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Abstract
In the past two decades, exfoliated layered materials have attracted much attention in the
scientific community due to their potential applications in various emerging nanotechnologies.
Graphene, which is a single layer of graphite, possesses intriguing properties that cannot be
found in graphite. However, due to the absence of bandgap in graphene, it is very challenging in
utilizing it in many electronic devices. Alternative methods such as such as quantum
confinement in nanoribbons, deposition of a graphene monolayer on boron nitride etc., have been
proposed to create a graphene based bandgap material. However, all of them exhibit a bandgap
larger than 400meV, which still remains a challenge. On the other hand, they increase the
mobility, which weakens the other property. [1] Therefore, fabrication of other layered materials
with a small finite bandgap, such as MoS2, WS2 etc., have attracted tremendous interest. A detail
understanding of their electronic and phononic properties are needed if they are to be integrated
into the existing technologies. Whereas there are several reports on the electronic properties,
there are very limited reports on the phononic properties, even though the phonons play a critical
roll in the electronic behavior in these systems.

Raman spectroscopy has become on of the useful technique to probe the phononic properties of
structures and it is now widely used to elucidate on the phononic behavior in low-dimensional
materials, such as 0D material: quantum dots, 2D material: nanowires, 2D: graphene and
transition metal dichalcogenides (TMDs) and 3D material: bulk systems. It can provide the
wealth of information, which can be used for sample identification and quantitation. Such as,
chemical composition, structure and physical properties, just to mention a few. [2] The recent
Raman results of layered transition metal dichalcogenides demonstrate the distinct vibrational
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properties that is dependent on the number of layers. These reports indicate that the optical E12g
phonon and A1g modes shifts to higher and lower frequencies, respectively with decreasing
number of layers.

In Nano crystallites, however, the Raman selection rule (q = 0) of observing only zone center
phononons breaks down allowing phonon away from the zone center to contributed to the Raman
scattering, which leads to an asymmetry and broadening of Raman peaks. This phenomena pure
depends on the phonon dispersion (wave vector) and should exhibit different behavior from that
of the layered effect. However, there are very limited experimental and theoretical reports on the
quantum confinement of the phonon states that also, clearly delineate the layered effects from the
confinement effects. Thus, the purpose of this work is to develop a phenomenological model to
elucidate on the origins of confined phonon states in TMDs, delineate the confinement effect
from the layered effect and provide an experimental evidence that is consistent with quantum
confinement effects in TMDs.
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Chapter I – Literature Review -- TMDs
Introduction
Graphene, a carbon based two-dimensiona material was discovered in 2004 that has potential
application in fieldsincluding light emitting devices, transistors, memory devices, bio medics
sensors and many more. Graphene is well known due to its unique properties as compared to the
bulk counterpart, graphite, [3] including:
(1) Super thin
(2) Flexible since it is monolayer material
(3) Stiff due to the in-plane strong bonds
(4) Optically transparent
(5) Conducting
However, the band gap of graphene is 0 eV, which makings it more of a semi metal rather than a
semiconductor. A graphene-based device is based on the introduction of bandgap in the graphene
via doping or strain induced effects. as in suspended or on a substrate such as hBN [3].
Fortunately, graphene is not the only one of the promising layered materials for future
technological developments.
There has been a growing interest in Transition Metal Dichalcogenide (TMD) materials. TMD
was discovered in bulk form since 1970. Most of the electronic devices are built based on silicon
before the discovery of graphene. However, due to the further developments of device
performance, silicon starts to approach the limits posed by heat dissipation and shrinking of the
gate dielectric. there are several intensive investigations on different materials that will allow us
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to go beyond the boundaries of current designs. [4] Recently, TMDs have received considerable
interest from scientists and engineers. As like graphene, when the dimensions of the TMDs is
reduced from bulk to low dimension, they exhibit unique properties in their electronic, transport,
optical and mechanical that different from the bulk. As such, layered materials (LMs) have
captured the attention since the discovery of at the beginning of the the 21st century.

TMDs
Layered structures (LMs) consist of several materials including graphene, silicene, germanene,
TMDs and etc. [4] The properties of these materials can be modified by varying the number of
layers. Compare to these materials mentioned above, TMDs contain more than one element,
which makes their lattice dynamics more complex, including symmetry, force constants and
frequency variation with the thickness. [5] TMDs composed of a stack of transition metal layer,
which is sandwiched between two chalcogen layers (see Figure 1). They contain strong intraplane covalent bonds and weak inter-plane Vander Waal bonds. JL Verble indicated that the
inter-layer force is about 100 times smaller than the intra-layer force. [6] The generic chemical
form of TMDs is MX2, where M is a transition metal atom and X is a chalcogen atom. The
transition Metal elements locate from Group 3 to 12 and the chalcogen atom locate at Group 16
(see Figure 2).

Some of the combination of MX2 can be semi-metal (e.g. TiS2) and some can be semiconductor
(e.g. WS2). When the transition metal is Mo or W and the dichalcogenides is S, Se or Te, the
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combination is semiconducting TMDs. We focus on the semiconducting TMDs, Molybdenum
disulfide (MoS2) and Tungsten disulfide (WS2) in this thesis.

Figure 1. The atomic structure of TMDs. The blue atoms represent the transition metal layer,
and the yellow atoms represent the chalcogen layer.

Figure 2. The locations of Transition Metal and Chalcogen elements on the periodic table.
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Properties of low-dimensional materials
Low-dimensional materials contain at least one physical boundary, which is small enough to
confine the electrons or phonons. The reduced dimensional system is able to cause quantum
confinement within material, such as quantum dots (0-Dimensional), nanotubes/nanowires(1Dimensional) and nanosheets (2-Dimensional). The physical and chemical properties of lowdimensional material can be modified due to confinement.

