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ABSTRACT

LIQIN SU. Effects of substrate on 2D materials, Graphene, MoS2, WS2, and Black
phosphorus, investigated by high temperature and spatially resolved Raman

scattering and photoluminescence. (Under the direction of DR. YONG ZHANG)

The exploration of a group of new 2D materials, such as graphene and transition

metal dichalcogenides, has become the hottest research of interest in recent years.

With the dependable techniques of producing 2D materials, particularly mechanical

exfoliation and chemical vapor deposition, we are able to study all kinds of their

unique properties in mechanical, electrical and optical fields. In this dissertation,

we examine the vibrational and thermal properties of four 2D materials – graphene,

MoS2, WS2 and black phosphorus – as well as their interaction with the supporting

substrates, by using temperature-dependent Raman spectroscopy. Regarding the

increasing interests of studying on the fabrication and applications of 2D materials,

the role of 2D-material/substrate interaction has seldom been taken into consideration

which would significantly affects the quality of the grown films and the performance of

the devices. To the best of our knowledge, we are the first to systematically investigate

on this issue.

At first, we performed temperature-dependent Raman spectroscopy on two graphene

samples prepared by CVD and ME up to 400 ◦C, as well as graphite as a reference.

The temperature dependence of both graphene samples shows very non-linear behav-

ior for G and 2D bands, but with the CVD-grown graphene more nonlinear. Com-

paring to the Raman spectra collected before the measurenents, the spectra after the

measurements exhibit not only a shift of peak position but also a huge broadening of

linewidth, especially for CVD-grown graphene. This study implies that the polymer-

ic residues from either scotch tape or PMMA during transfer process are converted

to amorphous carbon after annealed at high temperature, which may significantly
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change the optical and electrical properties of graphene.

With the same temperature-dependent Raman technique as graphene, we exam-

ine on monolayer MoS2 and WS2, and thin-film black phosphorus and demonstrate

that the film morphology and the substrate play very important roles in modifying

the properties of the materials. For the films transferred onto SiO2/Si substrates, the

E1
2g mode is only weakly affected by the substrate, whereas the A1g mode is strongly

perturbed, showing a highly nonlinear temperature dependence in Raman peak shift

and linewidth. In contrast, for the films epitaxially grown on sapphire substrate, E1
2g

is tuned more significantly by the substrate by showing a much smaller temperature

coefficient than the bulk, while A1g is less. A two-round temperature dependent Ra-

man measurements on a transferred MoS2 on SiO2 sample confirm these findings.

These experiments suggest that the film-substrate coupling depends sensitively on

the preparation method, and in particular on the film morphology for the transferred

film. Additionally, temperature-dependent PL spectroscopy of monolayer WS2 shows

a 0.2 eV activation energy for CVD-grown films on SiO2/Si substrate.

Besides temperature dependent Raman spectroscopy, we also perform PL and

Raman mappings on monolayer WS2 triangles prepared by both chemical vapor de-

position and transfer, and find both Raman and PL are very sensitive to strain and

doping effects. The non-uniform strain distribution over one single triangle is deter-

mined both qualitatively and quantitatively through the shift of E1
2g mode and PL

peak energy. In transferred WS2 monolayer, comparing to suspended WS2 film a very

strong PL quench in WS2 film supported by SiO2/Si substrate is observed, which is

attributed to charge transfer between the film and the substrate.

Finally, the thermal conductivity of thin-film black phosphorus is determined by

its temperature and laser power dependent Raman spectroscopy. An average thermal

conductivity of a suspended black phosphorus film has been determined to be 15.8
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K/(m ·W ).
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CHAPTER 1: INTRODUCTION

1.1 Introduction

“There is plenty of room at the bottom,” prophesized the future of nanotechnology by

the American physicist Richard Feynman in 1959. Feynman had described a process

to manipulate individual atoms and molecules, where surface tension and van der

Waals attraction would become more significant [1]. In the past decades, quite a few

new detection techniques were invented, including atomic force microscope (AFM) [2],

scanning electron microscope (SEM) [3,4], and tunneling electron microscope (TEM).

With the assistance of these tools, more new materials, such as buckminsterfullerene

(or bucky-ball, C60) [5], and new structures, such as heterostructures and superlat-

tices [6–8], were able to be discovered and investigated. The scale of materials was

minimized from millimeter to nanometer. For years people have been asking this

question: “How small can materials be?”

After a great amount of theoretical studies had been carried out on two-dimensional

(2D) materials [9], the revolution took place in 2004 when graphene – atomically

thin layers of graphite – was experimentally obtained by using Scotch tape, which

brought the investigations of solid state materials into a new era – two-dimensional

scale [10, 11]. For the first time, it is possible to produce single 2D atomic layers of

atoms in the lab. Following graphene came other new layered materials such as boron

nitride (BN) [12, 13], transition metal dichalcogenides (TMDs) [?, 14, 15], and black

phosphorus (BP) [16,17]. The discovery of these materials has answered the question

that we can actually produce thinnest objects imaginable – atomically thick.
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With these new materials came new opportunities to examine old problems that

have been studied in bulk or three-dimensional (3D) materials, as well as to find new

ones specifically belonging to 2D structures. To study a new material, its physical

and chemical properties are the first concerns. For example, as an electronic material,

the covalent sp2 C-C bond in graphene leaves one of carbon’s four electrons free on

surface giving the film a remarkably higher mobility than graphite [10, 11]. The

new properties arising from the downscale of materials set up a new path for future

applications. However, these findings also have suggested that the atomically thin

layers are susceptible to perturbation within the film itself and from substrates to hold

the film, which is in accord with Feynman’s predication of the importance of surface

tension and van der Waals force. These influences from the film and substrates can

change the properties of the film to a significant extent so that thorough research

needs to be carried out.

1.2 Outline

This dissertation presents systematic experiments on temperature-dependent high

temperature Raman scattering of four 2D materials – graphene, molybdenum disulfide

(MoS2), tungsten disulfide (WS2) and BP – to investigate their vibrational properties

and the interaction between 2D materials and their substrates. For WS2, temperature-

dependent high temperature photoluminescence were also performed. Spatially re-

solved Raman and PL mapping was used as well for selected materials. Chapters

1-2 include an overview of the basic concepts and literature work relevant to the ex-

periments and results presented in Chapter 3-6. The experimental section begins in

Chapter 3 where we carry out temperature-dependent high temperature Raman scat-

tering on graphene. We find that the hydrocarbonization of polymeric residues leads

to the broadening of D and G bands, and the temperature dependence is significant-
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ly affected by the substrate due to the difference in thermal expansion of graphene

with respect to the substrate. Temperature-dependent Raman scattering results on

two typical TMDs – MoS2 and WS2 – are presented in Chapter 4 and 5, respectively,

where we analyze the temperature-dependent behavior of Raman and PL. A modified

form of the work on temperature-dependent Raman results in Chapter 4 has been

published in Nanoscale 6, 4920 (2014), and the rest is under preparation. One part

of Chapter 5 has appeared in Nano Research (2015), and the rest will be published

separately. Chapter 6 extends this work on few-layer thin BP films to investigate the

temperature coefficients of BP phonons as well as the thermal conductivity, where

substrate effect on the properties of BP films is also discussed. The major content of

this chapter has been published in Applied Physics Letters 107, 071905 (2015).

1.3 Structures and Properties of Layered 2D Materials

1.3.1 Graphene

Single-layer graphene (SLG) is the building block of graphite, whose lattice struc-

ture is shown Figure 1.1(a). The covalent C-C bonds of graphene are formed by

sp2-hybridized orbitals through σ bond, giving rise to its extraordinary in-plane me-

chanical strength; whereas the remaining p-electron per atom can bind covalently

with neighboring carbons to form a π band that is fully filled but with zero bandgap

with the anti-bonding π∗ band. Any perturbation that changes the occupation con-

dition of the π or π∗ band can lead to the change of electric conductivity [18, 19].

The unit cell of graphene comprises two atoms, denoted as A and B depicted in blue

and red, respectively. The distance between nearest-neighbor carbons is 1.42 Å. In

reciprocal space, the first Brillouin zone also has a hexagonal shape. With a tight-

bonding approach, the band structure is shown in Figure 1.1(b) where valence band

maximum (VBM) and conduction band minimum (CBM) touch at K and K’ points
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at the corner of the first Brillouin zone. Within a small energy range near K points, a

linear dispersion of electronic excitations is observed, which are called massless Dirac

electrons [11]. This linear dispersion relation was first reported by P. R. Wallace in

1946 who showed the band structure of graphene as well as the unusual semimetallic

behavior of graphite [9].

Figure 1.1: Lattice and band structures of graphene. (a) Lattice structure of
graphene. a0 is the nearest-neighbor distance. The unit cell is depicted in gray,
together with the primitive lattice vectors a ~a1,2. (b)Band structure of graphene. (c)
The dispersion relation close to the K-point for small energies. Reproduced from F.
Molitor et al. [19].

Multi-layer Graphene (MLG) or even bulk graphite consists of stacked graphene

layers which are held together by weak van der Waals forces. The stacking order

usually is Bernal stacking, i.e. ABA stacking. The distance between layers is 3.35

Å. For bilayer graphene, there are four energy bands if taking into account one 2pz

orbital on each of the four atomic sites in the unit cell: a pair of conduction bands

and a pair of valence bands. Each pair has a splitting of ∼0.4 eV over most of the

Brillouin zone. Near the K points, one CBM and one VBM are split away from zero

energy, whereas the other two bands touch at zero energy. Therefore, this region is

relevant to electronic properties of bilayer graphene. For MLG, the band structure,

though more bands exist, has two bands touching at K points, leading to its electronic
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properties near K points similar to SLG [20].

SLG has quite a few promising and unique properties: negative thermal expan-

sion coefficient (TEC) [21], unconventional integer quantum Hall effect [22], ultra-

high mobility [23], valley polarization [24], etc. Unfortunately, graphene is a zero-gap

material, which means it is not suitable or designable for use in electronic and op-

toelectronic devices. Bandgap engineering has been applied to open a bandgap in

SLG, but the gap is only about a few hundred meV which is still too small [25–27].

Additionally, SLG, as an atomic layer, is susceptible to the influence of surround-

ing environment such as substrates and adsorbents. The non-uniform morphology

of SLG like ripples and wrinkles can change its electronic structure and thus modify

the thermal, mechanical and electrical behaviors of SLG. Instead, MLG, which is

less susceptible to the external environment, was found to show similar behaviors as

SLG, contributing to the diversities of graphene’s applications. Though graphene has

zero gap which limits it to be used in FET applications, the extraordinary electri-

cal, mechanical, thermal, and other multitudinous properties of graphene launch the

potential applications such as flexible display screens, electrical circuits, and energy

storage, as well as various medical, chemical and industrial processes with the use of

new graphene materials [28,29].

1.3.2 Transition Metal Dichalcogenides (TMDs)

As the first experimentally-discovered 2D material graphene has a zero bandgap, peo-

ple started to search for other potential layered materials possessing direct bandgaps.

Boron nitride has a graphene-like structure with a direct bandgap of ∼5-6 eV which

is too large to be used in regular electronic and optoelectronic applications [30].

Following BN, transition metal dichalcogenides (TMDs), another family of layered

materials, such as MoS2, MoSe2, WS2 and WSe2, have merged into the family of
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2D materials. The bandgap of bulk TMDs is usually indirect, while it transits to

direct bandgap when the layer number goes to monolayer [15]. Thus, the most ad-

vantageous property of monolayer TMDs comes from their intrinsic bandgaps ranging

from ∼0.4 to ∼2.3 eV [31–35], which covers near infrared and most visible spectral

range where most optoelectronic applications happen. For this reason, TMDs have

been attracting tremendous interest of research in not only their fundamental nature

such as optical and electrical properties but the applications of monolayer or few-layer

TMDs based electronic and optoelectronic devices. In this work, we are only focusing

on two TMDs: molybdenum disulfide (MoS2) and tungsten disulfide (WS2).

1.3.2.1 Molybdenum disulfide (MoS2)

The crystal structure of MoS2 has been studied for more than five decades [36]. As a

layered structure similar to graphite, individual MoS2 layers are stacking upon each

to form the bulk through weak van der Waals force between layers. Each MoS2

monolayer consists of a plane of molybdenum atoms sandwiched by two planes of

sulfur atoms, and all the three plane are hexagonally arranged with the covalently

bonded S-Mo-S atoms in a trigonal prismatic arrangement forming a hexagonal crystal

structure, as shown in Figure 1.2. The thickness of each MoS2 monolayer is about

0.65 nm. There are two commonly found crystal structures of MoS2: hexagonal

(2H-MoS2) and octahedral (1T-MoS2) structures [37]. The former is semiconducting,

while the latter is metallic. Theoretically, the former is more stable than the latter,

out of which has been used to produce monolayer MoS2 and intensively studied.
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Figure 1.2: Crystal structure of MoS2. (a) Top view of monolayer hexagonal crystal
structure of MoS2. (b) Two type of unit cell structures of MoS2: Trigonal prismatic
(2H) and Octahedral (1T). Panel (a) reproduced from H. Zeng et al. [38]. Panel (b)
reproduced from G. Eda et al. [39].

Bulk MoS2 has an indirect bandgap of 1.29 eV (Figure 1.3a) [?]. As the layer

number decreases, the conduction band minimum moves upward, increasing the over-

all bandgap [40,41]. The states at K point in conduction band are mainly due to the

d-orbitals of the molybdenum atoms which are barely affected by interlayer interac-

tions, while the states at Γ point hybridization between pz-orbitals of sulfur atom and

the d-orbitals of molybdenum atoms that are affected drastically by interlayer inter-

actions [42, 43]. Therefore, the bands at Γ point are more sensitive to the decrease

of layer number. Eventually in the monolayer, the indirect transition becomes larger

than the direct transition at K point with a bandgap of ∼1.9 eV [43], as shown in
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Figure 1.3b. The direct transition of monolayer MoS2 makes it a promising material

that can be applied in field effect transistors (FETs) to achieve improved performance

compared with graphene FETs, or can be used as a promising candidate for lower

power electronics, such as photodetectors, due to their bandgaps in visible spectral

range, shown in Figure 1.4. Top gated monolayer MoS2 FETs showed an excellent

on/off current ratio up to 108, a mobility of at least 200 cm2V-1s-1 at room tem-

perature, and ultralow standby power dissipation (Figure 1.4a-c) [31]. Ultrasensitive

photodetectors based on monolayer MoS2 exhibited an external photoresponsivity

of 880 A/W at a wavelength of 561 nm and a photoresponse in the range of 400-

680 nm (Figure 1.3d-e) [44]. These results indicate great potential for applications

in MoS2-based integrated optoelectronic circuits, light sensing, biomedical imaging,

video recording and spectroscopy.

Figure 1.3: Band structure of bulk MoS2. (a) The direct and indirect band gap, as
well as the A and B excitons. (b)Transition of the band structure from indirect to
direct band gap when the thikness of MoS2 decreases (a d). Panel (a) reproduced
from Mak K. F. et al. [?]. Panel (b) reproduced from Splendiani A. et al. [43].
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Figure 1.4: Single-layer MoS2 devices: transistor and photodector. (a) Optical image
of a single layer of MoS2 on SiO2/Si substrate. (b) Optical image of a transistor
based on the flake shown in a. (c) Three-dimensional schematic view of the transistor
shown in b. (d)-(e) The schematic view of single-layer MoS2 based photodetector.
Panels a-c reproduced from Radisavljevic B. et al. [31]. Panels d and e reproduced
from Lopez-Sanchez O. et al. [44].

Bulk MoS2 belongs to the space group of D6h, while monolayer MoS2 belongs

to D3h space group. D6h possesses inversion symmetry, while D3h lacks [45]. In

monolayer MoS2, the lack of inversion symmetry combining with spin-orbit interaction

breaks the spin degeneracy of the valence and conduction bands along the Γ − K

line, results in a band splitting of 148 meV at K point [46]. Thus, at K point

of the Brillouin zone there are two direct transitions between conduction band and

valence band, which are known as A and B excitons, respectively (Figure 1.5a) [47,48].

The energies corresponding to the two excitons are 1.85 eV (A exciton) and 2.00

eV (B exciton). The photoluminescence spectrum of monolayer MoS2 is shown in

Figure 1.5c, exhibiting two pronounced emissions at the A and B excitonic transitions

[43].
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Figure 1.5: Electronic band structures and PL spectra of monolayer MoS2 and WS2.
(a) and (c) The electronic band structures calculated for (a) MoS2 and (c) WS2

monolayer systems with (solid line) and without (dotted line) considering the spin-
orbit interaction. (b) and (d) The PL spectra of monolayer (b) MoS2 and (d) WS2,
showing both A and B excitons. Panels a and c reproduced from Zhu Z.Y. et al. [46].
Panel b reproduced from Splendiani A. et al. [43]. Panel d reproduced from Cong C.
et al. [49].

On the other hand, MoS2 possesses very high mechanical strength, showing a

higher Young’s modulus than that of steel. Its in-plane stiffness is ∼180 N/m, cor-

responding to an effective Young’s modulus of 270 GPa [50], compared to 2.4 TPa

for graphene [51]. Though it might be argued that its mechanical property is not

as exceptional as graphene, monolayer MoS2 is still competent in the applications of

flexible electronics and optoelectronics that requires a bandgap.
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1.3.2.2 Tungsten disulfide (WS2)

Bulk WS2 is another representative of the family of TMD semiconductors, which

has the same crystal structure as bulk MoS2 that is belonging to D6h space group.

Whereas, monolayer WS2 belongs to D3h space group. According to optical measure-

ments, monolayer WS2 exhibits a strong photoluminescence at the direct bandgap

transition of 2 eV, known as A excitonic transition (Figure 1.5d). Due to the strong

spin-orbit coupling induced band splitting, another direct transition at K point has

also been observed at the energy of 2.4 eV (i.e. B exciton). The valence band s-

plitting for monolayer WS2 is theoretically calculated to be 426 meV (Figure 1.5b),

which is almost three times of that for monolayer MoS2 (148 meV).

Based on theoretical prediction, among the semiconducting 2D TMDs WS2

should have the highest mobility due to the reduced effective mass [52]. FETs based

on monolayer WS2 has been investigated to have a room temperature mobility of ∼50

cm2V-1s-1 with an on/off ratio of 106 [53]. With long in situ annealing to improve

the contact transparency and remove adsorbates, the mobility saturates below 83

K at 140 cm2V-1s-1 for monolayer WS2 and above 300 cm2V-1s-1 for bi-layer one.

Besides, with ionic liquid gated FET structures, the light emission from both mono-

and bilayers of WS2 has become a reality, though the quantum efficiency is low at

this stage [32].

1.3.3 Black Phosphorus/Phosphorene

Black phosphorus (BP) or phosphorene has become a newer class of 2D layered ma-

terials, which is the most stable form among various phosphorus allotropies. Similar

to graphite and TMDs, bulk BP consists of atomic monolayers, i.e., phosphorene,

connected by weal interlayer bonding while within each individual layer the structure
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is covalently bonded. Each phosphorus atom is covalently bonded to three phos-

phorus neighbors with one lone pair electrons left, forming a puckered honeycomb

structure as shown in Figure 1.6a-b [54]. The space group of bulk BP is D2h; thus,

BP or phosphorene has lower in-plane symmetry compared to graphite and TMDs,

resulting in its unique in-plane anisotropic nature. Therefore, BP’s optical, electrical,

mechanical, thermoelectric, and other miscellaneous properties are expected to show

angle dependence [54].

Figure 1.6: The lattice structure, PL spectra, and I-V characteristic of a few-layer
phosphorene FET. (a) The puckered structure of a few-layer BP thin film. (b) Top
view of monolayer BP. The zigzag and armchair directions are denoted as x and z
axis, respectively. (c) PL spectra of two-, three-, four-, and five-layer phosphorenes.
(d) Drain-source current Ids as a function of bias Vds at different gate voltages for a
few-layer phosphorene FET on a SiO2/Si substrate. Panels a and b reproduced from
Wu J. et al. [54]. Panel c reproduced from Zhang S. et al. [55]. Panel d reproduced
from Li L. et al. [17].

Unlike semiconducting TMDs having direct bandgap only in monolayer, BP pos-

sesses a layer-dependent direct bandgap ranging from 0.3 eV for the bulk to 1.5 eV

for monolayer (Figure 1.6c), enabling the applications of BP for high-performance

optoelectronic devices [55]. Few-layer BP based FETs has been shown to have re-
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liable performance at room temperature with an on/off ration on the order of 105

and a hole mobility more than ∼1,000 cm2V-1s-1 (Figure 1.6d) [17]. Besides FET

application, BP can also be used as photosensors and solar cells [56–59]. However,

few layer BP is not air stable [60].

1.4 Fabrication of Layered Materials

A key component in nanotechnology is the production of the materials from which

electronic/optoelectronic devices are made. These materials are usually required to be

high perfection and high purity. The earliest growth techniques involved in growing

bulk crystal from using one of the bulk crystal growth techniques: Czochralski, Bridg-

man, or float zone. These methods are appropriate for the synthesis of large-volume

crystals to produce high purity, near perfect single crystal, but has no flexibility to

control alloy composition or grow heterostructures. Whereas, epitaxial growth tech-

niques have been specially developed for the synthesis of high-quality semiconductor

alloys and heterostructures with precise controls, and normally single-crystal thin

films are deposited on a substrate. These techniques include liquid phase epitaxy,

vapor phase epitaxy, molecular beam epitaxy and metalorganic chemical vapor de-

position. There are other thin-film deposition techniques that can be used for the

deposition of polycrystalline semiconductors, including plasma-enhanced chemical va-

por deposition, vacuum evaporation, and sputtering [61,62].

