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Summary

This thesis mainly presents results on the fabrication methods (mechanically
exfoliation (ME) and chemical vapor deposition (CVD)) and Raman
(photoluminescence (PL)) spectroscopy characterization of molybdenum disulfide
(MoS) layers. The thesis could be divided into five parts as follows:

The first part (Chapter 1 and 2) gives a literature review on the fundamental
knowledge of Raman and photoluminescence spectroscopic techniques in first. The
physical properties of MoS; layers, such as thickness-dependent electronic band
structures and valleytronics, are introduced. The recent research progress on the
relationship between Raman (PL) features and the physical properties of MoS; layers
is reviewed. Moreover, the fabrication methods of MoS, samples and the main
facilities used in the work (Raman (PL) facilities) are also introduced, as well as our
preliminary results on CVD grown MoS;.

In the third part (Chapter 3), we experimentally observe the dramatically enhanced
overtone and combination Raman modes of Eég and A in monolayer and few layer
MoS; when samples excited by 325 nm laser. While other laser lines 457 nm, 488 nm
and 532 nm are used as excitation sources, we don't observe such an enhancement of
overtone and combination modes. The first principles calculations based on density
functional theory with considering spin-orbital coupling effects, reveal the possible
transition process excited by 325 nm laser and the partial charge density of electronic
bands further confirms it. The significance of this work is to determine the value of

spin-orbital splitting in single layer MoS;, experimentally, which clarifies the
Y



confusion on the different values of spin orbital splitting by various calculation
methods.

The fourth part (Chapter 4) reveals MoS; layers after plasma treatment could be used
as the substrate of surface enhanced Raman scattering (SERS). The main types of
defects introduced during plasma treatment are investigated by the first principle
calculations. Raman and photoluminescence spectra (before and after plasma
treatment) are used to help us clarify the mechanism of enhancement. The surface
treatment by plasma leads to the charge redistribution in defective MoS, nanosheets
which facilitates the charge transfer between Rhodamine 6G (R6G) molecules and
defective MoS,. The PL spectra of defective MoS, nanosheets before and after R6G
molecules deposited are also investigated. The PL shift also verifies the charge
transfer between them. This work proposes a way of improving the SERS effect on
low dimensional semiconductor materials.

The fifth part (Chapter 5) compares the PL spectra of CVD grown and mechanically
exfoliated single layer MoS,. By measuring the PL spectra of MoS; in vacuum, it is
revealed that the abnormally strong photoluminescence intensity in CVD grown MoS;
is not its intrinsic behaviors but is related to the adsorption behavior of adsorbates in
air. Combined with Raman spectra and electrical performance of MoS; in vacuum and
in air, respectively, we get the conclusion that the adsorbates in air contribute to the
p-doping effect for MoS, nanosheets. For the components of adsorbates in air, first
principles calculations show that both N, and O, contributed to the p-doping effect of
defective single layer MoS,. This work sheds light on how to engineer optical

\Y



properties of the single layer MoS, and makes it a possible material for lighting

emitting application.
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Chapter 1
Introduction

1.1 Introduction to molybdenum disulfide

Moore's law reveals that the number of transistors doubles on integrated circuits about
every 18 months [1-4]. However, because of the limitation from material and
fabrication process, it cannot be sustained indefinitely [3]. The studies of two
dimensional (2D) materials maybe continue this law and extend this limitation of
miniaturization to the atomic level, especially due to the discovery of graphene in
2004 [5]. Graphene, with a single carbon atomic layer bonded in sp? way, has
attracted the attention of researchers worldwide because of its distinctive electronic
properties [6-8]. Particularly, its carrier mobility is remarkably high with reported
value about 15000 cm?v*S™ at 300K [9]. However, graphene has no bandgap which
limits its application on nano-electronic devices [10-12]. Many kinds of approaches
have been reported to engineer the bandgap of graphene, but it increases the
processing complexity and reduces its intrinsic carrier mobility [13-15]. Therefore, it
is urgent to find an alternatively ultra-thin material to replace graphene.

Transition metal dichalcogenides (TMDs), similar to graphene as layered materials,
have gained renewed interest in the past years because of their natural bandgap
[16-19]. Transition metal atoms (typically Mo, W) are sandwiched between two layers
of chalcogen atoms (typically S, Se, or Te). Due to the plenty varieties of transition

metal and chalcogen atoms, more than 40 different categories could be combined



[19-24]. Molybdenum disulfide (MoS;), as a typical member of TMD group, displays
exotic mechanical, optical and electronic properties [16-18]. A monolayer MoS; is a
direct bandgap semiconductor, which makes it potential to be widely investigated in
transistors [16, 25, 26], gas sensors [27, 28], Li ion batteries [29, 30], photovoltaic [31,
32], hydrogen production [33, 34], and dry lubricant [35] etc. The reported on/off
current ratio of single-layer MoS, transistors exceeds 10® at room temperature [16],
which is much higher than that of graphene based transistors [36], and comparable
with that of the silicon based transistors [37]. Moreover, another special interesting
feature of MoS; is its promising applications in spintronics and valleytronics [38-40].
The factor making MoS; unique is the strong spin—orbit interaction (SOI) due to the
lack of inversion symmetry, which leads to the strongly coupled spin/valley physics in
monolayer MoS,.

However, the discussions on some fundamental properties of MoS; are still in debate,
such as the origin of its photoluminescence (PL) peaks [41-43], the effect of
substrates or ambient on the optical features of MoS,, the spin-relaxation mechanisms
of such a system etc [17, 44]. Since the exploration of fundamental property is the
first step for potential applications of MoS,, it is important to search a simple,
effective and reliable way to explore the fundamental properties of MoS,, such as
electronic structure, and electron phonon interactions. This chapter will introduce
some previously fundamental studies of MoS,, including its crystal structure,

electronic structure, electron phonon coupling, Raman and PL spectra.



1.1.1 The crystal structures of MoS; layers

MoS,, as a typically layered material with the weak van der Waals force to stack the
adjacent layers, consists of S-Mo-S layers with Mo atom sandwiched between two S
atoms by covalent bond [18, 19]. The thickness of single layer MoS; is about 0.615
nm while the unit cell of MoS; includes two layers with the lattice constant ¢ value ~
1.2294 nm [45]. The three dimensional structure and the unit cell of MoS; are shown
in Figure 1.1. The interactions between adjacent layers are weak van der Waals forces
with a usual Bernal stacking order [18, 42]. While a single layer MoS, usually named
as its 1H phase. Its unit cell, as shown in Figure 1.1 (b), is a triangular prism. The Mo
atom is located in the center of the unit cell and it is bound with six S atoms by strong
covalent bonds [46]. It is obvious that for the single layer MoS,, the inversion
symmetry is broken. However, for bulk MoS,, such an inversion symmetry in spatial
is kept, as shown in Figure 1.1(b) [47]. The symmetrical space group of bulk MoS; is
P3m1 (point group Dep), While the space group of the single layer MoS, is P6m2
(point group D3p) [46, 48-50]. From the discussion above, it is naturally raised in
mind that the spatial inversion symmetry of MoS, layers with even number and odd
number should belong to the different space groups [38, 51-53]. The former (with
inversion symmetry) and the latter (without inversion symmetry) belong to the space
group: P3m1 and P6m2, respectively. Besides the 2H-type MoS; crystal, other phases
of MoS, nanosheets fabricated by synthetic and chemically exfoliated methods may
exist, such as 1T, 3R phases, which have presented distinct electronic structures [19,

39, 54, 55].



(b)

Figure 1.1 (a) Three dimensionally schematic structure of MoS,; (b) Unit cell of bulk

MoS.,.

1T 2H 3R

Top view

Side view

Figure 1.2 Crystal structures of MoS, with different phases: (a) 1T, (b) 2H, (c) 3R
(left: unit cell; right: 2ax2a polyhedral super cell) [55];
As shown in Figure 1.2, the 1T-MoS; has octahedral coordination of the molybdenum

center with one Mo atom in each unit cell [56, 57]; 2H-MoS; has trigonal prismatic



coordination and two S-Mo-S units per unit cell [42, 43, 48, 49]; 3R-MoS; also have
the same coordination as its 2H phase with S-Mo-S unit per unit cell [39, 55]. Both
the 2H and 3R polytypes have the same lattice parameter a (b=a) with value ~ 3.16 A
[39, 55]. For 1T-MoS; phase, the Mo centers are displaced from their ideal positions,
as shown in Figure 1.2(a). The 1T phase of MoS; is proved to be metallic [58]. By
low temperature annealing, the 1T phase of MoS, could be modified as 2H phase

MosS, [58].

1.1.2 The electronic band structures of MoS; layers

The previous theoretical calculations demonstrated that the electronic structures of
MoS; nanosheets highly depend on their number of layers [42, 43, 49]. A crossover
exists from indirect band gap for multilayer and bulk MoS; to direct band gap for
monolayer MoS,, which has been verified by experiments [17, 59]. The following
Figure 1.3 shows the band gap variation of MoS; with its number of layers decreasing
[42]. It varies from 1.2 eV of bulk phase to 1.9 eV for the monolayer of MoS,. From
Figure 1.3, it can be seen that for bulk MoS,, the bottom of conduction band is located
at A point, but the top of valence band is located at the I point. Therefore, the thicker
MoS; is an indirect band-gap semiconductor. When the thickness of MoS, nanosheets
is decreased to monolayer, both the conduction band minimum and valence band
maximum shift towards to the K point, which results in a direct-gap semiconductor
[42]. Moreover, in the evolution of band structure in MoS,, we can see that the
electronic states at K point remain the same energy while the energy of electronic

states at I" point decreases when the layer number of MoS; is decreasing.



MoS, bulk MoS, 8-layer MoS, 6-layer

E; [Hartree]

Figure 1.3 Band structure of MoS,, from single layer to bulk, calculated at the
DFT/PBE level. The arrows in each graph show the evolution of bandgap from
indirect bandgap to direct bandgap. The red lines represent the Fermi levels. The
conduction band minimum and valence band maximum are marked by blue and green
lines, respectively [59].

Such an interesting phenomenon of the band structure displayed in MoS; is caused by
the different components of electronic states at K and I'" points [43, 59]. Electronic
states of the valence band maximum at K point are mainly composed by the
hybridization of strongly localized d orbital of the Mo atom [42, 60]. Since the Mo
atoms are sandwiched by two S atoms so they have minimal interlayer coupling and
then they have no obvious change when the number of layers varies. While the
electronic states at /" point originate from a linear combination of d orbital on Mo

atoms and anti-bonding Pz orbital on S atoms [42, 58, 61]. There are strong couplings



between adjacent layers and the energies of their band states highly depend on the
number of layers of MoS; [59]. The component of band structure at valence band and
conduction band could also be resolved by partial density of states (DOS), as shown

in Figure 1.4 [42].

MoS, bulk MoS, monolayer
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E, [Hartree] E, [Hartree]
Figure 1.4 Partial DOS of bulk (left column) and monolayer (right column) MoS;
were calculated by DFT/PBE. The projections of Mo and S atoms are given,
respectively, together with the contributions from 4d (Mo) and 3p (S) orbitals. The
vertical dashed lines represent the location of the Fermi level [42].

As discussed above, the experimental evidences have confirmed the theoretical
descriptions. Such an evolution of electronic structures can be confirmed by the
absorption spectra and PL spectra from band-edge emissions [17, 60, 62]. The PL
intensity of monolayer MoS; is several orders of magnitude (quantum efficiency)
higher than that of bulk MoS,. Usually, for indirect bandgap semiconductors, the
optical transitions will involve phonons or defect-scatterings to satisfy the momentum

conservation. The PL quantum yield of single layer MoS, was found to be 10* fold



compared with that of bulk MoS,. The high PL quantum yield pushes monolayer
MoS; as ideal candidates for optical emitters, solar cells, and other opto-electronic

devices [63-65].

1.1.3 The phonon dispersion of MoS; layers

The lattice vibrations could be classified by the irreducible representation of the
symmetry group of the crystals [48]. Bulk MoS; has Dg, point group symmetry. In
few layer MoS,, due to the translational asymmetry along the z axis, symmetry is
reduced [47, 48, 61, 66]. We summarize the characters of the phonons for both the
bulk (2H phase) and monolayer MoS; in Figure 1.5(a) with respect to the symmetry
assignment, frequency, optical character, and eigenvectors [19, 48, 66]. Since the
primitive cell of 2H-MoS, and monolayer MoS; contains 6 and 3 atoms, there are a
total of 18 and 9 phonon modes, respectively. A group analysis of the point group (Den
and D, for 2H-MoS, and monolayer MoS;, respectively) shows that the optical
phonon modes at the I point in the long-wavelength range (without the three
translational acoustic modes) can be decomposed as:

I'(Bulk) = A;g(R) + 2A,,(IR) + 2B, (IN) + By, (IN) + E;4(R) + 2E1,(IR)
+2E,(R) + E;, (IN); (1.1)
I'(Monolayer) = A;(R) + A,(IR) + E'(IR + R) + E"(R); (1.2)
R, IR, IN mean Raman, infrared, and inactive modes, respectively. The Az, A1g, Bag,
Bi, A5, A7 modes are singly degenerate and the Eiy, Ezqg, Eig, E2u, E’, E" modes
are doubly degenerate.

The density functional theory within the local density approximation (LDA) is applied
8



to calculate the phonon dispersions of monolayer and bulk MoS,, as shown in Figure
1.5(b) and (c) [66]. It is found that, phonons away from the I' point are dispersive
with respect to wave-vector g. There are three acoustic branches: transverse acoustic
(TA), longitudinal acoustic (LA), and out-of-plane transverse acoustic (ZA) branches.
The TO; and LO; modes are non-polar transverse optical (TO) and longitudinal
optical (LO) modes, respectively. The TO,, LO,, and ZO; modes are three polar
branches [66]. The homopolar ZO, branch shows a non-dispersive behavior,

accompanied by a breathing mode eigenvector (see A;" mode in Figure 1.5(b)).
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Figure 1.5 (a) Comparison of the zone-center modes between 2H-MoS, and
monolayer MoS,. The frequencies of the 2H phase are adopted from Ref. [66].
Phonon dispersion of monolayer (b) and bulk (c) MoS, are shown. The polarization of
all the phonon branches is presented.

In polar semiconductor or insulators, each IR active mode (polar mode) displays the
9



LO / TO splitting due to the coupling of the lattice to the polarization field generated
by the polar mode in the long-wavelength limit. For bulk 2H-MoS, the Born effective
charges (BEC) of Mo and S are small [67] and the polarized fields associated with the
two IR modes (A, and Ey) are weak (only leading to a 2 cm™ LO/TO splitting [68])
due to a small mode oscillator strength [69, 70]. For monolayer MoS,, the electronic
screening is weaker than its bulk phase and the splitting will be even smaller and thus

could be neglected here.

1.2 Introduction to Raman spectroscopy

When a sample is illuminated by light, a fraction of the incident light is reflected and
the rest is transmitted at the surface of the sample. While inside the sample some of
the light could be absorbed or scattered, as shown in Figure 1.6. For the absorbed light,

some of them may reemit a light with a different frequency, known as PL.

Transmitted

Reflected Absorbed

/ \ Scattered

(Raman)
Incident Luminescence

Figure 1.6 Schematic diagram shows the possibly optical processes when a sample
illuminated by light.

Besides PL, other transmitted light inside the medium are scattered and the scattering

10



process includes two different cases: elastic scattering process and inelastic scattering
process. The elastic scattering process means that the frequency of scattered
electromagnetic wave is the same as that of the incident photon, which is named as
Rayleigh scattering. In the latter case, the frequency of the scattered light is larger
(anti-stokes scattering) or smaller (stokes scattering) than that of the incident light,
which is called Raman scattering phenomenon.