(1) Electrical property
By reducing the number of layers from bulk to monolayer, they exhibit ultrahigh carrier mobility
(from ~3,000

𝑐𝑚2
𝑉𝑠

[7] to ~200,000

𝑐𝑚2
𝑉𝑠

[8]). Also, the material undergoes a transition from an

indirect band gap, to a direct band gap. This transition happens because of the absence of
interlayer coupling. [9] Several recent studies have shown band-gap tuning of MoS2 with layer
thickness, from 1.2 eV indirect band gap for bulk material to a direct band gap semiconductor
with a 1.9 eV band gap for a single-layer MoS2. [10] The electronic confinement in the single lay
can increase the electronic band gap by about 0.5 to 1 eV. [11] In addition, the maximum point
of valence band changes from  point to K point from bulk to single layer (See Figure 3). Such
promising large direct-bandgap material can be used for optoelectronic applications, field-effect
transistors and photovoltaic cells. [12] The electrical properties of different TMDs is shown in
Table 1. Therefore, monolayer and quantum dots can also offer such unique properties compare
to the bulk materials.
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Figure 3. The electronic band structure of (A1) bulk, (A2) four-layer, (A3) two-layer and (A4)
monolayer [13]

Semiconductor material

Energy band type

Bandgap (eV)

Reference

MoS2 (Bulk)

Indirect

1.2

[14]

MoS2 (Monolayer)

Direct

1.96

[14]

WS2 (Bulk)

Indirect

1.4

[15]

WS2 (Monolayer)

Direct

1.9

[15]

MoSe2(Bulk)

Indirect

1.09

[16]

MoSe2(Monolayer)

Direct

1.44

[16]

WSe2 (Bulk)

Indirect

1.13

[16]

WSe2 (Monolayer)

Direct

1.56

[16]

MoTe2(Bulk)

Indirect

0.88

[17]

MoTe2(Monolayer)

Direct

1.02

[17]
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WTe2 (Bulk)

Indirect

0.81

[18]

WTe2 (Monolayer)

Direct

1.18

[18]

Table 1. The energy band types and bandgaps of MoS2 (Se2, Te2) and WS2 (Se2, Te2) for bulk
and monolayer.

(2) Transport property
The transport property of the 2D materials improvs with decreasing the number of layers from
bulk to monolayer. The materials become optical transparent. It is an advantage to use those
materials for digital electronic devices and field-effect transistors. TMD not only contains high
carrier mobility (µ), but also has large band gap, which leads to a high on/off current ratio. From
Restrepo’s work, the carrier mobility of bulk MoS2 is around 48 cm2V-1s-1 at room temperature.
A higher carrier mobility, 225 cm2V-1s-1, in monolayer MoS2 and the on/off current ratio
increases up to 108. [19]

(3) Optical property
Since monolayer TMD is a direct-bandgap semiconductor, it can be used as a favourable
material for a semiconducting channel in phototransistors. Such optoelectronic application
convert light directly into current. The photoresponsivity of a monolayer MoS2 active region is
about 880 A*W-1. The multiplayer of MoS2 has a high photoresponsivity, which is about 100
mA*W-1. Thus, the direct-bandgap monolayer MoS2 has a 9,000 fold higher photoresponsivity in
contrast to the indirect-bandgap bulk MoS2. [20] Since the bandgap is indirect for multilayer, the
emission efficiency is lower for bulk material than monolayer material.
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(4) Mechanical property
The mechanical property can be modified in monolayer material by applying tensile strain. The
band gap can be changed by straining monolayer TMDs. For example, monolayer MoS2 exhibits
a direct-to-indirect transition at applied strain of ~1%. A strain-induced monolayer MoS2 can
decrease the photoluminescence intensity. [21] that leads to decrease in the emission efficiency.

Techniques of the synthesis of monolayer TMDs
Many different methods have been employed to obtain uniform, high-purity, thickness-controlled
and large-area monolayer TMDs. Currently, there are three major strategies: Exfoliation from
parent bulk crystal; Chemical vapour deposition on substrates; and Molecular beam epitaxy in
high vacuum. [5] [22]

(1) Exfoliation
The multilayer TMDs can be grown or mechanically exfoliated to monolayer thickness, similar
to the exfoliation of graphene. [5] The exfoliation method is the first method to prepare
monolayer materials after the discovery of exfoliated graphene. Such method is also known as
top-down method (See Figure 4). The method is simply a larger system splits to create smaller
ones. [23] It contains two different strategies: Exfoliation through Scotch tape and liquid method.
(a) Scotch tape technique
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Scotch tape technique is mechanical exfoliation. This method is the same as the way people
make graphene of graphite. The advantage of using scotch tape is the monolayer can be produce
at a low cost and a convenient way, while contain a high quality. [4] By using this method, it can
produce highly crystallized exfoliated flakes, which can go up to 10 µm wide. However, this
method is time consuming and the productivity is very limited. [4]

(b) Liquid exfoliation technique

TMD can also be exfoliated by a liquid exfoliation technique. Through ultrasound sonication in
organic solvents, it can yield large quantities of exfoliated few-layered sheets. A bath sonication
method has been shown to produce quantum dots from bulk material. [24] Liquid exfoliation has
a high productivity. Even though exfoliation by using ultrasonic treatment can produce crystal
flakes in a very small dimension, the main disadvantage is the small-size flakes can limit some
applications where large area flakes or films are required. [4] Growing monolayers by such
technique can easily end up with some defects, that can modify the intrinsic properties of the
TMDs. [3]

(2) Chemical vapour deposition

A completely opposite approach is chemical vapour deposition (CVD). It is known as the bottom
up technique, that was first used to grow low-dimensional structures in the 1990s (See Figure 4).
[23] It simply begins with atoms or molecules to form nanomaterials. In industrial application, it
is necessary to produce reliable and high-throughput deposition techniques on large area
substrates. Chemical vapour deposition is able to produce high quality layers, precisely
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controlling the layer’s thickness and increase deposition reproducibility, since such method
permits the control use of gases and liquid. [4]

Figure 4. The demonstration of the top-down process and the bottom-up process. The top down
approach is taking material away to make structure. The bottom-up approach selectively adds
atoms to create structures. [25]

(3) Molecular beam epitaxy

Molecular Bean Epitaxy(MBE) is an advanced technique to make semiconductor materials with
great precision and purity in an ultra-high-vacuum facility. The method starts off with heating a
substrate (e.g. silicon, germanium, etc.) to hundreds of degrees Celsius. Then, beams of atoms or
molecules will be fired to the substrate. The molecules that land on the substrate surface will get
condensed and eventually build up ultra-thin layers slowly and systematically. [26] The MBE
provides unique capability to study crystal growth on a sub-nanometre scale in real-time, high
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degree of control and reproducibility. The disadvantages of using MBE method are the following
that it produces at a slow deposition rates and the process is very expensive. [27]
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Chapter II – Energy Band Structure
The materials that are used in electronic components can be classified into three different
categories: Conductors, Insulators and Semiconductors. Conductors have high conductivities,
which allow the current carriers to flow easily. Insulators prevent electricity to flow whereas
semiconductors exhibit both conducting and insulating properties. To visualize the difference
amongst them, the energy band diagrams below are frequently used. (see Figure 5).

Figure 5. The band energy of (a) Conductor (b) Insulator and (c) Semiconductor. The blue line is
the conductor band and the red line is the valence band.

