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resumo

Esta tese apresenta um estudo de espalhamento Raman ressonante com
diferentes energias de laser de excitação em únicas e poucas camadas de
MoS2, tendo como objetivo compreender a dinâmica de interação entre
éxcitons e fônons e a origem dos modos Raman de segunda ordem neste
material, ao qual pode ser aplicado a outros sistemas semicondutores
semelhantes. Na investigação do perfil de excitação Raman, envolvendo os
modos Raman de primeira ordem do MoS2 (bandas E1

2g eA1g), demonstra-
se que o perfil do modo A1g é intensificado quando a energia de laser
de excitação encontra-se em ressonância com os éxcitons A, B e C do
MoS2, enquanto o perfil do modo E1

2g é intensificado apenas quando a
energia de laser de excitação coincide-se com a energia do éxciton C. Tal
perfil de ressonância é devido a interação dos orbitais dos éxcitons e
fônons. No estudo dos modos de segunda ordem, a espectroscopia Raman
ressonante é usada em conjunto com a teoria do funcional da densidade
para explicação do processo de dupla-ressonância em única camada de
MoS2 e bulk. Nossos resultados mostram que a frequência Raman destes
modos desviam-se quando se muda a energia de excitação do laser e,
cálculos de primeiros princípios confirmam que isso é ocasionado por
fônons acústicos distintos, conectando diferentes estados de vale dentro da
primeira zona de Brillouin. Além disso, observa-se que o processo Raman
de dupla-ressonância é afetado pela transição bandgap indireto para direto
e, uma comparação detalhada dos resultados em monocamada e bulk
permitem a atribuição de cada modo Raman com o respectivo fônon em
torno dos pontos M ou K na zona de Brillouin. Estes resultados destacam o
espalhamento entre-vales dos elétrons pelos fônons acústicos em sistemas
semicondutores bidimensionais da família dos dicalcogênetos de metais
de transição, o qual é essencial para a despolarização de vales em MoS2.
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abstract

This thesis presents a multiple energy excitation resonant Raman study
on mono- and few-layered MoS2. Our aim is to obtain the understanding
of their exciton and phonon dynamics and the origin of the second-order
features, as well as their potential to the understanding other semicon-
ducting transition metal dichalcogenide materials. In our investigation of
the Raman excitation profile of the two most pronounced features of the
Raman scattering spectrum of MoS2 (E1

2g andA1g bands). We demonstrate
that the A1g feature is enhanced when the excitation laser is in resonance
with the A, B and C excitons of MoS2, while the E1

2g feature is shown to
be enhanced only when the excitation laser matches the C exciton energy.
We analyze the exciton-phonon interaction and show that the excitons’
orbital and the phonons are the responsible for the enhancement behavior
of both modes. In the study of the second-order modes, Raman spec-
troscopy in conjunction with density functional theory calculations unveil
the double-resonance Raman scattering process in monolayer and bulk
MoS2. Our findings show that the frequency of some Raman features
shifts when changing the excitation energy and, first-principle simulations
confirm that such bands arise from distinct acoustic phonons, connecting
different valley states. The double-resonance Raman process is affected
by the indirect-to-direct bandgap transition, and a detailed comparison of
results in monolayer and bulk allow the assignment of each Raman feature
to specific phonons near the M or K points of the Brillouin zone. These
findings highlight the underlying physics of intervalley scattering of elec-
trons by acoustic phonons in semiconducting two dimensional transition
metal, which is essential for valley depolarization in MoS2.
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welcome to the flatland

“True” said the Sphere “it appears to you a plane because you are not
accustomed to light and shade and perspective just as in flatland a
hexagon would appear a straight line to one who has not the art of
sight recognition but in reality it is a solid as you shall learn by the
sense of feeling”

— Edwin A. Abbott (1884)

Above is a quote from the book “Flatland: A romance of many dimensions”
which illustrates the bidimensional world. This sentence might not have
been shocking in the 19th century, but now all that we heard is about the
flatland. So, why all the fuss now and not centuries ago? All start in a
mere pencil trace. A pencil is made of graphite, which is composed of
several atomically thin carbon sheets stacked onto each other, but that
is not all. The interaction between these carbon sheets is weak, making
easy to separate them by just rubbing the graphite on a solid surface until
an only one-atom-thick sheet of carbon atoms remain. It is like “tracing
a pencil on a white piece of paper”. By doing this, everything becomes
smaller, and all its properties change so wonderfully, that we still are trying
to understand it. This single one-atom-thick sheet of carbon atoms is the
so-called graphene or, as some people say, the wonderful material.

The graphene has a high charge carrier mobility, and it is harder than
steel but still flexible as a feather. This flexibility leads to the advance of
emerging technologies such as rollerball computers and flexible phones.
By now, the importance of graphene is evident, but it is still not over. After
the graphene’s discovery, other types of two-dimensional materials have
emerged, and each one has its physical properties. We can say that we
have only seen the tip of the iceberg and, more materials with unusual
properties are to be discovered and will revolutionize the world we live in.

Welcome to the flatland!
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1 introduction and background

1.1 Introduction

The isolation of graphene by mechanical cleavage in 2004 (Novoselov
et al., 2004) sparked research on two-dimensional (2D) materials that
has been growing at a tremendous rate. The possibility of controlled
production of different types of 2D systems with a good crystal quality has
opened up many exciting routes for the study of the fundamental physics
in these systems. The key factor behind all this relatively young field is
the mechanical exfoliation of bulk crystals that allowed the preparation
of several types of 2D materials (Novoselov et al., 2005). By just a piece
of bulk crystal, a roll of tape and an optical microscope several types of
2D atomically thin layers can be isolated and, their physics properties
vary from insulators to superconductors depending on their electronic
structure. Researchers have realized that by tuning the number of atomic
layers of any layered material, it is possible to achieve unusual properties,
including the enhancement of quantum confinement and the reduction in
dielectric screening, both of which enhance interactions between charged
particles in the material.

One family of these 2D systems is the transition-metal dichalcogenides
(TMDs). Unlike graphene’s single carbon atomic-thick layer, TMDs (e.g.
MoS2, WS2, WSe2, etc.) are formed by an atomic trilayer which consists of
two adjacent layers of chalcogen atoms (X) covalently bonded to a layer of
transition metal atoms (M) forming an X−M−X layer configuration (see
Figure 1.1). The electronic structure of these compounds depends on the
transition metal species. The TMDs composed of a metal from groups IV
and VI are semiconductors or insulators, and those composed of a metal
from group V atoms are metallic (Wilson and Yoffe, 1969). Although the
bulk form of TMDs has been extensively studied in the past (Wilson and
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Yoffe, 1969), only recently monolayer and few-layer TMDs were obtained.
In the case of semiconducting TMDs, such as MoS2, WS2, WSe2, etc. they
show a transition from an indirect band gap in the bulk to a direct gap for
a monolayer (Mak et al., 2010; Splendiani et al., 2010). This fact together
with the rich physics of strong spin-orbit coupling in these materials has
opened up several opportunities in both basic research and optoelectronic
applications (Xu et al., 2014).

Two possible structural polytypes have been reported for a monolayer
MX2: the semiconducting trigonal prismatic phase (the notation 1H is
adopted for monolayers; see Figure 1.1(a); the 2H phase refers to few-
layers and bulk crystals), and the metallic octahedral prismatic phase (the
1T phase; see Figure 1.1(b)) (Wilson and Yoffe, 1969). In certain cases, the
1T phase is not thermodynamically stable, and its structurally distorted
derivative, denominated as 1T′ can be observed instead (see Figure 1.1(c)).
When TMD crystals have more than one atomic chalcogen-metal-chalcogen
(X−M− X) layer of the 1H phase bonded by van der Waals (vdW) forces,
additional polytypes appear in account for variations in stacking orders. A
Bernal stacking (AbA BaB) yields the 2H phase (see Figure 1.1(d)), while an
AbA CaC BcB stacking yields a rhombohedral phase denominated as the
3R phase (see Figure 1.1(e)). All above structural polytypes have attracted
considerable attention and have found themselves suitable for certain
applications (Voiry et al., 2015). This thesis does not attempt to cover all
those polytypes. We focus primarily on the semiconducting 1H and 2H
phases, more specifically the MoS2-type transition metal dichalcogenide.

In the following, the most relevant properties of 2D MoS2 semiconduc-
tor will be introduced, highlighting the aspects that make it especially
attractive.
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Figure 1.1: Structural polytypes of pristine TMD layers. Chalcogen
atoms are shown in yellow, and transition metal atoms are shown in blue.
(a) The 1H phase, (b) the 1T phase, (c) the distorted 1T, or 1T′ phase, (d)
the 2H phase, (e) the 3R phase. Taken and adapted from (Lin et al., 2016;
Voiry et al., 2015).

1.2 Raman active-modes in transition metal
dichalcogenides

Group theory is a well-known method to analyze the lattice dynamics of
crystals. Information about properties of a crystal (and its atomic struc-
ture) such as symmetry, degeneracy and Raman activity of the normal
modes of vibration can be obtained from group theory (Tinkham, 1992).
Figure 1.2(a) shows the phonon dispersion relations of monolayer MoS2.
The symmetries of the zone-center and Raman active modes are repre-
sented (Molina-Sánchez and Wirtz, 2011). A single layer of 1H-MX2 has
three zone-center first-order Raman active modes belonging to the A′1, E′

and E′′ irreducible representations of the D3h group. For the A′1 mode,
the metal atoms do not move and the chacogen X atoms vibrate in the out-
of-plane direction with the X atoms of the upper layer vibrating in-phase
and against the lower layer of X atoms, as shown in Figure 1.2(b). In the
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Figure 1.2: The phonon and electronic dispersion of MoS2. (a) Phonon
dispersion relations of monolayer MoS2. (b) Atomic displacements in two
Raman active modes of monolayer and bulk TMDs. (c) Electronic structure
of MoS2. Adapted from (Carvalho et al., 2017; Pimenta et al., 2015).

case of the E′ and E′′ modes, the atomic displacements are in-plane. For
the E′ mode, all X atoms move in-phase, and allM atoms move in-phase
and in opposite directions. This mode, also shown in Figure 1.2(b), is
somewhat similar to the graphene Raman active mode (G band), where
the A carbon atom sublattice vibrates against the B atom sublattice. For
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the E′′ mode, the non-null elements of the Raman tensor correspond to the
quadratic functions xz and yz. Therefore, this mode does not appear in the
commonly used Raman backscattering configuration where the direction
of the laser beam is perpendicular to the layer xy-plane. Therefore, the
Raman spectra of 1H-MX2 in this special back-scattering configuration
exhibit only two first-order Raman modes, with A′1 and E′ symmetries
(Pimenta et al., 2015; Terrones et al., 2014; Ribeiro-Soares et al., 2014).

For bulk 2H-MX2, there are four Raman active modes, which are as-
signed according to the representations of the D6h group as A1g, E1g, E1

2g

and E2
2g. The A1g, E1g and E1

2g modes correspond, respectively, to the A′1,
E′′ and E′ modes of monolayer MX2, where the atoms in adjacent layers
move in-phase in respect to inversion symmetry. The E2

2g mode corre-
spond to the vibration of adjacent rigid-layers with respect to each other,
similar to the rigid-layer mode of graphite, and also appear at very low
frequencies. Therefore, the Raman spectra of 1H- and 2H-MX2 crystals
using conventional spectrometers and in a backscattering configuration
discussed above, also exhibit only two first-order Raman peaks, with
A1g symmetry (out-of-plane atomic displacements) and E1

2g symmetry
(in-plane displacements) (Sekine et al., 1980a,b).

1.3 The optical property in transition metal
dichalcogenides

The electronic band structure of TMDs materials depends on the tran-
sition metal and chalcogen species, thickness and stacking sequence of
each layer (Zhao et al., 2015; Pimenta et al., 2015). The band structure of
MoS2, and other TMD materials, such as WS2, WSe2 and MoSe2 presents a
distinct behavior from that of graphene which exhibits linear dispersion
at low energies (Pimenta et al., 2015). Single layer TMDs has an interband
transition at the K and K′ points of the Brillouin zone (BZ), where a strong
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spin-orbit coupling splits the valence band into two sub-bands and give
rise to two peaks in the optical absorption spectra identified as A and B
(Mak et al., 2010; Splendiani et al., 2010). Different from few-layers and
bulk TMDs, single layers present distinct physical properties. For example,
Figure 1.2(c) shows the calculated electronic band structure by density
functional theory of monolayer, bilayer and bulk MoS2. Notice that as
the number of layer increases, a conduction band state midway along KΓ ,
labeled Q, drops in energy and aligns with the conduction band minimum
at the K point. Thus, monolayer MoS2 is a direct bandgap semiconductor,
in contrast to the indirect bandgap of the bilayer and bulk MoS2. This
indirect-to-direct bandgap transition was confirmed by photolumines-
cence (PL) experiments, where the authors observed a shift of the indirect
PL peak with the number of layers and an enhancement of the PL sig-
nal in monolayer compared to the few-layers and bulk (Mak et al., 2010;
Splendiani et al., 2010).

1.4 Excitons in MoS2

From solid state physics, we know that a usual 2D semiconductor has a
parabolic energy dispersion for electron and holes, and its joint density of
state near the bandgap is a step function (Yu and Cardona, 2010; Klingshirn,
2012). However, as shown in Figure 1.3(a)–(d), the measured absorption
spectra of the monolayer MoS2 (and other TMDs systems) present peak
features at the band edge that are known as excitons. An exciton is a
hydrogen-like complex comprising a bounded electron-hole pair, formed
by the Coulomb attraction between the two oppositely charged quasi-
particles. Therefore, the two peaks in Figure 1.3, commonly called as A
and B excitons, are due to a strong excitonic effect in these materials.