Actually, since the Raman spectroscopic technique was observed in 1927 for the first
time, it has been employed as one of the main spectroscopic techniques to probe
vibrations of atoms or molecules, which could provide information on chemical
structures and physical forms to identify the properties of substances from the
"fingerprinting" spectrum [71, 72]. In 1930, Sir C.V. Raman received the Nobel Prize
in Physics for the discovering of Raman scattering, which describes how matter
interacts with the incident laser light and it scatters photons with wavelength different
from that of the incident photons. Moreover, the inelastic scattering of light actually
had been theoretically predicted in 1923 by A. Smekal [73], therefore, sometimes
Raman scattering process is also referred as Smekal-Raman effect.

In this part, we will introduce the basic concepts of Raman scattering and related

literature reviews on Raman spectroscopy studies of MoS; layers.

1.2.1 Classical and quantum descriptions of Raman scattering

Light is, actually, an oscillating electromagnetic field. When light interacts with a
molecule, the charges of the molecule (electrons and nuclei) move in the opposite

directions in response to the driving potential. Thus, the molecule becomes itself an
1



emitter of electromagnetic radiation. The magnitude of such an effect must be
proportional to the induced dipole of the molecule. The relationship between the
electrical field and the induced dipole moment can be expressed as follows:
P=oa-E+(1/2)-B-E*+ (1/6)-y-E3 - (1.3)
a, B and vy are tensors, which are called as polarisability, hyper-polarisability and 2nd
hyper-polarisability, respectively [74, 75]. Typically, their magnitudes are in the range
of 0~10"° C V'm? p~10"° C V2 m*,and y~10" C V> m* respectively. Thus the
influence of the latter two factors can be neglected in many cases.

Therefore, the equation (1.3) could be re-expressed as:

P=a-E (1.4
In a first approximation, a is a constant, so the direction of electrical field vector E is
the same as that of the induced dipole moment.

As discussed above, the electrical field results from the electromagnetic radiation.
Supposing the monochromatic radiation of frequency vy, the electrical field vector E
could be described as:

E=E;-cos(Zn-vy-t) (1.5)
By substituting equations (1.5) in the dipole moment p (equation (1.4)), we could
obtain:

P = aE, cos 2nu,t (1.6)
the polarisability o is usually dependent on the dimensions and shape of the chemical
bond et al. It can be said that o depends on the normal coordinate of the molecule.
Thus, the polarizability o with vibrations of the molecules could be expressed as
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follows:

a = ay + ), a, cos 2mu,t a7

ap IS a constant, and the second part means the sum of a typical molecule vibration
with various normal frequency. a, represents the ng normal frequency, which can be
the vibration frequency or the rotation frequency, and could also be the vibration
frequency of lattice or phonon scattering frequency.

Thus

P = Egag cos 2muyt + Eg X ay, cos 2yt - cos 2y, t (1.8)

By using the trigonometrical formula:

cosA-cosB = 1/2 [cos(A + B) + cos(A — B)] (1.9)

It can be deduced that the equation (1.8) could be expressed as:

P = Eqyaq cos 2mu,t + %EO Y o [cos2(vg — vyt + cos 2m(vy +vy)t]  (1.10)
Therefore, the induced dipole moment could be considered as a function of the
vibrational frequencies of the molecules (v,) and the incident radiation (v,)

P =P(vy) + P(vg —vy) + P(vy +vy,) (1.11)
The first item P(v,) represents the moments of oscillating dipole emitting with the
same frequency v, as that of the incident field (Rayleigh scattering). The second item
(P(vo —vyp)) and the third item (P(vy + v,)) represent the emitting frequencies
modulated by the frequency of the excited vibration. When the emitting frequency is
lower than that of the incident light, it is stokes Raman scattering process, otherwise,
it is an anti-stokes Raman scattering.

Furthermore, according to the classical theory of electromagnetism states that an
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oscillating dipole emits radiation of the intensity

=" |pp? 1.12
T 12mgC3 p (112)

Thus, the intensities of ratio between stokes and anti-stokes scattering should be
expressed theoretically as follows:

I(Stokes) _ (vo—vp)*
I(anti—Stokes) o (vo+vp)?

(1.13)

This is not in correspondence with experimental results, which is one of the failures of
the classical picture. Therefore, when considering the intensities of scattering, it will
be understandable when considering the quantum-treatment of the Raman effect,
which is given in next section.

As discussed above, the classical theory of the Raman scattering fails, because the
intensity of Stokes Raman scattering is stronger experimentally than that of the
anti-Stokes Raman scattering. In the quantum mechanics theory, the molecular state
could be express by the wave function and its energies are several discrete energy
levels. When the molecule interacts with light, one or more vibration modes of the
molecule would be excited and the transitions occur between the excited vibration
energy levels, as shown in Figure 1.7. Supposing the Stokes Raman begins with a
level having a small vibrational quantum number v, (in particular v, =0) and ends
with a level having a higher quantum number vy (for example v,=1). Otherwise, the
reverse process with quantum number v <v, ,is called anti-Stokes effect.

When the energy of the exciting light is the same or near the energy of an electronic
absorption band of the measured sample, the intermediate state is a real rather than a
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virtual state (normal Raman spectroscopy case), and the resonance Raman
spectroscopy occurs. Resonance Raman spectroscopy depends on the observation of
the Raman spectrum at various incident laser frequencies. The peak frequencies
generally do not depend on incident frequency as they are properties of the ground
electronic state; however, the relative intensities of Raman modes vary as the
excitation laser is tuned across the electronic absorption band. Most vibrational modes
which display strong intensities in the resonance Raman spectrum derive their
intensities from a geometry change of the molecule in the excited electronic-state, and
the intensities of resonance Raman can be enhanced by a factor of 10° to 10° when

compared with normal Raman band transition.

hve hv hv.| [hv hve hv

—_ —_ —_

(a) Rayleigh scattering  (b) Stokes scattering (c) Anti-Stokes scattering
Figure 1.7 Schematic diagram of the quantum transition processes: (a) Rayleigh
scattering (hv = hv,); (b) Stokes scattering hv = hvy — hvy); (c) Anti-Stokes
scattering hv = hvy + hvy,.

In the quantum mechanical model, the intensity of scattering depends on the
occupation of the initial state. This is determined by the Boltzmann distribution. Thus

the scattering intensity ratio is [76]:
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I(Stokes) _ (vo=Vi)* _hcvy /KT
I(anti—Stokes)  (vo+vi)* € (1.14)

The ratio depends on the temperature T. Therefore one can determine the temperature
of the sample by considering the intensities of both the Stokes scattering and the

corresponding anti-Stokes scattering. The temperature is given by the formula:

—vkx1.43879

. 1.15)
I(anti—Stokes) Vo —Vk (
[ln{ I(Stokes) }+4 ln{vo +vk}]

T =

1.2.2 Selection rules in Raman spectroscopy

As discussed above, in equation (1.4), the induced moment is related to the field
strength of the incident light. For a normal mode, if it is Raman active, there must be a
nonzero change in the polarizability («) with the normal coordinate at the equilibrium
configuration; (da/dQ), # 0.
The polarizability is best expressed as a tensor, equation (1.4) becomes[76]:

P, Olyx

Pyl = |%yx 0‘yy O‘YZI I ‘

P, Ozx
where oj; = o5
If the change in any one of the these components is nonzero [(aai,-/aQ)o +* 0]

the mode will be Raman active, otherwise, it will be Raman inactive.

1.2.3 Raman spectra of MoS; layers

Since the band structures of MoS; nanosheets are highly dependent on its number of
layers, the determination of its number of layer becomes very important for further

exploring its properties and potential application. In this section, we introduce the
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non-resonant and resonant Raman spectra of MoS, nanosheets and investigate how
the Raman modes depend on the number of layer of MoS, nanosheets.

(1) Non-resonant Raman spectra of MoS; layers

Raman spectroscopy has been widely used as an accurate, versatile and non-invasive
technique of thickness characterization for 2D layered materials [18, 77-81]. For
MoS,, under off-resonance condition, four first-order Raman active modes are
observed with frequencies of 32 cm * (E3,), 286 cm * (E,4), 383 cm * (E3,) and 408
cm* (A1g) in bulk MoS,. The origin of Egg mode is the vibration of a S—-Mo-S layer
against adjacent layers [82, 83]. The E;; mode is forbidden on a basal plane in the
back-scattering experiment according to its Raman tensor [84]. The E%g mode
(in-plane) is led by the two S atoms with opposite vibration to Mo atom and the A,
mode (out-of-plane) origins from the vibration of two S atoms towards opposite
directions with Mo atom stationary [82, 83]. The frequencies of these two Raman
modes highly depend on the number of layers of MoS,. But the denotations of these
modes are different in monolayer and bulk MoS; due to their different symmetries [47,
48, 66]. We simply discuss the Raman modes of E%g and Az here, as these two
modes are widely used to identify the number of layer of MoS; in the literature [18,
48, 80, 85]. The number of layer (N) dependent frequencies for E%g and A;; modes
of MoS; nanosheets is shown in Figure 1.8(a). The E%g and A,z modes show the
opposite variation trends with the decreasing thickness of MoS, nanosheets. Based on
the classical model for coupled harmonic oscillators, both of the frequencies of these
two modes would stiffen in bulk when compared with that of 1L MoS; because the
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interlayer vdW interactions increase the effective restoring forces acting on the atoms.
But the E%g mode becomes strong with the number of layers increasing. This
unexpected trend of Eég mode indicates that not only the van der Waals forces exist
in MoS, nanosheets since this classical model only consider the van der Waals
interactions [18, 48]. The previous works attributed this abnormal trend of E%g mode
to the long-range Coulomb term, which decreases dramatically in the bulk MoS, due

to the dramatical increase of the dielectric tensor [48].
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Figure 1.8 (a) Raman spectra of MoS; nanosheets when excited by 532nm laser lines,
including 1L, 2L, 3L, 4L, till bulk phase. Two vertical lines show the frequencies of
Ezlg and Ay modes for bulk MoS,. (b) Frequencies of Ef}g and A;g mode and the
frequency difference between them as a function of reciprocal of N. N represents the
layer number of MoS; nanosheets [47].

(2) Resonant Raman spectra of MoS; layers

Figure 1.9 presents the resonant Raman spectra of MoS; with different number of

layers. It is obvious that some new Raman modes are observed in the resonant spectra
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of MoS, due to strong electron—phonon couplings [80, 85]. The extra Raman
frequencies are ~178cm™ (Ay(M)-LA(M)), ~420cm™ (BZ, + E%,(I-A)), ~465cm™
(QLAMM) (~450cm™) and Ay(T) (~465cm™)), ~572cm™ (2E;4(T)), ~600 cm™
((E%g(M) + LA(M))) and ~643cm™ (A1g(M) + LA(M)) [80, 83, 85-87]. Moreover, a
mode marked as ‘¢’ (~377 cm™) could be clearly identified from the E%g mode. As
shown in Figure 1.9, in the Raman spectrum of single layer MoS,, this mode is a little
broad but it becomes sharp for MoS, layers with n>2 cases. This mode is belonged to
the transverse optical (TO) branch (A6 branch along c¢ axis [87-89] ) with a wave
vector near the T point. Some previous work assigned this peak as the E2, symmetry
[87]. However, from the IR spectra of MoS,, the position of the E#, mode was found
on the higher-energy side of the E%g mode [82]. Therefore, this mode cannot be
assigned as EZ, mode. Another mode in the resonant Raman spectra of MoS; appears
at ~ 409 cm™, which is assigned as By, symmetry in bulk MoS, [87, 88]. This Raman
inactive mode only appears under resonance condition and it is the Davydov couple of
the A;g mode [90]. An additional Raman mode near 230 cm™ is observed for n>2
cases. From lattice dynamic calculations [91], this mode can be identified as the first
order LA(M) mode. This mode had been reported by Freyet al. for MoS;
nanoparticles [86] and was attributed as disorder-induced scattering from the zone
edge M point. This assignment has been demonstrated experimentally in inelastic
neutron scattering [28], and a new peak near 230 cm™ was shown in the phonon
density of states. Therefore, this mode in a few MoS; layers could be used to predict
the structural defect-induced scattering. In the high wave number, the modes with
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frequency at 526 cm ™ (E1g(M) +LA(M)) was shown in bulk MoS;, where the mode
assignments were studied by previous reports [86]. The new bands (not seen in bulk
MoS,) are clearly observed in samples with n>2 cases in respect of the bulk MoS; are:
~ 554 cm™ (marked as Q in Figure 1.9), 588 cm™ (P) and 628 cm™ (S). However, the

assignments of these three peaks remain unknown [85].
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Figure 1.9 Resonant Raman spectra of MoS, with different number of layers (n),
under the excitation of 633nm laser line. The Raman mode marked * in figure origins
from the SiO,/Si substrate and thus this peak is completely absent in the spectrum of

bulk MoS, due to the finite penetration depth [85].

1.3 Introduction to PL spectroscopy

1.3.1 Mechanism of PL

Photoluminescence spectroscopy, similar to Raman spectroscopy, is a contactless and
nondestructive technigue to probe the electronically energy structure of materials. In a

photo-excited emission process, electron-hole pairs are produced when the sample is
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excited. They would reach the quasi-thermal equilibrium faster than the time it takes
for the recombination of electrons and holes if the electrons and holes are thermalized
among themselves. However, these electrons and holes often have different
quasi-equilibrium distributions. They can recombine radiatively, and produce the
spontaneous emission. In general, as shown in Figure 1.10, a typical PL process
should involve the following three steps:

(1) Excitation: electron-hole pairs generated by the excitation from an external light.
(2) Thermalization: The excited electron and hole pairs relax towards the
quasi-thermal equilibrium distributions.

(3) Recombination: The relaxed electron-hole pairs recombine radiatively and the

emission is produced.
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Figure 1.10 Schematic diagram of emission process with the typical three steps [92,

Excitation

93].

As discussed above, the PL spectroscopy could provide direct information on the
electronic structure of the detected material. Photons with particular energy that are
absorbed by sample provide evidence of the electronic structure of the samples. For a

perfect semiconductor, electron-hole pairs could thermalize and accumulate at the
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conduction band minimum and the valence band maximum, and they recombine with
an emission, as shown in Figure 1.11(a). If the impurity is introduced in
semiconductor materials, the defect energy levels would form near the conduction
band or valence band. Depending on the type of impurities introduced, they could act
as donor or accepter of electrons in crystals. Then these defects energy level could
attract the local charge because of the impurity nucleus or defects, as shown in Figure
1.11(b) and (c). If these trapped electron and hole pairs could recombine radiatively,
the emitted energy could represent the energy level of the defects or impurity. The
deep level, as shown in Figure 1.11(d), tends to play a stop-over role in making
electron transition from conduction band to valence band and thus facilitate

nonradiative recombination process.
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Figure 1.11 (a) band-to-band recombination via radiative paths; (b) donor to valence
band and (c) conduction band to acceptor via radiative paths. (d) non-radiative
recombination via an intermediate state.
Ideally, the photo-excited electron and holes are expected to bind each other by
Coulomb interaction and then they form excitons. Meanwhile, due to the radiative

annihilation of excitons, the free exciton peak appears in the emission spectra. If a
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certain number of donors and acceptors were doped into sample, the excitons
generated could be attracted to the location of these impurities via van der Waals
interaction. In general condition, these impurity energy levels are shallow level and
lies near the edge of conduction or valence band, they are efficient to trap excitons to
from bound excitons at low temperature.

(1) Free exciton emission

The free excitons have larger radiuses and they are delocalized states which can move
freely throughout the crystal. Thus the binding energy of free exciton is very small,
with typical values ~0.01eV. Since kgT (~0.025 eV at room temperature) means the
maximum energy of a thermally excited phonon at temperature T, where kg is
Boltzmann's constant [94]. So the free exciton is not stable at room temperature.
Moreover, they seldom could be observed except in very pure samples. Because the
impurities release free electrons and holes which can screen the Coulomb interaction
in the exciton and thus reduce the binding forces and then the charged impurities
could generate electric fields and ionize the excitons.