As mentioned above, graphene cannot be used as transistor material due to the zero bandgap. To
produce transistors, a bandgap in material is needed. There are two different types of
semiconductors. One is direct bandgap semiconductor and the other is indirect bandgap
semiconductor. For direct bandgap semiconductor, the minimal-energy state of conduction band
occurs at the same momentum of the maximal-energy state of valence band in the Brillouin zone.
For example, Gallium Arsenide(GaAs) has a 1.42eV direct band gap (see Figure 6). On the other
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hand, when the top valence band maximum occurs at different momentum from conduction band
minimum, it is indirect bandgap semiconductor. For instance, the typical and well-understood
semiconductor material is silicon, which has an indirect band gap of 1.12eV at room
temperature.

Figure 6. (a) The direct energy band of semiconductor; the band structure [28] and the unit
structure of GaAs [29]; (b) The indirect bandgap semiconductor and the band structure [29] and
the unit structure of Si [30].
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Brillouin Zone
The atomic structure of TMD is shown in Figure 1. In macroscopic point of view, the lattice
structure of TMD and graphene are similar to each other. Graphene has an inversion centre due
the molecules being the same. However, the inversion centre of TMDs is eliminated in
monolayer, because the sublattices, M and X, having different onsite energies. The lattice
structure of layered material, which contains more than one layer of TMDs, contains an inversion
centre (See Figure 7).

Figure 7. 2D hexagonal lattice of (A) monolayer TMDs and (B) bilayer TMDs. [31]
In real space, both graphene and TMDs have the hexagonal – ‘honeycomb’ structure. In
Brillouin zone (momentum space), the shape of the structure is the same but it is tilted. Due to
the absence of inversion symmetry in monolayer TMDs, there are two inequivalent K points in
the Brillouin zone, called K and –K(K’) (See Figure 8).
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Figure 8. The lattice structure of TMDs in real space and in momentum space. (A) Trigonal
prismatic structure of monolayer TMDs. (B) The honeycomb lattice structure with broken
inversion symmetry in real space and (C) the first Brillouin zone of TMDs. [32]
There is only one valley shown in the bandgap of GaAs semi-conductor (See Figure 9). The
minimum and the maximum of band energy happen at 𝛤 point. However, due to different lattice
structure, the direct energy bandgap occurs at K and –K points for TMDs and Graphene. [33]

Figure 9. The direct energy gap of (A) GaAs is only at one valley; The direct energy gap of (B)
TMDs are at two valleys [33]
The d orbital of TMDs have a strong spin-orbit coupling, which splits the valence band into two
states: spin up state and spin down state (See Figure 10). Both states have the same projection of
the spin along the z-axis, Sz, which is the orientation of the magnetic field gradient (See Figure
11). The values of Sz at K is opposite to the value at –K.
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Figure 10. The spin-up state and spin-down state

Figure 11. Schematic diagram for K valley TMD monolayer of (A) MoX2 and (B) WX2. The blue
solid lines represent the spin-down state and the red dashed lines represent the spin-up state.
The crossings exist for the spin split conduction bands of MoX2 [29]

From Figure 11, it is noted that the crossings exist for the spin-split conduction bands of MoX2.
The distance between the crossing at point K increase for different MX2 material. For example,
the crossing distance of MoS2 is (~0.05 2π/a), MoSe2 is (~0.15 2π/a) and MoTe2 is (~0.22 2π/a).
This is because the spin-down state has a larger band gap at the K point of MoX2, thereby it has
heavier effective mass than the spin-up state. [29]
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The most common structure of 2D crystals is hexagonal symmetry. Based on the first-principle
calculations, monolayer TMD has a hexagonal unit cell. The Cartesian coordinate of the
symmetric points Γ, 𝑀 and K are shown below. The band structure of monolayer TMDs, is
highly symmetric with respect to point 𝐾 − Γ − 𝑀 in the hexagonal Brillouin zone (See Figure
12). The valence band maximum and the conduction band minimum are both located at K point
in the hexagonal Brillouin zone, which indicates that the monolayer has a direct band gap.
Γ = (0,0,0)
1
M = 𝐷3ℎ = ( , 0,0)
2
1 2
K = D3d = ( , , 0)
3 3

Figure 12. The Brillouin zone of MoS2 in Cartesian axis [34] and the band structure of
monolayer of different TMDs between the high symmetric points (K-Γ-M) in the hexagonal
Brillouin zone. [35]
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Chapter III – Phonons in TMDs
There are many different lattice vibration modes that are based on the irreducible representation
of the symmetry group of the crystals. The optical activities on vibration can be Raman and/or
Infrared active, or can be optically inactive. [36] Since at equilibrium, the lattice is always
positioned exactly at its lattice site, any applied force on to the atom or displacing of the atom
from its equilibrium, will causes the lattice to vibrate. [37] The vibrations are waves, which are
known as phonons that are traveling along with a wave vector, 𝑞⃗.
𝑞=

2𝜋
λphonon

(1)

Where
λphonon ∈ [−

𝜋 𝜋
, ]
a a

a = lattice constant
Therefore, when a laser interacts with molecules, the vibrations modify the laser wavelength by a
factor equivalent to the vibration frequency of the molecule.

There are two different kinds of phonon vibration: Optical (O) and Acoustic (A) branches. Each
of the modes contains out-of-plane (Z) and in-plane atomic movement. The in-plane atomic
movement comprises longitudinal (L) mode and transverse (T) mode (See figure 13A). The
phonon dispersion curve is plotted as frequency vs. wave vector (or wavelength-1) across the
Brillouin zone. [38] The upper branches are optical modes and the lower branches are the
acoustic modes. If a molecule only contains one atom, such as Si, both LO mode and TO modes
occur at the same frequency when at the zone centre. However, when the structure contains more
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than one atom that are dissimilar in a unit cell, the LO mode and TO mode does not overlap at
the centre due to polarizability. (See figure 14).