The separation of A and B excitons come from the spin-orbit splitting
of the top of the valence band at the K point from dx2−y2 and dxy states to
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Figure 1.3: The MoS2’s absorption spectra and exciton wave function.
(a) Absorption spectra of MoS2 without (dashed red curve) and with (solid
green curve) electron-hole interactions. (b) Same calculated data as (a), but
using an ab initio broadening based on the electron-phonon interactions.
(c) Previous G0W0 calculation (in arbitrary units). Note that the region
between 2.2–2.8 eV is completely flat. (d) Experimental absorbance. (e)
Exciton corresponding to peak A in real space and in k space (inset).
The real-space plot is the modulus squared of the exciton wave function
projected onto the plane with the hole (black circle) fixed near a Mo atom.
Mo atoms are purple squares, and sulfur atoms are green triangles. (f)
Real-space and k-space (inset) modulus squared of excitons forming peak
C. Adapted from (Qiu et al., 2013).

dz2 type states (Kozawa et al., 2014; Qiu et al., 2013). In addition, Qiu et
al. also predicted that the spectral region near 2–2.8 eV is not featureless
but contains many bright and dark excitonic states that are broadened by
electron-phonon interactions [Figure 1.3(a)] (Qiu et al., 2013). The authors
predicted the existence of a third set of excitonic states that hybridizes
with the excitons forming peak C (Qiu et al., 2013). Figure 1.3(b) includes a
broadening due to the quasi-particle lifetimes, in which are approximated
from the electron-phonon scattering rates at room-temperature. Thus,
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the spectrum’s broadening in Figure 1.3(b) roughly approximates to the
room-temperature case. The position of peak C appears to change because
different scattering rates at different energies modify the weight in differ-
ent parts of the spectrum. However, the excitation energies remain the
same when compared with the experimental, as shown in Figures 1.3(b)
and 1.3(d). In addition, Figure 1.3(b) does not include all temperature
effects, such as thermal expansion of the lattice and renormalization of the
quasi-particle band structure occasioned by the real part of the electron-
phonon self-energy (Qiu et al., 2013). Therefore, the purpose of this figure
is to demonstrate that the energy-dependent scattering rates will smear
out higher energy peaks into one large peak, while peaks A and B remain
distinct.

In order to unveil which exciton reflects the peaks A and C, Qiu et
al. have calculated the modulus squared of the real-space exciton and
k-space of these peaks, as shown in Figure 1.3(e) and 1.3(f) (Qiu et al.,
2013). Figure 1.3(e) shows the exciton associated to the peak A in the real
space and k-space (see inset). In the aforementioned work, the authors
have considered the hole fixed near the Mo atom (Qiu et al., 2013). In
the k-space of the exciton, we notice that the peak A is originated by two
energetically degenerate excitons due to free electron-hole transitions at
the K and K′ points [see Figure 1.3(e) inset]. And with the exciton wave
function analogous in the real-space [see Figure 1.3(e)] (Qiu et al., 2013).
Thus, the character of the exciton that gives rise to the peak A reflects the
Mo dz2 orbitals of the states in the lowest MoS2 conduction band (Qiu et al.,
2013). This result also applies to peak B since the spinor wave functions of
the spin-orbit split are similar at the K and K′ points (Qiu et al., 2013).

Now, let us take a look at the exciton associated to the peak C. From
Figure 1.3(f), we observe a six nearly degenerate exciton states which are
formed by transitions between the highest valence band and the first three
lowest conduction bands near (but not at) the Γ point. These states reflect
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the lowest transitions are degenerate at several points around the Γ point
(Qiu et al., 2013). Also, by summing up the modulus squared in k-space
of these excitons states, it results in a ring with six-fold symmetry around
the Γ point having a small contribution from near K and K′ points [see
Figure 1.3(f) inset] (Qiu et al., 2013). These six exciton states are from
where the peak C comes from. Here, the authors have fixed the hole (in
real-space) near the Mo atom with the character of the electron having a
contribution from both Mo dz2 and S px and py, with more S character
around the hole (Qiu et al., 2013). In chapter 4, we will see that these
excitons’ character play an important role in the exciton-phonon coupling
dynamics.

1.5 Outline of the Thesis

In this thesis, we study the dynamics of electron, phonon and their inter-
play in MoS2 via resonant Raman spectroscopy. To achieve this, the thesis
is organized as follows:

Chapter 2, A brief outline of the basics concepts of the Raman scat-
tering theory is briefly discussed.

Chapter 3, We discuss the experimental methodology employed
in this thesis, in particular, sample preparation and Raman spec-
troscopy setup.

Chapter 4, We discuss in detail meaningful results of the exciton-
phonon coupling in MoS2.

Chapter 5, We exploit the concept of double-resonant Raman scat-
tering in MoS2 of the acoustic phonons.

Chapter 6, We discuss the prospects of the thesis and future works.
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In the end, we close this thesis with two appendices highlighting some
works developed during the doctoral internship at Pennsylvania State
University.
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2 basic concepts on raman scattering theory

In this chapter, a brief and simpler description of the Raman scattering
theory is discussed. We start with the discussion of the classical followed
by the quantum mechanical formalism. A brief literature discussion of
Raman spectra in MoS2 is also presented.

2.1 The macroscopic theory of Raman
scattering

When the light interacts with a medium different processes, such as trans-
mission and reflection, can occur but a small fraction of the incoming light
is scattered because of the inhomogeneities inside the medium. These
scattering processes can be either elastic (where there is no change of
wavelength) or inelastic occasioned by the atomic vibrations producing
changes in the wavelength. The Raman spectroscopy is the technique used
to study the inelastic scattering of the light from a medium, produced by
the interaction of the light with same excitation (Yu and Cardona, 2010;
Martin and Falicov, 1983). What we measure in the Raman experiment is
the shift in energy between the incoming and inelastically scattered light.

The macroscopic theory of the Raman scattering explains these light-
matter interactions that induce a polarization vector (Yu and Cardona,
2010). By considering an infinite crystalline medium at finite temperature
with the dielectric susceptibility←→χ , which accounts for the polarizability;
the induced electric dipole can be written in terms of electric field E of the
incident light on the medium as (Yu and Cardona, 2010; Jackson, 2006):

P =←→χ · E, (2.1)
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where the electric field, related with the incident radiation, is written as a
plane wave E(r, t) with amplitude E0(ki,ωi):

E(r, t) = E0(ki,ωi) cos(ki · r −ωit). (2.2)

Here, ki and ωi are, respectively, the wave vector and the frequency of
the incident light.

The susceptibility tensor ←→χ of the medium depends on the atomic
displacement Q(r, t). As the amplitude of Q(r, t) is smaller than the lat-
tice constant of the medium at room temperature, the tensor←→χ can be
expanded using a Taylor series in Q(r, t) as (Yu and Cardona, 2010),

χ(ki,ωi, Q) ≈ χ0(ki,ωi) +
(
∂χ

∂Q

) ∣∣∣∣
0
Q(r, t) + . . . . (2.3)

The combination of the three equations yields,

P(r, t, Q) ≈ P0(r, t) + Pind(r, t, Q) + . . . , (2.4)

where P0(r, t) the polarization vector oscillating with same frequency as
that of the incident radiation, giving rise to the so-called Rayleigh scatter-
ing (or elastic scattering) and, Pind(r, t, Q) is the polarization induced by
the vibration of the atoms. In order to obtain Pind(r, t, Q), a plane wave
will be introduced to describe the quantized atomic displacement Q(r, t)
as, referred to normal mode of vibration (Ashcroft and Mermin, 1976),

Q(r, t) = Q(q,ω0) cos(q · r −ω0t). (2.5)

Inserting equation (2.5) into Pind(r, t, Q) from equation (2.4) and rearrang-
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ing the cosine terms, we find

Pind(r, t, Q) =
1
2

(
∂χ

∂Q

) ∣∣∣∣
0
Q(q,ω0)E0(ki,ωi)·

· {cos ((ki + q) · r − (ωi +ω0) t) + cos ((ki − q) · r − (ωi −ω0) t)} .

(2.6)

Thus the induced polarization is composed of two components:

i. One with wave vector kS = ki − q and frequency ωS = ωi − ω0

corresponding to the called Stokes scattered light.

ii. Other with wave vector kAS = ki+q and frequencyωAS = ωi+ω0

corresponding to the called anti-Stokes scattered light.

In other words, an incoming light of frequencyωi is inelastically scat-
tered generating the emission of two waves that appear next to the laser
line. One is shifted to lower frequencies with ki − q andωi −ω0 (Stokes
process), whereas the other one is shifted to higher frequencies with ki+q
andωi +ω0 (anti-Stokes process). This process is illustrated in Figure 2.1.

Notice that in every process both momentum and energy must be con-
served. As a result, it imposes a condition for the back-scattering process of
one-phonon, that the wave vector of the phonon needs to be smaller than
twice the photon wave vector. Thus, the wave vector associated with the
incoming light and the inelastically scattered light (on the order of 2π/λ,
where λ is either the wavelength of the incoming light or the scattered
light) must be much smaller than the wave vector at the border of the Bril-
louin zone (on the order of 2π/a, where a is the crystal lattice parameter).
For instance, an incoming light in the visible range (e.g. 500 nm) has a wave
vector in the order of 107 m−1, whereas the wave vector of a crystal, within
the dimensions of the first Brillouin zone, in the order of 1010 m−1 (e.g. the
lattice parameter a of MoS2 crystal is around 3.16 Å (Molina-Sánchez and
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Figure 2.1: Schematics of the Raman spectrum. The Rayleigh, Stokes and
anti-Stokes spectra; where  hωi is the incoming light energy and the  hω0
is the phonon energy. Adapted from (Jorio et al., 2011).

Wirtz, 2011)). Therefore, the condition kAS/S = ki ± q confines phonons
to the center of the Brillouin zone around the Γ point. In other words,
the wave vector of the phonon is limited to be q ∼ 0, which are called as
first-order Raman modes. This is the fundamental selection rule of the
Raman process.

Now by taking equation (2.6) and neglecting the cosine terms we have,
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Pind(r, t, Q) ∝
(
∂χ

∂Q

)
Q(q,ω0)E0(ki,ωi)

=

(
∂χij

∂Ql

)
Ql(q,ω0)E0(ki,ωi)

= (χij,l)Ql · (E0)j

= Rlij · E0j

=
←→
R E0.

(2.7)

Equation (2.7) demonstrates that a polarization is induced when the
susceptibility does not vanish for displacements along the direction of the
incident wave. Similarly, the scattered wave, Es ·Pind also requires to have
non-vanishing components. Thus, the intensity of the Raman scattered
light can be written as,

Is ∝
∑
n

∣∣∣Es · ←→R n · E0

∣∣∣2. (2.8)

Here
←→
R n is the Raman tensor. Equation (2.8) indicates us that only specific

polarization combinations (E0; Es) contribute to the Raman intensity, re-
sulting in non-zero vector product in the intensity of the Raman scattered
light.

We stress that the Raman tensor
←→
R n depends on the symmetry of

the crystal structure under study (cf. equation (2.7)) and, the non-zero
elements of the Raman tensor are obtained using group theory and the
symmetry characteristic of the normal mode of vibration of the crystal.
Therefore, the n-index in equation (2.8) refers to the irreducible repre-
sentation of the crystal. All phonons are represented by its irreducible
representation

←→
R n and, the total Raman intensity is obtained by sum-

ming over all phonons (see Appendix A). In appendix A, we have used
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the equation above to obtain the Raman intensity behavior of the Γ center
phonons in bulk MoS2.

2.2 The microscopic theory of Raman
scattering

The classical formalism of the Raman theory discussed in the previous
section only describes the photon-phonon interaction which is weaker than
the electron-phonon interaction. For a further elucidation, it is needed
to consider the quantum mechanical formalism. The Hamiltonian of a
light-matter interaction can be written as (Yu and Cardona, 2010),

H =

H0︷ ︸︸ ︷
He +Hl +HR+

H1︷ ︸︸ ︷
HeR +HeL (2.9)

Here H0 = He +Hl +HR corresponds to the unperturbed Hamiltonian,
where He, Hl and HR are the Hamiltonian from the electron, lattice vi-
brations and incoming radiation and H1 = HeR +HeL corresponds to the
Hamiltonian of the perturbation, where HeR is the Hamiltonian of the
electron interacting with incoming radiation and, HeL is the Hamiltonian
that describes the interaction involving the lattice of the crystal, i.e. the
electron-phonon interaction Hamiltonian.

In other words, the microscopic theory involving one-phonon Raman
scattering can be described in the following steps:

i. An incoming photon is absorbed by the medium creating an electron-
hole pair (given by HeR);

ii. The electron-hole pair is inelastically scattered to another state by
emitting (Stokes process) or annihilating (anti-Stokes process) a
phonon (given by HeL);
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iii. The electron-hole pair recombines radiatively back to the ground
state by emitting a photon (given by HeR);

Here, the electron acts only as an intermediate state and all electronic
transitions are virtual 1 with the initial and final electronic states are taken
to be the ground state.

Figure 2.2: Explanation of the usage of Feynman diagrams. (Right-side)
Feynman diagrams for one-phonon Stokes and anti-Stokes scattering.
(Left-side) explanation of the symbols used in drawing Feynman dia-
grams to represent the Raman scattering. Adapted from (Yu and Cardona,
2010).

