons in low-dimensional systems and to provide a
simple approach to controlling the generation of excitons and trions (charged excitons)
selectively and separately.
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Chapter 1. Introduction
1.1 Historical Perspective of 2-Dimensional Material Research

For years, researchers have had disputes about the actual stability and existence in the
natural environment of truly two-dimensional (2D) materials [1-4] until the year of 2004,
when graphene, a one-atom thick carbon-based material, was obtained by the Scotch-tape
method [5-8]. Later reports showed that this simple but fantastic material has various
unique physical properties: the linear dispersion relation in graphene that makes the
electrons behave like massless Dirac Fermions [7-9]; half-integer and anomalous
quantum Hall effect [8-11]; ballistic transport with ultrahigh mobility [6-9,12-19];
broadband high transparency defined by the fine structure constant [8,9,20-22]; superior
mechanical strength [23-25]; etc. All these observations have attracted extensive attention
throughout the Academia, and great efforts have been made to push graphene into real
applications in the fields of radio-frequency integrated circuits [26-39], optical detections
and communications [39-49], terahertz plasmonics [40,44,50-56], energy conversion and
storage [57-66], nano-electro-mechanical systems (NEMSes) [67-71], advanced chemical

and/or biological sensing [72-80], etc.

In spite of the extremely high mobility of graphene [12-19, 26], with negligible high
electric-field degradation [26], the lack of an energy band gap makes it difficult to use
graphene in logic electronics, especially in low-power applications. To overcome this,
both theoretical and experimental studies were made on bilayer graphene [81-84] and
graphene nanoribbons [85-87], from which a small band gap can be opened to
accomplish an acceptably high on-off current ratio of graphene transistors. Nevertheless,
neither method is sufficient to provide high on-off current ratio while retaining the
advantage of the ultrahigh mobility. More recently, the family of semiconducting
transition metal dichalcogenides (TMDs) was re-visited and found to be stable in
monolayer or few-layer forms [88-91]; These monolayer TMD materials are direct band
gap semiconductors with the band gap in the near infrared and visible range, and these
TMD materials are better candidates in both logic electronic [90-109] and optoelectronic
applications [88,89,110-131] than graphene.
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During the past decade, especially within the past 3 years, the studies of 2D TMDs have
been growing rapidly. After successfully obtaining Mo$S: thin flakes from the Scotch tape
method in 2005 [5,6], people started to synthesize large-area continuous TMDs through
physical vapor deposition (PVD) [132] and chemical vapor deposition (CVD) [133-142].
The precursors of the CVD synthesis of TMDs are, unlike graphene, in the solid phase
with relative narrow windows of sublimation and chemical reactions, which makes the
flow field and the temperature field much more difficult to control. In spite of this,
several groups have successfully synthesized large-area monolayer MoS; and WS2, with
a quality that is even better than the exfoliated flakes [106,107,137].

The unique physical properties of 2D TMDs have also been deeply explored. In 2010, K.
F. Mak et al. [88] reported the indirect-to-direct transition of the band gap as MoS;
evolves from bulk to the monolayer form; and C. Lee et al. [143] reported the anomalous
behaviors of the Raman spectroscopy of mono-, bi- and few-layer MoS2. Various
theoretical studies [144-152] showed that many-body effects, including the electron-
electron interaction and the electron-hole interaction, are of great importance in 2D
TMDs; that is, both the electron self-energies and the exciton binding energies should be
considered in describing the electronic band structure of 2D TMDs correctly. The
existence of tightly bound excitons [88,89] and multi-excitons [153-157] with relatively
large binding energies in 2D TMDs was then discovered, making the optical world of 2D
materials closely coupled with the “exciton” concept, which is rarely mentioned in 3D
optoelectronics. Later on, Four research groups reported at the same time that the two
electron valleys with different spins in TMD materials can be selectively activated by
their excitation using the circularly polarized light [158-161]; based on this, they
proposed the novel type of electronics — called valleytronics — which can be potentially
used in high-performance digital signal processing and even quantum computing. More
recently, K. F. Mak et al. observed the valley Hall Effect [162] in monolayer MoS,

which is the first non-magnetic-field-involved quantum Hall Effect discovered so far.

With such outstanding properties, 2D TMDs have been quite attractive to electrical
engineers as well. The first transport measurement on atomic thin TMDs was done by the
A. Geim’s group in 2005 and published in PNAS [5], in which MoS; and NbSe:

monolayers were probed at room temperature with tunable conductivity measurements
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using an external electric field. In the year 0of 2010, A. Kis’ group from EPFL at
Switzerland and S. Salahuddin’s group from U. C. Berkeley in the US published their
pioneer works on the experimental demonstration [90] and theoretical prediction [91],
respectively, of monolayer Mo$: field effect transistors (FETs). Soon after that, more
groups joined this rapidly growing field of 2D semiconductors, and more potential
applications with 2D TMDs were proposed, including logic integrated circuits [90-109],
photodetectors [110-119], light-emitting devices [120-122,124,126-129], multi-purpose

chemical sensing and bio-detection [163-167].

Up to now, the family of 2D materials has been continuously growing. The candidates for
new 2D materials vary from graphene composites, like functionalized graphene, reduced
graphene oxide etc. [168]; graphene analogues, like silicene, germanene and boronene
[169-175]; to any materials with layered lattice structure, like metal chalcogenides, metal
halides, transition metal oxides and trioxides, oxychalcogenides, III-V layered
semiconductors, etc [176]. Quite a few of the upcoming 2D materials have been either
experimentally demonstrated or theoretically examined. Among the various recently hot
2D materials, the discussion on atomicly thin black phosphorus, or “phosphorene”, has
been heating up gradually [177-182], because of the narrow direct band gap and
anisotropic structure and properties of this novel star material. Furthermore, people have
integrated different kinds of 2D materials and made them into van de Waals
heterostructures [94,105,109,117,118,122-125,183-188]. Pioneering research attempts on
the hybrid integrations of 2D materials include graphene/boron nitride high-mobility
transistors [185], MoS:/graphene ultrasensitive photodetectors [117,118], MoSa/graphene
Ohmic contacts for integrated circuits [105,183,184], all-2D-material flexible electronics
[94,109], MoS2/WSe; heterojunction light harvesting and light generations [122-125],
etc. New concepts or new materials in 2D materials research keep refreshing the scope of
what people can imagine, and the diversity of 2D materials now under serious
investigation has given more possibilities for realizing real products with promising

applications.
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1.2 Significance of This Work

The aim of this thesis is to systematically study the optical properties of semiconducting
2D TMD:s and to understand the many-body effects and the environmental effects in low-
dimensional quantum-confined systems. The significance of this thesis is three folds.
First, we will systematically study various optical characterizations of 2D TMDs and try
to come up with a criterion to identify the type of the material and its specifications, like
number of layers, quality, doping level, etc. Secondly, the interaction between 2D TMDs
and their environments will be studied through optical measurements. As the 2D TMDs
are atomically thin, the surface-to-volume ratio is extremely high. This means the
interface can play an important role. In addition, these materials have to be placed on
specific supporting materials to carry out most of the experiments. The environments
may give rise to the effects of doping, strain, interference, dielectric screening etc., which
are difficult to understand unless the multiple effects can be investigated separately. This
thesis provides a good approach to study the electrical doping and dielectric screening
effects individually. Thirdly, the many-body effects are prominent in low-dimensional
materials. In particular, the picture of the exciton and the trion should be used to
understand the optical phenomena in 2D TMDs. In this thesis, we will study various
many-body effects that can be observed from optical measurements, including electron-
electron interaction (band gap renormalization), electron-hole interaction (exciton), three-

particle interaction (trion), electron-phonon interaction (Raman spectroscopy), etc.

1.3 Thesis Outline
The thesis is organized as follows:

In chapter 2, the basic knowledge of transition metal dichacogenides is introduced,
including the chemical composition, lattice structure, electronic and optical properties,

synthesis methods and potential applications.

In chapter 3, several optical characterization methods, such as Raman spectroscopy,
photoluminescence and absorption measurement are introduced and used on both
exfoliated and CVD-prepared TMDs, such as MoS,, WSz, MoSez and WSez. A detailed
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summary of the lattice symmetry, the vibrational modes and Raman peaks with different
excitation lasers of bulk and monolayer MoS; is also given. The physical pictures of
excitons and trions are also introduced, which can explain the PL and absorption results

very well.

In chapter 4, the influence of the carrier density on the optical properties of monolayer
MoS: is studied. Both the polymer electrolyte gating and conventional back gating
technique are used to tune the Fermi level, and consequently the carrier density, within
MoS,. Transport, Raman spectroscopy, and PL. measurements performed on monolayer
MoS: with different carrier densities based the polymer electrolyte gating technique are

described.

In chapter 5, the influence of the dielectric environments on the optical properties of
monolayer MoS; is studied. MoS; films on Si0O,/Si substrates were immersed into a
series of non-ionic organic solvents in order to obtain different external dielectric
constants. Raman spectroscopy and PL measurements were taken on this system. The
change of the PL signals can be explained by the dielectric screening effect on the
excitonic quarsiparticles in monolayer MoS:. A scaling relationship is also introduced to

explain the experimental observations.

In chapter 6, a summary is presented, with a discussion of the future work for further
study of the unique excitonic phenomenon in 2D TMDs and to attempt to utilize this

material in novel optoelectronic devices.
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Chapter 2. Basics of Transition Metal Dichalcogenides

2.1 Atomic Structure

The family of TMDs is composed of nearly 40 different compounds [189]. As shown in
the periodic table in Figure 2-1, the highlighted transition metal and chalcogen chemical
elements are the elements that are predominately crystalized into layered structures. The
half colored elements can form layered dichalcogenides as well, but the same constituents
can also form other crystal structures as that interesting phase transitions can occur. For

example, NiS; is found to have a pyrite structure but NiTe; is a layered compound.

H sz He
M = Transition metal
Li Be X = Chalcogen B c. N (o} F Ne
Na Mg 3 4 5 6 T 8 9 10 1 12 Al Si P Ar
K Ca Zn Ga Ge As Kr
Rb Sr In Sn  Sb Xe
Cs Ba Hg T Pb  Bi Rn
Fr Ra Rg Cn Uut FI Uup Lv Uus Uuo

Figure 2-1 Chemical composition of layered transition metal dichalcogenides (LTMDs)
[189]. The general chemical formula for LTMDs is given by MXa, where M and X
denote the transition metal and chalcogen elements, respectively. The S, Se, Te elements
that are highlighted with orange are the choices for chalcogen elements, and the
highlighted IVB, VB, VIB, VIIB, [XB and XB elements are common choices for the
transition metal elements. Only part of the dichalcogenides formed by the half-colored

IXB and XB elements exist stably in layered structures.

The unit cell of LTMDs consists of 1 transition metal atom and 2 chalcogen atoms.
Accordingly, the general chemical formula is denoted by MX2, in which M and X stand
for the transition metal and the chalcogen element, respectively. Each layer of MX? is
three-atoms thick, with 1 transition metal layer sandwiched between 2 chalcogen layers.
The monolayer atomic structure can be either trigonal prismatic (e.g. MoS,, NbS»,) or

octahedral (e.g. HfSz, PtS;), as shown in Figure 2-2.
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J *

Trigonal prismatic (D,,)

Octahedral (O,)) or trigonal
antiprismatic point group
of Oy, (Dag)

Figure 2-2 Trigonal prismatic (left) and octahedral (right) structure with the symmetry
point groups indicated [189].