(2) Bound exciton emission

The bound excitons have a smaller size when compared with the size of the unit cell,
which make their localized states tightly bound to specific atoms. Thus, the binding
energy is larger (~0.1-1eV) than that of free exciton, which makes them stable at room
temperature. Compared with free excitons, the bound excitons are not "free" to move
through the crystal but they can hop from one site to another site.

(3) Trion

23



Charge exciton-electron complex (trions) was predicted in 1958 [95] and
experimentally found in CdTe based quantum well structures in 1993 [96]. A negative
trion consists of two electrons and one hole and a positive trion consists of two holes
and one electron. When the presence of free electrons is residual in semiconductors,
excitons could interact with the surrounding charges and binding together to form
charged excitons [95-97]. Trions in monolayer MoS; are stable at room temperature
due to their remarkably large binding energies, with a larger binding energy (~ 20
meV) nearly an order of magnitude when compared with that in other materials
[98-100]. The reason for such a giant binding energy is due to the greatly enhanced
Coulomb interactions in monolayer MoS,, which is a consequence of reduced
dielectric screening in confined two dimensional crystals and the relatively heavy

carrier band masses associated with the Mo d-manifolds [98].

1.3.2 PL spectroscopy of MoS; layers

As mentioned above, MoS, becomes a direct bandgap material when the number of
layer decreases to monolayer from bulk. So the PL intensity in single layer MoS; is
expected to be stronger than that of multilayer MoS, samples. Mak et al, and
Splendiani et al, first showed the PL spectrum of monolayer, bilayer and few layer

MoS; nanosheets [17, 59].
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Figure 1.12 (a) PL spectra for single layer and bilayer MoS, samples; (b) Normalized
PL spectra of MoS; layers (for n=1-6) with normalization by the intensity of peak A;
(c) Bandgap energy of MoS, layers for n= 1-6, inferred from the energies of the PL
peaks shown in Figure (b). The dashed line shows the value of indirect bandgap of
bulk MoS; [17].

As presented in Figure 1.12, the PL spectra of MoS;, nanosheets with different
thicknesses were investigated. We can observe that the PL intensity from 1L MoS; is
very strong when compared with that of bilayer samples (Figure 1.12(a)). Figure
1.12(b) shows that the PL spectra of MoS, when its number of layers varies. The
origins of the A, B peaks observed are widely accepted as the spin orbital splitting
(SOS) at the top of valence band, as shown in Figure 1.13 [17]. The peak I is
attributed to the indirect bandgap recombination reduced emission. It is observed that

from Figure 1.12(c) that the position of PL peak is obviously dependent on the
layer number of MoS,, and thus these peaks could also be used to identify the number
of layer of MoS; nanosheets. But for the origin of this indirect bandgap recombination
process, there is a little debate on it [42, 43, 101, 102]. Then the origin of this indirect
bandgap transition is confirmed by subsequently researchers [103, 104], as shown in

Figure 1.13.
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Figure 1.13 Band structure of MoS,. The SOS is shown at K point. Eq is the band gap
for single layer MoS; and Eg' is the bandgap for bulk MoS, [17].

Although the bandgap of single layer MoS, calculated by density functional theory
(DFT) is ~1.9eV, which seems match with the experimentally energy of PL emission
well [17, 42]. However, this method fails to describe photoemission since the
Kohn-Sham energies do not formally correspond to quasi-particle energies.
Ramasubramaniam et al. combine many-body GW and BSE calculations to correct
the quasi-particle band structures and optical properties of single layer MoS; [105].
The confirmed bound exciton in single layer MoS, is shown in excellent agreement
with experimental results [106, 107]. The previously experimental studies reported
that the direct band to band transitions dominant the optical transition in MoS,. In this
case, the recombination process is directly related to the electronic bandgap and the
PL peak position could represent the bandgap of MoS,. When we consider the
excitonic effect, as reported in the previous studies, the photon-excited electrons and
holes were bonded each other by Coulomb interactions and form excitons. If the

binding energy is higher enough when compared with the environmental perturbations,
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PL spectrum would have pronounced excitonic features. Especially, in such a 2D
material, Coulomb interactions are dramatically enhanced due to the spatial
confinement and the reduced dielectric screening [108]. Therefore, the excitonic
effects will dominate the optical properties of MoS, nanosheets.

Besides the excitonic effects observed in theoretical calculations and experimental
measurement, the electron-bounded excitons, called trions, were also observed in the
previous reported PL spectra of single layer MoS, [98]. It was reported that the
binding energy of the trions in monolayer MoS, is ~20meV. Such a giant binding
energy affects the trions emission significantly even at room temperature. When the
gate-voltage is applied, as shown in Figure 1.14, both the exciton and trion emissions
could be identified in the PL and absorption spectrum of doped single layer MoS, at
room temperature (RT), which are highly dependent on doping concentration. It is
obvious that the exciton photoluminescence is highly dependent on the applied gate
voltage. The variation of PL spectra is due to a reduction of spectral weight of the
exciton emission with electron doping. The gated PL spectra of single layer MoS,
(10K) was measured but such a strong gate voltage dependent tunability of the
exciton PL was not observed, because the exciton emission at low temperature results
from hot photoluminescence before exciton-trion reaches equilibrium. While at RT, it
is from populations thermally excited from the trion states. Similar phenomena are
also observed experimentally [109, 110]. The observation of trion opens a way for the
fundamental research on many-body interactions and possible application in
optoelectronic and valleytronic field.
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Figure 1.14 The absorption (a) and photoluminescence (b) spectra of monolayer
MoS, with various back-gate voltages applied. Both the exciton (A) and trion (A")

peaks can be resolved [98].

1.4 The motivation and organization of this thesis

In this thesis, we presented the fabrication of MoS; layers by mechanical exfoliation,
and chemical vapor deposition, and investigated the electronic structures of MoS;
layers by Raman and PL spectroscopy, as well as its application on surface enhanced
Raman scattering technique. The motivation of this thesis is as follows:

The absence of natural band gap in graphene prevented its further development on its
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electronic applications. MoS,, as a new rising 2D material attracted the attention of
researchers, especially for its special physical characters. In order to expand my
research objects (not only mechanically exfoliated MoS, sample), | have used CVD
technique to grow monolayer MoS, and got some preliminary results. The samples
were characterized using AFM, Raman, PL, X-ray photoelectron spectroscopy, as well
as electrical properties, which will be discussed in detail in Chapter 2.

One significant physical characteristic of MoS; is the strong spin orbital splitting at
the top of valence band, which makes MoS, promising for its applications in spin
electronics and quantum information processing and so on. Some previous works
reported that the energy difference between the two exciton peaks in the PL spectra of
MoS;, is corresponding to the energy of spin orbit splitting. However, the
identification of these two exciton emissions is still controversial. Especially for the A
exciton emission, its PL intensity could be enhanced dramatically by the introduction
of defects, which may identify the PL emission is related to the exciton trapping by
defect states. Occasionally, only one PL peak could be detected at the room
temperature for single layer MoS,. Furthermore, the energy difference between these
two excitons does not show obvious number of layers dependence, which is conflict
with the calculation results on the value of spin orbit splitting. However, till now,
there is no an experimental method effectively to detect such an intrinsic spin orbital
coupling in MoS,. While the direct observation of SOS may open a new and
convenient way to study the spin physics in MoS,. In this thesis, resonant Raman
technique is used to detect the value of spin orbital splitting since it is very sensitive
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to the matching between the valence band splitting and the energy of the phonons
involved, which will be discussed in Chapter 3.

MoS; has been widely investigated in transistors, gas sensors, lithium ion batteries,
and hydrogen production, etc. Furthermore, the recent works reported that when MoS,
exposed to triethylamine, it could be used as a chemical sensor and displays a
selective reactivity to a wide range of analytes due to the charge distribution induced
by the perturbations on the surface of MoS,. Therefore, the surface modification plays
an important role for the strong interaction between MoS, and detected molecules.
Some experiments have also been reported to modify the surface activity of substrate,
such as nitrogen doping, UV/Ozone oxidized treatment and fluorinate
functionalization on graphene oxide. In this work, we observed an improved Raman
enhancement of Rhodamine 6G (R6G) molecules deposited on oxygen (argon) plasma
treated MoS2 nanosheets, which will be discussed in Chapter 4 in details on the
experimental results and mechanism of enhancement.

Recent works reported that the PL intensities of monolayer CVD grown MoS, were
very strong when compared with that of the mechanically exfoliated sample. The
latter one is expected with good crystal quality and should have a strong PL intensity,
because various defects, such as point defect, dislocations or grain boundaries, are
reported in CVD samples. Therefore, the conclusions reported recently were in
opposite to the conventional conclusion that the optical quality at RT could be used to
evaluate the crystal quality. Especially, the plasma treated monolayer MoS, shows a
stronger PL intensity than that of as-prepared sample, which implies that the defects
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could enhance the intensity of PL emission in monolayer MoS,. The Chapter 5 will
explain the enhancement mechanism in CVD grown MoS; samples.

Organization of this thesis: In this thesis, we introduce the especially physical
properties of MoS, layers. The Raman and PL spectra were introduced first, and the
previous reports on the Raman and PL studies of MoS; layers in Chapter 1. Then the
fabrication methods of MoS; layers and the experimental techniques were introduced
in Chapter 2. Our preliminary results on the CVD grown MoS, samples were also
displayed briefly. Followed by that, we introduced the resonant Raman spectroscopy
by UV laser excitation in Chapter 3. The giant SOS induced by SOC in monolayer
MoS, was explored by resonant overtone and combination modes. In Chapter 4, we
investigated the probe of defects in MoS, by SERS effect and found the defects in
single layer MoS, facilitated the charge transfer between R6G molecules and
defective MoS,. Chapter 5 compared the PL spectra of mechanically exfoliated and
CVD grown monolayer MoS, samples. This Chapter explained the reason why the PL
intensity of CVD grown MoS; monolayer was anomalously strong when compared

with that of ME sample.
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Chapter 2
Experimental techniques

2.1 Fabrication of MoS, layers

Till now, three common methods have been used to fabricate single layer MoS,,
mechanical exfoliation (ME) method [16, 111], chemically exfoliated (CE) method
[112-114], and CVD method [115-118]. The following table lists the advantages and
disadvantages of three different methods, respectively. In this study, mechanically

exfoliation and CVVD methods are used.

Methods  Crystal Quality  Yield of Single Layer Size
ME Very high Low Hundreds of nm to a few um
CE Poor Low Hundreds of nm
CVvD High High Afew pm to wafer scale area

Table 2.1 Comparison of three common fabrication methods of MoS; layers. ME
means mechanically exfoliated. CE and CVD represent chemical exfoliated and

chemical vapor deposition methods, respectively.

2.1.1 Mechanical exfoliation method

Since the discovery of graphene in 2004 by mechanically exfoliated methods [5, 7],
this method displayed by Novoselov et al. has been widely employed to get the

atomic layer of layered materials, because it is a simple and fast technique.
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Figure 2.1 Schematic diagram of fabrication of MoS, sheets from MoS; crystal by ME

methods. (a) MoS;, nanosheets are peeled off from MoS, crystal using scotch tape. (b)
Stick the tape together with MoS, nanosheets on a 270 nm SiO,/Si substrate. (c) MoS;
sheets left on the surface of SiO,/Si substrate after the remove of the tape. (d) Optical
image of a typical MoS;, nanosheets on a 270 nm SiO,/Si substrate.

The substrates used in our experiments are silicon substrates covered with 270nm
silicon oxide layer. This thickness of silicon oxide gives us a good optical contrast
among the MoS; nanosheets with different thicknesses. The process of ME technique
is schematically shown in Figure 2.1. A thin MoS, with hundreds of layers is
successively exfoliated from MoS, crystal (supplied from SPI) by Scotch tape and
then stick the tape onto a 270 nm SiO,/Si substrate. After removing the tape, MoS;
nanosheets with different number of layers can be observed on the substrate and
visualized under the optical microscope. Figure 2.2(a) shows a typically monolayer
MoS;, sample fabricated by ME methods, and Figure 2.2 (b) is its corresponding
atomic force microscopy (AFM) images.
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Figure 2.2 (a) Optical graph of a typical single layer MoS, sample fabricated by
mechanically exfoliation; (b) The corresponding AFM image of the MoS, sample

shown in (a) [27];

2.1.2 Chemical vapor deposition method

In this section, we investigated how the MoS; layers can be synthesized by CVD
methods. Till now, the CVD synthesis of monolayer MoS, could be performed by
different sources as the precursor of Mo and S [119-121]. The most used method is
that sulphur and MoO3z; powders are simultaneously put into the furnace, with a
SiO,/Si substrate located face-down above the MoOs; powder as deposition target.
Usually the triangular and near-triangular MoS, sheets could be obtained by this
method, with a domain size from several micrometers to more than one hundred
micrometers. Another method used rhomboidal MoO, microplates and deposited them
on SiO,/Si substrates first. Then the MoS, nanosheets could grow on the substrate
under an atmosphere of sulphur at 650-850°C. However, the problem of these
methods is the limited domain sizes [122].

Thus, single layer MoS, with a larger domain size should be focused on improving

the CVD growth of MoS; layer to meet the requirement of the practical applications.
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It has been demonstrated that the limiting factor for MoS, growth on bare SiO,/Si
arises from a complicated nucleation process [120]. The orientations of domains of
MoS; nanosheets are found to be random, which are most likely modified by the
isotropic nature on the surface of substrate: amorphous SiO, substrates [120]. Another
key factor is the partial pressure (PP) of the reactive gases which could be tuned by
tuning the evaporation temperature of S and MoO3 powder. Therefore, a stable growth
environment is critical for the growth of MoS; films [123]. Thus the targeted substrate
is located face down above the ceramic boat containing MoOs. This configuration
could create a relatively stable environment and provide a high concentration of
gaseous MoOs. precursors for growth of MoS; [119]. Yu et al. designed a set-up to
get a stable environment with a small quartz tube sealed in a larger one [124].
Recently, a 4-inch high uniform wafer-scale film of monolayer MoS, was grown
directly on the insulating SiO, substrates, with excellent electrical performance over
the whole films [125]. The growth process is conducted in a metal-organic chemical
vapor deposition (MOCVD) with Mo(CO)s and (C;Hs),S as the reaction sources,
respectively. By controlling the PP of each reactant, the concentration of each reactant
could be precisely controlled during the growth. The reason for the growth of
large-scale monolayer MoS; film with high crystal quality is that MOCVD technique
could supply an ideally stable environment by controlling the nucleation density and
intergrain stitching.

Another series of CVD growth methods are also reported that Mo(MoOx) based
precursors are initially deposited and then sulphurised/decomposed into MoS,. These
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methods can be used as an effective technique to prepare large area MoS; thin films,
but the shortcomings of these methods are difficult to obtain large scale MoS; thin
films with a uniform thickness, which could be the result of the uncontrollable
deposition in terms of the amount and uniformity, and the inefficient sulphurisation
on grown substrates. Moreover, the grain boundaries of MoS; thin films grown by this
method are abundant and complex so they usually have a relatively smaller domain

size.

2.1.3 Our preliminary results

(1) CVD grown MoS; layers

Our samples were grown using MoOj3 and sulfur as precursor on a clean SiO,/Si wafer
with a 270 nm SiO, thickness. The set up of CVD grown technigue in our work is
shown in Figure 2.3. The MoO3 powder was well distributed on the surface of one
wafer which is placed at the center of a ceramic boat and the targeted wafer was
located on the top of the boat with a face-down way. Another ceramic boat filled with
sulfur powder was placed near the boat with MoO3 powder. Considering the different
melting point of MoO3 and sulfur, the sulfur is placed at the edge of the furnace where
the temperature of furnace is around the melting point of sulfur when the temperature
around center area of furnace reached to the growth temperature of monolayer MoS,.
The furnace was flowed by pure Argon gas at 200sccm for 20min to get a pure Argon
atmosphere in furnace and then, during the grown of MoS, process, the gas flow was
reduced to 20 sccm in order to get a relatively stable environment during the growth

of crystal process. During the heating process, the temperature was increased to 500°C
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first with a rate of 30°C/min, and reached to 900°C with a reduced rate at 5°C/min.
Then the temperature was sustained at 900°C for 15min and finally, the furnace was

cooled down naturally. The whole grown process is under the atmospheric pressure.