For 2D materials their thicknesses are one or few atomic monolayers, which

makes most of these growth techniques mentioned above infeasible to be used in the

production of 2D materials. However, up to now, a large number of methods have been

developed, which can be categorized into two major classes: bottom-up methods and

top-down methods. The former involves the chemical reaction of molecules to form

covalently linked 2D nanosheets, such as chemical vapor deposition (CVD). The latter
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depends on the exfoliation of bulk layered materials, such as mechanical exfoliation

(ME). Both methods can yield high-quality monolayers with a small number of defects

that is suitable for applications of electronic/optoelectronic devices. Here, we mainly

discuss two widely used techniques, i.e. mechanical exfoliation and CVD.

1.4.1 Mechanical Exfoliation

The birth of the first graphene is attributed to the mechanical exfoliation of HOPG

(Highly Ordered Pyrolytic Graphite) in 2004. The general idea of this method is to

exfoliate graphene layers from the bulk HOPG surface by applying normal and/or

shear force with Scotch tape or tips of scanning probes [63–67]. The weak van der

Waals attraction between graphene layers makes it possible to isolate single-layer

graphene from the surface of the bulk. The procedure is shown in Figure 1.7. A small

flake of graphite is placed on Scotch tape, and the tape is folded repeatedly over the

graphite until it is coated with a relatively thin layer of graphite. Then the tape is

pressed onto a silicon wafer coated with a 300-nm thick SiO2 layer. In order to see

the graphene optically, the thickness of SiO2 layer is selected to be 90 nm or 285 nm

to achieve the optimal optical contrast around 550 nm that results from interference

effect. One may need to attempt numerous times of mechanical exfoliation, and on a

good day, monolayer graphene with dimensions of tens of micrometers should be able

to be obtained. This method has also been used to produce monolayer h-BN, TMDs

and BP by many researchers, including myself.

Though very high-quality and large-size 2D materials can be produced with this

method, it is extremely labor-intensive and time consuming, which makes it limited

to laboratorial research and impossible for large-scale industrial production. For

this reason, people developed other mechanical exfoliation methods, such as using

sonication, ball milling, fluid dynamics, supercritical fluids, etc. [68].
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Figure 1.7: An illustration of the procedure of producing graphene from graphite by
the technique of mechanical exfoliation with the scotch tape. Reproduced from Yi
M. et al. [68].

1.4.2 Chemical Vapor Deposition

Within the bottom-up concept, the most widely used growth technique to synthesize

2D materials is chemical vapor deposition. In this process, desired materials are de-

posited onto the substrate surface after the reaction and/or decomposition of gaseous

precursors. With precisely control, it is possible to grow high-quality and large-scale

2D materials for the high demand toward the implementation of these materials in

industrial applications.

For the synthesis of graphene, people tried a variety of metal substrates such as

Ni, Cu, Ru, Ir, Pt, Co, Pd, and Re, showing different carbon solubility and catalyt-

ic effect. During the CVD growth process, gas species are fed into the reactor and

pass through the hot zone, and then the gaseous precursors decompose, leaving car-

bon particles at the surface of metal substrate and forming monolayer and few-layers

graphene (Figure 1.8a). Among all these candidates of metal substrates, Ni has rel-
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atively high carbon solubility at elevated temperatures; however, the percentage and

size of monolayer graphene region are limited by the quality of Ni films. Whereas,

graphene deposited on polycrystalline Cu, though Cu has ultralow carbon solubility,

is uniform monolayer, which makes Cu a better substrate for monolayer graphene

synthesis [67]. To facilitate graphene for electronic and photoelectronic application-

s, monolayer graphene on metal substrate needs to be transferred onto designated

substrates. Figure 1.8b shows the schematic diagram of the transfer process by us-

ing a thin-layer of polymethyl methacrylate (PMMA) as the transfer medium. This

technique has also been broadly used to transfer other CVD-grown 2D materials to

arbitrary substrates.

Figure 1.8: An illustration of the procedure of producing graphene from graphite by
the technique of mechanical exfoliation with the scotch tape. Reproduced from Yi
M. et al. [68].

The CVD growth process of TMDs is quite similar to that of graphene. Taking

the growth of thin MoS2 as an example, there are three ways corresponding to three

precursors: ammonium thiomolybdate [(NH4)2MoS4] solution [69], a thin deposition

of elemental molybdenum [70, 71], or molybdenum trioxide [MoO3] powder [72, 73],

as shown in Figure 1.9. The substrates mostly used are SiO2/Si and sapphire. In

most cases, MoS2 grown on sapphire substrates exhibited better quality and larger
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grains than those grown on SiO2 [36]. In addition, scattered single-crystalline MoS2

triangles are initially grown, and then the triangle grains expand to join neighboring

MoS2 grains at the boundaries as the growth time increases. Eventually, complete

MoS2 films are formed. The synthesis of WS2 is very similar to that of MoS2. Up to

now no CVD synthesis of phosphorene has been reported yet. In all reported research

on BP, the materials were obtained by the ME method.

Figure 1.9: Growth techniques of MoS2 monolayers. (a) MoS2 growth on SiO2/Si
substrate using ammonium thiomolybdate. (b) Growth of MoS2 directly from the
sulfurization of elemental molybdenum. (c) Growth using molybdenum trioxide as
the precussors. Panel a reproduced from Liu K. et al. [69]. Panel b reproduced from
Laskar M. R. et al. [71]. Panel c reproduced from Lin Y. et al. [73].

1.5 Aims of Research

As Feynman predicted, materials of nanoscale must take into consideration of the sur-

face tension and van der Waals force which would be significant to material properties.

For 2D materials, they have a thickness of one or few atomic layers, less than 1 nm.

Consequently, it is extremely susceptible for them to be influenced by surrounding

environment, such as adsorbates at the surface and the interaction with substrates.

In the preparation of 2D materials, the perturbations of fabrication process, such as
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temperature, precursor ratios, etc., can be the origination of the changes of material

properties. For instance, mechanical exfoliation may introduce polymer residues to

the film as well as non-planar morphology, while CVD-grown films could have strong

chemical bonding with substrate, i.e. strong interaction between the substrate and

the films. Meanwhile, possible defects introduced to the films during fabrication,

which may significantly modify the optical and electrical properties, should be taken

into account.

Actually, all these influences in 2D materials can be interpreted as two major

factors: (1) strain effect, and (2) doping or charge exchange effect. For instance,

the defects, polymer residues and charge transfer from substrate are likely to change

the charged carrier concentration or doping level in the film; whereas the non-planar

morphology indicates non-uniform strain distribution over the film. As is well-known,

Raman spectroscopy is a nondestructive technique, which has been widely used to

characterize the structural and electronic properties of materials. It is very sensitive

to the changes of strain and doping in the materials.

Therefore, the first aim of this research is to investigate the strain and doping ef-

fects of 2D materials as well as their interactions with substrate, and thus understand

the intrinsic properties of the 2D material. In order to accomplish this, 2D films are

prepared on different substrates by different fabrication techniques. By comparing

the Raman results combining with PL spectroscopic results, we are able to distinguish

the contributions of different effects in the changes of optical and electrical properties

of 2D materials.

Besides, for any kind of material, the goal of studying is also application-oriented.

Thus, it is also true for 2D materials that they can be applied in electronic/optoelectronic

devices, particularly field effect transistors. However, because of the internal resis-

tance, significant heat will be generated with bias applied, which consequently can
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change the performance of the devices. With increasing temperature, the structural

and electronic properties of the 2D materials used in devices can be modified. Since

Raman spectroscopy can effectively determine the property changes, a temperature

dependent Raman spectroscopy investigation on 2D materials can help us understand

how self-heating changes the properties of materials and hence the performance of

devices, which leads to the second aim of research that is to investigate the vibra-

tional properties and electron-phonon coupling in 2D materials by using temperature

dependent high temperature Raman spectroscopy. This study can further help us

understand those effects mentioned in the first aim of research. Additionally, by com-

bining temperature dependent Raman studies with laser power dependent Raman

studies, we are able to extract thermal conductivity of 2D materials.

The final aim of this dissertation is to understand the electron-hole interaction of

2D materials. For instance, MoS2 has a direct bandgap that is revealed by strong pho-

toluminescence quantum yield. The photoluminescence involves in the recombination

of electrons and holes. The recombination in 2D material are more complex than the

bulk because it is more easily to be perturbed (either enhanced or quenched) by any

slight change in the film internally or externally. PL spectroscopy and temperature

dependent PL studies enable us to investigate the radiative and the non-radiative

recombination of photo-generated carriers in 2D materials.



CHAPTER 2: TEMPERATURE DEPENDENCE OF RAMAN SCATTERING

AND PHOTOLUMINESCENCE

2.1 Temperature Dependence of Raman Scattering

In this dissertation, temperature dependent Raman spectroscopy is the most used

technique for investigating the structural and electronic properties of 2D materials

as well as their changes with temperature, in particular in the elevated temperature

region from room temperature up to the decomposition temperature of the material of

interest. Raman spectroscopy is a spectroscopic technique based on Raman scattering

or Raman effect. Before we move on to discuss temperature dependence of Raman

scattering, we should review Raman scattering first.

2.1.1 Raman Scattering

Raman scattering, in a word, is the inelastic scattering of a photon. The phenomenon

was first discovered by C. V. Raman and K. S. Krishnan in liquids [74], and by G.

Landsberg and L. Mandelstam in crystals [75], among whom C. V. Raman was granted

Nobel Prize in 1930. Unlike Rayleigh scattering where scattered photon have the same

energy as the incident photon, Raman scattering results in scattered photon having a

frequency different from that of the incident photon. The frequency difference between

the incident photon and the scattered phonon through Raman scattering, observed

by Raman spectroscopy, provides a fingerprint to identify and analyze molecules in

chemistry, making it recognized as a landmark tool in chemistry history for analyzing
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the composition of liquids, gases, and solids.

2.1.1.1 Raman Theory

According to classical treatment of Raman scattering [76, 77], the incident photons

can be considered as an electromagnetic waver (usually laser beam) which is expressed

as:

E(r, t) = Ei(ki, ωi) cos(ki · r − ωit), (2.1)

where E(r, t) is the electric field stength, Ei(ki, ωi) the amplitude, ki the wavevec-

tor, and ωi the frequency of the phonons. When the medium is irradiated by the

wave/light, a sinusoidal polarization P (r, t) will be induced:

P (r, t) = P (ki, ωi) cos(ki · r − ωit) = χ(ki, ωi)Ei(ki, ωi) cos(ki · r − ωit). (2.2)

Its frequency and wavevector are the same as those of the incident photons. If the

medium is vibrating with a frequency of ωm, the atomic displacement Q(r, t) can be

written as:

Q(r, t) = Q(q, ωm) cos(q · r − ωmt) (2.3)

with wavevector q. The normal modes of the molecule vibrations are called phonons.

These atomic vibrations will modify χ, and it can be expressed as a function of Q

with a Taylor series:

χ(ki, ωi,Q) = χ0(ki, ωi) + (∂χ/∂Q)0Q(r, t) + · · · , (2.4)

where χ0 denotes the electric susceptibility of the medium without fluctuations. The

second and higher terms in Eq.(2.4) represents the oscillating susceptibilities induced

by the lattice displacement Q(r, t). Substituting Eq.(2.4) into Eq.(2.2), the polariza-
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tion P (r, t,Q) of the medium can be expressed as:

P (r, t,Q) = P0(r, t) + Pind(r, t,Q), (2.5)

where

P0(r, t) = χ0(ki, ωi)Ei(ki, ωi) cos(ki · r − ωit) (2.6)

is a polarization vibrating in phase with the incident photons and

Pind(r, t,Q) = (∂χ/∂Q)0Q(r, t)Ei(ki, ωi) cos(ki · r − ωit) (2.7)

is a polarization wave induced by the phonon. To determine the frequency and

wavevector of Pind the Eq.(2.7) can be rewritten as:

Pind(r, t,Q) =(∂χ/∂Q)0Q(q, ωm) cos(q · r − ωmt)

×Ei(ki, ωi) cos(ki · r − ωit) (2.8a)

=
1

2
(∂χ/∂Q)0Q(q, ωm)Ei(ki, ωi)

× {cos[(ki + q) · r − (ωi + ωm)t]

+ cos[(ki − q) · r − (ωi − ωm)t]}. (2.8b)

According to the classical theory, the Pind expressed in Eq.(2.8b) consists of two

sinusoidal terms with the frequencies of ωi − ωm and ωi + ωm, which are denoted as

Stokes and anti-Stokes shifted waves, respectively. If (∂χ/∂Q)0 goes to zero, Pind is

zero which indicates the vibration is not Raman-active. In other words, for a Raman-

active vibration, the rate of polarizability change with the vibration must not be

zero.
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2.1.1.2 Raman Tensors and Selection Rules

Now that we understand the origin of Raman shift we will discuss the intensity of

scattered radiation. The intensity of the scattered radiation, Is, is related to the

time-averaged power radiated by the induced polarizations Pind into unit solid angle,

which can be expressed as [77]:

Is ∝ |ei · R · es|2, (2.9)

where ei and es are the polarizations of the incident and scattered lights, and R is

known as the Raman tensor. By introducing a unit vector Q̂ = Q/|Q| parallel to the

phonon displacement R can be defined as:

R = (∂χ/∂Q)0Q̂(ωm) (2.10)

In general R is a complex second-rank tensor with components like χ, which

can be obtained by a contraction of Q and the derivative of χ with respect to Q.

The symmetry of the Raman tensor or the corresponding Raman-active mode can

be deduced from measuring the dependence of the scattered intensity on the incident

and scattered polarizations. On the other words, Raman scattering can be applied

to determine both the frequency and symmetry of a zone-center phonon mode. The

manipulation of the polarizations ei and es and scattering geometries to switch on

and off the vibrational modes is called Raman selection rules. For a Raman tensor, it

is symmetric only when the difference in frequency between the incident and scattered

light can be ignored. In practice, it is assumed to be symmetric because the laser

frequency is much larger than phonon frequency. Usually non-symmetric components

in the Raman tensor can be introduced only by magnetic fields [77].
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2.1.2 Temperature Effect of Phonons

Figure 2.1: The displacement of planes of atoms. (a) Planes of atoms as displaced
during passage of a longitudinal wave. (b) Planes of atoms when displaced as a
longitudinal wave (solid lines). The dashed lines represents atoms in equilibrium.
The coordinate u measures the displacement of the planes. Reproduced from Kittel
C. [76].
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Considering the elastic vibrations of a crystal with one atom in the primitive cell, the

motion of each individual atom within a plane can be written as (Figure 2.1) [76]:

M
d2us
dt2

= C(us+1 + us−1 − 2us), (2.11)

where C is the force constant between nearest-neighbor planes and will differ for

longitudinal and transverse waves, M is the mass of an atom, and us, us+1 and us−1

are the displacements of the plane s, s + 1 and s− 1, respectively. Assumptions are

made that all the displacements have the same time dependence exp(−iωt) and that

this differential equation has traveling wave solution, i.e.,

us±1 = u · exp(isKa)exp(±iKa), (2.12)

where a is the spacing between planes and K is the wavevector. Therefore, the

dispersion relation between ω and K can be expressed as:

ω2 = (2C/M)(1− cosKa). (2.13)

Within the harmonic approximation, phonons have no interaction and an infinite

lifetime. However, the main focus of this work is on the temperature dependence of

Raman scattering. At very low temperatures, the thermal effect of lattice vibration

can be described by a harmonic model, which is limited in the potential energy of

terms quadratic in the interatomic displacements. However, as temperature goes

up the harmonic theory would yield these consequences: (1) phonons do not decay

or change with time; (2) there is no thermal expansion; (3) heat capacity becomes

constant at high temperatures; (4) adiabatic and isothermal elastic constants are

equal, and the elastic constants are independent of pressure and temperature [76].

In reality, none of these implications holds true. Therefore, the anharmonic (higher
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than quadratic) terms in the interatomic displacements should be taken into account

to correct the deficiencies of the harmonic theory. The change of phonon frequency

and width with temperature is a manifestation of anharmonic effects in the lattice

potential energy, which is the main focus of this work.

The change of phonon frequency with temperature (∆ω) can be divided into two

parts: (1) thermal expansion of the lattice (∆ωE), (2) anharmonic effect (∆ωA) which

causes the change of phonon self-energy. Thus Raman shift can be written as [78,79]:

∆ω(T ) = ∆ωE(T ) + ∆ωA(T ), (2.14)

where T is thecrystal temperature. Although the first term, ∆ωE, in Eq.(2.12) stands

for the thermal expansion which occurs as a result of anharmonicity, it affects the

harmonic frequencies through the change of force constant C, which may change

with volume. Whereas, the second term is the purely anharmonic contribution to the

shift, also known as the “self-energy” shift, which is only considered as a function of

temperature T at constant volume.

Firstly, the contribution of thermal expansion to the shift of phonon frequency

can be estimated by Grüneisen approximation, expressed as [78, 80]:

∆ωE(T ) = ωT0exp
(
−mγ

∫ T

T0

α dT

)
− ωT0 , (2.15)

where ωT0 is the phonon frequency at temperature T0; m is the degeneracy, for cubic

bulk crystal,m equals 3; γ is the Grüneisen parameter, and α is the thermal expansion

coefficient of the crystal.

After separating out the contribution of the thermal expansion, the remaining

change of phonon frequency is attributed to the pure temperature effects. These
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effects are manifested as the higher terms of the interatomic displacement, which are

correlated to an interaction of phonons. As a result, a phonon from a given state will

decay into other phonons after a finite time. In a perturbation theory, the vibrational

Hamiltonian can be written as [81]:

H = H0 +HA (2.16)

where H0 is the harmonic Hamiltonian, and HA is the anharmonic Hamiltonian. HA

consists of the perturbation terms involving three, four, five, and more interacting

phonons. As the simplest case, three-phonon interaction involves in decay of a phonon

into two other phonons and vice-versa.

In thermal equilibrium, the phonon occupation number follows the Planck dis-

tribution function [76]:

〈n〉 =
1

exp (h̄ω/τ)− 1
, (2.17)

where 〈· · · 〉 denotes the average in thermal equilibrium, and τ = kBT (kB is Boltzman-

n constant). Normally, the change of phonon frequency arising from pure temperature

effects can be derived from a semi-quantitative simple Klemens model [81,82], which

is expressed as:

∆ωA(T ) = A

(
1 +

2

ex − 1

)
+B

(
1 +

3

ey − 1
+

3

(ey − 1)2

)
(2.18a)

= A (1 + 2〈n1〉) +B
(
1 + 3〈n2〉+ 3〈n2〉2

)
, (2.18b)

where x = h̄ω/(2kBT ), y = h̄ω/(3kBT ), and A and B coefficients are constants,

representing contribution of three- and four-phonon processes to the change of phonon

frequency, respectively. 〈n1〉 and 〈n2〉 are the occupation numbers of phonons with

frequencies of ω/2 and ω/3. Here the assumptions are made that three-phonon process
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involves in the decay of a phonon into two phonons with the same frequency of ω/2,

and four-phonon process into three phonons with the same frequency of ω/3.

The anharmonicity arising from temperature effects also involves the damping

of phonons, which is attributed to the decay of phonons as well. If only three- and

four-phonon processes are taken into consideration, the damping constant Γ(T ) can

be written as [81]:

Γ(T ) = C

(
1 +

2

ex − 1

)
+D

(
1 +

3

ey − 1
+

3

(ey − 1)2

)
(2.19a)

= C (1 + 2〈n1〉) +D
(
1 + 3〈n2〉+ 3〈n2〉2

)
, (2.19b)

where C and D coefficients are constants. In Raman spectroscopy, the damping

constant reflects the broadening of Raman peaks.

2.2 Temperature Dependence of photoluminescence

Besides Raman spectroscopy, in this dissertation photoluminescence spectroscopy was

another useful technique to investigate the electronic structures of the 2D materials.

It is a non-destructive method often used to analyze the electronic structure near the

fundamental band gap, and light emission processes related to doping, and impurity

levels of the crystal. Temperature dependent photoluminescence is often used to

investigate radiative and non-radiative recombination process and exciton-phonon

interactions in semiconductor materials.

2.2.1 Photoluminescence

Most of time, photoluminescence is the light emission after the absorption of exci-

tation photons of energy (h̄ωex) higher than that of the band gap, and the energy
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(h̄ωem) of radiated photons is lower than the excitation photons.

Photoluminescence can be divided into three stages, as indicated in Figure 2.2.

First, the electrons in the valence band (ground states) are excited into the conduction

band (excited states) by absorbing photons with energy of h̄ωex, creating electron-

hole pairs. Second, the non-equilibrium electrons and holes tend to reach thermal

equilibrium, which is cause by energy transfer to the crystal lattice, i.e., a step-by-

step excitation of lattice vibrations. As a result, the electrons relax to the conduction

band minimum (CBM) while the holes to the valence band maximum (VBM). Finally,

the electron-hole pairs recombine through the emission of light whose energy is h̄ωem.