2.2 Electronic Properties

Depending on the configuration of the [IVB-VIIIB transition metal and chalcogen
elements, the physical properties of LTMDs vary significantly. Table 2-1 summarizes the
basic electronic properties of the TMD family. The dichalcogenides are wide bandgap
semiconductors when the metal elements are from Group IVB and VIB, and narrow
bandgap semiconductors when the metal elements are from Group VIIB and VIII,
whereas the Group VB dichalcogenides are metallic materials, and some of them are
superconducting at low temperature. The electronic and optical properties depend
strongly on the thickness of the TMDs, especially when they are less than 5 nm thick. If
we take MoS: as an example, the optical bandgap can be varied from 1.2 eV to 1.9 eV
when going from the bulk to the monolayer. MoS; with a thickness of more than 2 layers
is an indirect band gap semiconductor, whereas it becomes a direct band gap
semiconductor when thinned down to a monolayer. Other unique properties of monolayer
or few-layer MoS; include a large excitonic binding energy, abundance of multi-excitons,
strong electron-exciton interactions, dielectric-screened charge impurity scatterings, etc.
All these phenomena in thin MoS: and other TMDs can be attributed to the quantum

confinement effect, which is discussed later.

20



Table 2-1 Summary of the electronic properties of layered transition metal

dichalcogenides [189-191]

Group | M -X2
-S2 -Sez -Te
IVB |Ti Semiconducting | Semiconducting Semiconducting |
Hf Semiconducting | Semiconducting | Semiconducting
Bulk: 1.95 eV Bulk: 1.15 eV
Zr Semiconducting | Semiconducting | Semiconducting
Bulk: 1.75 eV
VB \" Metallic Metallic Metallic
Nb Metallic Metallic Metallic
Superconducting | Superconducting
Ta Metallic Metallic Metallic
Superconducting | Superconducting
VIB |Mo Semiconducting | Semiconducting | Semiconducting
1L: 1.8 eV 1IL: 1.5eV 1L: 1.1 eV
Bulk: 1.2 eV Bulk: 1.1 eV Bulk: 1.0 eV
w Semiconducting | Semiconducting | Semiconducting
1L: 2.1eV 1L: 1.7 eV 1L: 1.1eV
Bulk: 1.4 eV Bulk: 1.2 eV
VIIB | Tc
Re Semiconducting | Semiconducting
VIII |Pd Semiconducting | Semiconducting | Metallic
Superconducting
Pt Semiconducting | Semiconducting | Metallic
Bulk: 0.7 eV Bulk: 0.1 eV

The calculated dispersion relations of mono-, bi-layer and bulk MoS; are shown in Figure

2-3 [147]. Both the conduction band minimum (CBM) and the valence band maximum

(VBM) are seen to be located at the K point in the Brillioun zone in monolayer Mo$S,,

which makes it a direct band gap semiconductor. In the case of bi-layer and bulk MoS,,

however, the VBM moves to the Gamma point. Near the K point, there are two sub-bands
near the VBM with a splitting of around 200 meV [144-149]. These two sub-bands

belong to the K and K’ valley in the Brillioun zone, respectively, with opposite electron

spins at K and K’ [147]. Due to the prominent many-body effect in quantum-confined

low-dimension systems, the band structure obtained from single-particle density

functional theory (DFT) would no longer be valid: An electron self-energy

renormalization term has to be considered in the DFT calculation [144-152]. One of the
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revised models including the above-mentioned many body effect is called the self-
consistent quasiparticle GW method [144-149,151,152]. This model gives an anticipation
of the band gap with the value 0f2.4-2.8 eV, which is much higher than the optical band
gap observed from absorption or photoluminescence measurements [88,89]. The
discrepancy can be resolved by the introduction of the electron-hole interactions, another
form of the many-body effect, which is discussed in the next section. The BSE method
[145,151,152] and Mott-Wannier model [145,147] consider the electron-hole interactions
and provide a good estimation of the optical band gap for the TMDs. Table 2-2
summarizes the theoretical values of the band gap of monolayer MoS;. Researchers have
successfully measured the electronic quasiparticle band gaps of several TMD
monolayers, such as MoSez and MoS,, by either angle-resolved photoemission
spectroscopy (ARPES) [192,193] or scanning tunneling microscopy (STM) [194-196],
with the values of the band gaps roughly in accordance with the theoretical calculations

as shown in Table 2-2.

—
o
—
wn
—
o
—

Energy (eV)
Energy (eV)

—
(a]
S—

Energy (eV)

Figure 2-3 Electronic band structure of (a) monolayer, (b) bilayer and (c) bulk MoS;.
The band structures were obtained by the GW method, and adopted here from [147].
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Table 2-2 Literature theoretical values of band gaps of monolayer MoS; from literature

Method Value (eV) | Ref. | Notes
Theory (DFT) | 1.6 [145] | No many-body effects considered
2.05 [145]
1.74 [148]
1.69 [149]
1.7 [152]
Theory (GW) 2.84 [144] | Considering the electron-electron self-energy
2.82 [145] | renormalization; a good estimation of the
2.77 [146] | electronic quasiparticle band gap
2.759 [147]
2.78 [148]
2.41 [149]
2.97 [151]
2.4 [152]
Theory (BSE) | 1.78 [145] | Considering both the electron-electron
1.8 [151] | interaction and the electron-hole interactions; a
2.0 [152] | good estimation of the optical band gap
Theory (Mott- | 1.97 [145] | Considering the existence of the exciton
Wannier) 1.862 [147] | binding energy; a good estimation of the
optical band gap

2.3 Optical Transitions, Excitons and Trions

In direct band gap semiconductors, electrons in the valence bands can be easily excited to
the conduction bands by incident photons, and the excess carriers can also recombine,
passing the excess energies to photons, as shown in Figure 2-4(a). The former process
can be probed by light absorption measurements, and the latter process can be probed by
photoluminescence (PL) measurements. If lattice vibrations or phonons are involved in
the optical transitions, the generated photon can have a lower energy than the incident
photon, and the energy difference is related to a specific phonon modes. This inelastic

light scattering is called Raman scattering (see Figure 2-4(b)).
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Figure 2-4 Schematics of (a) the light absorption (%wo) and the photoluminescence (PL,
hw) process and (b) the Raman scattering process. Here Ay is the energy of the incident
light, A is the energy of the emitted light in the PL process, and A, is the energy of the
emitted phonon in the Raman scattering process. VBM is short for valence band
maximum, and CBM is short for conduction band minimum. £y is the ground energy

state.

In 2D semiconducting TMDs, light-generated electrons and holes tend to attract each
other due to the strong Coulumb interactions between them. This can be modeled by the
concept of the exciton, which is the combination quasiparticle state of an electron and an
hole. In addition, multi-excitons, such as trions and bi-excitons, are observable in 2D
TMDs even at room temperature [153-157]. Figure 2-5 shows the PL spectra of
monolayer MoSe; in the energy range from 1.52 to 1.68 eV for temperatures between 15
K and 295 K (room temperature). From these results we can clearly see the evolution of
the exciton and trion peaks as a function of temperature, and how the peaks are separated
at low temperature and are merged into a single peak with some asymmetry at room

temperature.
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Figure 2-5 The PL spectra of monolayer MoSe; in the photon energy range 1.52-1.68 eV
for temperature between 15 and 295 K [154]. The peaks at around 1.62 ¢V and at 1.65 eV

correspond to the trion and exciton transitions, respectively.

2.4 Synthesis Methods and Applications

Similar to graphene, the monolayer TMDs were first obtained by mechanical exfoliation,
using the Scotch tape method [88]. More recently, various semiconducting LTMDs, such
as MoSz, MoSe2, WS, and WSe», have been synthesized through chemical vapor
deposition (CVD) [133-142] or physical vapor deposition (PVD) [132]. The experimental
setup for the CVD synthesis of Mo$S; is schematically shown in Figure 2-6. MoOs and

sulfur powder are used as the solid precursors, and placed in separate ceramic boats. The
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substrate is treated with specific seeding molecules [133,137]. The growth temperature is
650 °C. At such a high temperature, the precursors are evaporated, led to the substrate
surface by the nitrogen gas flow, and the precursors are reacted to form MoS,. MoS; thin
films with high crystallinity can be obtained using the seeds as the nucleation centers or
as epitaxial templates. Other precursors have also been studied in MoS, CVD synthesis,
such as (NH4)2MoS:, Mo film, and MoCls [133-142]. In terms of the PVD method, on the
other hand, MoS; powders are evaporated at high temperature (900 °C) and re-deposited
onto the target substrates [132]. Figure 2-7 shows the optical images of monolayer MoS;
synthesized by PVD and CVD. Although triangular domains were observed from both
CVD and PVD method, the CVD MoS; approach turned out to have much better quality

with larger domain sizes.
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Figure 2-6 Schematic of the experimental setup of MoS: synthesis by chemical vapor

deposition. [133]
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Figure 2-7 Optical image of monolayer Mo$S triangular domains synthesized by (a)
physical vapor deposition (PVD) [132] and (b) chemical vapor deposition (CVD) [134].

Because of the existence of a band gap, MoS; field effect transistors (FETs) were
proposed to have a high on/off ratio, which has not been achieved on graphene FETs, so
that MoS, FETs can potentially be used in nanoscale logic electronics [90-109,197-201].
MoS$S: can be made into good n-type FETs, with a field-effect mobility of ~190 cm?/Vs
and an on/off ratio of ~10° (see Figure 2-8) [197]. Based on such achievements, several
typical logic cells were fabricated, such as inverters, NAND gates, random access
memories and ring oscillators [104,197]. P-type MoS, FETs are difficult to realize,
because both exfoliated and CVD MoS; are naturally n-type doped, and the work
functions of most of the commonly used contact metals are pinned near the conduction
band edge [97], as shown in Figure 2-9. However, if we look into MoSe2 or WSe; with
lower band gaps, it is possible to shift the Fermi level to the p-type side with a gate bias,
and thus both n-type and p-type FETs, or even bipolar FETs can be made [198-201].
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Figure 2-8 Transport measurements of CVD MoS: top-gate FETs [197]. (a) output
characteristics, (b) transfer characteristics and (c) back-gate transfer characteristics for
the extraction of the field effect mobility. In (b), the drain current density (Ip/W) is
plotted in both log scale (left axis) and linear scale (right axis). The inset in (¢) is the

schematic of the device structure in the side view.
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Figure 2-9 (a) Expected line-up of metal Fermi level with the electronic bands of Mo$S;
flake if only the difference of the electron affinity of MoS; and the work function of the
corresponding metal is considered. (b) The cartoon of expected transfer characteristics
based on (a). (¢) Transfer characteristics of back-gated 6-nm-thick MoS; transistor with
Sc, Ti, Ni, and Pt metal contacts. The inset shows the actual line-up based on the

experimental data. [97]
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The direct band gap nature makes LTMDs promising to be used in high-performance
optoelectronics as well, such as photodetectors, light-emitting diodes (LEDs) and so on
[110-131].The structure of a MoS; photodetector is quite similar to that of a MoS; FET,
as shown in Figure 2-10(a). When shining a laser onto the device, more electrons and
holes are generated, leading to either a large photocurrent when the source-drain voltage
is 0, or a large photoconductivity when the voltage is not 0. Figure 2-10(b) plots the time-
domain photocurrent responses with different working biases applied to the MoSz-based
photodetectors. It was reported that the photoresponsivity could be as high as 880 A W-!
at an excitation wavelength of 561 nm [113]. According to M. Buscema et al. [115], the
photocarriers in MoS; are mainly generated around MoS;/metal interfaces. The
consequent photoresponse results from the photo-thermoelectric effect, rather than from
the commonly observed photovoltaic effect in bulk semiconductors [115].The effect of
persistent photoconductivity (PPC) is also widely reported [116,117], which may
originate from the deep trap states in MoS,. Similar studies on the photoresponse of
monolayer WS; have been done as well [119]. The mechanism of lighting in LEDs is
basically the electroluminescence effect occurring in a MoS: diode. Due to its direct band
gap nature, excited electrons and holes in semiconductor TMD monolayers can be easily
recombined radiatively, and thus emitting light [120]. Earlier research has shown a strong
photoluminescence in monolayer MoSz; the observation of electroluminescence was first
reported for MoSz/metal and MoS./p-Si heterojunctions [120,124]. Figure 2-11 shows the
electroluminescence observed near the MoS2/Au Schottky junction as well as the
photoluminescence and absorption spectra. The wavelength of the emitted light is at
around 680 nm [120]. More recently, three research groups [126-128] reported gate-
tunable WSe2 p-n diodes, which give better performance in both light emitting and
photodetecting. Heterojunctions of different TMDs have also been studied [121-124],
with better rectifying behavior and improved efficiency of the photon-to-electron or the
electron-to-photon transitions. Researchers believe that the TMD family would
eventually provide a feasible solution for high performance optoelectronics either

integrated with silicon integrated circuits or fabricated on flexible substrates.
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Figure 2-10 MoS; photodetector. (a) device schematics. (b) time domain photoresponse

of the photodetector. [113]
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Figure 2-11 (a) Electroluminescence mapping and (a) absorption, electroluminescence

and photoluminescence spectra of monolayer MoS; with Cr/Au metal contacts [120].
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Chapter 3. Raman Spectroscopy, Photoluminescence and Absorption of
Monolayer TMDs