Furnace
(N EEEEEEEEEE
Ar
p— Si/SiO, wafer
- A—
S powder
S S &——>  VoOpon
(EEEEEEEEEEK]

Figure 2.3 The set-up of the CVD furnace designed in our work. In order to
implement the effective sulfidization, the MoO3 and S powder were separately placed
with suitable temperatures.
(2) Characterization:

Optical images are taken on a Nikon microscope with a 100 x objective lens. PL
spectra with 457 nm as excitation wavelength were conducted on a WITEC CRM200
Raman system with 150 line mm™ grating. Raman mappings were measured on the
same system with 1800 line mm™ grating. The thicknesses of MoS, samples were
confirmed by AFM with a tapping mode (Nanoscope Il, Digital Instrument-Veeco,
USA).

The procedure of device fabrication is as follows: the experiment begins with the
SiO,/Si substrates with MoS, grown on it. Firstly, the photo-resist (AZ5214) is spin
coated on the substrate. After baking on hot plate, the electrode patterns are defined
by photolithography (including alignment, exposure and developing). Then 5nm Cr
and 50 nm Au was deposited by thermal evaporation under high vacuum. After metal
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deposition, lift-off was carried out by emerging the substrate into acetone. The final
step is thermal annealing at 200 °C under a mixture of hydrogen and argon
atmosphere to improve the contact performance. Electrical measurements were
conducted by HP4156B Precision Semiconductor parameter Analyzer.

(3) Experimental results and characterization

Figure 2.4 displays the experimental results: the optical images of severally typical
monolayer MoS, samples grown on the prepared SiO,/Si substrate. Some samples
with triangular shape have begun to merge into together. Most samples observed here
is with triangular edge. According to Wulff theory, MoS, belongs to the hexagonal
crystal system, so the samples with triangular, hexagonal, and dodecagonal edge
shapes could be observed theoretically [126, 127]. The shape evolution could be from
dodecagonal shape to the hexagonal shape, as well as the triangular shape with the
variation of formation energy [128]. The latter two cases (hexagonal, and dodecagonal
shape) are hard to be formed due to the high formation energy [128]. In Figure 2.4 (e),
a typical MoS; triangle is observed in the AFM image. The height profile shows that
the thickness of the sample is around 0.8nm, which corresponds to the previous
reported values [16-18, 59]. The measured thickness of MoS; is a little bigger than the
theoretical thickness of 1L MoS,, which is due to the substrate effect [18].

Figure 2.5 (a-c) shows the Raman and PL mapping of a typical CVD grown MoS,
sample. The Raman mappings were constructed by the integrated Raman peaks E%g,
and A, respectively, and the PL image (Figure 2.5 (c)) was integrated by the A
exciton emission peak. From the Raman and PL mapping, we can observe that the
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sample is uniform and no additional layer on it. Figure 2.5 (d) shows the single
Raman (PL) spectra of MoS; excited by 457nm laser line. The monolayer MoS, sheet
exhibits two prominent Raman peaks: E%g, and Aqg, at 384.63cm™ and 405.58 cm™,
respectively. The frequency difference between the two prominent peaks is ~20.9cm™,
which is higher than that of ME single layer MoS, sample reported [18]. The local
strain may contribute to the increase of frequency difference between these two

Raman modes. The PL spectrum shows two typical emission peaks marked as A and

B peaks.
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Figure 2.4 (a-d) Several optical images of monolayer MoS, nanosheets on SiO,/Si
substrate, the scale bar is 30um. () AFM image of a typical monolayer MoS,. (f) The
cross sectional height profile, corresponding to the white line shown in image (e). The

thickness of the MoS; triangle is ~0.8nm.
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Figure 2.5 (a-b) The Raman mapping of a typical MoS; triangle integrated with E%g,
and A,z Raman modes, respectively. (c) The corresponding PL mapping conducted
with A exciton emission peak. (d) Raman and PL spectra of single layer MoS,. The
scale bars shown in figures are ~5pm. The scanning steps for Raman and PL mapping
are ~1pm.

The origin of these two peaks has been known as optical transitions at K point
because of the SOS at the top of valence band. Obviously, the intensity ratio of Ato B
peaks is higher than that of ME single layer MoS, sample. The reason for this optical
phenomenon will be discussed in Chapter 5.

The samples were prepared with the following steps for TEM characterization: firstly,
the samples were spin coated with PMMA A4, at 1500 rpm, resulting in polymer film
on the surface of prepared samples. Secondly, the samples were immersed in 30%
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Figure 2.6 (a-b) Optical images of a TEM grid with many monolayer MoS; triangle
adhered on it; (c) TEM image of a typically monolayer MoS,. (d) TEM image of
single layer MoS; in figure (c). (e) The enlarged high-resolution TEM image of the
marked area in figure (d). (f) The selection area electron diffraction pattern taken
from the same sample.

KOH solution. The SiO, would be etched and then the PMMA film with MoS, sample
4



adhered on it together floated in KOH solution. The floated PMMA film with sample
was transferred to deionized (DI) water for several times and then scooped by a
prepared TEM gird and dried. PMMA was washed off with acetone and isopropanol.

Figure 2.6 (a-b) shows the optical images of TEM grid with transferred MoS, samples
on it. It is obviously that there are many MoS, samples with triangular shape on the
holey carbon film. Figure 2.6 (c) shows the transmission electron microscopy (TEM)
image for the monolayer MoS,. Figure 2.6 (d) and (e) show the high resolution TEM
images and the enlarged HR-TEM image of the marked area shown in figure (d) is
shown in figure (e). Figure (f) is the selected-area electron diffraction (SAED) pattern
corresponding to the selected area. The SAED pattern revealed the hexagonal lattice

structure of MoS, grown.
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Figure 2.7 The XPS spectra of monolayer MoS; for (a) Mo 3d, where the two peaks at
229.25 and 232.32 eV, are assigned as the doublet Mo 3ds, and Mo 3dsp. (b) S 2p,
where the binding energy at 162.12 and 163.27 eV are assigned as S 2ps;; and S 2pyy,
respectively. The XPS data was measured by Kratos Axis Ultra DLD X-ray
photoelectron spectroscopy (XPS) spectrometer with monochromatic Al Ka(1486.69

eV).
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The X-ray photoelectron spectroscopy (XPS) for monolayer MoS, samples confirms
the chemical bonding states of samples grown. As shown in Figure 2.7, the Mo 3d, S
2s, and S 2p peaks of the XPS spectra are presented. The Mo 3d spectra is composed
by two peaks around 229.25 and 232.32 eV which correspond to Mo ** 3ds/, and Mo**
3ds, components of 2H-MoS,, respectively. The S 2p spectra consist of peaks around
162.12 and 163.27 eV. The binding energies are all consistent with the reported values
for MoS; crystal [129].

Single layer MoS, FETs in our work were fabricated to evaluate the electrical
performance, as presented by Figure 2.8. Figure 2.8 (a-b) shows the schematic

diagram of our devices and the optical image of MoS, FETSs in experiment.

@) (b)
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Figure 2.8 (a) Three-dimensionally schematic diagram for the structure of fabricated
transistor in our work. (b) Optical image of three transistors based on the single layer
MoS, grown on SiO,/Si substrate. (c) lgs-Vy curve for a back-gated single layer MoS;
transistors (Vgs= 1V) shown in figure (b). (d) lgs-Vgs characteristics of the same device

for Vy=-30V to 30V with step of 10V.
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From Figure 2.8(b), the channel width (W) and length (L) of our device are about 42.7
pm (mean value) and 14.5 pm, respectively. Figure 2.8 (¢) and (d) show the electrical
performance of a typical single layer MoS, FET ( lgs-Vy and lgs-Vgs). The device
displays the n-type FET behavior in ambient with a current on/off ratio of 10°.
According to the equations (2.1) and (2.2), the mobility (1) and the on-state
conductivity (con) are ~11.2 cm?Vs (Vgs=1V) and 119.6 nA (Vg=30V), respectively,
given Cg:1.23x10'4 Fm™ for an approximate calculation, which are consistent with

previous reports [130, 131].

dl L
p= (2.1)
dV,, WC,V,,
I, L
o, = — (2.2)
ds w

2.2 Confocal Raman microscope

Two confocal Raman systems are used in our experiments: WITEC CRM200,
and Renishaw inVia Raman systems. Figure 2.9 displays the schematic diagram of the
WITEC CRM200 system. The white light illumination system is described as follows
in this figure: a tungsten halogen lamp is used as white light source to illuminate on
the sample. The white light optical path is shown with yellow background. The laser
irradiation system is described as: a 532(457, 633) nm laser is coupled into a single
mode fiber and then is reflected by a holographic beam splitter (90:10), and then
reflected to the sample after the focus of an objective lens. The sample is put on the

stage which could be moved along X, Y and Z axes manually. This stage could also be
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moved precisely with a piezoelectronic-control along three axes. The maximum
moving distance of this piezo stage is 200 um along x and y directions and 20 pm
along the z-direction. The Raman scattering light as well as the Rayleigh light are
collected with backscattering mode. An edge filter is used to block the Rayleigh light.
Then the Raman signals and a small fraction of Rayleigh signals go to the grating
(1800/ 600/150 grooves/mm) and detected by a TE-cooled charge coupled device

(CCD).

APD - /4 A\

Gratings

Multimode fibre

CCD | —

Beam splitter (100:0) / [ Videocamera

Single mode fiber = Tube lens
Coupler | Edge filter

Laser H—ff—ﬂ [I — Holographic beam splitter
White light source  # H — \ Beam splitter (50:50)
Electric focusing stage —— Objective lens

Piezoelectric scan table

Figure 2.9 Schematic diagram of confocal Raman system (WITEC CRM200). The
optical path of white light illumination is displayed in yellow color and the optical

path of laser illumination is displayed in green color.
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Another Raman facility used in our experiments is the Renishaw inVia Raman system,
as shown in Figure 2.10, the backbone structure is the same as the described system
above (WITEC CRM200) but with a little difference on the design. After entering the
system, laser light passes through the spatial filter (a pinhole), which restricts the
amount of unwanted scattered light collected from outside the focus of the laser beam,
so that a good confocal arrangement is ensured. Then the light is directed to the
microscope and focused on the sample by an objective lens. The scattered light from
the sample is then collected by the objective lens and directed to the spectrometer
after passing through the slit and dispersed by diffraction grating (2400 or 1200

grooves/mm).

Beam expander r

Figure 2.10 Schematic diagram of confocal Renishaw inVia Raman system. A

monochromatic light beam is focused on the measured sample and the scattering
signals are directed through the optics of spectrometer and then collected by CCD

detector.
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2.4 Conclusions

In this Chapter, we introduced the fabrication methods of MoS, layers used in our
work and compared the three different fabrication methods (ME methods, CE
methods and CVD methods). Our preliminary results on CVD grown samples were
also presented in this section. Moreover, the common characteristic techniques, such
as Raman, PL characterization, were introduced and their working mechanisms were

discussed, respectively.
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Chapter 3
Spin orbital splitting in MoS, revealed by
second order resonant Raman spectroscopy

3.1 Introduction and motivation

3.1.1 The importance of spin orbital splitting

Before 1980, all states of matter in condensed matter systems could be classified by
the symmetry of matter. After the discovery of quantum Hall (QH) state in 1980 [132],
it was found firstly that a quantum state could have no spontaneously broken
symmetry. In recent years, a new kind of topological state called quantum spin Hall
(QSH) hall [133-136] effect was predicted theoretically [137, 138], which attracted
the great interest of researchers in the field of spintronics. Since the spin degrees of
freedom could be manipulated by electric methods without a magnetic field by this
effect, not similar to the traditional logic devices which is purely based on charge
current, QSH based spintronics devices could process and store information by the
quantum channel. Therefore, it could operate with a low power consumption, fast
computation speed and reversible quantum computations [139, 140]. The intrinsic
QSH effect has hinted us to search for a matter with non-trivial states. Although the
QSH edge states have been demonstrated experimentally in HgTe/CdTe [134, 137]
and InAs/GaSb [141, 142] quantum wells, the practical application of such a
QSH-based device is hampered by the following factors: (i) band gap is too small,

which limits the operation of device at high temperatures. Thus the searching for
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large-gap QSH insulators is motivated; (ii) the small number of conducting channels
leads to a small signal-to-noise ratio; and (iii) the lacking of available methods to
realize the high on/off ratio [137, 143-149].

Recently, 2D materials have been demonstrated their potential on developing
electronic devices [150]. Graphene was proposed that could supply an interesting
theoretical mode due to the existence of QSH [151], which was expected to the
realization of low-dissipation quantum electronic devices. However, this idea was
unrealistic due to the small spin orbital splitting (SOS) in graphene [152, 153].
Luckily, a new class of 2D transition metal dichalcogenides (TMDCs) was proposed
to have a larger spin orbital splitting (SOS) (~0.1 eV) [154]. MoS;, as a typical TMD
material, has been widely studied. As to the spin orbital coupling (SOC), Kramer’s
degeneracy [E T (k) = E 1 (k)] is established in the MoS; bulk by the combination
of time-reversal [E T (k) =E | (—k)] and inversion symmetry [E T (k) =E 1
(—k)] [155, 156]. However, for monolayer MoS; system, it is expected to cause the
energy bands to develop a larger SOS due to the broken of spin degeneracy of the

valence band and conduction band along the direction of I — K.

3.1.2 The motivation of this work

As a typical material in TMD group, MoS; has attracted tremendous attentions in
recent years [16, 18, 19, 157]. The band gap of MoS; layers varies from indirect for
few-layer and bulk to direct for monolayer phase [18, 19]. Such a band gap evolution
leads to the interesting electronic and optical properties in MoS,. Another

significantly physical feature in monolayer MoS; is its sizable SOS due to the absence
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of inversion symmetry. The spin degeneracy at the top of valence band along the
direction I'-K is broken because of the strong SOC [10]. The giant SOS makes
monolayer MoS, desirable for many physical phenomena such as the spin-Hall effect
[158], quantum spin-transfer [159], spin domain reversal [9], and magnetic phase
transition [160]. Considering the important role of SOS in the application of MoS; on
spintronics-based devices, it is challenge to develop an effective experimental method
to detect and explore intrinsic SOS in MoS,.

Previous attempts of exploring SOS mainly focus on the energy difference between A
and B peaks appeared in the PL spectrum of MoS; [17, 59] and attributed this energy
difference to the value of SOS. However, the origins of these two PL peaks (A and B)
are still confused, especially for the involvement of an additional bound exciton peak,
which is sensitive to the environment [44, 161]. Occasionally, only one emission peak
appears in the PL spectrum of single-layer MoS; at the room temperature because of
the quenching effect of bound excitons [17, 162]. Also the energy difference between
A and B emission peaks is not dependent on the number of layers in the PL spectrum
of MoS, layers, which is in conflict with the calculation results. Furthermore, the
reported values of SOS do not match well with the energy difference between A and B
PL peaks. Hence the discussion on its origin causes extensive debate as it may arise
from either SOS at the top of valence band or defect induced luminescence [17, 44,
59]. Thus it is desirable to find a reliable way to probe the fine electronic band
structure, EPC and SOS in MoS,. The resonant Raman spectrum is very sensitive to
the energy matching between the electronic bands and the energy of the phonons
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involved. In order to explore the SOC in MoS,, the resonance Raman scattering,
excited by a specific wavelength, would be an efficient and accurate method.