(A)

(B)
Figure 13. (A) Different types of phonon movements and (B) Phonon band structure
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Figure 14. The phonon band structure of (A) Si and (B) GaAs [28]

Phonon Dispersion of MoS2 and WS2
If there are N atoms per unit cell, then there are 3N vibrational modes with 3 acoustic phonons
branches and (3N-3) optical phonon branches. Therefore, the single-layered TMD materials has
9 vibrational modes in the phonon dispersion (See Figure 15). There are 3 acoustic modes and 6
optical modes. The three acoustic modes consist of two in-plane modes, LA and TA, and one
out-of-plane mode, ZA. Away from the point Γ, the vibrational modes are dispersive with respect
to wave vector 𝑞⃗. [5] The out-of-plane movement represents the molecules moving parallel to the
c vector of the unit cell, and vice versa. [1] The six optical modes consist 2 LO, 2 TO and 2 ZO
branches. [5] The irreducible representations of these six optical modes correspond to the
following:
Optical Modes

Irreducible representations

LO1 and TO1

E” (E1g)

LO2 and TO2

E’ (E12g)

ZO1

A”2 (A2u)
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ZO2

A’1 (A1g)

Table 2. The optical modes and the corresponding irreductible representations

When the wave number, 𝑞⃗, increases, the acoustic branch and low frequency optical branch,
which are known as shear motion, approach closer to each other. [1] There are three high
frequency modes shown in Figure 12—A3, which contains two Raman active mode (E12g and
A1g) and one infrared active mode (E1u). The two in-plane modes, E1u and E12g, are very close to
each other. The energy of E1u is about 3 cm-1 larger than that of E12g. [1]
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Figure 15. A1— The phonon dispersion curves for single-layered MoS2; A2—The phonon
dispersion curves for bulk MoS2; A3—The phonon dispersion of phonon branches in the high
frequency region for MoS2; B1—The phonon dispersion curves for single-layered WS2; B2—The
phonon dispersion curves for bulk WS2.

When comparing the phonon dispersion of MoS2 and WS2 (Figure 16), most of the WS2 phonon
bands are down shifted to low vibration frequencies. (See Figure 16) This happens due to the
larger molecular mass of tungsten.

Figure 16. The phonon dispersion curves of MoS2 and WS2. [1]
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However, it is noticeable that both A1 (A1g & B1u) mode and E” (E1g & E2u) mode of WS2 are
moving upwards. In these two vibration modes, only the sulphur atoms are vibrating with the
transition metal atoms being stationary. (See Table 3) Therefore, the phonon dispersion curve of
these two modes does not depend on the transition metal atoms mass, but influence by the
strength of the covalent bonds. [1]

Monolayer (D3h)

Bulk (D6h)

Character

Direction

Atoms

A2u

Acoustic

Out-of-Plane

W/Mo + S

B22g

Inactive

Out-of-Plane

W/Mo + S

E22g

Raman

In-plane

W/Mo + S

A1g

Raman

Out-of-Plane

S

B1u

Inactive

Out-of-Plane

S

A2u

Infrared

Out-of-plane

W/Mo + S

B12g

Inactive

Out-of-plane

W/Mo + S

E12g

Raman

In-plane

W/Mo + S

E1u

Infrared

In-plane

W/Mo + S

E1g

Raman

In-plane

S

E2u

Inactive

In-plane

S

A2

--

A1

A”2

E’

E”

Table 3.The single-layer (phonon symmetry representations point group D3h) and bulk (phonon
symmetry representation point group D6h) of semiconductor TMDs modes at 𝛤. [1]
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Due to the larger mass of tungsten, the acoustic branches are also shifted down. This leads to the
larger gap between the acoustic and the optical branches. The gap are approximately 100 cm-1 for
WS2 [5], 50 cm-1 for MoS2 [1], 30 cm-1 for WSe2 cm-1 [5] and 15 cm-1 for MoSe2 [5].

Furthermore, the single-layer phonon dispersions are similar to the bulk phonon dispersions.
Based on the symmetry analysis of bulk TMDs, the unit cell consists of two X-M-X units, which
contains a total of six atoms. Therefore, it has 18 phonon modes, which consists 3 acoustic
modes and 15 optical modes. In the bulk layered material, all single-layer modes are split into
two branches. Due to the weak inter-layer interaction, the degeneracy of each MX2 branches
splitting is very small for a single layered and bulk at the Γ point. [1] Even though the phonon
dispersion features of single-layer, few-layer and bulk MX2 are similar to each other, the phonon
frequencies of different MX2 materials are distinct. For example, the crystal structure of MoS2
and WS2 are similar (See Figure 12), they have distinctive Raman spectrum. Compare to the
diagrams, A1 and B1, in Figure 12, the phonon bands of WS2 is a bit lower than that of MoS2.

The two modes, E1u and A2u are IR active modes; the three modes, E2g, E1g and A1g are Raman
active modes. [39] The A and E type respectively correspond to the out-of-plane and in-plane
vibration. When the number of layer reduces to single layer, the inversion symmetry disappears.
Therefore, the E1u mode is eliminated. In addition, E12g become IR and Raman active (See figure
16). The frequency of the in-plane IR active mode E1u is slightly smaller than that of the in-plane
Raman active mode E12g. This happens because of the week inter-layer forces that lead to an
increase in the effective restoring forces acting on the atoms. [1]
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(A)

(B)
Figure 17. The IR active and Raman active with in-plane and out of plane phonon modes for (A)
bulk TMDs and (B) single-layer TMDs. [39]

For bulk or even numbers of TMDs, the symmetry point group of X atoms is C3v, while M atoms
have the point group symmetry with respect to D6h; for monolayer or odd numbers of TMDs, the
symmetry point group of X atoms is the same, but M atoms have the space group symmetry with
respect to D3h without inversion symmetry. [40] Therefore, when the number of layers reduces to
one, the symmetry changes from D6h to D3h and the centre of inversion is eliminated. The
intensity of a Raman-active mode in a crystal can be expressed by the Raman tensor (R). [5] Due
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to the correlation between D6h and D3h, the bulk and the monolayer TMDs have the same Raman
tenser, thus, the resulting 𝐴′1 , 𝐸′′ and 𝐸′ modes are the same as 𝐴1𝑔 , 𝐸1𝑔 and 𝐸2𝑔 modes
respectively.
The lattice vibration of bulk TMDs at 𝛤 point can be expressed by the following:
For bulk TMDs:
𝐷6ℎ : 𝛤 = 𝐴1𝑔 + 2𝐴2𝑢 + 2𝐵2𝑔 + 𝐵1𝑢 + 𝐸1𝑔 + 2𝐸1𝑢 + 2𝐸2𝑔 + 𝐸2𝑢

(2)

