
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Synthesis and optical properties of atomically
thin transition metal dichalcogenides

Lu, Xin

2017

Lu, X. (2017). Synthesis and optical properties of atomically thin transition metal
dichalcogenides. Doctoral thesis, Nanyang Technological University, Singapore.

http://hdl.handle.net/10356/69466

https://doi.org/10.32657/10356/69466

Downloaded on 23 May 2023 22:08:27 SGT



 

 

 

SYNTHESIS AND OPTICAL PROPERTIES OF ATOMICALLY 

THIN TRANSITION METAL DICHALCOGENIDES 

 

 

 

 

 

 

 

Lu Xin 

SCHOOL OF PHYSICAL AND MATHEMATICAL SCIENCES 

2017 

 

 

 

 



 

SYNTHESIS AND OPTICAL PROPERTIES OF ATOMICALLY 

THIN TRANSITION METAL DICHALCOGENIDES 

 

 

 

 

 

Lu Xin 

 

 

 

 

School of Physical and Mathematical Sciences 

 

A thesis submitted to the Nanyang Technological University 

in partial fulfillment of the requirement for the degree of 

Doctor of Philosophy 

 

2017 

 

 



III 
 

Acknowledgement 

It is my honor to take this opportunity to express my great gratitude to those who 

have helped me during my PhD study. I have learnt a lot and enjoyed myself in the 

past four years. This thesis would not have been completed without their help. 

First of all, I would like to acknowledge my supervisor, Professor Xiong Qihua. 

In the beginning of my PhD study, he inspired me to work independently and think 

critically. It is him who showed me how to focus on the most important points on one 

specific project, and not being deviated by the trivial and less important details. 

During my Year 3 and Year 4, Professor Xiong gave me lots of freedom and space to 

do what I am interested in. I have benefited a lot from every discussion with him and 

also I am a beneficiary from the culture which Professor Xiong has built up within the 

group. Professor Xiong is a good leader. He encourages the whole collaborative group 

to share ideas and possess an open-minded opinion towards a different voice. 

Meanwhile, it is very important to give my many thanks to our collaborators on 

calculations, Professor Quek Su Ying and her post-doc Dr. Luo Xin from National 

University of Singapore, and our collaborators on STEM imaging, Dr. Zhou Wu and 

his student Dr. Lin Junhao from Oak Ridge National Laboratory. Their great support 

has significantly improved my work and enhanced my understanding. I have learnt a 

lot from them during our stimulating discussion, I have also witnessed the different 

focuses from different angles due to various background, which gives me very 

valuable experience on future collaboration with other researchers. 

I would like to thank my group members, especially former members Mr. Iqbal 

Utama, Dr. Zhao Yanyuan, and Professor Zhang Jun. We were like a small team 

within this large group and have had numerous discussions. It is also them who taught 

me all the experimental skills hand-by-hand during my first year of Ph.D. research. A 

lot of thanks are also given to Mr. Wang Xingzhi, Dr. Xu Weigao, Dr. Wen Xinglin, Dr. 

Yuan Yanwen, Dr. Zhao Weijie, Professor Zhang Qing, Dr. Li Dehui, Mr. Ha Son 

Tung, Mr. Su Rui, my roommate Ms. Dong Shuo, and many other friends. 



IV 
 

Finally, I want to say THANK YOU VERY MUCH to my beloved parents and 

parents-in-law who always believe in me and support me, and my dear husband who 

has ever been my side before we were 18 years old. This thesis is dedicated to them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



V 
 

Abstract 

Atomically thin layered transition metal dichalcogenide (TMD), as a very strong 

candidate for two-dimensional (2D) materials beyond graphene, has been in the 

research highlight for the past five years approximately. Unlike graphene, TMD 

materials have band gap, and the gap is a direct one in monolayer, enabling potential 

electronic application. Photoluminescence (PL) from monolayer TMDs exhibits 

strong intensity with the band edge emission within the visible and near-infrared 

range. The coupling of valley and spin in TMDs is another, and probably the most 

attracting point in this field. So far, the optical valley polarization and valley Hall 

effect have been reported in monolayer. Electrical control has also been realized in 

bilayer.  

Mechanical exfoliation is a conventional way to obtain mono- and few-layer 

samples, but the size of a flake is limited from this method. Sulfurization and 

selenization inside a chemical vapor deposition (CVD) chamber has been 

demonstrated to be a very promising and popular way to get large-area thin films. Still, 

it is not trivial to get CVD-grown monolayer sample of high quality, especially when 

this field just started, back in 2012-2014. In this thesis, I will present how I optimized 

the CVD-synthesis of MoSe2 thin films (low pressure) and isolated flakes (high 

pressure), as well as discussing about the corresponding studies on optical properties 

and electrical performance. The related content in Chapter 4 will include detailed 

elaboration on structural characterization from scanning transmission electron 

microscopy (STEM), PL, phonon properties, the influence of catalyst in growth on 

electrical performance and so forth. In addition, I will show my work on top-down 

methods in Chapter 3, which contains mechanical exfoliation and preparation of 

heterostructures, as well as layer-by-layer thermal annealing thinning. 

Besides PL and valleytronics, research on phonon properties in TMDs have 

intrigued lots of people, not only in the high-frequency intralayer vibrational modes 

bot also in the low-frequency interlayer shear and breathing modes. In Chapter 5, 
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relation between stacking sequences and the evolutional trend of interlayer shear 

modes with increasing thickness has been shown. As layer number increases, 

AB-stacked layered materials (such as 2H-stacked MoSe2) exhibit blue-shifted 

interlayer shear mode, while the trend is opposite in ABC-stacked samples (e.g. 

3R-stacked MoSe2). Experimental evidence was shown on CVD-grown few-layer 

MoSe2 with multiple kinds of stacking types. With the help of bond polarizability 

model, stacking fault, such as ABCB stacking in 4 L MoSe2, was further identified. 

Comparison of STEM and Raman spectroscopy on identification of stacking is given, 

revealing the advantage of Raman scattering, especially when layer number is larger 

than three. 

Afterwards, I will present my recent studies on Raman scattering measurements 

of electric field effect on top-gated MoS2. Focus is given on the fingerprint peaks, 
1

2gE  

and 1gA  modes. Gate-tunable PL measurements and Raman study with a 

non-resonant laser excitation have been performed, confirming that the electron 

doping is successful. Raman spectra excited by the resonant 633 nm laser have 

demonstrated something new, which includes: (1) Electron-phonon coupling is 

stronger during resonance, mainly evidenced by the behavior of 
1

2gE  mode. (2) 

Significant gate-tunable Raman intensity is observed. Absorption bleaching may play 

an important role in affecting the intensity. (3) Anomalous blue-shift of 1gA  mode 

with increasing electron concentration. Detailed investigation has been done on 

exploring the blue-shift of 1gA  mode with increasing electron concentration, which 

is actually the combined effect from antibonding electrons and resonance-related 

decoupling effect. 
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Chapter 1 Introduction 

1.1 Organization of This Thesis 

In Chapter 1, I will give an introduction on atomically thin two-dimensional group 

IV TMD materials, in terms of synthesis and optical properties. Both top-down and 

bottom-up methods will be reviewed, with a particular focus on the research work done 

within the last five years. The introduction on optical properties was divided into three 

sections: (1) Band structure and photoluminescence. (2) Symmetry-related properties: 

valley polarization and second harmonic generation. (3) Intralayer and interlayer 

vibrational modes in mono- and few-layer TMDs. 

In Chapter 2, I will describe the equipment for synthesis (chemical vapor deposition 

system, CVD), as well as the spectrometer used for the study of lattice vibrational modes 

(Horiba-JY T64000 micro-Raman spectroscopy). Comparison on the current two methods 

on reaching low-frequency region will be given.  

In Chapter 3, I will introduce my PhD work on the preparation of thin film samples 

by using top-down method, which includes scotch tape-based mechanical exfoliation, 

preparation of heterostructures, and thermal annealing thinning.  

In Chapter 4, I will present my PhD study on CVD synthesis of atomically thin 

MoSe2 and WSe2, together with optical properties and characterization of device 

performance. In this section, I will elaborate on the details of growth, such as the 

pressure-dependent morphology and the influence of using catalyst during growth on 

device performance. Some other aspects, including the SU8 patterning of CVD-grown 

MoSe2 film and disappearance of interlayer breathing modes in CVD-grown WSe2 
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nanoflakes will also be discussed.  

In Chapter 5, I will focus on the correlation between stacking sequence and the 

evolutional trend of interlayer shear modes with increasing thickness. Theoretical 

prediction based on bond polarization will be presented first. Afterwards, a case study by 

using CVD-grown few-layer MoSe2 flakes will be demonstrated. Frequencies of the 

emerging new modes can be fitted within the linear chain model, indicating the origin of 

the vibrations. Combining structural characterization on scanning transmission electron 

microscopy (STEM), we are capable of showing that low-frequency Raman scattering is a 

rapid and nondestructive method for stacking identification. 

In Chapter 6, I will discuss the gate-tunable resonant Raman scattering 

measurements on mono- and few-layer MoS2. Gate voltage is applied through an ionic gel 

top-gated device. Dependence on gate voltage of photoluminescence spectroscopy has 

been conducted as well. Different excitation lasers are obtained by using a solid state 532 

nm laser, a He-Ne 633 nm laser, and a tunable dye laser (from ~565 nm to ~610 nm).  

Finally, I will conclude my thesis and provide some perspectives of future work in 

Chapter 7.  

 

1.2 Two-dimensional Layered Nanomaterials  

Nanomaterial refers to a structure with at least on dimension in the scale of 1-100 nm, 

which is also known as the nanoscopic scale (nanoscale). Structures with three 

dimensions within the nanoscale are called as zero-dimensional (0D) nanomaterial, with 

quantum dot as a typical example. Similarly, one-dimensional (1D) and two-dimensional 

(2D) nanomaterials have two and one dimension in the scale of 1-100 nm, respectively. 
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Nanowire, nanorod, and nanobelt can be categorized into the family of 1D nanomaterials. 

Graphene, as the most well-known 2D nanomaterial in the past decade, is a layered 

material. However, 2D nanomaterial does not necessarily have to be a layered material, 

such as the Au thin film used as contact material in device fabrication. 

Besides graphene, group IV transition metal dichalcogenides MX2 (M = Mo, W; X = 

S, Se, Te), topologically insulating bismuth chalcogenides Bi2X3 (X = Se, Te), and black 

phosphorus are all layered materials. Note that the thickness of a single layer (1 L) 

graphene, MoS2, and black phosphorus is ~0.35 nm, ~0.70 nm, and ~0.50 nm, 

respectively. They are all 2D nanomaterials, although not in the range of 1-100 nm.  

Experimental and theory theoretical studies on ultra-thin 2D layered materials are 

motivated with the discovery of fascinating properties and novel phenomena in mono- 

and few-layers, as well as 2D-based heterostructures [1-10]. For instance, quantum Hall 

effect has been observed in graphene at room temperature [11]. In single-layer MoS2 and 

WS2, strong photoluminescence (PL) in the visible wavelength has been reported [12-14]. 

Compared to TMDs, the high carrier mobility of black phosphorus has made it popular in 

the recent development of 2D field effect transistor (FET) [15, 16]. Besides, the 

anisotropic behavior resulting from the crystal structure has made black phosphorus very 

attractive towards applications in optoelectronics [17, 18]. 

It is intuitive to ask why researchers want to go to thin layers. Can the interesting 

phenomena mentioned above be observed in relatively thicker samples, or even bulk 

materials? Generally speaking, in atomically thin 2D nanomaterials, the small size in the 

out-of-plane direction results in the quantum confinement effect. The confinement effect 

is a type of quantum size effect that occurs when physical size is comparable or smaller 
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than the characteristic length scale, such as the phonon mean free path and exciton Bohr 

radius. Quantum confinement effect on lattice vibrations in 2D materials has be observed 

by Raman spectroscopy: With the decreasing layer number, 1

1gA , 2

1gA , and 1

gE  modes in 

Bi2Se3 red-shift, while there is almost no difference for 2

gE  mode. This is in agreement 

with the phonon dispersion curve along the Γ-Z direction, as only 2

gE  mode exhibits a 

dispersionless trend [19]. What’s more, in 2D nanomaterials, some of the unique 

properties are closely related to the thickness-dependent band structure and crystal 

symmetry. For example, as thickness decreases from bulk to thin layers in MoS2, the 

valence band maximum (VBM) at Γ point is going down and the conduction band 

minimum (CBM) gradually shifts to K point. Eventually in monolayer, it is a direct 

bandgap semiconductor. In contrast, the bandgap in MoS2 from bilayer to bulk, is an 

indirect one [12, 13]. More details will be discussed in section 1.3.1.  

Research in 2D nanomaterials is still very active and covers different aspects from 

fundamental studies to device application. Thus the importance on sample preparation, 

i.e., how to obtain the suitable materials for experiments, has become self-evident. 

 

1.3 Synthesis of Atomically Thin Layered Transition Metal 

Dichalcogenides 

An ideal preparation method for 2D materials should produce sample with: (i) high 

crystalline quality; (ii) potentially scalable to wafer scale; (iii) spatial uniformity; and (iv) 

controllable layer numbers. The high crystalline quality criterion is especially required for 

proof-of-concept demonstration and fundamental research, such as for the emergence of 
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quantum transport phenomena (e.g., Shubnikov de Haas oscillation) [20] and for reducing 

inter-valley scattering [21] in TMDs. Meanwhile, technological applications also demand 

high throughput and reproducibility, regardless of the sensitivity of the atomically thin 

materials to minute changes in synthesis environment. The preparation methods of 2D 

materials consist of “top-down” subtraction of layers from bulkier crystal, and 

“bottom-up” paradigm with crystal growth via synthesis. Here I will highlight the 

methods which are currently employed in producing mono- and few-layer TMD 

materials.  

 

1.3.1 Top-down methods 

Layered 2D materials are unique relative to other low-dimensional nanostructures 

since there is a top-down method, i.e., mechanical exfoliation, which can consistently 

produce higher quality samples than most synthesis approaches in terms of structural 

perfection and carrier mobility. Mechanical exfoliation of TMDs, reported since as early 

as 1966, relies on the strong adhesion between substrate and the contacting layer [22]. 

Cleaving 2D layers mechanically with adhesive “scotch tape” (Figure 1-1 (a)) causes only 

minimal damage that the sample quality translates from the parent crystal to the substrate 

environment. However, the low throughput, absence of thickness control, and limited 

sample size (mostly < 50 µm in width) made exfoliation only practical for research 

purposes. It is important to note that not all layered materials can be exfoliated into 

thermodynamically air stable monolayer [7].  

Wet exfoliation, which is applicable to a variety of 2D materials, has much higher 

throughput and scalability [3, 23-26]. Liquid phase exfoliation uses sonication in organic 
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a    c    b    

solvent with surface energy similar to that of the layered materials to promote detachment 

of the layers from the bulk crystal, creating suspension which can then be spray-coated 

into a film (Figure 1-1 (b)) [24]. Unfortunately, the isolation yield of monolayer flakes is 

low. Other wet exfoliation involves intercalation of metal ions such as lithium, either via a 

long immersion or electrochemistry, to aid the layer separation (Figure 1-1 (c)) [27-29]. 

However, intercalation may create surface contamination, structural distortion (e.g., 2H to 

1T phase change in MoS2), and damages that affect the material properties [30]. 

Figure 1-1. A selection of top-down methods for 2D TMDs: (a) mechanical exfoliation, (b) liquid 

phase exfoliation [24], (c) intercalation-assisted exfoliation [23]. 

There is another well-known top-down method in 2D TMDs, thinning. Laser 

thinning of MoS2 (prepared by mechanical exfoliation) was reported in 2012 [31]. A 

green laser with energy of ~2.41 eV has been used to thin down the multilayer MoS2 flake 

into monolayer. With laser-induced heat, sublimation of the upper layers occurs when the 

laser power is larger than 10 mW. Meanwhile, the bottom layer would stay intact until the 

power reaches ~17 mW [31]. However, laser-thinning can only produce monolayers. 

Bilayers and trilayers cannot be obtained in this way. Later, layer-by-layer thinning of 

MoS2 down to monolayer was achieved by Ar+ plasma [32]. By adjusting the exposure 

time to plasma, one can control the thickness of the plasma-thinned MoS2. Besides atomic 

force microscopy and high-resolution transmission electron microscopy, Liu et al. has 

further utilized Raman and PL spectroscopy to examine the thinning results, which shows 
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c    b    a    

that the top layer is completely removed by plasma while the bottom layer remains almost 

unaffected [32]. Afterwards, thermal annealing method is developed [33, 34], which will 

be introduced in Chapter 3. 

 

1.3.2 Bottom-up methods 

Save for a few [35], nearly all bottom-up approaches for 2D TMDs follow 

non-catalytic, vapor-based synthesis. The growth of 2D TMDs was accomplished in the 

1980s using molecular beam epitaxy (MBE) on another layered materials as the substrate, 

in a growth strategy called “van der Waals (vdW) epitaxy” [36]. The hetero-interface 

without dangling bonds between the two layered materials causes the interface to be 

bound by vdW interaction, which does not strain the lattices of the epitaxial material. 

vdW epitaxy allows defect-free interface even with large lattice mismatch reaching 50% 

[37], which has been achieved in nano-/micro-wire arrays [38-41]. Although it is slow and 

requires ultrahigh vacuum, MBE is powerful since in-situ characterizations of crystalline 

and electronic band properties are readily available [42, 43].  

 

 

 

 

 

 

Figure 1-2. A selection of bottom-up methods for 2D TMDs: (a) sulfurization of pre-deposited film [44], (b) 

CVD from solid precursors, (c) metal-organic CVD [45]. 

Recent synthesis involves sulfurization/selenization of a Mo- or W-based precursor 

at temperature ~500-1000 oC. One way is to use a substrate with pre-deposited 

Mo-/W-based precursor, such as Mo [44], MoO3 [46], or WOx thin film [47] (Figure 1-2 
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(a)), or (NH4)2MoS4 (thiosalt) [48]. The layer number of the resulting sample is adjustable 

from the thickness of the pre-deposited precursor. However, difficulty to achieving 

uniformity of the pre-deposited precursor in sub-5 nm regime from thermal 

evaporation/dipcoating, prevents the synthesis of large area monolayer with large grain 

sizes. The use of atomic layer deposition (ALD) may control the thickness of the Mo-/W- 

based film with atomic precision [49]; however, the precursor is also very toxic and not 

widely available. To get larger grain size, one may use MoO2 micron-sized flakes as the 

growth template, followed by peeling and sample transfer [50]. Unfortunately, the transfer 

process may inevitably degrade the properties of the resulting MoS2. 

There is another approach performing sulfurization/selenization in vapor phase 

followed by deposition onto a substrate, the chemical vapor deposition (CVD). In CVD 

growth, substrates such as SiO2 are commonly placed upside down atop the crucible of 

the precursor and the reaction chamber is stabilized at atmospheric pressure (Figure 1-2 

(b)) [51]. The typical precursors are S or Se powder and MoO3 or WoO3 powder, although 

nanoribbons [52] can also be used. High temperature vaporizes the precursors and carrier 

gas transports the vapors onto the substrate. Taking MoS2 for instance, MoO3 is reduced 

by sulphur into MoO3-x during annealing to aid evaporation, and further reacted with 

sulphur to form MoS2 [46, 51]. The CVD method is effective in synthesizing mono- and 

few-layered MoS2 [51-53], MoSe2 [54-58], WS2 [47, 59-61], and WSe2 [62, 63], in the 

form of either film or flakes. In such growth, clean substrate and precursors are crucial to 

obtain large area samples [53]. vdW epitaxy, which is common for 2D materials, can also 

be realized in CVD growth of TMDs [64, 65]. Recent progress has shown that CVD 

synthesis can achieve more: Monolayer alloy with tunable band gap [66-71] and 
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heterostructure with sharp interface [72-76] can be obtained in CVD.  

To improve the crystallinity, grain size, and uniformity of the CVD-grown samples, 

previous studies have shown that aromatic organic molecules, such as 

perylene-3,4,9,10-tetracarboxylic acid tetrapotassium (PTAS), can help during growth. 

The molecule works as the seeding promoter (catalyst) [77]. At cases when the sample 

was produced with and without seeds appears visually comparable, PTAS seeding may 

also improve the nucleation density and repeatability of synthesis; however, the seed 

promoter may act as impurity and degrade electrical properties [78], which will be 

discussed in Chapter 4. 

Control of layer number uniformly is generally difficult in CVD synthesis, requiring 

careful adjustments in growth parameters. Recently, thickness control is correlated with 

the length of oxygen plasma treatment of the underlying SiO2 substrate [79]. Other 

precursor such as MoCl5 also allows better controllability in uniformly controlling the 

layer number via a self-limiting mechanism in the vapor-solid phase change of MoS2 [80]. 

Nevertheless, the spatial uniformity and electrical performance over a wide area is 

relatively poor for synthesis with solid precursors. One solution is to adopt the synthesis 

with metal-organic gaseous precursors (Figure 1-2 (c)) which produces high uniformity, 

99% yield, and mobility reaching 30 cm2V-1s-1 at room temperature [45].  

Besides sulfurization and selenization, direct vapor transport and vapor-solid 

crystallization can be conducted with precursor of the same stoichiometry as the desired 

material in CVD growth. The direct growth usually needs lower pressure or higher 

temperature since the melting point of MX2 (M=Mo, W; X=S, Se, Te) is much higher than 

that of MoO3 (WoO3) or S (Se, Te). Synthesis of monolayer MoS2 from MoS2 powder has 
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shown excellent crystalline and optical properties with ~100% valley polarization at 30 K 

[21].  

 

1.4 Optical Properties of Mono- and Few-layer Transition Metal 

Dichalcogenides 

The most pronounced difference between TMD materials and graphene, if we can 

only select one, is supposed to be the band gap. The direct benefit of having a band gap is 

on potential device application, such as FET. In terms of optical properties, a direct gap in 

the visible-wavelength range enables studies on PL. Information on exciton (lifetime, 

energy, binding energy, neutral/charged…) and defect states can be interrogated from PL 

spectroscopy.  

 

1.4.1 Band Structure and Photoluminescence 

Here I will take MoS2 as an example of the group IV TMDs to illustrate the 

layer-dependent band structure and physical origin of valence band minimum (VBM) and 

conduction band maximum (CBM). Calculated band structure of bulk, four-layer (4 L), 2 

L, and 1 L MoS2 by using the PWscf package [81] is shown in Figure 1-3. The energy of 

direct-gap transition at K point of Brillouin zone hardly changes with different thickness, 

but the indirect bandgap increases monotonically as the number of layer decreases (from 

Figure 1-3 (a) to Figure 1-3 (d)). Remarkably, the indirect-gap transition energy becomes 

so high in monolayer MoS2 that the material turns into a 2D direct bandgap 

semiconductor. To understand the layer-dependent band structure, it is very important to 

know the band character of states in valence band and conduction band. Theoretical 
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d     c     b     a    

calculations show that the conduction band minimum at K point is primarily consisted of 

the strongly localized d orbitals from Mo atoms. Negligible interlayer coupling is 

expected to be from Mo atoms because they are located in the middle of the S-Mo-S unit 

cell. In contrast, states near the Γ point at the valence band and states near the Ʌ point 

(midpoint between K and Γ) at the conduction band are combined of d orbitals on Mo 

atoms and antibonding pz orbitals on S atoms. They have strong interlayer coupling and 

their energies depend sensitively on thickness [12]. 

Figure 1-3. Calculated band structures of (a) bulk, (b) 4 L, (c) 2 L, and (d) 1 L MoS2 [12]. 

In principle, the above analysis on thickness-dependent band structure alignment is 

supposed to be applicable to all the group IV TMDs, although there is some subtle 

difference. For example, for bilayer 2H-TMDs, the CBM locates at different points 

among MX2 (M = Mo, W; X = S, Se, Te). Experimental results confirm that the CBM is 

located at the Ʌ point for bilayer MoS2 and WS2, while it is at the K point for bilayer 

WSe2 [82]. A recent paper on gate-tunable PL measurements at room temperature and 77 

K further confirms that the Ʌ point is lower than the K point in the conduction band of 2 
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L MoS2 [83]. In contrast, there is an agreement on monolayer (CBM at K point) and 

multilayers with layer number ≥ 3 (CBM at Ʌ point). 

Table 1-1. Optical band gap energy (A exciton) of monolayer and bulk MX2 (M = Mo, W; X = S, Se, Te). 

 
-S

2
 -Se

2
 -Te

2
 

Mo 1 L: ~1.9 eV 

Bulk: ~1.2 eV 

1 L: ~1.56 eV 

Bulk: ~1.1 eV 

1 L: ~1.1 eV 

Bulk: ~1.0 eV 

W 1 L: ~2.0 eV 

Bulk: ~1.4 eV 

1 L: ~1.65 eV 

Bulk: ~1.2 eV 

1 L: ~1.1 eV 

Bulk: ~0.7 eV 

Further comparison among MX2 (M = Mo, W; X = S, Se, Te) shows that as anion 

goes from S to Te, the band gap increases, and the Mo-based compounds, in general, have 

smaller band gap energy compared to the W-based compounds. Table 1-1 has summarized 

the optical band gap energy (A exciton) of monolayer and bulk MX2 (M = Mo, W; X = S, 

Se, Te). 

 

 

 

 

 

 

 

 

Figure 1-4. Band alignment of monolayer MX2 from calculations. Solid and dashed lines are obtained by 

PBE and HSE06, respectively. The water reduction (H+/H2) and oxidation (H2O/O2) potentials is indicated 

by dotted lines in the figure as reference. The vacuum level is considered as zero reference [84]. 

It is intuitive to ask what determines the band gap, which leads to the investigation 

of band alignment, as displayed in Figure 1-4. First of all, let’s consider the common 
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cation system (MoX2 or WX2). The 2 2x y
d

  and xyd  orbitals of anion atom (Mo/W) are in 

the majority of the VBM of monolayer MX2, while the px and py orbitals of cation atom 

(S/Se/Te) are in the minority. At K point in the Brillouin zone, it is found that the VBM 

has the same character as the 5th band at the same point, which is approximately 4 eV 

lower than the VBM. Therefore, there is repulsion between the d orbitals of cation and p 

orbitals of anion. The d orbitals of Mo/W are pushed up forming the VBM. Magnitude of 

the repulsion is related to the overlap integral of p and d orbitals and their difference in 

terms of energy. Overall, a smaller energy difference or a larger overlap integral leads to 

larger separation between the VBM and the 5th band mentioned above. For increasing 

atomic number of anion, the p orbitals become shallower. Consequently, the anion with 

shallower p orbitals pushes the cation d orbitals upwards more than the anion with deeper 

p orbitals. In the meantime, the energy of CBM also increases with increasing atomic 

number from S to Te (one exception: from WSe2 to WTe2), but the magnitude is smaller. 

Therefore, the band gap becomes larger [84].  

Next, it is the common anion system (MS2, MSe2, MTe2; M = Mo/W), which can be 

understood through the position of the d orbitals of cation. The energy of the 5d orbital in 

W atom is higher than that of the 4d orbital of Mo atom. Thus, CBM and VBM of WX2 

are higher than those of MoX2, with one exception of WSe2 & WTe2. Compare with WSe2 

and WTe2, WTe2 has longer bond length, leading to a smaller overlap integral. The 

influence of decreasing overlap integral overrides the influence of increasing p orbital 

energy (Te > Se), and it causes the CBM in WTe2 in lower state [84]. 

It is worth noting that the group IV TMDs MX2 (M = Mo, W; X = S, Se, Te) have 

strong spin-orbit coupling originated from the d orbitals of the heavy metal atoms (Mo, W) 
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[85, 86]. The strong spin-orbit interaction causes a significant splitting in the valence 

band at K point, resulting in the so-called A and B excitons. The splitting energy is ~150 

meV in MoS2, and ~450 meV in WSe2 [85]. The spin-orbit coupling also induces splitting 

in the conduction band, but the magnitude is much smaller. According to calculations, the 

splitting energy is only 38 meV in the conduction band of monolayer WSe2 [87]. 

 

 

 

 

Figure 1-5. Thickness-dependent photoluminescence from MoS2. (a) PL spectra of 1 L and 2 L MoS2 with 

photon energy ranging from 1.3 to 2.2 eV. Inset: PL quantum yield of 1-6 L MoS2. (b) Normalized PL 

spectra by the intensity of A exciton peak in 1-6 L MoS2. Feature I in 4-6 L Mos2 is magnified and the 

spectra are displaced for clarity. (c) Band-gap energy of mono and few-layer MoS2, inferred from the 

energy of feature I for 2-6 L MoS2 and from the energy of A peak of monolayer MoS2. The dashed line 

refers to the bandgap energy of bulk MoS2 [13]. 

The A exciton and B exciton can be resolved from PL spectroscopy [12, 13]. Figure 

1-5 displays the PL spectra from MoS2 with various thicknesses. Compared to bilayer, the 

PL from monolayer is much stronger. The quantum yield from direct excitonic state (e.g. 

A exciton) is related to the ratio krad / (kdefect+krad+krelax). Intraband relaxation (krelax) to 

band minimum is in extremely high rate from the indirect bilayer and thicker layers, while 

krelax is much lower in monolayer [12]. Still, the major reason for enhanced PL intensity in 

monolayer is attributed to the nature of a direct gap semiconductor. 

 

1.4.2 Symmetry: valley polarization and second harmonic generation 

Besides band structure, which is directly related to excitonic energy and PL quantum 

b

    

c

    

a
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yield, symmetry is also associated with the optical properties in group IV TMDs, such as 

on valley polarization and second harmonic generation (SHG). Hereafter, I will mainly 

take 2H-MoS2 as an example on further discussion in this section. The 2H stacked MoS2 

bulk crystal is abundant in nature. In contrast, other bulk compounds (as well as MoS2 

crystal with other phases) used for mechanical exfoliation are mostly synthesized in 

crystal growth lab. This causes the research studies in 2H-MoS2 much more active than 

those in other TMDs. 

 

 

 

 

 

 

 

 

 

 

Figure 1-6. Electronic and atomic structures at the K’ and K valleys of 1 L (a–c) and 2 L (d–f) MoS2. (a) 

Lattice structure of 1 L MoS2. Inversion symmetry is spatially broken. (b) Conduction band minimum 

(CBM) and the valence band maximum (VBM) labelled by the z-component of their total angular 

momentum. Due to spin-orbit coupling, spin degeneracy at the VBM is lifted, leading to the coupled spin 

and valley index. (c) Optical selection rules on circularly-polarized light for the A and B exciton states at 

two valleys. (d) 2 L MoS2 with Bernal AB stacking. (e) Spin degeneracy of the valence bands is restored by 

time-reversal and spatial inversion symmetries. Spin and valley are decoupled. (f) Optical absorption in 2 L 

MoS2. Both valleys are equally populated with circularly polarized light [88].  

The monolayer counterpart of 2H-stacked MoS2 crystal is an ideal candidate for the 

study of coupled spin and valley, as a result of the spatially broken inversion symmetry 

f  c 

a  

b  e  

d  
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(shown in Figure 1-6 (a)) and the strong spin-orbit coupling. The spin-orbit interaction 

causes a large splitting of valence band at K and -K (K’) points (shown in Figure 1-6 (b)) 

in MoS2, which occurs for all the layer number from monolayer to bulk. K and -K points 

locate at the corners in the Brillouin zone, but they are not equivalent. Yet these two 

points are related due to the time reversal symmetry   ( ) ( )E K E K , and this symmetry is 

preserved in all the thicknesses. Interestingly, inversion symmetry is only broken in 

atomically thin odd layer number (i.e., 1 L, 3 L, …), resulting in   ( ) ( )E K E K . 