In this chapter, several basic optical characterizations, including Raman spectroscopy,
photoluminescence (PL) and ultraviolet-visible light (UV-Vis) absorption, on TMDs
prepared by both the exfoliation method and the CVD method are introduced and
discussed. Raman spectroscopy results provide information on lattice vibrational modes
and the phonon-electron interactions, whereas PL and UV-Vis absorption provide

information on the electronic energy band gap and the radiative transitions of the TMDs.
3.1 Raman Spectroscopy
3.1.1 Lattice Structure and Vibrational Modes [202,203]

TMDs are composed of stacked layers of chalcogen-metal-chalcogen sandwiches which
are hexagonal structures, 3 atomic layers in thickness and with weak van der Waals
interactions between the layers. Figure 3-1 shows the schematic lattice structure of MX>
(M=Mo or W, X=S or Se) as an example. The bulk TMDs belong to the space grbup Deén
(P63/mmc). There are 6 atoms — 2 M atoms and 4 X atoms within two adjacent layers — in
the primitive unit cell. Each atom in the primitive unit cell has 3 freedom of movement,
so there are 18 vibrational modes in bulk TMDs, including 3 acoustic modes, 7 Raman
modes, 3 infrared (IR) modes, and 5 inactive modes. The irreducible representations of

the lattice vibrational modes are given by

r=A, ®24, B, ®2B, OF, ©2E, OF, ®2E, (3-1)

Figure 3-2(a) summarizes the vibrational modes of the atoms within the primitive cell of
bulk TMD materials. Among the vibrational modes, one of the 2A2, and one of the 2E1,
are acoustical modes; the other Az, and the other E1y are infrared (IR) active modes; the
2E»q, E1g and Ajg are Raman active modes; the others are optical inactive modes. The A

and B modes are out-of-plane or breathing modes, whereas the E modes are in-plane or
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shear modes. Each in-plane mode (E mode) has two-fold degeneracy (only the vibrations

in x axis are shown in the Figure).

Figure 3-1 Lattice structures of MX». M or blue circle stands for Mo or W atom, and X
or orange circle stands for S or Se atom. (a) 3-dimensional lattice of 3-atom-thick
monolayer MXa. (b) The projection of the lattice of monolayer MX: in the x-y plane. The
red shaded region is the primitive unit cell in the x-y plane, containing two S/Se atoms
(on the top and bottom layers of the 3-atom-layer structure, respectively, with the same x
and y coordinates) and one Mo/W atom. (c) Representative lattice of bulk MX in the z-

direction.

For monolayer MX;, however, the primitive unit cell becomes only half of its bulk form,
that is, one layer containing 1 M atom and 2 X atoms. The monolayer MX> belongs to the
space group Dsn (P6m2). There are 9 vibrational modes in total, including 3 acoustic
modes, 5 Raman modes and 3 IR modes. The irreducible representations of the lattice

vibrational modes are given by
F'=A,®E"@2A] ®2F' (3-2)

Figure 3-2(b) shows the vibrational modes of the monolayer MX». Each column of the
vibrational modes in Figure 3-2(a) corresponds to a single vibrational mode as the
material evolves from bulk to monolayer form. The symmetries of n-layer TMDs are
more complicated, and some interlayer modes become Raman active, which cannot be
observed in the monolayer or bulk case. This is beyond the scope of this thesis, and can

be found in the reports from other groups [203,204].
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Figure 3-2 Lattice vibrational modes of (a) bulk and (b) monolayer MX,. M or blue

circle stands for Mo or W atom, and X or orange circle stands for S or Se atom. The

arrows represent the directions and positive signs of the atom vibrations.

Figure 3-3 shows the calculated phonon dispersion relations w(g) of monolayer and bulk

MoS; [205]. The branches around the I" point in the Brillioun zone are assigned to the

acoustic modes and Raman-active vibrational modes as well, as noted in the figures.
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Figure 3-3 Phonon dispersion relations w(g) of (a) monolayer and (b) bulk MoS,. The

results are based on theoretical calculations and adapted from [205].

3.1.2 Raman Spectra

The seven Raman active vibrational modes in bulk form of TMDs include Eig, E2;', Ea,?
and A (Figure 3-2). The Ez,” mode is located in the low frequency range (<100 cm™),
which cannot be detected by a standard Raman system because of the issues of the laser
linewidth and the cutoff edge of the filter. However, the other two modes, with
symmetries Ez' and Aig, located at 384 cm™ and 405 cm! respectively, can be easily
observed. The Eig mode should be around 280 cm™, but neither our group nor other
researchers have observed it. Figure 3-4 shows the Raman spectra of the Ez,' and Aj,
modes of MoS; samples with different layer numbers prepared by the mechanical
exfoliation method under the 532 nm excitation laser. The E2;' mode stiffens from 383
cm’ to 384 cm™ and the Aj; mode softens from 408 cm™ to 403 cm™ when MoS: is

thinned down from bulk to monolayer, similar to the reports from other groups [206,207].
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The Raman shifts as a function of the layer number of MoS; are plotted in Figure 3-5(a).
We can use the difference in Raman shift between these two peaks to quickly decide the

layer number of MoS$;, as shown in Figure 3-5(b).
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Figure 3-4 Raman spectra of exfoliated MoS; with different numbers of layers.
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Figure 3-5 (a) Peak positions of the Ez' (black) and A (red) Raman vibrational modes
of exfoliated Mo$: as a function of the number of layers. (b) Peak position difference
between the E2;' and Aj, Raman vibrational modes as a function of the number of layers

in an MoS; sample.
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Figure 3-6 to 3-9 summarize typical Raman fingerprints of monolayer MoS;, WS;,
MoSe2 and WSe; synthesized by chemical vapor deposition. The spectra of the sulfides
were taken under the 532 nm laser, and those of the selenides were taken under the 633
nm laser. The (a) panel of each figure demonstrates the strong peaks that are easily
observable, which can be used as the indicators of the materials. Two peaks at 384 cm’!
and 405 cm’! were observed on CVD monolayer MoS, the same as that observed on
exfoliated monolayer MoS,. There are three major Raman peaks on CVD monolayer
WS, located at 322 cm™, 351 cm™! and 420 cm’!, respectively, as shown in Figure 3-7(a).
The asymmetric peak at 351 cm™! corresponds to the overtone of the E’ (or Ezg') and the
2LA(M) modes; the 420 cm™! peak is from the A1’ (or Aig) vibrational mode; and the
origin of the 322 cm’! mode is attributed to the second-order Raman resonance: the
LAM)+TA(M) mode. The peak at 242 cm’! in Figure 3-8(a) is from the A’ (or Aig)
vibrations, which is the only strong peak observed on monolayer MoSe». In Figure 3-9(a),
the peak for WSe; at 250 cm’! is the overtone of the E” (or Ez¢') and A1’ (or A1) modes.
These two modes can be separated if we collect and separate the polarizations of the
emitted light [208]. The small peak at 261 cm™! is the second-order 2LA(M) resonance.
The (b) panels in Figure 3-6 to 3-9 show the fine spectra of these four TMDs with more
high-order resonant peaks. Following the studies of other groups [202-209,211-214], the
assignments of the high-order resonant peaks are shown with the spectra as well. Table 3-
1 to Table 3-4 summarize the Raman modes of these four TMDs in both monolayer and
bulk form observed under different excitation laser wavelengths. Since some of the laser
energies are close to the exciton peak energies (Table 3-5), multiple second order or third
order Raman resonance modes can be excited and detected. Some of the modes that are
supposed to be Raman-inactive have also been reported, probably because of the broken
of symmetry due to the effect of the substrates or the symmetry change when the number
of layers becomes finite [214]. Additional interlayer shear and breathing modes were
found in the low-frequency range for few-layer TMDs, which has been discussed by
others [203,204].
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Figure 3-6 Raman spectrum of monolayer MoS; synthesized by chemical vapor
deposition. (a) and (b) are the same spectra with different scales. The spectra were taken

with the excitation wavelength of 532 nm.
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Figure 3-7 Raman spectrum of monolayer WS, synthesized by chemical vapor
deposition. (a) and (b) are the same spectra with different scales. The spectra were taken

with the excitation wavelength of 532 nm.
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Figure 3-8 Raman spectrum of monolayer MoSe: synthesized by chemical vapor
deposition. (a) and (b) are the same spectra with different scales. The spectra were taken

with the excitation wavelength of 633 nm.
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Figure 3-9 Raman spectrum of monolayer WSe; synthesized by chemical vapor
deposition. (a) and (b) are the same spectra with different scales. The spectra were taken

with the excitation wavelength of 633 nm.
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Table 3-1 Summary of the Raman peaks of monolayer MoS; as determined with
different laser excitation wavelengths. The polarization conditions (in Porto notation
[210]) and the phonon mode assignments are also indicated after each data entry. The
underlined modes are the high-intensity (major) peaks in each measurement.
[203,204,206,207,209]

Excitation | Peak Position (cm™'), Polarization and Phonon Mode Assignment
Wavelength | Monolayer Bulk
325 nm 384 (E), 383 (Ezg'),
405(A1) 408 (A1g)
488nm | 385 (E), 383 (Ezg),
403(A1) 408 (Aig)
514nm | 385(E), 382 (Exg ),
403(A1) 408 (A1g)
532 nm 32 (2(xx)z,Z(xy)z; E2g?),
384 (2(xx)z,Z(xy)z; E), 383 (Z(xx)z,z(xy)z; E2g'),
403 (Z(xx)z; Ar) 408 (Z(xx)z; Alg)
633 nm 38 (CBS*), 38 (CBS),
180 (A1g-LAMM)),
385 ), 382 (Ezg),
404(Ar), 407 (A1),
414 (Buw), 414 (B1w),
440 (OS**),
450 (2LA(M)), 450 (2LAM)),
459 (A2u) 459 (Az),
634 (A1g+tLAM))
Notes:

*CBS: conduction band splitting

**0S: oxysulfide species

Table 3-2 Summary of the Raman peaks of monolayer WS; as determined with different
laser excitation wavelengths. [208,211]

Excitation | Peak Position (cm™), Polarization and Phonon Mode Assignment
Wavelength | Monolayer Bulk
473 nm 298 2ZA(M)), 298 (2ZA(M)),
350 (2LA(M)), 350 2LAM)),
357 (Z(xx)z,Z(xp)z; E), 356 (Z(xx)z,Z(xp)z; Ezq'),
418 (Z00)z; A1), 420 (2(ex)z; Asg),
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522 (ETLAMMD)