In this letter, Raman spectra in MoS; were systematically investigated by different
excitation laser lines, including single-layer, bilayer, quad-layer, and bulk MoS,.
When the samples were excited by 325 nm laser line, the intensities of high-order
modes (2E%g and 2A,g), as well as their combination modes (E%g+A1g) are obviously
enhanced in few-layer MoS, layers compared with the intensities of them when
excited by other laser lines. In this work, the observed Raman resonance was ascribed
to the electron-two-phonon coupling based triply resonant Raman scattering (TRRS)
process. The value of SOS provided a platform for the resonant Raman spectra of
overtone and combination modes. However, we did not observe such a resonant
behavior in bulk MoS,. According to the calculation results on the value of SOS, bulk
MoS; displays a larger value of SOS which cannot match the energy of the involved
resonant phonons. The laser excitation energy dependent resonant Raman
enhancement for overtone and combination phonon modes results in a new technique

for the probing of SOS in single-layer MoS,.

3.2 Experimental methods

The MoS, samples in this work were fabricated by mechanically exfoliated methods
from MoS; crystal (SP1 Supplies) by Scotch tape and then transferred them on Si/SiO,
substrate. The Raman spectra excited by 488 nm laser was measured by a WITEC

alpha 300R Confocal Raman system with 1800 mm™ grating and the measurement
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excited by 457 nm laser and 633 nm were conducted in a WITEC alpha 200R with the
same measurement parameters. Renishaw Invia Raman microscope integrated with
325 nm and 532 nm laser was also used to measure the Raman spectra of MoS; layers
in this work. The values of power used here were kept below 0.5 mW to avoid heating
effect for all involved laser lines.

The band structures of MoS; layers with different thicknesses are performed by
first-principles calculations using Vienna ab initio Simulation Package (VVASP), using
the local-density approximation (LDA) [163, 164]. The calculation in this chapter is
done by my collaborator Dr Yan Jiaxu. The cut-off energy for the basis set was 400 eV.
The Brillouin-zone integration was performed scheme using a 36>36>L mesh within
Monkhorst-Pack and the Methfessel-Paxton smearing with a width of 0.1eV. The
energy relaxation for each strain step is continued until the forces on all the atoms are

converged to less than 102 eV A 2.

3.3 Results and discussion

As discussed above, it has been widely reported that the electronic structures and
vibrational properties of MoS; layers are different when their numbers of layers vary
[42, 48]. Thus for comparison, we intentionally select MoS, samples with different
number of layers in our experiment. Some techniques have been adopted to identify
the thicknesses of MoS; nanosheets, such as AFM, PL, and Raman spectroscopy.
Figure 3.1(a) gives the optical graph of a typical MoS, sample. It can be seen that the

MoS; sheets with different thicknesses (areas A, B, C and D) present different optical
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contrast due to the multiple reflection effect [165, 166]. The Raman spectra for these
areas are shown in Figure 3.1(b). As peak intensities and frequencies for Elzg and Aqg
modes present obvious dependence on the thickness of MoS, nanosheets, thus the
thickness of areas A, B and C should be 1, 2 and 4 layers, respectively, and the area D
is bulk MoS; [18, 80]. The thickness of this sample was confirmed by AFM. Figure
3.1(c) shows the AFM image of MoS, sample shown in Figure 3.1(a). The
corresponding height profile along the green line in Figure 3.1(c) is shown in Figure
3.1(d). Thus the thickness of areas A, B and C are indeed 1, 2, and 4 layers. It is worth
noting that the thickness of single layer is about 0.65-0.8 nm on Si/SiO, substrate
which highly depends on substrate varying from sample to sample because of the
substrate effect [166, 167]. The thickness of the additional m layers is ~0.65>m nm,
which is consistent with the calculated result of the adjacent layer-layer distance
[168].

The Raman spectra of the MoS; layers with different thicknesses excited by various
excitation lasers are shown in Figure 3.2. It is noted that, in the range of 750 to 840
cm™, three obvious Raman peaks appears when the sample excited by the 325 nm
laser line. When the samples excited by other laser lines: 457, 488, and 532 nm lasers,
we don't observe the high-order Raman modes in the targeted measurement range,

which is unlike to the experimental results excited by 325 nm laser line.
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Figure 3.1 (a) Optical graph of MoS, nanosheets, with 1L, 2L, 4L and bulk. (b)
Raman spectrums of E',y and A;q modes for MoS, nanosheets with different thickness.
(c) AFM image of MoS; nanosheets shown in Figure (a). (d) The corresponding
height profile with the green lines shown in Figure (c).

According to the previous studies on the assignment of these three Raman peaks, they
are assigned as the second-order and combination modes of E',y and A;q modes [83,
169]. The overtone modes are usually very important to understand the mechanism of
electron phonon coupling, as well as its electronic band structure. For the resonant
Raman spectra obtained in this work, we attribute the enhanced scattering intensity of
high-order modes to the electron-two-phonon involved EPC process [170-172]. Four

steps are involved for such a resonant Raman behavior, as shown in Figure 3.3(b): (1)
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electron is excited from the v, band to the conduction band c; (schematically

represented by ci); (2) the hole left in the v, band is scattered by a phonon with

momentum q to the v, band via an interband transition, and then the hole is scattered

by another phonon with momentum -q to the top of the v, band via an intraband

transition process (3); (4) the excited electron decays to the top of v; band and

recombines with the scattered hole in (2) and (3). Thus, this process is also called

TRRS process.
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Figure 3.2 The Raman spectra of different thickness MoS; layers of its first order

modes (Elgg and Aiqg modes) and their corresponding second order (2E12g and 2A1g)

and combination modes (E129+A19) when using 325, 457, 488 and 532 nm laser lines,

respectively.
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As described above, the crucial factor to fulfill the TRRS process is that the energy
splitting AEs, = E(v,) — E(v,) should match well the sum of two involved
first-order phonon energies (Elgg and Aig modes). Particularly, in single-layer MoSy,
AEspo comes exclusively from SOS without interlayer coupling. The key factor to
fulfill the conditions of SOS is a result of the lack of inversion symmetry in
single-layer MoS; [Figure. 3.3(a)], while for its bilayer case, inversion asymmetry is
introduced, the splitting energy at the top of valence band led by SOC is very small,
and such a splitting energy shown at the top of valence band is the combination

effects of SOC and interlayer coupling [43].

(b) \—/ C;

Figure 3.3 (a) Atomic structure of monolayer MoS, (top view). The black lines
represent the unit cell of monolayer MoS; in the ab plane. The inset in the upper right
figure, the unit cell of monolayer MoS;, is shown with the broken of inversion
symmetry. (b) Proposed schematic diagram for the TRRS process in MoSy; vi, Vo
indicate the splitting at the top of valence band led by SOC, and ci represents a

possible final states for the optical transition in conduction band.

56



Therefore, it seems that the energies of involved resonant phonons in single layer
MoS; could be used to identify the energy of SOS. To clarify the mechanism of the
resonant Raman spectra observed in this work, one issue is needed to be considered:
which electronic transition is allowed between the valence and conduction band when
325 nm laser is used as excitation source?

The electronic band structures of MoS; layers with different thicknesses (monolayer,
bilayer, bulk MoS; as representative in this work) have been calculated by considering
SOC effect using the Vienna ab initio simulation package (VASP), within the
local-density approximation [163, 164]. From Figure 3.4, it is obviously that the
valence band maximum in each electronic band splits into two bands marked as v; and
Vv, bands. Furthermore, in the conduction band, another two bands appears due to the
SOC induced splitting, named as c¢s and cg bands. The energy between vi(v,) bands
and cs(ce) bands is around 3.8 eV, which is corresponding to the energy of excitation
wavelength.

Now the problem is to determine exactly which transition (vy;) t0 cs) bands) is
allowed. In order to solve this problem, the spin indexes of these four involved
electronic bands are considered. As shown in Figure 3.4 (a), the red and blue lines
represent the spin-up and spin-down states, respectively, where both transitions from
v, to cg bands and from v; to cs are allowed since only transitions between electric
bands with the same spin indexes are allowed. According to our calculation results,
the energy difference between v, and cg electronic band (3.87 eV) can match with the
incident photon energy (~3.81 eV) when samples excited by 325 nm laser. However,
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the energy of incident photon does not match well with the v; to c¢s transition (3.62
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Figure 3.4 The electronic band structures of MoS, layers with considering the SOC
effect: (a) single layer, (b) bilayer, and (c) bulk MoS,. The color lines represent the
spin indexes of the involved electric states. The red (v, and cs ) and blue lines (v, and
Ces ) represent the spin-up and spin-down states, respectively. The purple arrow shown
in each graph represents electronic transition from v, to ¢s bands resulting from the
excitation of 325 nm laser, which is corresponding to the process (1) described in
Figure 3.3(b). In this figure, we only show the helicity (o,) case as an example.

The partial charge densities (PCD) of the involved bands are calculated to further
confirm whether this transition from v, band to cg band conforms to the selection rules.
As shown in Figure 3.5, at the top of valence band, v, and v, bands shown in
single-layer MoS, case are mainly composed by d orbitals of Mo atoms, which is
consistent with previous reports [44, 154, 173]. In conduction bands, ¢cs band mainly
originates from the d orbitals of Mo atoms and cs band is composed by the
combination of d orbitals of Mo atoms and the p orbitals of S atoms. Since the rule of
electronic transition requires that the difference of the azimuthal quantum number
should be 1, the only possible optical transition is the Mo (d) orbitals in the v, band to
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the S (p) orbital in the cg band. This transition with spin indexes is reported firstly and
observed in our work, which could be further studied by optical helicity, together with
the spin valley coupling, although the previous work reported this optical transition
from v; and v, to cg band may be attributed to the o and {3 excitons emissions [174],

which is not the discussion scope of this work.

(a) © (b) o © o d o
0 @00 0 0 0 0@ (0
c o o 9

? © Mo atoms

be'—<a @ S atoms

Figure 3.5 (a)-(d) three dimensional PCD graphs for electronic bands (a) v,, (b) v1,
(c) cs, and (d) cg in single-layer MoS,, respectively. (e)—(h) two dimensional PCD
graphs corresponding to (a)—(d), respectively.

Till now, the whole physical process for the TRRS becomes clear: (1) an electron is
excited by absorbing a photon from the v, band to the cs band at the K point in the
Brillouin zone; (2) the hole left in the v, band after the electron excited is scattered by
a phonon with momentum q to the v; band by inter-band transition [175]; (3) the hole
is scattered by another phonon with momentum -q scatters to the top of the v, band by
intra-band transition to form an exciton together with the electron in the c¢ band [176];
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(4) meanwhile, the excited electron decays into the top of valence band and the
electron-hole pair recombines at the top of the v; band with a photon emitting. In this
TRRS process, the Frohlich interaction induced electron scattering by E%g phonon
must be involved to fulfill the condition of Raman enhancement of the second order
modes (ZE%g). Otherwise, the Raman intensity of the 2E%g mode cannot be enhanced
[171, 172]. The whole TRRS process involved electron-two-phonon coupling results
from the deformation potential induced inter-band transition and Frohlich interaction
induced intraband transition. Considering the energy and momentum conservation in
TRRS process, the energy transitions for these three different Raman modes can be

written as equations (3.1) to (3.3), respectively:

Elaser = Eexcitont 2EElzg (3-1)
Elaser = Eexcitont 2EAlg (3-2)
Elaser = Eexcitont EElzg + EAlg (3-3)

In order to satisfy momentum conservation, the overall momentum of the two
involved phonons must be zero in each case discussed above. Since both E;, and Ayg
modes are almost dispersionless in momentum space along the I'-M direction in
momentum space [48, 85, 177], which is very convenient for the observation of TRRS
process in our work. Besides the momentum space, the energy conservation should
also be considered. As shown in Figure 3.3 (b), the phonon involved in the process (2)
in the TRRS process must have the suitable energy (AEso /2) and momentum q
simultaneously to scatter the hole from the v, band to the v; band. The dispersionless
phonon curve in MoS; means that many phonons may exist with similar energy and
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momentum but opposite direction. A phonon with the right momentum could always
be found to ensure momentum conservation as long as the phonon energy could

matches well with a suitable energy.

633 nm laser line

5 ~ SN 1L
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Figure 3.6 The Raman spectra of MoS, samples with different layer numbers excited
by 633 nm laser lines, respectively. All the Raman spectra have been normalized by
the intensity of Ay peak of bulk samples.

Actually, the energy gap between v, band and c; band (1.89 eV) is very close to the
energy of 633nm laser (1.96 eV). In Figure 3.6, it shows the Raman spectra of
different layered MoS, excited by 633nm laser. However, we cannot observe the
obvious resonance for overtone and combination modes. To explain this question, we
have to take account of the selection rule of electronic transition. As the
conduction-band minimum states are made of the dz* orbital of the Mo atoms, and the
separated bands is degenerate at K point due to the inactive SOC, the transitions are
allowable (v1—cCy(2), Vo—C1(2)) from the viewpoint of spin indexes. However, when we
take account of the partial charge density, as discussed above, conduction-band
minimum is dominated by Mo dz” orbitals, and density of states of v; and v, bands are

mainly composed by the d orbitals of Mo atoms with very little mixing of the p
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orbitals from S atoms, as shown in Figure 3.7. Therefore, the photon induced resonant
electronic transition (vi—Ciy), V2—Ca() IS not high when considering the selection
rule (d—d transition is not allowed), which gives rise to the ignorable TRRS for
second order and combination modes at the wave number range (760-820 cm™).
Therefore, the c¢; band shown in Figure 3.3 (b) in the manuscript is not an arbitrary
band in this triply resonant Raman process, but it is the one that need to fulfill many

aforementioned transition conditions.

(“\

@ °© b O on

@™ o0 0 O
Tas o

© © @y © 002

()
O O [ I
c - 0
ag_l_@b O Moatom ) Satom

Figure 3.7 3D partial charge densities for (a) vo, (b) va, (c) ¢1 and (d) ¢, bands. The
charge density contours start from 0.001e/a.u.3 and increase successively by a factor
Of 101/10
The observation of abnormally enhanced intensities of overtone and combination
modes in the TRRS process makes a significant step towards the aim of exploring the
SOS in single-layer MoS,. Perdew-Burke-Ernzerhof, Heyd-Scuseria-Ernzerhof, and
GW approximation have been performed in previous calculation results to investigate
the value of SOS but the calculation results are various, between 146 and 193 meV

[105]. In our calculation work, the value of SOS is ~152 meV, which is within the
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reported range in the literature. Experimentally, due to TRRS when 325 nm laser was
used as excitation source, three high-order Raman modes were obviously observed
with phonon energies within the range of 93 meV (2 E%g) to 102 meV (2A1g), which

could give a value of SOS ~100 meV for monolayer MoS,. For bilayer and multilayer
MoS,, the origin of band splitting at the top of valence band is from the combination
effect of SOC and interlayer coupling [105, 178]). Furthermore, the spin is degenerate
at the top of valence bands due to the inversion and time reversal symmetry, which
means each of the separated band (v, or v,) at k and k’valley contains both spin-up
and spin-down indexes where different spin-polarized indexes come from different
individual layers. Therefore, the interlayer coupling within the same spin states needs
to commute with SOS [179]. The bulk MoS, possesses much larger separated energy
at the top of valence band [Figure 3.4(c)], which means energy match is lost between
splitting of energy at the top of valence band and energy of the two phonons involved,
thus the probability of TRRS in bulk MoS; is reduced and intensities of overtone and

combination modes in bulk MoS; is very weak.

Table 3.1. The values of AEso calculated by various methods.