Therefore, the spin degeneracy is lifted 
  ( ) ( )E K E K  in monolayer as well. Spin is 

locked in each valley and the large splitting energy forbids the flip of spin index. The 

contrasting valley is accompanied by a valley-dependent selection rule for optical 

excitation with circularly polarized light: the interband transition at K (-K) couples only 

to σ+ (σ-) circularly polarized light [85, 89, 90]. It means that the K (-K) valley only 

absorbs and emits light with right-handed σ+ (left-handed σ-) circularly polarized light, 

which is displayed clearly in Figure 1-7 (a). By using photoluminescence spectroscopy, it 

is possible to probe the valley polarization. 

Figure 1-7 (b) shows the PL spectra of monolayer MoS2 at 83 K, with σ+ circularly 

polarized 633 nm laser as excitation line. As we can see from the figure that the PL 

intensity from σ+ polarization (in red) is approximately 3 times of that of the σ- 

polarization (in blue). The net polarization is defined by 
I I
I I
 

 

 

 



 . Ideally and 

theoretically, the polarization value should be 100%, while it is only ~50% in Figure 1-7 

(b). Experimentally, there are multiple factors which obstruct the observation of circular 

polarization. 
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Figure 1-7. Valley polarization in monolayer TMDs. (a) Valley and spin are coupled with optical selection 

rules in 1 L TMDs. λc (λv) refers to the splitting in conduction (valence) bands due to spin-orbit coupling [4]. 

(b) Circularly polarized PL of 1 L MoS2 at 83 K, as well as the degree of polarization. The red and blue 

curves in the luminescence spectrum correspond to the intensities of σ+ and σ- polarizations, respectively. 

The black curve shows the net degree of polarization [91]. (c) Circular polarization of the A exciton as a 

function of the excitation energy. The solid line represents a fit to the experimental data (circles). Inset: 

Optical selection rules. [92]. (d) Degree of circular polarization as a function of temperature. The fitting 

curve in red assumes that the intervalley scattering rate is proportional to the phonon population, giving a 

phonon energy of 240 cm-1 [93]. 

Excitation energy and temperature are two of the most important factors. Figure 1-7 

(c) demonstrates that as the excitation energy is farther away from the excitonic energy of 

A exction (~1.9 eV), the circular polarization decreases dramatically. In Si and Ge, spin 

and valley scattering is known to have a power-law dependence on wave vector because 

of scattering with long wavelength acoustic phonons [94]. The fitting result in Figure 1-7 

(c) also indicates a power-law dependence on the decay, which suggests that the spin 

relaxation time in MoS2 is dominated by the intervalley scattering of electrons and holes. 

Besides excitation energy, intervalley scattering is also related to temperature, as 

a    b    

c    d    
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displayed in Figure 1-7 (d). When the temperature is higher than 90 K, the circular 

polarization decreases rapidly, indicating the intervalley scattering is dominated by 

phonons. The steady-state photoluminescence polarization is inversely proportional to the 

valley scattering rate  . Phonons near the K points can supply momentum change for 

the intervalley scattering. In such case, the valley scattering rate   is proportional to the 

population of these phonons exp( / )K BE K T , where EK is the phonon energy near the K 

points. The solid curve in Figure 1-7 (d) is a fit by assuming an exp( / )K BE K T  

dependence, from which Ek is extracted to be 240 cm-1, in agreement with the acoustic 

phonon energy near the K point reported in the bulk and monolayer MoS2 [95, 96]. 

In fact, to fully confirm the observation of circular polarization is due to the coupled 

spin and valley, a controlled experiment has to be done to rule out the possibility of Hanle 

effect. In some semiconductor systems, there is circular polarization of luminescence 

originating from electron (hole) spin polarization, due to the spin-dependent optical 

selection rule [97]. When an in-plane magnetic field is applied to the sample, spin will be 

rotated and the circular polarization diminishes. That is the Hanle effect. Zeng et al. has 

applied an in-plane magnetic field B = 0.65 T on the monolayer MoS2, and they observed 

no change in terms of valley polarization [93], further confirming the physical origin of 

the observed circular polarization. Apart from that, valley polarization, as a result of 

inversion symmetry breaking, is not supposed to be observed in bilayer TMDs. Several 

groups have found that in bilayer MoS2 with 2H stacking, a small value of circular 

polarization was observed. Mak et al. and Zeng et al. attributed the phenomenon to 

substrate-induced broken inversion symmetry [88], and heating-induced structural 

anisotropy and consequently breaking inversion symmetry [93], respectively. The 
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intrinsic inversion symmetry in 2H-stacked bilayer TMDs, however, can be broken by 

applying a perpendicular electrical field. Wu et al. and Jones et al. have done some 

related work on 2 L MoS2 [98] and 2 L WSe2 [99], respectively. They have shown that the 

circularly polarized PL from bilayer TMDs can be effectively controlled by gate voltage. 

It is worth mentioning that in 3R-stacked MoS2, inversion symmetry is broken in all 

thickness, such that the valley polarization can be observed in even layer number and bulk 

[100]. 

Unlike valley polarization, which is relatively complicated and unique in TMDs, 

second harmonic generation (SHG) is more straightforward. As long as there is no 

spatially inversion symmetry, SHG can occur. In 2H-stacked group IV TMDs (i.e., Bernal 

stacking, AB stacking), SHG signal is supposed to emerge in odd layer number. 

 

 

 

 

 

Figure 1-8. SHG effect in atomically thin MoS2 and WSe2. (a) The thickness dependence of surface 

nonlinear susceptibility and SHG intensity in 1-5 L MoS2. The histogram represents the experimental results 

with uncertainties described by error bars. The results of model is shown in red squares (the model will be 

introduced in the main text) [101]. (b) Reversible SHG induced by back gate can be seen from the pristine 

bilayer WSe2 sample. The spectra have been shifted vertically for clarity [102].  

As expected from Figure 1-8 (a), there is no SHG intensity from 2 L and 4 L MoS2 

samples. However, the intensity difference among 1 L, 3 L, and 5 L needs further 

investigation to understand. By comparison, in Bernal stacked h-BN, SHG responses 

from 1 L, 3 L, and 5 L show negligible variation [101]. Li et al. introduced a simple 

model based on electrically decoupled layers. Also, they included the influence of the 

b    a   
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reflection of both the fundamental and SHG fields from the underlying substrate into the 

model. Because the band gap of MoS2 (< 3 eV for both direct and indirect gaps) is smaller 

than the SHG photon energy (~3 eV), light absorption was expected to play a significant 

role as well. The model was shown to well describe the trend (red square in Figure 1-8 

(a)), but underestimates the magnitude of decreased SHG intensity as thickness increases. 

The additional reduction can be attributed to interlayer coupling. These effects modify the 

electronic structure of few-layer MoS2 and results in further changes in the linear and 

nonlinear susceptibilities [101]. 

Similar to the valley polarization, electric control of SHG has been realized on a 

monolayer WSe2 transistor by Seyler et al. [103]. Almost at the same time, Yu et al. have 

performed similar experiments on a back-gated bilayer WSe2 device, and shown that hole 

accumulation can induce SHG signal in the p-type WSe2 device [102]. A bond charge 

model [104] was shown to explain the results. It is found that the SHG signal is a result of 

Direct Current (DC) field nonuniformity caused by the localized accumulation charge. On 

a few ambipolar devices, SHG is even detected with electron accumulation, further 

confirming the analysis [102]. This result is fundamentally different from electric field 

control of SHG in monolayer WSe2, which did not show threshold characteristics versus 

gate voltage [103]. 

 

1.4.3 Lattice Vibration: Intralayer and Interlayer Modes 

The phonon properties of bulk TMDs have been studied for a long time [105-116]. 

Through infrared (IR) and Raman studies, most lattice modes can be observed and 

assigned. The conjugate pairs of 1gA  and 1uB  modes (~409 cm-1), 2

1uE  and 1

2gE  modes 
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(~384 cm-1) have very similar frequency; the difference between conjugate pair is 

interpreted to be related to the layer-layer (i.e., interlayer) interaction, which is also called 

as Davydov splitting/pairs [106, 107, 109]. Later, the second-order and resonant Raman 

spectra of MoS2 and WS2 were revealed, providing in-depth understanding of the lattice 

vibration modes [113-116]. Sugai et al. have studied the high-pressure Raman 

spectroscopy in 2H-MoS2, 2H-MoSe2, and 2H-MoTe2 [111]. The pressure-dependent 

shifts were explained using the pressure dependent interlayer and intralayer force 

constants derived from a simple linear chain model proposed by Wieting [108]. The 

intensive studies on phonons in thin layers have only begun within the last decade. It is 

actually only after the resurgence of interest in graphene that confinement effect along the 

vdW gap (i.e., out-of-plane direction) has been of the concern to the 2D community, 

especially in mono- to few-layer region (< 10 L). Note that each layer of MX2 (M = Mo, 

W; X = S, Se, Te) consists of X-M-X tri-atomic planes, such that a monolayer can also be 

called as one “tri-layer” (TL) [3]. 

There are basically two sets of Raman active modes in 2D layered materials. One set 

is the intralayer vibration modes, which appear in both atomically thin and bulk samples, 

usually at higher frequency side [117]. The other set is the interlayer vibration modes, 

such as the shear modes and breathing modes, where all the atoms within each layer 

displace collectively in the same direction with the same magnitude [117-119]. The 

interaction within a single layer is of covalent nature, such as M-X bonding in MX2 layer, 

while the interaction between layers is mainly of the much weaker vdW type [105-108]. 

Lattice vibrational modes, including interlayer and intralayer modes, exhibit negligible 

frequency shift as thickness decreases from bulk to multilayer, but the layer-dependent 
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shifts become pronounced when the thickness is further reduced from few-layer to 

monolayer. An example has been shown in Figure 1-9 (a), with the fingerprint peaks of 

MoS2, 1gA  and 1

2gE  modes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-9. Intralayer vibrational modes in atomically thin MoS2 and WSe2. (a) Raman spectra of 1-6 L and 

bulk MoS2. The solid line in the spectrum of 2 L is a double Voigt fit of experimental data (circles for 2 L, 

solid lines for the rest) [120]. (b) Raman spectra of 1-7 L and bulk WSe2 in the range of 290- 330 cm-1 

under 488 nm excitation [121]. (c) Side view of atomic displacements for the 1gA , 1

2gE ,  1

2gB , 2

2gE , and 

1gE  vibrational modes in 2 L WSe2 [121]. 

As thickness increases, 1gA  mode upshifts by ~ 4.0 cm-1 from 1 L to 6 L, and 
1

2gE  

mode downshifts by ~2.5 cm-1 from 1 L to 4 L. The stiffened 1gA  mode in thicker layers 

is expected. As more layers are added to form the bulk material from individual layers, 

the interlayer interactions due to vdW force increase the effective restoring forces acting 

a  b  

c  
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on the atoms, thus causing the blue-shift [120]. The redshift of 1

2gE  mode with increasing 

thickness is explained by surface effect [122]. This surface effect is due to the absence of 

interaction between neighbouring atoms in a few nanometers above the surface [123]. The 

surface effect will cause significant enhancement on the force constants in thin layers, 

resulting in the anomalously redshift frequency trend of 1

2gE  mode with increasing 

thickness [122]. Thus, the opposite shifts of 
1

2gE  and 1gA  modes in frequencies are 

combined results of thickness effect and surface effect. 

Besides, with reduced dimensionality and lower symmetry in thinner layers, some 

Raman-inactive modes in bulk and multilayer can evolve to be Raman-active modes in 

few-layers, such as the 1

2gB  in few-layer WSe2 (shown in Figure 1-9 (b)). According to 

group theory analysis, the counterpart of 
1

2gB  mode will evolve into the Raman-active 

1gA  mode in even layer number (311.3 and 310.1 cm-1 in 2 L and 4 L, respectively), and 

Raman-active 
'

1A  mode in odd few-layer (311.0 cm-1 in 3 L). This mode has ''

2A  

symmetry in 1 L, which is not Raman-active. Similar to 
1

2gE  and 1gA  modes, 
1

2gB  mode 

also experiences both thickness effect and surface effect, causing the mode softened with 

increasing thickness [121]. 

Compared with the intralayer mode, the frequency of the interlayer mode is of lower 

frequency (mostly < 50 cm-1), much closer to the detection limit of traditional Raman 

spectroscopy with a single monochromator and a notch filter, which makes the 

observation of low-frequency mode in few layer 2D materials challenging. The interlayer 

shear mode of bulk graphite located at 42 cm-1 was first measured by Nemanich et al. in 

1970’s through triple grating Raman spectrometer [124]. Also through the triple grating 

setup, the low frequency interlayer shear mode 
2

2gE  (33.7±1 cm-1) of MoS2 was first 
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detected by Verble et al. in 1972, and the interlayer force was found to be 100 times 

weaker than the intralayer force [125]. Later, interlayer shear mode in bulk MoSe2 [111, 

126], MoTe2 [111], WS2 [112], and WSe2 [127] were measured.  

 

 

 

 

 

 

Figure 1-10. Interlayer shear (S) and breathing (B) modes in few-layer 2H-stacked MoS2. (a) 

Low-frequency Raman spectra of 1-12 TL MoS2 measured by using the z̅(xx)z polarization configuration. 

(b) Plot of frequencies for interlayer breathing and shear modes as a function of thickness. Calculation 

results (open squares) and experimental data (solid dots) match very well. Lines are fitting results based on 

linear chain model. (c) Schematic of the linear chain model for N TL of MoS2. One blue sphere stands for 

one trilayer. The force constant K is between the nearest neighbor TLs only [118]. 

Figure 1-10 displays the interlayer shear (S) and breathing (B) mode in few-layer 

2H-stacked MoS2. S1 (S2) stands for the interlayer shear mode with the highest (the 3rd 

highest) frequency. The 2nd highest frequency branch cannot be observed in even layer 

number because it is Raman-inactive; while in even layer number, the mode is 

Raman-active, but it is not allowed under the commonly used backscattering 

configuration. B1 (B2) stands for the interlayer breathing mode with the lowest (the 3rd 

lowest) frequency. The reason for the disappearance of the 2nd lowest branch is similar to 

that in the interlayer shear mode. Plot of shear and breathing mode frequencies as a 

function of layer number is shown in Figure 1-10 (b). Linear chain model was found to 

well describe the thickness evolutional Raman shift of interlayer vibrational modes. 

Linear chain model is a simple model in which the lattice vibrations are related to the 

b    c   a    
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interlayer interaction within the layered material. This model only takes the interlayer 

coupling between the nearest-neighbor layers into consideration. Within the N-layer 

sample as shown in Figure 1-10 (c), K = Kz and K = Kx refer to the out-of-plane and 

in-plane force constant, respectively. With this model, the corresponding phonon 

frequencies (in the unit of cm-1) can be represented as: 
















 


Nc

K 




)1(
cos1

2 22
,               (1-1) 

with N being layer number and K being the force constant per unit area. Without 

considering the substrate effect (i.e., Ki = 0 N/m3) [128], K corresponds to Kz and Kx for 

breathing modes and interlayer modes, respectively. μ is the mass per unit area, and c is 

the speed of light. When α = 1, it corresponds to the acoustic mode. In 2H-MoS2, when α 

= N, N−2, 2, 4, it leads to the frequency of S1, S2, B1, and B2, respectively [118].  

 

1.5 Motivation and Objectives of this Thesis 

Research studies on atomically thin group IV TMDs MX2 (M = Mo, W; X = S, Se, 

Te) started with the 2H-stacked MoS2 crystal, as it is abundant in nature. The limitation 

on 2H-MoS2 at the early stage has motivated lots of scientists to develop various ways to 

obtain other compounds and phases. Although these materials belong to the same family, 

there are still considerable differences which have intrigued researchers. For instance, 

MoS2 is an n-type semiconductor, while WSe2 is p-type. Later, the research scope has 

even extended to other stacking configurations, such as 1T and 3R phases. Regardless of 

the limitation on samples, theoretical calculations can still proceed. The progress on 

fundamental studies in experiments and potential massive application is subjected to the 
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availability of samples. Thus, the first objective of this thesis is to solve the problem on 

sample preparation; precisely, on Se-based TMDs and samples with non-2H stacking.  

Secondly, the emerging focus on stacking-related properties have raised the curiosity 

among the 2D community. Recently, there are papers published on how to engineer the 

phase to improve electrical performance [129] and stacking-related valley polarization 

[100]. Still, the fundamental understanding on stacking-related phonon properties is 

lacking. The second objective of this thesis is to study the correlation between stacking 

sequence and the low-frequency interlayer shear modes. Meanwhile, a rapid and 

nondestructive method on stacking identification is developed. 

Finally, I will delve deeper to the fundamental properties of phonons. Dependence 

on thickness [118, 120], folding/twisting [130-132], stacking order [133, 134], 

polarization [135, 136], strain [137], carrier concentration [138], and excitation energy 

[139, 140] of phonon properties has been well studied in previous literatures. The 

combined effect of the above factors, however, is less investigated, except measurements 

related to anisotropy (e.g., angle-resolved Raman scattering excited by several laser lines 

[141], thickness-dependent interlayer vibrational modes under parallel- and cross- 

polarized configurations [118]). For the last part of this thesis, I will present my recent 

research on gate-tunable resonant Raman scattering measurements on mono- and 

few-layer MoS2. The experiments and the discovered phenomena may be complicated, 

but it will help to understand the intrinsic properties in group IV TMDs.  

The study on gate-dependent phonon properties is interesting. Previous study on 

gate-tunable Raman spectroscopy of atomically thin group IV TMDs is only limited on 1 

L MoS2 [138], which makes me wonder on the cases of 2 L and 3 L. Besides smaller 
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quantum capacitance which causes less effective doping in thicker layers, the distribution 

of gate-induced electrons/holes will be different from that in monolayer. This is because 

of the band structure evolution as a function of layer number, which also causes the 

indirect-to-direct gap transition in MX2 (M = Mo, W; X = S, Se, Te). Investigation in 

different thickness will possibly uncover some gate-tunable effect which is related to the 

band structure. Moreover, dependence on excitation laser energy is something I would 

like to explore. Previous literature has reported that Raman study of doping effect in 

carbon nanotube shows dependence on excitation laser, due to the resonance to van Hove 

singularity [142]. There is van Hove singularity in MoS2 as well, regardless of thickness 

[143, 144]. Apart from that, the existence of A and B excitons within the visible range 

also makes it meaningful to check the resonance effect.  
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Chapter 2 Instrumentation 

2.1 Chemical Vapor Deposition 

Chemical vapor deposition (CVD) refers to a chemical process used to produce high 

quality solid materials. In semiconductor industry, CVD is often used to produce thin film. 

With the growing interests in nanostructures, especially the mono- and few-layer 2D 

materials, CVD is widely seen in research labs for synthesizing atomically thin films. The 

main difference between physical vapor deposition (PVD) and CVD is that PVD only 

utilizes physical process. In a typical PVD process, a purified single solid source is 

gasified via evaporation in the high temperature zone. The vapor will then condense on 

the substrate to create the thin film or nanostructures in the low temperature regime. Note 

that there is no chemical reaction at all during the whole process. In CVD system, 

although the single source might be high purity solid as well, the process is quite different. 

For example, the growth of ZnO nanoflakes/nanowires adopts 99.99% ZnO powder as 

source. During the growth, there is reaction between ZnO (s) and the carrying gas H2, 

producing Zn vapor and H2O vapor in the high temperature region. In the downstream 

where temperature lower, Zn vapor reacts with H2O vapor, and returns to ZnO solid, 

either in the form of nanoflakes or nanowires [145]. The hydrogen in the transport gas 

actually works as catalyst, yet there is no denying that there is chemical reaction.  

The basic elements of a CVD system include gas (upstream), furnace with quartz 

tube, and pump/exhaust (downstream). Depending on the number of independent power 

supplies and thermocouples which control each individual zone, there are single-zone and 

three-zone furnaces. As Figure 2-1 shows, a single-zone furnace only has one power 
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supply and one thermocouple. In the upstream region (between thermocouple and the gas 

cylinder which is not shown in the figure), there are copper rods and gas inlet which is the 

entrance for gas from gas-line to quartz tube. The copper rods can be replaced by 

transferring quartz tube, which is used when it is necessary to switch sources during 

synthesis. As to the type of gas, there is various selections: H2, N2, O2, and Ar in our lab. 

Flow rate can be tuned through controller. 

 

 

 

 

 

 

 

 

 

Figure 2-1. Setup of a CVD system with single-zone furnace. Notes with arrows were displayed in the 

figure for further clarification. Normally, at least one source will be put in the center of the quartz tube, 

where it is the closest to the thermocouple (also referred to the high temperature region). Heating wires, as 

indicated in the figure, are used to distribute heat from the center. Substrate, in most cases, is placed on the 

downstream region of the quartz tube: region between thermocouple and exhaust outlet. The copper rods on 

the upstream side can be replaced by transferring quartz tube, which is used to switch sources during 

synthesis.  

On the downstream side, there is a mechanical pump. Between pump and the exhaust 

outlet of the quartz tube, there is a baratron gauge for monitoring pressure, control valve, 

filter, molecular sieve and etc. In general, these components are there either for the 

modulation and stabilization of pressure, or to protect pump from contamination and 
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Gas Flow 
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moisture. When sulfur powder or selenium powder was used as a source, liquid nitrogen 

trap is indispensable. Sulfur and selenium are volatile with low melting point: ~388 K for 

sulfur and ~494 K for selenium. Liquid nitrogen trap is adopted to condensate sulfur or 

selenium vapor into solid, in order to stop sulfur / selenium from entering the pump, or 

even being discharged to the atmosphere.  

To summarize, CVD system is a basic setup with gas, furnace, and pump. It is 

changeable depending on the need of samples. In fact, some labs even do not use pump or 

feedback system for stabilizing pressure. The transferring quartz rods, in recent years, 

have also been substituted by using magnets to move sources inside the quartz tube, 

which can help to improve the intactness of the atmosphere within the chamber.  

 

2.2 Raman Spectroscopy 

2.2.1 Basic Theory of Raman Scattering  

Raman scattering is a process in which incident light is inelastically scattered by 

molecule vibrations or phonons, quanta of lattice vibrations in solids. The sample 

undergoes a light-induced transition between vibrational states. Raman scattering can be 

divided into Stokes and anti-stokes scattering. If the final vibrational state has higher 

energy than the initial state, which means that the scattered photon has lower energy than 

the incident photon, it is called Stokes scattering. The energy difference between incident 

and scattered photon is usually called as Raman shift in Raman spectroscopy literature, 

generally in the unit of wavenumbers (cm-1). Similarly, for anti-Stokes scattering, the 

scattered photon has higher energy, leading to a negative Raman shift. Generally, the 

incident photon excites the system to a virtual state before relaxation into the final state. 

This is called non-resonant Raman scattering. At times, when the energy of excitation 
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laser or the scattered light is in proximity to the band gap or a real state with high density 

of states, resonant Raman scattering is likely to occur.  

Experimentally, lasers used in Raman spectroscopy are usually in the range of 1 to 4 

eV, with a wave vector on the order of 105 cm-1 in the sample. As the scattered light has 

minimal energy difference between the incident light, the phonons involved in the Raman 

scattering must be in the order of 105 cm-1 as well due to the conservation law of energy 

and momentum. However, the size of Brillouin zone, is on the order of 108 cm-1 typically. 

Therefore, phonons near the Brillouin zone center (the Γ point), also known as the 

long-wavelength phonons, actually participate in the Raman scattering process.  

The observation of a given phonon mode on Raman spectroscopy experimentally 

relies on the symmetry selection rules and the scattering geometry. A phonon mode can be 

observed on Raman spectrometer only when 
2~

si eRe   has a nonzero value, where ei is 

the polarization vector of the incident light, es 
is that of the scattered light, and R

~  is the 

second rank polarizability tensor, commonly called the Raman tensor. The Raman tensor 

R
~  is related to crystal symmetry, and the Raman-active vibrational modes can be 

predicted by group theory analysis, using the irreducible representation of the zone-center 

phonons, which are derived from knowing the space group of the material [146]. The 

si eRe 
~

 is given by: 

 

                                           (2-1) 

                                                              . 

There are two widely used polarization configuration setups for 2D layered nano 

materials on Raman spectroscopy. That is, the parallel-polarized ( )z xx z  configuration 

and the cross-polarized ( )z xy z  configuration where the z axis is the out-of-plane 

direction of the nanosheet samples and corresponds to the direction of travel for the 
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incident and scattered light. The difference between both configurations lies in the 

polarization vector of the scattered light se : For ( )z xx z , y = z = 0, and x is non-zero; For 

( )z xy z , the incident light is polarized along x direction with zero y and z components, 

while the outgoing scattering light is polarized along y direction with zero x and z 

components.  

 

2.2.2 Conventional Setup of a Raman Spectroscopy  

 

 

 

 

 

 

 

 

Figure 2-2. Schematic setup of a conventional backscattering Raman spectroscopy.  

A conventional Raman spectrometer includes light source, sample stage, filter, and 

detector. Objective is only necessary for small size sample, or when high power density is 

needed to excite the sample. Figure 2-2 shows the schematic setup of a backscattering 

Raman spectroscopy. Incident light coming from a laser source is reflected by a 

beamsplitter, and goes to the sample via an objective. Under the backscattering 

configuration, scattered light is reflected from the surface of the sample, with the 

direction opposite to the incident light. The scattered light, which contains both Rayleigh 

signal, i.e., elastic scattering of laser photons and the inelastic scattered signal (Raman 
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shift), passes through the beamsplitter and filter one after another. The filter can be either 

edge filter (long/short pass filter) or notch filter depending on usage. The cutting of an 

edge filter is usually closer to the laser line, enabling the detection of lower frequency; 

while the advantage of a notch filter is that Stokes and anti-Stokes signal can be collected 

simultaneously. Before reaching the CCD detector, there is a dispersive grating. 1800 

grooves/mm grating is used commonly in Raman measurement, with the number referring 

to the number of grooves per millimetre. The more grooves there are (per unit length), the 

higher the resolution is. However, smaller number indicates higher collection efficiency, 

if not taking the blaze angle into account. Last but not the least, it is the CCD detector, 

which is supposed to operate at low temperature, because the dark current caused by 

thermal electrons increases with higher temperature. Either thermo-electric cooling or 

liquid nitrogen cooling works, while liquid nitrogen can reach lower temperature. In fact, 

the dark current is extremely low (less than 1 electron/ pixel/ hour) for liquid nitrogen 

cooled CCD detector, so this noise is practically negligible. Besides, there are two other 

types of noises: photon shot noise and readout noise. The photon noise is proportional to 

the square root of the signal intensity. The readout noise is quite the same for different 

electronics (between 6 to 10 electrons/ pixel). This readout noise is generally the most 

important noise with the liquid nitrogen cooled CCD detector. That is why longer 

acquisition time can improve signal to noise ratio under most circumstances. 

 

2.2.3 Techniques towards Low Frequency Region 

It is very difficult to detect phonon modes with a Raman shift < 50 cm-1, even with 

an edge filter. Thus, triple-grating Raman spectrometer was invented, and in fact the 
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interlayer shear mode of bulk graphite located at 42 cm-1 was first measured through this 

setup in the 1970’s [124]. “Triple” means that there are three gratings on that path which 

scattered travels from sample to detector. In contrast, there is only one grating in the 

conventional Raman spectroscopy (Figure 2-2), thus also being referred to “single mode” 

setup. 

 

 

 

 

 

 

 

 

Figure 2-3. Simplified schematics for reaching low frequency wavenumber on Raman spectroscopy. (a) 

Schematic diagram of a triple-grating Raman spectroscopy. (b) Schematic diagram of a Raman 

spectroscopy with single monochromator and three BragGrate notch filters (BNF) [147]. 

Figure 2-3 (a) has demonstrated the simplified schematic diagram for a triple-grating 

Raman spectroscopy. Compared to the setup in Figure 2-2, the change is on the pathway 

of the scattered light: after the beamsplitter and before the Grating 3 (Grating 3 is also the 

grating in Figure 2-2). The polychromatic light enters the first stage (i.e., Grating 1) 

through the entrance slit 0-1 and is dispersed by the Grating 1. Slit 1-2 works as a 

bandpass filter, which only allows light between wavelengths of λ1 and λ2 to pass. Grating 

2 recombines all the dispersed light and focuses it into the middle of the slit 2-3, 

producing again a polychromatic light limited to the spectral range between wavelengths 

λ1 and λ2. The function of Grating 3 is dispersive, the same with that in the single-grating 

b   a    
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setup (monochromator). While the combination of Grating 1 and Grating 2 works as a 

tunable bandpass filter, cutting out a desirable portion of the spectrum (i.e., rejection of 

stray light), and thus reaching low frequency. Recent development on BragGrate notch 

filters has enabled the detection of low frequency Raman spectra on single stage 

monochromator. Compared to the conventional triple-grating setup, the new technique 

has greatly enhanced the collection efficiency of the low frequency region. The interlayer 

shear and breathing modes in few-layer graphene flakes (unfolded, without twisting angle) 

have thus been observed [147-149]. It is also important to note that a single-mode laser 

with narrow linewidth is crucial to reach low frequency detection, as this will minimize 

the Rayleigh scattering background tremendously. 
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Chapter 3 Top-down fabrication of Mono- and Few-Layer 

TMD Materials 

Top-down method is commonly used in the preparation of nanomaterials, as 

introduced in Chapter 1. The conventional top-down approaches on obtaining 2D 

nanoflakes include exfoliation and thinning. In this chapter, I will introduce Scotch-tape 

based mechanical exfoliation and thinning method by using thermal annealing. 

3.1 Mechanical Exfoliation: Mono- and Hetero-structures 

The tapes I have used in mechanical exfoliation haven been displayed in Figure 3-1 

(a). The left one in blue is called UltaTape, and the right one in white color is MagicTM 

Tape from 3M company. Both can work for exfoliation of atomically thin 2D layered 

samples. The major difference is that the UltaTape is less sticky compared to the MagicTM 

Tape.  

Mechanical exfoliation is widely used in preparing mono- and few-layer materials, 

as demonstrated in Figure 3-1 (b-h). The key factors for successfully producing thin 

layers rely on the crystalline quality of bulk crystal, as well as the surface condition of the 

substrate. If the crystallinity of the bulk crystal is poor, the material would tend to be 

broken into pieces, instead of being exfoliated along the out-of-plane direction. Substrate 

is another crucial element, and Si substrate capped with SiO2 is a common choice. 

Selection on the thickness of SiO2 mainly depends on optical contrast. As demonstrated in 

graphene, an unsuitable thickness of the oxide layer will cause graphene invisible (e.g. 

~10 nm and ~150 nm SiO2) due to interference effect [150-153]. Interference effect also 

affects light-related experiments, such as Raman spectrum and the observation of 
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luminescence [154]. Moreover, if a back-gate device is going to be fabricated on the 

exfoliated sample, a thick SiO2 layer may not be as effective as a thin one in terms of 

gating effect. However, a thin oxide layer may give larger leakage current under most 

circumstances.  