In order to describe the microscopic formalism of the Raman scattering,
the Feynman diagrams depicted in Figure 2.2 related to both Stokes and
anti-Stokes processes are presented. Before the description of these scat-
tering paths, it is important to comment the rules for drawing Feynman
diagrams (Yu and Cardona, 2010):

1It is important to comment here that the virtual states are conserved because it
occurs in a finite time.
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• Excitations such as photons, phonons and electron-hole pairs are
drawn by lines. They are called propagators and, are labeled ac-
cording to the properties of the excitations like their wave vectors,
frequencies, and polarizations.

• Interactions between two excitations are represented by intersec-
tions of their propagators. They are called vertices and, are usually
highlighted by a symbol like filled circle or an empty square which
specifies the type of the interaction.

• Propagators have an arrow indicating whether their excitations are
created or annihilated in an interaction. An arrow pointing towards
a vertex means annihilation and an arrow pointing away from a
vertex means creation.

• The sequence of the interactions taking place is from left to right.

• Once a diagram of a process has been drawn, other equivalent pro-
cesses can be derived by permuting the time order of the initial
process.

Therefore, considering only the Stokes scattering process from Fig-
ure 2.2, the Feynman diagram can be described as follows: The first vertex
represents how the incident state |i〉 interacts with an incoming photon of
energy Ei =  hωi and creates an electron-hole pair sending the system to
the state |a〉 via HeR. In the second vertex, this electron-hole pair is scat-
tered via HeL creating a phonon of energy  hωph. Then, the system goes to
the state |b〉. Finally, in the third vertex, the electron-phonon recombines
and emits a new photon of energy  hωs via HeR. Thus, the systems enters
the final state |f〉. Therefore, these four states and their respective energies
can be written as,
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|i〉 = |ni, 0,m,ϕ0〉 ,Ei = ni hωi +m hωph + E
v
e

|a〉 = |ni − 1, 0,m,ϕae 〉 ,Ea = (ni − 1)  hωi +m hωph + E
c
e

|b〉 =
∣∣ni − 1, 0,m± 1,ϕbe

〉
,Eb = (ni − 1)  hωi + (m± 1)  hωph + E

c
e

|f〉 = |ni − 1, 1,m± 1,ϕ0〉 ,Ef = (ni − 1)  hωi +  hωs + (m± 1)  hωph + E
v
e

(2.10)

In equation (2.10) the terms within the ket |ni,ns,m,ϕ〉 are the number
of incident photons (ni), number of scattered photons (ns), number of
phonons (m) and the electronic state (ϕ), respectively; Eve and Ece are the
energies of the electron in the valence and conduction bands. The signal
(+) corresponds to the Stokes process (phonon creation) and the signal (−)
to the anti-Stokes process (phonon annihilation).

Up to now, we have the overall picture of the Raman process depicted
in Figure 2.2. Next, we need to translate these scattering paths into their
respective contribution to the expansion of the Raman scattering probabil-
ity. To do this, we consider the Fermi’s golden rule which is given by (Yu
and Cardona, 2010)

Wi→j =
2π
 h
|〈i |Hscatt |j〉|2ρ (Ej) . (2.11)

Equation (2.11) gives the probability of an electron at an initial state i and
energy Ei to absorb a photon with energy  hω going to a final state j with
energy Ej.

Thus, using equation (2.11), we can write down the contribution of
the Raman process depicted in Figure 2.2 (i.e., one phonon being either
created or annihilated), which is given by (Yu and Cardona, 2010)
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PRaman =

(
2π
 h

)∣∣∣∣∣∑
a,b

〈f |HeR | b〉 〈b |HeL | a〉 〈a |HeR | i〉
[ hωi − (Ea − Ei)] [ hωi −  hωph − (Eb − Ei)] [ hωi −  hωph −  hωs]

∣∣∣∣∣
2

·

· δ ( hωi −  hωph −  hωs) .

(2.12)

The |a〉 and |b〉 states and their respective energies Ea and Eb are virtual
states in the process. The sum considers the transition probability over
all possible states in the process. It is important to comment that energy
is conserved over all scattering but not for the individual scattering pro-
cesses (Yu and Cardona, 2010). We comment that equation (2.12) is the
Fermi’s golden rule for a first-order Raman process, which is obtained
by using third order time-dependent perturbation theory. Details about
the mathematical approach of the perturbation expansion can be found
in (Martin and Falicov, 1983; de Oliveira Lopes Cançado, 2006; Martins,
2015).

Notice that the denominator of equation (2.12) has three terms and they
are responsible to reach the resonance condition in the Raman scattering
process. The probability transition of the Raman scattering is significantly
increased when the incoming (scattered) photon,  hωi ( hωs =  hωi −

 hωph), and the electron-hole energy, Ea − Ei (Eb − Ei) becomes zero. In
other words, every vertex has a resonance condition creating a singularity
when the denominator becomes zero. This process is called resonant
Raman scattering (RRS) and has been widely applied in the study of two-
dimensional materials, since it provides information about the electron
and phonon dispersion of the material (Yu and Cardona, 2010).

The resonance condition is a result of implicitly assuming an infinite
lifetime for every state involved in equation (2.12). Thus, in order to
avoid an unphysical situation where the denominator vanishes, we make a
transition Ex → Ex + iΓx. Therefore, a finite lifetime (a damping constant)
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for each state |x〉 (defined as Γx =  h/τx) is introduced. Thus, equation (2.12)
becomes (Yu and Cardona, 2010),

PRaman ≈
(

2π
 h

) ∣∣∣∣∣∑
a,b

〈f |HeR | b〉 〈b |HeL | a〉 〈a |HeR | i〉
(Ei − Ea − iΓa) (Ei − Eb − iΓb)

∣∣∣∣∣
2

. (2.13)

We stress that equation (2.12) is not the complete probability transition
of the Raman scattering process. There are five more scattering proba-
bility of time order terms, as depicted in Figure 2.3, and their complete
derivation can be found in (Yu and Cardona, 2010). However, for the sake
of completeness, we show below the complete probability transition for
one-phonon Stokes scattering process,

Figure 2.3: All six Feynman diagrams contributions for one-phonon
Stokes process. Feynman diagrams for the six possible scattering pro-
cesses for one-phonon stokes scattering (a-f). (b-f) are permutations of (a).
Adapted from (Yu and Cardona, 2010).
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PRaman =

(
2π
 h

) ∣∣∣∣∣∑
a,b

〈i |HeR (ωi) | a〉 〈a |HeL | b〉 〈b |HeR (ωs) | i〉
[ hωi − (Ea + iΓa)] [ hωi −  hωph − (Eb + iΓb)]

+
∑
a,b

〈i |HeR (ωi) | a〉 〈a |HeR (ωs) | b〉 〈b |HeL | i〉
[ hωi − (Ea + iΓa)] [ hωi −  hωs − (Eb + iΓb)]

+
∑
a,b

〈i |HeR (ωs) | a〉 〈a |HeL | b〉 〈b |HeR (ωs) | i〉
[− hωs − (Ea + iΓa)] [− hωs −  hωph − (Eb + iΓb)]

+
∑
a,b

〈i |HeR (ωs) | a〉 〈a |HeR (ωi) | b〉 〈b |HeL | i〉
[− hωs − (Ea + iΓa)] [− hωs +  hωi − (Eb + iΓb)]

+
∑
a,b

〈i |HeL | a〉 〈a |HeR (ωi) | b〉 〈b |HeR (ωs) | i〉
[− hωph − (Ea + iΓa)] [− hωph +  hωi − (Eb + iΓb)]

+
∑
a,b

〈i |HeL | a〉 〈a |HeR (ωs) | b〉 〈b |HeR (ωi) | i〉
[− hωph − (Ea + iΓa)] [− hωph +  hωs − (Eb + iΓb)]

∣∣∣∣∣
2

·

· δ [ hωi −  hωph −  hωs]

(2.14)

In the equation (2.14), the energy Ei was set equal to zero and, the finite
lifetime of the |a〉 and |b〉 states were considered.

To this end, we comment that for the case where more than one-phonon
is involved in the scattering process. The equation (2.13) can be expanded
to higher orders of perturbation and new states encompassed. Therefore,
in the case where two-phonons or a phonon plus any spreader that assure
the momentum conservation (e.g. defects) are involved in the scattering
process, equation (2.13) is writing down as

Ptwo−phononsRaman ≈
(

2π
 h

) ∣∣∣∣∣∑
a,b

〈f |H1 |c〉 〈c |H1 |b〉 〈b |H1 |a〉 〈a |H1 |i〉
(Ei − Ea − iΓa) (Ei − Eb − iΓb) (Ei − Ec − iΓc)

∣∣∣∣∣
2

,

(2.15)
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where |i〉, |a〉, |b〉, |c〉 and |f〉 represent the states involved in the scattering
process and H1 is the perturbed Hamiltonian. Equation (2.15) represents
a second-order Raman process and has three terms in the denominator.

In chapters 4 and 5, the equations (2.13) and (2.15) are applied to study
mono- and few-layered MoS2. In chapter 4, the first-order modes are pre-
sented and their resonance behavior unveiled by the use of equation (2.13).
In chapter 5, we studied the second-order modes, an alternative approach
to obtain equation (2.15) is shown by considering a parabolic band to depict
it and, the dispersive behavior of some Raman features are explained by
the use of equation (2.15). In the following section, the Raman spectrum
of MoS2 TMD is briefly described by making some analogies between
graphene and MoS2 in their Raman spectra.

2.3 Overview of Raman spectroscopy in
graphene and MoS2 transition metal
dichalcogenide

Having graphene as the prototype material allow us to gain further insights
of a particular 2D system leading to a new route in understanding the
fundamental physics. With this in mind, it is essential to compare the
Raman spectrum of graphene and TMDs systems.

Figure 2.4(a) shows the Raman spectrum of monolayer graphene. We
can observe the so-called G band around 1580 cm−1, which here we will
call the E2g band, since it corresponds to the zone-center Raman active
mode with E2g symmetry. Around 2700 cm−1, we can observe a very
strong peak, which is associated with two phonons of the iTO branch near
the K point, and that is called in the literature as 2D or G′ band. Since both
denominations lack a precise physical meaning, we will call this feature
here as the 2TO(K) band. Notice that, despite the fact that this 2TO(K)
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Figure 2.4: Raman spectra comparison of graphene and TMDs. Raman
spectra of (a) graphene; (b) disordered graphene; (c) graphite; (d) and
(e) monolayer MoS2 excited with different laser lines; (f) bulk MoS2. The
different excitation energies (in eV) are represented. For graphene and
graphite, the E2g, TO(K), LO(Γ ) and 2TO(K) bands corresponds, respec-
tively, to the so-called G, D, D′ and 2D (or G′) bands. Taken and adapted
from (Pimenta et al., 2015).

band comes from a second-order process, it is usually more intense that
the first-order E2g band (G band) in monolayer graphene. Figure 2.4(c)
shows the Raman spectrum of crystalline graphite, where we can see both
the E2g and 2TO(K) bands. Notice that the 2TO(K) band of graphite is
weaker than the E2g band and is clearly asymmetric, different from the
case of monolayer graphene (Ferrari et al., 2006; Malard et al., 2009).

It was proposed many years ago that the 2TO(K) band of graphitic
systems is originated by a double resonance Raman (DRR) process, where
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two intermediate states of the Raman process are in resonance with real
electronic states (Baranov et al., 1987; Thomsen and Reich, 2000). In this
case, two of the terms in the denominator of the Raman intensity expres-
sion are simultaneously resonant (see equation (2.15) above), explaining
why this second-order feature can be as intense as the first-order E2g band.
The fact that the 2TO(K) band can be even more intense than the E2g band
in monolayer graphene was ascribed to a triple-resonance (TR) Raman
process, where all intermediate states of the Raman process, involving
electrons and holes, are resonant (Venezuela et al., 2011).

Figure 2.4(b) shows the Raman spectrum of a sample of disordered
graphene. We can observe in this figure a strong feature around 1350 cm−1,
that is usually called the D-band, where the letter D stands from disorder
(or defect). This band also comes from a DRR process, but involving only
one phonon of the iTO branch, near the K point. In this case, an elastic
scattering process involving defects is needed for momentum conservation,
and the presence of this band is a signature of defects or disorder in
graphene systems. Since other Raman bands are also related to disorder
or defects in graphene systems (Pimenta et al., 2007), it is interesting to
give a more precise notation for the D band, and we will call it here as the
TO(K) band. The origin of the other weak features in the Raman spectra of
graphene systems is well discussed in (Pimenta et al., 2007) and (Malard
et al., 2009).

Let us now make a comparison between the Raman spectra of graphene
and MoS2 TMD, discussing the similarities, the differences, and how the
Raman spectrum of MoS2 provides useful information for this system.
Figure 2.4(d) shows the spectra of monolayer MoS2 recorded with the
2.41 eV laser line. The two prominent peaks in these figures correspond
to the first-order Raman active modes with E′ and A′1 symmetries. The E′

mode is somewhat similar to the E2g mode of graphene (G band), since
it involves an in-plane vibration of the sublattice formed by metal atoms
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against the sublattices formed by the chalcogens. The A′1 mode of TMDs
has no correspondence with graphene, since it corresponds to out-of-plane
vibrations of the upper and lower sublattices of chalcogen atoms against
each other.

Figure 2.4(e) shows the spectrum of monolayer MoS2, but now recorded
with 2.05 eV laser energy. Notice that the Raman spectrum of MoS2 is
strongly dependent on laser energies, since the spectrum in Figure 2.4(e)
is completely different from that shown in Figure 2.4(d). We can see now
a number of features that are associated with second-order processes
involving combinations (sums and differences) of phonons within the
interior of the Brillouin zone. A detailed study of the second-order bands
in MoS2 can be found in (Sekine et al., 1980a) and (Sourisseau et al., 1991;
Golasa et al., 2014; Stacy and Hodul, 1985; Chen and Wang, 1974).