In high-quality semiconductors, the photoluminescence process discussed above is

the typical transition which occurs at the band edge, which is dominated by radiative

annihilation of electron-hole pairs (excitons) producing the so-called free exciton peak.

Figure 2.2: Sketch of the basic processes involved in a typical photoluminescence of
semiconductors.
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However, quite often a semiconductor contains various impurity and defect states

within the fundamental bandgap, of which some are shallow, i.e., close to the band

edges, and some are deep, i.e., away from the band edges. Such impurities or defects

usually play the roles of donors or acceptors. Under equilibrium conditions, some of

the electrons from the donors will be captured by the acceptors, resulting in donor

(D+) and acceptor (A−) states. By optical excitation, electrons and holes that cre-

ated in the conduction and valence bands, respectively, will then be captured by D+

and A− states to produce neutral D0 and A0 centers. Some of the electrons on the

neutral donors will recombine radiatively with holes on the neutral acceptors. The

process is known as a donor-acceptor pair transition. Meanwhile, the excitons may

also be attracted to impurities such as donors or acceptors to form bound excitons

at low temperature. This attraction lowers the exciton energy, hence the energy of

radiated photons is lower than that of the band-edge free-exciton transition. The re-

combination of an exciton bound to a neutral donor atom is usually denoted by D0X,

while that to a neutral acceptor A0X. Excitons can also bind to ionized impurities,

form bound excitons denoted as D+X or A−X. These complex, known as trions, can

be considered as charged excitons, which are abbreviated as X+ (positively charged)

and X− (negatively charged) [77].

2.2.2 Temperature Dependence of Photoluminescence

The PL emission spectra usually show a characteristic temperature dependence. As

the temperature increases, the emission energy usually shifts to a lower energy, the

emission band broadens, and at high temperatures the emission is quenched. Tem-

perature dependent PL spectroscopy is often used to investigate the radiative and

non-radiative recombination processes and exciton-phonon interaction in semicon-

ductor materials. In general, the thermal quenching in PL intensity with increasing
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temperature is attributed to the thermal activation of nonradiative recombination

processes.

A widely used relation for the variation of the energy gap (Eg) with temperature

(T ) in semiconductor materials is the so-called Varshni relation that is given as [83]:

Eg = E0 −
αT 2

T + β
, (2.20)

where E0 is the band gap at T = 0 K, and α and β are constants. The variation of the

energy gap with temperature is believed to stem from two mechanisms: (1) A shift

in the relative position of the conduction and valence bands due to the temperature-

induced change of the lattice; (2) The major contribution comes from a shift of the

energy gap due to a temperature-dependent electron lattice interaction.

A simple Arrhenius formula, as given below, is often used to describe the tem-

perature induced quench in PL intensity. It is valid when only one simple thermal

quench mechanism is involved and no other mechanisms that may transfer or deplete

the carriers to or from the state of interest [84, 85]. The Arrhenius formula can be

written as [86]:

I(T ) =
I0

1 + Aexp (−Ea/kBT )
, (2.21)

where I(T ) represents the integrated PL intensity, Ea is the activation energy of

the thermal quenching process, kB is the Boltzmann constant, I0 is the integrated

intensity at T = 0 K, and A is a pre-factor related to the density of non-radiative

recombination centers of the quenching process.
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Figure 2.3: Confocal microscope. (a) A simplified view of confocal microscope. (b)
The schematic of the confocality. Panel a reproduced from Nwaneshiudu A., et al. [87].

2.3 Experimental Setups

In recent years, the confocal microscope has been widely used as a research instrument

to measure Raman and fluorescence in physics, material science, biology, and medicine

fields. In comparison with conventional non-confocal microscopy, confocal microscopy

is an optical technique to increase the optical resolution and contrast by adding a

pinhole at the confocal plane [88], as shown in Figure 2.3a. For a conventional non-

confocal microscope, due to diffraction effect the maximum resolution is proportional

to the size of its objective, and inversely proportional to the wavelength of the light

being observed. Thus, the microscope is said to be diffraction limited. As a result

of diffraction, the pattern observed in the image shows a bright region in the center

accompanied by a series of concentric rings of decreasing intensity around it, which

is called the Airy disc. The diameter of the Airy disc can be written as:

d =
1.22λ

NA
, (2.22)
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where λ is the wavelength of light being observed and NA is numerical aperture of

the objective being used.

However, the confocal microscope can increase the resolution beyond the diffrac-

tion limit. As shown in Figure 2.3a, the incident light (usually laser) is focused

through the objective on the sample examined, and the same objective collects the

light coming back from the sample, such as reflected light, Raman or photolumines-

cence. In conventional microscopy, some of the light scatters which could blur or

obscure the image. Confocal microscopy overcomes this problem using a small pin-

hole aperture, allowing the pass of only the light emitting from the desired focal spot.

Any light outside the pinhole is blocked (Figure 2.3b). In the very original design of

confocal system [89], the pinhole is placed at the confocal plane of microscope system;

however, in the case of Figure 2.3a it is placed in a conjugate focal plane as the focal

plane on the sample. The light passing through the pinhole is finally collected by a

sensitive light detector, such as charge-coupled device (CCD) or photomultiplier tube

(PMT).

Figure 2.4: Experimental setups. The views of (a) Horiba LabRAM HR800 micro-
Raman/PL spectroscope, and (b) Linkam TS1500 heating stage.

Therefore, the advantages of using confocal microscopy are as below: (1) the

increase of axial resolution as well as lateral resolution; (2) the improvement of image

contrast; (3) capability to reconstruct 3D images. Given all these advantages of
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confocal microscope, the works related to optical spectroscopies in this dissertation

were mostly carried out with a confocal system – Horiba LabRAM HR800. With the

confocal configuration, the spatial resolution can be achieved beyond the diffraction

limit. Meanwhile, with a long focal length of spectrometer (800 cm) allows the tool to

achieve a high spectral resolution. For instance, with a grating of 1200 grove/mm and

a CCD of 2048-pixel array, the spectral resolution of the system is∼0.5 cm−1 when 532

nm laser is used. With a 2400 grove/mm grating, the resolution can be even better.

Another advantage of this tool is the ability of scanning the sample with a precisely-

controlled sample stage, which allows us to perform a mapping of Raman or PL at a

designated area to examine the variation of a specific optical characteristic. Besides

this confocal system, all the temperature-dependent measurements were performed

with a heating system – Linkam TS1500. This system has a temperature control

accuracy of less than 1 ◦C, and allows us to purge gases into the chamber or even

to create a vacuum environment. In Figure 2.4 shows the appearance of these two

instruments.



CHAPTER 3: TEMPERATURE DEPENDENCE OF RAMAN SCATTERING IN

GRAPHENE

3.1 Fabrication and Characterization of Graphene

3.1.1 Fabrication of Graphene

Graphene, as a single layer of graphite, can be fabricated by either mechanical ex-

foliation or chemical vapor deposition. For mechanical exfoliation, the graphene is

usually transferred to silicon substrate coated with a 300 nm SiO2 thermal layer,

with which graphene can be observed under optical microscope [10, 90]. For CVD

growth, the graphene films are typically synthesized on Cu or Ni, and then trans-

ferred to SiO2/Si substrate. During the transferring process, scotch tape is utilized

for mechanically exfoliated (ME) graphene and PMMA for CVD grown films, thus it

is quite possible that polymer residues from the tape and PMMA will be remained

on top of the graphene films, which are difficult to be fully removed either by solvents

like methanol or by annealing. Figure 3.1 shows the optical images of two graphene

samples fabricated by these two methods. Especially for the CVD sample, polymer

residues can be clearly observed. Besides the two samples fabricated with these two

methods, the optical image of graphite, which is used for exfoliation and as reference,

is also shown in Figure 3.1.
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Figure 3.1: Optical images of graphene samples and graphite. (a) ME graphene on
SiO2/Si by the scotch tape technique. (b) CVD-grown graphene transferred onto
SiO2/Si by PMMA. (c) Graphite. The scale bar is 10 µm.

3.1.2 Characterization of Graphene Samples

Atomic force microscopy (AFM) is perhaps in general the most reliable method to

identity single- and few-layer 2D materials, but for graphene it has limitations. The

thickness of graphene has been theoretically predicted to be of ∼0.35 nm. However,

due to the chemical contrast between graphene and the substrate, which results in a

chemical thickness of 0.5-1 nm (much bigger than the interlayer graphite spacing),

the identification of single layer graphene is a great challenge with AFM. Therefore,

seeking for a more reliable method to determine the layer number of exfoliate graphene

layers is necessary for the widespread utilization of this material. As it has been

demonstrated, the graphene’s electronic structure can be uniquely reflected in its

Raman spectrum, which reveals the changes in the electronic band structure for single

layer, bilayers, and few layers [91]. Therefore, Raman spectroscopy can be used as

fingerprints to nondestructively identify the thickness (layer number) of graphene

layers.

Bulk graphite belongs to the space group of P63/mmc (D6h4); its isogonal point

group is D6h. The irreducible representations of graphite vibration modes at Brillouin

zone center are: Γgraphite = 2A2u+2B2g +2E1u+2E2g [92,93]. Among them, there are

two Raman active vibrations at the Γ point of the Brillouin zone: E2g(2) ≈ 1582 cm−1
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and E2g(1) ≈ 42 cm−1. For single graphene layer, there are two atoms per unit cell,

giving six normal modes for the zone center. The irreducible representations for the

zone-center modes of graphene are: Γgraphite = A2u + B2g + E1u + E2g [94]. The A2u

mode represents translation perpendicular to the graphene plane and the E1u the

translation in the graphene plane. The B2g mode is an inactive optical phonon mode

of which the carbon atoms vibrate perpendicularly to the graphene plane. The E2g

mode is doubly degenerate in-plane optical vibration, which is the only Raman active

mode for graphene at the zone center. The frequency of the E2g mode is expected

at ∼1587 cm−1 [91]. In the literature, the graphite E2g(2) mode is usually assigned

as the G peak, which is carried over to single or few-layers graphene. If the number

of layers increases from graphene to graphite, the peak position of G band tends to

decrease from 1587 cm−1 to 1581.5 cm−1 while its intensity increases linearly from

monolayer to 20-layers [95].

If graphite sample contains disorder in its crystalline structure, a new Raman

line appears at ∼1370 cm−1. It is assigned as disorder-induced mode, or D-mode.

Conventionally, this mode stands for the vibration related to the K point of graphite

Brillouin zone. Its frequency is also close to that of the Γ point optical phonon in

diamond. In the second-order spectrum of graphite there is one main feature at ∼2700

cm−1, historically denoted as D* or G’ or 2D mode. The frequency of this mode is

very close to twice that of D mode. The notation of 2D is used in this dissertation.

The frequency of the D mode shifts to higher frequency with increasing excitation

energy, and the 2D band shifts twice as much as the D band, confirming the 2D mode

is an overtone of the D mode [92, 96]. This is due to double resonance process that

links the phonon wave vectors to the electronic band structure. This process predicts

that graphene has a single 2D peak. As number of layers increases, 2D band becomes

more complicate, showing more features. Besides G, D and 2D peaks, there are also

vibrational modes at ∼2450 cm−1 and ∼3248 cm−1.
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Figure 3.2 shows the Raman spectra of the three samples shown in Figure 3.1,

measured by 532 nm excitation laser. All the major peaks discussed above are ob-

served in these spectra. The D peak, 1345 cm−1, is only seen in CVD-grown sample,

because it contains more defects which are from both growth and transfer processes.

Besides D peak, a peak at 1620 cm−1 is observed which is denoted as D’ [97]. In

CVD-grown sample, both D and D’ bands are activated by a single-phonon inter-

vallegy and intravalley scattering process through defects, respectively. The defects

provide the missing momentum to satisfy momentum conservation in the Raman s-

cattering [98, 99]. No D-band feature is observed in both mechanically exfoliated

graphene and graphite, indicating they are of high quality or nearly defect-free. The

two most intense features are the G peak and 2D peak. The G peak is due to the

doubly degenerate zone center E2g mode; whereas, the 2D band is the second order of

zone-boundary phonons near K point, having the frequency of twice of the D band.

For G peaks, the frequency is measured to be 1587.6 cm−1 for CVD-grown graphene,

1584.5 cm−1 for ME graphene, and 1581.5 cm−1 for graphite. The frequency of G

band increases as the thickness decreases. For graphene the peak position of G band

is very sensitive to doping effect [100]. Since the CVD-grown graphene has more ad-

sorbed polymeric residues on top of the film than the ME sample, more doping could

be introduced to the graphene layer causing a blueshift of G band. The full width at

half maximum (FWHM) of the three samples are 18.8 cm−1 (CVD), 11.2 cm−1 (ME),

and 15.0 cm−1 (graphite), respectively. The larger FWHM of CVD-grown graphene

is due to its lower crystalline quality, such as defects and non-uniformity, which can

significantly affect the crystal structure.
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Figure 3.2: The Raman spectra of graphene and graphite.

As of 2D peak, both CVD-grown and ME graphene samples exhibit single sym-

metric peak at 2680.7 and 2679.6 cm−1, respectively. However, graphite shows a

clear doublet feature. The 2D peak in graphene is due to two phonons with op-

posite momentum in the highest optical branch near the K point, which is called

double resonance (DR) process. The DR process links the phonon wave vectors to

the electronic band structure. Within DR, Raman scattering is a process of fourth

order involving four virtual transitions (as shown in Figure 3.3) [91]: (1) a laser in-

duced excitation of an electron-hole pair indicated as a→b vertical transition; (2)

electron-phonon scattering with an exchanged momentum q close to K (b→c); (3)

electron-phonon scattering with an exchanged momentum −q (c→b); (4) electron-

hole recombination (b→a). Thus, the DR condition is reached while the energy is

conserved in these transitions. In single layer graphene only a single peak is observed

that is corresponding to the phonon satisfying DR conditions with momentum q > K,
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along the Γ − K −M direction, whereas the other two possible DR phonons, with

q < K and q ∼ K, give a much smaller contribution to the Raman intensity. As the

layer number increases to 2 or more, more components within the 2D peak appear,

which in principle is attributed to the splitting of the electronic bands rather than

the splitting of the phonon branches. Because the splitting of the phonon branches

theoretically calculated is much smaller than experimentally observed splitting of 2D

Raman peak [91]. Thus, the doublet feature of 2D band is solely due to the splitting

of electronic band structure. By fitting the 2D band of graphite with Lorentzian

function, the frequencies of the two components, denoted as 2D1 and 2D2, are 2677.1

and 2721.8 cm−1, respectively, and the splitting is 34.7 cm−1.

Figures 3.4 and 3.5 show Raman mapping results of both ME and CVD-grown

graphene samples, respectively. For ME graphene sample, both G and D intensity

maps (Figure 3.4a,d) exhibit uniform distribution, except for the edge where the

measured area of graphene is smaller than laser spot. The peak position variation of

both bands is less than 1 cm−1, so is the FWHM variation. All these data indicate that

the ME graphene has an extremely high quality. It is worth noting that at the edge

D peak is observed because the edge of the graphene flake is considered as defective.

The uniformity of the mapping results of the ME sample suggests that the sample is

free from the possible chemical contamination of the transfer process. Whereas, the

mapping results of CVD-grown graphene is shown in Figure 3.5, revealing non-uniform

distributions of peak position, intensity and FWHM. The maximum variations of G

and 2D peak positions are 5.7 and 11.8 cm−1, respectively. The extraordinarily large

variation of the CVD-grown graphene is attributed to the defects in the film as well as

the rippling introduced during transfer, showing a clear D peak feature as indicated

in Figure 3.2.
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Figure 3.3: Double resonance for the 2D peak in (a) monolayer and (b) bilayer.
Reproduced from Ferrari A. C. et al. [91].
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Figure 3.4: G and 2D band Raman mapping results of ME graphene sample. (a) and
(d) The intensity maps of (a) G band and (d) 2D band. (b) and (e) The maps of
Raman peak frequencies of (b) G band and (e) 2D band. (c) and (f) The maps of
FWHM of (c) G band and (f) 2D band.

Figure 3.5: G and 2D band Raman mapping results of CVD-grown graphene sample.
(a) and (d) The intensity maps of (a) G band and (d) 2D band. (b) and (e) The
maps of Raman peak frequencies of (b) G band and (e) 2D band. (c) and (f) The
maps of FWHM of (c) G band and (f) 2D band.
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3.2 Temperature Dependent Measurements and Results

Like graphite, graphene is chemically inert in most case as well as good thermal

stability up to several hundred ◦C without severe degradation. However, thermal

treatment can cause graphene non-negligible changes in its material properties. As the

annealing temperature goes up, graphene films that are held by SiO2/Si substrate, as

an example, undergoes in-plane compression and rippling due to conformal adhesion

or thermal expansion difference between graphene and substrate. The annealing

process can significantly change the structural and electronic properties of graphene,

resulting in the charge carrier mobility of annealed graphene devices much lower than

that of pristine devices [101]. Usually, the graphene samples are prepared by tapes

or CVD. The polymeric adhesive residues are difficult to be removed completely even

by annealing at high temperature.

There were a few temperature dependent Raman studies on graphene with the

intent to obtain the temperature coefficients of the graphene Raman modes [102,103].

These studies were performed in a temperature region (typically below 200 ◦C) where

the Raman frequency shifts appeared to be more or less linear. We have instead to

investigate the temperature effects to much higher temperatures, to the limit of the

material thermal degradation occurs. Raman spectroscopy in a broader temperature

range can help to understand the influence of the residues and the changing 2D

material/substrate bonding on the properties of graphene.

Temperature dependent Raman of all the three samples is performed in the range

from room temperature to 400 ◦C for graphene samples and to 500 ◦C for graphite in a

N2-purged heating chamber. The laser excitation line is 532 nm with the power of ∼1

mW. The temperature dependences of both G and 2D band frequencies are shown

in Figure 3.6. For graphite, since 2D peak contains two components, Lorentzian
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fitting has been applied to extract the individual temperature dependence of 2D1 and

2D2. Figure 3.7 shows the representative spectra of graphene samples and graphite

at different temperatures.

Figure 3.6: Temperature dependence of Raman frequencies of (a) G and (b) 2D bands
for the two graphene samples and graphite.

Figure 3.7: The representative Raman spectra at different temperatures for the two
graphene samples and graphite. (a)-(c) G band spectra. (d)-(f) 2D band spectra.

Graphite, as the reference, exhibits more linear temperature dependence than

the other two graphene samples. Empirically, the temperature dependence of Raman
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shift is often described as:

ω(T ) = ω0 + χ∆T, (3.1)

where ω0 is the frequency at RT, χ is the temperature coefficient, and ∆T is the

temperature change relative to RT. Fitting the dependence with Eq.(3.1), the tem-

perature coefficients are -0.025, -0.020, and -0.036 cm−1/K for G, 2D1, and 2D2 bands,

respectively. However, when temperature goes beyond 100 ◦C nonlinear effect occurs

to both G and 2D bands, which is due to the anharmonic effect of phonons as discussed

in Eq.(2.14). For ME graphene sample, the temperature dependence starts to become

nonlinear when temperature is > 100 ◦C for both modes. The G band, which is in-

plane vibration, is very susceptible to the surrounding environment, particularly the

substrate. As a single-layer film, the morphology can be modified when the temper-

ature increases, because the differential thermal expansion of graphene with respect

to the substrate. Graphene has a negative in-plane thermal expansion coefficient of

(−8.0±0.7)×10−6K−1 [21], while SiO2 has a small positive thermal expansion coeffi-

cientof ∼0.5 × 10−7K−1. Thus, if there is significant bonding between graphene and

substrate, with increasing temperature graphene film will undergo a tensile strain, as

graphene tends to shrink while the substrate expand. As temperature reaches 100 ◦C,

the strain reaches a critical point that the film slips on the surface of substrate and

release the strain, resulting in a kink at ∼175 ◦C in G-band temperature dependent

curve. After the rearrangement of the graphene film, the temperature dependence

tends to be linear again, but with a larger slope due to tensile strain. The bonding

likely becomes stronger after the relaxation, thus, does not show another apparent

kink. Similar nonlinear behavior is observed in 2D-band temperature dependence,

showing a smaller kink at ∼175 ◦C. Starting from the temperature of 300 ◦C, a peak

appears at ∼1350 cm−1 which is believed to be D peak, as shown in Figure 3.7b. In

Figure 3.8a-b, the spectra before and after temperature-dependent Raman measure-

ments are shown. The peak position of G band exhibits a blueshift from 1584.1 to
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1588.7 cm−1, while that of 2D band shows almost no shift after the annealing process.

The blueshift of G band is due to the compressive strain originating from the differ-

ence in TEC between graphene and substrate. The FWHM broadens from 13.1 to

19.1 cm−1 for G band, and from 25.4 to 31.4 cm−1 for 2D band, respectively. Besides,

the appearance of the broad D peak at RT after annealing indicates the increase of

doping or defect level in the film, which might not originate from graphene itself but

amorphous carbon generated from residual hydrocarbons of the tape at high temper-

ature. This doping effect coupled with the morphology change of graphene film is the

origin of the broadening and shift of both G and 2D bands after annealing.