 

 

 

 

 

 

 

 

Figure 3-1. Mechanical exfoliation of 2D layered materials. (a) Tapes used in exfoliation. (b-h) Exfoliated 

atomically thin flakes of graphene (b), MoS2 (c), WSe2 (d), WS2 (e), GaSe (f), SnS2 with P63mmc phase (g), 

and SnS2 with P-3m1 phase (h). Scale bars correspond to 15 μm in (b, c) and 10 μm in (d-h). The substrates 

of (b-d, f-h) are 285 nm SiO2/Si, while that of (e) is 100 nm SiO2/Si. The thickness of (b) is estimated from 

optical contrast. The layer number from (c, d) are confirmed on Raman spectroscopy and 

photoluminescence spectrometer. Determination of thickness in (f-h) is conducted from atomic force 

microscopy. The different background color is due to automatic adjustment of the white light balance on the 

software. This function helps to better visualize thin layers, but it will cause variation on the contrast in 

optical images. 

No matter what kind of substrate is chosen, a clean and smooth surface is essential 

for mechanical exfoliation. Pre-treatment of oxygen plasma or ozone is usually conducted 

as well after the substrate is cleaned with acetone, isopropyl alcohol (IPA), and deionized 

(DI) water in ultra-sonication. On one hand, it can help to decrease the concentration of 

chemical residual, making the substrate cleaner; On the other hand, it can make the 

surface of SiO2 more hydrophilic [79]. My experience shows that the treatment of oxygen 

b  

a  c  d  

e  

g  h f 



38 

plasma or ozone makes a difference on graphene, while almost no change when 

exfoliating MoS2. The variation between graphene and MoS2 is possibly related to the 

intrinsic hydrophobicity of the two materials. In fact, literature has shown that graphene is 

more hydrophilic than WS2 [155, 156]. 

 

 

 

 

 

 

 

Figure 3-2. Protection of black phosphorus thin layers by coating PMMA. PMMA thin film was spin-coated 

on the sample, with spin rate of 4000 rpm. Two examples were shown on 9 L (a) and 6 L (b) exfoliated 

black phosphorus flakes. Scale bars correspond to 5 μm. There is no drop-like structure (commonly seen 

during the degradation of black phosphorus [157, 158]) even after 13 days. The different background color 

is due to automatic adjustment of the white light balance on the software. This function helps to better 

visualize thin layers, but it will cause variation on the contrast in optical images. Besides, the interference 

effect plays a role here due to the presence of PPMA layer.  

Black phosphorus can be exfoliated, too. However, the degradation problem exists 

and people suffer from that. It is reported that the surface of black phosphorus is 

hydrophilic. Exposure to moisture and air with long time can completely etch away the 

material [157]. Later work from the same group found that absorption of water on surface 

is faster in thinner flakes than in thicker ones, and that the flakes can be etched 

layer-by-layer under ambient conditions [158]. In fact, droplet-like structures become to 

appear on the surface of the flakes even just 1 hour after the exfoliation [157]. What’s 

worse, the structures kept growing when the samples were kept in air. My previous 

experience also shows that laser radiation during Raman scatting measurement can 

b  
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accelerate the growth of droplet-like structures. A ~3 L black phosphorus flake was just 

gone within one hour after being radiated by a 633 nm laser (1.96 eV), with power under 

50 μW. In contrast, thicker samples are much tougher [159]. 

A thin layer of polymethyl methacrylate (PMMA) can help to protect the black 

phosphorus sample, which does not affect too much in terms of measurements on Raman 

and photoluminescence spectroscopies. The PMMA (Micro Chem) film was spin-coated 

on the sample, with spin rate of 4000 rpm. According to the datasheet, A4 PMMA (solids: 

4% in anisole) with 4000 rpm corresponds to a thickness of ~200 nm. From our Raman 

scattering measurements, there is almost no difference between pristine and 

PMMA-coated black phosphorus on the phonon modes. Another group also used similar 

method to protect the black phosphorus and conducted measurements on Raman 

spectroscopy in 2015 [160]. Since black phosphorus is not the focus of this thesis, I will 

not elaborate the details here. The purpose of showing PMMA-coated black phosphorus 

thin flake is just to present an effective way (with negligible effect on the intrinsic 

properties) to protect air-sensitive exfoliated samples.  

 

 

 

 

 

Figure 3-3. Mono- and few-layer MoS2 flakes on different substrates, including 100 nm SiO2/Si (a), 285 nm 

SiO2/Si (b), and 285 nm SiO2/Si substrate with holes (c). Sample regions that are on holes are suspended.  

In this section, I have discussed a lot on color and optical contrast. Figure 3-3 has 

further demonstrated the influence of substrate on the optical contrast: Atomically thin 

b c a 
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MoS2 exhibits green color and blue color on 100 nm and 285 nm thick of SiO2 layer, 

respectively. In Figure 3-3 (c), there are suspended samples (which means that there is air 

both above the upper surface and below the bottom surface) and supported samples (From 

bottom to bottom: air-sample-SiO2-Si). The colors are quite different as well. All of these 

are closely related to the optical interference effect. 

 

 

 

 

 

 

Figure 3-4. Optical contrast of atomically thin MoS2. (a) Schematic diagram of setup on measuring the 

optical contrast of thin MoS2 layers under a 36× objective (numerical aperture: 0.5) in a 

microspectrophotometer (Craic 20). n0, n1, n2, and n3 refer to the complex refractive index (n = n-iκ) from 

air, MoS2, SiO2, and Si, respectively, while d1 and d2 indicate the thickness. (b, c) Contrast spectra of single- 

to eight-layer MoS2 on 285 nm SiO2/Si substrate from pristine exfoliated samples (b) and calculation (c). (d) 

Extinction coefficient (red circles) and refractive index (blue circles) for atomically thin MoS2 crystals as a 

function of the incident wavelength from Ref. [161]. (e) Fitting results on refractive index n and extinction 

coefficient k used in calculation. (f, g) Comparison between experimental and calculational results. As there 

is a deep valley between 500 and 600 nm (b, c), Cmax position refers to the wavelength where the largest 

(negative) contrast is reached in the visible range. Cmax value indicates the largest contrast value within the 

same range (can be read from y-axis of b and c), which is also the relative optical contrast as compared to 

the substrate. Experimental data are shown in dots, and lines are from linear fitting. 

To correlate the relation between optical contrast and thickness in MoS2 thin layers, I 

have conducted experiments and calculations following what have been done in graphene 

[150-152]. Experiments were performed under a 36× objective with numerical aperture 

(NA) of 0.5, on a microspectrophotometer (Craic 20). The measurement of optical 

contrast is affected by the intensity of illumination, exposure time, and the size of area 

where signal is collected [162]. The smallest area on our microspectrophotometer can be 
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down to 1.7 × 1.7 µm2, while the size I adopted was 3.6 × 3.6 µm2, as larger size gives 

higher collection efficiency. With fixed light intensity, exposed time, and size of area, the 

measured results were plotted in Figure 3-4 (b). The vertical axis means optical contrast 

C(λ), which is defined as: 

0

0 0

( ) - ( ) ( )
( ) 1-

( ) ( )

R R R
C

R R

  


 
    (3-1) 

where R0(λ) is the reflectance from the substrate, and R(λ) is the reflectance from the 

MoS2 sample. If C(λ)＞0, it means that the SiO2/Si substrate reflects more intense light 

than the MoS2 sample, such as the region between 600-700 nm in the spectra. In contrast, 

if C(λ)＜0，e.g. the region of 450-550 nm, it shows that MoS2 reflects more light than 

SiO2/Si. We can see from Figure 3-4 (b) that thicker MoS2 flakes have deeper valleys in 

the negative contrast region, indicating that as layer number increases, the reflected light 

from samples is also increasing in the range of 450-550 nm. Calculated contrast spectrum 

by using the Fresnel’s equations [151] is shown in Figure 3-4 (c). In our calculation, we 

consider Si as semi-infinite and its extinction coefficient κ is 0. Refractive index n from 

air is wavelength-independent, and n = 1. The thickness of MoS2 sample is 0.65 * N (N 

being layer number), and the thickness of SiO2 layer is 285 nm. The extinction coefficient 

and refractive index of MoS2 in our simulation originated from fitting of results from Ref. 

[161]. The fitting from discrete points in Figure 3-4 (d) to the two curves in Figure 3-4 (e) 

is by using the method of spline interpolation. Spine interpolation can produce piecewise 

continuous curve, passing through every point in Figure 3-4 (d). Between these points, 

there is a separate polynomial for each interval, each with its own coefficients. Fitting 

results were shown in Figure 3-4 (e), whose values are slightly smaller (~5% smaller) 

than those from Ref. [161]. 



42 

We remark that the trend of curves and thickness-dependent evolution are very 

similar between experimental and calculational results, indicating a good agreement. For 

further analysis, we also note that there is a deep valley between 490 and 550 nm. The 

deepest valley (with position denoted to Cmax), in terms of wavelength (x axis) and 

contrast value (y axis), varies for different thickness. Comparison between calculation and 

experiment was shown in Figure 3-4 (f) and (g), by using Cmax position and Cmax value as 

indicators. In general, the simulation result matches with the experimental data. The 

discrepancy might be resulted from several factors: (1) The local thickness of SiO2 might 

deviate from the desired thickness due to imperfection in production, while 285 nm was 

set as constant in calculation. (2) The fitted refractive index and extinction coefficient 

have not fully captured the experimental features, yet values plotted in Figure 3-4 (e) are 

already the best fitting I can reach so far. (3) The incident angle of light is set to be 0° (to 

the normal) during calculation, without considering non-normal incidence. However, NA 

of the objective is 0.5, which means that incident angle varies from 0° to 30°. (4) 

Collection efficiency. (5) Reflection from the substrate actually contributes a significant 

part when we measured R(λ) from the sample. This means that the measured optical 

contrast is precisely 
2

0

0

(1 )
1-

R R R

R

 
, while the calculated value is 

0

1-
R

R
, which 

explains the larger value in calculation. From Figure 3-4 (g), we can see that the change 

of contrast per layer is much larger in calculation (~0.41/layer) than in experiments 

(~0.14/layer). Although it is possible that calculation overestimates the value, results 

show that experiment underestimates the contrast. For a 4 L MoS2 flake, the Cmax value 

changes from ~ -0.5 to ~ -0.3 with decreasing aperture size from 3.6 × 3.6 µm2 to 1.7 × 

1.7 µm2. Increasing the size of collection is one of the methods to improving efficiency, 
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thus obtaining a measured contrast closer to the actual value. Therefore, the size and 

shape of the samples with different thickness are very critical.  

Recent interest in 2D materials has shifted more towards heterostructures, due to the 

fascinating physical properties and attractive electrical performance [7, 163-168]. For 

example, atomically thin heterostructure is a suitable candidate for the study of carrier 

transfer [166, 167]. Light-emitting diode based on multilayer vdW heterostructures has 

displayed a high extrinsic quantum efficiency of nearly 10% [164]. Though 

heterostructure is not the focus of this thesis, the preparation method based on mechanical 

exfoliation is still very related in this section.   

 

 

 

 

 

 

 

Figure 3-5. Preparation of MoS2-graphene heterostructures. (a) Schematics of making a heterostructure 

sample. Firstly, mechanically exfoliated MoS2 flake was prepared on PDMS substrate which is attached on 

a transparent glass slide. Meanwhile, exfoliated graphene on 100 nm SiO2/Si was prepared. The two 

exfoliated samples were aligned on an optical microscopy. Remove the PDMS (together with the glass slide) 

with a blade when the two samples were contacted well (which needs some time). (b, c) Two 

heterostructures samples fabricated with the method mentioned above. From top to bottom, it is MoS2 - 

graphene - 100 nm SiO2 - Si. The red lines highlighted the shape of graphene beneath. 

Figure 3-5 (a) demonstrated the schematics of making a heterostructure sample in 

our lab. Exfoliated MoS2 and exfoliated graphene were prepared separately on 

PDMS-glass slide and 100 nm SiO2/Si, respectively. The alignment of the two thin films 

was conducted on an optical microscope, with graphene put on the sample stage and 

a 

b c 
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MoS2 placed upside down with a holder. Move the position of glass slide until the two 

samples are seen aligned along the z-axis, out-of-plane direction. Lower down the height 

of glass slide (with MoS2) and increase the height of sample stage (with graphene), in 

order to make the two samples contact and attach firmly to each other (which takes some 

time). After the removal of upper substrate (PDMS-glass slide), the preparation of a 

heterostructure is done, as shown in Figure 3-5 (b, c). The interface barrier, possibly 

caused by air/bubble, is hard to be completely avoided, while further annealing can help 

to ease even remove the problem [169].   

 

3.2 Thermal Annealing Thinning 

As we have discussed in Chapter 1 that thinning methods of MoS2 include 

laser-thinning [31], plasma-thinning [32], and annealing-thinning [33, 34],. Laser thinning 

is fast, but the layer-by-layer process cannot be achieved. Thinning of MoS2 

layer-by-layer was first achieved by using Ar+ plasma, but this method is much easier to 

cause damage than other thinning methods because of the energetic plasma. Next, I am 

going to the introduce the thermal annealing method developed in our lab.  

The Thermal annealing experiments were conducted in a CVD furnace which has 

been described in Chapter 2. The thinning mechanism is believed to be related to 

heat-induced sublimation, similar to that in laser thinning [31]. By placing the exfoliated 

few- and multi-layer samples with SiO2/Si substrate beneath in the center of a quartz tube, 

we can make sure the temperature on the samples is the same as (or very close to) the set 

point. In this case, temperature of 650 ˚C and pressure of 10 Torr were set. Argon gas with 
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flowing rate of 5 standard cubic centimeters per minute (sccm) was used to stabilize the 

pressure and gas component inside the chamber, as oxygen in air might cause oxidation of 

MoS2. One hour is set as one cycle, during which one layer was removed, thus achieving 

layer-by-layer process. As a matter of fact, the above mentioned parameters gave us the 

optimized results, considering the surface quality, the thinning rate, and the remaining 

size of the thinned samples. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-6. Optical images of the pristine (a, e), and thermal annealed MoS2 samples (b–d) and (f–h). From 

(b) to (d), as well as from (f) to (h), the annealing times are 2 hours, 4 hours, and 7 hours, respectively. 

Scale bars correspond to 15 µm in (a-d) and 5 µm (e-h). 

Samples in Figure 3-6 (a) (8 L) and Figure 3-6 (e) (7 L) are pristine MoS2 flakes 

before annealing thinning. Figure 3-6 (b-d) and Figure 3-6 (f-h) show the gradual changes 

of the two few-layer samples. Because thicker MoS2 flakes is capable of reflecting more 

light and showing a brighter color than the thinner ones, the variation of color, from 

bright to dark, suggests that the flakes are getting thinner and thinner. In the meantime, 

we also noticed a shrinkage of the surface area, which means that sublimation occurs not 

only perpendicularly on the surface, but also along the surface, therefore causing smaller 

areas. 

To characterize the thinning process of the originally 7 L MoS2 sample (shown in 
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Figure 3-6 (e)), we have conducted Raman scattering measurements. Compared with the 

high-frequency intralayer vibrational modes, the low-frequency interlayer breathing and 

shear modes are much more sensitive to thickness [118, 170, 171]. For example, B1 mode 

(interlayer breathing with the lowest frequency) shifts from 10 cm-1 in 9 L to 40 cm-1 in 2 

L. However, the frequency difference between 1gA  and 1

2gE  modes evolved from about 

~18 cm-1 in 1 L to ~24.5 cm-1 in 5 L, and the value in 5 L is in fact very close to that in the 

bulk [120]. Original and thinning MoS2 flakes after each cycle (one hour) were measured 

under both ( )z xy z  and ( )z xx z  polarization configurations.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-7. Monitoring the thermal annealing process on Raman spectroscopy. (a, b) Raman spectra of 

thinned MoS2 flake under  z xx z  configuration in the low-frequency (a) and high-frequency (b) regions. 

(c, d) Raman spectra of thinned MoS2 flake under  z xy z  configuration in the low-frequency (c) and 

high-frequency (d) regions. (e, f) Raman shift of S1 & B1 modes (e) and 1gA  & 
1

2gE  modes (f) of few-layer 

MoS2 as a function of thinning cycles. Spectra in (a, c) are normalized according to the intensity of S1 peak. 

Spectra in (b) and (d) are normalized according to the intensities of 1gA  peak and 
1

2gE  peak, respectively. 

We can see from Figure 3-7 (a) that the interlayer breathing mode B1 peak shifts to 
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higher frequency and the interlayer shear mode 
2

2gE  (labelled as S1 peak for convenience) 

down-shifts as annealing cycle increases, which indicates that the layer thickness is 

decreasing. The mixture surface is reflected from the spectra as well. The two B1 peaks 

after the 2nd and 3rd cycle of annealing confirm that the surface is a mixture of N layer and 

N-1 layer (N = 6, 5) even in a small area, within a laser spot. After the 7th cycle, interlayer 

shear mode S1 and breathing mode B1, which are mainly caused by the vdW interactions, 

disappear. The existence of fingerprint modes 1gA  and 1

2gE  peaks in Figure 3-7 (b) 

suggests that the sample is in monolayer regime. In addition, shifts of 1gA  and 1

2gE  

modes, especially from the 4th cycle to the 7th cycle, are pronounced, which can be 

regarded as another evidence of thinning. This observation is in agreement with previous 

reports [118, 120].  

Figure 3-7 (c) and (d) are the spectra from cross-polarized  z xy z
 configuration, 

with shear modes detected only. Out-of-plane vibrational modes (such as 1gA  at ~408 

cm-1 and B1 mode < 50 cm-1) are greatly suppressed under the  z xy z
 configuration, 

which is consistent with that observed in exfoliated 2H-stacked MoS2 [118]. The 

cross-polarized configuration enables better observation of low-frequency shear modes, 

because stray light is suppressed more under  z xy z
 configuration than that of  z xx z

 

[147]. Through Figure 3-7 (c), two S1 peaks were observed after the 4th and 5th cycle, 

indicating the mixed surface of N and N-1 layer (N = 4, 3). Note that after the 6th cycle, 

1gA  peak was not as suppressed as other cycles, shown in Figure 3-7 (d). We believe there 

might be some heat-induced disorders or defects after this cycle, which primarily affects 

the out-of-plane vibration. 

We summarize the shifts of B1, S1, 1gA , and 
1

2gE  modes as a function of annealing 
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cycles in Figure 3-7 (e) and (f). General trend of shifts confirm that thermal annealing is 

effective in thinning down the few-layer MoS2. The abnormal shift of B1 mode from ~40 

cm-1 to ~38 cm-1 from the 5th to the 6th cycle is noticed, while the shift is expected to go to 

lower frequency with increasing time on annealing. Strain is a possible reason. Previous 

reports have shown that an in-plane strain can cause splitting of the double degenerate 

1

2gE  mode and soften the 1gA
 mode [137, 172]. Similar effects can be expected on the S1 

mode (split) and B1 mode (down-shift). While there is no splitting of both 
1

2gE  and S1 

modes, if there is strain effect, the applied strain is supposed to be along the out-of-plane 

direction, such that the out-of-plane vibrational modes are affected more than the in-plane 

ones. Meanwhile, the red-shifted 1gA
 mode is not a concrete evidence for strain, as the 

red-shift is mainly caused by thickness effect, supposedly. A recent report shows that the 

frequency of B1 mode in 3R-stacked 2 L MoS2 is lower by ~2 cm-1 than that in the 

2H-stacked bilayer. Also, the intensity ratio between B1 and S1 increases a lot in 3R 

compared to that in 2H [173]. The above mentioned phenomena are very similar to what 

we have observed in Figure 3-7, which gives a possibility of stacking transition from 2H 

to 3R from the 5th to the 6th cycle. Recent papers show that 3R-stakced TMDs are 

accessible, and not as instable as people previous thought [133, 134, 173]. Still, we cannot 

make a conclusion yet, as high resolution transmission electron microscopy (TEM) 

images are needed to make the statement. We also remark that the counterpart monolayers 

of 2H-stacked and 3R-stacked MoS2 are the same, also referred to 1H. In contrast, 1T 

monolayer is different from 1H monolayer. Structural inversion symmetry is kept in 1T 

and broken in 1H.  

In Figure 3-7 (f) , we can see the frequency difference of 1gA  and 1

2gE  is about 21.5 
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cm-1 in 1 L, and close to 23 cm-1 in 2 L, which is larger than that of most pristine MoS2 

produced by mechanical exfoliation [120]. Similar phenomena were observed in 1 L 

MoS2 flakes fabricated by chemical exfoliation [30] and laser thinning [31]. Possible 

reasons such as the presence of unremoved MoS2 on the surface during thinning [31], and 

local thickness variations [30] have been suggested to explain the larger value. On the 

other hand, smaller frequency difference in 1 L (16 cm-1) and 2 L (21 cm-1) MoS2 is also 

reported in mechanically exfoliated MoS2 in a previous paper [48]. These differing reports 

were mostly caused by the variation in the frequency of 
1

2gE  mode, suggesting that 

surface effect might be a more reliable reason. The layer-dependent shift of 
1

2gE  mode is 

a combined effect of thickness effect (downshift with decreasing thickness) and surface 

effect (upshifts with increasing thickness), as I have introduced in Chapter 1 [122]. 

Different methods in sample preparation can possibly cause different surface environment. 

It means that the thickness effect might be constant, but the magnitude of surface effect 

may differ. If we apply surface effect (referring the larger Mo-S force constant in the 

surface layer [122]) to explain the larger frequency difference, it indicates that the Mo-S 

force constant on the surface layer is smaller in (laser-, thermal annealing-) thinning 

samples than that in pristine exfoliated samples. 

We further use atomic force microscopy (AFM) to check the homogeneity of the 

thinned MoS2 flake, as shown in Figure 3-8. As expected, the inhomogeneous surface 

appears even after the first cycle (one-hour annealing time). During repeated experiment, 

although we have succeeded in thinning with homogeneous thickness, but just for a small 

portion of samples. We therefore consider defects as a possible factor to cause the 

non-uniform surface. Since the pristine exfoliated sample from nature is not totally 
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defect-free, defects can work as cores for sublimation. Hence, area around defects would 

probably disappear faster and the mixture of N layer and N-1 layer emerges. Interestingly, 

the rate of sublimation varies sometimes. For instance, N-layer MoS2 can turn to the 

mixture of either N and N-1 layers (Figure 3-8 (c, d)), or N-1 and N-2 layers (Figure 3-8 

(a, b)) after one cycle of annealing. Although the thinning experiment is not a perfect 

layer-by-layer process yet, we believe with the optimized parameters (mainly temperature 

and pressure), thinned MoS2 flakes with homogenous rate is achievable by thermal 

annealing. Therefore, we still consider this low-cost and easy approach as a promising 

top-down method in obtaining mono- and few-layer MoS2, as well as facilitating future in 

situ measurements on optical properties and electrical performance. This thinning method 

may be applied to other TMD materials as well. 

 

 

 

 

 

 

 

 

 

 

Figure 3-8. AFM images of few-layer MoS2. (a, b) Pristine 8 L flake (a) and thinned MoS2 after one cycle 

(b). (c, d) Pristine 7 L flake (c) and thinned MoS2 after one cycle (d). The corresponding optical images of 

(a) and (c) are shown in Figure 3-6 (a) and (e), respectively. Height profiles are taken from the indicated 

arrows.  

b 

c 
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Chapter 4 CVD Synthesis of Atomically Thin MSe2 (M = Mo, W) 

Films and Flakes 

The most popular and probably the most effective bottom-up method in the synthesis 

of group IV TMD materials MX2 (M = Mo, W; X = S, Se) is sulfurization/selenization in 

a CVD furnace. In this chapter, I am going to introduce how I used the CVD system to 

growth atomically thin MoSe2 and WSe2, as well as discussing their optical properties and 

electrical performance. 

4.1 Synthesis of Mono- and Few-layer MoSe2 Film 

4.1.1 CVD-growth and STEM Imaging 

Up to now, it has been proven that CVD growth is one of the most promising 

methods in obtaining large-area monolayer TMDs with high quality on various substrates, 

such as mica, sapphire, copper foil, and even silicon [44, 46, 48, 51, 52, 59, 62, 64, 65]. 

Previous reports show that sulfurization/selenization of MoO3/WO3 can produce large 

scale, high quality mono- and few-layer TMDs [46, 52, 59, 62]. When I started on CVD 

synthesis of MoSe2 in June 2013, the majority of papers at that time were reporting on the 

synthesis of MoS2 only. It is true that the lower chemical reactivity [174] of selenium (Se) 

makes it more difficult to synthesize large-area and atomically thin Se- based TMDs 

(MSe2, where M = Mo, W) than to grow large-scale thin MS2. Therefore, longer reaction 

time is indispensable for large-scale synthesis of MSe2; nonetheless, it is inevitable to 

avoid thicker films with longer time on synthesis, since the growth is not self-limiting. 

This is different from graphene, whose synthesis on copper foil is a self-limited process 

thanks to the low solubility of carbon on copper. Thus it is very suitable to use Cu in the 
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growth of monolayer graphene [175]. Consequently, it is still challenging to synthesize 

large-area transition metal diselenides on conventional amorphous SiO2 substrate which 

does not have self-limiting properties. We believe the key to solve the challenge of 

reproducibly synthesizing large-scale and atomically thin Se-based TMD films on SiO2 

substrates is the careful tuning and optimization of the synthesis parameters. Meanwhile, 

Yu et al. have reported that by using MoCl5 precursor, instead of MoO3+S/Se, the 

self-limiting mechanism is achievable in growing thin film MoS2 [80].  

We use a home-built vapor transport CVD system with single-zone furnace for the 

synthesis. First of all, two quartz boats were put inside the quartz tube reactor, which 

contained MoO3 powder and Se powder, respectively. MoO3 was at the center of the 

heating zone, and Se was ~17 cm away on the upstream. A Si substrate capped with 100 

nm oxide layer was placed on the downstream for deposition. Since H2 is necessary in the 

reaction of selenization due to the low chemical reactivity [174] of Se, it was used as the 

carrier gas to transport the Se and MoO3 vapors and deposit MoSe2 film on the substrate. 

The substrate is put at the downstream position. It is worth noting that there is one paper 

reporting on the growth of MoSe2 by selenization without H2 involved [58], although 

almost every group used hydrogen gas in the (selenization) synthesis of MoSe2 or WSe2 

[54-56, 62, 176-178].  

The temperature was elevated to 800 °C in 10 minutes, maintained constant for 8 

mintues, and reduced to room temperature naturally. When the temperature on MoO3 

reaches 800 °C, the temperature on Se power is estimated to be around 350 °C. During 

growth, the pressure was kept stable at 20 Torr inside the tube reactor. The relation 

between vapor pressure and temperature of Se is given by: 
4989.5

log 8.0886P
T

   (P 
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in the unit of mmHg; T in the unit of K), measured with quartz Bourdon gages in 1952 

[179]. Following the equation, the vapor pressure of Se at 350 °C is 12 Torr, a little 

smaller than the pressure we used. The as-grown MoSe2 film is usually 4-6 cm away from 

the center, where the MoO3 boat is placed. 

 

 

 

 

 

 

 

 

Figure 4-1. CVD-synthesized thin MoSe2 film on 100 nm SiO2/Si substrate. (a) a photograph 

showing the comparison of the CVD-grown MoSe2 and a bare SiO2 substrate. (b) An optical 

microscopy image of the CVD-grown MoSe2 film. The scratch was made by a tweezer, in order to 

show the apparent contrast. (c) AFM image of the CVD-grown MoSe2 film, which suggests the 

grain size is of ~100 nm. (d) Height profile from sections as indicated by the black and blue lines 

in (c). The thickness of 1 L MoSe2 is ~0.7 nm. 

Our CVD-grown mono- and few-layers MoSe2 film on SiO2/Si substrate has 

relatively homogenous area (in majority mono- and bilayer) which can reach 1×1 cm2. 

Figure 4-1 (a) shows the difference between a bare substrate and MoSe2 thin film on 100 

nm SiO2/Si substrate. As the thickness of 1 L MoSe2 is only ~0.7 nm, the relative contrast 

on Si substrate with 100 SiO2 is not very distinct. Yet we can see the 1 L MoSe2 exhibits 

a dark green color as compared to the substrate which has a purple hue. In addition, the 

optical image in Figure 4-1 (b) displays a homogenous color, indicating the uniformity of 

thickness. AFM image reveals that the film is consisted of many small triangular grains, 

a b 

c d 
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as displayed in Figure 4-1 (c). AFM images of other areas are similar to Figure 4-1 (c), 

except that there are more single-layers in the high temperature region, and the film is less 

continuous; while thicker layers are in relatively high density within the low temperature 

region. Figure 4-1 (d) displays two section profiles indicated by the blue and black lines 

in Figure 4-1 (c), showing the predominating bilayer and monolayer with thicknesses of 

1.5 nm and ~0.8 nm, respectively.  

For further characterization, the CVD-grown MoSe2 thin film was transferred from 

the SiO2/Si substrate onto a lacey carbon grid by using a wet-chemistry etching method. 

Firstly, we spin-coated PMMA layer on top of the sample. The PMMA-coated sample 

was immersed into NaOH solution after baking. Wait until the PMMA layer with MoSe2 

film floated on the surface of NaOH solution. Afterwards, a TEM grid (or a sapphire 

substrate for optical absorption measurement which will be discussed later) was used to 

fish the PMMA film. Eventually, the PMMA layer can be dissolved by acetone, and the 

MoSe2 thin film is left on the TEM grid (or new substrate). 

Figure 4-2 (a) displays the general morphology of the as-transferred MoSe2 thin film. 

The film is homogeneous and continuous in large scale. At random locations, there are 

some small wrinkles and cracks (indicated by green arrows in Figure 4-2 (a)), which are 

probably introduced during the transfer process. To obtain further information on the thin 

films down to the atomic level, annular dark field (ADF) imaging on an 

aberration-corrected scanning transmission electron microscope (STEM) was utilized.  

ADF imaging is capable of providing an in-depth analysis of the grain boundary 

structures and the crystallinity of the film. Under the conditions our measurements, 

regions with different thickness are able to exhibit distinct contrast in the ADF images 
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(Figure 4-2 (b)). Moreover, the intensity shows a linear dependence on the number of 

layers in thin samples, up to at least 6 L, as demonstrated in Figure 4-2 (c). The linear 

relationship provides an accurate and facile method to identify the thickness by ADF 

imaging. Results show that the TEM sample contains mostly 1-3 L MoSe2, in agreement 

with the measurements from AFM on the as-grown film. The fact that few-layers and 

monolayers coexist also indicates that the growth of MoSe2 on SiO2 substrate is not a 

self-limiting growth mechanism. 

An ADF image with atomic resolution of the lattice structure in the monolayer 

MoSe2 is shown in Figure 4-2 (e), which displays a hexagonal pattern with alternating 

dim and bright atomic sites. The intensity in ADF image is correlated to the number of 

atoms and the atomic number [180]. Therefore, the dimmer atomic sites are Mo columns 

and the brighter ones are Se2 columns, which is indicated by the intensity profile 

displayed in the bottom right of Figure 4-2 (e). Meanwhile, point defects that are 

observed frequently in layered materials can be identified with ADF-STEM as well, such 

as the mono-Se vacancies (indicated by the green arrows in Figure 4-2 (e)) [181]. 