Our result
Calculation Method PBE (1) HSE (2) GoWo(3)
(LDA)
AEso (MmeV) 146 193 164 152

3.4 Conclusion

The dramatically enhanced intensities of the overtone and combination Raman modes

of Elzg and Ay modes in few-layer MoS, were experimentally observed when the
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samples excited by 325 nm laser. According to the theoretical results calculated by

the first-principle calculations with considering SOC effect, we proposed such a
resonant Raman enhancement resulted from the Frohlich-interaction and deformation
potential-interaction involved electron-two-phonon TRRS process. The SOS located
at valence band maximum (at K point) played a crucial role in the Raman resonance.
Furthermore, the value of SOS in single-layer MoS, was defined experimentally,
which matched with our calculation results well. Therefore, the resonant Raman
spectra based on the TRRS technique could provide a novel and convenient way to
study the SOC effect in MoS,, which is important to develop the MoS,-based

spintronic devices in future [44, 178].
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Chapter 4
Plasma modified MoS, nanosheets for surface
enhance Raman scattering

4.1 Introduction

Surface Enhanced Raman Spectroscopy (SERS) is a Raman spectrum based technique
that could dramatically enhance Raman signal from detected molecules when these
molecules adsorbed onto specially-prepared substrate [180-184]. The advantages of
SERS are its surface selectivity and highly sensitivity. In a general Raman
measurement, after the photons of the excitation laser illuminating on the sample, the
Raman signal of bulk materials overwhelms the Raman signal from the molecule at
the surface of bulk materials. While due to the high selectivity of SERS, the Raman
signals resulting from the detected molecules on the surface of bulk present a
dramatically enhancement and could be detected directly by overwhelming the Raman
signal from bulk [185].

Till now, it is widely acceptable that two mechanisms are used to explain the SERS
phenomenon in the literature [184, 185]: electromagnetic enhancement and chemical
enhancement. The former is dominant and the enhancement depends on the presence
of features of metal surface, while the enhancement effect of the latter contributes
only one (or two orders) of magnitude which is related to the electronic states of
adsorbates and substrates [185]. The chemical enhancement could be used in many
research fields, such as biological systems, and other absorbate-surface interactions.

It is well known that the Raman scattering intensity is proportional to the square of
the magnitude of electromagnetic field (E) incident on the detected molecules [184,

186]:
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I < E? 4.1)
where I is the intensity of the Raman scattering, and E is the total electromagnetic
fields coupling with the detected molecule; and where

E=E,+E, (4.2)
Ea is the electromagnetic field on the detected molecule with the absence of any
roughness features, E, is the electromagnetic field emitting from the particulate metal
surface's feature.
As to the mechanism of chemical enhancement, it is less understood till now than the
electromagnetic enhancement. One explanation is that the molecules adsorbed on the
surface of the substrate interact with the surface which contributes to the chemical
enhancement between them [185]. Another reason is the molecular orbital of the
absorbates broaden into the conducting electrons of the substrates, and change the
surface chemistry of the substrates [187].
MoS,, as a new typical 2D layered material, has been widely investigated in many
fields [16, 25-35, 188]. Moreover, 2D materials usually have some considerable
attention for their atomic-level flat surface [189], high biocompatibility [190, 191],
selective enhancement [192], and so on. Based on these special properties, the
analogue of MoS,, graphene, has been widely used as a 2D active substrate for the
detection of organic molecule and DNA [189, 190, 192, 193]. Moreover, graphene can
be used to separate the electromagnetic (EM) enhancement and chemical charge
transfer enhancement (CT) [192], because plasmon frequency of graphene is in
terahertz range [194]. As to MoS,, besides these promising advantages of graphene
mentioned above, MoS, has a variable band structure with its number of layers
increasing [18, 195]. Besides, the structure of single layer MoS,, different from

graphene, is a sandwiched S-Mo-S three-layer structure [16]. Here we will explore
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whether MoS; nanosheets could be used as an ultrathin active platform for SERS.

Some recent experiments have been designed to tune the SERS effect for graphene
substrate, such as nitrogen doping improved sensitivity of sensing [196], UV/Ozone
oxidized treatment due to the oxygen containing groups [192]. Especially the
graphene oxide fluorinated by CF, plasma, has confirmed the hypothesis that the
disorder or defect induced local dipole on substrate surface could play an important
role in enhanced Raman signal of molecular [197]. In this work, we reported that
Raman signals of R6G molecules could be enhanced dramatically when measured on
the MoS; nanosheets pre-treated by oxygen plasma treated (OT) and argon plasma
treatment (AT). Compared with the Raman signal on pristine (P) MoS; nanosheets,
Raman signals of R6G molecular measured from treated MoS, substrates are
enhanced by 14 times. We attribute the introduction of defects changes the locally
electronic and chemically properties and thus improve the charge transfer between
defective MoS; and R6G molecules, which contribute to the Raman enhancement of

R6G molecular.

4. 2 Experimental results

In our work, MoS;, nanosheets were mechanically exfoliated from a nature MoS;
crystal (SP1 Supplies) by scotch tape. The exfoliated samples were treated firstly by
oxygen (argon) plasma with a constant dose of oxygen (argon) at 80 sccm for 5
seconds. To create the proper amount of defects but without seriously damaging the
sample, the power is very mild. Then, the plasma treated MoS, samples were
immersed in 10° mol/L solution of R6G molecule for 2h. Another MoS, sample

without plasma treatment is taken for reference. The Raman spectra excited by 532
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nm laser line were taken on Renishaw inVia Raman Microscopy configured with a
CCD array. The laser power measured in this work was kept below 0.2 W. All of the
Raman spectra were collected by a Leica objective lens (100x with NA=0.85). The
grating used for Raman measurement is 2400 line mm™ with a spectral resolution
~0.8 cm™. The PL spectrum was taken on WITEC CRM200 Raman system with 532
nm laser as excitation light and the grating used is 150 mm™.

First principle calculations were used to carry out the simulation work implemented in
VASP [163]. The Perdew, Burke, and Ernzerfhof (PBE) potentials were used in all of
calculations in this chapter. The requirement of convergence is with the cut off energy
at 400 eV. The types of defects, the chemisorption sites of O, as well as the frequency
at gamma point is simulated using a 5>6x1 mesh within Gamma centered grids for
3x3x1 supercell. The convergence energy in the self-consistent is 10° eV. The charge
transfer between MoS, and R6G are calculated by the sample methods but with a
supercell 5x5x1 for MoS,. The Brillouin-zone integration was performed scheme
using a 1x1x1L mesh within Gamma centered grids. The energy relaxation for each
strain step is continued until the forces on all the atoms are converged to less than

102evVA L
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4. 3 Results and discussions
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Figure 4.1 (a) Schematic diagram of the R6G molecules on 1L P-MoS;, OT-MoS,,
and AT-MoS;, respectively; (b) Raman signals of R6G molecules measured on the
given four substrates. (c-e) Enlarged Raman spectra of R6G molecule in the range of
580 - 660 cm™ of 1L P-MoS,, and OT(AT) MoS,, respectively. The Raman peaks
originate from MoS; nanosheets denoted by asterisks (*).

The schematic diagram of R6G molecules deposited on 1L P-MoS,, OT-MoS; and
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AT-MoS; are shown in Figure 4.1(a), respectively. The corresponding Raman spectra
for these three cases are shown in Figure 4.1(b). In order to emphasis the quenching
effect on fluorescence background from R6G molecules by MoS, nanosheets, the
Raman spectrum of R6G molecules on SiO,/Si substrate is also given for reference.
From Figure 4.1(b), it is obvious that the Raman spectrum of R6G molecules on 1L
P-MoS, sample is very weak and almost ignorable although the fluorescence
background from R6G molecules is suppressed. However, the intensities of Raman
modes from R6G molecules on both OT-MoS, and AT-MoS; substrates are enhanced
with much more obvious quenching of fluorescence background of R6G molecules
when compared to that of R6G molecules on P-MoS,. The previous works presented
that the structural disorder could improve the charge transfer process between
adsorbates and detected molecules, and thus enhanced the Raman intensities of
detected molecules [192, 196, 197]. Since the thickness of 1L MoS; is only ~0.65 nm,
the defects are easily introduced during the plasma treatment process, thus the
defects induced charge redistribution in 1L MoS; should be the key factor to enhance
the intensity of Raman modes of R6G molecules. In order to verify the proposal
above, we will explain it by studying variation of the surface properties and optical
spectra of MoS, nanosheets before and after plasma treatment.

Figure 4.2 shows the Raman and PL spectra of P-MoS, and OT (AT)-MoS;
nanosheets. It can be seen obviously from the Raman spectra that the value of
frequency difference between Elgg and Aj;g modes becomes larger for the oxygen
(argon) plasma treated samples. The similar effects on chemically exfoliated
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monolayer MoS; nanosheets was observed because of the existence of defects [56].
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Figure 4.2 Raman spectra of 1L (a) P-MoS, and OT(AT)-MoS,. The corresponding
PL spectra of 1L P-MoS; and OT(AT)-MoS, are shown in (b). The blue dashed lines
represent the Raman and PL peak positions from P-MoS, samples, respectively.

MoS; nanosheets grown by CVD technique also show a larger frequency difference
between Elgg and Aiq modes when compared to that of MoS; samples prepared by ME
method [198, 199]. All of these works attributed such a larger frequency difference to
the structure disorder in atomically thin MoS;, nanosheets. The AFM images of 1L
P-MoS; and OT (AT)-MoS; nanosheets are displayed in Figure 4.3. Obviously, the
surface of 1L OT (AT)-MoS, becomes rough when compared to that of P-MoS,. The
mean square roughness values for these three kinds of samples are 0.171 (P-MoS,),
0.543 (OT-Mo0S;) and 0.621nm (AT-MoS;), respectively. Since the surface mean
square roughness was increased, the surface disorder is indeed introduced into the
surface of MoS; nanosheets during oxygen (argon) plasma treatment process [199,

200].
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Figure 4.3 AFM images of 1L P-MoS; and OT (AT)-MoS, nanosheets. The insets are
the height profiles of these three samples, corresponding to the dashed lines shown in
these three figures. The red squares in each figure means the selected area of
calculating the mean roughness values.

In particular, the E'5; mode doesn't show obvious shift but A;; mode shows an
obvious blue shift for plasma treated sample when compared with the pristine samples.
Moreover, the peak width of Ai;g mode in AT-MoS; is larger than that of the pristine
sample while the peak width of Ai;g mode in OT-MoS; is almost the same as that of
the pristine one. Both of these features mean that the doping behaviors for these two
different plasma treatments are different. Actually, the argon plasma treatment is a
physical process to destroy the pristine structure of MoS, while the oxygen plasma is
a chemical etching process. In order to investigate how the defects affect the optical
properties of MoS,, in this work we considered the possible point defects in plasma
treated MoS;, a single S vacancy, a single Mo vacancy and two S vacancies at the
same side and different sides, as shown in Figure 4.4. The formation energy is defined

as follows [201]:
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S Vacancy: 1.31eV S, Vacancy: 8.07 eV S, Vacancy:8.25eV Mo Vacancy: 12.29 eV

Figure 4.4 Formation energy of considered point defects in plasma treated single
layer MoS,. (a) single S vacancy; (b) double S vacancies at different side; (c) two S
vacancies at the same side; (d)single Mo vacancy.
AErorm=Esystem—Ns>Es mL—Nmo>Emo_mL
Es mML=Esingle)+1.5EBond
Emo_ML=Emo(singley*3EBond
Egond=(EmL—Emo(singley—2Essingle))/6 (4.3)

where Es m_ and Emo m. are the single atom energy of Mo and S in a perfect
monolayer, respectively. It is obvious that the single S vacancy is the most common
defect due to its lowest formation energies. For oxygen plasma treatment sample, the
O adsorption on the surface of MoS; should be also considered since the oxygen
plasma may contain several ions and neutrals, such as O, O, 0", 0?*, 0%, but the ions
are in a minority in most of plasma traditions [202]. Because the Raman spectra
shown in Figure 4.2 (a), and the AFM images shown in Figure 4.3, don't show
obvious structural disorder [203], in the work, we only considered the two cases:
oxygen doping and adsorption of O. Oxygen doping is considered as substituting one
S atom with O atoms and the oxygen adsorption is to add an O atom on top of S atom,
as shown in Figure 4.5. Actually, we have considered the different adsorption sites
and got the conclusion that the most favorable adsorption site is to add an O atom on
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top of S atom (Figure 4.6). Where
Ef = Emos,0 — Emos, = Eo (4.4)
Es means the binding energy of O and MoS,, while Emos.0, Emos., Eo represents the

energies of system with O adsorption, MoS,, and single O atom.

Figure 4.5 (a) One S atom is substituted by O atom; (b) (2) an O atom is added on

top of an S atom (the most favorable adsorption site. Other adsorption site is shown

in Figure 4.6)
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Figure 4.6 Top view (a-c) and side view (d-f) of different O adsorption sites in 3x3x1
supercell. The stable adsorption site is on top of the S atom.

In order to investigate whether substitute or adsorption plays a dominant role in
oxygen plasma treatment process, we calculate the phonon frequencies of the Elzg and

Aig modes in these two cases. As shown in Table 4.1, the Ay modes show blue shift
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for these two cases while, for Elzg mode, it shows a red shift for substitute doping and
doesn't show obvious red shift for adsorption doping of O. When compared with the
Raman spectra shown in Figure 4.2 (a), it could be inferred clearly that the adsorption
of O on the surface of MoS; is the predominant doping way in defective way of
oxygen plasma treated MoS,.

Furthermore, Figure 4.2 (b) shows the PL spectra of 1L P-MoS; and OT (AT)-MoS,
nanosheets. The positions of PL peaks taken from OT- and AT-MoS, show obvious
blue shift when compared to that of P-MoS,. Such a blue shift shown in PL spectra of
T-MoS; is proposed that the band filling effect at the top of valence band contributes
to this blue shift. The similar phenomena were reported in disordered InN
micro-crystals [204], CdSe [205], and AlGaN/GaN [206, 207]. Since structure
disorder is normal a chemically unstable site in atomically thin 2D material and these

unstable site is easy to be adsorbed by adsorbates in air [208].

Cases Ea (cm™) Agg(cm™)

MoS, 378.58 396.4
MoS+0O 374.62 402.43
MoS,+0 377.24 403.61

Table 4.1 The frequency of E'5; and Ay modes in monolayer MoS, with different
doping form: substitute and adsorption of O on the surface of MoS,.

Most of previous works reported in detail how adsorbates affected the optical and
electrical properties of MoS,. The strong electro-negativity of the adsorbates on the

surface of MoS; nanosheets leads to the p-doping effect to MoS, [209, 210]. In other
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words, the electron occupation level at the top of valence band is reduced due to the p
doping effect of the adsorbates. In our work, the blue shift of PL peak observed in PL
spectra of T-MoS; is due to the holes filling at the top of valance band, which
increases the additional electronic transition energy. Interesting, when the optical
spectra of OT (AT)-MoS, were measured in the vacuum environment (~1x10% mbar),
the blue shifted PL peak of T-MoS, compared to that of P-MoS; shows a red-shift.
Particularly, as shown in Figure 4.7, the positions of PL peak taken from T-MoS,
could shift towards the position as similar as that of P-MoS,, which reveals the fact
that the adsorbates on the surface of T-MoS, are desorbed in vacuum. Furthermore,
once the samples were exposed in air again, an obviously blue-shift of PL peak
position is observed again. Such a reversible shift observed in PL spectra of T-MoS,
indicates that the adsorbates in air is weakly adsorbed at the unstable sites of T-MoS;

[208].
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Figure 4.7 PL spectra of 1L (a) OT-MoS; and (b) AT-MoS, samples. The red, green
and blue lines represent the PL spectrum measured in air, in vacuum at 1x102 mbar

and in air again.
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Next, the interactions between the R6G molecules and P(T)-MoS, are explored to
investigate how the Raman signals are enhanced on T-MoS, nanosheets. In order to
simplify the discussion here, only OT-MoS, nanosheets are discussed on behalf of
T-MoS,. As shown in Figure 4.8, the PL spectra of P-MoS,, OT-MoS,, and OT-MoS;
samples with R6G molecules deposited on them were measured, respectively. After
the deposition of R6G molecules on OT-MoS;, the PL peak position of OT-MoS;
shows a red-shift. As to this phenomenon, one possible reason is the occurrence of

charge transfer between R6G molecules and OT-MoS,.
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Figure 4.8 PL spectra of P-MoS,, OT-MoS,, and R6G on OT-MoS,, respectively. a)
1L MoS; case; b) 2L MoS; case; ¢) 3L MoS; case. The black dashed line represents the
PL position of P-MoS; in each case.