Here we will only focus on the most intense second-order feature,
which involves two phonons of the longitudinal acoustic (LA) branch with
opposite momenta, at the M point of the Brillouin zone. This band is,
therefore, called the 2LA(M) band (Chen and Wang, 1974). It is interesting
to observe that the second order 2LA(M) band is more intense than the
first-order A1 and E′ bands in Fig. 2.4(e), and this result is similar to the
behavior of graphene, where the 2TO(K) band is more intense than the
first order E2g band (see Figure 2.4(a)). The Raman spectrum of bulk
MoS2 is shown in Fig. 2.4(f). The positions and attribution of the Raman
features is the same as monolayer MoS2 but now the 2LA(M) band is less
intense that the first-order A1g band. Notice that this behavior is similar
to crystalline graphite, where the 2TO(M) band is less intense than the
E2g (see Figure 2.4(c)).

The fact of the 2LA(M) band be stronger than the first-order bands in
monolayer suggests that the second-order spectra in MoS2 also involve a
double or triple resonance processes, as in the case of graphene. It has
been demonstrated, the double resonance process in TMDs was calculated
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using a fourth-order Fermi golden rule, and it was demonstrated that the
intensity of the 2LA(M) band comes from a DRR Raman process involving
phonons at the M point of the Brillouin zone (Berkdemir et al., 2013). Many
other weak peaks also comes from a combination of phonons at the M
point (Golasa et al., 2014).

Thus, how is the DRR mechanism of this band? Well, the essential
check for the DRR mechanism is a resonance Raman experiment, where
the Raman spectra is studied as a function of the laser excitation energy.
Once again let us compare with graphene. Figure 2.5 shows the spectra
of graphene and MoS2, respectively, recorded with different laser lines.
In the graphene spectra, we only show the spectral region of the 2TO(K)
band. Notice in Figure 2.5a that the 2TO(K) band is dispersive, its position
depending linearly on the laser energy in the visible range. This behavior
can be explained by the DRR process in graphene (Malard et al., 2009;
Ferrari et al., 2006). Due to the linear dispersion of electrons in graphene,
the Raman process is always resonant, because the energy of the incident
photon will always correspond to the separation between the conduction
and valence band in a specific point in the Brillouin zone near the Dirac
(or K) point. The 2TO(K) band is associated with an intervalley process,
involving resonances with valleys around the K and K′ points. Thus, the
wave vector of the phonon connecting points around K and K′ is, in fact,
close to the K point. Therefore, when the double- and triple-resonance
processes that originate the 2TO(K) band are probed with different laser
lines, phonons with different wave vectors around K are involved, and
consequently the position of the 2TO(K) band changes and provides in-
formation about the dispersion of electrons and phonons in graphene
systems (Malard et al., 2009).

Figure 2.5b shows the Raman spectra of monolayer MoS2 recorded
with different laser lines. Now we can observe that the 2LA(M) band is
not dispersive, and only its intensity changes with varying laser energy.
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Figure 2.5: The Double-resonance Raman spectra. Dependence of the
double-resonance bands of (a) graphene and (b) monolayer MoS2 on the
laser energies. Taken and adapted from (Pimenta et al., 2015).

In particular, the 2LA(M) band is more intense for laser energies around
2 eV, which corresponds to the B exciton energy in monolayer MoS2 (Qiu
et al., 2013; Mak et al., 2010), suggesting that it is really associated with
a double-resonance process. Resonance Raman scattering can provide
useful information about the electronic states of these materials.

The DRR mechanism for TMDs has been proposed by Berkdemir et
al., where it now involves resonances at valleys at the K and Q points
(the Q point is the intermediate point between Γ and K, see Figure 1.2(c))
(Berkdemir et al., 2013). The authors have shown that the phonon that
connects these two valleys has a wave vector at the M point. The optical
spectrum of TMD systems of the MoS2 family is dominated by excitonic
transitions involving electronic states at the K point (see chapter 1) (Qiu
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et al., 2013). A resonant process with excitonic states will be proposed in
chapter 5. Figure 2.5b shows that the double-resonance mechanism will
enhance the intensity of 2(LA) bands only in a small range of energies
that are in close resonance with the exciton states at the K point and the
intermediate state at the Q point. Therefore, the process involving reso-
nances with excitonic transitions in TMDs explains the observed results
shown in Figure 2.5b, where the intensity of the 2LA(M) band, and not
its frequency, depends on the laser energy. Although this proposed DRR
model seems reasonable, the lineshape of the 2LA band compared to the
2TO of the graphene is completely different and, may involve several an-
other process that has not been considered. Therefore, we can say that a
systematic deconvolution study of this 2LA band is needed to unveil the
DRR process that occurs in this material and, it has not been reported thus
far, remaining an open question for more three decades (Chen and Wang,
1974; Sekine et al., 1984).

By summarizing, we notice that the Raman spectrum of MoS2 strongly
depends on the laser excitation energy and, especially when collected
under resonance condition, i.e. when the excitation energy matches the
excitonic transition, a new Raman feature appears. The goal of this thesis is
to unveil such behave. We first start by analyzing the first-order modes (E1

2g

and A1g) and their dependence at higher energies to understanding the
exciton-phonon interaction dynamics. Next, we systematically study the
double-resonance process in MoS2 and, we proposed a model to explain
the origin of the 2LA band and identify all its contributions.
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3 experimental methodology

In this chapter, a brief description of the experimental techniques employed
in this thesis is discussed. Firstly, we present the methodologies for sample
preparation followed by the Raman instrumentation used to collect the
data.

3.1 Sample preparation

Different techniques can be utilized for the preparation of mono- and
few-layered TMDs. However, two of them have been extensively used in
past years, and both have their advantage and disadvantage, depending
on the targeted application. Below, the basic concept of each technique is
discussed.

Mechanical exfoliation

The mechanical exfoliation (also known as “Scotch-tape method” or “me-
chanical cleavage”) is the most common technique used for obtaining 2D
layered materials (Novoselov et al., 2004); its advantage holds on the sam-
ple quality having almost no defects and high crystallinity. However, the
sample size is relatively small what makes it unable to have a large-scale
production. It was first employed to prepare monolayer graphene sheets
by repeatedly peeling bulk graphite with adhesive tape (Novoselov et al.,
2004). For the MoS2’s case, the first exfoliated sample was obtained by
Frindt using this “scotch-tape technique” and, by peeling bulk MoS2 in
thin layer, he was able to obtain a thin layer of around 3.5 nm thickness
(Frindt, 1966). Novoselov et al. reported that was also possible to extracted
monolayer TMDs by just rubbing a fresh surface of layered crystals against
another solid surface (e.g. a SiO2/Si wafer), similar to “drawing by chalk



32

on a blackboard” (Novoselov et al., 2005). The possibility in peeling out a
bulk crystal is due to the weak van der Waals interaction between layers.
Figure 3.1 shows a step-by-step procedure of this technique, where a thick
layer of MoS2 has adhered onto a piece of Scotch tape. After that, the tape
with the MoS2 flake is repetitively cleaved by folding and separating the
tape for many times to obtain 2D few-layered sheets and, then placed onto
a SiO2/Si substrate. After obtaining the few-layers sample, the number
of layers is identified by an optical microscope and confirmed by Raman
measurements (Novoselov et al., 2005; Lee et al., 2010).

Figure 3.1: The Scotch-tape method. (a-c) mechanical exfoliation method
used for obtaining mono- and few-layered 2D TMD sheets. The insets
in (b) and (c) correspond to schemes for “Scotch tape” peeling steps. (d)
Optical image of as-exfoliated MoS2 flakes. Adapted from (Lv et al., 2015).

The high-transparency of atomically thin TMD materials makes the
choice of the substrate used for supporting the samples extremely nec-
essary to be visible under an optical microscope (Novoselov et al., 2005;
Castellanos-Gomez et al., 2010). Similar to graphene, oxidized Si wafer
(i.e. SiO2/Si) has been found to be the best substrate material due to its
high phase contrast between the TMD-covered area and the empty part
onto SiO2/Si substrate. In this thesis, the MoS2 samples were obtained
by mechanical exfoliation of natural 2H-MoS2 crystals transferred onto
Si substrates with 298 and 300 nm thick SiO2 coating, which assure the
optical contrast of the MoS2 and the SiO2/Si wafer.
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Chemical vapor deposition

Beyond mechanical exfoliation, chemical vapor deposition (CVD) is the
second most common technique used to prepare 2D materials. By using
CVD methodology, several inorganic materials, such as carbon-based
material (Zhu et al., 2002; Li et al., 2009), and Boron Nitride nanostructures
(Golberg et al., 2007; Song et al., 2010) can be synthesized. Here, the growth
process occurs by chemical reactions at relatively high temperatures.

Figure 3.2: The CVD method. (a) Schematics showing the experimental
set-up used for growing MoS2 atomic layers. (b) Schematics showing the
growth of MoS2 atomic layers onto the SiO2/Si substrate. (c) Optical image
of as-synthesized triangular monolayers of MoS2. Adapted from (Lv et al.,
2015; Li and Östling, 2015).

For graphene synthesis, for example, it requires a metallic catalytic
substrate, such as Cu and Ni with a growth process occurring at a temper-
ature of ∼1100 ◦C (Li et al., 2009; Chae et al., 2009). But, for the synthesis of
atomically thin TMDs, it can be growth on SiO2/Si or a sapphire substrate,
and it can be growth at a temperature below 1000 ◦C (Lee et al., 2012;
Liu et al., 2012; Zhan et al., 2012). Figure 3.2 shows a typical MoS2 CVD
process, which usually occurs at atmosphere-temperature (APCVD) and,
it is as follow: An alumina boat containing 400 mg of sulfur (Alfa Aesar,
99.5%) is located upstream and independently heated using a heating belt.
Then, 5 mg of MoO3 powder (Alfa Aesar, 99.998%) is placed directly on
a 300 nm SiO2/Si substrate and, then placed inside of quartz tube with
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2 cm diameter. After that, the furnace is heated to 500 ◦C over 15 min,
then heated to 750 ◦C over 15 min, held at that temperature for 15 min,
and subsequently was allowed to cool to room temperature. The sulfur
powder is heated separately. First, it is heated to 70 ◦C over 10 min with a
subsequent 15 min dwell time, then ramped up to 250 ◦C over 5 min with
a 15 min dwell time followed by naturally cooling down to room tempera-
ture. The quartz reaction tube is flushed with 300 sccm high-purity argon
for 10 min to remove oxygen before the growth process started. The argon
flow rate is usually set to 200 sccm during the growth. By this procedure,
monolayer MoS2 triangles are grow on the top of the substrate (Lin et al.,
2014).

We stress that depending on the target TMD material (e.g. WS2, MoSe2,
etc.) the precursor and the synthesis conditions need to be altered. This
technique usually yields large flakes of the deposited material, but the
sample quality is lower than the ones prepared by mechanical cleavage.
In this thesis, as previously mentioned, the MoS2 samples were prepared
by mechanical cleavage, however, during the doctoral internship held at
the Pennsylvania State University, several 2D samples were prepared by
CVD technique and, some results involving these samples are presented
in the appendix of this thesis.

To ensure an adhesion of the deposited material onto the substrates’
surface, a cleaning procedure needs to be carried out. Therefore, before
sample deposition, in both procedures, the SiO2/Si substrates need to
be cleaned. Firstly, the bare substrates were submerged in acetone and
isopropyl alcohol solutions, about 25 ml of each, with the SiO2 side up.
Then, they were placed in an ultrasonic bath by 20 min each. After that,
they are left to naturally dry and, then washed in a piranha bath, prepared
using two-thirds of sulphuric acid and one-third of hydrogen peroxide,
for about 60 min in a hot plate at a temperature of 80 ◦C. In some cases,
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before the above cleaning procedure, the silicon substrate was previously
placed in oxygen plasma around 25 min.

3.2 The Raman spectrometer

The Raman spectra presented in this thesis were collected on either a
DILOR XY or Horiba Jobin Yvon T64000. Both systems have two operations
mode, called single- and triple-monochromator modes, respectively. In
this thesis, most of the Raman data was obtained in the DILOR XY system
using the triple-monochromator mode. These spectrometers allow multi-
wavelength measurements and, a full list of the lasers sources available on
both spectrometers are shown in Table 3.1. In this thesis, we used multiple
laser excitation wavelengths to study the Raman scattering process in
MoS2. The primary laser sources were the Innova 70C Ar-Kr, 899-01 Dye
Ring (which is a continuous laser) and the He-Cd. Their wavelengths are
shown in Table 3.1.

Table 3.1: Laser sources of the Raman laboratory. List of laser sources
equipping the two spectrometers of the Raman Laboratory. The excitation
wavelength of the 899-01 Dye Ring laser depends on the type of dye used.

Spectrometer Laser Source Excitation Wavelength
Innova 70C Ar-Kr 457.9, 465.8, 472.7, 476.5, 488.0, 501.7,

DILOR XY 514.5, 520.8, 531.8, 568.2 and 647.1 nm
899-01 Dye Ring 530–660 nm (continuous)

Innova 70C Ar-Kr 457.9, 465.8, 472.7, 476.5, 488.0, 501.07,
514.5, 520.8, 531.8, 568.2 and 647.1 nm

Horiba T64000 He-Cd 325 and 441 nm
Ti:Sapphire 730–900 nm (continuous)

He-Ne 633 nm

Figure 3.3 briefly describes the basic setup of a typical Raman spec-
trometer, in which is mainly composed of four major parts: diffraction
gratings, a detector, mirrors, and slits. The configuration of the single-
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monochromator mode is shown in Fig. 3.3a and, is formed by a diffraction
grating (G1), a slit (S1), and a detector (D). The scattered light is direct
by a microscope (not shown) from the sample to the detector that mea-
sures the energy spectrum of the scattered light. More specifically, the
back-scattered light from the sample is focused on S1, dispersed in G1
and, thus detected by D.