Figure 3.8: The spectra before and after temperature-dependent Raman measure-
ment. (a)-(b) The Raman spectra of (a) G and (b) 2D bands before and after the
measurements for the ME graphene sample. (c)-(d) The Raman spectra of (c) G and
(d) 2D bands before and after the measurements for the CVD graphene sample.
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For G band, the results of CVD-grown graphene sample show a super nonlin-

ear temperature dependence, with a steeper redshift in Raman frequency than the

graphite as temperature elevated to 150 ◦C and a strong bowing afterward. As dis-

cussed in ME graphene sample, the slip of graphene occurs when the strain reaches a

critical point, which may cause the G peak to blueshift. However, since the density

of polymer residues is higher in CVD-grown film that that in ME film, the D and G

bands are extremely broad at high temperatures (Figure 3.7), which is due to doping

caused by the residual hydrocarbons. Meanwhile, the doping from residues can also

cause the blueshift of G band. With increasing temperature, the more decomposition

of the residues is, the more doping would be introduced to the film, resulting in more

blueshift in G band frequency. After the sample is cooled down to room temperature,

the broad D and G peaks are still seen, as shown in Figure 3.8. As for 2D band, the

temperature dependence shows an ‘S’-shaped curve, similar to that of ME graphene

sample. The 2D band of CVD-grown graphene does not show as significant shift

as that of ME graphene at elevated temperatures. Additionally, as the temperature

rises, the changes of film morphology such as ripples will provide additional scatter-

ing of the near-K-phonons associated with 2D band, arising from the anharmonic

phonon-phonon interaction [104]. Comparing the spectra of 2D band before and af-

ter annealing, the peak position shifts from 2683.9 to 2695.5 cm−1 while the FWHM

increases from 30.7 to 57.3 cm−1, which is also associated with the increasing density

of doping or defects in the film.

3.3 Conclusions

In conclusion, temperature-dependent Raman spectroscopy has been applied to inves-

tigate the vibrational and thermal properties of graphene, prepared by either mechan-

ical exfoliation or CVD, which is held by SiO2/Si substrates. Graphite as the reference
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shows the redshift of both G and 2D peaks. However, the temperature dependence of

graphene samples exhibits nonlinear behavior. For the CVD-grown graphene, both

G and D peaks become very broad after annealing, which are attributed to the hy-

drocarbonization of the polymeric residues mainly from the transfer process. The

annealing process cause the residues to form amorphous carbon on the surface of

graphene, resulting in the change of electronic structure, and hence the scattering

process of phonons. Furthermore, as the temperature increases, the morphologic

change of graphene, which arises from the difference in thermal expansion coefficients

between graphene and substrate, is another important contribution to the shift of

Raman frequency. As for ME graphene, since much less residues are introduced to

the film, the extent of broadening of G and D peaks is smaller than that of CVD-

grown graphene. Whereas, the change of film morphology still plays a significant

role in the shift of G and 2D peaks. Therefore, though annealing provides an easy

way to remove polymer residues on graphene, the leftover remains can significantly

modify the electronic structure and further affect the performance of graphene-based

devices. These observations suggest that the development of a polymer-free transfer

technique is desirable, and the protection of graphene from further contamination

after fabrication is necessary.



CHAPTER 4: TEMPERATURE DEPENDENCE OF RAMAN SCATTERING IN

MONOLAYER AND BILAYER MOS2

4.1 Fabrication and Characterization of MoS2 Samples

4.1.1 Sample Fabrication

MoS2 samples investigated have been prepared by two methods: mechanical exfolia-

tion (from a purchased single crystal sample from SPI Supplies) and chemical vapor

deposition (provided by Prof. Lin-you Cao’s group at NCSU [105]). The 1L MoS2

flake was mechanically exfoliated from nature crystalline bulk MoS2 and transferred

onto a silicon wafer covered by a 300-nm-thick thermal oxide (SiO2) layer (Sample

1L-ME-SiO2). The CVD-grown 1L and 2L samples were prepared on two types of

substrates, SiO2/Si and sapphire labeled as, respectively, 1L-CVD-SiO2, 1L-CVD-Sa,

2L-CVD-SiO2, and 2L-CVD-Sa. Originally the MoS2 films were grown on sapphire

wafers, and then transferred to SiO2/Si wafers by scotch tape. A bulk MoS2 sample

was placed on SiO2/Si substrate as reference. Figure 4.1 shows the optical images of

all these samples.

4.1.2 Characterization of MoS2 samples

Figure 4.2 shows an AFM image of the sample 1L-ME-SiO2, confirming the monolayer

MoS2 thickness to be ∼0.7 nm. Besides AFM to determine the thickness or layer num-

ber of MoS2 thin film, Raman spectroscopy is another powerful and nondestructive

technique to not only determine the layer number by the Raman frequency of major
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MoS2 Raman modes, but also to investigate structural and electronic properties of

MoS2.

Figure 4.1: The optical images of MoS2 samples. (a) Bulk MoS2. (b) ME monolayer
MoS2 on SiO2/Si – 1L-ME-SiO2. (c) CVD-grown monolayer MoS2 on sapphire – 1L-
CVD-Sa. (d) CVD-grown monolayer MoS2 transferred onto SiO2/Si – 1L-CVD-SiO2.
(e) CVD-grown bilayer MoS2 on sapphire – 2L-CVD-Sa. (f) CVD-grown bilayer MoS2

transferred onto SiO2/Si – 2L-CVD-SiO2. Polymeric residues can be clearly seen.

A single-layer MoS2 is formed by the arrangement of a triangular or simple

hexagonal plane of Mo atoms sandwiched between two triangular layers of S atoms

in a triangular prismatic fashion (Figure 4.3a). Bulk MoS2 is a periodically stacked

S-Mo-S layers through Van der Waals force. The space group of single layer MoS2 is

P6m2 (point group D3h), and the four first-order Raman active modes at the center of

Brillouin zone are 32 cm-1 (E2
2g), 286 cm-1 (E1g), 383 cm-1 (E1

2g), and 408 cm-1 (A1g),

as illustrated in Figure 4.3b [42, 45]. The E2
2g mode arises from the relative motion

between two MoS2 layers, which will vanish in the single layer sample. The E1
2g mode

is forbidden in back-scattering measurement on the basal plane perpendicular to the

c axis. The E1
2g mode is attributed to the in-plane relative motion between the two S
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atoms and the Mo atom, whereas the A1g mode the out-of-plane vibration of two S

atoms in opposite directions. Strictly speaking, the two active Raman modes E1
2g and

A1g (inD6h for bulk MoS2) should be assigned as E ′ and A′1 in the monolayer MoS2 (in

D3h) [106, 107]. However, to see the evolution from the bulk to single-layer [45, 108],

the two modes are simply labelled as E1
2g and A1g for all cases, as commonly done in

the literature.

Figure 4.2: The characterizations of all the six MoS2 samples. (a) AFM image of 1L-
ME-SiO2 showing the thickness of the film to be 0.7 nm. (b) The map of frequency
difference between E1

2g and A1g modes. (c)-(d) (c) Raman and (d) PL spectra of all
the six samples.
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Figure 4.3: MoS2 structure and Raman active modes. (a) Schematic model of MoS2

structure. (b) Atomic displacements of the four Raman-active modes for the bulk
MoS2.

The room temperature Raman spectra of all the six samples in Figure 4.1 are

shown in Figure 4.2c, measured with 532 nm laser at ∼1 mW using the 100× lens.

The Raman frequency difference (∆ω) between the E1
2g and A1g modes can be corre-

lated with the layer number [108]. For monolayer MoS2, ∆ω = 19 cm-1, for bilayer

22 cm-1, and for the bulk 26 cm-1 [108, 109]. ∆ω is a better indicator for the layer

number than the absolute ω value of each peak that is more sensitive to the strain.

Theoretically, when the layer number increases, the interlayer van der Waals force

in MoS2 suppresses atom vibration, leading to higher force constants. Therefore,

both E1
2g and A1g modes are supposed to stiffen (blueshift) [110, 111]. The observed

blueshift of A1g mode with increasing layer number is consistent with the theoretical

prediction. However, it is also found that the frequency of E1
2g peak decreases as the

layer number increases, suggesting that interlayer van der Waals force plays a minor

role while stacking-induced structure changes or long-range Coulombic interlayer in-

teractions in multilayer MoS2 may dominate the change of atomic vibration. Figure
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4.2b shows the spatial variation of the frequency difference (∆ω) of 1L-ME-SiO2, and

it is all found to be less than 20 cm-1, indicating the film is indeed monolayer.

As is known, when the layer number of MoS2 goes to monolayer, the band struc-

ture of MoS2 transforms from indirect to direct [43]. It has also been reported that

the PL of MoS2 has two peaks that correspond to A (1.85 eV) and B (1.98 eV) ex-

citon transitions, split by the spin-orbit coupling of the valence band. PL spectra

of all these samples are shown in Figure 4.2d. For sample 1L-ME-SiO2, the A and

B transitions are, respectively, at 1.82 eV and 1.98 eV, for single-layer CVD samples

1.87 eV and 2.0 eV, and for bilayer CVD samples 1.85 eV and 1.99 eV. The precise

excitonic bandgap value is in fact not know so far. The accepted values are approxi-

mately within the range of 1.8-1.9 eV [43,108,112–114] This situation is unfortunately

general for monolayer or few layers TMDs. The variation of the PL peak positions of

MoS2 samples could be due to the interaction between the film and the substrate and

possibly impurities and doping in the films. For MoS2 films on SiO2/Si substrate,

it is generally believed that there is charge transfer between MoS2 and substrate to

form trions which has a lower energy than free excitons [115]. This could be another

reason that 1L-ME-SiO2 exhibits smaller energy of A-exciton emission. In general,

the 1L MoS2 samples show the strongest PL signal, while the bulk MoS2 negligible,

as expected due to the electronic band structure change.

4.2 Temperature Dependence of Raman Scattering

4.2.1 Temperature Dependent Raman Spectroscopy

The temperature dependences of both E1
2g and A1g peak positions were performed

in the range from room temperature (25 ◦C) to 500 ◦C, shown in Figure 4.4a-d. The

upper temperature range in this work is substantially higher than those in the previous
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works < 250 ◦C. The results of bulk MoS2 are used as a reference. Empirically, the

temperature dependence of Raman shift can be described by:

ω(∆T ) = ω0 + χ1∆T + χ2(∆T )2 + χ3(∆T )3, (4.1)

where ω0 is the frequency at room temperature, ∆T is the temperature change relative

to room temperature, and χ1 is the first-order temperature coefficient. The second

(χ2), third (χ3) or higher order temperature effects are usually assumed to be small

in the literature. In reality, the nonlinear effects are found to be quite significant

for 1L or 2L MoS2 even in a temperature range where the linear dependence might

be expected to be adequate, for instance, below 200 ◦C, depending on the substrate.

Even for bulk MoS2, the nonlinearity occurs at around 200 ◦C for both E1
2g and A1g,

though rather weak, but nevertheless evident in our data.

It is perhaps reasonable to assume that the temperature shift for a free standing

few-layer MoS2 should be rather close to that of the bulk material, despite the dif-

ference in the absolute position. Therefore, to show more clearly the substrate effect,

we can take the temperature shifts of the bulk sample as references. Figure 4.4e-h

plot the difference in the Raman frequency shifts between the thin film sample and

the bulk, δω(∆T ) = |ω(∆T )− ω0|thinfilm− |ω(∆T )− ω0|bulk, for E1
2g and A1g and for

1L and 2L samples. Below we discuss separately E1
2g and A1g to examine the effects

of two types of substrates.

(1) E1
2g: For both the 1L and 2L samples, as shown in Figure 4.4a,c, and Figure

4.4e,g, the E1
2g mode exhibits relatively weak nonlinearity or in general appears to be

close to the temperature dependences of the bulk sample. The temperature depen-

dences of the deviations from the bulk mode are qualitatively similar for the same

type of substrate: 1L-CVD-Sa and 2L-CVD-Sa vs. 1L-CVD-SiO2 and 2L-CVD-SiO2,
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which is more apparent in Figure 4.4e,g, due to subtle difference in the film-substrate

coupling (to be discussed later). The deviations of 1L-ME-SiO2 are somewhat differ-

ent from the other samples, as shown in Figure 4.4e.

(2) A1g: For both 1L-ME-SiO2 and 1L-CVD-SiO2, as shown in Figure 4.4b,f,

the temperature dependence of A1g mode is drastically different from that of the

bulk, showing strong nonlinearity starting at temperature near 100 ◦C and an overall

’S’ shape dependence. The Raman spectra of 1L-ME-SiO2 at a few representative

temperatures are shown in Figure 4.5. The FWHM of A1g mode is 5.7 cm-1 at

room temperature, increasing to a maximum of 10.3 cm-1 at around 125 ◦C, then it

decreases to 6.3 cm-1 when the temperature reaches 500 ◦C, whereas the FWHM of

E1
2g mode increases from 2.2 cm-1 at room temperature monotonically to 4.8 cm-1 at

500 ◦C. However, 1L-CVD-Sa shows only small deviation from the bulk dependence,

with an average slope of -0.0159 cm-1/K by using linear fitting, up to 500 ◦C, then

an obvious change occurs, becoming nearly flat with a slope of -0.0027 cm-1/K. As

for the 2L samples, Figure 4.4d,h, similar to 1L-CVD-SiO2, 2L-CVD-SiO2 exhibits

more significant deviation from the bulk sample than 2L-CVD-Sa when temperature

< 400 ◦C. For 2L-CVD-Sa, the slope changes significantly when T > 400 ◦C from

-0.0162 cm-1/K to -0.0102 cm-1/K. Again, one may notice that the temperature

dependences of the deviations from the bulk mode are qualitatively similar for the

same type of substrate: 1L-CVD-Sa and 2L-CVD-Sa vs. 1L-CVD-SiO2 and 2L-CVD-

SiO2, which is more apparent in Figure 4.4f,h.
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Figure 4.4: The temperature dependence of E1
2g and A1g modes for all six samples.

(a)-(d) Temperature dependence of Raman frequencies of E1
2g and A1g modes in bulk

and all other 1L and 2L samples. (e)-(h) The Raman frequency deviation of 1L and
2L MoS2 relative to bulk MoS2 as the reference.
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Figure 4.5: Representative Raman spectra of 1L-ME-SiO2 sample at selected tem-
peratures. The FWHM of E1

2g and A1g are labelled next to the peaks.

Visually from Figure 4.4a-d, the A1g mode shows more nonlinearity than the

E1
2g mode. Qualitatively similar results have been observed in graphene: the peak

position of G band, an in-plane vibrational mode, is less susceptible to the substrate

influence than an out-of-plane vibration mode ∼861 cm-1 [102, 116]. Similarly it is

reasonable to expect that in MoS2 the in-plane mode (E1
2g) will be less affected by the

interaction between film and substrate than the out-of-plane mode (A1g). Thus, it is

not difficult to understand that the E1
2g mode typically shows more linear temperature

dependent Raman shift than A1g mode for both 1L and 2L samples. The difference

between the SiO2 and sapphire substrate also indicates that the coupling between the

film and substrate depends on the substrate type and/or how the film and substrate
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is bonded.

The temperature dependent data of all the samples are fitted to a third order

polynomial function according to Eq.(4.1), with the coefficients listed in Table 4.1.

The linear temperature coefficients of E1
2g and A1g in bulk MoS2 are χ1 = -0.0221 ±

8.9 × 10-4 cm-1/K and -0.0197 ± 8.9 × 10-4 cm-1/K, respectively. Bulk MoS2, as the

reference, can be treated as a stacking of single-layered MoS2 films, and each layer has

the same properties. With increasing temperature, all layers expand with the same

rate without introducing any strain, leading to a nearly linear redshift of the Raman

peak position for both E1
2g and A1g modes. Although the interlayer coupling has led

to significant frequency shifts for the two modes between 1L and bulk, the changes in

temperature coefficients are expected to be relatively small. For the E1
2g mode, the

first-order temperature coefficients (χ1) of SiO2 samples, both 1L and 2L, are close

to that of bulk MoS2, while those of the sapphire samples are much smaller. For A1g,

all the SiO2 samples yield much larger χ1’s than that of bulk MoS2, while sapphire

samples are close to bulk MoS2. Our results for the films on SiO2/Si are contradicting

to or significantly different from those reported in the literature, because the improved

data accuracy allows to examine the nonlinear effect that was neglected.
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Table 4.1: Temperature coefficients of bulk, 1L and 2L samples with polynomial
fitting to third order.

χ1 χ2 χ3

E1
2g

bulk −0.0221± 8.9× 10−4 2.12× 10−5 ± 4.4× 10−6 −2.94× 10−8 ± 6.1× 10−9

1L-ME-SiO2 −0.0241± 0.0015 -- --
1L-CVD-SiO2 −0.0217± 0.0017 2.04× 10−5 ± 8.4× 10−6 −2.68× 10−8 ± 1.2× 10−8

1L-CVD-Sa (till 425 ◦C) −0.0143± 5.7× 10−4 −1.44× 10−5 ± 3.4× 10−6 7.71× 10−9 ± 5.6× 10−9

2L-CVD-SiO2 (till 400 ◦C) −0.0233± 0.0018 3× 10−5 ± 1.1× 10−5 −4.61× 10−8 ± 2× 10−8

2L-CVD-Sa (till 425 ◦C) −0.0135± 8.4× 10−4 −2.54× 10−5 ± 5.0× 10−6 2.93× 10−8 ± 8.2× 10−9

bulk [117] −0.0147
1L ME SiO2 Ref. [118] −0.0179
2L ME SiO2 [118] −0.0137
Few layers [119] −0.0132

A1g

bulk −0.0197± 8.9× 10−4 2.49× 10−5 ± 4.4× 10−6 −3.53× 10−8 ± 6.1× 10−9

1L-ME-SiO2 −0.0626± 0.0038 2.11× 10−4 ± 1.7× 10−5 −2.34× 10−7 ± 2.1× 10−8

1L-CVD-SiO2 −0.0301± 0.0023 8.15× 10−5 ± 1.1× 10−5 −1.00× 10−7 ± 1.6× 10−8

1L-CVD-Sa (till 425 ◦C) −0.0199± 0.0012 3.10× 10−5 ± 7.2× 10−6 −5.77× 10−8 ± 1.2× 10−8

2L-CVD-SiO2 (till 400 ◦C) −0.0310± 0.0018 8.56× 10−5 ± 1.2× 10−5 −1.16× 10−7 ± 2.0× 10−8

2L-CVD-Sa (till 425 ◦C) −0.0160± 0.0014 -- --
bulk [117] −0.0123
1L ME SiO2 Ref. [118] −0.0143
2L ME SiO2 [118] −0.0189
Few layers [119] −0.0123

Because all the SiO2 samples were produced by mechanical exfoliation with the

scotch tape, including transferred MoS2 films, it is possible that wrinkles or ripples

were introduced to the films, resulting in a considerable strain in the film. Figure 4.6

gives the spatial maps of the Raman frequencies of E1
2g andA1g modes for mechanically

exfoliated single-layer MoS2 film on SiO2/Si (1L-ME-SiO2) at room temperature. The

maps demonstrate that the frequency of A1g show a larger variation than that of E1
2g,

indicating that the morphology of the film impacts the Raman frequency of A1g more

than that of E1
2g. On the other hand, both 1L and 2L MoS2 films were originally

grown on sapphire. It has been reported, for graphene, the possibility of forming

bonds between mechanically exfoliated graphene and substrate is quite low; however,

such bonds are possible with high-temperature growth. It is reasonable to believe that
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the CVD growth of MoS2 films at the temperature higher than 800 ◦C could produce

somewhat stronger bonding between the MoS2 film and sapphire substrate than in the

case of transferred film. With increasing temperature, the chemical bonding would

influence the in-plane vibration, giving rise to a damping of Raman frequency redshift

to E1
2g mode at the low temperature region, as manifested on the reduced magnitude

of χ1 for the CVD-grown MoS2 films on sapphire. Furthermore, the film-substrate

coupling leads to the sign changes for both χ2 and χ3 compared to the bulk for the E1
2g

mode of the on-sapphire samples. In contrast, mechanically transferred MoS2 films on

SiO2/Si do not form the chemical bonding between film and substrate other than van

der Waals force, leading to the temperature dependence of Raman shift or χ1 of the

E1
2g mode similar to bulk MoS2. However, the MoS2 films on SiO2/Si are more likely

to be affected by the changes in the film morphology such as wrinkles and ripples when

temperature increases, due to thermal expansion coefficient mismatch between MoS2

and SiO2. These changes of morphology in turn will have a large impact on out-of-

plane vibration (A1g), causing not only the nonlinear effect of temperature coefficient

but also the large deviation of χ1 from bulk MoS2 for the SiO2/Si samples. As for

the sapphire samples, the chemical bonding restricts the MoS2 film from morphology

change, and the coupling with the substrate has a relatively small influence on the

A1g mode. Therefore, we can conclude that the morphology of MoS2 films plays a

significant role in temperature dependence of A1g mode, which leads to the large

and highly non-linear deviation from the bulk, while the bonding between film and

substrate introduces weaker effects, in similar magnitudes, to both E1
2g and A1g modes

on their temperature induced Raman shifts.
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Figure 4.6: Spatial maps (6µm × 6µm) of the Raman frequencies of (a) E1
2g and (b)

A1g modes for 1L-ME-SiO2 sample, and the unit is cm-1.