522 (E2¢'+LA(M))
488 nm 176 (LA(M)),
351 2LA(M)), 351 (2LA(M)),
356 (E), 356 (Ezg),
418 (A1), 420 (A1),
514 nm 176 (LA(M)),
190,
213,
230(A1-LAM)),
264 (2LA-3E2g2(M))**,
297 (2LA-3E22(M))*,
312,
324,
351 2LA(M)), 350 CLA(M)),
355 (E), 355 (Ezg),
417 (AY), 420 (A1),
582 (A1 +LA(M))
704 (ALA(M))
532 nm 170(Ez2'-LA(M)),
173 (E-LAM)), 173 (E2¢!-LA(M)),
194 (A2 -LA(M)), 194 (B2-LA(M)),
231 (A -LA(M)), 231 (A1g-LA(M)),
265 (A1 -ZA(M))**, 265 (A1g-ZA(M)),
298 (2ZA(M))*, 298 (2ZA(M)),
311 (unknown),
326 (LA+TA(M)), 326 (LA+TA(M)),
352 (2LAM)), 351 CLAM)),
~360 (E), ~360 (Ezg'),
~420 (A1), ~420 (A1),
522 (E+LAM)) 522 (E2g'+LA(M))
633 nm 173 (E-LA(M)), 173 (E2¢'-LA(M)),
194 (A2 -LA(M)), 194 (B2-LA(M)),
231 (Ar-LA(M)), 231 (A1l LAM)),
265 (A1 -ZA(M)), 265 (A1g-ZAM)),
298 2ZAM)), 298 2ZA(M)),
311 (unknown), 311 (unknown),
326 (LA+TA(M)), 326 (LA+TA(M)),
350 CLA(M)), 350 CLA(M)),
~420 (A1), ~420 (A1g),
522 (E+LA(M)) 522 (E2g'+LA(M))
647 nm 350 QLA(M)), 351 RLA(M)),
355 (E), 355 (Ezg'),
417 (A1), 421 (A1),
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Table 3-3 Summary of the Raman peaks of monolayer MoSe; as determined with

different laser excitation wavelengths. [209,212,213]

Excitation | Peak Position (cm™), Polarization and Phonon Mode Assignment
Wavelength | Monolayer Bulk
442 nm 169 (E1g),
242 (A1),
285 (Ezg'),
352 (Azw),
514 nm ~150 (LAM)),
~165 (E"),
243 (A1), 241 (Aig),
286 (E), 287 (Ezg")
~310 QLA(M)),
~318 (E"+LA(M)),
~408 (E"+ A1),
~436 (E'+LA(M)),
~471 (E+E")
532 nm 169 (E1g),
242 (Aig),
285 (Ezg),
352 (Azu),

Table 3-4 Summary of the Raman peaks of monolayer WSe; as determined with
different laser excitation wavelengths. [203,208,209,213,214]

Excitation | Peak Position (cm™), Polarization and Phonon Mode Assignment
Wavelength | Monolayer Bulk
473 nm 249 (2(xy)z; E), 248 (Z(xy)z; Eag"),
249 (Z(xx)z; Ar), 251 (2(xx)z; Arg),
260 2LAM)), 260 2LAM)),
308 (B2'),
360 (E” (') or A1 +TA(M)), 360 (2E1¢(I") or A1g+TA(M)),
373 (E+LAM)), 373 (Exg'+tLA(M)),
394 BLAM)) 394 (BLA(M))
514 nm ~114 (LA(M)),
136 (A1g-LAM)),
249 (E and/or A1) 248 (Ez¢"),
251 (Aig)
360 2E” (T') or Aig*TAM)),
373 (E+LA(M)),
394 (BLAM) or 2A; -LAM))
532 nm 24 (Z(xx)z, Z(xy)z; Eag’),
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136 (A1 -LAM)),

250 (Z(xx)z,z(xy)z; E and/or
Ar),

262 (z(xx)z,z(xy)z; 2LA(M)),

136 (A1 LA(M)),

250 (Z(xx)z,Z(xy)z; Ezg' and/or
Alg) ’

257 (Z(xx)z,Z(xy)z ; 2LAM)),

307 (B2g"),
360 (2E" (') or A +TA(M)), 360 (2E14(T") or A1g+TA(M)),
373 (E+LA(M)), 373 (B¢ +LA(M)),
394 BLA(M)) 394 (BLA(M))
633 nm 136 (A1-LA(M)), 136 (A1g-LA(M)),
250 (Z(xy)z; E), 248 (Z(xy)z; Ezg),
250 (Z(xx)z; A1), 251 (Z(xx)z,Z(xy)z; Aig),
260 2LAM)), 260 2LAM)),
360 QE" () or A +TA(M)), 360 (2E14(") or AigtTA(M)),
373 (E+LA(M)), 373 (E2¢'+LA(M)),
394 BLAM)) 394 (3BLA(M))

3.2 Photoluminescence

Figure 3-10 shows a typical PL spectrum of monolayer MoS,.The two peaks are located

at 1.90 and 2.04 eV, respectively, which originate from the radiative recombination of the

A and B excitons. The A and B excitons belong to the excitons in the two valleys of the

valence band at the K and K’ points, respectively. There is another kind of quasiparticle

in 2D semiconductor TMDs, called trion, which is a combination state of either 2

electrons and 1 hole, or 2 holes and 1 electron, and therefore carries charge. The trion is

denoted by A" or A*, depending on the sign of the net charges on the quasiparticle. The

peak with the lowest photon energy at 1.85 eV in Figure 3-10 is the A" trion peak. Figure

3-11 shows schematically the energy band diagram of an exciton A, an exciton B and a

trion A". Due to the Coulumb interaction, the total energy one exciton holds is slightly

smaller than the direct electronic band gap of the semiconductor (Ey); such an energy

difference is identified with the energy binding energy, denoted by &4 or e5. Similarly, the

binding energy of a trion, denoted by &4 (¢4+) is defined as the energy of an exciton and

an electron (hole) when they are separated, and the net energy of a trion A™ (A*).

Therefore, the quasiparticle energies E4, Ep and E 4.+ should be expressed as

E,=E, ¢,

Ey=E, +A-¢gyg
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EA—H = Eg _EA _8A—I+ (3-5)

where A4 is the valence band splitting.

Intensity (a.u)

1.6 1.8 2.0 2.2
Photon Energy (eV)
Figure 3-10 A typical PL spectrum of monolayer MoS;. The grey dots are experimental

data points, the green curves are three fitted Lorenzian function profiles and the red curve

is the summation of the fitted functions.

Figure 3-11 Schematics of the exciton-related radiative transitions, including (a) the A
exciton, (b) the B exciton and (c) the A" trion, at the K point in the Brillioun zone. Here
Eg, A, €4, €8, €4- denote the band gap, valence band splitting, binding energy of the A, B

exciton and A" trion, respectively.
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Figure 3-12 shows the typical PL spectra of CVD monolayer MoSz, WS,, MoSe; and
WSe;. The strongest PL peaks for these four materials are located at 670 nm, 633 nm,

808 nm and 760 nm, respectively. Figure 3-13 shows the optical images and
corresponding PL mappings of the triangular domains of these four TMD monolayers.
There are two optical transitions in these four materials, which are related to the A and B
excitons, respectively. Table 3-5 shows the transition energies of the A and B excitons for

the four TMDs in monolayer forms, obtained by PL or optical absorption measurements.

;: N A MoS,
% 670 laser 488 nm
s
: N__Ws, /
— 633
B MoSe, , A
Elam:::lnmo ez 808
S
g| T ———
500 600 700 800 900

Wavelength (nm)

Figure 3-12 Photoluminescence spectra of monolayer MoSz, WSz, MoSe; and WSe:

samples synthesized by chemical vapor deposition under the indicated laser excitation

wavelengths.

44



sum—

(b)

1k 3k ﬂt 5 um

(d)

(e) U
| 2um — H - |

(g)

S5um e

Figure 3-13 Photoluminescence mapping of monolayer (b) MoS2, (d) WSa, (f) MoSe:

and (h) WSe; triangular domains synthesized by chemical vapor deposition. (a)(c)(e)(g)

are optical images of the same domains.

Table 3-5 Optical transition energies of A and B excitons in monolayer MoSz, WSz,

MoSe; and WSe». [88,89,153-155,156,215,216]

Material A exciton B exciton

MoS: 1.88 eV (660 nm) | 2.04 eV (608 nm)
WS, 1.98 eV (625 nm) |2.4eV (520 nm)
MoSe; 1.66 eV (750 nm) | 1.85¢eV (670 nm)
WSe2 1.65 eV (750 nm) | 2.08 eV (600 nm)
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3.3 Absorption

{a) 100

=~

€ w

|

g

e

70 .3 il ¥ h B v T o ! T J T L4 v T 1 T L
200 400 600 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3-14 (a) Transmittance and (b) absorbance of CVD monolayer MoSa.

Similar to the PL spectra in Figure 3-12, the exciton peaks of 2D TMDs can be also
observed at room temperature from optical absorption spectra. As shown in Figure 3-14,
there are three clear absorption peaks in the absorption spectrum of CVD monolayer
MoS$;, located at 440 nm, 626 nm and 678 nm, respectively. The peaks at 678 nm and
626 nm are close to the optical band edge of monolayer MoS;, and these peaks are
identified with the radiative recombination of the A and B exciton, respectively. The
origin of the peak at 440 nm remains unclear, but some groups believe that this is because
of the parallel conduction and valence band around the I' point in the Brillioun zone

which gives rise to a large joint density of states [217].
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Chapter 4. Optical Properties of Monolayer MoS: with Different Carrier

Densities

One of the fundamental problems we need to figure out in any studies of 2D TMDs is
how the electrical and optical properties change with the Fermi level of the materials.
This Chapter is focused on the influence of the Fermi level, or carrier densities, on the

optical properties of monolayer MoS,.