The resolution of a good Raman spectrum depends on several factors.
First is the spatial resolution given by minimum spot size diameter of the
laser beam (with a Gaussian shape) on the sample surface after the objec-

tive, which is defined as d = λ

√
1

(N.A.)2 − 1; whereN.A. is the numerical

aperture of the objective lens and λ is the excitation laser wavelength. In
this thesis, the Raman data were collected using a 100× objective lens with
N.A. = 0.95. Whilst the diffraction limit permit laser beams of diameters
similar or even smaller than the excitation wavelength, a real experiment
has a spot size diameter in the order of 1 µm. Secondly is the spectral
resolution determined by the capacity of the spectrograph to resolve small
changes in photon energy. Therefore, it depends on the grooves density
of the diffraction grating, the slit size and optical path along the grating to
the detector. Thus, to achieve a high resolution just need to increase the
grooves density, reduce the size of the slit, and enlarge the optical path of
Raman beam. Both, DILOR XY and Horiba T64000 has a grating of 1800
grooves/mm given a spectral resolution in order of 1 cm−1. The Horiba
T64000 has an additional grating of 600 grooves/mm only used in the
single-monochromator mode.

Also, the single-monochromator mode works only at a specific wave-
length since it requires the use of an edge or notch filter to each laser
wavelength. However, another approach consists of replacing the edge
filter by adding other two grating to select a particular wavelength by just
rotating the grating, whereby called triple-monochromator mode, shown
in Fig. 3.3b.
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Figure 3.3: Basic set-up of a Raman spectrometer. Schematic view of
a (a) monochromator and (b) triple-monochromator showing the basic
set-up of the Raman spectrometer in our laboratory. Taken from (Moreira,
2009).

Different from the single-monochromator mode, the triple monochro-
mator mode consist of three gratings (G1, G2, and G3), three slits (S1, S2,
and S3) and a detector (D). Here, the G1 grating disperses the inelastic
light onto a slit S2 filtering the desired energy range. Then, G2 grating
recombines what remains of the dispersed light and directs it onto the
G3 grating, that by dispersing the light once again, analyses the Raman
signal. After that, the analyzed signal is sent to the detector. The first two
steps, performed by G1 and G2 grating, is called subtractive mode since it
rejects the Rayleigh signal of the laser source.

As mentioned, the main advantage of the triple-monochromator mode



38

lies on the use of several laser wavelengths (and even continuously tuning
it) without the utilization of the edge filter. It even allows the measurement
of low-frequency Raman modes close to the Rayleigh light. Although the
triple-monochromator mode increases the spectral resolution, its Raman
signal is significantly reduced compared to the signal collected in the
single-monochromator mode.

3.3 Enhancement factor due to optical
interference in the SiO2 layer

The optical paths for both incoming and scattered light in the MoS2 are
complicated considering that they undergo an infinite number of reflec-
tions and refractions at the boundaries of the MoS2 and the SiO2. This
optical interference can create enhancements for certain MoS2 wavelengths
and thus needs to be considered. The Raman spectra were collected in a
system involving four media: air, MoS2 layer, SiO2 layer and silicon sub-
strate and designated by the index i = 0, 1, 2, and 3, respectively, as shown
in Fig. 3.4a. It is well known that the scattered Raman light from MoS2 and
silicon will be modified due to interference in the light absorption and light
scattering processes (Li et al., 2012b; Yoon et al., 2009). Therefore, we need
to calculate the enhancement factor (fMoS2;Si) for the Raman scattered light
from MoS2 and silicon coming from the multiple interference phenomena
(Li et al., 2012b). The corresponding complex index of refractions is given
by ni = n− ikwhile the thickness of each layer is given by di.

The measured Raman intensity for MoS2 on SiO2/Si (ImMoS2;SiO2/Si
(λ))

is given by,

ImMoS2;SiO2/Si
(λ) = fMoS2;SiO2/Si × I

i
MoS2;SiO2/Si

(λ) , (3.1)
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Figure 3.4: Optical interference. (a) Schematic diagram of the multiple
reflections interference in the Raman scattering process; (b) Calculated
Raman intensities as a function of the wavelength of the MoS2 and Si; (c)
Intensity ratio of the MoS2 and Si enhancement factor.

where the intrinsic Raman intensity (IiMoS2;Si (λ)) and the enhancement
factor (fMoS2;SiO2/Si), comes from the multiple interference pattern in the
SiO2 layer. Including multiple reflections at the top of the MoS2 layer (total
thickness d1) is (Li et al., 2012b):

fMoS2 =

∫d1

0
|F (x)G (x)|

2
dx, (3.2)

where F (x) and G (x) are the electrical field amplitude for the excitation
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and scattering light at a depth x in MoS2 [see figure 3.4a]. The functions
F (x) and G (x) are given by,

F (x, λex) = t01
e−iβx + r ′e−i(2β1−βx)

1 + r ′r01e−2iβ1
,

G (x, λsc) = t10
e−iβx + r ′e−i(2β1−βx)

1 + r ′r01e−2iβ1
,

(3.3)

where tij and rij are the transmission and reflection Fresnel coefficients at
the interfaces and are given by tij = 2ni/(ni+nj) and rij = (ni−nj)/(ni+

nj) when a beam reaches the interface ij going from medium i (index of
refraction ni) to medium j (index of refraction nj) [see figure 3.4a]. There
are also phase factors, given by βx = 2πn1x/λ and βj = 2πnjdj/λ, that
represent the phase differences through path x in MoS2 and the entire
medium j, where dj is the thickness of a given layer and λ is the wavelength
of light. The effective reflection coefficient r′ is due to interference at the
MoS2/SiO2 interface, including the lower SiO2/Si layer, and is given by:

r′ =
r12 + r23e

−2iβ2

1 + r12r23e−2iβ2
. (3.4)

It is important to note that, while the absorbed light is calculated for a
given laser excitation wavelength (λex), the scattered light is calculated for
the wavelength corresponding to the scattered Raman wavelength (λsc).
Besides, note that although the expressions for F (x) and G (x) are the
same, the ni and wavelength differences would lead to different results.
Thus, we have used previously reported values for the complex index of
refraction (given at 532 nm) for each layer (MoS2, SiO2, and Si which are
calculated from the real and imaginary parts of the dielectric function for
MoS2, as shown in Fig. 3.4a), 285 nm for SiO2 thickness, and assumed a
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Raman Shift of 400 cm−1 to calculate the enhancement factor for MoS2, as
shown in Fig. 3.4b, as a function of the excitation wavelength.

Next, we need to consider the intensity of the Raman light from the
silicon substrate (usually 0.3 mm thick) which is given by:

ImSi (λ) = fSi × IiSi (λ) , (3.5)

where ImSi (λ) is the intrinsic intensity and fSi the enhancement factor from
the silicon substrate that is given by,

fSi =

∫∞
0
|H (y)K (y)|

2
dy, (3.6)

where H (y) and K (y) are the electrical field amplitude of the total ab-
sorbed light and scattered light at a depth y into the Si [see figure 3.4a].
Both quantities are given by:

H (y, λex) =
t01t12t23e

−i(β1+β2)e−iβy

1 + r01r12e−2iβ1 + r12r23e−2iβ2 + r01r23e−2i(β1+β2)
,

K (y, λsc) =
t32t21t10e

−i(β1+β2)e−iβy

1 + r21r32e−2iβ2 + r21r10e−2iβ1 + r10r32e−2i(β1+β2)
.

(3.7)

Again, a new phase factor βy = 2πn3y/λ need to be defined here, for
both transmittance coefficients, to consider the depth in the Si.

Assuming the same values for the thickness and index of refraction for
each layer as before and a Raman shift of 520 cm−1, we have calculated the
fSi as a function of the excitation wavelength in Fig. 3.4b. It is well known
that the index of refraction depends on wavelength. Therefore, we have
also tested the same calculation for an index of refraction of MoS2 near
400 nm: n1 = 4.2 − i3.1. The results are similar, although the fMoS2 does
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not go to zero at destructive interference points.
In order to correct our data, it is needed to multiply the measured data

after the normalization with the silicon substrate by the ratio fMoS2/fSi

that is shown in Fig. 3.4c. We have tested this calibration scheme to our
data and, it does not changes strongly the peak heights and widths, and
the position of the resonant Raman profiles to be shown in the next chapter.
However, for a quantitative analysis of the Raman cross section in MoS2

the above analysis should be taken into account. Microscopic methods
can be more accurate and do not rely on this phenomenological model in
order to extract the Raman cross section in 2D materials as shown in (Klar
et al., 2013).

It is important to comment that equation (3.6) is only valid because we
are assuming a uni-dimensional problem. In this case, the Si is considered
as a half-infinite medium (Soubelet et al., 2016; Delhaye et al., 1996). Oth-
erwise, for a large numerical aperture objective with a small focal depth,
it is necessary to consider the divergence effect of the focused Gaussian
beam with respect to the numerical aperture of an objective lens and, then
calculate the integral in a probed volume defined by the depth of focus.
According to (Delhaye et al., 1996), it is given by:

∆f =
πw2

0
2λn

(3.8)

where ∆f is the depth focus, w0 is the beam radius at the waist (smallest
spot size in the focus) and λn is the wavelength within the material (λn =

λ/n). By taking that into account, the upper integral limit (until infinity)
must be modified to ∆f/2. The equation (3.8) is mainly useful for infrared
wavelengths where the penetration depth of focus increases for Si (Soubelet
et al., 2016).

We stress that the equation (3.7) has been corrected in this thesis. The
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previous terms r23 and r10 in (Li et al., 2012b) has been replaced by t23 and
t10 for H (y) and K (y), respectively. This error was found after recalculat-
ing the expressions in (Li et al., 2012b). Although this change has been
made, it does not affect our conclusion above. Besides, the transmittance
coefficients now are in agreement with those reported in (Heavens, 1991).

3.4 Resonant Raman behavior of silicon

Another procedure to be considered in the normalization of the Raman
data is the Raman cross-section of the Si in respect to the laser excitation
wavelength. Here, we normalized the intensity of the MoS2 first-order
modes by the intensity of the Si peak at 521.6 cm−1, by considering the
behavior of this Si peak as a function of the laser excitation wavelength
(Renucci et al., 1975), as shown in Figure 3.5. As can be seen, the Raman
scattering cross section for this Si peak increases for excitation energies
in the UV range. In order to make sure of the values for the scattering
cross section, we have measured the Raman spectra of Si for some laser
wavelengths (black squares) in our laboratory and compared to the Renucci
et al. (green dots), which shows an excellent agreement. Therefore, we
used the values in Fig. 3.5 to normalized the Raman spectra of MoS2.
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Figure 3.5: Raman cross section of Si. Raman scattering cross section of
first-order phonon in silicon as a function of the laser excitation energy.
The green circles were taken from (Renucci et al., 1975) and the black
squares were measured in the Raman laboratory at UFMG. Here, the both
data were normalized with respect to CaF2 and considering δ = 0, see
(Renucci et al., 1975) for details.
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4 symmetry-dependent exciton-phonon coupling
in 2d and bulk mos2 observed by resonance raman
scattering

In this chapter, the coupling between the excitons and first-order phonon
modes in MoS2 is discussed. The Raman excitation profiles of these bands
were obtained experimentally, and it is found that the totally symmetric
A1g phonon mode is enhanced at any excitonic transition of MoS2, while
the E1

2g feature is shown to be enhanced when the only at high excitation
laser. We show that the exciton-phonon coupling in this materials depend
on the symmetry of the exciton orbitals and phonons. This work was
developed in the Raman laboratory at UFMG, and published in the journal
Physical Review Letters 114 (13), 136403 (2015).

4.1 Introduction

Excitonic effects are expected to be very strong and influence the opti-
cal properties of 2D materials, such as the MoS2-type transition metal
dichalcogenides (TMDs), giving rise to the rich physics reported in the
literature (Qiu et al., 2013; Xu et al., 2014; Mak et al., 2014). Resonance
Raman spectroscopy is a very useful tool to study excitonic transitions and
exciton-phonon interactions in semiconductors (Yu and Cardona, 2010)
and, in this chapter, we present a resonance Raman study of 1L, 2L, 3L
and bulk MoS2 samples. Our results show that A1g feature is enhanced
when the excitation laser is in resonance with all excitons of MoS2, while
E1

2g feature is shown to be enhanced when the excitation laser is close to
2.7 eV, in a region of the optical spectrum of MoS2 that possesses a diver-
sity of excitonic states that cannot be distinguished at room temperature
(Qiu et al., 2013). We present a symmetry analysis that shows that the

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.136403
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in-plane E1
2g phonon couples preferentially with the predicted high en-

ergy excitonic state near the Γ point, called the C exciton (Qiu et al., 2013).
Our results show that phonons of MoS2 with different symmetries are
enhanced by different types of excitons, and provide experimental values
for the dependence of the exciton energies and lifetimes on the number of
layers.