For monolayer or odd numbers of TMDs:
𝐷3ℎ : 𝛤 =

3𝑁 − 1
(𝐴′1 + 𝐴′′2 + 𝐸′ + 𝐸′′) + 𝐴′′ 2 + 𝐸′
2

(3)

where 𝑁 = 1, 3, 5, …
For even numbers of TMDs:
𝐷3ℎ : 𝛤 =

3𝑁
(𝐴1𝑔 + 𝐸𝑔 + 𝐴2𝑢 + 𝐸𝑢 )
2
where 𝑁 = 2, 4, 6, …

(4)
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Chapter IV – Raman Spectroscopy
Raman spectroscopy is a powerful non-destructive characterization tool that is used to reveal
some of the properties of a material, such as crystal structure, lattice vibrational, rotational and
other low-frequency modes. The Raman spectroscopy relies on the monochromatic light, which
is a laser in the visible, near infrared or near ultraviolet range. When a laser generates an incident
photon, it will interact with the molecules of the system and it can absorb or emit a phonon of the
crystal. [5] Most of the photons will bound back with unchanged wavelength, which is known as
Rayleigh scattering. There is a small amount of photons will change in wavelength, and results in
the energy of the laser photons being shifted up or down. This phenomenon is known as inelastic
scattering or Raman scattering. If the frequency of the photon is shifted to red, it indicates that
the internal energy of the photon is being absorbed by the interacting matter, thus, the photon
loses energy and the process is known as Stokes shifts. If the frequency of the photon is shifted
to blue, it means the internal energy is being transferred from the matter to the photon.
Therefore, the photon gains energy. This process is known as Anti-stokes. This Raman process is
called the first-order Raman scattering. [5]

The second-order Raman scattering happens when two phonons get excited. According to the
wavelength selection rule, the two phonons need to have opposite wave vector. The second-order
Raman scattering is usually weaker than the first-order Raman scattering. However, it can be
enhanced by implicating small samples on a substrate [38] or enhanced by the interband
transition of a semiconductor. [5] This enhancement makes it possible to detect the phonons at
the edge of the Brillouin zone, such as M and K points.
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The Raman selection rule states that only the zone centre (zero wave vector) phonons are Raman
active. IR spectroscopy is also limited to zone-centre phonons, but it for the branches which are
not Raman active. If the crystal has a centre of inversion symmetry, then no modes are
simultaneously IR and Raman active. [38]

Raman spectroscopy is a useful technique to identify the numbers of layer in TMDs. Any
additional layer beyond the first layer will change the energy, width and amplitude of the peaks.
As a result, the vibrational modes of TMDs are strongly influenced by the thickness. The peak on
the left-hand side of Figure 13(B) is known as interlayer shear modes and the two peaks on the
right-hand side are known as intralayer vibrational modes. The shear and vibrational modes,
which are highly sensitive to the number of layers, can give a clearer picture of how the structure
of layered material looks like (See Figure 18).
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(A)

(B)
Figure 18. (A) The Raman detection and (B) the Raman plotting of different numbers layer of
MoS2 [41]

Phonon Dispersion of TMDs E12g & A1g modes
1. Layer Effect quantum dots
The lattice vibrations or Raman spectra of layered-materials have been discussed since the
1960s, but early Raman measurements were mainly limited to bulk materials. After the discovery
of the exfoliation of monolayer graphene in 2004 and monolayer MoS2 in 2010, more Raman
investigations were done in few-layered materials. [9]
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In bulk TMDs, even though E12g, E22g, E1g, A1g are expected in the Raman configuration, E1g
mode is absent according to the Raman tensor for back Raman scattering method. [5] Therefore,
three picks should be expected in Raman spectra. Figure 13 indicates that the shear mode, E22g, is
a low-frequency mode. Most of the time, only the high-frequency modes E12g and A1g modes will
be discussed in the literature. [5] The region and the shape of the Raman modes are depending on
the number of layers. By reducing the layer, the lattice dynamics of TMDs can be modified. The
in-plane vibration modes, E12g and 𝐸′, are dampened and undergoes a blue shift. The out of plane
vibration modes, A1g and 𝐴′1 , are increased and lead to a red shift (See figure 17). [4] From
Figure 17, it is noticeable that the frequency difference between the two modes changes from
60.4 cm-1 to 65 cm-1 from the monolayer to the bulk. Therefore, the difference between the E12g
and A1g mode frequencies is characteristic for a certain number of layers.

Figure 19. The Raman Spectra of monolayer to bulk WS2 at room temperature. The two modes,
E12g and A1g are thickness dependence. When the number of layers is decreasing, there is a small
increased frequency of the E12g mode and a small decreased frequency of A1g. [42]

The A mode increases because of the accumulating interlayer interaction in out-of-plane
direction. On the other hand, the E mode decreases because of the decreasing interlayer
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interaction in in-plane direction. The movement of atoms is restricted with the growing number
of layers. [42] The Raman spectra of bulk and single layered MoS2 and WS2 are represented in
Table 2. The E12g mode for MoS2 becomes harder from 382.1 cm-1 to 383.3 cm-1, whereas the
A1g mode becomes soften change from 409.4 cm-1 to 406.3 cm-1 (See Table 2A). In addition, the
same behaviour is observed in WS2 (See Table 2B).

Bulk MoS2

Single-layered MoS2

E1u

381.9 (384)

A2u

473.4 (470)

A''

477.2

E12g

382.1 (383)

E'

383.3 (384.7)

E1g

285.5 (287)

E"

285.4

A1g

409.4 (409)

A'

406.3 (406.1)

IR Active

Raman Active

IR Active
IR + Raman Active

Raman Active

(A)
Bulk WS2

Single-layered WS2

E1u

335.6

A2u

412.6

A''

416.6

E12g

336.2 (355.5)

E'

337.2 (356.0)

E1g

283.7

E"

283.4

IR Active

Raman Active

IR Active
IR + Raman Active

Raman Active
A1g

414.7 (420.5)

A'

412.2 (417.5)

(B)
Table 4. The IR active and Raman active modes of (A) MoS2 and (B) WS2. [39]
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2. Phonon Effect quantum dots
Raman scattering is mainly applied to detect phonons at the centre of the Brillion zone, 𝛤 point.
In the chapter IV, section 1, we demonstrate that the scattering Raman configuration can be used
to detect the number of layer. As the layer of both materials, MoS2 and WS2 becomes thinner,
E12g mode moves down and A1g mode moves up at the centre of the Brillion zone. However,
when the size of the material becomes smaller than a finite-size domain, the fundamental q≥0
Raman selection rule breaks down because of the Heisenberg uncertainty principle. [5] The
phonons away from the Brillouin zone centre will also be involved in the Raman scattering.
Therefore, the phonon dispersion of monolayer TMDs with a finite size can change the Raman
spectrum. Phonon confinement usually gives an asymmetric and broadening Raman peak. [5] In
the limited size TMDs, the contribution of phonons near the zone edge along 𝛤— 𝑀 should be
also considered together. [43] To understand the Raman spectra of phonon confinement effect in
quantum dots, a phenomenological phonon confinement model can be used to simulate the
behaviour of the Raman profile.
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Chapter V – Phenomenological modeling of Phonon Confinement
The phonon dispersions of single-layered and few-layered TMDs can be obtained by using
density functional theory within the local density approximation. [5] The symmetry of active
Raman peak does not depend on the number of layer. However, when the size gets to the limit,
the shapes of peak become asymmetric. In addition, the redshift or blueshift of the peaks depend
on the phonon dispersion. Therefore, the phenomenological phonon confinement model will be
proposed later to elucidate on the process.