The density functional theory (DFT) was used to calculate the charge transfer between
pristine (defective) MoS, and R6G molecule, as shown in Figure 4.9. The charge
transfer between R6G molecule and pristine MoS; is 0.064e and that between R6G
molecule and defective MoS; is 0.158e. In the case of chemical enhancement induced
SERS, the charge transfer between the substrate and detected molecules plays a vital
role. The increased separation between positive and negative charges results in an

77



increase in molecular polarisability which has been related to a larger Raman

scattering cross sections [211].

© o0 0 0 ©
0 00 00O
© 0 @ 0 ©°

Figure 4.9 Charge transfer between R6G molecules and pristine MoS, (a) and
defective MoS; (b). Isosurface values are 8x10™ e/A°,

As to how the charge transfer Aq affects the polarisability, we could deduct from the
relationship between the electrical field and the induced dipole moment.

P=a-E (4.5)
where o called as polarisability.

and P = qr. (g: charge, r: position operator, E: electric field) (4.6)
Thus, we can write the polarisability asa =q D 4.7)
Here, we define D=r/E, representing the displaceability of the charge. If we assume a
ground-state charge transfer, we may write

(arsc)ct = Drec (drec — AQ) (4.8)
(as)cr = Ds (gs — Aq) (4.9)
the suffixes A and S denoting detected molecules (R6G) and substrate (MoS,),
respectively [93]. Aq represents the amount of charge transferred. The total
polarisability of the system is the sum of both detected molecules and substrate. To
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calculate Raman scattering of detected molecules, we need to derive the total

polarisability with respect to the normal coordinate Q.

da(total) _ % _Aq E)A_q .
FoeDer = 52 (1-2) + 23 (D, — Dy) (4.10)

(Here we assume Ds does not depend explicitely on Qa, and total charge is conserved).
Since the ground-state charge transfer is small, Ag/qa should be negligible, and
formula (6) could be expressed as:

da(total)y _ daa , 9Aq _

Thus, the Raman polarisability of the complex system has a high relation with the

charge transferred.

Figure 4.10 Schematic of vibrational mode for in-plane deformation C-C-C vibration
mode and C-H vibration mode of R6G molecules.

Till now, the strong charge transfer between defective MoS, and R6G molecules is
clarified. Moreover, the chemical structure of R6G molecule is similar to that of MoS,,
and the in-plane deformation C-C-C vibrational mode would be strongly enhanced
because of the vibrational coupling between the R6G molecule and MoS,. This
explains the reason why the 612cm™ peak is enhanced more than other modes shown
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in Figure 4.1, because this mode is assigned to the in-plane deformation C-C-C
vibration (the assignment of R6G Raman modes are shown in Table 4.2), as shown in
our experimental Figure 4.10, while the deformed in-plane C-H vibration does not

show such a strong enhancement.

SERS Peaks (cm™) Peak Assignment

612 C-C-C ip
772 C-Hop
1185 C-Hip
1306 arom C-C str
1362 arom C-C str
1502 arom C-C str
1570 arom C-C str
1647 arom C-C str

Table 4.2 The assignment of vibration modes for R6G molecular is shown in this table.
"ip" means in plane. "op™ means out of plane. "arom C-C str" means aromatic C-C
stretching vibration.

Due to the contribution of defects on the enhanced SERs effect, thus SERS technique
could be used to detect the possible defect in MoS; layer. As shown in Figure 4.11, the
Raman mapping of single layer MoS; integrated with Ay peak of MoS; is shown in
figure 4.11 (a), which was taken on Witec 200 Raman system. The laser power was
kept below 0.5mW to avoid heating effect on sample. From the mapping (Figure
4.11(a)), it shows the sample is uniform. However, when R6G molecules deposited on
it, the Raman mapping integrated with the Raman modes from R6G molecules are

shown in Figure 4.11 (b-d). Figure 4.11 (d) shows the single spectrum taken from the
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points A, B, C, respectively. The marked peaks I, 11, 111 were used to integrated the
Raman mapping (b), (c) and (d), respectively. Thus the defect induced enhance

Raman scatting could be used as a well technique to probe crystal quality.
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Figure 4.11 (a) Raman mapping of single layer MoS; integrated with A;y peak of
MoS,. (b-d) Raman mappings of the same samples integrated with the marked three
peaks, I, 11, 111, shown in Figure (). () The single Raman spectrum measured at the A,

B, C points, respectively, shown in (b).

4. 4 Conclusions

This work reported the SERS effect for R6G molecules observed on T-MoS,
nanosheets. The Raman and PL spectra of both P-MoS; and OT (AT)-MoS, samples

were systematically investigated, which revealed that the existence of defects in MoS,
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nanosheets. The disordered surface structures resulted in the introduction of defects
which contributed to the enhanced charge transfer between R6G molecules and
defective MoS,. The first principle calculations on the charge transfer further confirm
the improved charge transfer between R6G and MoS,. The investigation of the
interaction between MoS; (both P-MoS, and OT(AT)-MoS;) and organic molecules
provides a new way for the potential practical applications of MoS; nanosheets, such

as molecule detection and biological detection.
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Chapter 5
Origin of Strong PL spectra in CVD grown
monolayer MoS,

5.1 Motivation

Due to the limited size of mechanically exfoliated MoS, nanosheets, chemical vapor
deposition (CVD) growth technique has been expected to grow large-area single layer
MoS;, as compared to the limited size of mechanically exfoliated (ME) MoS,
[115-117, 119, 120]. The previous studies have reported several methods for growth
of MoS; layers. Interestingly, CVD grown single layer MoS; nanosheets show a
strong PL emission compared to that of ME samples, which is attributed to the high
crystal quality of CVD samples [117, 199, 212, 213]. However, such an explanation is
conflicted with the common sense that the exfoliated samples from the bulk phase
should have high purity and crystal quality.

Actually, various defects, such as point defect, dislocations or grain boundaries, are
reported in CVD samples [214-217]. In semiconductor materials, point defects in
lattice, especially vacancies, can play an efficient role in trapping electrons, holes and
excitons, and thus strongly affect the transport and optical behaviors of the host
materials. If the bound excitons recombine radiatively, a PL peak would emit with the
lower energy than the band gap edge transition [218]. The role of defects becomes
more important in reduced-dimensionalities systems because of the tightly localized

electron wave function [219]. Especially, the plasma treated monolayer MoS; shows a
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stronger PL intensity than that of as-prepared sample [220], which implies that the
defects could enhance the intensity of PL emission in monolayer MoS,. Given this
measurement in atmospheric environment, it is hard to get the conclusion that the
defects contribute to the enhanced PL intensity of MoS,. Another paper performed an
in-situ optical measurement in vacuum (~10 Torr) using a turbo-molecule pump
[221]. They found the enhancement of PL intensity only be observed with the
presence of pure N, gas, but cannot be observed on defective MoS;, nanosheets
without N, gas. Paradoxically, Wu et al. reported that the PL intensity of MoS, shows
an obvious enhancement in the O, gas and air environment [222], rather than in N,
gas. It is worth noting that all previous studies only focus on the ME MoS, sample.
Till now, there is no comparable study on the optical spectra between CVD grown and
ME MoS; samples. In this work, we compared the PL spectra of CVD grown and ME
MoS, samples and measured the PL spectra of CVD grown and ME MoS, samples in
vacuum and air, respectively, to investigate the effect of adsorbates. The electrical
performance of CVD and ME MoS, samples shows their n type FETs behaviors and
confirms the p doping effect of adsorbates on MoS,. The behaviors of trion emission
address the p doping effect of adsorbates, leading to the enhanced PL intensity in
CVD grown MoS;, sample. Combined with the calculation on the charge transfer
between pristine (defective) MoS, and adsorbates, this work clarifies the strong PL
emission of CVVD grown MoS, samples and paves a way to engineer the PL intensity
of the atomic MoS, layer, which provides a possibility of MoS, sample as light
emitting devices.
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5.2 Experimental section

Two groups of MoS;, samples were used in this experiment. One group of MoS;
samples were prepared by ME method from nature MoS; crystals (from SPI) and then
transferred onto 270nm SiO,/Si substrates, and the other group of MoS, samples were
grown by CVD method by placing sulphur and MoO3 powders in the furnace, with a
Si0,/Si substrate located face down above the MoO3; powder. Raman and PL spectra
were conducted on a Witec CRM 200 confocal microscopy Raman system. The
excitation laser source was 532nm laser with a spot size about 500nm. To avoid
damaging and heating by high power laser, the laser power was attenuated and the out
power measured from the objective lens was controlled below 0.5mW. The
accumulation time for PL and Raman spectra was 5s and 30s, respectively. The
Raman signals were collected by an Olympus 100 x objective lens (NA =0.95) and
dispersed by 1800 line mm™ gratings before directed into CCD. The measurement
condition of PL spectra is the same as that of the measurement of Raman spectra
except the grating density with 150 line mm™ for PL measurement. The vacuum
experiments were carried out in a sealed LINKAM stage combined with a controllable
vacuum-level pump.

Both of these two groups of MoS; samples were deposited on 270nm SiO,/Si
substrates. The electrical contacts were fabricated by photolithography, and then
followed by the pattern deposition of 10nm titanium and 120nm gold using thermal
evaporation methods and then the lift off process followed. The final step was thermal

annealing at 200°C under a mixture of hydrogen and argon atmosphere to improve the
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contact performance. Electrical measurements were carried out with HP4156B
Precision Semiconductor parameter Analyzer.

The charge transfer between MoS; and O is calculated by first-principles calculations
realized by Vienna ab initio Simulation Package (VASP), using the Perdew, Burke,
and Ernzerfhof (PBE) potential. The cut-off energy for the basis set was 400 eV. The
Brillouin-zone integration was performed scheme using a 5>5>1 mesh within Gamma
centered grids for a 4x4x1 supercell of MoS,. The energy relaxation for each strain

step is continued until the forces on all the atoms are converged to less than 102 eV A

-1

5.3 Result and discussion

As shown in Figure 5.1, the PL intensity of CVD grown monolayer MoS; is stronger
(~16 times) than that of ME MoS;, samples under the same measurement conditions.
The first possible factor on the enhanced PL intensity is that the strain effect of
substrate. It is well known that CVD grown samples are inevitably affected by the
local strain because of the difference of thermal expansion coefficients between
deposited MoS; layers and the substrates during cooling processes [115, 223, 224].
Such a strain effect of substrate leads to the frequency difference between E§g and
A;g modes of CVD grown monolayer MoS; larger than that of ME 1L MoS,. The
previous studies have investigated the strain effects on the PL spectra of MoS; layers
[224-227]. No matter the tensile strain or compressive strain applied to MoS; layers,

the intensities of PL spectra of MoS; indeed vary (increase with compressive strain
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applied and decrease with tensile strain applied), but the position of PL emission also
changes a lot when strain is applied. The position of PL could shift towards higher
energy (compressive strain) or lower energy (tensile strain) obviously, which is
different from the comparison of PL spectra from CVD grown and ME MoS, sample
shown in this Figure 5.1. In our work, the positions of PL peaks of both CVD grown
and ME monolayer MoS, are almost identical. Moreover, when the strain applied to
MoS;, A;; modes are unchanged and the E%g mode shows an obvious red-shift [228,
229]. However, the E%g and A;;, modes of CVD grown MoS; samples, show a
red-shift and blue-shift, respectively, when compared with that of ME samples. Thus,
the strain effect on Raman spectrum of CVD grown MoS; could be excluded here.
Another possible reason contributing to enhanced PL intensity in CVD grown sample
may be the introduced defects in it. As mentioned above, the defects can trap the
exciton and act as a recombine center and thus, if they could recombine radiatively,

the light emission will occur with energies lower than the energy of bandgap.
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Figure 5.1 Comparison of PL spectra between single layer ME and CVD grown
MoS..
However, in Figure 5.1, we didn't observe the extra excitonic peaks. Since the
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previous study reveals that the defects engineering and surface adsorption could
contribute to the enhanced PL intensity of ME MoS; [220, 221]. Therefore, the reason
why the PL intensity of CVD grown MoS, sample are dramatically stronger than that
of ME MoS, sample is naturally inferred that the amounts of defects in CVD grown
MoS; is much larger than that in ME MoS; The stoichiometry of the ME and CVD
grown MoS; nanosheets has been characterized with energy dispersive spectroscopy
(EDS) spectrum (Oxford INCA, England integrated on FESEM, JSM-7600F, JEOL),
as shown in Figure 5.3. The S/Mo ratio is close to 2 (1.97) for the ME MoS, sample
while for CVD grown MoS;, the S/Mo ratio is only 1.83, which means more defect in

CVD grown MoS..

Intensity (a.u.)

360 380 40b 420

Wavenumber (cm™)
Figure 5.2 Comparison of Raman spectra between ME and CVD grown single layer
MoS;:
Moreover, the PL spectra of CVD grown and ME MoS;, sample were measured in air
and vacuum, respectively. As shown in Figure 5.4, the PL spectra of CVD grown
monolayer MoS, measured in vacuum show obvious decrease of intensity which
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means the adsorbates adsorbed on the surface of MoS; highly affect the PL intensity
of CVD grown MoS; sample. While for ME MoS, sample, when measured in vacuum

and in air, respectively, its PL spectra don't show obvious variation on PL intensity.
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Figure 5.3 SEM-EDS spectrum of single layer MoS,. (a) ME MoS,. (b) CVD grown
MoS, sample. Inset shows the atomic percentage of S and Mo atoms in MoS;
nanosheets.

This result urges us to infer that more defects exist in CVD grown MoS, sample
compared to the ME MoS, sample, thus the adsorption amount is greater in CVD
grown MoS, sample than that of ME MoS, sample, since the samples mechanically
exfoliated from natural crystal usually presents a better crystal quality than that of

CVD grown samples. Therefore, the next questions are how the adsorbates affect the
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optical properties (PL) of CVD grown MoS, samples and why such an effect from

adsorbates becomes little in vacuum.
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Figure 5.4 PL spectra of CVD grown (a) and ME (b) MoS, samples measured in air,
in vacuum and in air again.

The Raman spectra of two groups of MoS, samples are investigated, shown in Figure
5.5. During the vacuum releasing process, there is no obvious change for Elzg mode
(almost fixed at ~384.2cm™) in these two cases (ME and CVD grown samples), but
with a clear blue-shift for A;; mode from 401.1cm™ to 402.3cm™ for the CVD grown
MoS;, sample and no obvious change in ME sample (Figure 5.5 (a)). This result is
different from the reported strain effect on the Raman spectra of monolayer MoS,
sample [228]. The sensitivity of A;g mode (out of plane) and the inertness of Elgg
mode (in plane) to the adsorbates are related to their distinct vibration directions. We
propose that the additional Coulomb potential imposed by the adsorbates could
couples strongly with the A4 phonon and then make the variation of A;y mode much
more obvious. In order to understand such a variation trend for E',y and Ayy mode, a
comprehensive study of electron-phonon coupling (EPC) as a function of
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concentration of electron doping has been investigated. The EPC of a mode v with

momentum g (with frequency wy,) is expressed as [230]:

2 2
Adgy = ———— E E I |° % §(Eprai —
qv ha)qu(ef) 1 L |gk+q,k X (Ek+CI.l Ef)

X 6(61(’]' - Ef) (61)
where o and N(e) are the phonon frequency and density of states at the Fermi

energy, respectively. wg, represents the frequency of a mode v with momentum g.