Sekine et al. were the first to report a resonance Raman study of TMD
compounds and measured the Raman excitation profile (REP) of the A1g

and E1
2g modes of bulk 2H- MoS2, -WS2, -MoSe2 and -WSe2, using many

different laser lines in the energy range of 1.6–2.8 eV (Sekine et al., 1980b).
In the case of MoS2 and WS2, only the A1g mode was observed to resonate
with the A and B excitons, but both A1g and E1

2g peaks were enhanced at
higher energies. This high energy resonance was observed to be broad
and it was attributed to transition between high density of states in the
valence and conduction bands. Sourisseau et al. have also measured the
REP of the A1g and E1

2g bands for bulk WS2 in the range of the A and B
excitons (Sourisseau et al., 1991) and similar results to those reported in
(Sekine et al., 1980b) were obtained. Frey et al. showed using dynamics
calculation that the electronic structure is modulated when applying the
A1g-mode displacement for the material, but not significantly affected by
the E1

2g-mode displacements (Frey et al., 1999). These previous works show
that the A1g phonon couples preferentially with the A and B excitons, but
report similar behavior for theA1g and E1

2g modes at higher laser excitation
energies.

With the recent possibility of producing two-dimensional TMD sam-
ples, a number of Raman studies of few-layer MoS2 have been reported. It
has been observed that the Raman spectrum is significantly dependent on
the laser excitation energy (Terrones et al., 2014; Golasa et al., 2014; Fan
et al., 2014; Sun et al., 2013; del Corro et al., 2014; Pimenta et al., 2015).
Scheuschner et al. measured the REP of the A1g phonon mode of 1L and
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2L MoS2 in the range of laser energies of the A and B excitons (1.75–2.05
eV) (Scheuschner et al., 2012), and observed that the amplitude of the REP
associated with the B transition is larger than the A transition REP. It was
also reported in this work (Scheuschner et al., 2012) that the amplitudes of
the REPs are larger in bilayer than in monolayer MoS2, suggesting that the
electron-phonon coupling decreases with decreasing number of atomic
layers. The enhancement of the A1g mode under resonance with the A
and B excitons was also observed in recent Raman studies of 1L and few-
layer MoS2 (Li et al., 2012a; Chakraborty et al., 2012), but detailed results
using many different laser lines of higher energies were not reported in
the previous resonance Raman studies of 2D MoS2.

In this chapter, we present a resonant Raman spectroscopy study of
MoS2 samples of 1L, 2L, 3L and bulk using up to thirty excitation energies
in the visible range. Our measurements allowed us to obtain separately
the Raman excitation profile (REP) of the A1g and E1

2g Raman bands. Our
results confirm previous conclusions that theA1g band resonates preferen-
tially with the A and B excitons, but shows that the E1

2g band exhibits only
resonates around 2.7 eV, which is ascribed to the coupling of this specific
phonon with an exciton with different k-space characteristics (C exciton),
recently predicted (Qiu et al., 2013).

Figure 4.1a–c show the optical image of 1L, 2L, 3L and bulk MoS2

samples, obtained by mechanical cleavage (see chapter 3), studied in this
thesis. The number of layers were identified by the frequency difference
of the out-of-plane vibrational (A1g) and the in-plane (E1

2g) Raman modes
collected at 514.5 nm, as reported by (Lee et al., 2010). For 1L-MoS2 the
∆ω is around 19 cm−1 while its values increases to 21 cm−1 for 2L-MoS2,
showing a strong thickness dependence as shown in Figure 4.1d,e.
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Figure 4.1: Exfoliated 1L-, 2L- 3L-MoS2 and bulk samples studied in
this thesis. (a–c) Optical images of mono-, bi- tri-layers and bulk MoS2.
(d) Raman spectrum of each samples shown in (a–c) recorded at 514.5 nm.
(e) Identification of the number of layers by the frequency difference.

4.2 The first-order Raman modes in MoS2: the
exciton-phonon coupling

Figure 4.2 shows the Raman spectra of 1L, 2L, 3L and bulk MoS2 obtained
with many different laser excitation energies, in the 300–500 cm−1 spectral
range. The peaks around 387 cm−1 and 410 cm−1 correspond, respectively,
to the in-plane E1

2g and the out-of-plane A1g phonons (for notation sim-
plicity, we will use the irreducible representations of bulk MoS2) (Wilson
and Yoffe, 1969; Molina-Sánchez and Wirtz, 2011). We can see in Fig. 4.2
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Figure 4.2: Resonance Raman spectra of MoS2. Raman spectra of MoS2
samples with different number of layers, and recorded with the different
laser excitation energies shown in the right side. Panels from left to right
correspond, respectively, to 1, 2 and 3 layers, and bulk samples. The Raman
spectra have been normalized by the A1g mode.
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that the relative intensities of these modes are strongly dependent on
the excitation energy. Both A1g and E1

2g modes enhance for these laser
energies. But, note that for some number of layers and laser excitation
energy, the E1

2g mode is more intense than A1g mode.
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Figure 4.3: The Raman excitation profile. Raman excitation profiles
of the E1

2g (open squares) and A1g (solid triangles) Raman peaks in (a)
monolayer, (b) bilayer, (c) trilayer and (d) bulk MoS2 samples. The insets
show a zoom-in of the data in the range 1.8-2.2 eV. The red curves represent
the fitting of the experimental data by the expression given in Eq. (1). Here
the data were properly normalized by the Si peak at 521.6 cm−1 and its
cross-section.

In order to understand this effect in more details, Figure 4.3 shows the
Raman excitation profile (REP) of the A1g and E1

2g phonon modes for (a)
1L, (b) 2L, (c) 3L and (d) bulk MoS2 samples. The intensities of the MoS2
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Raman peaks were normalized by the intensity of the Si Raman peak of
the substrate, considering its excitation energy dependence as reported
(Renucci et al., 1975), as described in the previous chapter.

The REP of the bulk sample, presented in Fig. 4.3(d) shows two maxima
for the A1g phonon mode (black triangles) around 1.9 and 2.1 eV, which
are associated with the A and B excitonic transitions. The intensities of
these two maxima decrease in the case of few-layer MoS2, and are very
weak for the monolayer sample, as shown in Fig. 4.3(a). This result is in
agreement with a previous resonance Raman study of this phonon in the
region of the A and B excitons (Scheuschner et al., 2012). We can also see in
Fig. 4.3 that the A1g and E1

2g phonon modes are enhanced for all samples
at higher laser excitation energies, around 2.7 eV.

The REP of the A1g and E1
2g modes shown in Fig. 4.3 were fitted by the

expression for the Raman intensity as a function of the laser energy EL
derived by a third-order time dependent perturbation theory (see equa-
tion (2.13) in chapter 2), and given by (Yu and Cardona, 2010):

I(EL) = K

∣∣∣∣ 〈f|He−r|b〉〈b|He−ph|a〉〈a|He−r|i〉
(EL − Eex − iγ)(EL − Eph − Eex − iγ)

∣∣∣∣2 (4.1)

where 〈f|He−r|b〉, 〈b|He−ph|a〉, and 〈a|He−r|i〉 are the matrix elements asso-
ciated with the electron-radiation, exciton-phonon and electron-radiation
interactions, respectively, and Eex is the energy of the intermediate ex-
citonic state (A, B or C). The damping constant γ is related to the finite
lifetime τ of the intermediate states, and Eph is the corresponding phonon
energy. The red curves in Fig. 4.3 correspond to the best fit of the experi-
mental data, and Figures 4.4(a) and 4.4(b) show, respectively, the energy
and damping constant values, as a function of the number of layers, ob-
tained from the fitting of Fig. 4.3 by equation (4.1).

Let us now discuss the observed enhancement of the A1g and E1
2g
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modes at 2.7 eV. The optical spectrum of bulk 2H-MoS2 was measured
more than forty years ago (Bromley et al., 1972; Beal et al., 1972) and,
besides the sharp peaks ascribed to the A and B excitons, a broad band
was also observed between 2.5 and 3.3 eV. This band was shown to exhibit
two maxima around 2.76 and 3.18 eV, denominated respectively as C and
D peaks. In these pioneer works, the C and D peaks were interpreted as
optical transitions between high density of states regions at the K and M
points of the 2D Brillouin zone. This high energy broad band was also
observed in the optical spectra of atomically thin MoS2 samples (Mak et al.,
2010), and it was observed that its position blue shifts with decreasing
number of layers.

In a resonance Raman study of bulk 2H-MoS2 crystal, Sekine et al.
showed that the A1g mode REP exhibits two sharp peaks at 1.93 and
2.15 eV, and a broad peak at 2.61 eV (Sekine et al., 1980b). The sharp peaks
were attributed to the A and B excitons and the broad peak to the direct
band-to-band transition (Beal et al., 1972). The E1

2g peak was also observed
to be enhanced in the region of the broad peak at 2.61 eV. Our results
presented in Fig. 4.3 agrees with previous resonance Raman studies of
MoS2 in the range of the A and B excitons, but clearly shows that not only
theA1g, but the E1

2g mode is specially enhanced at higher laser energies. In
order to show this effect more clearly, Fig. 4.5(a) plots the ratio between the
intensities of the A1g and E1

2g bands in a logarithmic scale, as a function of
the laser excitation energy, for the different samples studied in this thesis.
Points below (above) the horizontal red line correspond to enhancements
of the A1g (E1

2g) modes.
In a recent first-principle calculation of the optical response of mono-

layer MoS2 (Qiu et al., 2013), Qiu et al. showed that the broad band in
the optical spectra between 2.5 and 3.3 eV has contributions of different
types of excitons and excitonic states, which cannot be spectrally resolved
at room-temperature. Besides the excited states of the A and B excitons
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Figure 4.4: Extracted phonon and finite lifetime of the exciton-phonon
coupling in MoS2. (a) Energies and (b) damping constants of the A, B
and C excitons for the samples with different number of layers. Red stars
represent optical absorption values from (Mak et al., 2010) for 1L, 2L and
3L and from (Beal and Hughes, 1979) for bulk.

(A′ and B′), it was also predicted the existence of a bound excitonic state
with novel k-space characteristics, called C exciton state.

Let us discuss if the enhancement of the A1g and E1
2g phonon mode

is due to the band-to-band transition, as proposed many years ago by
Sekine et al. (Sekine et al., 1980b), or by a high energy excitonic transition
predicted recently by Qiu et al. (Qiu et al., 2013). First, notice in Fig. 4.3
that the enhancement of both A1g and E1

2g mode around 2.7 eV is stronger
than the enhancement of them around 1.9 and 2.1 eV for monolayer MoS2,
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which are demonstrated to be associated with the A and B exciton states.
When the intermediate state in a Raman process is excitonic, the Raman
cross-section is enhanced more strongly than when the intermediate states
correspond to band-to-band transitions (Kauschke et al., 1987; Limmer
et al., 1990; Cardona and Güntherodt, 1982). Moreover, the Raman exci-
tation profile of A1g and E1

2g phonons around 2.7 eV for monolayer (see
Fig. 4.3) is much sharper than the broad band in the optical spectra of
MoS2. This result suggests that, among many excitonic states that con-
tribute to the broad band in the optical spectra in the range 2.5-3.3 eV, both
modes are selectively enhanced by a specific excitonic state. This selective
enhancement is related by the exciton-phonon matrix element, given by
the middle term in the numerator of equation (2.13), which depends on
the phonon and the exciton symmetries.

This distinct exciton-phonon coupling can be explained considering
the symmetries of the A1g and E1

2g phonons and of the orbitals associated
with the A, B and C excitons. According to (Qiu et al., 2013), the A and
B excitons reflect the Mo dz2 orbitals of the states in the lowest MoS2

conduction band, and the exciton wave function is azimuthally symmetric,
with the orbitals pointing along the z-direction [see Fig. 4.5(b)]. On the
other hand, the C exciton is originated from a six-fold degenerate state
made from transitions between the highest valence band and the first
three lowest conduction bands near, but not directly at, the Γ point of
the Brillouin zone (Qiu et al., 2013). When this exciton is plotted in real
space, the electron has both Mo dz2 and S px and py, with more S character
near the hole. The representation of the orbitals the C exciton is shown in
Fig. 4.5(c). The A1g mode involves out-of-plane vibration of S atoms and,
therefore, it is expected to modulate the dz2 orbitals more strongly than
the E1

2g in-plane mode. The situation is the opposite for the C exciton due
to the presence of the in-plane px and py orbitals shown in Fig. 4.5(c). In
this case, the in-plane movements of the S atoms modulate the electronic
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Figure 4.5: Intensity ratio of the first-order modes. (a) Ratio of the
intensities of the A1g and E1

2g Raman bands, plotted in a logarithmic scale.
(b) Atomic displacements of the A1g phonon mode and electronic orbitals
of the A and B excitons. (c) Atomic displacements of the E1

2g phonon mode
and electronic orbitals of the C exciton.

cloud and, therefore, one can expect a stronger exciton-phonon coupling
for the E1

2g mode with the C exciton. Also, since the A1g mode involves a
totally symmetric vibration, it can also couple with the C exciton.

The symmetry-dependent exciton-phonon coupling can be also dis-
cussed using group theory arguments. For both few-layer and bulk MoS2,
the dz2 orbitals belongs the totally symmetric irreducible representation
(A′1, A1g and A1g for odd few-layer, even few-layer and bulk, respectively),
whereas the px and py orbitals belong to a two-dimensional irreducible
representation (E′, Eg and E2g for odd few layer, even few layer and bulk,
respectively). Therefore, the dz2 orbitals couple mainly with the totally
symmetric out-of-plane phonon (Wilson and Yoffe, 1969; Molina-Sánchez
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and Wirtz, 2011), and the A1g mode is enhanced by the A and B excitons.
On the other hand, the two dimensional px,y orbitals of the C excitonic
state couple with the both two-dimensional out-of-plane and in-plane A1g

and E1
2g phonon (Wilson and Yoffe, 1969; Molina-Sánchez and Wirtz, 2011),

explaining why it is enhanced by resonance with the C exciton. This is
due to the fact that the C exciton is not exactly at the Γ point, but at six-
fold points within the interior of the BZ [see section 1.4 and Figure 1.3(e)]
(Qiu et al., 2013). Therefore, the exciton-phonon coupling between the C
exciton with both first-order modes is indeed allowed by group theory. If
the C exciton were located exactly at the Γ point, it would exhibit inversion
symmetry and, as a consequence, such interplay would not be allowed.