Electron energy loss spectroscopy (EELS) was further used to check the chemical identity 

of the MoSe2 film, with results shown in Figure 4-2 (d). In the bilayer or trilayer regions, 

oriented stacking, i.e. no rotation between the two layers, is found to be dominant. Both 

2H and 3R stacking configurations were observed, as seen in Figure 4-2 (f) and (g), 

respectively.  
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Figure 4-2. Grain boundaries and morphology and of as-grown MoSe2 films. (a) Low-magnification bright 

field TEM image of the MoSe2 film. (b) ADF image of the CVD-grown MoSe2 film shows distinct contrast 

among 1 L, 2 L, and 3 L. (c) Dependence of the intensity in ADF image on the thickness of MoSe2. (d) EEL 

spectrum taken at 1 L region, which shows typical Se and Mo edges. (e) ADF image of 1 L MoSe2 with 

atomic resolution. Structural model is overlaid. Bottom-left: corresponding FFT pattern. Bottom-right: 

Profile of intensity taken along the dashed line. (f, g) ADF images of 2 L MoSe2 with 3R (g) and 2H (f) 

stacking, respectively. (h) ADF image of a 21˚ tilted grain boundary in 1 L MoSe2, which consists of 5|7 

rings. Inset: FFT of the image. (i) ADF image of a 60˚ grain boundary. 4|4 rings with 8-member rings at the 

kinks can be observed. The orientation of the mirror symmetric grains is displayed with two triangles. 

Corresponding structural model for (h, i) are shown on the right. Orange and purple spheres represent the Se 

and Mo atoms, respectively. In order to reduce random noise, all ADF images have been low-pass filtered.  

The atomic structure at the monolayer regions was also investigated by using ADF 

imaging, with mirror and tilted symmetric grain boundaries detected. A 21˚ grain 

boundary is shown in Figure 4-2 (h), with the corresponding Fourier pattern displayed as 

inset. The grain boundary consists of dislocation cores with distorted 6-fold rings and 

five- and seven-fold (5|7) rings in between, which is similar to those predicted and 
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observed in monolayer MoS2 [52, 181, 182]. Due to the broken of 6-fold symmetry, a 60˚ 

grain boundary is observed in Figure 4-2 (i). The lower and upper parts of the monolayer 

region are in mirror symmetry, as illustrated by the two triangles. The two parts are 

connected by the chains of point-sharing four-fold rings (4|4P) with 8-fold rings serving 

as grain boundary kinks. This kind of 60˚ grain boundary has been reported in monolayer 

MoS2 previously [181], and calculations on band structure suggest that it is metallic [182], 

providing intrinsic conductive channels within the semiconducting MoSe2 layer. 

 

 

 

 

 

 

 

Figure 4-3. CVD synthesis of MoSe2 with non-optimized parameters. (a, b) Compared with the parameters 

used in Figure 4-1, growth with a lower temperature (700 °C) and growth with a lower pressure (10 Torr) 

are shown in (a) and (b), respectively. 

Back to the CVD synthesis, it is very interesting to examine the dependence of 

growth on parameters, such as temperature and pressure. Growth with a lower 

temperature (700 °C. Other parameters remain the same.) and Growth with a lower 

pressure (10 Torr. Other parameters remain the same.) are shown in Figure 4-3, 

respectively. Generally speaking, a lower temperature reduces the growth rate, resulting 

in larger grain size; While a lower pressure can increase evaporation rate of source, and 

as-grown samples are smaller. However, the CVD-grown flakes from 700 °C (and 20 

Torr) do not exhibit the fingerprint 1gA  mode (~241 cm-1) from Raman spectroscopy, 

a b 
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indicating that the products are not MoSe2, or with very bad crystallinity. Samples from 

(800 °C and) 10 Torr show a weak 1gA  peak on Raman spectrum, also suggesting the 

poor quality. In contrast, the optimized parameter not only gives good morphology, but 

also introducing excellent optical properties, which will be discussed in the next section. 

 

Figure 4-4. Optical images of CVD-grown MoSe2 taken with different distances from the center. Black 

arrows indicate the scratches made by a tweezer, which shows the pronounced contrast between sample and 

substrate. Red circles highlight thick flakes (byproducts). 

 The distribution of as-grown samples as related to different positions (i.e., closer or 

farther to the center where MoO3 is placed) is shown in Figure 4-4. As the substrate is put 

very closed to the center where thermocouple is installed, temperature variation on the 

substrate is supposed to play a relatively minor role. Still, position closer to the substrate 

is at higher temperature, and the deposition rate is faster at lower temperature end, which 

is evident by the fact that thickness increases towards the downstream. 
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Figure 4-5. Morphology and density dependence on the distance from center. From (a) to (d), the distance 

between the as-grown samples and the center increases. As it goes farther away from the center, the samples 

change from irregular shape, triangle to film, and density increases in the meantime. The black arrow in (d) 

indicates the scratches intentionally made by a tweezer to show optical contrast under the optical 

microscopy and give height step under AFM.  

The different contrast is not due to thickness, as all of the regions in Figure 4-4 do 

not have interlayer vibrational modes, indicating that they are in monolayer regime [118, 

170, 171, 183]. We further used AFM to check the morphology and density (Figure 4-5, 

from a different batch of growth). As position moves closer to the downstream side, 

denser samples is observed, which can be explained by temperature effect. Meanwhile, 

the morphology changes from irregular shape, triangle to film. Wang et al. have studied 

the shape evolution of monolayer MoS2 grown by CVD and observed similar phenomena 

[184]. According to their results, the dependence on position is related to the 

concentration of precursors (i.e., MoO3 and Se in my growth). When it moves towards to 

b a 

c d 
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the downstream, concentration decreases and the rate of growth reduces, thus leading to a 

stable growth under thermodynamic control [184]. Liu et al. also discussed that the 

growth may shift from thermodynamic control to kinetic control when the growth 

proceeds too fast [177]. Based on previous literature [177, 184], we speculate that as 

position moves from center to downstream, the growth is more thermodynamic-controlled 

and less kinetic-controlled, and different kinds of dynamics affect the morphology. 

 

 

 

 

 

 

 

Figure 4-6. Schematic diagram displaying a possible growth mechanism in the growth of MoSe2 on SiO2/Si 

substrate. Black and red circles refer to holes and Se seeds, respectively. The blue triangle represents the 

MoSe2 flake. 

To further explore the growth mechanism, we have conducted some controlled 

experiments with even lower growth rate compared to the optimized parameters (e.g., 

higher pressure and lower concentration of H2), in order to see the intermediate states 

between precursor powder and the thin-film triangle flakes. The possible growth 

mechanism of MoSe2 thin film is shown in Figure 4-6. First of all, the Se powder 

evaporates and goes into the pinholes on the substrate. Se particles on these pinholes can 

serve as seeds in the following growth. The MoSe2 flake grows with a Se seed as the core 

subsequently. Afterwards, the seed is either detached or melted, leaving a hole. The flake 

then grows from the outside to the inside and fills in the hole eventually. In fact, we have 

seen, via AFM, flakes with a hole in the middle, flakes with a detached “seed”, and flakes 
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with a melted “seed” from the slower growth. CVD-grown samples with a seed in the 

middle have been widely observed and reported [52, 185]. However, concrete evidence is 

still needed to support this speculated mechanism.  

 

4.1.2 Optical Properties: Photoluminescence and Raman Scattering 

Dependence on substrate position not only affects morphology, density, and thickness, 

but also influences photoluminescence properties. Figure 4-7 (a) and (b) have shown two 

examples from different bathes of synthesis with the same growth parameters. In general, 

with increasing distance from the center where temperature is the highest, the PL peak 

position down-shifts to the low energy side; the change of PL intensity, however, is not 

monotonic. Instead, it increases first and then decreases, reaching maximum somewhere 

along the sweep. Comparison between Figure 4-7 (a) and (b) also indicates the variation 

between batches of growth, which is supposed to be related to the small growth window 

of atomically thin TMD materials. Nevertheless, sample with the best morphology and 

the strongest PL intensity always locates between 4 to 6 cm, as mentioned in the previous 

section.  

The strongest PL peak always has its energy located at 1.56 eV, even from different 

batches of growth. According to previous reports [186-189], it corresponds to the energy 

of A exction in MoSe2 (1.56 eV ± 0.01). While other positions with weaker intensity are 

possibly due to poorer crystalline quality (thus more non-radiative recombination) and 

thickness effect, such as sample #4.8 cm in Figure 4-7 (b). The much weaker intensity as 

well as peak position (inset of Figure 4-7 (b)) indicates the sample is bilayer MoSe2. 

Therefore, sample #4.4 cm is possibly a mixed region with majority monolayers and less 
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bilayers. However, the shift of energy in Figure 4-7 (a) cannot be caused by thickness.  

 

 

 

 

 

Figure 4-7. Dependence on substrate positions of photoluminescence (PL) properties. (a, b) PL spectra 

ranging from 1.4 to 1.7 eV taken at different positions on the substrate, with length referred to the distance 

between where the sample was grown and the center of the furnace. (a) and (b) are from different batches of 

synthesis, while but the PL spectra were measured under the same circumstances (i.e., the same setup, 

power, and acquisition time). Inset: zoom-in spectra of sample #4.0 cm (a) and sample #4.8 cm (b). 5.0 cm 

(1) and (2) indicate different positions where spectra were measured, while the distances from the center are 

the same. (c) PL spectrum of sample #5.0 cm_2 in (a) with range from 1.2 to 2.0 eV.  

A previous paper has shown that dielectric environment has significantly effect on 

the PL peak and energy in monolayer MoS2 [190]. With increasing dielectric constant, 

blue-shift of exciton or trion up to 40 meV was observed, which was explained by the 

dielectric screening effect of the Coulomb potential. In the meantime, stronger PL 

intensity is detected. By comparison, PL peak redshifts with increasing intensity in Figure 

4-7 (a), different trend from the above observation. Moreover, the samples are in the same 

dielectric environment. Here, my speculation is that weaker intensity towards the 

upstream may be related to sample density, and higher energy is possibly related to 

quantum confinement effect (closer to the center, smaller grain size). 

The full range PL spectrum is shown in Figure 4-7 (c). Both B and A excitons can be 

observed with energies of 1.76 eV and 1.56 eV, respectively, which are in consistent with 

previous experimental results [188]. Theoretical calculations predict that the splitting 

energy of B and A excitons is 183 meV in MoSe2, which is caused by the strong 

a b c 
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spin-orbit interaction [86]. To have a further analysis on the emission properties, we have 

done fitting on the PL spectrum, as shown in Figure 4-8.  

 

 

 

 

 

Figure 4-8. Fitting of A exciton peak by using different functions: Guassian (a), Lorentzian (b), and Viogt 

(c). Black line and red line represent raw data and fitting curve, respectively.  

Analyzing the PL lineshape helps to understand the intrinsic properties. Bergman  

et al. explored the impurity distribution in diamond thin film by the analysis of PL spectra, 

in which line defects and point defects are expected to be Gaussian and Lorentzian, 

respectively [191]. Gaussian function (
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  ) are widely used in the analysis of PL spectra. Homogeneous 

broadening, such as natural lifetime broadening resulted from spontaneous decay of an 

excited state and collision broadening caused by inter-particle collision, follows 

Lorentzian profile. Inhomogeneous broadening, including Doppler broadening and power 

broadening, has a Gaussian line shape. Meanwhile, the broadening due to spectrometer 

usually exhibits a Guassian profile. Gaussian fitting in the PL spectra of TMDs have been 

reported [82, 192, 193]. Using Lorentzian function to do fitting in the PL spectra of group 

IV TMDs is also common [83, 99, 169, 190, 194-198]. Here, I presented the fitting with 

Gaussian function and Lorentzian function of A exciton in Figure 4-8 (a) and (b), 

respectively. Comparison shows that Lorentzian function matches better.  

Voigt function ( ( ; , ) ( '; ) ( '; ) 'G L G LV x G x L x x dx     ) is the convolution of a 

a b c 
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Gaussian profile and a Lorentz profile. When ωG = 0, the Voigt function exhibits a 

Lorentzian profile; when ωL = 0, the Voigt profile is pure Guassian. Fitting with Voigt 

function is displayed in Figure 4-8 (c), with ωG = 30.6 meV and ωL = 36.2 meV. It is also 

worth mentioning that Vogit profile matches the best among the three functions. Voigt 

profile has also been used in atomically thin TMDs before [199, 200]. 

Furthermore, temperature-dependent PL and optical absorption measurements were 

carried out (Figure 4-9). Absorption related to A and B excitons exhibit comparably 

intensity from the spectra (red in Figure 4-9 (a)), while the emission from A exciton is 

much stronger than that from B exciton due to their difference in PL quantum yield (black 

in Figure 4-9 (a)). The asymmetric line shape of the complex A exciton becomes 

pronounced with decreasing temperature. Following existing literatures [188, 194], we 

assign the peak with higher energy as the neutral exciton A0, and the one with lower 

energy, which only appears at low temperature, as the negatively charged exciton A−. A− 

is considered as a trion; that is, bound states of two electrons to one hole [194]. From 

absorption spectra, the asymmetry of complex A exciton begins to appear when the 

temperature was lowered to 220 K, which indicates the binding energy of A− trion is 

supposed to be between 22.5 meV (T = 260 K) and 19.1 meV (T = 220 K). Otherwise, 

once the thermal energy kBT exceeds the binding energy, it will be less likely to observe 

the A− charged exciton due to dissociation. According to previous papers [194, 201], the 

energy difference between A0 and A− from PL spectrum can be used to characterize the 

difficulty in removing one electron from the trion, as well as the binding energy of A− 

with infinitesimal doping. E (A0) – E (A-) extracted from fitting is shown to be 23.5 ± 1.5 

meV between 77 to 180 K (30 meV in exfoliated monolayer MoSe2 measured at 20 K 
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[188]), and it is 14 meV at 220 K (Figure 4-9 (d)). As a matter of fact, trion emission at 

220 K is very weak and rather broad, which affects the accuracy in the interpretation. 

Meanwhile, it is very possible that the trion of CVD-MoSe2 monolayer film ionizes 

around 220 K. By comparison, most previous reports focused at low temperature < 77 K 

where trion exhibits substantial intensity [188, 194, 202]. 

 

  

 

 

 

 

 

 

 

 

Figure 4-9. Temperature-dependent emission properties of CVD-grown monolayer MoSe2 film. (a) 

Temperature-dependent PL spectra (black) and optical absorption spectra (red) of CVD-grown monolayer 

MoSe2 film. Both spectra are normalized. (b) Temperature-dependent PL spectra with Voigt function fitting. 

(c) Comparison of fitting with Gaussian, Lorentzian, and Voigt functions on PL spectrum of monolayer 

MoSe2 at 77 K. (d-f) Extracted temperature-dependent excitonic energies (d) and width (c) of neutral 

exciton A0 and charged exciton A-. (f) Integrated intensity ratio of A-/A0.  

The temperature-dependent PL spectra with fitting by Voigt function have been 

plotted in Figure 4-9 (b), where we have found several interesting features: The emission 

of neutral exciton A0 is best captured by the combination of Guassian and Lorentzian 

functions at room temperature, as demonstrated in Figure 4-8, while the weight of 

Guassian profile increases with decreasing temperature. It is pure Gaussian at 100 K and 

a b c 
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77 K in the spectra. On the other hand, the emission of trion A- is always Lorentzian. 

Comparison of fitting with Gaussian, Lorentzian, and Voigt functions at 77 K is displayed 

in Figure 4-9 (c). Only Voigt profile, which uses Gaussian and Lorentz for A0 and A-, 

respectively, can well describe the emission feature. Previously, Zhu et al. have also used 

Guassian for neutral exciton and Lorentz for trion when discussing PL from 2 L WS2 

[203].  

The temperature-dependent excitonic energy and width were extracted and plotted in 

Figure 4-9 (d, e). The width of Voigt profile is calculated though 

2 20.5346* 0.2166*
V L L G

      , where ωv, ωL, and ωG are the corresponding 

widths of Voigt, Lorentzian, and Gaussian profiles. The above approximation is exactly 

correct for a pure Gaussian, but has an error of about 0.000305% for a pure Lorentzian 

profile [204]. The ratio of A-/Ao in terms of integrated intensity is also shown in Figure 

4-9 (f), in agreement with previous result [188]. 

Power-dependent PL measurements were conducted as well, in order to explore the 

relation between peak intensity (I) and excitation power (P), I~Pα. According to previous 

results [195, 199, 202], both A0 and A- should have a linear relation between I and P; that 

is, the parameter α is supposed to be close to 1. The power-dependent measurements at 77 

K are also crucial for the understanding of the broad and weak peak (labelled as L in 

Figure 4-10 (a)) located around 1.56 eV, which only appears at low temperature (100 K 

and 77 K in Figure 4-9 (b)). If α < 1, the peak is supposed to be related to defects or 

localized states, which has been widely reported in TMDs [98, 195, 199, 202]. 

Dependence of intensity on excitation power is plotted in Figure 4-10 (b, c), with 

both the commonly-used logarithmic scale and the linear scale. The parameter α is 
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extracted to be 0.94 and 0.81 for A- and A0, respectively, in the logarithmic scale. While 

in the linear scale, α is just 0.81 and 0.75 for A- and A0, respectively. The fitting in linear 

scale is by using power law function, * ^y a x b , and the main advantage of linear scale 

is that it can include the zero point (i.e., when power is zero, intensity is zero). If 

Guassian function, instead of Voigt function, is used in the fitting, α is 0.95 and 0.84 for 

A- and A0, respectively [55]. Meanwhile, the value α for L peak is 0.66 (under Gaussian 

fitting), suggesting that it is indeed related to localized states/defects [55, 205].  

 

 

 

 

 

 

 

 

Figure 4-10. Power-dependent PL spectra of CVD-grown MoSe2 monolayer film at 77 K. (a) 

Power-dependent PL spectrum at 77 K. Zoom-in view with vertical axis plotted in logarithmic scale is 

shown as inset. A0 and A- are neutral and charged excitons, respectively. L peak is supposed to be related to 

localized states or defects. (b, c) Dependence of intensity on excitation power in logarithmic scale (b) and 

linear scale (c). Dots are experimental data extracted from (a) and lines are fitting results. (d, e) PL spectra 

with fitting of Voigt profile under excitation power of 0.02 mW (d) and 2.15 mW (e), respectively. 

The value K obtained from fitting suggests that A- is more sensitive to excitation 

power than A0. At low power (such as 0.02 mW in Figure 4-10 (d)), photo-generated 

electrons are in low concentration and they are more likely to be compensated by holes, 

so the neutral exciton A0 is in dominance [206]. Increasing the excitation power can 

introduce a higher concentration of photo-excited electrons, which can be regarded as 

a 
b c 

d e 
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optical doping. Reversible optical doping effect has been observed in graphene on SiO2/Si 

substrate, in which the down-shifted 2D band and up-shifted G band confirm the electron 

doping [207]. The charged exciton A-, in our case, thus becomes stronger with increasing 

electron concentration due to higher power. When power keeps increasing to 3.40 mW, a 

saturation plateau zone will be reached, as Figure 4-10 (c) indicates [206]. The results 

from power-dependent PL measurements are a little bit deviated from previous reports 

[195, 199]: The value α is not that close to 1. This might be due to the non-uniform 

distribution of photo-excited carriers or to competitive nonlinear and non-radiative 

processes [208]. Further experiments need to be conducted to understand the reason. 

Meanwhile, we also performed the Raman scattering measurements to check the 

lattice vibrational properties. Figure 4-11 (a) presents the atomic displacement in 

vibrational modes of 1 L and 2 L 2H-stacked MoSe2. Figure 4-11 (b) presents the Raman 

spectra taken from the as-grown 1 L and 2 L MoSe2. The out-of-plane vibrational mode 

1gA  is stronger as compared to the fingerprint peak from Si (520.7 cm-1), which suggests 

the quality of the CVD-grown MoSe2 thin films is not bad. Furthermore, we show the 

zoom-in view to check the thickness-dependent shift of 1gA  and 
1

2gE  in Figure 4-11 (c). 

As expected, 1gA
 mode is stiffened and 

1

2gE  mode is softened from 1 L to 2 L, in 

agreement with previous results from exfoliated samples [118, 186].   

In MoS2 thin film, the layer-dependent shifts of the high-frequency intralayer 

vibrational modes are less sensitive compared to the low-frequency interlayer shear and 

breathing modes. Take out-of-plane vibrational modes as an example: from 2 L to 9 L, the 

shift of high-frequency 1gA
 mode is less than 5 cm-1, while the low-frequency B1 mode 

shifts by ~30 cm-1 [186]. In our CVD-grown 2 L MoSe2, we have observed the interlayer 
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shear mode 2

2gE  at 18 cm-1. Figure 4-11 (d) shows the zoom-in view of 2

2gE  mode and a 

high frequency breathing mode at 352 cm-1, which is another difference between mono- 

and bi-layer. This peak corresponds to the optically-inactive 1

2gB  mode in the bulk, which 

evolves into a Raman-active mode with 1gA  symmetry in bilayer and an infrared-active 

(Raman-inactive) 
''

2A  mode in the monolayer case, due to the symmetry change [118, 

121]. The detailed discussion on Raman scattering of CVD-grown MoSe2 will be shown 

in Chapter 5. 

 

 

 

 

 

 

 

 

 

 

Figure 4-11. Raman spectra of CVD-grown MoSe2. (a) Vibrational normal modes of 1 L and 2 L 

2H-stacked MoSe2. Orange and blue spheres represent Se and Mo atoms respectively. Monolayer MoSe2 is 

consisted of two layers of Se and one intermediate layer of Mo. (b) Raman spectra taken from the 

CVD-grown mono- and bi-layer MoSe2. (c, d) Zoom-in spectra show the difference between monolayer and 

bilayer. 

 

4.1.3 SU-8 Patterning and Electrical Performance 

Before fabricating a device on the CVD-grown MoSe2 film, SU-8 patterning is 

b 

c d 
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indispensable. The narrower effective channel length resulted patterning makes it easier to 

avoid the defects staying on the substrate which might affect the device performance by 

constraining the current flow into the channel. Defects on the substrate, such as pinholes 

in the gate oxide, may form because of the high temperature during CVD growth (also 

observed in the MoS2 FET synthesized by CVD [209]), imperfection in the production of 

the substrate, or during the device fabrication and processing steps. 

 

 

 

 

 

 

 

 

Figure 4-12. Schematic diagram of the patterning process. 

The schematic diagram of SU-8 patterning process is shown in Figure 4-12. After 

CVD-synthesis, the patterning was carried out on an EBL system, with 30 kV as the 

acceleration voltage. For SU-8 patterning, we used the negative epoxy-based SU-8 2002 

(Micro Chem). Firstly, SU-8 was spin-coated on the sample at 4000 rpm for 40 seconds, 

followed by soft-baking (65 °C) on a hot-plate for 1 minute and another 1 minute at 95 °C 

subsequently. Afterwards, the sample was immersed into SU-8 developer (Micro Chem) 

for 1 minute after the EBL exposure. To completely remove the SU-8 pattern, the sample 

is baked post-exposure at 95 °C for 1 minutes, immersed into Remover PG (Micro Chem) 

at ∼65 °C for 10-30 minutes, and then blow-dried with N2 flow. After SU-8 patterning, 
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the gate leakage current was suppressed by two orders of magnitude [57], enabling the 

correct interpretation of the electrical performance on CVD-grown MoSe2 films, as 

shown in Figure 4-13. 

Figure 4-13 (a) shows transfer characteristics of the device at room temperature. 

Ambipolar field-effect was demonstrated and the n-type behavior is more prominent. 

With 37.5 V gate overdrive, the on-off current ratio of 102 was measured for the n-type 

conductance. It is evident that higher on-off current ratio is achievable with a larger gate 

overdrive. In the meantime, the subthreshold swing is measured to be 15.2 V/dec. Figure 

4-13 (b) demonstrates the transport properties of the device with several drain voltages. 

The inset of Figure 4-13 (b) shows that the leakage current is about 100 pA at Vg = -30 V, 

several orders smaller than the drain current even at Vd = 1V, which indicates that the 

ambipolar behavior of the device is not resulted from gate leakage. The field-effect 

mobility of the CVD-grown sample is estimated by using the equation 

   ds g ox dsd dI V L WC V   , where L and W are the channel length and width of the 

device, respectively. Cox is the areal capacitance of the oxide gate (3.45×10-8 F/cm2 for 

100 nm SiO2). The mobility is calculated to be 0.012 cm2V-1S-1 for hole and 0.020 

cm2V-1S-1 for electron at the linear regime of the transfer curve. The value of electronic 

mobility for the MoSe2 device is comparable with the typical range of mobility from 

as-synthesized 1 L MoS2 (~0.003-0.8 cm2V-1S-1) [44, 46, 48, 51]. Figure 4-13 (d) and (c) 

show the output characteristics of the device at several negative and positive gate voltages, 

respectively. The ambipolar behaviour of the device is demonstrating, as current level 

increases with increasing |Vg|. The Ids-Vds plot is linear, although minor asymmetry 

between positive and negative Vds interval suggests the presence of Schottky barrier at the 



72 

Ni-MoSe2 contact [210]. 

 

 

 

 

 

 

 

 

 

 

Figure 4-13. Electrical properties of the MoSe2 film grown via CVD. (a) Ids-Vg curves plotted in linear and 

semi-log scale at Vds = 5V. Inset: Scanning electron microscopy (SEM) image of the device. D and S 

denotes the drain and source electrode pads. (b) Ids-Vg curves for various Vds. Inset: gate leakage current as a 

function of Vg. (c) and (d) show the Ids-Vds curves of the device for various positive and negative gate 

voltage ranges, respectively. 

Further measurements [57] of temperature-dependent conductance show that the 

mobility of CVD-grown MoSe2 film increases with temperature, and the transport 

properties follow variable range hopping (VRH) mechanism. Normally, VRH mechanism 

is applied in strongly disordered systems with localized charge-carrier states. The 

occurrence of VRH transport properties further confirm that the L peak observed in low 

temperature PL spectra is related to the localized states. Improvements on the device 

performance is achievable either by depositing high-k top gate dielectric to screen 

Coulomb scattering, or by enhancing the sample quality. In addition, Hall measurements 

can be utilized to eliminate contact resistance and deduce the gate capacitance [211, 212].  
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4.2 Synthesis of Few-layer MoSe2 Nanoflakes 

Increasing the grain size of CVD-grown MoSe2 will help on the electrical 

performance, as scattering due to grain boundary within the effective channel length will 

be reduced. Meanwhile, our previous growth on MoSe2 thin film has shown that 2H and 

3R stacking orders can coexist within the same batch of growth (Figure 4-2). Nonetheless, 

further study of stacking-dependent optical and electrical properties was limited by the 

small grain size (~100 nm), which can only proceed with larger samples (at least ~3 µm). 

4.2.1 Parameters Optimization in CVD-growth of MoSe2 flakes 

 

 

 

 

 

 

 

 

 

Figure 4-14. CVD-grown few-layer MoSe2 flakes on 285 nm SiO2 in low (a) and high magnification (b-h). 

Thickness, confirmed from AFM, is indicated in each sub-figure. Scale bars correspond to 10 μm in (b-h). 

Through numerous trials on optimizing the growth parameters, few-layer MoSe2 

flakes with grain size of more than 10 µm have been obtained, in a relatively large density, 

as shown in Figure 4-14. Figure 4-15 shows the schematic of the synthesis, with MoO3 

powder put in the center boat and Se power on the upstream. The separation distance 

between two the boats is 15.5 cm. 285 nm SiO2/Si substrate was chosen to be the growth 
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substrate, which was put upside down on the center boat. CVD-growth of film/flakes on 

100 nm SiO2/Si or 285 nm SiO2/Si is actually very similar, meaning that the density, 

morphology, and thickness resemble. Selection of 285 nm SiO2 is mainly for electrical 

performance, as larger leakage current is observed in substrate with thinner oxide layer. In 

contrast, the choice of 100 nm SiO2 is in favor of PL measurement, because 285 nm SiO2 

has destructive interference effect of light ~800 nm (A exciton of MoS2 has energy of 

1.56 eV, corresponding to 795 nm.). The temperature was ramped up to 750 °C within 15 

minutes, kept for 5 minutes, and reduced naturally to room temperature. During the 

CVD-synthesis, the whole quartz tube reactor was kept constant at 810 Torr with 20 sccm 

of 5% H2/Ar as the carrier gas. 

 

 

 

 

Figure 4-15. Schematic of the CVD-synthesis of MoSe2 few-layer flakes. The tube was heated to 750 ̊C in 

the center, where the MoO3 powder was placed (~50 ̊C/min ramp rate), and kept for 5 minutes at this 

temperature for sample growth. Chamber pressure is 810 Torr. The flow of 20 sccm 5% H2 in Argon was 

used to carry the vaporized Se and MoO3 powder for the formation of MoSe2. Before sample retrieval, the 

whole CVD system is allowed to cool to room temperature naturally. 

Next, I am going to introduce how I optimized the critical parameters, including 

pressure, H2 concentration and so forth. Growth pressure of 810 Torr was adopted from 

the comparison in pressure-dependent growth. The corresponding controlled experiments 

were conducted with 750 Torr (atmosphere pressure), 810 Torr, and 870 Torr. 
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Figure 4-16. Pressure-dependent CVD growth of few-layer MoSe2 flakes. The chamber pressure was kept at 

750 Torr, 810 Torr, and 870 Torr in (a, b), (c, d), and (e, f), respectively. Other growth parameters are kept 

the same: Annealing temperature is 750 ̊C and time is 5 minutes. Flow gas is 70 sccm 5% H2 diluted in Ar. 

Scale bars correspond to 20 μm. (b) and (f) are in relatively low magnification. 

In general, density (seen from comparison between Figure 4-16 (b) and (f)) and grain 

size increase with higher growth pressure. The grain size from 810 Torr and 870 Torr are 

similar, and both pressures produce larger flakes than those from 750 Torr, as shown in 

Figure 4-16 (a, c, d, e), which is consistent with previous report on pressure-dependent 

CVD growth of monolayer MoS2 [52]. Further comparison between 810 Torr and 870 

Torr shows that the as-grown flakes from 870 Torr are thicker (white color instead of blue 

color), so 810 Torr was chosen. Nevertheless, the sample surface is dirtier at higher 

pressure. The small particles, which can act as scattering center, would deteriorate 

electrical performance. Controlled experiments on flow rate (70, 40, and 20 sccm) show 

that this can be solved by reducing flow rate, and thus 20 sccm was selected as the final 

growth parameter. A previous paper on CVD-synthesis of MoS2 has reported that the high 

flow rate may promote the mass transfer process, which contributes to the increase in the 

crystal growth rate. In this case, instability may occur as atoms do not have enough time 
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to move into the right lattice locations, and the probability of defect formation increases 

[184]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-17. Dependence on H2 concentration in CVD-growth of MoSe2. (a) A photo of three pieces of 

substrates after growth. From left to right, H2 concentration varies from 0%, 5%, to 100%. Bottom: 

Illustration on sample distribution of growth with 5% H2. (b-d) Optical microscopy images from growths 

with different concentration of H2.  