The matrix element of ECP is given by

oL
glccll-:-;],k = (ZquU)2<¢k+q’i|A‘/CIU|¢I€,]'> (62)

where v, ; represents the electronic wave function with wave vector k for band j,
and M is the ionic mass. AV, is the variation of the self-consistent potential related
to a phonon with wave vector g, branch v, and frequency ,,. Our results in Figure 5.5
(@) show the A;y mode displays a blue-shift while the Elzg mode keeps almost
unchanged. According to the symmetrical group theory, the A;qg mode has symmetrical
lattice variation. Therefore, all electronic states with nonzero expectation value in
equation (5.2) would contribute to the perturbation of the Ay mode, which gives a
strong EPC in equation (5.1).

The similar variation trend for A;y mode has been reported on top gated Raman
spectra from a single layer ME MoS, sample [231]. The in situ Raman spectrum
measurements shows the softening of the A;y mode with electron doping, while the
E',, mode remains unchanged. The authors believed that the Ay mode could couples
stronger with electrons, thus the electron doping results in the occupation of the
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conduction band minimum at K point which mainly consist of the character of d,z of

Mo atom. Therefore the electron states (|10 (r)|?) nearby also varies according to the
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Figure 5.5 The Raman spectra of CVD grown (a) and ME (b) monolayer MoS;
samples measured in air, in vacuum and in air again.

electron doping, which will leads to a change of the ECP for A4 phonon due to the
orthogonality of A;g mode, as shown in equations (5.3) and (5.4), while the Elzg mode
coupling with electrons weekly depends on doping. In this result, when the sample
measured in air, the Ay mode shifts toward high-energy direction compared with that
measured in vacuum, which means a p doing effect of absorbates in air. In order to
directly display the doping effect of adsorbates in air on the physical properties of
MoS, sample, single layer MoS, FETs in our work were fabricated following the
schematic graph shown in Figure 5.6 (a). The experimental details have been
introduced in the experimental section. The inserted titanium thin film was used to
decrease the contact resistance due to its low work function [232]. Figure 5.6 (b) and
(c) show the electrical performance of single layer ME and CVD grown MoS,,
respectively. The two groups of MoS, samples based FETs both display n type

channel behavior due to the increased current by the positive gate voltages. The
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electrical measurements were carried out in air and then followed by measurement in
vacuum. The vacuum pressure was set at 10 mbar in our experiments. It is found that

the threshold voltage shifts towards the positive direction.
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Figure 5.6 (a) The schematic illustration of transistor based on ME and CVD grown
single layer MoS,. |4 -Vy characteristics of ME (b) and CVD grown (c) MoS;
transistors for Vpg= -30V to 30V in step of 10V measured in air and vacuum,
respectively. The fixed source-drain voltage is 1V.

Since the devices exhibit n-type transistor, this shift reveals that the adsorbates in air
into sulfur vacancies or defects sites on MoS; plays a p doping effect on CVD grown

and ME monolayer MoS, samples.
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Figure 5.7 The curve fitting results of PL spectra taken from CVD grown MoS;
samples. (a) in air; (b) in vacuum;

Now the problem need to be clarified is how the p doping effect of adsorbates from
air affects the optical properties of CVD grown MoS, samples. When going back the
PL spectra itself, we find that the peak emission from A exciton recombination is not
symmetrical and a shoulder could be observed on the right side of this peak. The
previous studies reported that the peak A may include two emission peaks, and they
are from the recombination of exciton and trion, respectively. The gated PL spectra
show that when the extra electron was injected in MoS,, the feature of trion emission
becomes clear [98, 99]. The chemical doping effects on the trion emission were also
reported [233, 234]. When excess electrons are introduced to MoS; (this result has
been confirmed by the n type behavior of CVD grown and ME MoS, samples based
FETs), they will bind with photo-excited exciton (electron-hole pairs) to form trion.
The negatively charged trions with bonded states of two electrons to a hole usually
have finite binding energies, ~20meV, which makes them significant even at room
temperature [98]. With the variation of carrier concentration in MoS;, crystal

introduced by the external doping, the exciton spectral weight in PL peak could be
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affected. In our experiment, due to the p doping effect of adsorbates in air, the amount
of the excess electrons will be reduced and thus the PL emission from exciton will be
enhanced. Such a transfer process could be described by a three-level model including
the excitation, exciton emission and trion emission process, respectively [98, 234]. As
shown in Figure 5.8, G represents the generation rate of optical excitons. The

radiative decay rates of the exciton and trion are marked as I, and I3, respectively.

ex F

Figure 5.8 Schematic of three-level energy diagram The radiatively decay rates of
exciton and trion were denoted as I, and I., respectively. G represents the
generation rate of A excitons. ki is the formation rate of trion.

When the mass action law is considered with trions together to evaluate the doped
electron density in MoS, samples, the integrated intensity ratio of trion emission (ly)

to electron emission (le) can be expressed as [99, 234-236]:

Ep
ka

It_r — & (T[hzmtr) (5.3)

n
= exp(

Iex Tex ka

my and mey are the effective masses for trion and exciton, respectively. me is the

effective mass of electrons. # is the reduced Planck's constant, ky, is the Boltzmann

constant, T is the temperature, and Ey, is the trion binding energy.
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From the equation (5.3), it is obvious that the ratio of emission intensities between I,
and le is highly dependent on the carrier concentration. When the CVD grown MoS;
samples were exposed in air, the p doping effect from the adsorbates in air reduced the
concentration of electron, thus enhance the possibility of recombination of exciton.

Till now, the physical picture on the reason why the CVD sample shows a strong PL
intensity becomes clear. The amounts of defects in CVD sample is more, the amounts
of adsorption is greater, and its PL intensity becomes stronger. Following this thought,
if there is no adsorption on the surface of MoS,, the PL intensity from ME and CVD

grown MoS, samples should be almost the same.
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Figure 5.9 (a) The PL spectra of CVD grown and ME MoS, samples at a series of
different vacuum levels. (b) The ratio of PL intensities (CVD/ME) with the varied
vacuum levels. (c) The intensity (area) ratios of lexciton/ltrion-

Figure 5.9 shows the ratio of PL intensities from CVD and ME MoS, samples at
different vacuum levels, the variation trend from this figure shows that with the
decrease of vacuum level, the ratio of PL intensities from CVD and ME samples are
reaching to 1. This result further supports our proposal above.

For the components of adsorbates in air, we have calculated the charge transfer
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between O, (N,) molecules and MoS; by first-principle methods. The configuration
structure of O, (N2) molecule adsorbed on perfect 4x4 super-cell of single layer MoS,
are shown in Figure 5.10 (a) for O, and (b) for N,. The adsorption sites in Figure 5.10
are the most favorable adsorption sites for O, and N, respectively. The possible other
adsorption sites for O, on the surface of MoS, are shown in Figure 5.11. The charge
transfer between O, and perfect MoS; is 0.045e (from MoS; to O,, shown in Figure
5.10 (c)). While the amounts of charge transfer between N, and perfect MoS; is
0.008e (from MoS; to N,, as shown in Figure 5.10 (d)). This suggests that O,
molecules adsorbed on perfect MoS, are the major components of adsorbates. When
we consider adsorbates on defective single layer MoS,, the single sulfur vacancy on
MoS; lattice is considered in our simulation as it is the most stable detective structure
(Figure 5.4 in Chapter 5). The same super cell with a single S vacancy in 4x4 single
layer MoS; with O, (N,) adsorption is shown in Figure 5.12 (a) for O, and (b) for N..
The charge transfer between O, molecule and MoS, with an S vacancy is 1.24e and
that between N, molecule and MoS, with an S vacancy is 1.1le. Thus, the enhanced
charge transfer from MoS, with an S vacancy to adsorbates (N, or O;) reduces the
extra electron concentration in defective MoS, sheets, and decreases the emission
possibility of trion and increases that of exciton. From the charge transfer difference,
it could be seen that the charge transfer is strongly localized at the defect site, which
implies that the defect could be displayed a localization center. While, due to the high
binding energy, such a localized exciton could trap electrons to form the stable
localized exciton to avoid non-radiative recombination and thus enhance the PL
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intensity of MoS,.
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Figure 5.10 The relaxed configuration structures and charge density difference of O,
(a,c) and N, molecule (b,d) adsorbed on perfect single layer MoS,. The positive and
negative charges are shown in yellow and blue colors, respectively. Isosurface values

are 8x10™ e/A® for (c) and (d).
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Figure 5.11 Adsorption configurations. Top and side views of other possible

adsorption sites of O, (N2) on MoS;.
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Figure 5.12 The relaxed configuration structures and charge density difference of O,
(a,c) and N, (b,d) molecule absorbed on single layer MoS; with a single S vacancy.
The positive and negative charges are shown in yellow and blue colors, respectively.
Isosurface values are 2x10°° e/A® for (c) and 6x107 e/A® (d).

From the discussion above, in the pristine single layer MoS,, the interaction between
0O, and pristine MoS; plays a major role compared with that interaction between N,
and pristine monolayer MoS, although such an interaction is very small and could be
negligible. However, in the presence of S vacancies, both O, and N, show a strong
charge transfer with the defective monolayer MoS,. The discussion above clarifies the

origin of adsorbates which could affect the physical properties of defective MoS,.

5.4 Conclusions

By comparing the PL spectra of CVD grown and ME single layer MoS; sample, we
found the strong PL emission from CVD grown MoS, sample. In order to investigate

whether the CVD grown MoS; has a better or compatible crystal quality compared
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with ME MoS;, sample, some possible reasons were investigated. We attributed the
enhanced PL intensity of CVD grown sample to the adsorbates on the surface of
MoS; by comparing their PL spectra measured in air and in vacuum. The following
experiments, Raman, and electrical performance confirmed the p doping effects of
adsorbates in air. Finally, the trion emission was introduced to explain the abnormally
strong PL in CVD grown MoS,. The first principle calculations were considered to
investigate the charge transfer between MoS; and adsorbates and clarified the origin
of adsorbates in air. This work can guide the future work on the engineering of PL

emission of monolayer MoS,.
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Chapter 6
Summary and future plans

6.1 Summary

This thesis includes the fundamental studies of MoS,, including the resonant Raman
scattering and the comparison of photoluminescence (PL) spectra between chemical
vapor deposition (CVD) grown and mechanical exfoliated (ME) MoS, and the
potential application of MoS; in electronics and the substrate of surface enhanced
Raman scattering (SERS) effect.

(1) Spin orbital splitting (SOS) revealed by resonant Raman scattering

The dramatically enhanced second order and combination Raman modes of
E%g and A;; modes in monolayer and few layer MoS; excited by 325 nm laser were
observed. When other laser lines used as excitation sources, 457 nm, 488 nm and 532
nm, respectively, no enhancement effect was observed for these three Raman modes.
With considering spin orbital coupling effects, density functional theory based first
principles calculation revealed the possible optical transition under 325nm laser
excitation and the partial charge density of electronic bands confirmed the proposed
model. The SOS at the top of the valence band is an essential prerequisite for the
resonance of high-order Raman modes, and the energy value of SOS could be
evaluated by such a resonant process.

(2) Plasma modified surface enhance Raman scattering (SERS) of R6G on MoS;

In the second section, we revealed that the plasma treated MoS, nanosheets could be
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used as the substrate of SERS effect. The structural disorder created during plasma
treating results in the generation of local dipoles, which contribute to the enhanced
Raman signals from detected molecules. Therefore, the SERS effect could be used a
method to probe the defects in MoS,.

(3) Origin of strong PL in CVD grown monolayer MoS,

In the first section, we revealed the fact that the strong PL emission from CVD grown
MoS; is not its intrinsic behavior by measuring its PL spectra in vacuum and in air,
respectively. It is obvious that the strong PL emission from CVD sample is due to the
adsorbates in air. Such a doping effect affects the carrier concentration and then
further affects the spectral weight of trion and exciton emission. Since the adsorbates
are related to the active sites at the location of defects, so how to probe the defects in

MoS, becomes important.

6.2 Future plans

(1) Construction of 2D hetero-structures and the exploration of their tailored
properties

The 2D materials have displayed their interesting and abnormal physical properties
and attract much more researchers to explore this research field [19, 237-239]. These
crystals can be fabricated either by mechanically exfoliation from bulk materials [16,
18] or grown by several different methods, such as chemical vapor deposition [199],
physical vapor deposition [240], atomic layer deposition [241, 242] or metal organic

chemical vapor deposition methods [125]. The species of 2D materials are very great,
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expanding from metal, semiconductor, to insulator. But the physical properties they
present are unique because of their special crystal structure. One of the ultimate goals
for materials science is to develop novel architectures with tailored properties.
However, these constructed materials do not exist in nature although they could
usually present surprising breakthroughs with unusual dimensionality and complexity.
The current strategies for the fabrication of artificial materials are as follows: (1)
micro-mechanical exfoliation; (2) direct growth of stacked materials with different 2D

materials; (3) substrate transfer technique [243-245].

Figure 6.1 The optical image of MoS,/WS; hetero-junctions.
As mentioned in chapter 2, CVD method has been employed to grow 2D materials in
our current work. For the artificially complex materials, we have obtained several
previous experimental results. As shown in Figure 6.1, the in plane hetero-junctions
from MoS, and WS, monolayers were grown by our research group. The optical
image of hetero-junctions was shown. Figure 6.2 showed the Raman and PL mapping
of hetero-junctions, respectively. We hope that CVD method would be widely used to

get much more hetero-junctions from different 2D materials. This study may pave the
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way for constructing artificial materials according to the practical application and

open a new chapter in condensed matter research.

WS2 MoS2
Ram an 550 i:) cts 650 CCD cts
0 CCDcts 0 CCD cts

] 1
QCCDcts 0 CCD cts

Figure 6.2 Raman and PL mapping of a typical MoS,/WS; hetero-junction. The left

column shows the Raman and PL mapping of WS, and the right one shows that of
MoS,. Both of Raman mappings of WS, and MoS; were integrated by Aiq phonon,
while both of PL mappings of WS, and MoS, were integrated by A exciton emission
peak, respectively.

(2) The behaviours of MoS; under high pressure

High pressure techniques have become one of the most probes to study the physical
properties of materials under extreme conditions, particularly for the study of some
phase change materials since most of them have necessary properties for the
application in electronic memory devices [246-250].

Moreover, by studying the properties of materials under high pressure, some
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confusable problems under general conditions would be clarified. For example, the
origin of indirect transition in multilayer MoS, layers has been confused on the
location of conduction band minimum (CBM). Some calculations showed that the
CBM was located at the K points while other results showed that it was at the point
A'in the Brillouin zone [42, 43, 101, 102]. While the PL spectrum of few layer MoS,
measured under high pressure clarifies this confusion. We have got some results on
the Raman and PL spectra of monolayer MoS, under high pressure, as shown in
Figure 6.3.

We will continue our work to study the ultra-low frequency vibration modes under
high pressure since the ultra-low frequency Raman mode is usually sensitive to the

structure variation of materials.

—~
QD
~
T

0 Gpa

0.774 Gpa
1.338 Gpa
2.02 Gpa
2.88 Gpa
3.55 Gpa
4.75 Gpa
5.55 Gpa
6.43 Gpa
7.1 Gpa

200 250 300 350 400 450 500 550 600 600 650 700 750 so .95 Gpa
Wavelength (nm)

L

~—~

O

~
T

Intensity (a.u.)
Intensity (a.u.)

Wavenumber (cm'l)

Figure 6.3 Raman (a) and PL (b) spectra of single layer MoS, under different

pressure level.
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