Figure 4.4(a) shows that the values of the exciton energies obtained
from our resonance Raman results do not depend significantly on the
number of layers, within our experimental uncertainty. However, note
that the C exciton energy which increases for the monolayer case, possibly
due to the strong exciton-phonon coupling. Figure 4.4(a) also shows the A
and B exciton energy values obtained from optical absorption experiments
(Beal and Hughes, 1979; Mak et al., 2010), which are in a good accordance
with our resonance Raman results. It is interesting to observe that the
difference between the A and B exciton energies, which is related to the
spin-orbit splitting (Coehoorn et al., 1987), is practically the same for few-
layer and bulk MoS2 (0.23, 0.18, 0.21, and 0.20 eV for 1L, 2L, 3L and bulk
MoS2, respectively). The value for the bulk is in good agreement with that
reported in (Coehoorn et al., 1987). Figure 4.4(b) shows that the damping
constant γ of the A exciton increases significantly with decreasing number
of layers. The γ constant of the B and C excitons increase slightly with
decreasing number of layers. These results explain why the REP of the
A1g mode is smeared-out in the case of few-layer MoS2 and why the A
exciton REP is weaker than the B exciton REP (Scheuschner et al., 2012).

According to the theoretical calculation by Qiu et al. (Qiu et al., 2013),
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the broad band observed by optical absorption has the contribution of
different excitonic transitions. By symmetry arguments based on group
theory, we show that the in- and out-of-plane E1

2g and A1g modes cou-
ple with the C exciton. The slightly difference between the width of the
resonance Raman profile and the broad band observed by other experi-
mental techniques (Molina-Sánchez et al., 2013; Klots et al., 2014; Mertens
et al., 2014; Liu et al., 2014), is due to the fact that, differently from Raman
scattering, these techniques do not involve exciton-phonon interactions.
Therefore our results allow distinction of the contribution of the C exciton
from all other excitonic states.

4.3 Conclusion

To summarize, we have presented a resonance Raman study of 2D and
bulk MoS2 using thirty different laser lines in the range 1.85 to 2.81 eV, that
allowed us to obtain the resonance Raman profile (REP) of the first-order
A1g and E1

2g phonon modes. We have shown that only the A1g phonon
mode is enhanced by the A and B excitons, but the enhancement decreases
with decreasing number of layers, due to the dependence of the lifetime of
the intermediate excitonic states on the number of layers. We also observed
that the E1

2g phonon mode only enhances around 2.7 eV, in a region of the
optical spectrum that exhibit a broad band associated with a diversity of
excitons (Qiu et al., 2013). A group theory analysis shows that the high
energy C exciton is the responsible for the enhancement of the E1

2g phonon
mode, due to the symmetry-dependent exciton-phonon interaction in
MoS2. We comment that our findings have been confirmed by density
functional theory by considering the Eliasberg functions (Molina-Sánchez
et al., 2016), where the authors calculated the temperature-dependent
excitons effects on the optical properties (Molina-Sánchez et al., 2016).
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5 intervalley scattering by acoustic phonons in
2d mos2 revealed by double-resonance raman
spectroscopy

In this chapter, we exploit the concept of double-resonance process in
monolayer and bulk MoS2 through a multiple energy excitations Raman
study in conjunction with density functional theory calculations. All the
experimental data were collected in our Raman Laboratory at UFMG.
The theoretical calculation was performed by the group at Pennsylvania
State University. The defective sample was obtained through collaboration
with a team at National Physical Laboratory. The results presented in this
chapter was published in the journal Nature Communications 8, 14670
(2017).

5.1 Introduction

The second-order Raman spectrum of MoS2 and other semiconducting
transition-metal dichalcogenides (TMDs) hosts a rich variety of features,
which are strongly dependent on the number of layers and the excitation
laser energy (Chen and Wang, 1974; Stacy and Hodul, 1985; Frey et al.,
1999; Golasa et al., 2014; Liu et al., 2015; Verble and Wieting, 1970; Lee
et al., 2010; Chakraborty et al., 2013; Pimenta et al., 2015; Carvalho et al.,
2015b). In the published works on two-dimensional (2D) MoS2, the second-
order Raman bands were probed using only few laser excitation lines, and
results were interpreted based on phonon dispersion relations calculated
from empirical force field models (Golasa et al., 2014). However, the use
of multiple excitation energies is pivotal to unveiling the rich physical
phenomena underlying the complex second-order Raman spectrum and
the intervalley scattering processes in MoS2.

http://www.nature.com/articles/ncomms14670
http://www.nature.com/articles/ncomms14670


59

Double-resonance Raman (DRR) is a special kind of second-order pro-
cess that involves the resonant scattering of excited electrons by phonons,
and can be used to study electrons, phonons, and their interplay (Martin
and Falicov, 1983). By varying the incoming photon energy, the DRR
condition selects different electronic states and different pairs of phonons
with opposite finite momenta within the interior of the Brillouin zone (BZ)
(Malard et al., 2009; Maultzsch et al., 2004; Carvalho et al., 2015a; Mohr
et al., 2006; M. L. Bansal, 1991; Renucci et al., 1974; Cerdeira et al., 1972).
For graphene, the most important DRR features, the D and 2D bands,
provide rich physical information about the sample (Pimenta et al., 2007;
Malard et al., 2009).

In this chapter, we unravel the origin of the DRR processes occurring
in MoS2 by investigating both experimentally and theoretically the Raman
spectra as a function of the laser excitation. We measure the second-order
bands using more than twenty different laser excitations ranging from
1.85 to 2.18 eV that densely cover the range of the A and B excitonic levels.
Notably, we observe that the spectral positions of some specific second-
order peaks depend on the laser excitation energy, which is characteristic
of DRR processes. The experimental results are explained by accurate
first-principles calculations, which are shown to be crucial for identifying
of the different contributions to the DRR process. We show that some
specific Raman processes are related to phonons near (but not at) the M
and K points of the BZ. Moreover, the different contributions from the
M phonons in monolayer and bulk reflect the crossover of the indirect-
to-direct bandgap transition in the monolayer regime of MoS2. Our work
provides a fundamental explanation of the resonant behavior of the second-
order Raman processes in MoS2, involving different electronic valleys, and
may also be applicable to the higher-order Raman spectra and to other
semiconducting TMDs.
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5.2 Experimental analysis

Figures 5.1a,b show the Raman spectra of monolayer (1L) and bulk MoS2 in
the 350–500 cm−1 spectral range for three different laser energies (1.94, 2.04,
and 2.11 eV). The two peaks around 388 cm−1 and 407 cm−1 are associated,
respectively, with the first-order in-plane and out-of-plane Raman bands,
with E′ (E1

2g for bulk) and A′1 (A1g for bulk) symmetries (Carvalho et al.,
2015b; Ribeiro-Soares et al., 2014). All other features are contributions
from different second-order processes.

A first-order Raman band can be fitted with a Lorentzian curve, since
it arises from a single phonon at the center of the BZ. On the other hand,
a second-order Raman band is given by the convolution of multiple two-
phonon processes across the whole BZ and, in principle, cannot be fitted by
a sum of Lorentzian curves. The determination of the lineshape requires a
complete theoretical description of Raman intensities, including electron-
photon and electron-phonon coupling matrix elements. Nevertheless,
the fitting of second-order bands in MoS2 and other TMD compounds
by a sum of Lorentzian curves has been widely used in the literature
(Frey et al., 1999; Lee et al., 2010; Carvalho et al., 2015b; Golasa et al.,
2014; Livneh and Spanier, 2015), because it provides a means to associate
a feature in the spectrum with a specific phonon at a high-symmetry
point within the BZ. Various works in the literature have fitted the second-
order bands of MoS2 with different numbers of Lorentzians, and given
the resulting peaks different assignments (or when unassigned, different
names) (Frey et al., 1999; Golasa et al., 2014; Livneh and Spanier, 2015).
This fitting procedure can yield different peak numbers, positions, widths,
and intensities (Malard et al., 2009; Carvalho et al., 2015b; Livneh and
Spanier, 2015; Golasa et al., 2014). Here we also use this procedure, but
we stress that it is only intended to provide a reliable estimate of the
spectral position of the different contributions to the second-order Raman
bands. The central goal of this work is to achieve a quantitative comparison
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Figure 5.1: Resonance Raman results on 1L and bulk MoS2. (a) and (b)
Raman spectra of 1L and bulk MoS2 measured with three laser excitation
energies: 1.94 eV, 2.04 eV and 2.11 eV. The spectra are fit to a sum of
Lorentzians (grain and green curves). The second-order bands studied
here are denoted p1, p2, p3 and p4. (c) and (d) Resonant Raman maps with
more than twenty different laser lines of 1L and bulk MoS2 showing the
enhancement of the Raman bands across the A and B excitons (horizontal
dashed lines). The Raman spectra were normalized by the intensity of the
Si peak at each excitation energy and, the Si Raman peak at 521.6 cm−1

was used to calibrate the Raman shift.
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between the measured and the calculated spectra within the entire spectral
range considered here while making use of a dense sampling in terms
of laser energies. We impose constant values for the full width at half
maximum (FWHM) as a constraint in our Raman analysis, leaving intensity
and position unconstrained. This procedure was adopted to decrease the
number of fitting parameters, since the FWHM is not expected to depend
significantly on the laser energy within this narrow range of energy (1.85–
2.18 eV). The number of Lorentzian peaks is increased until a pre-defined
convergence threshold is reached, and the results of this procedure are
confirmed by first-principles calculations, as described below.

In Fig. 5.1a one observes a band at ca. 420 cm−1 that we call p1, and
a broad and asymmetric band centered around 460 cm−1, which is com-
monly called the 2LA band in the literature. In this thesis, this broad band
was fitted by four Lorentzian peaks: a first peak around 440 cm−1 and
the other three denoted by p2, p3 and p4, as shown in Fig. 5.1a. The same
number of peaks was used to fit the spectra of bulk MoS2, since more
peaks were not found to be necessary to the fitting (in terms of conver-
gence). This is possibly because the phonon branch splittings induced
by interlayer interactions (Livneh and Spanier, 2015) are not larger than
∼3 cm−1 in MoS2 (Molina-Sánchez and Wirtz, 2011).

Figure 5.1c,d show the multiple excitation Raman map for 1L and bulk
MoS2 obtained using more than twenty laser lines with energies from
1.85 to 2.18 eV. The horizontal scale represents the Raman shift, while the
vertical scale is the laser excitation energy. We can observe the resonances
of all Raman bands across the A (∼1.89 eV) and B (∼2.06 eV) excitonic
transitions, which are marked by horizontal dashed lines. An important
result is the dispersion of some Raman features as the laser energy changes,
as clearly revealed by the dashed lines tracking Raman peak positions
(Fig. 5.1a–d).

Each second-order band in the range 400-480 cm−1, measured with
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different laser excitation energies, was fitted according to the same proce-
dure used in Fig. 5.1a,b. The positions of p1, p2, p3 and p4 as a function
of the laser excitation energy are plotted in Figure 5.2a,b for 1L and bulk
MoS2, respectively. Notably, the position of the p2 peak is unchanged for
all laser energies, whereas p1, p3 and p4 red-shift as the laser excitation
energy increases.
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Figure 5.2: Dispersive behavior of the second-order features on 1L and
bulk MoS2. (a) and (b) Laser energy dependence of the experimental
values of the positions of the p1, p2, p3 and p4 peaks (symbols) of 1L and
bulk MoS2, and the calculated dispersion of these peaks using equation 5.1
(solid curves). The absence of the theoretical curve of p4 peak in (a) is
due to its weak intensity not observable in the calculated Raman spectra
(see Fig. 5.6). The error bars represent the standard error from the fitting
process. The calculated phonon frequencies were shifted by within 1% to
allow better comparison with the respective experimental dispersions.
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5.3 Theoretical model

To explain the experimental results, we calculated the second-order Raman
spectra for 1L and bulk MoS2 within the single-particle picture, using
the electronic structure and phonon dispersion obtained from density
functional theory (DFT) (see Fig. 1.2) for different laser excitation energies.

We stress that in chapter 2, the Raman scattering theory was discussed
considering the Feynman diagrams only for the one-phonon scattering
process and noted that for a two-phonon process, the equation (2.13)
needed to be extended to higher orders of the perturbation. In this chapter,
we will describe the two-phonon process (i.e. DRR process) in a much
easier way by considering the parabolic bands of a classical semiconductor
(Yu and Cardona, 2010; García-Cristóbal et al., 1994).

Figure 5.3a shows a schematic representation of a DRR process in MoS2,
where the low-energy electronic structure is represented by parabolic
bands at the BZ edges. The DRR process begins with an incoming photon
creating an electron-hole pair of wave vector k near the K valley. The
electron is then inelastically scattered by the emission of a phonon with
branch index µ, wave vector −q, and energy  hωµ−q to the K ′ valley. After
that, the electron is inelastically scattered back to the K valley by the
emission of a second phonon with branch index ν, wave vector q and
energy  hωνq , where the electron-hole pair recombines emitting a photon
with energy EL −  hωµ−q −  hωνq (Stokes scattering). At most two of these
steps can be simultaneously resonant for a DRR process (Martin and
Falicov, 1983; Malard et al., 2009; Maultzsch et al., 2004; Pimenta et al.,
2015).