The concentration of H2 is another crucial factor. Controlled experiments were 

performed with 20 sccm 100% Argon, 5% H2 in Argon, and 100% H2 as flow gas, and all 

other parameters remain unchanged: Annealing temperature is 750 ˚C; Growth pressure is 
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810 Torr; Substrate is 285 nm SiO2/Si with width of 1.5 cm and placed upside down on 

the center boat of MoO3. From the photo in Figure 4-17 (a), we see from naked eyes that 

there is almost no deposition on the substrate when the growth was without H2. Zoom-in 

optical images in Figure 4-17 (b) shows that there are only black particles, further 

confirming that H2 is necessary in the synthesis of MoSe2 [174]. When H2 is introduced, 

the morphology differs from film-like samples (100% H2) and nanoflakes (5% H2) 

depending on concentration. The thickness of film goes from thin to thick when the 

location on substrate gets closer to the center (MoO3), indicating the growth in this case is 

more kinetic controlled as it relies a lot on the concentration of MoS2 vapour. In contrast, 

the growth with 5% H2 did not show a similar trend. The sample distribution is displayed 

in the bottom of Figure 4-17 (a). MoSe2 flakes are inclined to grow close to the edge as 

well as along the flow direction of the gas. However, unlike that with 100% H2, the 

distribution of thin samples does not localize in a certain region. 

The synthesis of atomically thin TMD materials in large-area with highly crystalline 

quality and uniform thickness is not trivial, especially when the field just started (from 

2012 to early 2014). Using various kinds of aromatic molecules as seeding promoters, 

such as PTAS and tris(4-carbazoyl-9-ylphenyl) amine (TCTA), can help during growth 

[51, 77]. I have also compared the syntheses with and without PTAS catalyst. PTAS 

powder was first dissolved in deionized water (50 µM), and then the solution was 

drop-casted on the substrate for 30 minutes, which was later dried with N2 flow and 

heated on a hot plate at 50 °C. During CVD-growth, the same parameters were adopted 

for both PTAS-seeded and unseeded substrates. The low magnification optical images of 

as-grown samples were shown in Figure 4-18, with scale bars corresponding to 0.4 mm.  
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Figure 4-18. Comparison on the CVD-growth of MoSe2 flakes with and without PTAS catalyst. (a, b) 

CVD-growth with PTAS catalyst (a) and without PTAS catalyst (b). Growth with catalyst has higher density 

and better repeatability. (c, d) Further comparison of synthesis with (c) and without catalyst (d) in a “clean” 

environment, which shows almost no discrepancy in density. The explanation on “clean” is described in the 

main text. Scale bars correspond to 0.4 mm. 

In an “ordinary” environment, growth with PTAS gives better repeatability and has 

higher yield; while some very large flakes (with lateral width up to 80 µm compared to 

average size of 10-20 µm) usually occur on substrate without catalyst, though density is 

very low. The PTAS particle can function as a nucleation during synthesis, which 

accelerates the growth. In contrast, large flakes tend to grow in a slow speed, thus 

emerging on non-catalyst substrates. The reason for using the word “ordinary” here is for 

the comparison of “clean”. A previous report has shown that a “clean” environment 

benefits the CVD-growth of monolayer MoS2, in which the size grows bigger and bigger 

in cleaner system [53]. However, they did not specify “clean” in their paper. Here, what I 

mean by writing “clean” is the status of a CVD system after being thoroughly cleaned, 
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including the components on the upstream (referred to where after flow rate controller 

and before quartz tube) and downstream (referred to where after quartz tube and before 

pump). Besides, a complete cleanness of substrate is also necessary: The substrates were 

cleaned through acetone, UV-ozone, and piranha solution (H2So4 + H2O2) in orders. From 

Figure 4-18 (c) and (d) we can see that in terms of morphology and density are similar on 

substrates with and without PTAS catalyst. Unfortunately, flake with size up to 80 µm is 

still rare in the CVD synthesis with “clean” environment. 

 

4.2.2 Electrical Performance: Catalyst VS Non-catalyst 

The usage of PTAS catalyst induces formation of particles aggregated on the 

substrate, in agreement to previous reports [60, 77]. We also observed that the particles 

have an average diameter of 65 ± 9 nm. Such PTAS particles may stay on the substrate 

after the growth of MoS2 flakes and even after the removal of the flakes [60], according to 

previous report. The PTAS particles do not have significant effect on phonon modes, 

while it is another story on electrical performance.  

Figure 4-19 (a) contrasts the gate sweep curve between the FET from PTAS-seeded 

and unseeded MoSe2 bilayer flakes. In general, unseeded flakes outperformed the 

PTAS-seeded flakes in terms of subthreshold swing and on-off ratio. The low on-off ratio 

on seeded samples were not only due to relatively lower on-state current. We also saw a 

high off-state current level (~nA, dashed black curve) in some devices, which suggests 

that there is current leakage in the FET.  

Figure 4-19 (b-d) further show the comparison of FET device performance between 

PTAS-seeded and unseeded MoSe2 flakes on field-effect mobility, on-off ratio, and 
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subthreshold swing. The measurements were performed on 178 devices from multiple 

batches of growth to show that the effect that we observed is statistically significant. The 

data is grouped according to thickness to rule out any dependence on layer number. Here, 

we see that the unseeded MoSe2 FETs consistently performed better: higher mobility, 

higher on-off ratio, and lower subthreshold swing. Increasing average mobility with 

respect to thickness is also observable, which is in consistent with previous work on MoS2 

[213].  

 

 

 

 

 

 

 

 

 

Figure 4-19. Comparison of electrical performance between PTAS-seeded and unseeded MoSe2 FETs. (a) 

Ids vs Vg curves of representative from PTAS-seeded and unseeded 2 L MoSe2. PTAS-seeded MoSe2 has not 

only lower on-off ratio, but high off-current level as well at ~nA. Red arrows denote the direction of the 

hysteresis in the curve of unseeded MoSe2. (b-d) We further compared the electrical performance of 

PTAS-seeded and unseeded MoSe2 FETs in terms of mobility (b), on-off ratio (c), and subthreshold swing 

(d). In all cases, unseeded MoSe2 exhibited better performances.  

It is safe to draw a conclusion that PTAS acts negatively on device performance. The 

existence of PTAS particles may be considered as an additional impurity on the substrate. 

When the flakes were formed, the impurity on the flake-substrate interface will work as a 

Coulomb scattering center. Moreover, the incorporation of the particles on a flake [78] 
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will also interfere with the charge transport on the sample by increasing the scattering 

rate. The above mentioned two factors will add up to decrease the carrier mobility and the 

conductivity (hence reducing the on-state current) of PTAS-seeded MoSe2 devices. The 

large subthreshold swing in seeded flakes also implies that the impurity due to PTAS 

particles may also add the interface trap density at the flake-substrate interface. In 

addition, the application of PTAS seeds into the MoSe2 flakes after the synthesis might 

create new localized defect states within the bandgap of the MoSe2 devices. 

 

4.3 Synthesis of WSe2 Thin Film and Flakes 

After the synthesis of MoSe2 film and flakes, I have attempted to grown WSe2 via 

CVD system also by using selenization. As the melting point of WO3 is higher than that 

of MoO3, most CVD-growth of WSe2 needs higher temperature [62, 176, 177, 214, 215].  

 

4.3.1. CVD-Growth of WSe2 Thin Film 

 

Both samples in Figure 4-20 (a) and (b) were grown with temperature on WO3 

powder set to be 1000 oC, and the boat for Se powder was placed 18 cm away on the 

upstream. Substrates are both 100 nm SiO2/Si, but the position differs: The substrate was 

put upside down on the center for the film in Figure 4-20 (a), and for that in Figure 4-20 

(b), substrate was placed 14 cm away from the center on the downstream. Pressures are 

different as well. Sample a (film in Figure 4-20 (a)) was grown under 100 Torr, while 20 

Torr was adopted for the synthesis of sample b (film in Figure 4-20 (b)). 
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Figure 4-20. CVD-synthesis of atomically WSe2 film. (a, b) Optical images of as-grown thin film from two 

batches of growth with different parameters described in the main text. Scale bars correspond to 20 µm. (c, 

d) Raman spectra (c) and PL spectra (d) from sample a (in Figure 4-20 (a)) and sample b (in Figure 4-20 

(b)), respectively. Raman spectra were normalized according to the Si peak located at ~520 cm-1. 

From optical images we can see that sample a has better morphology than sample b. 

However, further characterization on Raman spectroscopy and PL measurements show 

that sample a exhibits stronger fingerprint Raman peaks and much higher PL intensity. 

The absence of interlayer vibrational modes in the low frequency region suggests that 

both samples are monolayers [118]. The strong luminescence from sample a locates at 

~1.62 eV, which is assigned to be the emission of A exciton [176, 186, 200]. Meanwhile, 

the asymmetric lineshape was also observed in Figure 4-20 (d). A recent paper [200] has 

observed similar shoulder and they suspected the peak is due to biexciton due to the 

super-linear intensity dependence. Since my growth parameters have not been fully 

optimized, I tentatively believe that the small shoulder on the low energy side of A 

exciton might be related to defects. Still, further experiments need to be conducted before 

a b 

c d 
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making a conclusion. On the other hand, sample b does not have luminescence in the 

range of 1.5-1.9 eV. Possibly there are defects states or localized states within the band 

gap, contributing a lot on non-radiative recombination, thus PL is not observed. 

 

4.3.2. CVD-Growth of WSe2 Flakes 

The as-grown few-layer WSe2 flakes were shown in Figure 4-21. Same as that in 

MoSe2 flakes, the pressure is also 810 Torr and substrate is put upside down on the center 

boat. Temperature on WO3 is 980 ̊C and Se powder is 18.5 cm away from the center. Flow 

gas is 70 sccm 5% H2 in Argon. The growth of WSe2 flakes is obviously not as successful 

as MoSe2, as most flakes are in whit color (thick). Yet few-layer flakes (2-5 L) with size 

of ~3 µm are sufficiently large for optical studies on micro-Raman spectroscopy. 

 

 

 

 

 

 

 

 

Figure 4-21. CVD-grown WSe2 flakes. (a, b) Optical images in low magnification (a) and high 

magnification (b). (c, d) SEM image of a flake exhibiting petal-like pattern on the corner (c). (d) Zoom-in 

view. (e, f) SEM (e) and AFM (f) images of a 2 L WSe2 flake, which shows that the petal-like can also exist 

in the middle of the flake. Height profile in (f) was taken along the black line in (f). 

 Scanning electron microscopy (SEM) was used to check the morphology. A 

petal-like pattern was observed, which can appear both on the corner (Figure 4-21 (c, d)) 

a 

b 

c 

d 

e 

f 
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and in the middle (Figure 4-21 (e, f)) of the flake, regardless of the thickness. Wang et al. 

have explored polymorphism of dislocation core structures by using STEM [216], and the 

type I dislocation they have observed is very similar to the pattern in Figure 4-21 (e, f). 

This indicates that the petal-like pattern might result from partial dislocations. Partial 

dislocations are referred to dislocations with Burgers vectors (the magnitude and direction 

of the lattice distortion. They are not translation vectors of the lattice). They appear as a 

pair and must border a two-dimensional defect (usually a stacking fault). 

 

 

 

 

 

Figure 4-22. SEM images of three types of morphologies in the CVD-grown WSe2 flakes, including screw 

dislocation (a), petal-like pattern (b), and sample with flat surface (c). 

Besides the petal-like pattern we just discussed, there are two other types of 

morphologies common in the CVD-grown WSe2 flakes, shown in Figure 4-22. Screw 

dislocation has been observed in CVD-grown WSe2 before [214], suggesting the growth 

mechanism follows the Screw-Dislocation-Driven (SDD) spiral growth fashion. Spirals in 

MoS2 has also been reported [217]. The spirals composed of several connected MoS2 

layers with decreasing areas: each basal plane has a triangular shape and shrinks gradually 

to the summit. Although dislocations are widely seen, flakes with flat surface are not in 

minority, as shown in Figure 4-22 (c). Theses flat flakes are not necessarily free of 

dislocations; high resolution TEM images are needed for further investigation. 

Nevertheless, these three types of morphology coexist in the same batch growth, it is very 

c b a 
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possible that the growth mechanisms are the same (at least similar). 

We performed Raman scattering measurements on CVD-grown WSe2 flakes with 

flat surface (such as the flake in Figure 4-22 (c)). The intralayer vibrational modes, 
1

2gE  

and 
1gA , in WSe2 are both around 250 cm-1. Polarization-dependent measurements help to 

resolve the two peaks [218]. The two modes are degenerate in monolayer WSe2. With 

increasing thickness, 
1

2gE  mode down-shifts and 
1gA  mode up-shifts, thus the 

degeneracy is lifted. The frequency difference between 
1

2gE  and 1gA  modes is observed 

to be ~3 cm-1 in bulk WSe2 [218]. Compare the CVD-grown and exfoliated WSe2 samples, 

there is no observable difference on 1

2gE  and 1gA  modes. In contrast, the low frequency 

Raman spectra demonstrate something new as shown in Figure 4-23: (1) Absence of 

interlayer shear modes. (2) Frequencies of B1 and B2 modes in CVD-grown samples are 

relatively lower than those of exfoliated ones. We have measured 10 bilayers and 8 

trilayers from two batches of growth, and the results are consistent. 

 

 

 

 

 

 

Figure 4-23. Low-frequency interlayer vibrational modes of CVD-grown WSe2 flakes with flat surface. (a, 

b) Raman spectra taken under  z xx z
 

(a)
 
and  z xy z  (b) configurations, respectively. (c) Comparison of 

frequency of B1 and B2 modes between exfoliated and CVD-grown samples. B1 and B2 refer to the 

interlayer breathing mode branch with the lowest and 3rd lowest frequency, respectively.  

We supposed the new features might be related to dislocations, and utilized STEM 

techniques to further check the as-grown samples. Results show that screw dislocations 

a b c 
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are only seen on flakes with layer number > 10, such as the ~18 L in Figure 4-24 (a). On 

thin layers, stacking transition within a short range (several nanometers) is observed. This 

leads to a new question: Is there any correlation between short-range stacking transition 

and absence of interlayer shear modes? A paper published on Nature in 2014 has revealed 

that such kind of stacking transition (e.g. from Bernal stacking to rhombohedral stacking 

in 3 L graphene) can be resulted from partial dislocations [219]. Follow the conventional 

pathway that one batch of samples follow the same grow mechanism, especially when the 

samples are located nearby, it is intuitive to infer that the stacking transition we observed 

is also related to partial dislocation. Apart from the alteration of the stacking, Butz et al. 

have detected the pronounced buckling (by around 1 nm) of the graphene membrane 

[219]. The buckling is associated with the dislocation lines as the driving force for the 

buckling is release of strain energy in the dislocation strain field. Through strain analysis, 

they found that the buckling can alter strain states in bilayer graphene: Localized strain in 

one layer and uniform strain on the other layer. We have also found localized strain on the 

bilayers in Figure 4-24 (c). Although our observation resembles what have been found in 

graphene, it is still very difficult to make a conclusion on what causes the absence of the 

interlayer shear modes. Maybe it is the partial dislocations or the localized strain. Further 

experiments and analysis have to be done.  
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Figure 4-24. STEM images of CVD-grown WSe2 flakes. (a) An ~18 L flake with screw dislocation. (b) A 9 

L flake without obvious spiral feature. (c) A 2 L flake with stacking transitions within several nanometers.  

 

4.4 Summary 

I have introduced how we used selenization of trioxide in producing mono- and 

few-layer MoSe2 and WSe2 via a CVD system. Detailed discussion on the dependence of 

substrate position, pressure, and concentration of H2 was presented. Optical images and 

STEM images are shown to demonstrate the morphology. Optical properties, including 

measurements on PL spectroscopy and Raman spectroscopy, are discussed on both MoSe2 

and WSe2, in the form of not only film but also individual flake. Electrical performance 

was briefly introduced, in order to give a full view of the properties on the CVD-grown 

TMD materials. 

 Although CVD-growth has been called as a “dark magic” by some people as it is 

definitely not trivial to synthesize high quality atomically thin samples with good 

a 

b 

c 
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reproducibility, CVD-synthesis can offer us lots of new possibilities and opportunities. 

For instance, samples with non-2H stacking, even stacking faults and stacking transition 

are more easily obtained through CVD synthesis. In the next chapter, I will discuss the 

relationship between interlayer shear modes and stacking orders based on CVD-grown 

MoSe2 flakes. On the other hand, defects (e.g. dislocation), impurities, and grain 

boundaries in CVD-grown samples have provided a platform for the study and 

engineering defects for device applications. That is the beauty of CVD synthesis.  
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Chapter 5 Stacking Sequences and Interlayer Shear Modes 

In this chapter, I will first discuss about the principles governing the 

thickness-dependent evolutional trends for both interlayer breathing modes and interlayer 

shear modes. The trend for interlayer breathing mode is predominantly associated with 

thickness, while that for interlayer shear modes will be shown to be related to stacking 

orders/sequences. Furthermore, I will take CVD-grown MoSe2 as a case study to 

demonstrate the relation between stacking and interlayer shear modes. 

5.1 Thickness-Dependent Evolutional Trends for Interlayer Vibrational 

Modes 

 

 

 

 

 

 

 

Figure 5-1. Normal mode displacements for interlayer breathing mode B1 (the branch with the lowest 

frequency) and a spring model. (a) Normal mode displacements for B1 mode in 2-5 L thin films. One blue 

rectangle represents one layer. The length of the arrow is related to the displacement value. (b) Simple 

harmonic motion in a spring. The mass of the two spheres is m1 and m2, respectively. The force constant of 

the spring is K. The upper layer(s) and the bottom layer(s) displace in opposite directions in Figure 5-1 (a), 

which suggests that the simple harmonic motion shown in Figure 5-1 (b) can be applied to explain the 

displacements of B1 mode. 

By comparing the frequency evolutional trends of the interlayer vibrational modes in 

2H-stacked TMDs and the rhombohedral Bi2X3 (X = Se or Te) few-layers [118, 128, 170, 

171, 183], it is found that the trends for breathing modes in both systems are the same (i.e., 

a b 
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redshift in thicker samples), while trends of the shear modes behave differently: as the 

thickness increases, shear modes blue-shift in 2H-TMDs, but red-shift in Bi2X3.  

The downshifting interlayer breathing modes with increasing thickness can be 

understood by considering the simple harmonic motion in a spring. Take B1 mode as an 

example, which is the interlayer breathing mode with the lowest frequency and usually 

the strongest in each thickness [118]. It is also referred to layer breathing mode (LBM) in 

some papers [148, 168, 171]. The displacement of each layer for B1 mode in 2-5 L thin 

films (e.g. TMDs, Bi2X3, graphene, and black phosphorus) is shown in Figure 5-1 (a). We 

can see that the upper layer(s) and the bottom layer(s) displace in opposite directions. 

This suggests that the simple harmonic motion with only two spheres and one spring 

demonstrated in Figure 5-1 (b) can be applied. The frequency of the simple harmonic 

motion can be calculated by K


 , where K refers to the force constant of the spring 

and µ is the effective mass (
1 2

1 1 1

m m
  , m1 and m2 represent the masses of the two 

spheres). In B1 mode, K means the out-of-plane interlayer force constant Kz, which shows 

negligible change from bulk to bilayer. µ is related to the mass of the thin films: µ 

increases in thicker layers, resulting in the smaller frequency; Also, µ varies for different 

samples. Although Kz is similar, B1 mode in bilayer graphene and MoS2 locates at ~80 

cm-1 and ~40 cm-1, as a result of different mass.    

The discrepancy in the evolutional trend of interlayer shear modes is an interesting 

topic to study. This evolution trends are determined by the Raman active modes with the 

largest Raman intensity. It is natural to ask what determines the direction of the trend. In 

other words, is there any general rule to govern the largest Raman intensity of the 

interlayer modes? A bond polarizability model will be introduced, in order to find out the 
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rule on determining the evolutional trend. This theoretical aspect of the bond 

polarizability model is mainly developed from our collaboration with theoretical physicist 

Professor Quek Su Ying’s group from National University of Singapore.  

Since Raman activity is determined by the space group and symmetry of the material, 

it is important to first discuss the symmetry of the different material polytypes. The space 

group (symmetry) of few-layered graphene, MoS2 (TMDs) and Bi2Se3 (Bi2Te3) has been 

summarized in Table 5-1, with different thickness and stacking orders. It is obvious from 

the table that symmetry (space group) cannot explain the Raman intensities of the 

interlayer shear modes. For example, both AB (Bernal) and ABC stacked four-layer 

graphene (4 LG) have the same symmetry ( 3

3dD ), but the highest frequency interlayer 

shear mode (C mode) has large Raman intensity only in AB-stacked 4 LG [147]. In 

contrast, there is negligible Raman intensity of C mode in ABC-stacked 4 LG [220]. 

Likewise, for films with an even number of layers, ABC-stacked Bi2Te3 and Bi2Se3 share 

the same space group ( 3

3dD ) with 4 LG, either AB- or ABC-stacked graphene. The 

frequency trend of ABC-stacked Bi2Te3 and Bi2Se3 is the same as that in ABC-stacked 

graphene, instead of that in AB-stacked graphene. On the other hand, even though 

ABC-stacked graphene ( 3

3dD ) and ABC-stacked (3R phase) MoS2 and MoSe2 (
1

3vC ) have 

different symmetries, their interlayer shear modes have the same frequency trend in the 

Raman spectra (red-shifts in thicker samples). Therefore, it seems that the stacking order, 

rather than space group, affects the evolution trends of the observed interlayer shear mode 

in the Raman spectra. 

The observed frequency trends arise from which interlayer shear modes have the 

largest Raman intensity. For AB-stacked materials, it is the highest frequency shear mode 
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(maximum out-of-phase displacements in adjacent layers) which has the largest Raman 

intensity, while for ABC-stacked materials, the lowest frequency shear mode (minimum 

out-of-phase displacements in adjacent layers) has the largest Raman intensity. These 

observations would seem consistent with the physical intuition that a maximum 

out-of-phase displacement would result in the largest change in polarizability (and 

therefore largest Raman intensity) in AB-stacked materials, while the opposite is true for 

ABC-stacked materials. This physical intuition can be confirmed more quantitatively 

using the bond polarizability model [221]. 

Table 5-1. Space group and stacking orders of graphene, black phosphorus, MX2 (M = Mo, W; X = S, Se), 

and Bi2X3 (X = Se, Te) under AB and ABC stacking order. “Odd (Even) number of layers” is abbreviated to 

“Odd (Even) N” in the table.  

Within the Placzek approximation, if the incident frequency of laser light is smaller 

than any absorption frequency but much larger than the Raman transition frequency, the 

intensity of the Stokes Raman peak can be calculated by [222]: 
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derivative (of the polarizability 
2

tot

m n

E

 



 
) with respect to the th spatial coordinate of atom l, 

and k

l
 is the displacement of atom l in the  direction for eigenmode k [223]. Within the 

bond polarizability model, the electronic polarizability is written as a sum of individual 

bond polarizabilities, which are assumed to be roughly independent of the chemical 

environment [224]: 
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where  Bl,R  is the bond vector connecting atom l to one of its nearest neighbour atoms l’ 

connected by bond B, the vector being normalized to unity.   and ||  are the static 

perpendicular and longitudinal bond polarizability, respectively, which are further 

assumed to depend on the bond length R only. The derivative of the bond polarizability in 

the zxxz )(  configuration, which determines the Raman intensity in most of our 

measurement, can be written as: 

 

where R0 is the bond length at equilibrium, R0x is the x component of the vector R defined 

above, the “primes” on the polarizabilities refer to radial derivatives with respect to 

atomic displacement, and 
k

l  is the eigenvector of phonon mode k. 

Using the bond polarizabilty model, we can see that the Raman intensity in the 

zxxz )(  configuration is zero for the lowest frequency interlayer shear mode and largest 

for the highest frequency interlayer shear mode in AB-stacked systems, while the opposite 

is true for ABC-stacked systems. These different Raman intensities determine the 

frequency evolution trends observed in Raman spectra.  
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5.2 Stacking and Polytypism in CVD-grown MoSe2 

 

 

 

 

 

 

 

 

 

Figure 5-2. Schematics of 1T, 2H, and 3R the structures in 3 L MX2 (M = Mo, W; X = S, Se). 

There is structural polytypism in group VI TMDs MX2 (M = Mo, W; X = S, Se, Te). 

For S- and Se-based MX2 (M = Mo, W; X = S, Se), the most common and stable phase is 

2H (trigonal prismatic coordination), with H referring to hexagonal structure and two as 

the layer number per unit cell. Other common phases of MX2 (M = Mo, W; X = S, Se) 

also include 1T and 3R. 1T stacking (octahedral coordination) has tetragonal symmetry, 

and one layer per repeat unit; 3R stacking (trigonal prismatic coordination) has 

rhombohedral symmetry and three layers per repeat unit [2]. The corresponding 

schematics are shown in Figure 5-2, with trilayer as an example. 1T phase has been 

reported to be metastable in MoS2 [30] and MoSe2 [225], which can be converted to the 

stable 2H phase when heated at low temperature for MoS2 (complete transfer at 300 oC 

[30]), or dried in air for MoSe2 (1T-MoSe2 in stable if dispersed in water [225]). It is 

worth noting that the monolayer counterpart of 2H and 3R are the same, also referred to 
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1H. 1T, however, is different, as one of the S/Se atoms has 180˚ rotation. Therefore, the 

spatial inversion symmetry is reserved in 1T stacking, but it is broken in 1H structure. 

Further comparison between 2H and 3R structures in different thickness shows 

discrepancy: 3R stacking is noncentrosymmetric from 1 L to bulk, and valley polarization 

is expected regardless of layer number [100]. In contrast, the 2H stacking with even layer 

number has an inversion symmetry point and that with odd layer number is 

noncentrosymmetric. 

The following discussion on the correlation between interlayer shear modes and 

stacking orders will be focused on stable structures, such as 2H phase (AB-stacked) and 

3R phase (ABC-stacked). Interlayer vibrational modes, including the in-plane shear 

modes (atoms moving in the basal plane) and out-of-plane breathing modes (atoms 

moving perpendicular to the basal plane), are also called as “rigid-layer” or 

“quasi-acoustical” modes, because the entire layers of atoms vibrate rigidly against the 

neighbouring layers [125]. 

 

 

 

 

 

 

 

Figure 5-3. Normal mode displacements of all the interlayer shear modes in 3 L MX2 (M = Mo, W; X = S, 

Se) with 2H & 3R structure (Only 2 interlayer shear modes in 3 L). Orange and blue balls represent S/Se 

and Mo/W atoms, respectively. S1 mode is Raman-active and S2 mode is Raman-inactive in 2H phase. In 

contrast, the opposite is true for 3R phase. 
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There are N-1 2-fold degenerate interlayer shear modes and N-1 interlayer breathing 

modes in N layer TMDs, graphene, black phosphorus, and most of other layered materials. 

The “N” in “N layer”, in most cases, refers to a number smaller than ten and starts from 

two when discussing about interlayer vibration. But not all of the interlayer shear and 

breathing modes can be detected on Raman spectrometer. Take interlayer shear modes as 

an example for further illustration. In the following, we will call the interlayer shear 

modes as S1, S2, S3, … counting from the highest frequency in the sequence of decreasing 

frequency. In 2H phase, only the interlayer shear modes with the odd-highest frequency 

(S1, S3, S5, …) are observable. The even-highest modes (S2, S4 …) cannot be detected, but 

reasons differ in odd layers and even layers: S2 and S4 modes are inactive on Raman 

spectroscopy (i.e., there is no non-zero matrix elements in the corresponding Raman 

tensor) in even layers (2 L, 4 L, …); in the opposite, though S2 and S4 modes are Raman 

active in odd few-layers (3 L, 5 L, …), they cannot be seen on the commonly-used 

back-scattering configuration because of polarization (it might be possible to observe 

these modes in other scattering configurations) [118]. In addition, the peak intensity of all 

the observable interlayer shear modes in 2H stacking follows the trend of I(S1) > I(S3) > 

I(S5) > … relative to each other. The same principles also apply for interlayer breathing 

modes. 

The relative peak intensity in 3R phase obey the opposite trend to 2H phase because 

observable modes at lower frequency have stronger intensities, and the lowest frequency 

mode (SN−1) exhibits the highest intensity. Take 5 L as an example of odd layer, the trend 

of intensity is supposed to be I(S1) > I(S3) in 2H phase and I(S4) > I(S2) in 3R phase. A 

simpler example (3 L) is demonstrated in Figure 5-3. Take 6 L as an example of even 
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layer, the trend of intensity follows I(S1) > I(S3) > I(S5) in 2H phase and I(S5) > I(S3) > 

I(S1) in 3R phase. Meanwhile, the alternate modes starting from the second lowest 

frequency (SN−2, for N > 2) are unobservable in 3R phase on the back-scattering 

configuration (e.g., S4 and S2 modes cannot be seen in 6 L). A simpler example of even 

layer number (4 L) is demonstrated in Figure 5-4. Although Raman-active modes are the 

same, the relative intensities are different, which will be shown later. 

 

 

 

 

 

 

 

 

 

 

Figure 5-4. Normal mode displacements of all three interlayer shear modes in 4 L MoSe2 with 2H & 3R 

structure. S1 (S3) means the highest (lowest) frequency interlayer shear mode. Orange and blue balls 

represent Se and Mo atoms, respectively. 

Before demonstrating results on CVD-grown MoSe2 with multiple types of stacking 

orders, I will first show the properties of phonon modes on exfoliated 2H-stacked MoSe2 

few-layers in Figure 5-5. We observed that 1gA  mode blue-shifts and 
1

2gE  red-shifts as 

thickness increases, in agreement with existing literatures on TMDs [120, 186, 218]. It is 

believed that the surface effect, which refers to the larger M-X (M=Mo, W; X=S, Se) 
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force constants at the surface layer [122], causes the opposite shifting direction. In 

addition, the absence of 1

2gB  mode under cross-polarized ( )z xy z  configuration (Figure 

5-5 (b)) indicates that the peak is from an out-of-plane vibration [121]. Previous 

literatures have shown that the lattice vibrational modes on Raman spectroscopy have 

polarization dependence: In-plane (shear) modes are Raman-active under both parallel 

( )z xx z  and cross ( )z xy z  polarization configurations, but out-of-plane (breathing) 

modes are suppressed a lot in the ( )z xy z  configuration [118, 218]. Yet, Raman spectra 

on exfoliated 2H-MoSe2 exhibit the same number of low-frequency peaks with both 

configurations (Figure 5-5 (c) and (d)), indicating the “absence” of all interlayer breathing 

modes in exfoliated MoSe2 samples. In the meantime, the interlayer shear modes show 

the same trends to previous studies on MoS2, WS2, and WSe2 with 2H stacking [118, 135, 

170, 171].  

According to calculations, the interlayer breathing modes in MoSe2 should be 

Raman-active. We, unfortunately, did not see any of them, on either exfoliated or 

CVD-grown samples. However, Lui et. al. [168] and Chen et. al. [135] have managed to 

observe the modes in few-layer MoSe2. Our explanation is that compared to those in 

MoS2, WS2, and WSe2, the interlayer breathing modes in MoSe2 are relatively weaker, 

which are not accessible (in terms of signal/noise ratio) on our spectrometer. Similarly, 

Puretzky et al. also barely observed the interlayer breathing modes in few-layer MoSe2 on 

Raman spectroscopy [133]. 
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Figure 5-5. Intralayer and interlayer vibrational modes in MoSe2. (a-d) Raman spectra of exfoliated mono- 

and few-layer MoSe2, in the range from 220 to 360 cm-1 (a, b) and in the region with frequency < 40 cm-1 (c, 

d) under both parallel- and cross-polarized configurations. In (a-d), experimental data are shown in black 

lines/dots, and blue lines are fitting results by using Lorentzian function. (e) Raman spectra of few-layer 

CVD-MoSe2 in the low frequency region under ( )z xy z  configuration.  