The Fermi level of MoS; can be controlled by electrical gating technique.
Electrochemical gating was used in order to tune the Fermi level with higher efficiency,
following the work done on graphene [218-223] and organic materials [224]. In the
following, the polymer-electrolyte gating technology is introduced after which a
comparison is made between the electronic performance of a polymer-electrolyte gate
and that of the commonly used 300 nm SiO; back gate. Raman spectroscopy results show
that the Aig vibrational mode is very sensitive to the carrier density, whereas Ez,' mode
remains almost the same when the gate bias is changed. The correlation between the
photoluminescence of monolayer MoS; and its carrier density is also observed. Finally,

the mechanism behind our observations is studied.
4.1 Electrochemical Gating Technology

If an electric field is applied throughout a metal-oxide-semiconductor (MOS) structure,
free or fixed charges will accumulate at the interface between the oxide and the
semiconductor; such charges can effectively “dope” the semiconductor in the region near
the interface, and thus shifting the Fermi level of the semiconductor. This effect has been
commonly used in electronic and optoelectronic devices to tune the conductivity as well
as the electrical barrier in the devices. In conventional MOS structures, the capacity of
storing charges is mainly determined by the density of the dipoles formed within the
oxide. If we replace the dielectrics by electrolytes, the mobile ions with specific electric
charges within the electrolytes can migrate along electric field lines and accumulate at the
boundaries of the electrolytes. This process is very similar to the polarization of dipoles
in dielectrics, but with more freedom. Therefore, the field effect based on the ionization
of the electrolyte in metal-electrolyte-semiconductor (MES) structure should be more

efficient than that based on the polarization of the dielectric in a MOS structure.
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Recently, researchers have used the electrolyte-based gating technique to tune the Fermi
level of thin film materials, such as graphene and organic thin films [218-224]. Following
their technique, we fabricated polymer electrolyte-gated MoS: in order to invéstigate its
optical properties as a function of the carrier density. In this section, a description of the
device structure together with the fabrication process will be provided, followed by a

brief discussion of the mechanisms associated with the electrochemical gating.
4.1.1 Device Fabrication

The schematics of the device structures are shown in Figure 4-1. There are two kinds of
devices in this design: the three terminal devices are for transport measurements with the
source and drain electrodes connected to the MoS; channels, and the side-gate electrode
isolated from Mo$>; and the two-terminal devices for Raman spectroscopy and PL
measurements, with only one electrode contacting the channel and the other electrode
isolated as the side-gate. We started with a continuous monolayer of MoS: synthesized by
chemical vapor deposition on 300nm SiQ2/Si substrates. E-beam lithography (EBL) with
poly(methyl methacrylate) (PMMA) as the resist, and E-beam evaporation with the lift-
off process were used to define the source/drain and gate electrodes. The metal contacts
here are 5 nm Ti/50 nm Au. Then another EBL was done to define the isolation patterns
of the MoS: channels, followed by the reactive-ion etching (RIE) with oxygen plasma to
etch away the unwanted MoS. Finally, the polymer electrolyte was drop-coated onto the
substrates with hot-plate heating (90 °C). The polymer electrolyte is composed of
poly(ethylene oxide) (PEO) and caesium perchlorate (CsClO4), which are dissolved in
methanol. Their ratio by weight is PEQ:CsCl0s=8:1. Figure 4-2 shows the optical

images of the final devices, and Figure 4-3 summarizes the fabrication process.
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Figure 4-1 (a) Schematic of the device structure and the side views of (b) three-terminal

and (c) two-terminal devices.

(b)

Figure 4-2 Microscopic images of (a) three-terminal and (b) two-terminal devices,

corresponding, respectively, to Figure 4-1(b) and (c).
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Figure 4-3 Schematic of the fabrication process of polymer-gated MoS; devices.

4.1.2 Mechanism

Figure 4-4 illustrates the charge migration and distribution of the electrolyte-gated MoS,
with specific electric fields. Driven by an external electric field, the Cs* and ClO4 ions
will migrate in the electrolyte, and accumulate at the interfaces either between the
electrolyte and the semiconductor, or between the electrolyte and the metal electrode;
electrons and holes around the interface within the semiconductor will be accumulated or
depleted, accordingly, to neutralize the net charges at the interface; as a result, an electric
double layer (EDL) is formed at the electrolyte-semiconductor interface, generating a
strong capacitor and a large charge density. The EDL capacitance per unit area can be

expressed as
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Crp = %;80 (4-1)
EDL

where kepr and depy, are the effective relative dielectric constant and effective thickness

of the EDL, respectively, and & is the vacuum permittivity. For the simplest

approximation, dep;, is equal to the diameter of the ions accumulated at the surface of the

channels; therefore, dgp. can be as small as ~1 nm, which means the EDL capacitance

can be two orders of magnitude larger than the commonly used 300 nm Si0,/Si

capacitance.

Figure 4-4 Schematics of the ion migrations and electric double layer formations when
the gate voltage is (a) positive (electrons are accumulated in the MoS: channel, and Cs*
ions are accumulated in the electrolyte near the channel) and (b) negative (holes are
accumulated in the MoS; channel, and ClO4" ions are accumulated in the electrolyte near

the channel).
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4.2 Electrical Measurements

+ Ve -

+ Vi -

Figure 4-5 Schematics of the electrical connections.

The three-terminal devices (Figure 4-1(b) and Figure 4-2(a)) were used for electrical
measurements. Figure 4-5 shows the configurations of the electrical connections in the
measurements. The two electrodes connected with the MoS: channel, labeled source and
drain, are grounded and biased with voltage Vp, respectively. Two gate voltages are
applied on the device and compared with each other: the back-gate voltage (V5c), applied
by the Si substrate, and the top-gate voltage (V7c), applied by the side gate electrode with
the polymer electrolyte. Figure 4-6 and Figure 4-7 show transport measurement results
for the back-gated and top-gated devices, respectively. The back-gated characteristics
were made before the polymer electrolyte was deposited onto the sample. The source-
drain current (/p) of the top-gated device is much larger than that of the back-gated
device. The field-effect mobility can be calculated by

__L di,
WC(EV/)dVG

7 (4-2)
where L and W are the channel length and channel width of the transistor, respectively;
Here C is the gate capacitance, which is estimated to be ~10 nF for the SiO2/Si back-gate,
and ~1 pF for the electrolyte gate, respectively. The derivative in Eq. (4-2) should be the

maximum slope in the transfer characteristics. From this linear fitting with maximum
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slope, we can also extract the threshold voltage (V) from the intersection between the

fitted line and the x-axis. The carrier density (») is given by

n=Co(V; =Viy) (4-3)
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Figure 4-6 Transfer characteristics of the back-gated transistors before coating the PEO-
based electrolyte. The red dots with the left axis are in linear scale, and the blue dots with

the right axis are in log scale.

@ oV AM)

: : —10" ® 3.0 : e
gg L=10um, V =2V 110° 25] .‘__,.--_'
.0+ 3 V=0 V" )
2.5] 110" E oy g
2.04 o o 1102 3 1.5; Pl
151 & o ! i 1.0 .._.::...-"’ o
101 S 1100 05 ]
0.5{ e ~10_4 - Y .
0.01 cossasensaett®®® 1 —20.01 —
V_ =3V
3 5 16
‘0.5 X v T 10 '0.5 T T Y T 1
-3 -?V V-1 0 00 05 10 15 20
16 (V) V, (V)

Figure 4-7 (a) Transfer and (b) output characteristics of the top-gated transistors after
coating the PEO-based electrolyte. In (a), the red dots with the left axis are in linear scale,
and the blue dots with the right axis are in log scale. The multiple curves in (b) are with

different top-gate voltage (V7c) in the range of 0 to -3 V with the interval of -0.6 V.

Table 4-1 summarizes the extracted values of the parameters in both the back-gated

measurements and the top-gated measurements. Vry is positive for the back-gated device
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before coating the polymer electrolyte, whereas it becomes negative after the coating of

the polymer electrolyte. This means there is an n-doping effect on the MoS transistors

when polymer electrolyte is deposited onto the channel and the mobility increases from

0.11£0.08 cm?/V-s to 21+12 ¢cm?/V-s after depositing the polymer electrolyte. There are

two possible explanations for this prominent mobility improvement: (1) the electrolyte

gate is able to provide higher carrier density of the channel than does the back gate, and

thus gives a larger value of the mobility; (2) the higher dielectric constant of the polymer

electrolyte attenuates the populations of the optical phonons and screens the impurity

charges at the interfaces, both of which may degrade the mobility by a large amount.

Figure 4-8 plots the current density as the function of the carrier densities with the

Si02/Si back-gated measurements and top-gated measurements. The relationship between

the current density and the carrier density in the MoS; channel should follow

J =q(ny, + pu,) = qnu,

(-4

where J is the current density; n and p are the electron and hole carrier densities,

respectively; u» and u, are electron and hole mobility. Because the MoS2 we used here is

n-type, the hole current can be ignored. The dashed lines in Figure 4-8 are the fitting

results according to Eq. (4-4). The current density of the electrolyte-gated device is one
order of magnitude higher than that of the Si02/Si back-gated device, even when we

compare them at the same carrier density. This means that both the effect of higher

carrier density and the screening effect of high-K dielectrics help to improve the mobility

of MoS$; transistors.

Table 4-1 A comparison between the 300 nm SiO; back gate and the PEO-based top gate

MoS: devices.

Parameter 300 nm SiO; back gate PEO-based top gate
Effective thickness 300 nm ~1 nm

Relative dielectric constant | 2.9 5

Gate capacitance 11.5 nF/cm? ~1 pF/cm?

Max. gate voltage 50V 5V

Max. carrier density 3.6x10" cm™ ~3.2x10" cm™
Mobility 0.11+0.08 cm?/V's 21£12 cm?/V's
Threshold voltage 22.5¢1.3V -2.0£0.4 V
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Figure 4-8 The current density of the SiO2/Si gate device (black dots) and the polymer
electrolyte gate device (red dots) as a function of the carrier density. Dashed lines are

fitting results to Eq. 3-4 of the experimental points.

4.3 Optical Measurements
4.3.1 Experimental setup

Figure 4-9 shows a schematic of the experimental setup of the spectroscopy measurement
with electronics. A confocal Raman spectroscopy system was used with the excitation
laser of 532 nm. The devices were on a Si substrate, and wire-bonded onto a chip carrier
which was mounted on a homemade electronic board. A gate voltage was applied on the
source and side gate electrode by a voltage source. The optical images of the

experimental setup are shown in Figure 4-10.
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Figure 4-9 Schematic of the experimental setup.
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Figure 4-10 Optical images of the experimental setup corresponding to Figure 3-9.

4.3.2 Raman Spectroscopy

The Raman spectra of the monolayer MoS; as a function of the gate voltage applied
through the polymer electrolyte are shown in Figure 4-11. As mentioned in Chapter 2, the
Raman peaks located at around 385 cm™ and 403 cm! correspond to the Ez,' and A,
vibrational modes, respectively. The Ez,' mode is an in-plane vibrational mode with the S
and Mo atoms moving in opposite directions, whereas the A, mode is an out-of-plane

vibrational mode with the two S atoms in the primitive unit cell moving in opposite
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directions, and the Mo atom remains fixed. The peak at 520 cm™ is from the silicon

substrate.
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Figure 4-11 Gate-voltage dependent Raman spectra for a monolayer MoS, sample.

The Raman peaks in Figure 4-11 can be fitted with Lorentzian functions. Based on the
fitting, Figure 4-12 plots the frequency positions, intensities and full widths at half
maximum (FWHM) of the Ez,' and A\, peaks with respect to the applied electrolyte-gate
voltage. The carrier density (tope scale) is also shown along with the gate voltage
(bottom scale) on the x axis, calculated from Eq. (4-3). It is observed that at high carrier
density, the A1g mode softens from 403 cm’! to 393 cm™, and broadens from 5 cm™ to 15
cm’'. The intensity of the A1z mode is also attenuated by the high carrier density.
However, the E2,' mode remains almost the same. According to DFT calculations [225],
the electronic states at the bottom of the conduction band near the K point correspond to

the afz2 orbital of Mo, and the electronic states around the valence band maximum are

associated with the d, character. The symmetries of these orbitals lead to non-zero

values of most of the matrix elements of the electron-phonon coupling terms for the Aig

mode, but near-zero values for the corresponding matrix elements for the E»,' mode
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[225]. We can use either the position difference in frequency between the A, and Ez,'
modes, or the intensity ratio between them to easily identify the doping concentration or
Fermi level of monolayer MoS,.
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Figure 4-12 Gate-voltage dependent (a) Raman shift, (b) intensity and (c¢) line width of

the Aig and Ez;' modes in monolayer MoS:.

4.3.3 Photoluminescence

The photoluminescence spectra with different electrolyte-gate voltages from -3.0 V to 3.0
V with an interval of 0.3 V between them are shown in Figure 4-13. As the PL signals in

Figure 4-13(a) at positive gate voltage become very weak, we plot them in a separate,
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panel as shown in Figure 4-13 (b). Each PL spectrum can be fitted with three Lorentzian
functions, which are assigned to be A" trion, A exciton and B exciton, respectively, as

mentioned in Figure 3-10 of Chapter 3.
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Figure 4-13 Photoluminescence spectra of monolayer MoS, with different gate voltages
applied by the polymer electrolyte gate. Panel (b) shows zoom-in plots of the positive

voltage spectra shown in panel (a).