A theoretical model, which is known as phonon confinement model (RCF model), has been
developed for Raman scattering simulations. The model as discovered by Richter et al. and
expanded by Campbell and Fauchet. [2] Such model is a little simplistic, but the measured
Raman data can be fitted with the model. It has been used to interpret the Raman spectra of on
nanostructured materials, such as the position and the width of the Raman peak. [2] By using the
boundary condition, the LO and the TO modes of TMDs degenerated at the  point (the phonon
amplitude is zero when q=0). When the size of the particle goes smaller, the Raman line shape
becomes broader and asymmetric. To analyse the modifications in the Raman line shape, it is
necessary to obtain a phonon confinement phenomenological model.

The phonon confinement model can be used to obtain Raman spectra from nanomaterial with
finite dimensions. When the material is formed from infinite lattice, the phonon wave function
with wave vector in the material is expressed as: [2]
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0 ⃗
Φ(𝑞
⃗⃗⃗⃗⃗,
⃗) = 𝑢(𝑞
⃗⃗⃗⃗⃗,
𝑟 𝑖𝑞⃗⃗⃗⃗⃗∙𝑟
0 𝑟
0 ⃗⃗⃗)𝑒

(5)

Where 𝑢(𝑞
⃗⃗⃗⃗⃗,
⃗) is a periodic function and 𝑟⃗ is a space vector. In 3-dimensional material, the
0 𝑟
wave vector can go up to 𝑞~1/2𝑟0 ,where 𝑟0 is the wire radius. Once, it reduces to single layer,
the structure becomes two dimension, which does not contain optical mode.

When the size of the material reduced to a finite structure, the phonon confinement wave
function can be expressed as: [2]
𝜓 (𝑞
⃗⃗⃗⃗⃗,
⃗) = 𝑊(𝑟⃗) Φ(𝑞
⃗⃗⃗⃗⃗,
⃗) = 𝜓′ (𝑞
⃗⃗⃗⃗⃗,
⃗) 𝑢(𝑞
⃗⃗⃗⃗⃗,
⃗)
0 𝑟
0 𝑟
0 𝑟
0 𝑟

(6)

where 𝑊(𝑟⃗) is a Gaussian confinement function, which is a “localization function” that acts as
an envelope function: [2]

𝑊(𝑟⃗) = 𝑒

𝑟⃗
−𝛼( )2
𝑟0

(7)

Where 𝑟0 is the radius and 𝛼 is a dimensionless constant, which is determined by experiments. It
dictate how rapidly the wave function decays as one approaches the particle boundary. This
“universal parameter”, ranged 1.4 < 𝛼 < 10.4, can be used in different models. [2] 𝛼 varied
fromone material to another. [2]

Also, 𝜓′ (𝑞
⃗⃗⃗⃗⃗,
⃗) can be expanded in a Fourier series at 𝑞0 as:
0 𝑟
𝜓′ (𝑞
⃗⃗⃗⃗⃗,
⃗) = ∫ 𝐶(𝑞0 , 𝑞⃗) 𝑒 𝑖𝑞⃗⃗∙𝑟⃗ 𝑑 3 𝑞⃗
0 𝑟

(7)
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Where 𝐶(𝑞0 , 𝑞) is the Fourier coefficient. The phonon wave function can be viewed as a
superposition of the bulk phonon functions with q wave vectors centred at 𝑞0 . If there is only one
phonon scattering, 𝑞0 = 0 is assumed. [2]

The Fourier coefficient is the following:
𝐶(𝑞0 , 𝑞) =

1
∫ 𝜓′ (𝑞
⃗⃗⃗⃗⃗,
⃗) 𝑒 −𝑖𝑞⃗⃗∙𝑟⃗ 𝑑3 𝑞
0 𝑟
(2𝜋)3

(8)

When the wave vector is at zone centre (𝑞0 = 0), the coefficient |𝐶(0, 𝑞⃗)|2 is the following
form:
1 𝑞⃗⃗∗𝑟0 2
)
𝛼

|𝐶(0, 𝑞⃗)|2 = 𝑒 −2 (

(9)

The first-order Raman spectrum of the confined phonons in nanostructure can be calculated by
integrating these contributions over the complete Brillouin zone, as the following Lorentzian
form: [44]
𝐼(𝑤) = ∫

|𝐶(0, 𝑞⃗)|2
𝛤
[𝑤 − 𝑤0 (𝑞⃗)]2 + ( 20 )2

𝑑3𝑞

(10)

Where 𝑤0 (𝑞⃗) is the phonon-dispersion function and the integral is extended over the 𝑞⃗ in the
first Brillouin zone. Also, 𝛤0 represents the experimental full width at half maximum (FWHM) of
the Raman peaks. [44] To analyse the Raman data for TMD quantum dots, the frequency of the
zone centre phonon is expressed as, taken into account the confinement effect: [2]
𝑛

𝑤0 (𝑞⃗) = 𝐴 + lim ∑ 𝐵𝑛 ∗ cos(𝑛𝑞)
𝑛→∞

𝑖=0

(11)
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Where 𝐴 and 𝐵𝑛 are constants can be determined from scattering data for the optical branch.

The RCF models can be obtained for a three-dimensional system (nanowires), two-dimensional
system (nanosheets) and three-dimensional system (quantum dots). By using the following
Lorentzian forms, we can use it to fit Raman signal:
1

One dimension:

Two dimension:

0

1

𝐼(𝑤) = ∫
0

Three dimension:

|𝐶(0, 𝑞)|2

𝐼(𝑤) = ∫

1

𝐼(𝑤) = ∫
0

[𝑤 −

𝑤(𝑞)]2

𝛤 2
+ ( 20 )

|𝐶(0, 𝑞)|2
𝛤
[𝑤 − 𝑤(𝑞)]2 + ( 0 )
2

(2𝜋𝑞)𝑑𝑞

(𝜋𝑞 2 )𝑑𝑞 2
2

|𝐶(0, 𝑞)|2

4𝜋𝑞 3
(
) 𝑑𝑞 3
2
3
𝛤
[𝑤 − 𝑤(𝑞)]2 + ( 0 )
2

(12)

(13)

(14)

In addition, if the local laser heating is taken into account the expression is modified as, for a 1D system: [2]
1

𝐼(𝑤) = ∫
0

|𝐶(0, 𝑞)|2
𝛤(𝑇) 2
[𝑤 − 𝑤(𝑞, 𝑇)]2 + (
2 )

(2𝜋𝑞)𝑑𝑞

Where T is the temperature where the local heat contributing to the Raman data.
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Chapter VI – Simulation procedure and Results
The analysis of the phonon dispersions based on the vibrational properties of bulk and singlelayer TMDs was simulated using Matlab.