The integrated Raman intensity for both E1
2g and A1g modes has been found to

decrease in all CVD-grown samples when T is greater than 400 ◦C, possibly due to

the decomposition of MoS2 films. The thermal decomposition temperature for most

samples including bulk is somewhere > 800 ◦C, except for 2L-CVD-SiO2 being near

450 ◦C. For all CVD-grown MoS2 films on sapphire, no Raman signal is detectable

when the temperature reaches 575 ◦C, indicating the decomposition of MoS2 films.

The Raman spectrum does not recover at room temperature after reaching the

maximum temperature. For 1L-ME-SiO2, the main change is that the frequency

difference between A1g and E1
2g modes increases by 2.5 cm-1, as shown in Figure

4.7. In addition, their peak intensities decrease. There are at least two possible

reasons: (1) the strain or morphology has changed, as expected, (2) the sample

might be partially oxidized or decomposed. Similar results have been reported for

graphene [120].
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Figure 4.7: Raman spectra collected before and after temperature-dependent Raman
measurements.

4.2.2 Simulation for Temperature Dependence of Raman Shift

As Eq.(2.14) shows, the intrinsic temperature dependence of the Raman shift can

be divided into thermal expansion of the lattice (∆ωE) and an anharmonic effect

(∆ωA) which causes the change of phonon self-energy. In addition, thermally induced

strains due to thermal expansion coefficient mismatch (∆ωM) between MoS2 film and

substrate should be considered. Thus, the measured frequency change can be written

as

∆ω(T ) = ∆ωE(T ) + ∆ωA(T ) + ∆ωM(T ), (4.2)
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where the term ∆ωM can be expressed as

∆ωM(T ) = β

∫ T

25 ◦C
(αsub(T )− αMoS2(T )) dT, (4.3)

where β is the biaxial strain coefficient, αsub and αMoS2 are the thermal expansion

coefficients of substrate and MoS2, respectively. With increasing temperature, both

MoS2 and SiO2 expand but at different rates, resulting in strain in the MoS2 thin

films. Since the thermal expansion coefficient of MoS2 is larger than that of SiO2,

the strain in the film will be compressive. When the strain reaches a critical point

the MoS2 film tends to slip on the surface of the substrate as well as change the film

morphology. For 1L-ME-SiO2 sample, this process takes place at ∼ 100 ◦C where

there is an obvious slope transition of A1g frquency shift. As a result, defects may

be introduced in the MoS2 film such as the breakdown of Mo-S bonds and the slow

decomposition of the film, showing a broadening of A1g Raman peak (Figure 4.5).

Eq.(4.3) assumes that the film and substrate is in coherent strain, which is likely

invalid for the transferred film. For bulk MoS2, there is no thermal expansion co-

efficient mismatch between MoS2 layers, so that the third term is zero. Therefore,

using Eq.(2.14) the Raman shift of bulk MoS2 can be simulated. To simulate the

contribution of thermal expansion of the lattice (∆ωE) from Eq.(2.15), the Grüneisen

parameters of both E1
2g and A1g modes for bulk MoS2 are γ(E1

2g) = 0.21 and γ(A1g)

= 0.42, respectively. The in-plane and out-of-plane thermal expansion coefficients for

bulk MoS2 can be derived from expressions as below [121]:

αa(T ) =

(
0.6007× 10−5 + 0.6958× 10−7T

a

)(
1
◦C

)
(4.4a)

αc(T ) =

(
0.1064× 10−5 + 1.5474× 10−7T

c

)(
1
◦C

)
(4.4b)
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where a and c are the lattice constants of MoS2 in Å. They are calculated to be

2.48×10−6/◦C and 9.14×10−6/◦C, respectively, for in-plane and out-of-plane thermal

expansion coefficients at room temperature. The second term of right-handed side in

Eq.(2.14) is expressed as Eq.(2.18a), which is called “self-energy” shift due to anhar-

monic coupling of multiple phonons. The coefficients A and B can be estimated by

fitting the rest frequency shift after subtracting the contribution of thermal expansion

of the lattice. The fitting parameters of A and B for both E1
2g and A1g modes are

listed in Table 4.2. Figure 4.8 shows the simulated Raman shifts of both E1
2g and

A1g modes for bulk MoS2 with good agreement to experimental results. The results

show that the pure thermal expansion effect is relatively small, and the self-energy

contribution dominates the redshift.

Table 4.2: The fitting parameters A and B for both E1
2g and A1g modes used in three-

and four-phonon coupling model.

bulk MoS2 A (cm−1) B (cm−1)

E1
2g −3.05835 0.04204

A1g −5.68777 0.26566

Figure 4.8: The modeling of temperature dependent Raman shift. The model of
temperature dependent Raman shift relative to room temperature including the con-
tributions of thermal expansion effect of lattice and anharmonic effect as compared
to experimental results of bulk MoS2 for (a) E1

2g and (b) A1g modes.
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4.2.3 Full Width at Half Maximum (FWHM)

Figure 4.9 shows the temperature dependent FWHM of both E1
2g peak and A1g peak

for all samples, by fitting to a Lorentzian lineshape function. Bulk MoS2 has room-

temperature FWHMs of 1.6 and 2.2 cm-1, respectively, for E1
2g and A1g. Other

samples have greater FWHMs, indicating that the film-substrate coupling and defects

existing in these samples may have caused the peak broadening. The FWHM of E1
2g

mode, in general, increases linearly with increasing temperature. However, the A1g

mode does not show a monotonic dependence but with a maximum linewidth in the

middle of the temperature range. As it is discussed above, the mismatch of thermal

expansion coefficients between MoS2 films and substrates gives rise to changes of

morphology e.g. wrinkles or ripples, consequently leading to a significant change of

the temperature coefficients of A1g mode. For all 1L and 2L samples, the FWHM

of A1g reaches the maximum when the realignment process occurs. For instance,

the anomaly of temperature dependent Raman shift of 1L-ME-SiO2 takes places at

the temperatures starting from ∼100 ◦C, while the FWHM reaches the maximum at

100 ◦C and then starts to decrease afterward. This gives an additional illustration

that the change of the morphology by the thermal expansion coefficient mismatch

can affect the out-of-plane vibrational mode more than the in-plane mode when the

temperature reaches a critical value.
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Figure 4.9: Temperature dependence of FWHM of E1
2g and A1g modes in bulk and

all other 1L and 2L samples.

4.3 Annealing Effect on Monolayer MoS2 Film Transferred on SiO2/Si Substrate

The morphology plays a significant role in the properties of MoS2 films, and the mor-

phologic variation of the film in a very thin film like a monolayer typically results in

variation of strain in the film. It has been well studied both theoretically and experi-

mentally that the strain in the two-dimensional material can be detected through the

shift of its phonon modes using micro-Raman spectroscopy. For monolayer MoS2, E1
2g

mode is sensitive to the strain, while A1g mode shows weaker strain dependence but

it is also sensitive to doping in the film [122]. Besides using E1
2g shift as an indicator

of the strain, the bandgap exhibits sensitive response to the strain applied in MoS2

film, which can be used as another method to extract the strain distribution in the



67

film. In addition to strain effect, the doping effect is another key element that affects

the properties of monolayer MoS2, which can be analyzed by the shift of A1g mode as

well as the photoluminescence spectrum. The origin of doping for monolayer MoS2 is

considered to be the defects in the film and the charge transfer between the substrate

and the film [114,123].

Comparing the temperature dependence of monolayer MoS2 films on SiO2 and

sapphire substrates, for A1g mode, the nonlinear dependence of SiO2 samples, as

we discussed above, is quite possibly attributed to the morphologic change with in-

creasing temperature, while, for E2g mode, the smaller temperature coefficient of

sapphire samples is due to the bonding at the interface of the substrate and the film.

The temperature-dependent Raman measurements can be considered as an annealing

process for the samples. Since the annealing can significantly change the morphology

of the film as well as the bonding between the substrate and the film, one may ask:

“would the temperature dependence be different if annealing the films for a second

round?” In our previous temperature dependent studies, in order to understand the

temperature dependences of the material properties in the full temperature range

up to the decomposition temperature, we tended to bring the sample to the highest

possible temperature at which the data could be practically taken. Thus, at the end

of the measurement, the sample was damaged. However, as mentioned above, the

morphology change was occurring along the process of varying temperature, which is

effectively an annealing process. In this section, we report the temperature depen-

dent study of MoS2 monolayer by repeating the heating cycle, but each time only

increasing the temperature to a “saf” level.

Monolayer MoS2 film was originally grown on sapphire by CVD and then trans-

ferred onto Si substrate coated with 300 nm thick SiO2 using polystyrene (PS) [124].

Figure 4.10a shows the optical image of the MoS2 film with its AFM image in Fig-
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ure 4.10b. The thickness is measured to be ∼1 nm, indicating it is monolayer. The

larger thickness of this transferred monolayer than the previous ME sample suggests

a larger morphologic variation of this sample. Wrinkles and cracks can be seen in

optical image Figure 4.10a. Wrinkles, as one typical morphology feature in a two-

dimensional material, can manifest as local variation in strain. In order to further

confirm whether the film is monolayer, the mapping of frequency difference between

A1g and E1
2g modes over an area of 20 µm × 20 µm (marked square in Figure 4.10a)

is shown in Figure 4.10c, with a maximum of 19.2 cm-1, indicating the film overall is

monolayer. The strip of relatively larger frequency difference in the map matches to

a wrinkle in the film.

Figure 4.10: The optical image and characterizations of the monolayer MoS2 film
transferred onto SiO2/Si substrate. (a) Optical image, (b) AFM image, (c) Map of
frequency difference ∆ω between E1

2g and A1g modes in the red-squared area.

Figure 4.11 presents the Raman and PL mapping results at room temperature

before annealing the film using spatial resolved micro-Raman and PL spectroscopy.

Laser power of ∼1 mW at 532 nm and 50× lens were used. The mapping data of

Raman intensity (Figure 4.11a-b) show overall uniform intensity distribution over

the film except for around the crack with smaller intensity and along the wrinkle

with higher intensity. However, the PL intensity mapping shows more significant

variation of ∼20% (Figure 4.11c). Raman and PL peak position mapping results are

shown in Figure 4.11d-f, with maximum shifts of ∼0.6 cm-1 for E1
2g mode, ∼0.7 cm-1
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for A1g mode, and ∼12 meV for PL, respectively. The deformation potentials for

Raman modes and bandgap under biaxial strain have been estimated to be ∼4.7 cm-

1/% for E1
2g, ∼1.8 cm-1/% for A1g, and ∼80 meV/% for bandgap, respectively [125].

Thus, the corresponding strain difference in the film, using the maximum difference

in the peak position, can be estimated to be ∼0.13% for E2g, ∼0.39% for A1g, and

∼0.15% for PL, respectively. The non-uniform strain distribution, reflected in the

E1
2g frequency fluctuation, indicates the rippling of the film. However, the estimated

strain difference from A1g mode is much larger than that from E1
2g mode and PL,

indicating that the doping effect plays a significant role in monolayer MoS2 film. By

comparing the peak position mapping of E1
2g and PL peak positions, the blue-circled

(red-circled) area with relatively higher (lower) frequencies in E1
2g mode, which are

expected to be under relatively larger compressive (tensile) strain, also exhibit higher

(lower) PL energies, reflecting as lower(higher) PL intensity. This phenomenon can

be explained by the relocalization of photo-induced excitons which tend to diffuse

to lower bandgap regions before recombining. In contrast, areas with relative larger

tensile train have lower bandgap energies , thus trapping excitons and generating

stronger PL locally (Figure 4.11c).
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Figure 4.11: The Raman and PL mapping results of the monolayer MoS2 film. (a)-(c)
The intensity maps of E1

2g, A1g and PL intensities. (d)-(e) The maps of peak positions
of E1

2g, A1g and PL.

Single-point temperature-dependent Raman measurements were carried out in

the temperature range from room temperature to 305 ◦C with the step of 20 ◦C, with

the same setup as those of previous MoS2 samples. The sample point was selected

from the central area. The first-cycle temperature dependence of both Raman modes

of the monolayer MoS2 film is shown in Figure 4.12a-b, with several representative

spectra at different temperatures shown in Figure 4.12c. As expected, both E1
2g and

A1g modes, in general, exhibit redshift in their frequencies with increasing tempera-

ture. The E1
2g mode shows a very linear temperature dependence while the A1g mode

highly nonlinear, in good agreement with the results of previous MoS2 samples. The

temperature dependence of E1
2g mode is fitted by Eq.(3.1) and that of A1g mode is

fitted by Eq.(4.1) up to the third order, and the temperature coefficients are listed in

Table 4.3. As discussed earlier, the nonlinear temperature dependence of A1g mode is

attributed to the change of film morphology, while E1
2g mode is not sensitive to mor-

phology. With increasing temperature, the film tends to change its morphology due
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to the mismatch of thermal expansion coefficient (TEC) between the SiO2 substrate

and MoS2 monolayer. The TEC of SiO2 is ∼ 0.5 × 10−6K−1 at room temperature,

much smaller than monolayer MoS2 (∼ 7×10−6K−1 at RT), thus, its thermal expan-

sion with increasing temperature is much smaller than that of MoS2. Therefore, the

strain within the small measured spot tends to accumulate with increasing temper-

ature, and eventually goes beyond the confinement of van der Waals force, resulting

in the change of the morphology of the film.

Table 4.3: Temperature coefficient of E1
2g and A1g modes in two temperature cycles.

First cycle Second cycle

E1
2g χ −0.0192± 3.2× 10−4 −0.0183± 8.6× 10−5

A1g

χ1 −0.0390± 0.0035 −0.0198± 0.0014

χ2 6.97× 10−5 ± 2.4× 10−5 −5.74× 19−6 ± 9.8× 10−6

χ3 −3.69× 10−8 ± 4.8× 10−8 4.17× 10−8 ± 2.0× 10−8
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Figure 4.12: The temperature dependence of Raman spectroscopy of monolayer MoS2

up to 305 ◦C. (a)-(b) The temperature dependences of (a) E1
2g and (b) A1g modes in

the first and second heating cycles. The first cycle is in solid blue square, and the
second solid red circle. (c) Representative Raman spectra at different temperatures.
(d) The Raman spectra at room temperature before the first-cycle heating, and before
and after second-cycle heating.

On the other hand, the morphology of the film varies with increasing tempera-

ture, leading to the change of mechanical coupling of MoS2 film with SiO2 substrate.

With increasing temperature, the charge transfer between the film and the substrate

tends to increase as the contact of the MoS2 film with the substrate becomes more

uniform and close. Since A1g mode is known to be sensitive to doping effect, the

stronger charge transfer leads to larger shift of A1g frequency, leading to the ini-

tial faster redshift (up to 100 ◦C) of the A1g frequency. After the film’s morphology
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becomes more uniform and stable at higher temperatures, the redshift rate of A1g

frequency gradually slow down. In addition, the PS residues left on the film during

transfer process, though will be eliminated with increasing temperature, may still

introduce extra doping into the film to change the temperature dependence of A1g

mode. Therefore, the first-cycle annealing process modifies the morphology of the

film and gets rid of the polymer residues from transfer process.

Figure 4.12a-b show the second-cycle temperature dependence of the E1
2g and

A1g modes at the same spot as the first cycle, after the sample is annealed at 305 ◦C

for 30 minutes and then cooled down back to RT. Similar to the results of first-cycle

measurements, the E1
2g mode shows a linear temperature dependence, while the A1g

remains nonlinear, but the extent of nonlinearity is smaller than that of the first

cycle. The results of E1
2g and A1g modes are fitted with Eq.(3.1) and Eq.(4.1), and

their temperature coefficients are listed in Table 4.3. For E1
2g mode, the temperature

coefficient in the second cycle becomes slightly smaller than that in the first cycle,

which is attributed to the change of strain, i.e., the bonding has become stronger, in

the film after the first-cycle annealing of the film. With the first-cycle annealing, the

morphology has been modified, resulting in not only the doping concentration change

but also the strain distribution in the film. Figure 4.12d shows the RT Raman spec-

tra acquired before the first- and second-cycle annealing, respectively. The intensity

shows very little change. The E1
2g frequency after the first cycle is slightly smaller

than that before the first cycle (0.4 cm-1 change), indicating that the strain at this

location becomes more tensile after the first-cycle annealing. The A1g frequency re-

mains nearly the same. In the second cycle of temperature dependent measurements,

the overall redshift of E1
2g mode becomes less, and hence smaller temperature coef-

ficient. For A1g mode, only a small nonlinear temperature dependence is observed,

especially at relatively high temperatures, and its first-order temperature coefficient

is almost halved compared to the first-cycle temperature dependent measurements.
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As discussed in first-cycle annealing, the morphology the film has been modified and

rearranged to a more stable condition, so the second-cycle annealing will not change

the film morphology significantly further. The Raman spectrum after second-cycle

annealing, shown in Figure 4.12d, almost shows no changes compared to that after

first-cycle annealing, which further confirms our assumption.

Comparing the temperature dependences of these two-cycle annealing on the

transferred MoS2 sample with as-grown MoS2 film on sapphire, the temperature co-

efficients of E1
2g mode from both cycles are larger than those of sapphire samples. As

the smaller temperature coefficient of second cycle is attributed to the improved bond-

ing between the substrate and the film, the as-grown monolayer MoS2 on sapphire,

whose bonding in between is much stronger than transferred samples, exhibits even

smaller temperature coefficient. For A1g mode, the nonlinear behavior of temperature

dependence is quite similar to those previously measured transferred samples, either

1L or 2L, which has been proposed to the morphologic change of film with increasing

temperature. However, the extent of nonlinearity decreased in the second cycle, and

the Raman spectrum of measured spot showed no significant change before and after

the annealing process. These evidences prove that the morphology of the MoS2 film

can be modified through annealing and becomes stable afterwards.

After annealing at 305 ◦C for one hour and then cooling down to RT, Raman

and PL mapping were performed, and the results are shown in Figure 4.13a-d for

mapping data of Raman and PL peak positions (Figure 4.13a-c) and PL intensity

(Figure 4.13d). The variations of Raman and PL peak positions are found to be ∼1

cm-1 for E2g, ∼0.7 cm-1 for A1g, and ∼15 meV for PL over the MoS2 film, which

corresponds to the variations in strain as ∼0.21% for E2g, ∼0.39% for A1g, and

∼0.19% for PL, respectively. The strain difference over the mapped area becomes

larger after two cycles of annealing due to the morphologic change of the film as we
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discussed above. Interestingly, the PL intensity map, as shown in Figure 4.13d, is not

exactly following the anti-correlation relation between the peak energy and intensity.

For instance, the PL energies of location 1 and 2 (labelled in Figure 4.13c) are higher

than surrounding areas, in accord with the higher E1
2g frequency in location 1 and

2 (the higher frequency is, the lower tensile strain); however, the PL intensity in

location 1 is higher than that in surrounding areas while location 2 lower. Therefore,

this cannot be simply explained by one mechanism of either strain or doping. Both

locations undergo relatively blueshift in E1
2g frequency, suggesting less tensile strain.

However, the A1g frequency in location 1 is smaller than that in location 2 (Figure

4.13b), indicating that the doping concentration in location 1 is higher than that

in location 2. In other words, after the rearrangement of film morphology after two

cycles of annealing, the mechanical coupling of the MoS2 film with the substrate varies

over the film as well as the doping concentration. The concentration in location 2 is

lower than that in location 1. Thus, though the PL energy in location 2 is higher than

surrounding area, the lower doping concentration still leads to higher PL intensity.

Whereas, the lower PL intensity in location 1 can be either explained by funnel effect

or high doping concentration that quenches PL. The PL spectra from locations 1

and 2 (Figure 4.13e) show that the full width at half maximum (FWHM) of the PL

spectrum at location 2 is 26 nm, smaller than location 1 which is 35 nm, suggesting

lower doping concentration in location 2.
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Figure 4.13: The PL and Raman mapping results after the second-cycle heating. (a)-
(b) The maps of Raman frequencies of (a) E1

2g and (b) A1g modes. (c) The map of
PL peak position. (d) The intensity map of PL. (e) PL spectra of location 1 and 2
labelled in c.