Our goal is to make a correaltion between the stacking sequence and interlayer shear 

modes, and first of all, we measured the Raman spectra from CVD-grown MoSe2 flakes 

under the cross-polarized configuration. The advantage of this configuration over the 

parallel polarization is that the stray light is suppressed more significantly [147] (seen in 

Figure 5-5 (c) and (d)). In the relatively high frequency region, intralayer modes are 

almost identical to those from exfoliated 2H-stacked MoSe2. The shifts of 1gA  and 
1

2gE  

modes with changing thickness are not very pronounced, because the intralayer 

vibrational modes are not as sensitive as the interlayer ones [118, 183]. As various Raman 

a b 

c d e 
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features can be seen on flakes with the same thickness, we only show the maximum 

number of observable interlayer shear modes in each thickness in Figure 5-5 (e). A 

comparison is made afterwards, between the exfoliated sample and CVD-grown MoSe2. 

Spectra from CVD-MoSe2 unambiguously show additional peaks. Some modes, which 

are Raman-inactive in 2H stacking have appeared in CVD-MoSe2, suggesting the non-2H 

stacking.  

The difference in terms of crystal structure between 3R and 2H phases starts from the 

bilayer. Figure 5-6 (a) demonstrates the schematic of 2H and 3R stacking structures in 

bilayer MoSe2. Besides the shift of layer, which also occurs in 3R phase, the Nth layer of 

2H stacking is rotated with respect to the N-1th layer. Though the observable modes are 

different in 3R and 2H stacking orders, the energies of phonon modes will not necessarily 

change. According to our DFT calculations (Figure 5-6 (b-e)), the frequencies in 3R and 

2H stacking orders have negligible difference in all S1-S4 modes. The similar frequencies 

in 3R and 2H phases suggest that the mass per unit area and force constant are not 

sensitive to stacking. In addition, Raman-shifts of the extra peaks in Figure 5-5 (e) match 

very well with the calculated frequencies of the S2 and S4 modes, but DFT calculations 

are incapable of explaining the origin of some modes, such as the S2 mode in 4 L. Neither 

3R-stacked or 2H-stacked 4 L can possess a Raman-active S2 mode. We thus use the bond 

polarizability model discussed in the previous section to predict the Raman modes and 

intensity in MoSe2 with stacking faults [221]. Results show that stacking faults can induce 

new features on the interlayer shear modes. For instance, a strong S2 mode can emerge in 

both ABAC and ABCB stacking orders in 4 L, i.e., one layer or two deviated from the 
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positions in the perfect-3R stacking (ABCA). First principles calculations also support 

these predictions. 

 

 

 

 

 

 

 

 

Figure 5-6. Structure of 2H and 3R in bilayer MoSe2 and layer-dependent frequencies of interlayer shear 

modes in MoSe2. (a) Schematic of 3R and 2H stacking structures in bilayer. (b)-(e) Layer-dependent 

frequencies of interlayer shear modes obtained from experiments and first principles calculations. "DFT 

3R” (2H) denotes to the frequencies from DFT calculations on 3R (2H) phase, as shown in red (black) in 

the figures. Exfoliated 2H-stacked (magenta) samples and experimental results from CVD-grown (blue) 

samples are also included. 

Furthermore, we have conducted controlled experiments on Raman spectroscopy from 

flakes with different thickness to substantiate our analysis. On bilayer MoSe2, all the 

CVD-grown bilayers exhibit a strong shear mode (S1) around 19 cm-1, with linewidth of 

1.5 cm-1, similar to 1.0 cm-1 observed in the exfoliated 2H-stacked bilayer (Figure 5-7 (a)). 

Both 3R and 2H stacking structures have an active S1 mode, which cannot be used to tell 

the stacking in 2 L. Nonetheless, in trilayers and even thicker layers, the appearance of 

interlayer shear modes begins to show strong dependence on stacking sequence. From our 

theoretical analysis as previously discussed, trilayer MoSe2 has only observable S2 mode 

in 3R stacking and only observable S1 mode in 2H stacking. Indeed, we observed flakes 

which show such spectral features from CVD-grown MoSe2 (Figure 5-7 (b)), which 

c 

d b 

e 

a 



102 

allows us to attribute the stacking of these flakes to be either 3R (~35%) or 2H (~28%), 

seen in Figure 5-7 (f).  

 

 

 

 

 

 

 

Figure 5-7. Stacking sequences and interlayer shear modes in few-layer MoSe2. (a) Raman spectra 

(frequency < 40 cm-1) of exfoliated 2H-stacked and CVD-grown MoSe2 bilayers. (b-d) Raman spectra 

(frequency < 50 cm-1) of CVD-grown 3 L (b), 4 L (c), and 5 L (d) MoSe2 flakes with different stacking 

configurations. Experimental data in (a-d) are expressed in dots and solid lines are fitting results based on 

Lorentzian function. (e-h) Pie charts of 3 L (f), 4 L (g), and 5 L (h), showing the proportion of different 

stacking sequences in a given thickness. The legend is shown in (e).   

We have also observed the coexistence of S1 and S2 modes from approximately 37% 

of all the trilayer samples, which are attributed to the in-plane mixture of 3R and 2H 

phases within one individual flake (i.e., polytypism). The mixture can be connected either 

through a gradual transition in lateral direction or with a sharp boundary. In fact, the 

mixture of 3R and 2H stacking configurations with atomically sharp boundary has been 

previously observed in our CVD-synthesized 2 L MoSe2 films (see Figure 5-8). Detailed 

discussion on STEM imaging of different stacking sequences will be presented in next 

section. The origin and the mechanism of polytypism in our samples are not completely 

understood yet. We speculate that polytypism is accessible at high temperature synthesis 

because previous literatures reported that the formation energy between 2H and 3R phase 

is very close, with difference of ~1 meV/atom [226-228]. 
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In the following, we are going to address the low-frequency features in 4 L MoSe2 

(Figure 5-7 (c)). As expected from theoretical calculations, the highest frequency mode 

(S1) is in dominance from 2H-stacked samples; the lowest frequency peak (i.e., S3 in 4 L) 

has the strongest intensity in 3R phase. The appearance of S2 mode is shown to be related 

to stacking fault. Both ABAC and ABCB stacking configurations can lead to an 

observable S2 peak, and 9.5% of all the measured 4 L samples are categorized to be of 

ABAC/ABCB stacking. Yet 59.5% of the 4 L CVD-MoSe2 showed Raman features 

which cannot be simply attributed to only one type of stacking (blue lines in Figure 5-7 

(c)). Therefore, we believe that these flakes consist of mixture. The 59.5% flakes were 

grouped into “3R-based (~29%)” and “2H-based (~30.5%)” mixture, with major 

difference in the intensity of S3 mode. Because S3 mode is the weakest in both 

ABCB/ABAC and 2H stacking configurations, extremely low intensity or even invisible 

signal is expected in the measured spectra [118]. In contrast, S3 mode exhibits the 

strongest intensity among the low-frequency modes in 3R stacking. The flakes with phase 

mixed with 3R stacking may still have appreciable intensity of S3 mode.  

We have to consider more stacking combinations when the thickness increases to 

reach 5 L (Figure 5-7 (d)). Similar to that in trilayer, 3R (S4-dominant) and 2H 

(S1-dominant) can be assigned unambiguously. A few different combinations of spectral 

features, however, still remain. For example, S3-dominant samples constitute 17% of all 

the 5 L CVD-MoSe2. Based on our calculations, we believe that ABCBA stacking has an 

enhanced S3 mode, with negligible contribution from S1 peak, and Raman-inactive S2 and 

S4 modes. Similarly, we have detected the ABACA stacking (S2-dominant) and 

ABABC/ABCBC stacking with I(S1) > I(S2) > I(S3) > I(S4) in Figure 5-7 (h).  
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Figure 5-8. Z-contrast images of the co-existence of 2H and 3R stacking configurations in 2 L MoSe2. (a) 

Top: Side-view scheme of 2H & 3R stacked bilayer. Bottom: Sharp boundary of 2H and 3R in CVD-grown 

bilayer MoSe2 film grown at low pressure [55]. 

 

5.3 STEM Imaging on Various Stacking Sequences 

To further study the atomic structure of the CVD-MoSe2 few-layers, we have 

conducted ADF Z-contrast imaging on an aberration-corrected STEM, with collaboration 

from Oak Ridge National Laboratory in USA. In the meantime, we need evidence from 

STEM to confirm our analysis on the correlation between interlayer shear modes and 

stacking sequences. Figure 5-9 (a) presents a Z-contrast image of 3R-stacked MoSe2 

bilayer. From the Z-contrast images, the intensity at each atomic site can be correlated to 

the number of atoms and the atomic number in the imaged atomic columns [180]. With 

the image intensity, 3R phase in 2 L MoSe2 can be unambiguously determined, where the 

overlapping sites (bright spots: Mo+Se2) are surrounded by Se2 and Mo columns (dim 
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spots), as displayed in the intensity profile. By comparison, 2H-stacked 2 L samples 

maintain the hexagonal shape and every atomic site has equal intensity [226].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-9. Z-contrast images of different stacking configurations in the few-layer CVD-MoSe2. (a) Image 

of 3R-stacked MoSe2 bilayer with atomic resolution and side-view scheme. The bottom plot shows the 

intensity profile of the highlighted columns in (a). Schematic of the imaged region is shown as inset. (b, c) 

3R-stacked few-layers: 3 L (b) and 4 L (c). Lower row: Simulated images. (d) Shifted-2H stacking in an 8 L 

MoSe2 sample. (e) Shifted-3R stacking in a flake with region of 1-5 L. FFT of the image is shown in the top 

inset, and simulated image of the shifted-3R stacking with 0.4 Å interlayer shift from the perfect 3R 

stacking is displayed in the lower inset. (f) Continuous shifting of one layer (or more layers) away from the 

perfect-3R stacking (right side) in a 5 L flake. Such shift might generate mixtures of different stacking 

orders within one individual flake. FFT of the image is shown as inset. 

Z-contrast images of 3R-stacked 4 L and 3 L MoSe2 are displayed in Figure 5-9 (c) 

and (b), which are in consistent with the simulated images by using the perfect 3R phase 

model. We found that 2H phases are less frequently observed than 3R phases in the 
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few-layer flakes, in agreement with the statistical analysis in Figure 5-7 (e-h). In addition, 

it is also an indication that even though 2H stacking is more commonly seen in nature, 3R 

phase is slightly more preferable than 2H phase during our synthesis. 

Besides the perfect 3R and 2H stacking orders, “shifted” 3R (Figure 5-9 (e): a flake 

with region of 1–5 L) and “shifted” 2H (Figure 5-9 (d): 8 L) stacking configurations have 

been observed as well. The term “shifted” refers to a slight interlayer in-plane shift of one 

layer (or more layers) in the few-layer samples from the perfect 3R or 2H stacking 

positions, but no misorientation is observed within the “shifted” flake, which is confirmed 

by the FFT of the ADF image. For instance, by comparing the experimental observation 

with the simulated image, we found that in the edge region of a flake (shown in Figure 

5-9 (e)) shifting occurred in the 〈100〉 direction with different amount of shifting distance 

in each layer. The amount of shift was estimated to be 0.4 Å in the 2nd L, 0.8 Å in the 3rd 

L, 1.2 Å in the 4th L, and 1.6 Å in the 5th L. Although the 5th layer is ~57% away from the 

perfect 3R stacking positions (The lattice spacing along 〈100〉 direction in MoSe2 is 2.8 Å, 

where the lattice constant a : 3.3 Å [229]), our theoretical calculations show that the 

relatively small interlayer shifting in 3R stacking (i.e., 0.4 Å between adjacent layer, 

~14% of 2.8 Å) would not cause significant changes in the interlayer shear modes on the 

Raman spectra. These results suggest that the observed Raman spectrum labeled with 3R 

and 2H may also involve the contribution from “shifted” 3R and 2H stacking orders. 

Evidence showing the coexistence of “shifted” 3R and 2H stacking (i.e., polytypism) is 

provided in Figure 5-10. 

If the interlayer shifting keeps increasing, the layer may register into another atomic 

sites and cause the emergence of local stacking faults. New Raman features thus appear. 
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For instance, if all the atoms in the 4th layer in a 3R-stacked 4 L MoSe2 flake shift from A 

sites to B sites, ABCB stacking fault is formed. ABCB stacking leads to the observation 

of S2 mode in the Raman spectra, which cannot be detected in 3R-stacked 4 L MoSe2. 

Indeed, transition regions between different stacking were observed in our CVD-MoSe2 

sample. Figure 5-9 (f) demonstrates a Z-contrast image of one side of the transition region 

in a 5 L flake with the well-aligned 3R stacking on the right. The image shows that one 

layer or more is shifting gradually (either stretching or compressing) without 

misorientation and rotation, as confirmed by the FFT. The transition regions have a 

typical width of hundreds of nanometers. Such gradual transition of stacking which 

generates local stacking faults may be resulted from the out-of-plane fluctuations between 

layers [230]. This observation confirms our analysis of the new Raman features which 

can be correlated to a mixture of phases and polytypism.  

 

 

 

 

 

 

 

 

 

Figure 5-10. Co-existence of “shifted” 2H and 3R stacking. (a) Low-magnification Z-contrast image of a 

large area in an 8 L MoSe2 flake. The “shifted” 2H stacking have brighter intensity than the “shifted” 3R 

stacking due to the aligned atomic registry. (b-d) Zoom-in image showing the atomic structure of the 

highlighted regions: “shifted” 2H stacking (b), “shifted” 3R stacking (c) and the transition region (d).  
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It is significant to point out that because of the projective nature of STEM imaging, 

identification of the exact stacking sequence in thicker layers is very difficult. For 

example, 4 L MoSe2 with ABCA and ABAC stacking configurations can produce very 

similar images on STEM-ADF measurements (Figure 5-11 (b) and (a)). Nevertheless, 

ABCA and ABAC can be unambiguously distinguished from their distinct features on 

low frequency Raman scattering: S3 mode dominates ABCA stacking, while S2 mode is 

the strongest in ABAC stacking. The comparison further establishes that Raman 

spectroscopy is an important and powerful technique in studying the stacking 

configuration of layered materials. 

 

 

 

 

 

 

 

 

Figure 5-11. Simulated Z-contrast images. ABAC (a) and ABCA (b) in 4 L. ABCAB (c, i.e., perfect 3R 

stacking) and ABCBA (d) in 5 L. 

 

5.4 Summary 

We remark that the above analysis is not only applicable to MoSe2 [133, 134], but 

also suitable for graphene [149, 220], as demonstrated by experimental results. Puretzky 
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et al. have reported similar results to ours almost at the same time. Besides what have 

been discussed in this chapter, they also found that in bilayer MoSe2, the Raman intensity 

of interlayer shear mode in 2H phase is approximately 6 times of that in 3R phase [133], 

which we did not observe in our CVD-grown samples. All the 2 L MoSe2 samples exhibit 

similar Raman intensity around 19 cm-1 in our measurements, with small variations. 

Nevertheless, we both found the frequencies of interlayer shear modes show negligible 

differences in few-layers. Subsequently, stacking-dependent interlayer vibrational modes 

were studied in few-layer MoS2 by two different groups as well [173, 231]. Further 

experiments by Puretzky et al. [130] have revealed that the interlayer breathing modes in 

MoSe2 are very sensitive to twisted angles. From their results, the 2H-stacked bilayer 

MoSe2 (60˚ between adjacent layers) do not exhibit interlayer breathing mode, but the 

peak does appear within a large range of twisting angle (e.g. from 34˚ to 58˚). This 

observation can possibly explain why we cannot observe the interlayer breathing in 

few-layer MoSe2. It is supposed to due to twisting angle, rather than the signal/noise ratio.   

Studies on stacking-dependent and twisting angle-related phonon modes are very 

active in recent years, which even extends to heterostructures [168]. Besides Raman 

spectroscopy, PL spectroscopy has been utilized to explore the luminescence from twisted 

bilayers [228] and heterostructures [163] with different stacking angles. Stacking 

(sequences/angles) is not only important to lattice vibration and PL. The metallic 

1T-MoS2 has been used as electrodes, which can help to improve device performance in 

2H-MoS2 by reducing the contact resistance [129]. 3R-MoS2 crystal has provided another 

new platform for the study on valley physics [100]. More interesting features and 

potential applications are still under investigation.  



110 

Chapter 6 Gate-Tunable Phonon Properties in Atomically Thin 

MoS2 

6.1 Introduction  

Study on gate-tunable properties in 2D materials has always been an active field, 

especially in recent years. These studies on electrical control have many aspects, 

including gate-tunable conductance [232, 233], phase transition [234, 235], photocurrent 

[236] and etc. Research on gate-tunable topological valley transport in graphene [237] 

and valley polarization in TMDs [98, 238] has appeared in recent years. The successful 

manipulation of physical properties through electrical control is not only important for 

fundamental study but also significant to the realization of real-world applications. For 

example, optical nano-imaging of graphene plasmons controlled by a gate voltage 

promotes the development of active subwavelength-scale optics, benefiting biosensing 

applications [239]; The observation of gate-tunable memristive phenomena, which is 

mediated by grain boundaries in monolayer MoS2 [240], also enables new functionality 

that is not observed in previous memristive devices.  

Yan et al. [241] and Pisana et al. [242] first reported the electrical control of phonon 

properties on graphene in two separate papers. The schematic for the measurement was 

shown in Figure 6-1 (a). A gate voltage (Vg) can be applied from the back side of the 

substrate (degenerately doped Si wafer with 300 nm SiO2). A positive value of Vg – V0 can 

introduce excess electrons in the sample, with Vg and V0 referred to gate voltage and 

charge-neutral Dirac point, respectively; The negative Vg – V0 will induce excess holes. In 

both cases, Fermi level Ef will be shifted in the graphene sample. Evolutions of G band 



111 

and D* band (also referred to 2D band [117]) on Raman spectra in the function of gate 

voltage were demonstrated in Figure 6-1 (b) and (d).  

 

 

 

 

 

 

 

 

Figure 6-1. Gate-modulated Raman spectroscopy of graphene. (a) Schematic diagram of the setup in Ref. 

[242]. A similar back-gate setup is used in Ref. [241] as well, with 488 nm laser as excitation line. (b-d) 

Raman spectra measured at low temperature and fitting results by using Lorentzian function (curves in the 

figure) [241]. (b) Evolution of G peak in a monolayer graphene with gate voltage Vg. The inset in the upper 

left shows the displacement of carbon atoms for G band. (c) Spectrum of G band from a thick (> 10 nm) 

graphite layer. (d) Evolution of D* band (2D band) of a monolayer graphene with Vg. 

Results show that G band is more sensitive to gate voltage, while the reduced impact 

of electric field effect is observed in 2D band. Doping by either electron or hole in 

graphene prohibits the formation of phonon-induced electron-hole pairs and thus affecting 

the self-energy of G phonon. Distortion of the structure with atomic displacements in a G 

band phonon leads to a shift of the Dirac cone center and a change on Fermi surface. If 

the adiabatic Born-Oppenheimer approximation applies, the energy cost would not 

change with doping; and therefore doping is incapable of causing the frequency of G band 

to shift [242, 243]. While G band is actually hardened with both electron and hole doping. 

This is due to the breakdown of adiabatic approximation. Electrons do not obey the 

nuclear motion and remain in their ground state. The Fermi surface is the same as in the 
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unperturbed case and does not follow the Dirac-cone displacement. Overall, the electron 

energy increases, leading to a stiffening G mode [242, 243]. 

The sharper linewidth in higher doping is also observed along with the upshifting 

frequency [241, 242], which indicates a longer lifetime of G phonon. The change of 

lifetime is related to the decay channel for G phonon. Landau damping of G phonon is 

only allowed when / 2GFE  , due to Pauli exclusion principle. The interaction of the 

G phonon with small wave vector particle-hole pairs has critical dependence on the onset 

energy for vertical transitions (zero momentum transfer), in which an electron transfers 

from a π valence band to a π* conduction band. As higher concentration of doping 

induces larger change of Ef, the regime in which G band phonons are damped via decay 

into vertical particle-hole pairs is in lower density, causing the narrower G peak. Details 

can be seen in Figure 6-2 and Ref. [241, 242]. 

 

 

 

 

 

 

 

Figure 6-2. Band width and decay channel of G band in graphene [241]. (a) Dependence of G bandwidth on 

Fermi energy. The inset is Feynman diagram for electron-phonon coupling, which is applicable to the case 

of the G phonon. (b, c) Decay channel in graphene. (b) Broadened bandwidth of the G phonon because of 

the decay into particle-hole pairs. (c) The decay into electron-hole pair for G and phonon is forbidden by the 

Pauli principle, when high electric field induces the shift of Ef. 

Later, top-gated graphene by using a solid polymer electrolyte was demonstrated 

[244]. Compared to the standard SiO2 back gating, a much higher hole and electron 
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doping is achieved. The concentration is approximately one order higher. The 2D band 

shows pronounced change, which was not observed in back gating. Under electron doping, 

the position (frequency) of 2D band does not change much (< 1 cm-1) until gate voltage 

reaches ~3 V (The corresponding concentration is estimated to be ~2.5×1013 cm-2.). At 

higher gate voltage, a pronounced softening of ~20 cm-1 is observed. While for hole 

doping, 2D band upshifts by more than 10 cm-1, as shown in Figure 6-3 (c). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-3. Raman scattering measurements on top-gated graphene with gate modulation [244]. (a) 

Schematic of the experimental setup. The layer of polymer electrolyte (PEO + LiClO4) was indicated by the 

black dotted box between the source and drain electrode contacts, and the graphene samples was shown in 

blue stripe between the electrodes. Inset on the left shows the optical microscopy image of a monolayer 

graphene connected between drain and source electrodes. Scale bar is 5 µm. Inset on the right is a schematic 

illustration on top gating, with ClO4
- and Li+ ions, as well as the Debye layers near each electrode. (b, c) 

Positions (frequencies) of G band (b) and 2D band (c) as a function of doping.  

The nature of the 2D band is a second-order, double-resonant Raman scattering [245]. 

Frequency of the 2D peak can be estimated by computing the energy of the phonons 

involved in the double-resonant Raman scattering process. Due to the angular dependence 
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of the electron–phonon coupling matrix elements and the trigonal warping of the π-π* 

bands, only phonons oriented along the Γ-K-M direction and with q > K give a 

considerable contribution to the 2D band. The precise value of q is fixed by the constraint 

that the energy of an incoming photon has to match a real electronic transition exactly. 

For the 2D peak measured by a 514.5 nm (2.41 eV) laser, the influence of dynamic effects 

is expected to be negligible, since the phonons contributing to the 2D peak are far away 

from the Kohn anomalies [242, 243] at K point. In general, calculations match with 

experiment qualitatively, showing a down-shift on frequency with higher electron doping. 

Discussion on the difference between calculations and experiments are shown with details 

in Ref. [244].  

 

 

 

 

 

 

 

Figure 6-4. Gate-tunable phonon properties in monolayer MoS2 [138]. (a) Raman spectra measured on 1 L 

MoS2 under different top-gate voltages VTG. Experimental data are expressed with open circles. Curves are 

fitting with Lorentzian function to the spectra. (b, c) Change in frequency (b) and FWHM (c) of 1gA  and 
1

2gE  modes as a function of VTG. (d, e) Comparison between experimental results (d) and DFT calculations 

(e) on the change of frequency under different electron concentration n. (f) Electron-phonon coupling of 
1

2gE  and 1gA  modes as a function of n. (g) As electron concentration increases, ratio of electron-phonon 

coupling [ 1 1( 0) / ( 0)g gA An n   ] is displayed in open squares and phonon linewidth 

[ 1 1FWHM ( 0) / FWHM ( 0)g gA An n  ] is shown in solid squares. 

Research on gate-tunable phonon properties has extended to monolayer MoS2 in 

2012 [138]. By using a top-gated MoS2 transistor, an in situ carrier-dependent Raman 
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study was carried out. Raman spectra were taken under different gate voltage VTG, with 

focus on the fingerprint intralayer vibrational modes, 1gA  and 1

2gE , as shown in Figure 

6-4 (a). The 1gA  mode shows stronger dependence on VTG compared to 1

2gE  mode, both 

on Raman shift and the peak width.  

To make a detailed analysis, Chakraborty et al. [138] estimated the doping 

concentration by using ( )e TG TG THn C V V  . CTG refers to the top-gate capacitance, and 

the top-gated material is solid polymer electrolyte, a mixture of polyethylene oxide (PEO) 

and LiClO4 in a weight ratio of 8:1. The value of CTG is determined to be 1.5 μF/cm2 in a 

dual gate measurement without considering quantum capacitance [246]. VTG and VTH are 

the applied gate voltage and the threshold voltage of the transistor, respectively. The 

maximum electron doping they can reach is ~1.8×1013 cm-2 when VTG = 2.0 V.  

Under the maximum electron concentration, 1gA  mode is down-shifted by 4 cm−1. 

By comparison, the shift is merely ∼0.6 cm−1 for 1

2gE  mode. Raman shift towards the 

lower frequency is because of the occupation of antibonding states in the conduction band 

of MoS2, resulted from electron doping. In this case, the Mo-S bonds are weaker, thus 

frequency softened. In the meantime, the width of 1gA  peak increases significantly by 

∼6 cm−1 under the maximum electron concentration, whereas the full width at half 

maximum (FWHM) of 1

2gE  mode hardly shows any change. There are two factors which 

can alter the linewidth of a phonon: interaction between electron and phonon (ΓEPC), and 

anharmonic effects (Γan) [247, 248]. That is, Γ = ΓEPC + Γan. The increased linewidth in 

1gA  mode is resulted from the strengthening electron-phonon coupling with electron 

doping. Calculations also indicate that 1gA  mode couples with electrons much more 

strongly than the 1

2gE  mode, shown in Figure 6-4 (f). This explains why 1

2gE  mode is 
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insensitive to electron doping. 

 

6.2 Device Fabrication and Setup 

 We first prepared the mono- and few-layer MoS2 flakes on Si wafer capped with 

285 nm SiO2 by mechanical exfoliation. The general procedure of device fabrication can 

be summarized as: spin-coating, electron beam lithography (EBL) exposure, development, 

metal deposition, and lift-off. Two kinds of resists will be spin-coated before EBL. Firstly, 

copolymer MMA (MMA (8.5) MMA EL9, Micro Chem; concentration: 9% solid ethyl 

lactate, molecular mass) was spin-coated on the sample/substrate at 4000 rpm for 60 

seconds and then baked on a hot plate at 180 oC for 5 minutes. Subsequently, PMMA (950 

PMMA A4, Micro Chem; concentration: 4% solid in anisole, molecular mass) is 

spin-coated also with spinning rate of 4000 rpm for 60 seconds, followed by baking at 

180 oC for 8 minutes. The thickness of MMA and PMMA is ~300 nm and ~200 nm, 

respectively.  

Next, we designed the marker patterns, either Arabic number or electrode contact, 

according to requirements. After EBL, the substrate was developed for 1 minute, while 

the developer solution is a mixture of IPA and methyl isobutyl ketone (MIBK) with a ratio 

of 3:1. After being rinsed by IPA and blown dry by a nitrogen gun, the substrate was 

placed into the thermal evaporator. 30 nm Ti and 80 nm Au films were chosen as contact 

materials. Lift-off was conducted after deposition, in which the whole substrate was 

immersed into ~50 oC acetone for about 30 minutes. Take out the substrate and blow dry 

it with a nitrogen gun. The device with back-gate is ready, as shown in Figure 6-5. It is 
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important to note that not every sample has two contacts on the surface. Gate-tunable 

Raman measurements only need one contact electrode, which will be grounded during 

measurements. However, the correct interpretation of transport properties can only be 

done on the device d among all in Figure 6-5. 

 

 

 

 

 

 

 

 

 

 

Figure 6-5. Optical images of MoS2 devices. (a, b) As-exfoliated 2 L and 3 L MoS2 before (a) and after (b) 

device fabrication. (c) A large MoS2 flake containing 1-3 L regions with contact electrodes. (d) An 

individually 2 L flake with uniform thickness. Side gate is used in applying the top-gate voltage, similar to 

that in a previous paper [234].  

Previous literature has already demonstrated that top-gate is more effective than 

back-gate [244], such as on the concentration of doped electrons/holes, which is resulted 

from the higher capacitance of top-gate materials. The 2D band of graphene under 

polymer electrolyte (PEO + LiClO4) top-gating shows appreciable Raman shift as the 

concentration of doped electrons reached the threshold, ~2.5×1013 cm-2. The peak can 

red-shift by ~20 cm-1 when the concentration is ~3.5×1013 cm-2 [244]. In contrast, a 

back-gated graphene transistor on Si substrate with 300 nm oxide layer is very difficult to 
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achieve electron concentration above 1.0×1013 cm-2 [241, 242]. Measurements of charge 

transport properties on 1-3 L MoS2 have also confirmed the effective gating by using 

top-gate [249]. The comparison is shown with top-gate material being PS-PMMA-PS + 

EMIM-TFSI, and back-gate material being 300 nm SiO2/Si. The ratio ∆Vbg/∆Vtg is taken 

as an indicator, where ∆Vbg and ∆Vtg denote to the difference in back-gate and top-gate 

voltage to reach the same change in conductivity. The ratio ∆Vbg/∆Vtg is obtained to be 

~86 for 1 L, ~64 for 2 L, and ~43 for 3 L MoS2 device [249]. 

 

 

 

 

 

 

 

 

 

 

Figure 6-6. Preparation of polymer ionic gel top-gated MoS2 device for gate-tunable Raman scattering 

measurements. (a) The optical image of device in Figure 6-5 (d) after being drop-casted gel. (b, c) 

Photographs of the setup inside (b) and outside (c) the cryostat. The substrate was attached on a home-made 

chip carrier with silver paste in (b).  

We thus chose to use ionic gel top-gating in the gate-tunable Raman study. The gated 

material is PS-PEO-PS + EMIM-TFSI, with acetonitrile as solution and EMIM-TFSI is 

the effective elements which works for gating. PS-PEO-PS is believed to be useful for 

reducing the leakage current. The preparation of ionic gel is straightforward. Mix the 
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three components, EMIM-TFSI, acetonitrile, and PS-PEO-PS with ratio of 33%, 66.5%, 

and 0.5% in a weight percentage. The ionic gel is placed in a glove box for better storage. 

Before top-gating measurements, the gel was drop-casted on the MoS2 device by a 

micropette. The top-gate device later will be put in a cryostat, which will be pumped 

down by a turbo pump. We usually waited ~12 hours or even longer before measurements, 

in order to make sure the moisture is fully removed.  