The fitted peak energies, and peak intensities as a function of the gate voltage for the A-
trion and A and B excitons are shown in Figure 4-14. It is observed that the peak
frequencies decrease with increasing gate voltage, by up to 300 meV. The peak
intensities decay exponentially as well, with the A exciton peak decaying much faster

than the A" trion and the B exciton peaks.

The transition between excitons and trions can be regarded as a chemical reaction, given

by
A+e > A (4-6)

According to the mass action law, the relation among the equilibrium densities of the

electron (n.), exciton A (N4) and trion A™ (N4.) is given by [154,226]

N, _4m Aznek,,T exp(- 24 (4-7)
N, Th™m, k,T
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where kp7=25.9 meV is the thermal energy at room temperature (300K), e4. is the trion
binding energy, m.~=m.+my is the total mass of the exciton A, m4+=2m.+my, is the total mass
oftrion A", and m.=0.35mg and m#=0.45my are, respectively, the electron and hole effective

masses of monolayer MoS; near the K point in the Brillioun zone.

The PL intensity ratio of the A" trions and of'the A™ trions plus A excitons can be expressed
by

[(4) _ T,N,
[(A)+1(4) T, N, +T,N,

(4-8)

with the radiative recombination rates /4. and [y for the A trion and A exciton. For

simplicity, we assumed these parameters are constants for the different carrier densities.

Therefore, the intensity ratio can be expressed as

(A 1 1
A4) - (4-9)
I(A)+I1(4 , TN, K
e Ny n,

where K is a fitting parameter. Figure 4-15 shows the fitting results based on Eq. (4-9) in
comparison with the experimental data. We can see the simple mass action model can

resemble the experimental results very well.

(3’2,1 T T T T T (b) ol v T Y T
"Q O A trion

—_— B 4 "a xciton
- | A""“—A‘A\AM 6\ .»-\1 00 =] Qo g ;:xgi:on ]
o 2 0 A’A"-A - o, o
> ® TTTAae u.
o ‘g bt T --._ . 0
o ohedin | 2 Prse.. 20853 e n o |
o 1 '9'10—0—0-0—0-o_b° —&—Bexiton | g AA Au&‘-“\\
" u-u-l:lv-l:l—n\ ~0-0 ‘g 10 An‘—:“h:-ﬁ j
g _P-g__ o-9—"o = e g,
O 48l . - — .

-2 -1 0 1 2 2 -1 0 1 3

Voltage (V) Voltage (V)

Figure 4-14 Gate-voltage dependent (a) peak frequencies and (b) intensities of the PL

spectra of the monolayer MoS; at room temperature.
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Figure 4-15 Experimental data (red dots) and fitting curve (black dashed line) of the PL

intensity proportion of A" trion as a function of the carrier density (see text).
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Chapter 5. Optical Properties of Monolayer MoS: with Different

Surrounding Dielectrics

Environmental dielectrics have been found to strongly influence both the electrical and
optical properties of low dimensional materials, including quantum wells, carbon
nanotubes, graphene, etc [227-232]. However, such study on LTMDs is still at an early
stage [233-241]. Several groups have studied the mobility enhancement effect of MoS:
field effect transistors by introducing a gate oxide with higher dielectric constants [233-
235], and they have explained this enhancement as the screening of long-range Coulomb
interactions induced by impurity charges. In terms of the optical properties, several groups
studied the Raman and PL spectra of atomicly thin MoS; layers on various solid substrates
[237-241], and they attributed the shift of the PL peaks to either doping or strain that is
induced by the dielectric or metallic substrates. In those systems, however, the effect of

dielectric screening on the exciton-related optical transitions was not considered.

In this chapter, the intrinsic influence of the dielectric constant of the environments on the
exciton behaviors of monolayer Mo$; is investigated. To prevent the doping or strain effect
that may be induced by the fabrication process or the lattice mismatch between MoS; and
the dielectrics, we use non-ionic organic solvents as the environmental dielectrics [234-
236]. We here discuss the evolution of the PL spectra as a function of the external dielectric
constant. Based on the experimental results, a theoretical model is developed to describe
how the binding energies of excitons and trions as well as the electronic quasiparticle band
gap change with the effective dielectric constant of the quantum-confined 2D system. The
population ratio of excitons and trions is also analyzed with the mass action model. This
effect provides a simple method to generate excitons and trions separately and selectively,
which paves the way to studying the behaviors of excitons and trions independently, and
for potentially realizing well-controlled excitonic interconnects [242] and high-efficiency

valleytronics [158-161].
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5.1 Solvent Immersion Technology
5.1.1 Device Structure and Experimental Setup

Figure 5-1 shows a schematic diagram of the device. Continuous monolayer MoS; was
grown on 300nm Si0»/Si substrates by chemical vapor deposition (CVD) The optical
microscopic image of the MoS;-on-SiOz sample is shown in Figure 5-2(a). The atomic
force microscopic (AFM) image shown in Figure 5-2(b) indicates that the surface of the
as-grown MoS$; is smooth and clean, and the height profile (inset) along the dotted line in
the AFM image, confirms that the MoS: is a monolayer, with a thickness of around 0.7
nm. For each spectroscopy measurement, the Mo S,/Si0,/Si sample was loaded into a
quartz cell filled with one of the organic solvents. The spectroscopy measurements were
taken on a confocal microscopic setup with the excitation laser wavelength of 532.5nm.
Since the samples were successively immersed in different solvents during the
measurement, it is necessary to check the quality of the MoS; after each solvent-
immersed measurement. In order to do this, after each spectroscopy measurement of the
MoS; sample in one of these solvents, the sample was taken out and rinsed with acetone
and isopropyl alcohol, and another measurement was carried out on the sample in air. The
PL peak positions of the sample exposed to air did not change much before and after the
sample was in contact with any of the solvents, as shown in Figure 5-3, indicating that
neither the chemical reactions nor physical attachments changed the excitonic properties
of MoS: when immersed in the solvents. Since the PL and Raman spectra vary with the
position of the laser beam spot on the sample, we took the average of 5-10 spectra
collected with different beam positions throughout the sample for each dielectric

configuration.
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Solvent, K,

Figure 5-1 Schematic of the experimental setup. The CVD MoS; sample is on a SiO»/Si
substrate, and immersed in a specific organic, non-ionic solvent. The relative dielectric
constants of the MoS;, the solvent and the substrate layer are denoted by «s, k1, and k2,

respectively.
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Figure 5-2 (a) Optical microscopic image of CVD MoS; grown on an SiO»/Si substrate.
(b) AFM image of CVD MoS$: grown on a SiO»/Si substrate. The inset is the height
profile plotted along the white dashed line in the main figure. The step height, or the

thickness of the MoSa, is around 0.7 nm, indicating that the MoS, sample is monolayer.
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Figure 5-3 Time-sequence PL peak energies. The black, red and green dots are the peak
positions of the A" trion, and the A and B excitons, respectively. The gray regions are PL
measurements of monolayer Mo$S; in air, and the white regions are PL. measurements in
specific solvents. The dotted lines indicate the average peak positions in air. The peak
energies in the grey regions do not change much, which means the sample is not

contaminated by exposure to previous solvents.

5.1.2 Basic properties of the solvents

In order to provide a stable, pure dielectric environment that does not affect the MoS; in
any other aspects (doping, strain, chemical functionalization, etc.), we chose non-ionic
organic solvents as the external dielectrics. The solvents include hexanes (x;=1.89),
benzene (x/=2.28), toluene (x,=2.38), anisole (k;=4.33), benzyl alcohol (x/=13), isopropyl
alcohol (x/=18.3), 2-butanone (x;=18.5), acetone (k;=20.7), ethanol (x;=24.6) and
methanol (x,=32.6). Additional properties of these solvents can be found in Table 5-1.
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Table 5-1 Basic Physical Properties of the Organic Solvents Used in the Experiment [243]

. Static Refractive High-freq. . . - Melting

i?:;nt g:ring:l Dielectric [Index (Visible[Dielectric }1}:}:2:; ?;:lsi? Egilrllltn(%c) Point
Constant __ |range) Constant (°C)

Air/Vacuum [-- 1 1 1 - - - -
Hexanes | L __._ [1.89 1375 1.89 0.009 [0.655 |69 -95
Benzene | ) 228 1.501 2.25 0.111 |0879 801 |55
Toluene |— ) [238 1.497 2.24 lo.099 [0.867 [1106 |93
Anissle  |\{_ ) [433 1.516 230 (0198 0996 (1537  [375
Benzyl HO
i \,.@ 13 1.54 2.37 0608 |[1.042 [2054 |-153
Isopropyl OH
AP Y 18.3 1378 1.90 0.546 0785 |[824  |-885
2-Butanone | Y [18.5 1379 1.90 0506 |o.808 [99.5  |-1147
Acetone | P° 207 1.359 185 [035s 0786 [s62  |-943
Ethanol ~OH 46 1.361 1.85 [0.654 [0.789 [78.5 -114.1
Methanol  [Ho— 32.6 1.328 1.76 0.762  ]0.791 [64.6 -98

The Raman spectra of the solvents we used in the experiment are summarized in Figure
5-4. In the following measurements on real MoS: samples, we can observe the signals
from the solvents as well. The signals from the signals are beyond the considerations of

the topic of the thesis, and will thus be ignored. -
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Figure 5-4 Raman spectra of the organic solvents listed in Table 5-1.
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5.2 Optical Measurements
5.2.1 Raman spectroscopy

Figure 5-5 shows the Raman spectra of MoSa, with the in-plane vibrational mode, Ezg',
and the out-of-plane vibrational mode, Ag, located at around 385 and 407 em™,
respectively. Figure 5-6 plots the Raman shifts and the intensity ratio of the E5' and A
peaks as a function of the solvent dielectric constant. No clear correlation can be found

between the Raman spectra and the dielectric constant of the environment.

12
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',@M‘/\N/\W\

Isopropyl alcohol
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o

=

350 375 400 1425
Raman Shift (cm )
Figure 5-5 The Raman spectra of monolayer MoS; exposed to air or immersed in
different solvents. The spectra are arranged by an ascending order (from bottom to top)

according to the dielectric constant of the solvents. The wavelength of the excitation laser
is 532.5 nm.
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Figure 5-6 (a) Peak positions and (b) intensity ratio of the two Raman modes of monolayer

MoS:; as a function of the static dielectric constant of the solvents.

5.2.2 Photoluminescence

Figure 5-7 shows typical PL spectra of monolayer MoS2 with the bottom surface in
contact with the Si02/Si substrate, while the top surface is exposed to air or to different
solvents. The multiple sharp peaks in Figure 5-7 are from the Raman vibrational modes
of the solvent, as well as from the MoS; or the SiO2/Si substrate. The assignments of

these peaks are shown in Figure 5-4.
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Figure 5-7 Photoluminescence of monolayer MoS; exposed to air or immersed in
different solvents. The spectra are arranged by an ascending order (from bottom to top)
according to the dielectric constant of the solvents. The red dashed lines denote roughly

the peak energies of the A™ trion, and the A and B excitons.