4.4 Conclusions

In summary, temperature-dependent Raman studies were performed to investigate

the vibrational properties of the in-plane E1
2g and out-of-plane A1g modes of single-

and bi-layer MoS2 samples prepared by three methods: (1) as grown by CVD on

sapphire substrate, (2) initially grown on sapphire substrate, then transferred onto

SiO2/Si substrate, and (3) ME samples placed on SiO2/Si substrate, in a temperature

range of 25-500 ◦C. Bulk MoS2 has also been measured to serve as the references,

with the first-order temperature coefficients of the Raman frequency shifts given as

χ1(E
1
2g) = −0.0221±8.9×10−4 cm−1/K and χ1(A

1g) = −0.0197±8.9×10−4 cm−1/K,

respectively, for the E1
2g and A1g mode. The thermal decomposition temperature

is found to be approximately 575 ◦C for CVD-grown films on sapphire. The film-

substrate coupling affects the temperature dependence of Raman frequency, intensity,
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and linewidth for both E1
2g and A1g modes in the 1L and 2L MoS2. The impact

depends on the substrate type and/or film-substrate binding mechanism. For the

CVD grown film on the original sapphire substrate with likely chemical bonding

between them, the film-substrate coupling significantly reduces the linear temperature

coefficients of the Raman shift of the E1
2g mode to −0.0143±5.7×10−4 cm−1/K for 1L

and −0.0135±8.4×10−4 cm−1/K for 2L, but has no or small effect on the A1g mode,

with −0.0199± 0.0012 cm−1/K for 1L and −0.0160± 0.0014 cm−1/K for 2L. For the

transferred film on SiO2/Si substrate, originally grown on sapphire by CVD, for the

E1
2g mode, the temperature coefficients were found to be very close to the bulk value

as −0.0217±0.0017 cm−1/K for 1L and −0.0233±0.0018 cm−1/K for 2L; but for A1g

mode, they increase substantially to −0.0301±0.0023 cm−1/K for 1L and −0.0310±

0.0018 cm−1/K for 2L. The substrate effects are most pronounced for the A1g mode,

showing as stronger nonlinearity on the temperature shift of the Raman frequency

and non-monotonic temperature dependence of the Raman linewidth. Similar or even

stronger effects were observed on a mechanically exfoliated 1L film from a bulk single

crystal.

To further understand the substrate effect on the MoS2 films, two cycles of

temperature-dependent Raman measurements were performed on the same spot of

a transferred MoS2 monolayer on SiO2/Si substrate. In the first cycle of annealing,

both E1
2g and A1g modes show the similar temperature dependence as other trans-

ferred samples studied earlier, including A1g exhibits extremely nonlinear dependence.

Whereas, after the second cycle the temperature dependence becomes more linear

with respect to that in the first cycle. In contrary to A1g mode, the temperature

dependence of E1
2g mode in both annealing cycles is quite linear. By comparing the

mapping data before and after annealing, evident changes of the film morphology has

been observed, which is due to the thermal expansion coefficient difference between

monolayer MoS2 and substrate.
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These results suggest that for the mechanically transferred thin film, due to

the mismatch in thermal expansion between the film and substrate, the tempera-

ture change can lead to significant changes in the thin-film morphology as a result

of realignment of the film on the substrate, which can be most easily probed by the

temperature dependence of the A1g mode associated with the out-of-plane atomic

vibration. Temperature dependent Raman study provides an efficient tool for inves-

tigating the coupling between the 2D material and substrate either with chemical or

mechanical bonding.

Based on the analyses on the results of different samples, we suggest that the

most accurate linear Raman temperature coefficients for a hypothetical free-standing

monolayer MoS2 should be: for the E1
2g mode, −0.0217 ± 0.0017 cm−1/K, obtained

from a transferred CVD sample; and for the A1g mode, −0.0199 ± 0.0012 cm−1/K,

obtained from an as-grown CVD sample on sapphire, which is supported by −0.0198±

0.0014 cm−1/K, obtained by a transferred CVD sample after annealing. These values

are practically the same as the bulk values within the error bars.



CHAPTER 5: TEMPERATURE DEPENDENCE OF RAMAN AND PL IN

MONOLAYER WS2

5.1 Fabrication and Characterization of WS2 Samples

5.1.1 Sample Fabrication

The techniques of growing large-area single crystalline monolayer WS2 film and trans-

ferring it onto a secondary substrate make the investigation of temperature dependent

Raman scattering of monolayer WS2 possible. Five samples were prepared by both

mechanical exfoliation and chemical vapor deposition: (a) “1L-SiO2” is a monolay-

er WS2 film grown on Si substrate coated with 300 nm SiO2; (b) “1L-SA-TRI” is

a triangular-shaped monolayer WS2 film, grown on sapphire substrate; (c) “1L-SA-

FILM” is a large area monolayer WS2 film grown on sapphire substrate; (d) “1L-

TRAN-SiO2” is a transferred monolayer WS2 film originally grown on sapphire and

then transferred onto SiO2/Si substrate; (e) “Bulk-SiO2” is a thick layer of WS2 (>

20 layers) on the same SiO2/Si substrate as “1L-SiO2”. All samples were prepared by

our collaborators at NCSU. Figure 5.1 shows the optical images of the five samples

(the “bulk” sample is on the same substrate as “1L-SiO2”).
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Figure 5.1: The optical images of monolayer WS2 samples. (a) CVD-grown monolayer
WS2 on SiO2/Si – 1L-SiO2 accompanied by bulk MoS2 – “bulk”-SiO2. (b) CVD-
grown monolayer WS2 transferred onto SiO2/Si – 1L-TRAN-SiO2. (c) CVD-grown
monolayer WS2 triangles on sapphire – 1L-SA-TRI. (d) CVD-grown monolayer WS2

film on sapphire – 1L-SA-FILM.

5.1.2 Characterization of WS2 samples

To determine the thickness of WS2 films, an AFM image is shown in Figure 5.2a

confirming that the thickness is ∼0.7 nm, i.e., monolayer. Similar to MoS2, Raman

spectroscopy, as a nondestructive and powerful technique, can be used to determine

the layer number of WS2 thin films. Bulk WS2 studied here has the same crystal

structure as MoS2 studied in the previous chapter, and belongs to the same point

group symmetry of D3h. Figure 5.2b shows the Raman spectra of all the five samples,
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measured by 441.6 nm laser excitation (∼150 µW ). Two major peaks, E1
2g and A1g,

are observed, which correspond to the in-plane and out-of-plane vibration modes (the

inset of Figure 5.2b). The E1
2g mode involves the in-plane motion of W + S atoms

and A1g the out-of-plane motion of two S atoms. For monolayer WS2, their values are

∼355 cm-1 and ∼417 cm-1, respectively [126]. The frequency difference between these

two modes has been shown to be a simple signature to determine the layer number of

WS2. In Figure 5.2b, the frequency difference between E1
2g and A1g modes is 61.7 cm-

1 for 1L-SiO2, and 65 cm-1 for “bulk” WS2. Note that the E1
2g frequency of the bulk

is overall lower than that of monolayer samples, while A1g higher. This is due to the

interlayer interactions same as MoS2. Within the monolayer samples, the variation of

the frequencies of both E1
2g and A1g modes is an effect of the substrate (i.e. strain) and

doping. More discussions will be given in the next section. When using near-resonant

532 nm laser excitation, very rich Raman features appear, in particular a very strong

second-order peak 2LA(M) sitting close to E1
2g peak, as shown in Figure 5.2c. A

Lorentzian fitting procedure is applied to deconvolute 2LA(M) and E1
2g components.
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Figure 5.2: The characterizations of all WS2 samples. (a) The AFM image of 1L
WS2 triangle on sapphire (1L-SA-TRI) showing the thickness is ∼0.7 nm. (b) Raman
spectra of all the WS2 samples collected with 441.6 nm laser. The inset shows the
atomic displacements for the two major Raman modes E1

2g and A1g. (c) A Raman
spectrum collected with 532 nm laser.

Figure 5.3 shows the comparison of Raman spectra under both 532 nm and

441.6 nm laser excitation for all the four monolayer samples as well as the “bulk”

WS2. Under 441.6 nm excitation, the two on-sapphire samples show comparable Ra-

man intensities, whereas the 1L-SiO2 sample shows lower signal by a factor of 2-3,

but the transferred sample 1L-TRAN-SiO2 has the strongest signal, ∼3 times of the

on-sapphire samples. Under 532 nm excitation, the most striking observation from

comparing the four 1L samples lies in that that signals of the on-SiO2 samples, both
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as-grown and transferred, are substantially stronger than those of the other two on-

sapphire samples, in particular the 1L-SiO2 is stronger by over a factor of 10-20, and

1L-TRAN-SiO2 by a factor of 3-5. Comparing the three as-grown samples, we observe

an anti-correlation between the resonant and off-resonant signals, i.e., stronger reso-

nant signal under 532 nm excitation corresponding to weaker off-resonant signal under

442 nm excitation. The transferred film on SiO2 shows the strongest off-resonant sig-

nal, about 10 times of the as-grown sample on the same type of substrate, but about

a factor of 3 weaker under near resonant excitation. Clearly, it is not possible to ex-

plain the variations among these samples simply by the variations in sample quality.

These comparisons offer the first indication of the substrate as well as film-substrate

bonding dependence of the 2D-WS2 film, and more than one mechanisms at work

for these substrate effects. The relative intensities of different samples at the two

excitation wavelengths are summarized in Table 5.1.
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Figure 5.3: The comparison of Raman spectra collected with 441.6 nm and 532 nm
lasers. (a)-(f) Raman and PL of all five WS2 samples with excitation wavelengths of
441.6 nm (blue line) and 532 nm (green line). (f)-(g) PL with (f) 441.6 nm and (g)
532 nm excitation.

Table 5.1: Relative intensities of Raman and PL of four monolayer WS2 samples
measured by two excitation wavelengths: 532 nm and 441.6 nm. For each column,
the weakest intensity serves as unity reference.

532 nm 441.6 nm

Raman PL Raman PL

1L-SiO2 20 7.5 1.0 25

1L-TRAN-SiO2 7.3 300 10 125

1L-SA-TRI 1.7 1.5 3.3 2.5

1L-SA-FILM 1.0 1.0 2.3 1.0
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Figure 5.3f-g shows PL spectra of all the WS2 samples measured with 441.6 and

532 nm laser. Monolayer WS2 has two interband transitions near the bulk direct

transitions at the K point due to spin-orbit splitting of the valence band, assigned as

A exciton (∼2.0 eV) and B exciton (∼2.38 eV). The variation of the PL peak position

is likely due to the strain effect which is introduced during growth process. The

PL intensity of 1L-TRAN-SiO2 is much stronger than 1L-SiO2 by approximately a

factor of 5, which is opposite to the relative intensity in Raman where 1L-SiO2 is much

stronger. The small bandgap shift should not significantly affect PL intensity, because

of typically weak variation of absorption strength with wavelength. There are two

known major effects influencing the intensity of band edge PL emission: (1) doping,

and (2) optical interference effect. The stronger bonding for the as-grown sample

seems to quench the PL relative to the transferred sample with weaker bonding to the

otherwise same SiO2 substrate. However, the PL intensities of the on-SiO2 samples

are in general much stronger than the on-sapphire samples, for instance, by as much

as 125 times between 1L-TRAN-SiO2 and 1L-SA-FILM. The major PL intensity

reduction for the on-sapphire samples could be due to non-radiative recombination

via substrate. Additionally, the interference effect of the thin-layer SiO2 could slightly

enhance the light absorbed by the WS2 film and the collection efficiency. The relative

PL intensities are summarized in Table 5.1. In short, the SiO2 substrate seems to offer

much stronger PL than sapphire substrate for either excitation wavelength. These

observations illustrate the fact that the film-substrate interaction could be rather

complex.

The great enhancement of Raman intensity, especially 2LA(M), can be explained

by the resonant Raman effect. The B-exciton energy, ∼2.35 eV, is very close to the

energy of green laser that is 2.33 eV. In this case, resonant Raman occurs, which can
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be described by the equation below [127]:

I(EL) = K

∣∣∣∣ 〈f |He−r|b〉〈b|He−ph|a〉〈a|He−r|i〉
(EL − Eg − iΓa) (EL − Eph − Eg − iΓb)

∣∣∣∣2 , (5.1)

where I(EL) is the Raman scattering intensity, and K is a constant; 〈i〉 is the initial

state, 〈a〉 and 〈b〉 are two intermediate states, 〈f〉 is the final state; He−r and He−ph

are the Hamiltonians of the radiation of the light and the electron-phonon coupling,

respectively; EL is the energy of the incident light, Eg is the energy of the electronic

transition, and Eph is the phonon energy; Γa and Γb are the damping constants related

to the lifetimes of the two intermediate states 〈a〉 and 〈b〉, respectively. The first term

in the denominator of Eq.(5.1) reflects the resonance of the incoming photon with

the B exciton transition energy, the second term of the outgoing photon involving the

phonon energy. The B-exciton PL emission energy of 1L-SiO2 at 2.31 eV is the closest

to the laser energy among the four 1L samples. The strongest resonant Raman signal

from this sample suggests that the incoming electronic resonant plays the dominant

role. The resonant effect was shown to become progressively weaker with reducing

the excitation wavelength. Although between the two on-SiO2 samples the Raman

intensity difference under 532 nm excitation could be explained by the difference in

proximity to the resonance condition due to the B exciton energy level difference

(2.31 vs. 2.38 eV), the Raman intensity difference under 441.6 nm could be caused

by another mechanism that is yet to be determined. One possibility could be the

difference in charge transfer or doping related to the difference in the film/substrate

bonding.
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5.2 Temperature Dependence of Raman Scattering

The temperature dependent Raman study was reported for a 1L mechanically ex-

foliated (ME) WS2 from 77 to 623 K with the temperature coefficients of both E1
2g

and A1g modes being −0.006cm− 1/K, although the data were apparently nonlinear

in temperature. The high temperature Raman studies were carried out for the four

1L WS2 samples as well as “bulk” WS2 from RT to 500 ◦C. Figure 5.4a shows the

temperature dependent Raman spectra of 1L-SiO2. For both E1
2g and A1g modes, the

Raman frequency decreases with increasing temperature. In addition, the intensity of

2LA(M) decreases drastically as the temperature rises, because the bandgap redshift

detunes the laser energy from resonance. Empirically, the temperature dependence of

Raman shift, same as MoS2, can be described by Eq.(3.1). It is noted that for both

sapphire samples, one of sapphire Raman peaks at 417 cm-1 overlaps with WS2 A1g

peak. Thus, the spectrum of the sapphire substrate was taken at each temperature

and carefully subtracted to yield the WS2 Raman spectrum, as illustrated in Figure

5.5.
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Figure 5.4: Temperature dependence of Raman spectroscopy of all the WS2 samples.
(a) Representative Raman spectra of 1L-SiO2 sample at different temperatures. (b)-
(c) Temperature dependence of Raman frequencies of (b) E1

2g and (c) A1g modes in
“bulk” and 1L samples. The solid lines are fitting results using Eq.(4.1).

Figure 5.5: The baseline correction of Raman signal fromWS2 monolayer on sapphire.
(a) Measured Raman spectra from 1L-SA-TRI (red) and sapphire substrate (blue),
respectively, at room temperature. (b) Corrected Raman signal by subtracting Raman
signal of sapphire from the overall Raman signal.

The change in Raman frequency (∆ω) of WS2 samples with increasing tempera-
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ture can be expressed by Eq.(4.2) with the three contributions from ∆ωE, ∆ωA and

∆ωM . Figure 5.4 shows the temperature dependence of Raman frequency for both E1
2g

and A1g modes in all the five samples. As a rough practice, one could consider both

E1
2g and A1g exhibiting linear redshifts with increasing temperature. However, the

clearly observable differences in slope among the samples and the subtle non-linearity

reflect the intricate film-substrate interaction.

For E1
2g, the study on MoS2 in the previous chapter indicates that the transferred

sample shows the least substrate effect on this in-plane mode. Thus, we may take 1L-

TRAN-SiO2 as an approximate reference for a free-standing 1LWS2. In fact, as shown

in Figure 5.4b, the temperature dependence of this sample is very similar to the strain

free bulk MoS2, showing a weak non-linear effect at high temperature. Other than the

small variations in frequency, the temperature shifts of the two on-sapphire samples

are very similar to that of the 1L-TRAN-SiO2, indicating relatively small strain in

the epitaxial film and weak bonding to the substrate. However, the slopes for the two

as-grown samples on SiO2 are substantially smaller than that of 1L-TRAN-SiO2. As

suggested by the RT-PL data mentioned above, 1L-SiO2 is under significant tensile

strain at RT, manifesting as the lowest Raman frequency among all the samples.

Thus, the third term in Eq.(4.2) becomes significant. The TEC of WS2 is about

one order of magnitude higher than that of SiO2. With increasing temperature, the

WS2 film expands faster than SiO2, which in turn results in a release of tensile strain

in the WS2 film. The strain release gives rise to a blue shift that compensates the

intrinsic red shift given by the first and the second terms in Eq.(4.2), resulting in an

apparent smaller temperature coefficient than 1L-TRAN-SiO2 and sapphire samples.

This is also largely true for the thicker sample, “bulk”-SiO2, because it is not thick

enough to allow the WS2 to fully relax at RT, which explains why its temperature

coefficient is higher than that of 1L-SiO2 but lower than the other samples. However,

for 1L-SA-TRI and 1L-SA-FILM, because the difference of TEC’s between sapphire
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and WS2 is relatively small, no significant strain is generated in the films when cooled

down to RT.

For A1g, the previous study on MoS2 indicates that this out-of-plane mode is

particularly sensitive to the morphology of the film (e.g., mesoscopic scale mechan-

ical buckling and chemical residues associated with the transferred film), and very

strong non-linearity was observed for the transferred film. As shown Figure 5.4c, the

strongest non-linearity is observed for the transferred film 1L-TRAN-SiO2, although

not as drastic as reported for a ME MoS2 film on SiO2. The two as-grown samples

on SiO2 exhibit rather good linearity and with very close slopes. Because the strain

induced frequency shift is much smaller for A1g (−1.7cm−1/% from the DFT calcula-

tion) than E1
2g, the release of the tensile strain with increasing temperature partially

offsets the intrinsic steeper slope in the initial part, which yields a nice linear depen-

dence for the whole temperature range. Therefore, the intrinsic temperature coeffi-

cient for a free standing monolayer or bulk WS2 is expected to be rather close to (but

slightly larger) that of 1L-SiO2 or “bulk”-SiO2, respectively. The results for the two

on-sapphire samples are somewhat more perturbed by the substrate than the on-SiO2

samples. For the transferred sample, increasing temperature improves bonding with

the substrate (e.g., through burning out the chemical residues introduced during the

film transfer), thus enhances the charge transfer (n-type doping) from the substrate

to the film, leading to the phonon frequency red shift. This effect may explain the

accelerated red-shift in 1L-TRAN-SiO2 below 100 ◦C. With increasing temperature

further, thermally activated non-radiative recombination, as revealed by temperature

dependent PL results (see next section), tends to deplete the carriers, which slows

down the red-shift. Above 250 ◦C, the temperature dependence approaches that of a

free-standing film. This finding suggests that thermal annealing could have signifi-

cant impact to electronic mobility of a transferred monolayer TMD film, but not in

a simple way. On one hand, it improves the film morphology, which could help the
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mobility; on the other hand, it enhances the bonding to the substrate, which could

lead to carrier depletion to the substrate or effectively shorten the carrier lifetime,

and thus be detrimental to the mobility. This insight might explain some reports

suggest that the epitaxial TMD film has lower carrier mobility than the transferred

film [128], while reversed observations have also been reported [129]. This observa-

tion could provide guidance for identifying the optimal thermal annealing process to

achieve desirable properties in device applications. The linear fitting results of the

temperature coefficients for all the samples are listed in Table 5.2.

Table 5.2: Temperature coefficients of bulk and 1L WS2 samples.

E1
2g(cm−1/K) A1g(cm−1/K)

“Bulk”-SiO2 −0.0124± 2× 10−4 −0.0136± 4× 10−5

1L-SiO2 −0.0100± 3× 10−4 −0.0130± 9× 10−5

1L-TRAN-SiO2 −0.0142± 1× 10−4 −0.0124± 4× 10−4

1L-SA-TRI −0.0154± 3× 10−4 −0.0140± 3× 10−4

1L-SA-FILM −0.0155± 2× 10−4 −0.0143± 6× 10−4

Finally we note that the integrated Raman intensities for both E1
2g and A1g

modes have been found to decrease dramatically when the temperature > 475 ◦C,

presumably due to the decomposition of WS2 films. Upon returning to room temper-

ature, the films usually cannot return to the initial states. For the 1L-SiO2 sample,

the Raman intensities of the two phonon modes decrease by ∼40%; however, their

peak positions remain almost the same as before, indicating that the bonding be-

tween the substrate and film for the CVD-grown samples is fairly robust and not

altered significantly by the “annealing” process. For the transferred sample, similar

to the transferred MoS2 films, both Raman intensities and positions showed signifi-

cant changes, indicating that the heating process modifies the bonding between the

film and substrate, and thus the strain distribution over the film. The Raman spectra
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before and after temperature-dependent Raman measurements are shown in Figure

5.6.

Figure 5.6: The Raman spectra before and after temperature-dependent Raman mea-
surements for samples (a) 1L-SiO2 and (b) 1L-SiO2-TRAN.

5.3 Temperature Dependence of PL

The temperature dependence of PL are investigated for 1L-SiO2 and 1L-SA-TRI

samples, with a few representative PL spectra of each shown in Figure 5.7a-b. The

peak energies as a function of temperature are plotted in Figure 5.7c. Similar to

the trends observed in Figure 5.4b for the Raman shifts of E1
2g, the PL peak energy

shift for 1L-SiO2 is significantly slower than 1L-SA-TRI, due to the release of the

built-in tensile strain for the former. The reduced slope for 1L-SA-TRI at very high

temperature (> 300 ◦C) is due to increasingly significant thermal population of the

higher states in the bands. The integrated PL intensities are shown in Figure 5.7d,

showing thermal activated temperature quenching, starting approximately from room

temperature. For 1L-SA-TRI, the well-known emission of Cd3+ centers from the

sapphire substrate has been subtracted. Usually, the intensity of PL with increasing

temperature can be fitted by Eq.(2.21) with one activation energy, which is suitable
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for the SiO2 sample. However, for the sapphire sample, two activation energies are

needed, thus the Eq.(2.21) can be modified as:

I(T ) =
I0

1 + A1exp(−Ea1/kBT ) + A2exp(−Ea2/kBT )
, (5.2)

where Ea1 and Ea2 are the activation energies of the thermal quenching process-

es, and A1 and A2 are constants. For the SiO2 sample, A2 = 0. The fitting results

are: for 1L-SiO2, Ea1 = 0.40 ± 0.01 eV ; for 1L-SA-TRI, Ea1 = 0.20 ± 0.01 eV and

Ea2 = 1.51 ± 0.06 eV , respectively, with the fitting curves shown in Figure 5.7d.