WS2
From the phonon dispersion graph, the Raman active modes for single-layer WS2 are E’ (E12g)
mode at 350.0 nm-1 and A’ (A1) mode at 410.0 nm-1 (See Figure 12). The data from the phonon
dispersion figure could be extracted by using a digitizer program. Therefore, these two phonon
branches, A’ (A1g) and E’ (E12g), were used to determine to determine the contribution of the off
centre phonons.

Figure 20. The phonon dispersion of Tungsten Disulfide
For equation, 𝑤0 (0, 𝑞) = 𝐴 + lim ∑𝑛𝑖=0 𝐵𝑛 ∗ cos(𝑛𝑞), we used n up to 4:
𝑛→∞

𝑤0 (0, 𝑞) = 𝐴 + 𝐵1 ∗ cos(𝑞) + 𝐵2 ∗ cos( ∗ 2𝑞) + 𝐵3 ∗ cos( ∗ 3𝑞)+𝐵4 ∗ cos( ∗ 4𝑞)
Also, in order to support the data, we needed to estimate the following fitting parameters, 𝑎 and
𝛤0 , for the following equations:
1 𝑞∗𝑟0 2
)
𝑎

|𝐶(0, 𝑞)|2 = 𝑒 −2 (

37
1

|𝐶(0, 𝑞)|2

𝐼(𝑤) = ∫
0

[𝑤 −

𝑤(𝑞)]2

𝛤 2
+ ( 20 )

(2𝜋𝑞)𝑑𝑞

A’ (A1g) mode:
𝑎 = 1.5 and 𝛤0 = 2.6 𝑐𝑚−1
E’ (E12g) mode:
𝑎 = 0.5 and 𝛤0 = 3 𝑐𝑚−1

A’ (A1g) mode:
Extracting the A1g mode data from the phonon dispersion (See Figure 20) by using digitizer:
x
y
0.03589424 420.1193719
0.103430107 419.7822035
0.169395075 419.4437578
0.2353345 418.3211401
0.301286696 417.5906084
0.36879702 416.4692678
0.419040231 415.7259646
0.484992427 414.9954329
0.552515522 414.2661784
0.618467718 413.5356467
0.684407143 412.4130289
0.750372111 412.0745833
0.817895206 411.3453288
0.951396041 410.6697147
1.012648313 410.3274376
Table 5. The data extracted from Figure 20 of A’ mode
Then, all the data is being plotted in a graph (See Figure 21):
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Figure 21. Fitting lines of single-layer WS2 at A’ mode

By using curve fitting in Matlab, the following parameters can be found to fit the A1g mode data
(See Table 6):

A

B1

B2

B3

B4

415.1

4.647

0.277

0.2375

-0.02273

Table 6. The A and B parameters for single-layer WS2 at A’ mode
The R square for such fit is 0.9985.
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WS2 mode A1g

0.02

0.015

0.01

0.005

405

410

415

420

425

Figure 22. The Raman dispersion of 20-nm WS2 quantum dot at E’ mode
E’ (E12g) mode:
Extracting E12g mode data from the phonon dispersion (See Figure 20) by using digitizer:
x
0.013037491
0.078535892
0.144012082
0.209510483
0.277985075
0.340485075
0.408959666
0.477389837
0.542843817
0.608275586
0.673707356
0.739116915
0.807502665
0.872934435
0.938388415
0.986007463

Y
361.9402985
361.1940299
361.1940299
360.4477612
359.7014925
359.7014925
358.9552239
359.7014925
360.4477612
361.9402985
363.4328358
365.6716418
367.9104478
369.4029851
370.1492537
370.1492537
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Table 7. The data extracted from Figure 12 of E’ mode
Then, all the data was being plotted in a graph (See Figure 23):
370

ydata vs. xdata
Fitting line (E' mode 1) -- MoS2
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Figure 23. Fitting lines of single-layer WS2 at E’ mode

By using curve fitting in Matlab, the following parameters can be found to fit the E12g mode data
(See Table 8):
A

B1

B2

B3

B4

363

-4.279

3.141

-0.0964

-0.08253

Table 8. The A and B parameters for single-layer WS2 at E’ mode
The R square for such fit is 0.9973.
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Figure 24. The Raman dispersion of 20-nm WS2 quantum dot at E’ mode

When these two modes are combined together (See Figure 25):
20-nm WS2 Raman Distribution
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Figure 25. The Raman dispersion of 20-nm WS2 quantum dot
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By doing the same steps above, we were able to plot the Raman dispersion of different sizes of
MoS2 quantum dot (See Figure 26):
WS2 Raman Distribution
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Figure 26. The Raman dispersion of WS2 quantum dot in different diameter

460
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MoS2
From Chapter 2 – Vibration Spectroscopy, the Raman active modes for single-layer MoS2 are E’
(E12g) mode at 387.8 nm-1 and A’ (A1) mode at 412.0 nm-1 (See Figure 27). The data from the
phonon dispersion figure was also extracted by using a digitizer program.