In Figure 5-8, one typical PL spectrum of the measurement with each solvent was fitted
with three peaks, which have been assigned to originate from the radiative combination
of the A- trion (~1.85 eV), the A exciton (~1.90 eV) and the B exciton (~2.03 eV),
respectively [153,226]. We notice that the intensity of the A- trion peak (black curve) is
comparable with the intensity of the A exciton (red curve). The strong radiative
recombination of trions in LTMD materials is consistent with the study published
elsewhere [153-156]. The peak positions, accumulated intensities normalized by the A,
Raman peak intensities, and full widths at half maximum (FWHM) of all three PL peaks

as a function of the dielectric constant of the solvents are plotted in Figure 5-9. From
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Figure 5-9(a), it is observed that the energy positions of all the three peaks increase as the
dielectric constant of the solvent increases, whereas these blue shifts start to saturate
when the dielectric constant exceeds 18. We note that the A™ trion peak shifts faster than
the A exciton peak, and the energy difference between the A trion and the A exciton
peaks, i.e., the trion binding energy, becomes very small in high-x solvents. We further
find that the intensities of the PL peaks are enhanced approximately exponentially as a
function of the dielectric constant of the solvent, as shown in Figure 5-9(b), where the PL
intensities vs. dielectric constant is plotted on a semi-log plot. The A- trion peak is
enhanced by ~4 times, the A exciton peak by ~20 times, and the B exciton peak by less
than 2 times. There is also a negative correlation between the peak widths and the
dielectric constant of the solvent for all three peaks, according to the plots shown in

Figure 5-9(c).
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Figure 5-8 PL spectra of monolayer MoS; in 10 different solvents fitted with 3
Lorentzian peaks. The blue, green and red curves are the fitted Lorentzian functions of
the A", A and B peaks; the black curves are the summation of the Lorentzian functions.

The grey dots are experimental points.
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Figure 5-9 (a) The PL peak positions as a function of the solvent dielectric constant. The

dots with error bars are experimental data, and the dashed curves are fitting curves from

the scaling relationship (see Section 4.3). (b) Accumulated PL intensities normalized to

the A1z Raman peak intensities, with the dots together with their error bars showing

experimental data, and the dashed lines are the guides to the eye. (c¢) Full width at half

maximum (FWHM) of the PL peaks as a function of the solvent dielectric constant. The

dots here are the mean value for all the solvents used, weighted according to their errors.

The dashed curves are the guides to the eye.

73




5.3 The Effect of Dielectric Screening
5.3.1 Theoretical Analysis

The PL peak energy of direct-bandgap semiconductors, usually called the optical band gap,
is equal to the electronic band gap calculated from the electronic dispersion relation minus
the binding energy of the quasiparticles (excitons or trions) originating from the Coulomb
interactions between the electrons and holes. The three PL peaks experimentally observed
in monolayer MoS; reflect the optical transition energies of the excitons and trions, which

can be expressed as

PL,=E, ¢, (5-1)
PL,=E,+A-g, (5-2)
PL, =E,—¢,-¢, (5-3)

The binding energies of the quasiparticles reflect the Coulomb interaction between the
negatively charged electrons and the positively charged holes, which can be calculated
through the reduced-mass hydrogen atom model in the 2D case [147]. However, the
Coulomb potential distribution is strongly screened by the environmental dielectrics. The
impact of the boundary conditions on the Coulomb potential distributions due to the
dielectric mismatch is equivalent to the generation of an infinite array of image charges.
Consider the dielectric-sandwiched structure with the relative dielectric constants of the
top, bottom and the middle layers denoted by i, 2 and «, respectively, as shown in Figure
5-10. The thickness of the middle layer is denoted by D. The origin of the x-z coordinate
in Figure 5-10 (a) is located in the center of the middle layer. Assuming there is one positive
charge (+g) and one negative charge (-¢) fixed at (L/2,0) and (-L/2,0), respectively, the
infinite arrays of image charges will be generated by the mirror surfaces of the interfaces

between the different materials, as shown in Figure 5-10 (b).
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Figure 5-10 (a) Schematic diagram of the coordinates and related parameters of the

Coulomb potential problem in MoS:. (b) Schematic of the generation of the image charges.

If the image charges and positions are denoted by {gx.»} and {(xxn, zxa)}, Wwhere X replaced
by T+ (images charges in the top dielectrics originating from the positive charge), 7-
(images charges in the top dielectrics originating from the negative charge), B+ (image
charges in the bottom dielectrics originating from the positive charge) or B- (image charges
in the bottom dielectrics originating from the negative charge), and »=1,2,3,..., The net
Coulomb potential originated from the two charges +¢, -g at a certain point (x, z) is given

by

1 +q —q 1 dx
Vix,z)= 0 4 0 + ”
drspk, | J(x—L/12) +2° -ﬁx+ LI2Y +2° | 47EK, ,\Z 1f(x—xx,n Y +(z—zy,)

(5-4)

where & is the vacuum permittivity, k; is the relative dielectric constant of the middle layer,
and +qo are the effective charges located at (£L/2,0). The image charges and positions are

summarized below.

i) When |z|<D/2,

90 =4

Qpo2n =q5-20 =965)"

qB+‘2n—] = _QB-‘zn—l = q(éVlCZ )”_I é’]

7o



Dripn ="9r-2n = 9(6:6,)"

-1
Greom =—9r-2n1 = 9(&&; ) i)
ZB+,n = ZB-,n = —nD
Zrn =2, = +nD

where ¢ =(x,—x,)/(x,+x,) and &, =(x, —x,)/(x, +K,).

ii) When z<-D/2,

0 =46,
Arv2n="r-2a=96)"%)
Trvams =~Gr-2n1 =96:6)" 662
Dpin=9p-n=0

Zpyp =2p_,=*nD

where ¢ =2x,/(x, +x,).

iii) When z>D/2,

90 =95

G.2n =—05-20 =9:$:)"S2
2 = ~d5-2m = 96:6)" 626
Aripn =9r-n = 0

23, =25 ,=1nD

where ¢, =2k, / (x,+K,).
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Figure 5-11 and Figure 5-12 summarize the net Coulomb potential distributions of the
electron-hole pair in the dielectric-sandwiched structure with different dielectric constant
configurations. The net potential of the image charges diminishes the total potential if the
environmental dielectric constants k1 and k2 are larger than the Mo$S: dielectric constant s,

and strengthens the total potential if x1 and x> are smaller.

Potential (a.u.)

Z (nm) Z (nm) Z (nm)

Z (nm)

X (nm) - X (nm)

Figure 5-11 Coulomb potential distribution of the dielectric-sandwiched structure. (a) The
asymmetric case, in which the bottom layer is fixed (SiO2). (b) The symmetric case, in

which both layers can be adjusted freely.
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Figure 5-12 The Coulomb potential distribution at the z=0 line.

The dielectric-screened Coulomb potential for the electron and hole separated by a distance

L can be expressed in the form of
: L
S ) (5-5)

Eok, eﬂLo L,

Vz.'J(L):

where &9 and e are the vacuum permittivity and the electron charge, kep=(k;+x2)/2 is the
effective relative dielectric constant, and Ly is the screening length. Here f(L/Ly) is a

dimensionless function. In particular, the 2D Coulomb potential can be simplified to [150]

K;)(L)Zz—ez\‘Ho(iJ—Yu[i]A' (5-6)
u &y (K, +&,)L, L, L,

where Hj and Y) are respectively the Struve function and the Bessel function of the second
kind [150].

Based on the effective-mass approximation, the exciton binding energy is given by

h e’ J;
5 NG (5-7)
2ul’ gx L, L,

E(L)=
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in which the first term is the kinetic energy, and x is the reduced effective mass of the
electron-hole pair. The second term is the simplified dielectric-screened Columb potential

given by Eq. (5-5). The expression for the binding energy can be rewritten as

n’ [1 e ulL , L | W . L uL
E(L)=—1 - Dz L (5-8)
(L) ul’|2 e, x, Lof'(Lo)] 7 /2 o x,,,,)

The binding energy E; in real systems is the minimum of E(L) where L/Ly is equal to a

specific constant (k). Therefore,

: oL W kL,
E, =min{E(L)}=— f,(=, 22 = =/ 5-9
min{E(L)} = f( |y (5-9)
I

0 Keﬁ

We assume that the f; function is a power law function of the variable uL/k.g, that is,

2
E, ~ i
HL, )’

( ) oc (kLy)™" p™ (16, ) * (5-10)

where a is a scaling factor.

In the case of monolayer MoS,, the exciton binding energy ex can be expressed as
Ex =&y, )™ (5-11)

where &xo is the exciton binding energy in vacuum, and ax is an empirical scaling factor.
Here X stands for the A, B or A™ excitations. We assume that the A and B excitons should
exhibit similar behaviors, since the only difference between the A and B excitons is that
the holes come from the two separated valence bands [88,89]. Therefore, the fitting
parameters of A and B should be close to each other, that is, a4 =~ as and e40 = €po. According
to Berghiuser et al. [144], the binding energies of the A and B excitons are 860 and 870
meV in vacuum, and 455 and 465 meV, with one surface in direct contact with SiOa,
respectively, which is consistent with our assumption. These values were used as fixed
parameters in our fitting. The binding energy of the A" trion (g4-) should follow the same
power law, except that the scaling factor a4. may have a distinct value. On the other hand,
the electron-electron interaction, or the electron self-energy should also be influenced by

dielectric screening, in a similar way as the electron-hole interaction. This electron self-
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energy adds a renormalization term to the electronic band gap, which has been reported to
be prominent in low-dimensional systems, especially in LTMDs [144-152]. As a result, the
quasiparticle electronic band gap Egx can be given by

Epy=Egy+Epgpy =Egpy + EBGR);O (5-12)
(g )™

where Espx and Epgryx are the electronic band gap from the single-particle model, and the
electron self-energy band gap renormalization term, respectively, while X stands for A or
B, indicating different subbands. Following a similar scaling relationship, Escrx can be
further expressed by the renormalization term in vacuum, denoted as Egrxo, divided by
the power function of k. with the scaling parameter Sx. Note that Eg=F¢4, and A=E¢p-Eg4.
Therefore, the PL peak energies of the A exciton, the B exciton and the A™ trion are given

PL,=E,~—#__F, + EBGRA; — S0 (5-13)
(x5)™ (Kg)y* (Kg)™
PLy=E +A-—500 g\ Esamn G (5-14)
¢ (K'eﬁ)al9 (’(eﬁ)ﬁn (Keﬁ)aB

o _ Eayp

E I &,
- — o — +-—BGRAO _ _ “40 _ _“A4-0 (5_15)
(k7)™ (K4)

= Ligpy (Ke/f ) A ( Keﬁ )le ( Keﬂ )aA_

5.3.2 Parameter Extraction and Explanation of the Experiment

Figure 5-9(a) shows in dashed lines the PL peak energies as a function of the dielectric
constant of the solvents fitted by the Egs. (5-3)-(5-5). The fitting results match the
experimental data very well. Figure 5-13(a) plots the electronic band gap, single-particle
band gap, the A exciton and A" trion PL peak positions, and Figure 5-13 (b) plots the
relative binding energies of the A and B excitons and of the A" trion as a function of the
effective dielectric constant. Both the electronic band gap and the exciton binding energies
are relatively large when MoS; is in vacuum, and decrease rapidly with the effective
dielectric constant. The PL peak positions, or optical band gaps of the excitonic

quasiparticles are the differences between those energies; thus the large changes cancel out
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mostly, leading to small changes of the PL peak positions as a function of the dielectric
constant. In an extreme case, if the effective dielectric approaches infinity, both the electron
self-energy renormalization and the excitonic binding energies are infinitesimal, and the
optical band gaps are close to the single-particle band gap. The binding energies of the A,
B exciton and A" trion with both surfaces in vacuum are extracted to be 859, 870 and 44
meV, respectively. The electronic band gap of monolayer MoS; in vacuum is around 2.73
eV. Figure 5-13(a) also summarizes the reported values from different calculation methods
in the literature, which are also shown in Table 2-2. Density functional theory (DFT)
calculations provide the band structure without considering the electron-electron
interactions. The calculated band gap from the DFT method, ranging from 1.6 to 2.1 eV,
should be equal to Esp (~1.90 eV) according to our model. The many-body perturbation
GW theory includes the effect of the electron-electron interaction, with the calculated band
gap 0f2.4-2.8 eV. The excitonic effect can be considered by using the Mott-Wannier theory
or solving the Bethe-Salpeter equation (BSE), which gives the binding energy of 500-1100
meV, and the optical band gap of 1.74-2.0 eV, respectively. The estimated values based on
our model are in good agreement with these calculations. The valence band splitting at the
K point is estimated to be 172 meV, very close to theoretical anticipations [144-151] and
previous PL and absorption measurements [88,89]. Figure 5-14 shows the dependence of
the valence band splitting on the effective dielectric constant. The scaling factors in our
fittings are 4=0.7+0.2, a5=0.7+0.2, 04.=0.16+0.06, £4=0.7+0.2 and f5=0.8+0.2.
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Figure 5-13 (a) Dependence of the PL peak energies of the A exciton (PL4, red) and A
trion (PL4-, black), the electronic band gap (E,, magenta), the band gap based on the single-
particle picture (Esp, cyan) on the effective dielectric constant. The dots with error bars are
experimental data, and the dotted lines are the fitting results from the binding energy
scaling relationship. (b) Dependence of the binding energies of the A/B exciton (green)
and A" trion (blue) on the effective dielectric constant. The shaded areas with different

colors are the calculated results by other groups [144-152].
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work in this paper as a function of the effective dielectric constant in comparison with the

calculated results from the literature [144-152] (blue shaded area).