Temperature induced PL quenching in semiconductors is typically resulting from di-

rect or indirect thermally activated non-radiative recombination processes associated

with defects or impurities through emission of phonons. Activation energies as large

as these values are unusual, which is largely because PL study is rarely performed

in the temperature range much higher than RT to assess the potential process with

such a large activation energy. At this stage, our understanding about defects and

impurities in these 2D materials is very limited, thus, speculating the physical origins

of these thermal quenching processes is premature. However, we would like to point

out an important issue that could be particularly important to the 2D materials, that

is, the interfacial effect involving carrier exchange between the 2D film and substrate

through a thermal activation process. In fact, the magnitudes of the activation ener-

gies are comparable to the possible energy barriers between the film and substrate.

Theoretical modeling based on first-principles techniques is needed to understand the

film-substrate interaction that has yielded the effects reported here for electronic and

vibration properties of the 2D materials.
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Figure 5.7: Temperature dependence of PL. (a)-(b) Representative PL spectra of (a)
1L-SiO2 and (b) 1L-SA-TRI at particular temperatures. (c) Temperature dependence
of PL peak energy for 1L-SiO2 and 1L-SA-TRI samples. (d) Integral PL intensity of
1L-SiO2 and 1L-SA-TRI at different temperatures.

5.4 Spatial Resolved Study on As-grown Monolayer WS2 Triangles

In general, strain and doping are the two major causes to tune the optical properties of

WS2 monolayer, reflecting as the variation of Raman and PL spectroscopy. However,

the origin of the induced strain and doping is most likely due to the growth and

transfer processes. Similar to graphene, for transferred WS2 samples, the transfer

process introduces polymeric residues on top of the films, which can significantly

dope the films, and hence modify the electronic properties. For CVD-grown samples,

the quality of monolayer WS2 depends on the precise control of growth conditions such

as pressure, temperature, precursors, cooling rate and so on. Generally speaking, the
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CVD-grown samples are more defective than ME samples. The defects from growth

process are another origin of doping. Furthermore, the interaction of monolayer WS2

with the substrates, such as strain and charge transfer, plays a very important role

in the optical properties of WS2 monolayer as well.

WS2 monolayers were originally synthesized on sapphire by CVD with the sul-

furization of WO3 precursors at a temperature of ∼ 300 ◦C, involving the expanding

and thinning of WS2+x flakes and eventually forming large monolayer WS2 triangles

(in the order of 10 µm). One can envision that the sulfurization process varies dra-

matically within the mostly monolayer triangle, because the growth time varies over

the triangle where the center area is longer while the edge shorter. Thus, the value

of x may differ from one area to another, which can be either positive or negative.

As a result, this could cause defects and structural deformation over the triangle.

Moreover, it is reasonable to believe that the chemical bonding between the WS2 film

and substrate at the center area is stronger than that at the edge, because the growth

or reaction time at the center area is longer. This spatial variation of the bonding

strength can be the cause of non-uniform strain distribution over the triangle as well

as doping concentration.

Figure 5.8 presents high spatial resolution Raman and PL mapping of the WS2

triangle shown in Figure 5.1c, using 441.6 nm laser that is off-resonant with the B

exciton bandgap to avoid the resonant Raman effect. The Raman mapping data

of both E1
2g and A1g modes show weak intensity variation, less than 10%, over the

triangle, with the interior region being stronger (Figure 5.8a-b). In contrast, the PL

intensity mapping of the A exciton, as shown in Figure 5.8c, exhibits more significant

variations, particularly in the regions near the edges with an average intensity about

10 times of the center. Figure 5.8g shows representative PL spectra from 4 locations

(edge, general, center, and apex areas) labelled in Figure 5.8a. They differ not only
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in intensity but also in peak energy.

Figure 5.8: The Raman and PL mapping results of the monolayer WS2 triangle on
sapphire. (a)-(c) Intensity maps of (a) E1

2g mode, (b) A1g mode, and (c) PL of the
WS2 triangle.(d)-(f) Maps of peak position of (d) E1

2g mode, (e) A1g mode, and (f)
PL. (g) PL spectra of locations 1-4. (h) PL width map of the WS2 triangle.

It is known that strain and doping effects play significant but distinctly different

roles on Raman frequencies of E1
2g and A1g modes. Under tensile strain both modes

are expected to show a redshift, but more for E1
2g mode (i.e., with a larger deformation

potential). Meanwhile A1g modes is more sensitive to the doping effect due to the

symmetry of conduction band edge state in monolayer WS2, resulting in stronger

electron-phonon coupling and thus more significant redshift or softening of A1g mode.
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Figure 5.8d-e show the mapping data for the Raman frequencies of both E1
2g and

A1g modes. The regions with solid blue ellipses exhibit more blueshift than others,

while dashed red ones more redshift. By examining the two regions, a maximum

frequency difference of E1
2g is measured to be ∼2.3 cm-1 and A1g ∼1.5 cm-1. Similar

to Raman, PL is susceptible to strain and doping effects as well. The mapping of PL

peak position (Figure 5.8f) shows a maximum difference in peak energy of ∼75 meV.

All these variations in peak positions and intensities of both Raman and PL

cannot be explained simply by just one mechanism. However, here we propose that the

variations of peak positions over the triangle may primarily arise from the variation

in the epitaxial strain that is introduced during growth process. The film grown on

sapphire tends to be under tensile strain due to the difference in thermal expansion

between the film and the substrate. During the expanding phase of the growth, it is

quite possible that the strain distribution over the large triangle will not be uniform

due to the geometry of the film and interaction with the substrate. This non-uniform

strain, i.e. localized strain, can explain the variations of Raman frequencies of both

E1
2g and A1g modes, as well as the PL peak position.

To estimate quantitatively the strain induced in the film, we carried out density

functional theory (DFT) calculations for the strain dependent bandgap and phonon

frequencies for uniform strain. The results are shown in Figure 5.9. The deforma-

tion potentials for uniform tensile strain are respectively 4.4 cm-1/%, 1.7 cm-1/%,

and 140 meV/% for E1
2g, A1g, and band gap Eg, respectively. Using the calculated

deformation potentials and experimentally measured shifts, the values of maximum

strain difference over the triangle are estimated from E1
2g mode to be ∼0.53%, and

from PL ∼0.54%, which match very well with each other. However, from A1g mode

the estimated strain would be ∼0.88%, implying that strain might not be the only

mechanism for the redshift. Therefore, we suggest that the doping effect in the film
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might contribute partially to the redshift of A1g.

Figure 5.9: DFT calculation of strain-induced Raman and PL shifts. (a) DFT-
calculated phonon shift as a function of strain for E1

2g and A1g modes. (b) The
band gap of monolayer WS2 as a function of uniform strain.

Monolayer TMDs are intrinsically n-type doped due to substrate charge transfer

and intrinsic structural defects such as mono-sulfur vacancy (VS) and di-sulfur vacan-

cy (VS2) which are originated from growth process. These sulfur vacancies have been

directly observed by scanning transmission electron microscopy (STEM) in monolayer

MoS2 and WS2. They are expected to behave as in-gap levels which may quench the

band edge PL. The n-type doping caused by shallow donors will lead to the forma-

tion of side bands with emission energy lower than that of the neutral exciton and

thus the broadening of the overall PL linewidth. However, the distribution of dop-

ing concentration over one individual WS2 triangle is not uniform as a result of the

perturbations during the growth process. As we mentioned above, defects are formed

during growth, which are mainly sulfur vacancies, and hence n-type doping. Doping

or defect, as is known, is one of the origins of PL quenching. In Figure 5.8f, the PL

intensities of central area are weaker than those of apex and edge areas. In order

to further explain this non-uniform distribution, the spatial variation of the overall

PL linewidth is shown in Figure 5.8h, revealing that the linewidth at the edge area
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is the smallest over the WS2 sample. Because a smaller linewidth indicates a lower

doping/defect concentration, the linewidth distribution suggests that at the edge area

the doping concentration is smaller than the central area. On the other word, the

central area is more defective. The better quality, consequently, is one of the reasons

of the higher PL intensity at the edge, as shown in Figure 5.8g. Another origin of

higher PL intensity at the edge is the less charge transfer between the film and the

substrate. On the surface of sapphire, the surface states originating from the Al-O

bond terminates and dangling bonds take over, conventionally whose charge density

could be very high. Electrons are subjected to be trapped in these surface states, be-

cause the Fermi levels of sapphire and WS2 are supposed to be at the same height in

an equilibrium state. Therefore, the photo-generated electrons in PL measurements

of WS2 film will lift up the Fermi level of WS2, forming a positive potential between

the surface states and the WS2 film. As a result, the electrons tend to escape from

WS2 film to substrate, hence the quenching of PL. Due to the fact that shorter growth

time at the edge area results in weaker bonding at the interface between sapphire and

WS2 than those at the central area, it is reasonable to believe that the charge transfer

at the edge is weaker, and consequently the radiative recombination rate at the edge

is higher or the PL is stronger. In short, besides strain effect to cause the shift of

PL peak position, the doping effect from impurities and the charge transfer between

substrate and WS2 film are the reasons to cause the variation of PL quantum yield.

In order to further investigate the effects of strain and doping/defects mentioned

above on the properties of WS2, WS2 triangles were transferred to a silicon wafer

coated with 300 nm thick SiO2 layer. Holes of different diameters were etched into

the wafer. As the optical image is shown in Figure 5.10a, a hole of ∼14 µm in

diameter was covered by a WS2 triangle. The PL intensity mapping of the WS2

triangle is shown in Figure 5.10b. The PL intensity of the suspended region is more

than that of the supported region by a factor of 2-10. This enhancement cannot
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be simply explained by an increase of the optical absorption cross section, because

the Raman intensity, which has the optical absorption cross section, shows a small

decrease (Figure 5.10f). Figure 5.10c-d shows mapping images of PL peak energy

and E1
2g frequency. Both PL peak energy and E1

2g frequency at suspended region,

in general, exhibit a redshift with respect to those at supported region, suggesting

that the suspended WS2 undergoes tensile strain. The maximum difference of PL

energy and E1
2g frequency between supported and suspended regions is ∼45 meV and

∼2.0 cm-1, which correspond to the strain of ∼0.34% and ∼0.45%, respectively. The

difference between the two estimated strain values can be due to the doping effect in

the film.

Figure 5.10: The optical characterizations of WS2 triangles after transferred. (a)
Optical image of the transferred WS2 on SiO2/Si substrate etched with holes. (b) PL
intensity map of an area of 24µm× 24µm. (c)-(d) The maps of peak position of (c)
PL and (d) E1

2g mode. (e)-(f) PL and Raman spectra of locations 1 and 2. (g) Laser
power dependence of PL.

Figure 5.10e-f show the PL and Raman spectra of locations 1 and 2 labelled in

Figure 5.10a. The PL peak energy and the E1
2g frequency of location 2 are 2.017 eV

and 356.8 cm-1, respectively. The PL peak energy difference between locations 1 and

2 is 8 meV, corresponding to a strain difference of 0.06%, while the E1
2g frequency 0.7
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cm-1 to 0.16%. The origin of the discrepancy of strain values could be the doping

effect. One source of doping is the intrinsic impurities and the polymeric residues from

growth and transfer processes, which could significantly modify the electronic bands

of WS2 monolayer, at either suspended or supported regions. However, at supported

region the charge transfer between the film and the substrate becomes more significant

than the influence from impurities and residues, leading to the quenching of photo-

generated free carriers and hence lower PL intensity. Meanwhile, due to the charge

transfer the doping in supported region is higher than that in suspended region,

which usually leads to narrowing in band gap energy, i.e. redshift in PL peak energy.

Therefore, the real band gap of location 2 can be re-estimated by the strain difference

extracted from E1
2g mode, which is 2.031 eV (610.5 nm). Moreover, a side peak with

a lower energy is observed in most PL spectra, which can be assigned as A− trion

peak rather than defect or impurity. Because the lower-energy peak increases with

increasing power which confirms that this peak is correlated to A−, as shown in Figure

5.10(g). The dissociation energy of A− with respect to A can tuned by varying the

power of the 532 nm excitation. With increasing power the trion dissociation energy

increases due to the increase in carrier density, i.e. Fermi energy. For the spectra in

Figure 5.10(g), the trion dissociation energy is estimated to be ∼43 meV at the laser

power of 120 ÎŒW, while it decreases with decreasing power, e.g. to ∼24 meV at the

power of 3 µW.

5.5 Conclusions

In conclusion, Raman and PL spectroscopies have been used to investigate the in-

terplay of strain, doping and defects of CVD as-grown and transferred CVD-grown

WS2 monolayers. High-temperature PL and Raman studies were also performed on

CVD-grown epitaxial monolayer WS2 on SiO2/Si and sapphire substrates. The in-
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teraction between the 2D film and substrate was shown to depend on substrate type

for the as-grown samples and film-substrate bonding between the as-grown and the

transferred samples. At RT, the PL intensity of monolayer WS2 on SiO2 was found to

be much stronger than that on the sapphire substrate under both 532 and 441.6 nm

excitation. The TEC mismatch between the thin-film and SiO2/Si substrate gener-

ated a significant amount of strain after the film was cooled down to RT, manifesting

itself as a bandgap shift, strong intensity modification in resonant Raman scattering,

and large non-linearity in the temperature coefficient of the vibration mode frequency.

The effects were minimal for the sapphire substrate. These effects, which are associ-

ated with the built-in strain, are inherent properties of the directly grown 2D films.

However, this depended upon the specific substrate used. A significant difference

existed in the states of the built-in strain between the directly grown and the trans-

ferred films, even on the same type of substrate. The in-plane vibration mode, E1
2g,

was more sensitive to the strain effect, whereas the out-of-plane vibration mode, A1g,

was more sensitive to the film-substrate bonding or the film morphology. Because

of the strong electron-phonon coupling of the A1g mode as dictated by symmetry, a

transferred film without proper thermal annealing was expected to have an inferior

carrier mobility. The intrinsic temperature coefficients for the E1
2g and A1g modes

in monolayer WS2 were determined to be: χ(E1
2g) = −0.0142 ± 2 × 10−4cm − 1/K,

derived from the transferred film on SiO2; and χ(A1g) = −0.0130±9×10−5cm−1/K

(lower bound), derived from the as-grown film on SiO2. These values were somewhat

smaller than the corresponding ones in MoS2: χ(E1
2g) = −0.0221±9×10−4cm−1/K,

and χ(A1g) = −0.0197 ± 9 × 10−5cm − 1/K. For all other cases, the temperature

coefficients were affected by the substrate to different extents, but this effect was most

severe for the film grown on SiO2 with χ(E1
2g) = −0.0100±3×10−4cm−1/K. There-

fore, the temperature-dependent Raman investigations provided an effective tool for

investigating the epilayer-substrate interaction. Additionally, high-temperature PL



103

studies on monolayer WS2 revealed thermal quenching processes with large activa-

tion energies of Ea1 = 0.40 eV for the film grown on SiO2 and Ea1 = 0.20 eV and

Ea2 = 1.51 eV for the film grown on sapphire.

With mapping technique of Raman and PL spectroscopy, the strain distribu-

tion over the monolayer WS2 triangle has been examined nondestructively. Through

DFT simulation, the maximum difference in strain within a single triangle has been

estimated quantitatively to be of ∼0.53% based on the shift of E1
2g mode for CVD-

as-grown WS2 film on sapphire. The main origin of the strain is the difference in

TEC between WS2 and the supporting sapphire substrate. During the cooling-down

process of the growth, this difference of TEC in between introduces the strain to the

film, which is observed to be non-uniform. In conjunction with PL mapping, similar

maximum strain difference has been estimated to ∼0.54% based on the shift of PL

peak energy. Besides the strain effect, the effects of both doping and defects, which

are from the growth and transfer processes, play significant roles in PL, resulting in

the suppression of A-exciton peak for both CVD-grown and transferred WS2 sam-

ples. In particular, the suspended WS2 film shows more than 10 times stronger PL

intensity than the supported WS2 film, suggesting the involvement of charge transfer

between the substrate and the film. Moreover, the A- trion peak accompanied by

A-exciton emission has been observed, with a dissociation energy of ∼43 meV at the

laser power of 120 µW.



CHAPTER 6: TEMPERATURE DEPENDENCE OF RAMAN SCATTERING IN

THIN-FILM BLACK PHOSPHORUS

6.1 Black Phosphorus Sample Preparation and Its Anisotropic Effects

6.1.1 Sample Preparation and Characterization

High-quality black phosphorus (BP) crystals were purchased from Smart-Elements.

BP flakes were obtained by mechanical exfoliation onto a silicon substrate coated

with a 300 nm SiO2 layer. Since BP is very sensitive to ambient environment, the

sample was transferred into a heating chamber purging with nitrogen (N2) gas for

temperature dependent Raman measurements. The flow rate of N2 was low enough

not to cause sample cooling. After Raman measurements were finished, tapping mode

AFM was carried out to determine the thickness of exfoliated BP flakes. Figure 6.1a-

d shows the optical images of four exfoliated samples, labelled as S1-S6. An AFM

image containing samples S1 and S2 is also shown in Figure 6.1e, and the thickness of

S1 is measured to be ∼25 nm while that of S2 ∼10 nm (∼20 layers). Samples S5 and

S6 are in the same flake, but S5 is suspended on a hole etched into SiO2 substrate.

The diameter of the hole is 10 µm. The thickness of samples S5 and S6 is ∼70 nm,

determined by AFM.
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Figure 6.1: Optical images and an AFM image of BP films.

The unit cell of black phosphorus has four phosphorus atoms, and the space

group of bulk BP is D2h. There are 12 lattice vibrational modes at Γ point, which

can be expressed as following:

Γ = 2Ag +B1g +B2g + 2B3g + A1u + 2B1u + 2B2u +B3u, (6.1)

among which six modes are Raman-active, two Ag (including A1
g and A2

g), one B1g,

one B2g, and two B3g. However, only A1
g (out-of-plane mode), B2g (in-plane mode

along zigzag), and A2
g (in-plane mode along armchair) modes can be detected by

Raman with back-scattering geometry according to symmetry selection rule (Figure

6.2a). The Raman spectra of S1-S4 samples, measured with the same laser power

of ∼150 µW at room temperature, are shown in Figure 6.2. Three typical Raman

peaks corresponding to Ag1, B2g, and Ag2 are observed with their peak positions at

∼362, ∼439, and ∼467 cm-1, respectively. These peaks are fitted with Lorentzian

function. According to the intensity of silicon peak at 520 cm-1, we can determine the

thickness order of the four samples: S1 > S2 > S3 > S4, indicating the thicknesses of

S3 and S4 are < 10 nm. Using the intensities of Si peak, we are able to estimate the

thickness of S3 to be ∼6 nm and S4 ∼3 nm. The peak position of A2
g mode shows

a blueshift in frequency with decreasing thickness, while that of A1
g mode a redshift,

and B2g mode almost no change. This thickness dependence of Raman frequency
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in BP is similar to that of TMDs where in-plane mode shows a blueshift and out-

of-plane mode redshift, which is attributed to the changes in interlayer interaction

with thickness. Interestingly, their Raman intensities do not vary monotonically

with thickness, with S2 exhibiting the strongest Raman intensity. This anomalous

thickness-dependent behavior can be explained by optical interference with the model

used in graphene and MoS2. The simulated results show that the film of ∼20 layers

exhibits the strongest Raman signal over a thickness range of 1-100 layers, which is

in reasonably good agreement with experimental results (Figure 6.2b).

Figure 6.2: Raman spectra of all the BP samples. (a) Three major Raman modes
of BP. (b) Raman spectra of all the four BP samples. The inset is a simulation of
interference effect as a function of BP thickness.

6.1.2 Anisotropic Effect of Raman Spectroscopy

Due to the puckered honeycomb structure of BP, BP exhibits an unusual anisotropic

nature in its multitudinous properties that are expected to show angle-dependence.

Among them, angle-resolved polarized Raman spectroscopy is a convenient and non-

destructive method to identify the crystalline orientation of BP. According to the

symmetry selection rule, only Ag1, B2g, and Ag2 modes can be detected when the

incident laser perpendicular to the sample surface. The Raman tensors of these three
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modes are listed as following:

R(Ag) =


a 0 0

0 b 0

0 0 c

 , R(B2g) =


0 0 e

0 0 0

e 0 0

 , (6.2)

A1
g and A2

g modes have the same expression of Raman tensor but with different values

of a, b and c. As shown in Figure 6.3a, x and z are the crystal orientation, and ei and

es are the polarization vectors of incident laser and scattered light, respectively, which

are parallel with each other in our experiment setup. The angle θ that is between the

laser polarization vector (ei) and the armchair direction (z) can be tuned by rotating

the sample. The laser is incident along y direction and its polarization is in xz plane.