The schematic of setup on Raman spectroscopy is depicted in Figure 6-7. When we 

apply a positive potential (Vg > 0) to the side gate, the negative TFSI (-) ions will 

accumulate around the side gate pad (electrode), forming a thin layer. This layer of charge 

is called as the Debye layer. Meanwhile, the EMIM (+) ions become dominant in the 

Debye layer formed at the surface on the MoS2 sample. The Debye layer works like a 

parallel-plate capacitor. The thickness of Debye layer in polymer electrolyte gating is 

reported to be 1-5 nm [250]. It is assumed to be 2 nm in previous experiments on Raman 

spectroscopy of top-gated graphene [244].  

 

 

 

 

 

 

 

 

Figure 6-7. Schematic of the measurement setup on Raman spectroscopy. 
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Basic electrical characterization has been conducted, with one of the important 

purposes of obtaining the threshold voltage Vth, which is crucial in calculating the 

concentration of doping electrons. Figure 6-8 has shown an example of a 2 L MoS2 device, 

with corresponding optical image in Figure 6-5 (d). Under back-gating of SiO2, Vtg is 

shown to be -27.7 V when sweeping from negative to positive, and -20.7 V when the 

sweeping direction is reverse. We take the average value, -24.2 V, as Vth. The gate 

capacitance of 285 nm SiO2 is ~ 1.2×10-8 F/cm2. With ( )e g g thn C V V  , we can roughly 

estimate the largest concentration of doped electrons when using back-gate. The largest 

positive voltage we can apply on our setup is 40 V, and ~5.0×1012 cm-2 is the highest 

doping level we can achieve with back-gate voltage.  

 

 

 

 

 

 

 

 

 

Figure 6-8. Comparison of a 2 L MoS2 device with back-gating and top-gating. (a, b) Ids vs Vg curves when 

Vds = 10 mV under back-gated voltage (a) and top-gated voltage (b). (c, d) Output curves of the device 

under back-gated voltage (c) and top-gated voltage (d). The linear curves are resulted from quasi-ohmic 

contact within the sample. Optical image of the corresponding device is shown in Figure 6-5 (d). 

Similar calculations can be performed on top-gate device as well. The capacitance of 

EMIM-TFSI gel has been measured to be 1.07×10-5 F/cm2 at 0.1 Hz by Yu et. al. [251], 

a b 

c d 
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which is almost 1000 times of that in SiO2. However, quantum capacitance cannot be 

simply neglected, which is different from back-gate. If screening effect is ignored, gate 

capacitance Cg is given by: 

1

1 1
( )g

q x

C
C C



  , with Cq and Cx referring to the quantum 

capacitance of the sample and the capacitance of gated materials (i.e., SiO2 for back-gate 

and ionic gel for top-gate), respectively. When Cq >> Cx, Cg ≈ Cx, which is the case in 

back-gating with 285 nm SiO2. For top-gate, it has to be divided into two condition: (1) 

When Ef is within the band gap and the sample is low-doped, Cq << Cx, thus Cg ≈ Cq 

[249]; (2) When the sample is highly doped and Ef is within the conduction band, Cq 

increases a lot [252], and both Cq and Cx contribute to Cg. By using a simple relation 

top back
tg bg

g g
V Vc c   , the Cq of 1 L, 2 L, and 3 L MoS2 is roughly estimated to be 1.0×10-6 

F/cm2, 0.8×10-6 F/cm2, and 0.5×10-6 F/cm2, respectively in a previous paper [249]. While 

the calculated Cq of 1 L MoS2 is reported to be ~4.0×10-6 F/cm2 by another group [252].  

On the other hand, if the screening effect is considered and neglected the 

contribution from quantum capacitance, the capacitance of LiClO4 +PEO is determined to 

be 1.5×10-6 F/cm2 in a dual gate measurement [246]. Another approach is to take the 

Debye screening layer as a parallel-plate capacitor, and the capacitance of LiClO4 +PEO 

is obtained to be 2.2×10-6 F/cm2 [244]. So far, I have not seen any papers carefully 

considered both screening effect and quantum capacitance, partially due to the complexity. 

Neither did any report on the capacitance of EMIM-TFSI by seriously considering the 

screening effect. 

If we take 0.8×10-6 F/cm2 as the quantum capacitance Cq of bilayer MoS2 [249] into 

calculation, the obtained maximum doping concentration is merely ~7.7×1012 cm-2, only a 

bit higher than that with SiO2. Experimental results, which I will introduce later when 
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discussing about gate-tunable PL, strongly oppose this value, because the gating effect in 

our measurements is far better than that has been reported with SiO2 back-gating [83, 253, 

254]. Similarly, when we take 1.0×10-6 F/cm2 as Cq of monolayer MoS2 [249] into 

calculations, the maximum doping is approximately 9.0×1012 cm-2 only. 

 If we consider another value, 4.0×10-6 F/cm2 (Cq of monolayer MoS2 from Ref. 

[252]), the maximum doping concentration is calculated to be ~2.3×1013 cm-2, similar to 

what have been previously achieved in monolayer MoS2 [138]. While it is still important 

to note that ~7.7×1012 cm-2 in 2 L and ~9.0×1012 cm-2 in 1 L are indeed underestimated, 

but ~2.3×1013 cm-2 in 1 L is possibly overrated. 

 In addition, I would like to point out two important points. Firstly, the positive 

voltage used in top-gated measurements is usually no more than 2.0 V. On one hand, 

top-gating is more effective, and high voltage such as 100 V is not that necessary. On the 

other hand, high voltage such as 2.5 V can lead to a large leakage current in the top-gate 

setup, which we have observed in our experiments. Secondly, unlike that in graphene 

where doping of electron and hole are both possible. MoS2 is an intrinsic n-type 

semiconductor, with Ef very close to the CBM. And the gap of MoS2 is not small; The 

direct optical gap is ~1.9 eV and quasi-particle gap is no smaller than 2 eV [255]. 

Therefore, it is impossible to achieve hole-doping in our experiments.  

 

6.3 Gate-Tunable PL in Bilayer and Trilayer 

As we have discussed in the previous section that the maximum electron doping level 

might be either underestimated or overestimated, but at least we have a range now, from 
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7.7×1012 cm-2 to 2.3×1013 cm-2. The reason for which 7.7×1012 cm-2 is an underestimation 

comes from the experimental data on gate-tunable PL measurements in bilayer MoS2. 

Three papers have reported on the gate-tunable PL from 2 L MoS2, at both room 

temperature and low temperature [83, 253, 254]. All of them failed in mediating the PL 

from 2 L MoS2 with SiO2 as back-gated material before decreasing the temperature. The 

maximum change in the carrier density due to Vg is reported to be ne = Cg ∆Vg ~7.0×1012 

cm-1, with ∆Vg = 50 V – (-50 V) =100 V. This change in the carrier density translates into 

a shift of the Fermi energy by 2
en m ~ 45 meV, where me ~ 0.4 m0 is the effective 

electron mass in 2 L MoS2 [254, 255]. The failure in meditating emission (of A exciton) is 

because most back-gated experiments are only tuning Ef within the Ʌ valley of CBM 

(lowest point in CB for 2 L, 3 L, …), but the dominant direct-gap emission of A/B exciton 

comes from the K point, which is hardly affected. The indication I obtained is that: If we 

can succeed in tuning the PL within a small range of Vtg (e.g., from -0.5 V to + 0.5 V), the 

change of carrier density ∆ne should be no smaller than 7.0×1012 cm-2. The maximum 

doped electron at Vtg = 1.5 V or 2 V can be calculated accordingly. At least the range we 

estimated (from 7.7×1012 cm-2 to 2.3×1013 cm-2) can be narrower.  

Still, it is worth mentioning that by using dual-gate (top-gate: HfO2/graphene; 

back-gate: SiO2), Chu et al. have recently achieved the tunable band gap in bilayer MoS2 

[256], which is beyond the discussion of this thesis. Figure 6-9 shows the room 

temperature PL spectra of 2 L and 3 L MoS2 before being applied a gate voltage. Except 

that the energies of A and B excitons are slightly lower than previous reports [190, 194], 

the PL features are expected with splitting energy of ~150 meV between the two excitons. 

Note that the negative charged exciton A- is not supposed to appear in 2 L and 3 L at room 
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temperature due to thermal dissociation, which is related to the band structure [253].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-9. PL spectra of few-layer MoS2 with Lorentzian fitting, including bilayer (a) and trilayer (b). 532 

nm laser is used for excitation, and the lines around ~2.3 eV are Raman peaks of MoS2. The PL spectra 

were measured with ionic gel on the MoS2 samples. The samples were put into a cryostat and pumped for 

~12 hours before measurements.  

Figure 6-10 shows the Gate-tunable PL spectra of bilayer MoS2. From 0 V to 1.5 V, 

the change in PL intensity is negligible, while a slight red-shift is observed on the 

emission, including both A and B excitons, as well as luminescence from the indirect-gap. 

As shown in Figure 6-10 (b), the energy of A exciton is red-shifted by approximately 30 

meV (The more accurate value is obtained after fitting.) with Vtg increasing from 0 to 1.5 

V. This is resulted from the many-body effect. On one hand, Pauli exclusion principles 

will cause the observed PL peak blue-shifted. On the other hand, the doped electron 

induced by a positive gate voltage narrows the band gap due to renormalization. Our 

observation on PL spectra is in consistent with previous results [194, 253]. For the 

negative Vtg, the increased PL intensity is detected, which is expected. As Vtg changes 

from 0 V to -1.5 V, the amount of electrons in the sample becomes less and less, causing 

Ef moving down towards the neutral line. Note that MoS2 is n-type intrinsically, with Ef 

close to the CB. Previous papers [257, 258] have demonstrated that for an n-type 

a b 
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semiconductor, p-type dopants can increase PL intensity, but n-type dopants would 

decrease the PL intensity. This effect is very dramatic for the neutral exciton. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-10. Gate-tunable PL spectra of bilayer MoS2. (a) PL spectra of 2 L MoS2 with Vtg ranging from 0 V 

to +1.75 V. There is almost no change in intensity, but a slight red-shift is observed. The spectrum with 

+1.75 V resembles that with +1.5 V, indicating saturation. (b) Zoom-in PL spectra from 1.78 to 1.92 eV, 

which shows a red-shift of ~30 meV between Vtg = 0 V and Vtg = +1.5 V. (c) PL spectra of 2 L MoS2 with 

Vtg ranging from 0 V to -1.5. The increased intensity is observed.  

After careful fitting by using Lorentzian function, we have extracted the peak 

positions of A exciton, B exciton, and emission from the indirect gap (I peak). Results 

were plotted in Figure 6-11 (c). As expected, the shift of I peak is more than that of A and 

B excitons, because I peak originates from the Ʌ point in CB, which is more affected by 

the doped electrons than K point. We also plotted the intensity ratio of I/(A+B) in Figure 

6-11 (d), which can reflect the carrier distribution in k-space qualitatively, but not 

quantitatively. As Vtg changes from positive to negative, the ratio increases in general. 

a 

b c 
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This is because the electron concentration is reduced in the sample, and the lowest point 

in the CB is more easily affected. That is, the weight of electron in Ʌ point increases 

dramatically, compared to that in the K point of CB. However, as the probability of 

radiative recombination from an indirect gap is far smaller than that of the direct-gap 

recombination, the intensity ratio is thus not proportional to the weight distribution. 

Experimental data plotted in Figure 6-11 (d) is just for the rough estimation.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6-11. Analysis on gate-tunable PL of bilayer MoS2 after all the spectra are fitted by using Lorentzian 

function. (a, b, c) PL spectra with Lorentzian fitting under gate voltage of +1.5 V (a), 0.0 V (b), and -1.5 V 

(c), respectively. (d) Extracted peak positions of A, B, and I, as a function of Vtg. (e) The Intensity ratio of 

I/(A+B) as a function of Vtg. 

As I have mentioned in the very beginning of this section that a change of electron 

concentration by ~7.0×1012 cm-2 cannot introduce any change on PL spectrum of 2 L 

MoS2 at room temperature [254], now that our gate-tunable PL measurements have 

achieved the change even with the smallest step, 0.5 V. This suggests that the effective Cg 

in our setup is at least 2.24×10-6 F/cm2, according to the relation e g gn C V   .  

a b c 

d e 
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The Vth in our top-gated devices have ranged from 0 V to 0.5 V. If we take the 

average, Vth = 0.25 V as a general case, the maximum electron doping level when Vtg = 

1.5 V is calculated to be ~1.75×1013 cm-2. To this step, we have obtained a range in terms 

of maximum concentration of doped electron in 2 L MoS2, from 1.75×1013 cm-2 to 

2.3×1013 cm-2, which is comparable to that in top-gated 1 L MoS2 (1.8×1013 cm-2) [138]. 

Similar to that in 2 L MoS2, we have performed the gate-tunable PL measurements on 

3 L MoS2, also at room temperature. We observed the dependence on gate voltage of PL 

spectra, although the Vtg-dependent change is not as pronounced as that in bilayer. This is 

probably related to the larger quantum capacitance in trilayer, thus causing the effective 

Cg to be smaller. Figure 6-12 shows the gate-tunable PL spectra with Vtg ranging from 0 V 

to 1.5 V. A slight red-shift of ~20 meV is observed as Vtg increased to 1.5 V.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-12. Gate-tunable PL spectra of 3 L MoS2. (a) PL spectra of 3 L MoS2 with Vtg ranging from 0 V to 

1.5 V. (b) Zoom-in PL spectra from 1.79 to 1.90 eV, which shows a red-shift of ~20 meV between Vtg = 0 V 

and Vtg = 1.5 V. 

All PL spectra presented in this section were measured on a Jobin-Yvon HR800 

Raman system, excited by a 532 nm laser. The signal was collected via a long working 

distance (10.6 mm) 50× objective and dispersed by a 300 g/mm grating before reaching 

the liquid nitrogen cooled charge-coupled detector.  

a b 
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6.4 Raman Spectra Excited by Non-Resonant Lasers 

The gate-tunable PL measurements have already confirmed the effective gating 

effect. However, this does not necessarily guarantee the modulation of phonon properties 

because PL is more sensitive to electron concentration compared to Raman peaks, which 

has been recently demonstrated [259]. In this newly published paper, Li et al. cannot 

observe the obvious change of 1gA  mode in 1 L MoS2 when carrier density varies from 

~0.5×1013 cm-2 to ~3×1013 cm-2 (Shift occurs only when concentration is below ~0.5×1013 

cm-2), while the change of PL is always robust [259]. By comparison, the shift of 1gA  

mode from experiment in Ref. [138] is ~ 2 cm-1 and ~ 4 cm-1 when electron concentration 

is ~0.6×1013 cm-2 and ~1.8×1013 cm-2, respectively. There are two possibilities: (1) 

Inaccuracy in estimating the concentration of doped electrons. (2) There might be extra 

unknown modification on the 1 L MoS2 in the heterostructure sample (e.g. 

MoS2/graphene) reported in Ref. [259].  

Our gate-tunable Raman scattering measurements were conducted on Horiba-JY 

T64000 Raman spectrometer. The objective is also the long working distance 50× 

objective, but the Raman signal was dispersed by a 1800 g/mm grating (instead of 300 

g/mm used in PL) before reaching the detector. Both 514 nm laser (2.41 eV) and 532 nm 

laser (2.33 eV) have been used with resolution of ~0.6 cm-1 and ~0.7 cm-1, respectively. 

As expected, no observable difference is seen between the two lasers. Figure 6-13 shows 

the experimental results of gate-tunable Raman spectra of 1-3 L MoS2. From the raw data, 

we can see that the signal/noise ratio is very poor for 1 L. Note that the similar weak 
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signal is also observed in a previous top-gated Raman study of monolayer MoS2 [259]. 

The broadened 1gA  mode with Vtg changing from -1.5 V to 2.0 V is very clear for 1 L 

and 2 L. Yet further conclusion can only be drawn after careful fitting by using Lorentzian 

function. 

 

 

 

 

 

 

 

Figure 6-13. Raman spectra of MoS2 as a function of different Vtg, with thickness of samples ranging from 

monolayer (a), bilayer (b), to trilayer (c). The excitation line is 532 nm laser. All spectra were measured on 

the same day (same setup) and under the same laser power. The acquisition times in (a), (b), and (c) are 300 

s, 200 s, and 180 s, respectively. The displayed data are raw data without normalization. Some spectra are 

offset vertically for clarity.  

From Figure 6-14, we can see that the 
1

2gE  mode in 1-3 L MoS2 is insensitive to gate 

voltage, both in Raman shift and in width, which matches with previous reports [138, 

259]. In contrast, 1gA  mode is softened and broadened with Vtg changes from -1.5 V to 

2.0 V in mono- and bi-layer. There is negligible change of 1gA  mode in trilayer MoS2 

due to less effective gating effect, consistent with the observation on PL spectra. We have 

measured 1 monolayer, 8 bilayers, and 4 trilayers. Only on one trilayer sample, we can 

see a slight red-shift of ~1 cm-1 for 1gA  mode by using a non-resonant laser. That is to 

say, Figure 6-14 (e, f) represents the general case in trilayer.   

 

a b c 
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Figure 6-14. Raman shift and FWHM as a function of Vtg (data extracted from Figure 6-13 after fitting). (a, 

b) Raman shift (a) and FWHM (b) as a function of Vtg in 1 L MoS2. (c, d) Raman shift (c) and FWHM (d) as 

a function of Vtg in 2 L MoS2. (e, f) Raman shift (e) and FWHM (f) as a function of Vtg in 3 L MoS2. The 

peak positions were aligned according to the Si peak at 520. 70 cm-1. Blue dash lines indicate the frequency 

and width measured before the first attempt on the application of gate voltage. 

From 1 L MoS2, we can see that there is “saturation” on 2.0 V, which is probably due 

to the large leakage induced by an increasing positive Vtg. Thus, less effective gating 

effect is observed on 2.0 V than on 1.5 V. Note that the “saturation Vtg” varies from 

sample to sample, ranging from 1.75 V to 2.75 V, but it is safe to claim that 1.5 V is still 

within the range of effective gating from our repeated experiments. Compared with the 

initial frequency (blue lines in Figure 6-14), the largest red-shift of 1gA  mode in 1 L and 

2 L are both ~2 cm-1, but larger shift is actually expected in thinner layers due to more 

effective gating. While the ~2 cm-1 in 1 L MoS2 is comparable to that in Ref. [259], but it 

is about ½ smaller than that in Ref. [138]. However, in terms of FWHM, our observation 

is similar to the results in Ref. [138]. 

Since we have only measured one monolayer sample, it is hard to draw a conclusion 

based on the exact value of red-shift yet. Nonetheless, the trend is meaningful: As Vtg 

d b 

c a e 
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changes from negative to positive (crossing the zero point), 1gA  mode is red-shifted and 

broadened in mono- and bi-layers. This is resulted from the increasing electron-phonon 

coupling (wider linewidth) and weakened Mo-S bond (smaller force constant and thus 

peak down-shifted), which has been discussed in Ref. [138] and introduced in section 6.1. 

However, Ref. [138] did not measure the negative Vtg region. Our results in Figure 6-14 

show a stiffened 1gA  mode in 1 L and 2 L, as Vtg changes from 0 V to -1.5 V. Meanwhile, 

some other bilayer samples exhibit no variation on Raman shift in the negative Vtg region 

(e.g. Figure 6-19). Sample variation might be related to the sufficient/insufficient electron 

depletion or the off-state current. Bilayer MoS2 samples which have no change in the 

negative Vtg region usually exhibit low off-state current. In general, the frequency of 1gA  

mode up-shifts when the electron concentration decreases. As less electrons occupy the 

unstable antibonding states in the conduction band, the Mo-S is supposed to be stronger, 

leading to a larger force constant and an up-shifted 1gA  mode. The narrower peak width 

as Vtg drives towards negative (shown in Figure 6-14 (d)) also indicates less 

electron-phonon interaction as a result of electron depletion.  

The observation on splitting of 1gA  mode in a few 2 L MoS2 samples with a 

non-resonant laser is unexpected, as shown in Figure 6-15. Splitting of 1gA  mode in 

few-layer WS2 has been reported recently [260]. The counterpart of 1gA  mode in 

monolayer is '

1A  mode. There are N zone-center phonons evolving from the '

1A  

monolayer mode in N-layer WS2. As for bulk WS2, the '

1A  monolayer mode evolves to 

be the in-phase and out-of-phase 1gA / 1uB  pair, called as Davydov pair. The conjugate 

pairs of 1gA  and 1uB  modes have very similar frequency, and the degeneracy is related 

to the weak vdW interlayer interaction [106, 109]. 1gA  and 1uB  are supposed to be the 
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Raman-active and IR-active modes, respectively. The counterpart of 1uB  mode has 2uA  

symmetry in bilayer, as shown in Figure 6-15 (b). Staiger et al. reported that in few-layer 

WS2, all of the N components evolved from the monolayer out-of-plane '

1A  mode can be 

observed irrespective of their Raman activity, when the incident photon has energy close 

to that of A exciton [260]. Similarly, 1gA / 1uB  pair is observed in MoS2 by using 633 nm 

as excitation [261], but not as pronounced as that in WS2 [260] and MoSe2 [186]. 

 

 

 

 

 

 

 

Figure 6-15. Splitting of A1g mode in 2 L MoS2. (a) Raman spectrum of 2 L MoS2 in the range of 365-420 

cm-1 when Vtg = -1.5 V. Experimental data is shown in black dots and lines represent fitting results by using 

Lorentzian profile. (b) Atomic displacement of 
2uA  mode and 1gA  mode in 2 L MoS2.  

This is the first time that the Davydov splitting of 1gA  mode is observed in 

few-layer MoS2 with a non-resonant laser. The observation relies on a negative gate 

voltage, which indicates that electron depletion is capable of relaxing Raman selection 

rule ( 2uA  mode in bilayer in inactive). Staiger et al. attributed the strong splitting of '

1A  

mode in WS2 to exciton-phonon coupling. Under the specific case of resonant (to A 

exciton) Raman process, the N layers in few-layer WS2 are to be treated approximately as 

N individual monolayers. Thus there are N Raman-allowed modes to be expected in the 

region of the monolayer 
'

1A  Raman mode, and these modes are split in frequency [260]. 

a b 
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Apply the explanation in WS2 on our gated 2 L MoS2, the observation of splitting 

indicates that the exciton-phonon coupling increases when Vtg = -1.5 V (Note that the 

enhanced PL intensity from A exciton can be seen in Figure 6-10 (c) when Vtg < 0 V.), and 

the bilayer can thus be treated as two quasi-independent layers under effective electron 

depletion. It is well-known that electron doping due to gating effect can cause uneven 

distribution of carriers in bilayer, and the two layers are not in parity. In this case, the 

major contribution of CBM and VBM are from two different layers [99, 256, 262], which 

renders the two layers “separated” in band structure but they are also very related to each 

other as a unity. Electron depletion, an opposite effect to electron doping, leads to the 

detection of 2uA  mode as shown in our experiments, which is a new observation.  

 

6.5 Resonance and Dependence on Excitation Lasers 

Conventionally, most resonance Raman studies on MoS2 were done by using a 633 

nm laser [115, 261, 263, 264]. Therefore, this section will be started by discussing about 

gate-tunable Raman spectra excited by a 633 nm laser (1.96 eV), as shown in Figure 6-16. 

There is a dramatic change in the Raman intensity of 
1

2gE  and 1gA  modes, which 

was not observed when using 514 nm and 532 nm lasers. Considering that the intensity of 

Si peak (~520 cm-1) does not show appreciable variation, the increasing intensity from 

MoS2 with Vtg changing from 2.0 V to -2.0 (-2.5) V cannot be attributed to gate-induced 

change on the ionic gel. The dependence of Raman intensity on Vtg (with 633 nm laser) is 

a solid phenomenon as it is observed in all the 8 bilayers and 4 trilayers. We have 

attempted to do corresponding measurements on monolayer by the 633 nm laser, but we 
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failed due to the extremely weak signal even when Vtg = -2.5V. Previous results on 

wavelength-dependent Raman spectra have already confirmed that the intensity from 1 L 

MoS2 decreases rapidly as the excitation energy red-shifts [140, 261]. Plus, the Raman 

signals measured by a 532 nm laser are already weak (Figure 6-13 (a)).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6-16. Gate-tunable resonant Raman spectra excited by a 633 nm laser. (a) Gate-tunable Raman 

spectra measured on 2 L MoS2 with Vtg changing from 2.0 V to -2.0 V. (b) Gate-tunable Raman spectra 

measured on 3 L MoS2 with Vtg changing from 2.0 V to -2.5 V. All the spectra were measured with the same 

acquisition time and under the same laser power. Spectra are upshifted for clarity.  

Also note that the 3 L MoS2 is supposed to exhibit stronger Raman intensity than the 

2 L MoS2, but it is actually the opposite in Figure 6-16. Since the thickness of ionic gel 

which was drop-casted on the substrate is related to the Raman intensity, locally thicker 

region will block more signal. Currently, I have not figured out an effective way to 

control and decrease the thickness, other than dropping smaller amount of gel. However, I 

found that experiments done by using the freshly prepared gel in general exhibit stronger 

intensity than those with gel stored in the glove box for months. Except intensity, there is 

no observable difference between new and old gels. Probably longer storage time will 

cause a smaller wetting angle between the gel and the substrate, which prohibits the 

spread of the gel and induces poor Raman signal. Based on the aforementioned factor, it 

a b 
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is unfair to compare the experiments done from different samples even with the same 

thickness.  

Although the observation on changing intensity is valid on more than 10 samples, it 

is still very interesting to check whether this effect is reversible. If it is not, the change in 

intensity might occur due to some gate-induced modification on the sample (such as 

damage), rather than a genuine “tunable” effect. Thus, several sweeps (either from “+” to 

“-” or from “-” to “+”, during which the maximum change of carrier density is achieved) 

have been conducted on a single bilayer (or trilayer) sample. Spectra presented in Figure 

6-16 are from the 1st sweep. The 2nd sweep is from -2.0 V (-2.5 V) to 2.0 V, and the 3rd 

sweep is from 2.0 V to -2.0 V (-2.5 V), same as that in the 1st sweep. With all the 

measured Raman spectra, I have done a careful Lorentzian fitting based on previous 

literatures [115, 261, 263, 264], as shown in Figure 6-17.  

 

 

 

 

 

 

 

 

 

Figure 6-17. Raman spectrum of 3 L MoS2 excited by a 633 nm laser when Vtg = -1.5 V. Dots are 

experimental results and lines are from Lorentzian fitting. 

Peaks around ~408 cm-1 are resulted from the Davydov splitting of 1gA  mode, and 

the split mode at lower frequency has different symmetries in odd or even layer numbers. 
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For instance, it is 2uA  in bilayer, and 
'

1A  in trilayer. We take the annotation from bulk, 

1uB , during assignment for convenience. Similarly, 
1

2gE  and 
2

1uE  are another Davydov 

pairs. Sekine et al. have assigned the peak a in Figure 6-17 as the 
2

1uE  mode [265]. 

However, a few recent reports [261, 264, 266] have kept a conservative attitude towards 

this peak, because from reflection spectroscopy, 
2

1uE  mode is supposed to have higher 

frequency than 
1

2gE  mode [107]. The peak at ~420 cm-1 (labelled as peak b) appears 

when the excitation laser energy is just above the 1s level of the A exciton and shows a 

strong dispersion with incident laser photon energies. It occurs due to a two-phonon 

Raman process, involving the successive emission of a dispersionless TO phonon and a 

dispersive quasi-acoustic phonon [115, 264]. The peaks around 456 cm-1 and 468 cm-1 are 

2LA (M) and 2uA  modes, respectively. Literature shows that the frequencies of 2LA(M) 

and 2uA  peaks increase in thicker layers. On the other hand, the relative intensity of the 

2LA(M) with respect to the 2uA  peak decreases with increasing thickness [261]. This 

resembles the intensity ratio dependence on the size of the MoS2 nanoparticles [115]. 

We have put our focus on 
1

2gE  and 1gA  modes. Detailed analysis on frequency, 

width, and intensity (referred to height or counts, not integrated intensity) is given based 

on the extracted data after Lorentzian fitting. The frequency discussed in the following is 

aligned according to the Si peak at 520.70 cm-1. The intensity is normalized according to 

the intensity of Si peak as well, in order to minimize the influence of other factors which 

affect the measured Raman intensity.  
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Figure 6-18. Detailed analysis on intensity, FWHM, and Raman shift of 
1

2gE  mode. Black, red, and blue 

lines are from the 1st, 2nd, and 3rd sweep, respectively. (a-c) Intensity of 
1

2gE  mode as a function of Vtg from 

the 1st (a), 2nd (b), and 3rd (c) sweep. (d-f) FWHM of 
1

2gE  mode as a function of Vtg from the 1st (d), 2nd (e), 

and 3rd (f) sweep. (g-i) Raman shift of 
1

2gE  mode as a function of Vtg from the 1st (g), 2nd (h), and 3rd (i) 

sweep. 

Figure 6-18 shows the change of intensity, width, and wavenumber of 
1

2gE  mode 

from bilayer MoS2 during the three times of sweeps. Unlike the results from non-resonant 

lasers (Ref. [138] and our data in section 6.4), 
1

2gE  mode exhibits considerable 

dependence on gate voltage, especially for Raman intensity. The reversible change also 

confirms the gate tunability. The slightly broadened peak width (Figure 6-18 (d-f)) and 

down-shifted frequency (Figure 6-18 (g-i)) at a large electron concentration resemble the 

behavior of 1gA  mode under 532 nm and 514 nm excitation, which indicates that it is the 

enhanced electron-phonon coupling that leads to the change in FWHM and Raman shift 

of 
1

2gE  mode. Meanwhile, it suggests that the electron-phonon interaction has 

dependence on excitation wavelength. Thus we also expect a more dramatic change on 

a b c 
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1gA  mode. 

The dramatic change of Raman intensity as a function of Vtg is a new phenomenon in 

MoS2 and graphene, but similar phenomenon was observed before in single-walled 

carbon nanotube with electrochemical charging [142]. The charging of a nanotube caused 

the first electronic states of the particular tube filled or depleted, similar to electron 

doping or depletion induced by a gate voltage. The bleaching of Raman signal observed 

in carbon nanotube under certain range of electrode potential was explained by the filling 

of the van Hove singularities which are resonant to the excitation energy. When the filled 

van Hove singularities are resonant to the excitation energy, the bleaching effect is 

stronger than in the case where the electronic states are off resonance with the excitation 

energy. In MoS2, van Hove singularity in the band structure is calculated [144]. However, 

633 nm laser with an energy less than 2.0 eV is impossible to cross the quasiparticle gap 

and resonates with these electronic states. Meanwhile, it is unknown yet whether there is 

van Hove singularity in the optical states which a visible laser is capable of producing 

resonance effect. Nevertheless, the explanation on carbon nanotube might still be helpful 

in explaining the quenched 
1

2gE  mode at large electron concentration.  