Figure 27. The phonon dispersion curves for single-layer MoS2

A’ (A1) mode:
Extracting the A1g mode data from the phonon dispersion (See Figure 27) by using digitizer:
x
0.000440917
0.027116402
0.08912037
0.152846671
0.218295304
0.283743937
0.335413911
0.406029541
0.471478175
0.535204475
0.604097773
0.669546407

Y
410.4961305
410.4961305
411.3598673
412.2236042
413.5192095
414.3829464
415.2466833
416.5422886
416.974157
417.4060254
417.4060254
417.4060254
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0.736717372 417.4060254
0.803888338 416.974157
0.869336971 416.5422886
0.936507937 416.1104201
0.998511905 416.1104201
Table 9. The data extracted from Figure 27 of A’ mode
Then, all the data was being plotted in a graph (See Figure 28):
ydata vs. xdata
Fitting line (A' mode) -- MoS2
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Figure 28. Fitting lines of single-layer MoS2 at A’ mode

By using curve fitting in Matlab, the following parameters can be found to fit the A1g mode data
(See Table 10):
A

B1

B2

B3

B4

415.6

-2.528

-1.901

-0.2114

-0.1854

Table 10. The A and B parameters for single-layer MoS2 at A’ mode
The R square for such fit is 0.9973.
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Figure 29. The Raman dispersion of 20-nm MoS2 quantum dot at A’ mode

E’ (E12g) mode:
Extracting the E12g mode data from the phonon dispersion (See Figure 27) by using digitizer:
X
0.021949405
0.087398038
0.156291336
0.218295304
0.287188602
0.352637235
0.406029541
0.469755842
0.536926808
0.604097773
0.666101742
0.736717372
0.803888338
0.871059303
0.933063272

Y
391.9257877
391.9257877
391.4939193
390.6301824
389.3345771
388.4708402
386.7433665
385.0158928
383.288419
381.1290768
378.9697347
377.6741294
376.378524
375.0829187
374.6510503
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0.996789572 374.2191819
Table 11. The data extracted from Figure 11 of E’ mode
Then, all the data was being plotted in a graph (See Figure 30):
392

ydata vs. xdata
Fitting line (E' mode 2) -- MoS2
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Figure 30. Fitting lines of single-layer MoS2 at E’ mode

By using curve fitting in Matlab, the following parameters can be found to fit the E12g mode data
(See Table 12):
A

B1

B2

B3

B4

383.7

9.003

-0.4998

-0.1536

-0.02193

Table 12. The A and B parameters for single-layer MoS2 at E’ mode

The R square for such fit is 0.9997.
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Figure 31. The Raman dispersion of 20-nm MoS2 quantum dot at E’ mode
When these two modes are plotted together:
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Figure 32. The Raman dispersion of 20-nm MoS2 quantum dot
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By doing the same steps above, we were able to plot the Raman dispersion of different sizes of
MoS2 quantum dot (See Figure 33):
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Figure 33. The Raman dispersion of MoS2 quantum dot in different diameter

Results
The shifting of E12g and A1g modes of both WS2 and MoS2 regarding the quantum sizes effects
are shown in Figure 34. From the phonon dispersion diagram of WS2 shown in Figure 20, when
the wave vector moves away from the Brillouin zone, both optical branches, ZO (A1g mode) and
LO (E12g mode) shifts downward. The simulation result in Figure 34 agrees with the
Phonon dispersion theory. Furthermore, we noted that the line width of both peaks become wider
as the diameter becomes smaller. Same agreement result happens with MoS2. The phonon
dispersion shown in Figure 33 shows that ZO (A1g mode) is moving upwards and LO (E12g
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mode) is moving downwards. The Raman simulation results also move the same way as the
prediction. (See Figure 34) In the next chapter, the experimental data and the theoretical data
will be compared.

Figure 34. The simulation results of (A) WS2 and (B) MoS2 Raman dispersion.
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Chapter VII – Experimental Method and results
Materials
WS2 powder (density: 7.5 g/cm3, Formula Weight: 247.98, purity 99.8%) was purchased from
Alfa Aesae.

Equipment
A precision analytical balance digital scale (METTLER TOLEDO AB54-S), mortar and pestle,
plastic pipettes, a centrifuge (The Drucker Co. Horizon; Model: 653V) and a sonicator (Branson
2510) and polypropylene Round-bottom tube for centrifuge.

Synthesis of WS2 quantum dots
The WS2 quantum dots were mechanically exfoliated from the bulk powder. Preparing for 20mg
WS2 powder first by using the digital scale. Then, transferring the powder to a mortar and using
a pipette to add ~6ml ethanol into the mortar. The powder was ground for 60 mins. During the
process, ~3ml ethanol is added every ~10 mins. The solution was kept undisturbed for ~10
minutes. The top ~2/3 of the solution was taken out carefully and transferred to a bottle. Using
pipette to add ~6ml ethanol. Sonication of the whole WS2 solution was carried out for 10 mins.
~The solution was then again kept undisturbed for a week. (See Figure 35)
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Figure 35. Schematic diagram for the synthesis of WS2 quantum dots (1)

Taking the top 2/3 part of the solution out from the bottle and transfer them to a round-bottom
tube. The centrifugation was carried out for 30 minutes at 3,200 rpm twice. The two samples
were then collected and put on the glass slides. Each of the WS2 quantum dot solution were put
on top of the Indium foil. After the samples were dried, these glass slides were then stored for
Raman analysis. (See Figure 36)

Figure 36. Schematic diagram for the synthesis of WS2 quantum dots (2)
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Characterization techniques
The Raman spectrometer is being used with an excitation laser wavelength of 488nm. The laser
power was measured to be 13mW when the laser is 100%.

Results
The Raman spectrums of the bulk WS2 and two different-size WS2 quantum dots are shown in
Figure 22. In all the following data, the laser power was 1.3mW, which is not strong enough to
produce local heating. The two Raman modes, E12g and A1g, are both moving downwards as the
size of quantum dots becomes smaller. In Figure 22, the Raman spectra of WS2 powder depicting
E12g mode is at 358.5 cm-1 and A1g mode is at 422.0 cm-1. As the MoS2 size becomes smaller,
both E12g and A1g modes blue shift to 354.6 cm-1 and 418.2 cm-1 respectively. Furthermore, both
peaks exhibit asymmetrical broadening, which agreeing with the literature research.

Figure 37. The Raman spectra of bulk and two different sizes of WS2 quantum dots

The experimental results are well agreement the simulation results and theory. The phonon effect
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has different behavior from the well-known layer effect. When the size of the quantum dots
reduces, the two Raman vibration modes of TMDs are following their own phonon dispersion.
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Chapter VIII – Conclusion and Future work
We have studied the Raman spectra of TMDs quantum dots from literature and research. As the
number of layer goes down, A1g mode is shifting down and E12g mode is shifting up. In this
work, we demonstrate the Raman spectra of TMDs phonon-effect quantum dots has contribute to
the phonons near the zone edge. The simulation and the experimental results of the two modes of
WS2 support the hypothesis. Both A1g and E12g modes are shifting down and such frequency shift
becomes asymmetrical broadening. For other TMD materials, they should follow the same trend
of the phonon braches away from the Brillouin center point. In this work, we only did the
simulation of WS2 and MoS2, the experiment of WS2. In the future, more simulation and
experiment should be involved to further prove the theory.
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