Thus, in the parallel polarization configuration, the vectors ei and es can be written

as:

ei =

(
sin θ 0 cos θ

)
, es =


sin θ

0

cos θ

 . (6.3)

According to Eq.(2.9) the intensity of a given Raman mode, I, is proportional

to |ei · R · es|2; therefore, the Raman intensity of Ag (including A1
g and A2

g) and B2g

modes under parallel polarization configuration can be written as:

I(Ag) ∝
(
a sin2 θ + c cos2 θ

)2
,

I(B2g) ∝
(
e sin2 2θ

)2
. (6.4)

Apparently, when the armchair direction is parallel to the laser polarization direction

(θ = 0◦), Ag mode shows local maximum intensities (c2 or a2), while B2g mode is

forbidden. When θ = 45◦, B2g mode reaches its maximum, and over 360◦ there are

four maxima of the same intensity with a period of 90◦.
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Figure 6.3: Anisotropic nature in Raman spectroscopy of BP. (a) The configuration
in the polarized Raman measurements. (b) Representative Raman spectra of BP film
with different polarization angle. (c) Polar plots of the Raman intensities for the
three Raman modes.

Figure 6.3b shows the polarized Raman spectra of BP samples S5 at different

angles of θ from 0◦ to 180◦ under parallel polarization configuration. At θ = 0◦, both

A1
g and A2

g modes exhibit a maximum intensity while B2g mode is forbidden. The

intensity of B2g mode increases and two Ag modes become weaker as θ approaches

45◦. After going through 45◦, the intensity of B2g mode starts to decrease while those

of Ag modes increase and reach second maximum at θ = 90◦. This cycle repeats four

times as the sample rotates from 0◦ to 360◦. To reveal this behavior, the polar plots

of the fitted peak intensities of all the three Raman modes as a function of sample

rotation angle θ are shown in Figure 6.3c-e. It can be clearly seen that different Raman

modes show different periodic variation of their intensities over 360◦ rotation. The

results match the calculated Raman intensity in Eq.(6.4) quite well. For B2g mode,

as expected there are four maxima with same intensity. It is worth noting that, for

A2
g mode, there are two different local maxima, which is attributed to the different
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values of a and c in the Raman tensor. The value of a has been measured greater

than that of c, thus the A2
g mode reaches a relative smaller local maximum intensity

when the x direction (zigzag) is along with the laser polarization direction. When

the sample is rotated 90◦, where the z direction (armchair) is parallel to the laser

polarization direction, a relatively larger local maximum intensity of A2
g mode can

be obtained. Therefore, with the results of angle-resolved Raman spectroscopy, the

optical anisotropic nature of BP has been demonstrated, and most importantly, the

crystalline orientation of the sample can be identified rapidly and nondestructively.

6.2 Temperature Dependence of Raman in BP

Temperature dependent Raman measurements were carried out on all the six samples

for temperature up to 325 ◦C. With increasing temperature, all Raman modes are

expected to show a significant redshift, as shown in Figure 6.4 with representative

spectra of S2 and S4 at different temperatures, respectively. The temperature depen-

dence of Ag1, B2g and Ag2 Raman frequencies are plotted in Figure 6.4a-c, and fitted

by Eq.(3.1). As discussed earlier, the change of Raman frequency with temperature

can be caused by various anharmonic effects demonstrated by Eq.(4.2).

Figure 6.4: Representative Raman spectra for (a) S2 and (b) S4 at different temper-
atures.
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Figure 6.5: Temperature-dependent Raman spectroscopy of all the four BP samples.
(a)-(c) Temperature dependences of Raman frequencies of (a) Ag1, (b) B2g and (c)
Ag2 modes over a temperature range from RT to 325 ◦C in samples S1-S4. (d)-(f)
Temperature dependences of FWHMs of (d) Ag1, (e) B2g and (f) Ag2 modes in all
the four samples.

The temperature coefficients of all the six samples are listed in Table 6.1. Com-

paring the temperature coefficients of samples S1-S4, the temperature coefficients of

all the three modes in general decrease with decreasing thickness. As the thickness

decreases, the BP film is more sensitive to its environment, such as substrate, which

could lead to modifications of its intrinsic properties. All the four BP samples are

held by SiO2/Si substrate with relatively weak bonding, and the thermal expansion

coefficient (TEC) of SiO2 is much smaller than that of BP. The TEC’s of exfoliated

BP flakes along armchair and zigzag directions are 93.2×10−6/◦C and 90.3×10−6/◦C,

respectively. With increasing temperature, the difference of TEC between the film

and the substrate will introduce compressive strain to the film, which effectively re-

duce the intrinsic thermal expansion of lattice hence the redshift of Raman frequency.

With increasing thickness, this effect tends to become weaker. Thus, the thicker film

like S1 is less susceptible to the substrate effect, leading to larger temperature coeffi-
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cients than other thinner samples. Additionally, it is quite possible that ripples were

introduced to BP films during the transfer process, showing a non-planar morpholo-

gy especially when the film becomes thinner. The morphologic variation of the film,

in particular for very thin film, is the main origin of the strain. The non-uniform

morphology of the film can affect the temperature dependence significantly on both

in-plane and out-of-plane vibrational modes, showing nonlinear temperature depen-

dence. Among the four BP samples, all the three modes of the thinnest sample S4

clearly exhibit stronger nonlinear temperature dependence than the other three sam-

ples. The nonlinear temperature dependence of S4 originates from the rearrangement

of the film morphology as the strain due to the TEC difference between the film and

the substrate changes with increasing temperature. For thicker films, the morphology

is expected to be more planar than other samples; thus, the temperature dependence

is more linear.

The full width at half maximum (FWHM) of all the three modes increases with

increasing temperature as shown in Figure 6.5d-f. At RT, the FWHM increases with

decreasing thickness of BP film. For S4, the FWHM is almost double of other three

samples. For instance, the FWHM’s of S1 and S4 for Ag1 mode are 2.5 and 5.1 cm-1,

respectively. This behavior can be explained by the effect related to variation in film

morphology as discussed above. On increasing the thickness of the films, the effect of

substrate is getting weaker and film morphology more uniform, hence smaller FWHM.

For each individual sample, with increasing temperature the FWHM increases. The

broadening of Raman peaks typically involves the decay of an optical phonon into two

acoustic phonons with the conservations of both momentum and energy. However,

the strain induced by the TEC mismatch coupled with the morphology inhomogeneity

may also contribute to the broadening of Raman linewidth. It is worth noting that

the decomposition of BP films is observed to occur at ∼350 ◦C in N2 environment,

manifested as a major reduction in Raman intensity and the sublimation of BP under
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visual observation.

Table 6.1: Temperature coefficients of Ag1, B2g and Ag2 modes of samples S1-S4,
suspended and supported BP flakes.

A1
g(cm−1/K) B2g(cm−1/K) A1

g(cm−1/K)

Sample 1 (25 nm) −0.0198 −0.0323 −0.0327

Sample 2 (10 nm) −0.0198 −0.0304 −0.0324

Sample 3 (6 nm) −0.0182 −0.0300 −0.0320

Sample 4 (3 nm) −0.0158 −0.0315 −0.0312

Suspended (70 nm) −0.0220 −0.0344 −0.0349

Supported (70 nm) −0.0191 −0.0312 −0.0318

6.3 Thermal Conductivity of BP

In order to investigate the influence of substrate effect on temperature dependence,

the temperature dependent Raman of S5, which is suspended, is compared to that of

S6 that is supported. Figure 6.6a shows Raman spectra collected from the suspended

(center of the hole) and supported regions at RT. Two noticeable differences are

observed: (1) all the three modes in the suspended region are redshifted compared

to supported region, due to heating as a result of lower thermal conductivity; (2) the

Raman intensity of suspended region is smaller than that of the supported region, due

to an optical interference effect. The temperature dependence of the three Raman

modes is shown in Figure 6.6b-d, and the temperature coefficients are listed in Table

6.1. The temperature coefficients of all the three modes in suspended region are

greater in magnitude than those in supported region by ∼0.003 cm-1/K (∼10-15%).

The difference cannot be explained by the residual laser heating effect, because the

additional redshift induced by laser heating will not increase (but likely reduce) with

increasing temperature. However, with increasing temperature the supported BP film
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experiences compressive strain due to the TEC difference, leading to a blueshift which

reduces the redshift caused by heating. For the suspended film, the potential strain

caused by the larger thermal expansion of BP could be released through sagging of

the film around the edge of the hole, resulting in a nearly strain-free state in the

suspended region.

Figure 6.6: Temperature-dependent of Raman spectroscopy of the BP flake in Figure
6.1d. (a) Raman spectra collected from suspended (blue) and supported (red) regions;
inset: optical image of suspended BP flake. (b)-(d) Temperature dependences of
Raman frequencies of (b) Ag1, (c) B2g and (d) Ag2 modes in suspended and supported
regions.

Even though the laser power used is as low as possible not to damage the BP

films, it will heat up the sample to cause a temperature rise. Laser power dependent

Raman studies are utilized to estimate this temperature rise. The changes in the

Raman spectra of suspended BP with different laser powers are shown in Figure
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6.7a. With increasing power, the peak positions of all the three modes redshift,

indicating the local temperature rises. The frequency shifts are shown in Figure

6.7b-d, exhibiting that the slopes of the suspended region for all the three modes are

larger than those of supported region by a factor of ∼2.2 and the slope ∂ω/∂P of

Ag1 mode is much smaller than those of the other two modes. The power used in the

temperature-dependent Raman measurements was ∼0.5 mW, so we can calculated

the temperature increase ∆T by the expression: ∆T = ∆P · (∂ω/∂P )/(∂ω/∂T ),

where ∆P is the highest laser power used and ∂ω/∂T ) the temperature coefficient.

The temperature increases in suspended and supported regions are estimated to be

∼22 and ∼12 ◦C at P = 0.5 mW, respectively.

Figure 6.7: Laser power dependence of Raman spectroscopy for the BP flake in Figure
6.1d. (a) Raman spectra collected with different laser powers in suspended region.
(b)-(d) Laser power dependences of Raman frequencies of (b) Ag1, (c) B2g and (d)
Ag2 modes in suspended (blue) and supported (red) regions, including linear fits of
experimental data.
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Finally, using the temperature and power dependent results obtained above, we

can estimate the average thermal conductivity of BP. Because of the anisotropic

nature of BP, the thermal conductivities are expected to be different between the

zigzag armchair direction as kzig and karm, and the average thermal conductivity can

be viewed as k =
√

(kzigkarm). Considering the thermal diffusion through an enclosed

cylindrical surface in the suspended region, the average thermal conductivity can be

evaluated approximately using the formula below that has been developed for 2D

materials:

k = fχ
1

2πh

(
∂ω

∂P

)2

, (6.5)

where χ is the Raman temperature coefficient, h the thickness of the film, and f

a reduction factor due to incomplete absorption of laser power. To the first order

approximation, f = g(1 − R)[1 − exp(−αh)], where g, R, and α are interference

enhancement factor, reflectance of the BP top surface, and absorption coefficient of

BP, respectively, which are all polarization dependent due to anisotropy. The crys-

talline orientation was determined by analyzing polarized Raman data, and the angle

between the laser polarization and the zigzag direction was found to be ∼30◦. The

absorption coefficients and reflectance values were estimated for 532 nm with polariza-

tion in zigzag and armchair directions to be ∼ 5.5×104cm−1 and ∼ 1.6×105cm−1,

∼43.5% and ∼44.4%, respectively. Thus, the f ’s are estimated to be 0.23 and 0.21

for suspended and supported BP, respectively. Therefore, for the suspended region,

the estimated average thermal conductivities are 16.1, 16.2, and 15.0 W/mK, using

the parameters of Ag1, B2g and Ag2, respectively. These values, averaged to ksusp

= 15.8 W/mK, are in reasonable agreement with karm ∼20 W/mK, kzig ∼40W/mK

reported for BP thicker than 15 nm. For the supported region, strictly speaking,

Eq.(6.5) is not applicable. However, we may treat the substrate effect as a surface

modification to the film, and still use the equation to get an effective thermal conduc-

tivity. The results are 27.6 (Ag1), 30.9 (B2g), and 29.1 W/mK (Ag2), respectively,
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and the average ksupp = 29.2 W/mK. Although the thermal conductivity of SiO2,

∼1.4 W/mK, is much larger than N2 ∼0.025 W/mK, it is still much smaller than

that of BP. The significant enhancement in thermal conductivity seems to suggest

that the supporting substrate plays a more subtle role than merely as a medium with

a different thermal conductivity, for instance, the interface charges might significantly

affect the thermal conductivity. This higher thermal conductivity at supported region

can also explain the smaller temperature rise under high laser power in the supported

region compared to suspended region. The obtained thermal conductivities for BP

films are comparable to those for TMDs, but significantly smaller than graphene. The

observed substrate effect is also applicable to other 2D materials.

6.4 Conclusions

Angle-resolved Raman spectroscopy reflects the anisotropic nature of BP, which can

be used as a non-destructive technique to determine the crystalline orientation. Temperature-

dependent Raman scattering has been carried out to investigate the temperature ef-

fects in thin black phosphorus films with varying thickness prepared by mechanical

exfoliation on SiO2/Si substrate. It has been found that the temperature dependence

of the BP thin film is sensitive to the film thickness, showing a decreasing temperature

coefficient with decreasing thickness. This behavior is attributed to the interaction of

the film with substrate as well as the morphology distortion of the film. By studying

a suspended film of 70 nm, an average thermal conductivity is estimated to be 15.8

W/mK for BP. Furthermore, substrates can significantly affect the heat dissipation of

the BP film, which yields a much larger effective thermal conductivity 29.2 W/mK.

This work indicates that substrate can significantly impact the properties of the BP

film, and the extent depends on the specific material property of interest for a given

thickness.



CHAPTER 7: CONCLUSIONS

At a first glance, all the 2D materials exhibit very different properties in com-

parison to their bulk forms, and they are promising candidates for a variety of appli-

cations, such as miniature flexible devices. However, for most applications if not all,

these 2D materials are supported by substrates. Since their thicknesses are of atomic

dimension, their properties are extremely subject to be tuned by the substrates. For

example, the PL of supported WS2 monolayer quenches drastically comparing to that

of suspended one, which is attributed to the charge transfer between the film and the

substrate. Besides, the films are susceptible to have the morphologic variation later-

ally, resulting in the non-uniform film morphology, i.e. the difference in their optical

and electric properties from spot to spot. Practically, there are two popular ways to

fabricate 2D material that are mechanical exfoliation with scotch tape and chemical

vapor deposition. But the polymeric residues from the production processes are at-

tached to the films, which in most cases degrades the performance of the films. Even

though annealing is used to remove the residues, there are still residual hydrocarbons

left behind that can significantly change the properties of the films.

The overlaying theme of this dissertation is to understand the vibrational prop-

erties of these 2D materials and how the interaction of the 2D materials with their

supporting substrates. In order to investigate these properties, Raman and PL

spectroscopies at and above room temperature are applied to the 2D films. Four

layered materials, graphene, MoS2, WS2 and black phosphorus, were studied with

temperature-dependent Raman spectroscopy. With the temperature dependence of
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their major Raman modes, we were able to look into the vibrational properties of these

2D materials, and further to examine their temperature effect on the morphology of

the films supported by different substrates. Furthermore, temperature-dependent PL

spectroscopy reveals the change of band gap with temperature as well the intensity

quench due to the doping effect and the defect levels of 2D materials.

(A) Graphene

The main focus of graphene is to investigate how the polymeric residues affects

the vibrational properties of D, G and 2D bands of graphene within a temperature

range from RT to 400 ◦C. We have found that the annealing of graphene could not

remove the polymeric residues but leave behind hydrocarbons on the top of graphene.

The Raman spectrum of graphene after annealing exhibited a broadening of both D

and G bands, whose features are very similar to those of amorphous carbon. The

amorphous carbon originated from those polymeric residues at elevated temperature.

Additionally, the nonlinear temperature dependence observed in both ME and CVD-

grown graphene samples indicates the possible slippage of graphene relative to the

substrate as well as the change of the film morphology.

(B) MoS2

MoS2 samples prepared by both CVD and ME on different substrates were inves-

tigated with temperature-dependent Raman spectroscopy. The main observations of

Raman response of these samples at elevated temperature were that the temperature

coefficients of in-plane E1
2g mode for CVD-grown monolayer MoS2 were smaller than

ME samples, while the out-of-plane A1g mode showed stronger nonlinearity of its

temperature dependence. With respect to the difference between the two sample fab-

rication techniques, the CVD-grown MoS2 are bound to the substrates stronger than

ME or transferred ones, while the ME or transferred MoS2 has non-planar morphol-
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ogy due to the interaction with the substrate. Therefore, the E1
2g mode of monolayer

MoS2 is more sensitive to the chemical bonding with the substrate while A1g mod-

e the film morphology. Furthermore, transferred monolayer MoS2 on SiO2/Si was

annealed up to 300 Â◦C twice to study the annealing effect on the change of vibra-

tional properties. The results showed that the temperature dependence of A1g mode

in second-cycle annealing was more linear than that of first-cycle, while that of E1
2g

mode in both cycles was quite linear. The reason of this change was due to the mor-

phologic change of the film. The Raman and PL mapping results of the film revealed

that the film became more planar and uniform. This further confirmed that A1g mode

was sensitive to the morphology of the film.

(C) WS2

The crystalline structure of WS2 is the same as that of MoS2; thus, the tempera-

ture dependence of WS2 is quite alike. The Raman and PL mapping on CVD-grown

monolayer WS2 triangles revealed that the strain distribution over the triangle is not

uniform, as well as the doping/defect concentration. Using DFT calculation the max-

imum difference of strain over a single triangle was estimated to be ∼0.5%. With the

temperature-dependent Raman measurements of CVD-grown monolayer WS2 sam-

ples and transferred CVD monolayers, temperature dependence similar to MoS2 was

observed. Though both modes showed nonlinear temperature dependences, the de-

pendence of E1
2g mode was more linear. However, the main discover for WS2 samples

was the strain effect originating from the difference in TEC between the film and

the substrate. The TEC of WS2 is higher than those of substrates, both sapphire

and SiO2; thus, the WS2 monolayer undergoes tensile strain after fast cooling down

during growth process. The tensile strain causes the redshift of Raman frequencies of

both modes. Regarding the temperature-dependent Raman measurements, the ten-

sile strain was released gradually, leading to the nonlinear temperature dependence
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of both modes. As the CVD-grown monolayer WS2 was transferred to SiO2/Si sub-

strate, the non-planar morphology gave rise to the nonlinear temperature dependence

of A1g mode, which was similar to MoS2. Moreover, temperature-dependent PL spec-

troscopy revealed the thermal quenching processes of CVD-grown monolayer WS2 on

SiO2/Si and sapphire substrates, and the activation energies were estimated to be

0.40 eV for SiO2 sample, and 0.20 eV and 1.51 eV for sapphire sample.

(D) Black phosphorus

Black phosphorus has the unique anisotropic nature due to its puckered hon-

eycomb structure, which was revealed by the angle-resolved Raman spectroscopy.

Based on the angle-resolved Raman measurements, the crystalline orientation of BP

thin films could be determined. The temperature dependent Raman spectroscopy of

BP films with different thicknesses exhibited that the temperature dependence was

sensitive to film thickness, showing a decreasing trend in temperature coefficient with

decreasing thickness, which was attributed to the interaction of the film with substrate

as well as the morphology distortion of the film. Furthermore, the average thermal

conductivity of BP with a thickness of ∼70 nm was extracted from the results of both

laser power and temperature dependent Raman spectroscopy, which was 15.8 W/mK.

Whereas, the effective thermal conductivity of BP supported by SiO2/Si substrate

was calculated to be 29.2 W/mK, indicating that ther substrate could significantly

impact the properties of BP films.

In general, the work highlighted in this dissertation not only characterizes the

vibrational and optical properties of four 2D materials at elevated temperatures, but

also emphasizes the importance of understanding the correlation of the properties of

2D materials with strain, film morphology and doping. Most studies were focusing

on the electrical and optical properties of 2D materials themselves, the interaction

with substrates were seldom investigated. In this dissertation, I propose that the
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substrate effect can significantly affect the properties of 2D materials in different

ways. For instance, the strain originated from the interaction between the films and

the substrates changes the band structure which will further affect their performance

in optoelectronic applications. Therefore, this work suggests the importance to fully

understand the influence from supporting substrates of 2D material before they can

be used as devices, and the discoveries of this dissertation has laid the foundation for

further investigation into the substrate effect on 2D materials.
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APPENDIX A: QUADRATIC FIT COMPARISON GRAPHS

The appendices should be used for whatever material you or your advisory com-

mittee believes should be included, but would not be appropriate in the text of the

thesis or dissertation. Such materials can include:

1. the original data obtained in the thesis or dissertation research, including com-

puter programs and printouts, surveys, or correspondence;

2. detailed descriptions of procedures, which go beyond the general outline of

methods and approaches presented in the text;

3. a particularly extensive review of the literature and other information that may

be useful to future scholars who may wish to delve more deeply into the research

topic.

A.1 Section in appendix

This is a section in the appendix.
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