The doped electrons induced by Vtg first occupy the Ʌ valley (where CBM is in 

bilayer MoS2). As Vtg increases, doped electrons will be distributed into the K valley as 

well. 633 nm laser has an energy resonant to the direct gap transition at K point. The 

absorption cross section will become infinitely large mathematically, which means the 

absorption of 633 nm light will predominantly occur close to/at the K point. When doping 

concentration is high and K valley are occupied by doped electron, Pauli exclusion 

principle will forbid the transition at K point, also referred as absorption bleaching. In 
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comparison, the absorption of 514.5 nm or 532 nm light can take place on the VBM at Γ 

point (phonon-assisted indirect-gap transition), band nesting region along the Γ-Ʌ line 

[144, 267], or around the K point. Even if the channel at K point is blocked, the 

absorption of 514.5/532 nm light is hardly affected. Therefore, one of the possibilities to 

explain the quenched 
1

2gE  mode at high electron concentration on resonance is related to 

absorption. If this is the true case, the Raman intensity of 1gA  mode will become zero 

simultaneously.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-19. Detailed analysis on intensity, FWHM, and Raman shift of 1gA  mode. Black, red, and blue 

lines are from the 1st, 2nd, and 3rd sweep, respectively. (a-c) Intensity of 1gA  mode as a function of Vtg from 

the 1st (a), 2nd (b), and 3rd (c) sweep. (d-f) FWHM of 1gA  mode as a function of Vtg from the 1st (d), 2nd (e), 

and 3rd (f) sweep. (g-i) Raman shift of 1gA  mode as a function of Vtg from the 1st (g), 2nd (h), and 3rd (i) 

sweep. 

We extracted the intensity, line width, and frequency of 1gA  mode from the same 

spectra in which Figure 6-18 (
1

2gE  mode in 2 L MoS2) was from, with data plotted in 

Figure 6-19. The change in intensity for 1gA  mode shows the same trend as that in 
1

2gE  

a b c 
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mode, but the magnitude is different: 
1

2gE  mode is already quenched when Vtg = 1.0 V, 

but 1gA  mode did not fully disappear when Vtg = 2.0 V, although the intensity is very 

weak (almost unobservable in Figure 6-16 (a)). Note that for different samples (either 2 L 

or 3 L), as electron concentration increases, it is always the intensity of 
1

2gE  mode 

decreases more significantly (faster) than that of 1gA  mode. The consistency between 

bilayer and trilayer indicates that there is no dependence on odd/even layer number. This 

shows that absorption bleaching may explain the decreased intensity, but it is probably 

not the only reason. 

 

 

 

 

 

 

 

 

 

 

Figure 6-20. Comparison of gate-tunable Raman study of 2 L MoS2 by using different excitation lasers. 

(a, b) FWHM of 
1

2gE  mode (a) and 1gA  mode (b) as a function of Vtg. (c, d) Raman shift of 
1

2gE  

mode (c) and 1gA  mode (d) as a function of Vtg. Black lines and red lines are results from spectra 

excited by 532 nm laser and 633 nm laser, respectively. Blue dashed lines indicate the values measured 

before the application of gate voltage. 

A surprising effect has been observed in Figure 6-19. With increasing doping of 

electron (a more “positive” Vtg), 1gA  mode broadens due to the enhanced 

electron-phonon coupling. Supposedly, 1gA  mode should down-shift in the meantime, as 

a b 

c d 
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a result of smaller force constant caused by electron occupation of antibonding states; 

while it is not the case, as seen in Figure 6-19 (g-i).  

Comparisons between off- and on-resonance are shown in Figure 6-20, the 

frequencies of 
1

2gE  mode within the electron depletion region (Vtg < -0.5 V) are similar 

excited by both 532 nm and 633 nm lasers. 
1

2gE  mode is observed to be softened and 

broadened with increasing electron doping under 633 nm excitation, but the mode does 

not change with 532 nm laser. The broadened linewidth extracted from the spectra excited 

by 633 nm laser (Figure 6-20 (a)) is an indication of stronger electron-phonon coupling. 

Moreover, the peak shift for 
1

2gE  mode on resonance can also be attributed to the 

enhanced electron-phonon coupling. By comparison, the FWHM of 1gA  mode shows no 

dependence on excitation energy (Figure 6-20 (b)). The appreciable peak shift with 

increasing electron doping, either blue-shift or red-shift, occurs along with the broadened 

peak width. The Vtg-dependent Raman shift for 1gA  mode is complicated. Take Figure 

6-20 (d) as an example. The 1gA  mode blue-shifts when Vtg increases from 0 V to 1 V, 

but it red-shifts when Vtg changes from 1V to 2 V. Meanwhile, I also notice that the 

frequency of 1gA  mode red-shifts by ~2 cm-1 when Vtg ≤ 0 V. This is not supposed to 

happen, because first order phonon modes (such as 1gA ) reflect the vibrational properties 

in the ground state, and the Raman shift should not change with excitation laser. 

To obtain an explanation on the complicated Vtg-dependent Raman shift for 1gA  

mode, we think the first step is to figure out why 1gA  mode is red-shifted on resonance. 

Therefore, we considered the situations without gating effect and electron doping. Also, 

we would like to confirm the red-shifted frequency is a true phenomenon, instead of an 

occasion. It is worth noting that the frequency of zone-center phonon 1gA  mode is 
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measured to be down-shifted when the sample is excited by a red laser, as shown in 

Figure 6-21 (a) from Ref. [140]; while 
1

2gE  mode is dispersionless as expected. The 

authors also remarked that due to the poorer resolution when using laser of higher energy 

(3.81 eV), the results from this wavelength might be less reliable. Meanwhile, another 

group has also reported on the down-shifted 1gA  mode when excitation is 633 nm in Ref. 

[268]. In fact, I have found the same wavelength-dependent Raman shift during my 

experiments as well, as shown in Figure 6-21 (b, c). That is to say, the red-shifted 1gA  

mode in few-layer MoS2 on resonance is a reproducible phenomenon. However, the 

softened 1gA  mode under resonance has not yet been explained by previous papers.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6-21. Dependence on excitation laser energy of the zone-center phonons, 
1

2gE  and 1gA  modes. 

(a) Experimental results from Ref. [140]. (b, c) Wavelength-dependent Raman shift of 
1

2gE  and 1gA  
modes in 1-5 L (c) and 1-7 L (d) MoS2. 

1

2gE  mode of 1 L MoS2 in (c) is too weak to be resolved when 

excitation is 633 nm. The corresponding Raman scattering measurement was conducted at ambient 

condition with a 100× objective. (b) Normal mode displacement for 1gA  mode in bilayer MoS2. ω0 

refers to the Raman shift of 
'

1A  mode in monolayer, and ∆ω is related to the interlayer coupling (the 

interlayer breathing mode of bilayer, ~39.5 cm-1 in 2H-MoS2). 

c d 

a 
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Here we take bilayer, the simplest case, for further illustration. Figure 6-21 (d) shows 

the normal mode displacement for 1gA  in bilayer MoS2. The neighbouring S atoms (with 

van der Waals (vdW) gap in between) displace in the opposite direction. If we regard each 

layer as one spring, the second spring in 1gA  mode can accumulate restoring force and 

thus increase the frequency compared to the case when there is only one spring. 

Quantitatively, the frequency of two identical coupled oscillator ω1 ( 1gA  in bilayer) can 

be determined by 2 2

0  , where ω0 represents the frequency of the isolated oscillator 

( 1gA in monolayer, i.e., '

1A ) and ∆ω is related to the interlayer coupling (the interlayer 

breathing mode of bilayer, ~39.5 cm-1 in 2H-MoS2). This analysis match well with the 

experimentally measured Raman shift in MoS2 [118, 120]. When the excitation laser 

switched from 457/514.5 nm to 633 nm in Figure 6-21 (c), ω1 decreases, which means 

either ω0 or ∆ω becomes smaller (or both). Figure 6-21 (c) shows the change of ω0 is 

negligible, indicating that the interlayer coupling strength (∆ω) decreases when the 

excitation energy is resonant to A exciton. The weaker interlayer coupling on resonance to 

A exciton leads to the decoupling effect between the two layers in the bilayer sample. Our 

analysis is consistent with the discussion on N quasi-independent layers as mentioned 

above in WS2 [260]. So far, it is believed that the orientation/distribution of the exciton is 

associated with the resonance-related decoupling effect. Schuller et al. found that A/B 

exciton is highly confined in-plane, with negligible expansion in the neighbouring layer(s) 

[269], which may the reason for decoupling. 

In total, I have measured 8 bilayers, 6 of them exhibit the anomalous blue-shift in 

1gA  mode with increasing electron concentration. One of the rest two bilayers was 

further measured by using other excitation lines, as shown in Figure 6-22. The ionic gel 
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used in the measurement of Figure 6-22 was freshly-prepared, which leads to higher 

collection efficiency. From the raw data in Figure 6-22, we can see that except the 

spectrum excited by 514.5 nm laser, spectra excited by the rest 5 laser lines all show the 

dependence of Raman intensity on gate voltage, though the magnitude differs. All the 5 

laser lines are resonant or near resonant to either A/B exciton, which further confirms that 

the change in intensity is closely related to resonance. Meanwhile, the asymmetric 1gA  

peak is clearly seen in Figure 6-22 (c-e), indicating the occurrence of Davydov splitting. 

In fact, the wavelength-dependent Raman spectra can also help to test our analysis on the 

anomalous blue-shift of 1gA  mode with increasing electron doping, when the excitation 

laser is resonant to A/B exciton. Besides, we also expect that there is a wavelength which 

can cause the frequency of 1gA  mode to be Vtg-independent. The competing effect 

between red-shift and blue-shift as carrier concentration increases, should be 

counterbalanced at this certain wavelength.   

Figure 6-23 (a) shows the Vtg-dependent energies of A and B excitons, which were 

extracted after Lorentzian fitting to the PL spectra. Vtg-dependent PL measurements were 

performed on the same bilayer MoS2 sample from which the Vtg-dependent Raman 

scattering measurements were done. As Vtg increases (when Vtg > 0), excitation energy is 

more resonant to B exciton for 632.9 nm laser, while it is less resonant when 612.2 nm is 

used. From Figure 6-23 (e) (612.2 nm) and Figure 6-23 (f) (632.9 nm), we see that in the 

electron depletion and low electron doping regions, Davydov splitting of 1gA  mode 

appears, and the split Raman-inactive 2uA  mode is displayed in red empty triangles. The 

Davydov splitting is more pronounced under resonance, in consistent with previous 

reports on WS2 and MoTe2 [260, 270]. 
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Figure 6-22. Dependence on excitation wavelength of gate-tunable Raman spectra of 2 L MoS2. The used 

laser lines are 514.5 nm (a), 580.6 nm (b), 595.5 nm (c), 612.2 nm (d), 632.9 nm (e), and 671.0 nm (f).  

In the moderate/heavy electron doping region when there is no splitting, as Vtg 

increases, 1gA  mode blue-shifts when excitation wavelength is 612.2 nm while red-shifts 

when 632.9 nm is used. Note that the influence from antibonding electrons which weaken 

the Mo-S bond and thus causing softened frequency is ought to be the same under the 

same electron concentration (i.e. the same Vtg). What makes the Vtg-dependent Raman 

shift opposite between 612.2 nm excitation and 632.9 nm excitation is the decoupling 

effect related to resonance. For the 612.2 nm excitation laser, with increasing electron 

doping, the energy difference between excitation and exciton becomes larger, the 

resonance decoupling effect is weaker, causing 1gA  mode shifts to higher frequency. On 

the other hand, the antibonding electron causes 1gA  mode shifts to lower frequency. The 

combined effect for 612.2 nm excitation is 1gA  mode blue-shifts when Vtg increases, 

a b c 
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indicating that it is the excitation energy related-decoupling effect plays a dominant role 

over the antibonding electron for this specific excitation energy. Nevertheless, 1gA  mode 

red-shifts when Vtg increases for the 632.9 nm excitation. Both antibonding electron and 

the decoupling effect cause the peak to soften in this case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-23. Vtg-dependent excitonic energy (The corresponding PL spectra were excited by a 532 nm 

laser.) and Raman shift of 1gA  mode measured with different excitation wavelengths.  (a) 

Vtg-dependent energy of A and B excitons. Data was extracted after Lorentzian fitting on the result in 

Figure S2. The dash lines indicate the energy of resonant excitation lines. As Vtg increases (when Vtg > 

0), excitation energy is more resonant to B exciton for 632.9 nm laser, while it is less resonant when 

612.2 nm is used. (b-g) Vtg-dependent Raman shift of 1gA  mode with excitation wavelength of 514.5 

nm (b), 580.6 nm (c), 595.5 nm (d), 612.2 nm (e), 632.9 nm (f), and 671.0 nm (g). The splitting of 1gA  
mode tends to occur during electron depletion or light electron doping, especially under resonance 

condition. The peak positions in (b-g) were obtained after Lorentzian fitting. The wavenumber of 1gA  
mode is shown in black solid square when there is no splitting. When there is splitting, the peak 

positions of 1gA  and 2uA  modes are shown in black triangles and red triangles, respectively. 
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When the excitation laser is 580.6 nm or 595.5 nm, there is not a clear trend on 

Vtg-dependent Raman shift for 1gA  mode. This is the counterbalance effect between 

blue-shift and red-shift as we expected. Furthermore, the Vtg-dependent Raman shifts in 

Figure 6-235 (g) (671.0 nm) and Figure 6-23 (b) (514.5 nm) are very similar, despite that 

the excitation of 671.0 nm is resonance to A exciton. Photoluminescence excitation 

spectroscopy of bilayer MoS2 [271] has suggested that both 671.0 nm and 514.5 nm lasers 

cannot cause the emission of A exciton to be dominant over that from the indirect gap, 

unlike the 612.2 nm excitation line. This result indicates that the decoupling effect is 

related to the formation of A exciton.  

To have a brief summary, there are mainly three new features: (1) Electron-phonon 

coupling is stronger during resonance, mainly evidenced by the behavior of 
1

2gE  mode. (2) 

Significant gate-tunable Raman intensity is observed. Absorption bleaching may play an 

important role in affecting the intensity. (3) Anomalous blue-shift of 1gA  mode is 

observed with increasing electron concentration, when the excitation energy is on 

resonance with A/B exciton.   

Besides bilayer and trilayer samples, I have further done experiments on a 6 L MoS2 

flake to see whether the interesting features still persist. On the other hand, Davydov 

splitting is more pronounced in thicker layers (The two peaks are not well-resolved in thin 

layers) [261]. Will the anomalous shift appear if 1gA  mode is split (while there is no 

anomalous shift when splitting appears from 2 L MoS2, shown in Figure 6-23)? As 

expected, there is no observable change when excitation is 532 nm laser from the 6 L 

MoS2 flake. The dramatic change in intensity is very robust when the spectra were excited 

by a 633 nm laser, as shown in Figure 6-24. 
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Figure 6-24. Gate-tunable Raman spectra of 6 L MoS2 measured by using 633 nm laser as excitation (raw 

data without normalization). The gate voltage was changed from 2.0 V to -1.5 V, during which intensities of 

Raman peaks in MoS2 dramatically increase. 

With focus on the 1gA  mode at ~407 cm-1, I have fitted the spectra by using 

Lorentzian function. Before comparing the Raman shift, I have aligned all the spectra 

according to the Si peak at 520.70 cm-1. As expected, the splitting is more pronounced at a 

negative gate voltage (already discussed in Figure 6-15). There is almost no Vtg-dependent 

shift when the peak is split (From -1.5 V to -0.5 V: ~0.3 cm-1 and ~ 0.4 cm-1 for lower and 

higher branches, respectively), consistent with the case in bilayer. However, when Vtg > 0, 

1gA  mode blue-shifts by ~1 cm-1 as Vtg increases from 0.5 V to 1.5 V, and there is no 

more splitting. It is worth mentioning that the peak width of 1gA  and 1uB  modes hardly 

change with different Vtg, but the Vtg-dependence still preserves on 
1

2gE  mode. In general, 

result on 6 L is in agreement with those on 2 L and 3 L. The splitting occurs when Vtg < 0, 

but peak shift is not pronounced at this electron depletion regime. 

 

 

 



149 

 

 

 

 

 

 

 

Figure 6-25. Extracted frequencies of 1gA  and 1uB  modes as a function of Vtg from 6 L MoS2. Blue line 

indicates the peak position of 1gA  mode measured by 532 nm laser, which does not shift when carrier 

density varies. The comparison of Raman shift was based on the alignment of Si peak at 520.70 cm-1. 

 

6.6 Summary 

We have demonstrated the effective gating effect on top-gated mono- and few-layer 

MoS2 device, with gated material to be PS-PEO-PS + EMIM-TFSI. PL spectra of bilayer 

and trilayer MoS2 have been shown to be controllable by a gate voltage. This is the first 

time that the energy and intensity of A exciton in 2 L MoS2 can be tuned by a gate voltage 

at room temperature. Also this is the first report on electric control of luminescence 

properties of 3 L MoS2. The above results further confirm that our setup is able to tune the 

carrier density of few-layer MoS2 sample within a large range. By comparison, most 

previous papers failed to tune the PL due to insufficient electron concentration. 

On the studies of phonon properties, I first repeated what have been done in a 

previous report (gate-tunable Raman spectra excited by 532/514.5 nm laser), but extended 

the thickness to 3 L. Our experimental data is consistent with previous results, and thus 

we have proceeded to the next step, gate-tunable Raman scattering measurements excited 
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by a 633 nm laser, the resonance condition. There are mainly three new features: (1) 

Electron-phonon coupling is stronger under resonance condition, mainly evidenced by the 

behavior of 
1

2gE  mode. (2) Significant gate-tunable Raman intensity is observed. 

Absorption bleaching may play an important role in affecting the intensity, but it is not the 

only factor. (3) Anomalous blue-shift of 1gA  mode with increasing electron 

concentration.  

We focused on the anomalous blue-shift of 1gA  mode with increasing electron 

concentration, which is shown to be a reversible phenomenon and really gate-controllable. 

Meanwhile, the shift is repeated on 6 out of 8 bilayers, 4 trilayers, and a 6 L flake. One of 

the two “failed” 2 L is further checked by using multiple laser lines, including 514.5 nm, 

580.6 nm, 595.5 nm, 612.2 nm, 632.9 nm, and 671.0 nm. Result shows that the 

anomalous shift on this flake occurs when excitation is 612.2 nm (2.025 eV), with energy 

very close to 632.9 nm (1.959 eV). The subtle difference is attributed to sample variation. 

The anomalous blue-shift of 1gA  mode with increasing electron concentration is 

related to the decoupling effect. The occurrence of decouling effect is related to resonance, 

or rather the formation of A exciton. Further evidence was demonstrated with the in situ 

correlation between excitonic energy and excitation laser energy (Figur 6-23). So far, we 

can conclude that there are two major factors that affect the Raman shift of 1gA  mode in 

our measurments. On one hand, doped electrons cause the Mo-S bond to be weaker with 

increasing electron doping. Thus 1gA  mode should red-shift as Vtg increases. On the 

other hand, the excitonic energies are changing with different gate voltages, resulted from 

many-body effects. The resonance-related decoupling effect will cause 1gA  mode to 

red-shift. If the energy difference between incident light and A exciton increases 
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(decreases), 1gA  mode blue-shifts (red-shifts).  

The detailed discussion on the softened 1gA  mode under resonance condition is 

presented for the first time, with a simple oscillator model. The softened 1gA  mode is 

related to the decreased interlayer coupling on resonance. Direct measurement on 

low-frequencey interlayer breathing mode is very challenging (especially in thin layers) 

even on the triple grating Raman spectroscopy, because of the large resonance backgroud. 

Here we have shown an indirect method to probe the interlayer coupling. Besides, we 

have pointed out the selection of incident laser affects the observation of carrier doping on 

Raman spectroscopy. We believe our work on gate-tunable resonant Raman spectroscopy 

is essential for future study on many-body effect. 
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Chapter 7 Conclusions and Future Work 

7.1 Conclusions 

During my PhD study, I mainly worked on synthesis and optical properties of 

atomically thin layered transition metal dichalcogenides MoX2 (X = S, Se). The first half, 

Chapter 3 and Chapter 4, is sample-driven, which introduces several top-down methods 

and CVD-growth (a typical bottom-up way to obtain nanomaterials). The top-down 

methods I have used include the conventional mechanical exfoliation and thermal 

annealing thinning. Mechanical exfoliation can be applied to a variety of 2D layered 

materials, with examples shown on graphene, MoS2, WSe2, black phosphorus, GaSe and 

etc. Thermal annealing, in principle, should also be a common method to get thin film 

samples. In this thesis, I have taken MoS2 as a case study on layer-by-layer thinning. After 

optimizing parameters, I have roughly achieved layer-by-layer thinning by annealing the 

sample at 650 ˚C in argon with pressure of 10 Torr. It takes one hour to remove one layer, 

which is due to heat-induce sublimation. The changing color from bright blue to dark blue 

(on 285 nm SiO2/Si substrate) with increasing annealing time is an indication of thinning. 

Meanwhile, AFM data further confirms the decreased thickness. Raman spectroscopy is 

also used to monitor the thermal thinning. As annealing time increases, the pronounced 

blue-shift of interlayer breathing mode in the low frequency region suggests that the layer 

number has decreased. It is worth noting that inhomogeneous surface is also observed, 

both on AFM and on Raman spectrometer.  

Sulfurization and selenization of metal trioxide inside a CVD chamber has become a 

very popular way to get mono- and few-layer MX2 (M = Mo, W; X = S, Se). My focus in 
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this thesis is CVD-synthesis of MoSe2. Different morphologies are obtained, in the form 

of either thin film with size of ~1×1 cm2 or individual flake with grain size of ~10 µm. 

The key factor in my growth is pressure: Low pressure (20 Torr) favors large area film but 

grain size is small, ~100 nm; High pressure (810 Torr), however, promotes the flakes to 

enlarge size to ~10 µm, while only few-layer (2-8 L in majority) can be obtained. Details 

on how to optimize the growth parameters are shown by discussing about the controlled 

experiments which include dependence on temperature, H2 concentration and etc. In 

addition, STEM imaging and Raman spectroscopy confirm that the as-grown samples are 

MoSe2 with good quality. 

The emission properties of CVD-grown thin film are investigated in detail, with 

temperature-dependent PL spectra, optical absorption spectra, power-dependent 

measurements, as well as comparison on the PL fitting by using different functions. 

Electrical performance was studied, in which we found that the performance is poor on 

thin film, but improves a lot on flake with size of ~10 µm. Meanwhile, the usage of 

catalyst affects the device performance, evidenced on 178 devices. Furthermore, I also 

showed that the selenization growth in CVD can even extend to WSe2, both in film and 

flake as well. Interesting features, such as dislocation, are observed. 

The second half consists of Chapter 5 and Chapter 6, with focus on the lattice 

vibrational properties. Chapter 5 investigated the relation between stacking sequence and 

the low-frequency interlayer shear modes. Through bond polarizability model, we found 

that AB-stacked layered materials (such as 2H-stacked MoS2) exhibit blue-shifted 

interlayer shear mode as layer number increases, while the trend is opposite in 

ABC-stacked samples (e.g. 3R-stacked MoS2). Experimental evidence is shown on 
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CVD-grown few-layer MoSe2 flakes with multiple types of stacking orders. Besides the 

commonly-known 2H and 3R phases, mixture in the basal plane is found as well, which is 

evidenced not only from the low-frequency Raman spectra (co-existence of the 

fingerprints of both 3R and 2H stacking orders), but also STEM imaging. Stacking fault, 

such as ABCB stacking 4 L, is also assigned with the help of theoretical calculations. We 

have demonstrated that Raman spectroscopy can work in a rapid and nondestructive way 

to identify stacking in this chapter.  

Chapter 6 is devoted to explore the influence of electric field gating effect on the 

phonon properties of MoS2. By applying a gate voltage through the top-gated ionic gel, 

we can achieve electron doping with maximum concentration around ~1.75×1013 cm-2 on 

2 L MoS2. Gate-tunable PL measurements and non-resonant Raman scattering 

measurements with different electron doping level have been conducted. The new features, 

however, were observed by using a resonant laser, 633 nm: First, electron-phonon 

coupling is stronger during resonance, mainly evidenced by the behavior of 
1

2gE  mode. 

Second, significant gate-tunable Raman intensity is observed. Absorption bleaching may 

play an important role in affecting the intensity, but it is probably not the only factor. Last 

but not the least, it is the anomalous blue-shift of 1gA  mode with increasing electron 

concentration, which is red-shifted when the excitation laser is 532 nm. In particular, we 

focused on the anomalous blue-shift of 1gA  mode and have done further experiments 

(e.g. wavelength-dependent measurements). We believe there are two major factors 

affecting the Vtg-dependent Raman shift of 1gA  mode: The antibonding electrons cause 

the Mo-S bond to be weaker and thus 1gA  mode softened; While the resonance-related 

decoupling effect also influences the frequency of 1gA  mode. If the energy difference 
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between incident light and A exciton increases (decreases), 1gA  mode blue-shifts 

(red-shifts).  

 

7.2 Future Work 

 

 

 

 

 

 

 

 

 

 

Figure 7-1. The low-frequency mode 38 cm-1 in MoS2 under 633 nm (1.96 eV) excitation. (a) Peak positions 

for breathing (circle) and shear (square) modes as functions of layer number. The peak at 38 cm-1 only 

shows up when excitation energy is 1.96 eV [140]. (b) Low-frequency Raman spectra of MoS2 thin films at 

different thicknesses under excitation of 633 nm. The broad feature around 38 cm−1 is observed only under 

resonance condition [170]. 

Except the interlayer shear and breathing modes in few-layer MX2 (M = Mo, W; X = 

S, Se), there is one more low-frequency mode observed and common among the four 

layered materials, which only appears when the excitation energy is in/near resonance to 

the exciton energy. For MoS2, this peak is located at 38 cm-1 (~4.7 meV), and its energy is 

not dependent on thickness, as shown in Figure 7-1. The broad peak at 38 cm-1, which is 

observed under both parallel- and cross-polarized configurations, is rather broad 

compared to the interlayer shear and breathing modes. Zeng et al. thinks this peak might 

be related to the splitting of conduction band at K point due to the strong spin-orbit 

coupling [170]. Coincidentally, the splitting energy is calculated to be 3-4 meV [87]. 

However, Lee et al. later found that the peak at 38 cm-1 is always observable no matter the 

a b 
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polarization is σ-σ- or σ-σ+, indicating that the peak is not resulted from the splitting [140]. 

This is because if it is due to spin-flip scattering process, the peak is unobservable when 

the polarization is σ-σ-.     

The origin of this peak is unknown yet. Our group has previously suspected that it 

has something to do with electron-phonon scattering, and Raman scattering measurements 

have been conducted on a few-layer sample with SiO2 back-gating. There is no 

appreciable progress, possibly due to the insufficient doping level. Along with the 

experiments in Chapter 6, I have done some measurements in the low-frequency region, 

as shown in Figure 7-2. 

 

 

 

 

 

Figure 7-2. Gate-tunable low-frequency Raman spectra of a top-gated 3 L MoS2 excited by 633 nm laser. (a, 

b, c) Spectra taken at Vtg = -1.5 V (a), 0 V (b), and 1.0 V (c), respectively. Grey lines are experimental data 

and red (& blue) lines are results from Lorentzian fitting. 

The low-frequency peak is measured to locate at 37.6 cm-1 when Vtg = 0 V, in 

agreement with previous reports [140, 170]. When Vtg = 1.0 V, the signal is relatively 

weaker (read from the y-axis). It is possibly due to the absorption bleaching which we 

have mentioned in Chapter 6. Within the electron depletion region (Vtg = -1.5 V), the peak 

is softened to 36.3 cm-1, and it exhibits stronger intensity. Meanwhile, the peak at 79.7 

cm-1 is supposed to be the second-order overtone. At ambient condition, Lee et al. have 

obtained the two peaks to be located at 38 cm-1 and 76 cm-1, respectively [140]. The 

a b c 
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Vtg-dependent behavior of peak at ~38 cm-1 is different from all the other peaks, as it 

shows a true blue-shifted trend with increasing electron doping. While the anomalous 

blue-shifted 1gA  mode we have discussed in Chapter 6 is just “shifting back to the 

original frequency”. More investigation has to proceed to understand the low-frequency 

peak at ~38 cm-1 (and its overtone). So far, we can only say that the peak is gate-tunable 

and very different from all the other modes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-3. Low-frequency interlayer vibrational modes from MoS2-based heterostructures from literatures. 

(a, b) LBM (layer breathing mode; i.e., interlayer breathing mode) of MoSe2/MoS2 hetero-bilayer at 

selected stacking angles: 45˚, 32˚, and 5˚ (a). (b) The LBM frequencies of 58 MoSe2/MoS2 hetero-bilayer 

samples as a function of the layer rotational angle (θ). The inset shows the schematic rotational angle 

between single-crystal MoS2 and MoSe2 monolayers [168]. (c) Low-frequency Raman spectra of LBM and 

shear mode from as-grown continuous MoS2 films on WS2 with AA and AB stacking orders, and 

as-transferred twisting-stacked MoS2/WS2 heterostructures [198]. 

Besides, studying low-frequency vibrational modes in heterostructures is also a very 

interesting topic to me. As far as I know, there are only two papers [168, 198] reporting 

on the low-frequency modes of atomically thin heterostructures, as shown in Figure 7-3. 

In contrast, there are considerable literatures on PL from TMDs-based 1+1 hetero-bilayers 

[163, 166, 169, 198, 272], in which stacking angle was shown to have critical effect on 

the luminescence [163, 228]. The slow progress on low-frequency mode from 

a b c 
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heterostructures is probably related to several difficulties, including techniques on 

low-frequency Raman spectroscopy, sample preparation, and poor repeatability.  

The poor repeatability can be seen in Figure 7-3 (b). For example, when the stacking 

angle is ~30˚, the frequency of LBM can vary from 31 to 33 cm-1. The trend which Lui et 

al. have observed in Figure 7-3 (b) has to rely on a large amounts of samples [168]. The 

poor repeatability is related to the interlayer coupling. Even with the same technique, the 

same bulk samples (batch of growth), and the same person in sample preparation, it is still 

very difficult to make sure the interlayer distance/coupling is the same, or the deviation is 

within a small range. Based on a simple model, the hetero-bilayer can be treated as two 

spring-coupled masses with a frequency of k m  . k is the out-of-plane force 

constant, and m is the reduced mass per unit area. In fact, this is actually a simplified 

linear chain model [118]. The calculated frequency in MoSe2/MoS2 hetero-bilayer is 34.5 

cm-1. However, most of the data points in Figure 7-3 (b) are smaller than the calculated 

value [168], because it is very difficult to completely avoid the interlayer gap between the 

two monolayers. Once there is a little gap, the interlayer coupling will be weaker, leading 

to a smaller k and ω. 

I have some preliminary data shown in Figure 7-4. All the samples prepared for 

Raman scattering measurements were annealed beforehand. The new modes, N1 and N2, 

only appear under parallel-polarized polarization, which suggests the nature of N1 and N2 

is interlayer breathing mode. N1 is tentatively believed to be the derivative of B1 mode in 

the heterostructure. N2, in most of cases, only appear when the thickness of graphene is 

comparable or thicker than MoS2. Meanwhile, from Figure 7-4 we can see that interlayer 

shear mode is less sensitive to the addition of graphene onto MoS2 sample. Nevertheless, 
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we are also suffering from the problem of sample variation. Research investigation is still 

going on and more samples are needed to draw a concrete conclusion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-4. Low-frequency modes from MoS2/graphene heterostructures. (a, b) 2 L MoS2 (a) and 4 L MoS2 

(b) on graphene layers with different thickness. 2LG means two layers of graphene. Dots are experimental 

data and lines are results from Lorentzian fitting. S1 and B1 refer to interlayer shear and breathing mode 

with the strongest intensity, respectively. N1 is short for “new mode 1”.  
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