From Figure 5-9(b), we observed that the peak intensities of the A, B excitons and A" trions
increase exponentially with the solvent dielectric constant. It is also noted that the peak
widths decrease with the solvent dielectric constant, according to Figure 5-9(c). Given that
the PL peak width is inversely proportional to the lifetime of the quasiparticles, we can
infer that the lifetimes of the excitons and trions in monolayer MoS; become larger when
immersed in high-x dielectric environments. As we can see in Figure 5-11, the Coulomb
potential becomes more confined within the middle layer if the dielectric constants of the
top and bottom layers are higher. This may help to reduce the scattering between the
excitons (trions) and the charged impurities at the MoSa/dielectrics interface [233-235],
and thus prolong the lifetime of the excitons (trions). As a result, the quantum efficiency
of the excitonic recombination process becomes larger when MoS; is in high-x
environments. This explains the enhancement of the PL intensities of MoSz by high-x
dielectrics. However, the non-radiative recombination rate of the excitons is still so high
that the lifetime of excitons in monolayer MoS: is only about 80 ps, according to Shi et al
[244]. Because of this, the excitons and trions may have very low mobility and,
consequently, a very slow response to the electric field change. This explains why there is

no clear correlation between the PL spectra and the high-frequency dielectric constant of
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the solvents as shown in Figure 5-15. Here the high-frequency dielectric constant is defined

as the square of the refractive index of the solvent in the visible range.
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Figure 5-15 PL peak energies as a function of the high-frequency dielectric constant of the

solvents. The high-frequency dielectric constants are obtained by the square of the

refractive indices of the solvents in the visible range.

The intensity ratio of trions and excitons can be tuned by the environmental dielectric
constant as well. As shown in Figure 5-16(a), the A/A intensity ratio decreases from 2.5
to 0.4 as the effective dielectric constant varies from 3 to 20 (or the solvent dielectric
constant consequently varies from 1.89 to 32.6). From the mass action model (see Chapter

4 for more details), the trion/exciton intensity ratio can be expressed as

IA4) TNy Lo 1 oy ay (5-16)
4y U,N, T,n kT

where I's- and I'4 are the radiative recombination rates, and N and N, are, respectively,
the density of A" and A; n. is the electron density; and kg7=25.9 meV is the thermal energy
at room temperature (300K). The radiative recombination should be influenced by the
environmental dielectrics as well, similar to other low-dimensional systems [230]; thus the
ratio of the A”/A radiative recombination rate (inverse of the radiative lifetime) is assumed
to follow a power law function of the effective dielectric constant; that is, I7./I oc(kep)’.

Therefore, the A7/A intensity ratio is given by
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% =K(x,)’° exp(% (5-17)
with the fitting parameters K and J. Figure 5-16(b) shows the fitting results compared
with the experimental data. The fitting parameter 6=-0.7 and K=(/ 1.

IT 1 ef-14mamcksT/(mh*m4-n.)=0.958. Here the ratio of the intrinsic radiative
recombination rate (I74/I4) xeg=1 is around 0.1[226]. This model gives an estimation of
the electron density of ~10'? cm™, which is in good agreement with the values reported
by others [226,233]. From the mass action model, we can expect that the A/A intensity
ratio can be as high as 5.5 if both sides of MoS; are exposed to vacuum (x1=x2=1), or as
low as 0.10 if MoS; are exposed to an ultrahigh-x dielectric (for example, k1=k2=100), as

shown in Figure 5-16(b).
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Figure 5-16 (a) PL spectra of monolayer MoS; immersed in methanol and hexanes, respectively.
Grey dots are experimental data, and the black, red and green lines are the fitting curves of the
peaks of the A™ trion, A exciton and B exciton, respectively, with the blue line the summation of
the three fitting curves. (b) Dependence of the A”/A intensity ratio on the effective dielectric
constant. The red dots with error bars are experimental data, and the blue dashed line represents

the fitting results from the mass action model. The yellow star is the estimated intensity ratio of

suspended MoS; with both surfaces in vacuum according to our model.
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5.4 Analysis of Other Effects
5.4.1 The Effect of Doping and Strain Induced by the Solvents

From Raman spectroscopy measurements, if the solvents induce any strain [245] or
doping [225] effects in the MoS;, the Ez;! and Az Raman vibrational modes should shift.
However, none of these were observed in our data, as shown in Figure 5-6(a). There is no
clear dependence of the intensities and widths of the Raman modes on the type of
solvents as well. Therefore, we can neglect any doping or strain induced by these

solvents.

5.4.2 Raman and PL Spectra in Ambient and in Vacuum

Figure 5-7 also shows the PL spectrum of MoS; when exposed to ambient. The three PL
peaks of Mo$: are located at 1.85, 1.89 and 2.03 eV, respectively; yet the dielectric
constant of air is 1, and from the trend generalized from Figure 5-9(a) and (b), the PL
peaks of monolayer MoS: in air should have the lowest peak energies, and the weakest
peak intensities. To understand this unexpected observation, PL and Raman spectra were
taken on MoS; in vacuum, and a comparison was made with those taken in air. The PL
and Raman spectra of monolayer MoS; in vacuum (less than 10 torr) are distinct from
those in air, as shown in Figure 5-17. More specifically, the PL peaks of monolayer MoS:
measured in vacuum are located at around 1.77, 1.83 and 1.95 eV, respectively, and the
peak intensities are much smaller than those measured in air. These observations are in
accordance with the trend obtained from the solvent-based PL data. This difference of the
peaks in air and in vacuum may be attributed to the carrier depletion effects induced by
the p-type doping of MoS: by the water and other high-electronegativity molecules
present in air and absorbed by the anion vacancy defects [246], which helps to enhance
the quantum yield of the PL process when MoS; samples are surrounded by air. The
intensity ratio of the Aig and Ez;' Raman modes is also smaller when MoS; is in vacuum

than in air, as shown in the inset of Figure 5-17. This trend is a further indication of the
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existence of the p-doping effect, as has been observed in electrochemically gated MoS2
[225].
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Figure 5-17 PL and (inset) Raman spectra of monolayer MoS; in air (black) and in vacuum

(red).

5.2.3 The Effect of Interference

And finally, the interference effect on the incident and excited light introduced by the
Solvent/MoS,/Si0,/Si structure was examined. According to Li et al. [247], an interference
enhancement factor should be considered in the total PL intensity if the dielectric
configuration changes. However, this enhancement factor only varies by less than 20%
throughout our measurements when different solvents are used as the external dielectrics,
and these small changes are far below the enhancement (>10 times) observed in the
experiment (Figure 5-7). Therefore, the interference effect should make negligible

contributions to the change of the PL intensities.
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Chapter 6. Conclusion and Future Work
6.1 Conclusion

In this thesis, the optical properties, such as Raman scattering, photoluminescence and
absorption on 2-dimensional transition metal dichalcogenides are systematically studied.
The lattice structure, phonon and electron dispersions of bulk and monolayer TMDs are
introduced. The lattice symmetries and vibrational modes are summarized. The Raman
spectra of monolayer and bulk MoS,, WS,, MoSe; and WSe> with different wavelengths
of the excitation laser are assigned with the individual and combined vibrational modes.
The PL and absorption spectra are shown using general fitting methods for such spectra,
and the origins of the peaks are investigated, which introduces the concept of excitons
and trions. Later on, monolayer MoS is taken as an example to study two environmental
effects — electrical doping and dielectric screening — on the many-body interactions in
quantum confined systems. The electrical doping is induced by the polymer electrolyte
gating technology, with the capacity of changing the carrier density in MoS; from 10!
cm? to 10" cm™. The field effect mobility is enhanced by more than one order of
magnitude, the A1g Raman mode softens and broadens, and the exciton and trion peaks
red-shift and decay exponentially with the increase of the carrier density. The external
dielectric constant is tuned by the immersion of the monolayer MoS$; into different non-
ionic organic solvent with a wide range of static dielectric constants from 2 to 33. Despite
no clear correlation between the Raman spectroscopy results and the external dielectric
constants was found, the PL peaks corresponding to both the excitons and trions are
shifted and enhanced with the dielectric environments. The change of the PL in
monolayer MoS: can be explained by the effect of dielectric screening. A scaling
relationship is developed, providing an estimation of some of the band structure
parameters and excitonic binding energies. The i)opulation ratio of trions and excitons
was found to be tuned by the external dielectric constant, which provide a simple

approach to separating and controlling the excitons and trions in 2D TMDs.
6.2 Future Work

Due to their uniqueness and diversity, transition metal dichalcogenides and other two-

dimensional materials are of far-reaching importance in scientific research, and have
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various potential applications that may have an impact on industries based on the practice
of various aspects of electrical engineering. The nature of direct band gap and
controllable valley polarization gives 2D TMDs promising opportunities in novel
optoelectronics applications. The study of this thesis provides a comprehensive
understanding of control of the interface between the 2D TMDs and multiple
environmental effects, which is fundamental in any scientific study or engineering

utilization of these materials. Future work of this topic includes:

(1) The influence of real solid substrates or dielectrics on the electronic and optical
properties of 2D TMDs. When atomic-thick TMDs are in contact with other materials
such as supporting substrates, metal contacts, gate dielectrics, heterojunctions, etc., there
may be multiple effects on the TMDs, such as doping, strain, dielectric screening, and so
on. By combining together the conclusions of the separate studies on the electrical doping
and dielectric screening, we will try to understand what is happening at the interfaces

between 2D TMDs and other materials in real devices.

(2) Optical properties of other 2D materials. The recently rediscovered 2D material —
black phosphorus or “phosphorene” is a direct band gap semiconductor with the band gap
ranging from 0.3 eV to 1.5 eV depending on the thickness of the material. This material
is also anisotropic within the horizontal plane. We will continue our investigation on this
new material and extend our knowledge of many-body effects in 2D semiconductors in

this new system.

(3) 2D materials hybrid structures and potential applications. We expect that the photon-
electron interactions are very strong in these direct band gap materials, and the
applications of these materials include photodetectors, light-emitting devices, etc.
Heterostructures including these 2D layered materials are significant in such applications
in order to either separate the photo-generated carriers efficiently or reach a population
inversion condition. We will try to study the hybrid structures of 2D TMDs and other 2D
materials, and search for the best candidates for fast-response, broadband photodetecting

or high-efficiency light-emission.
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