The intensity of a second-order Raman process is given by following
expression:
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Ippee (EL) =

∣∣∣∣∣∣
∑

k,q,µ,ν

MfMcbMbaM0

(EL − Eck + Evk −  hωµ− q −  hωνq − iγ2 )(EL − E
c
k+q + Evk −  hωµ− q − iγ2 )(EL − E

c
k + Evk − iγ2 )

∣∣∣∣∣∣
2

,

(5.1)

whereM0,Mf are the matrix elements of the exciton-photon interactions
for the incoming and outgoing photons, Mcb, Mba represent the exciton-
phonon interactions (García-Cristóbal et al., 1994), q and k are the wave
vectors of the phonon and the electron, respectively, Eck+q − Evk are the
energies of the intermediate state, andµ and ν denote the phonon branches
involved in the process. The damping constant γ is related to the finite
lifetime of the intermediate states, and  hωµ,ν

± q is the corresponding phonon
energy. In the present study, we only focus on two-electron processes (ee)
involving transverse acoustic (TA) and longitudinal acoustic (LA) phonons;
processes involving hole scattering (hh, eh and he), as shown in Figure 5.4,
(Venezuela et al., 2011) were not taken into account for clarity and will be
elaborated in future studies. The matrix elements are taken to be constants
in the calculations.

Following the usual analysis for DRR in graphite (Cançado et al.,
2002), the calculated DRR intensities are dominated by contributions from
phonon wave vectors near q ∼ 0 and q ∼ 2 k (distance from the K point),
as shown in Fig. 5.5. From this figure, we notice that, as the laser energy
increases, the peak corresponding to q ∼ 0 is almost dispersionless and
the peak corresponding to q ∼ 2 k is dispersive. It has been reported for
graphene (Jin et al., 2014; Li et al., 2013; Kaasbjerg et al., 2012) that the q ∼ 0
contribution vanishes due to the symmetry selections rules and quantum
interference. We show later that, in the case of MoS2, this contribution,
which is present in the DFT results, should vanish if excitonic effects are
considered. For now, we only focus on the q ∼ 2 k contribution by tracking
the most dispersive Raman peaks in the calculated DRR intensities, since
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Figure 5.3: Double-resonance Raman model. (a) Representation of a
DRR process where excited electronic states are connected by two phonons
with opposite momenta q and -q. (b) and (c) Plot of the conduction bands
for 1L and bulk MoS2, respectively. (d) Locus of electronic states that
participate in the DRR Raman process around K for laser energies of 1.9,
2.0, and 2.1 eV in red, green, and blue. Possible phonon wave vectors
that connect these states with each other and with other high-symmetry
points (M and Q) are shown as red dashed arrows. (e) and (f) Density of
states of phonons that satisfy the DRR conditions for 1L and bulk MoS2,
respectively. The DRR intensity in (e) and (f) is in arbitrary units justifying
the use of no color bars.
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the q ∼ 0 contributions are almost dispersionless (other dispersionless
features such as van Hove singularities can be identified separately from
the phonon density of states, as shown later).
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Figure 5.4: Alternative representations of the DRR process. Others
customary representations of the DRR scattering process in MoS2. The
parabolic dispersion represent the electronic band structure near the K
point. The vertical arrows represent the electron/hole creation and recom-
bination. The horizontal arrows represent the scattering with a phonon or
with a defect. The ee process is the same shown in Figure 5.3a. The other
processes are referred to hole scattering (hh, eh and he).

Figure 5.3b,c show a contour map of the conduction electron energies
for 1L and bulk MoS2, where the conduction band minimum occurs at
K for 1L MoS2. Based on the calculated electronic structure, Fig. 5.3d
shows three sets of electronic states that participate in the DRR process in
1L MoS2, for laser excitation energies of 1.9, 2.0, and 2.1 eV, represented,
respectively, in red, green, and blue. Similar to the case of graphene
(Pimenta et al., 2007), when the laser excitation energy increases the locus
of the on-resonance electronic states expands outward from K. Figure 5.3d
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also shows that phonons that connect the pockets around K and K′ valleys
have wave vectors near K, denoted q∼K here (the symbol “∼" means in the
vicinity of the given high-symmetry point). On the other hand, pockets
around K and Q points are connected by phonons near both the M and Q
points, with wave vectors q∼M and q∼Q, where Q is another conduction
band local minimum half-way between Γ and K, as shown in Fig. 5.3b,c,d.

Figure 5.3e shows the on-resonance density of states for acoustic phonons
that connect two pockets in the electronic structure at 2.0 eV excitation
for 1L MoS2. A high density of q∼K phonons appears around K and con-
tributes strongly to the DRR scattering. A weaker density of phonons
around M also appears (green arrow in Fig. 5.3e). They originate from
scattering between the K and Q valleys (see Fig. 5.3d). For 1L MoS2, the
intervalley scattering between K and Q only contributes weakly to the
DRR process since the two minima are misaligned by 0.2 eV for 1L MoS2.

The above procedure is also applied to bulk MoS2, where the conduc-
tion band local minimum at Q drops in energy, rendering the indirect
band gap (Mak et al., 2010; Kormányos et al., 2013), as shown in Fig. 5.3c.
Now, both q∼K and q∼M phonons in bulk MoS2 contribute strongly to the
on-resonance phonon density of states (red and green arrows in Fig. 5.3f),
as well as the additional scattering channel between K and Q with phonon
wave vector q∼Q (see Fig. 5.3d).

Figures 5.6a–d show the calculated second-order Raman spectra for
1L and bulk MoS2 for different laser energies, as given by equation (5.1),
and using the phonon dispersion relations of the LA and TA phonons
(see Fig. 1.2). In the range 405–420 cm−1 (Fig. 5.6a,c), we observe one
dispersive and one non-dispersive feature, and in the range 450–470 cm−1

(Fig. 5.6b,d), one non-dispersive and two dispersive features at higher fre-
quency. A normal second-order Raman band is non-dispersive, whereas a
dispersive behavior indicates a DRR process. The positions of each fea-
ture in Figs. 5.6a–d as a function of the laser energy are also plotted in
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Figure 5.5: Diagram of possible wave vector in intervalley scattering.
(a) The top diagram illustrates intervalley scattering via a phonon of wave
vector q. The same phonon is translated to start from the Γ point (middle
diagram) and the rings indicate the end points of all possible phonons
connecting the two valleys. (b) The inset show the calculated ring patterns
near the K point. The main plot shows the calculated DRR intensity as a
function of distance from the K point.
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Fig. 5.2a,b, for 1L MoS2 and bulk, respectively, and represented by the
black lines. The comparison between the experimental and calculated
results in Fig. 5.2a,b shows an excellent agreement, and will allow for the
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Figure 5.6: Calculated resonance Raman spectra. Calculated second-
order Raman for (a, b) 1L and (c, d) bulk MoS2 for different laser energies,
using equation (5.1). All spectra are vertically shifted for clarity. (e, f) Cal-
culated phonon frequencies of the TA and LA branches with respect to the
frequency maxima of each branch, showing that the LA branch disperses
more rapidly away from K. In (a) and (b) since the absolute Raman shifts
are prone to slight (1%) over/under-estimates due to limitations of DFT,
the calculated phonon frequencies were shifted by within 1% to allow
better comparison with the respective experimental dispersions. This
shift leaves the calculated dispersion in the Raman shift with laser energy
(which reflects the influence of the phonon and electron band structures
on the DRR process) unchanged.
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assignment of each second-order feature. As q∼K expands away from K,
the frequency of on-resonance LA phonons would decrease with increas-
ing laser energy due to the negative curvature of the LA branch dispersion
near K. Although p4 is not clearly observable in the calculated DRR spectra
for 1L MoS2, a small contribution near ∼M can be seen in the BZ map-
ping of DRR intensity in Fig. 5.3e (green arrow). The underestimated
intensity of this contribution from M, compared with the experimental
results (where the contribution from M appears larger), might be due to
strong electron-phonon coupling matrix elements between ∼K and ∼Q
conduction valleys by an q∼M phonon (Li et al., 2013) (matrix elements
are treated as constants in this study).

5.4 Assignment of the second-order Raman
features of MoS2

The 2LA band

The strongest feature in the second-order spectrum of MoS2 is the broad
and asymmetric band centered around 460 cm−1. In previous Raman
studies of bulk MoS2 (Chen and Wang, 1974), it was initially ascribed to
the overtone of the longitudinal acoustic phonon at the M point in the
BZ and assigned to the 2LA(M) band (Chen and Wang, 1974; Stacy and
Hodul, 1985). However, its asymmetric shape led some authors to suggest
that it could have contributions from other second-order processes. Verble
and Wieting assigned the shoulder of the 2LA band at 466 cm−1 to the
Raman-inactive mode with A′′2u symmetry (or A2u mode for bulk or even
layers) at the Γ point (Verble and Wieting, 1970). Gołasa et al. suggested
this band was composed by a combination of the optical E1g phonon with
the transverse acoustic (TA) phonon at the M point (Golasa et al., 2014).
Livneh and Spanier proposed different contributions for the 2LA band
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in bulk MoS2, such as the phonon density of states (pDOS), overtones
of the M edge phonons from the acoustic (LA) and quasi-acoustic (LA′)
branches, which are very close in energy, and a weak contribution of the
LA(K) phonons (Livneh and Spanier, 2015).

In this thesis, we assign the different contributions to the 2LA band
by comparing the experimental and calculated multiple excitation Raman
spectra of both 1L and bulk MoS2. In our analysis, the 2LA band was fitted
by four peaks, a peak around 440 cm−1 and the peaks p2, p3, and p4, as
shown in Fig. 5.1a,b. The non-dispersive behavior of p2 (see Fig. 5.2a,b)
shows that it corresponds to a normal second-order Raman process. On the
other hand, p3 and p4 exhibit a dispersive behavior, a signature of a DRR
process (or higher-order resonant process) due to photons with different
energies selecting electrons and phonons with different wave vectors in
the BZ. Our calculations show that p2 comes from the van Hove singularity
(vHs) in the phonon density of states from a saddle point between K and
M. The frequency of p2 matches with twice the calculated frequency of the
vHs. Our assignment for p2 agrees with the conclusion reached by Livneh
and Spainer (the L2 peak in their work) (Livneh and Spanier, 2015). The
440 cm−1 peak was recently ascribed to the combination mode A1g + E

2
2g

at the Γ point (Livneh and Spanier, 2015). However, it can also be due to
the asymmetric shape of p2, since the vHs is not necessarily symmetric.

We next discuss the origin of the p3 and p4 peaks. Previous works as-
signed them to 2LA(M) and/or 2LA(K) processes, but the near-degeneracy
of the LA phonon at M and K prevented a clear distinction between these
two contributions (Chen and Wang, 1974; Stacy and Hodul, 1985; Frey et al.,
1999; Golasa et al., 2014; Liu et al., 2015; Lee et al., 2015). A comparison of
our results for 1L and bulk MoS2 allows for an unambiguous assignment.
As shown in Fig. 5.3f, the DRR process in bulk MoS2 can support scatter-
ing by both q∼M and q∼K phonons, whereas DRR in 1L MoS2 (Fig. 5.3e) is
very weak for q∼M phonons. The different DRR contributions from ∼M
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phonons in 1L and bulk MoS2 allow us to distinguish the contributions
of DRR ∼K and ∼M phonons to the second-order Raman band, as will be
shown below. The calculated results in Figs. 5.6b,d show that p4 clearly
appears in the spectra of bulk MoS2, but is very weak for 1L MoS2. Notice
that different from the calculated results, the experimental intensity of p4

for 1L MoS2 is weak but not negligible, this is possibly ascribed to the effect
of a strong electron-phonon coupling of p4. However, the most relevant
result is that p4 is more intense than p2 and p3 for 2L, 3L and bulk MoS2,
and weaker for 1L MoS2.

We, therefore, conclude that the p4 peak is related to the scattering of
the excited electron between the K to the Q valleys by two LA phonons
near ∼M (see Fig. 5.3d). This leaves p3 to be assigned to the scattering
process between K and K′ by two LA phonons in the vicinity of the K
point. Thus, a more precise assignment for p3 and p4 would be 2LA(∼K)
and 2LA(∼M), respectively.

Figures 5.2a,b compare the experimental positions of p3 and p4 with
their calculated dispersion. The excellent agreement between experiment
and theory further confirms the assignment of p3 and p4 as 2LA(∼K) and
2LA(∼M). As the laser energy increases, p3 and p4 disperse at rates of −49
and−21 cm−1 eV−1, respectively, and this result reflects the different slopes
of the LA phonon dispersion near K and M of MoS2. We thus conclude
that the broad and asymmetric band centered around 460 cm−1 can be
explained by contributions from LA phonons, instead of optical phonons
(Verble and Wieting, 1970; Golasa et al., 2014). It has contributions from
LA phonons near the saddle point between K and M (pDOS singularities)
and from LA phonons near ∼K and ∼M, which are enhanced in the spectra
by the intervalley DRR process.
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The p1 (or b) peak

In a resonance Raman study of bulk MoS2 at 7 K, Sekine et al. observed
a band around 430 cm−1 with a dispersive behavior near the A and B
excitonic resonances, and called it the b band (Sekine et al., 1984). This
band was ascribed to a two-phonon process involving a quasi-acoustic
interlayer breathing mode and a transverse optical phonon (E2

1u) both along
the c−axis (Sekine et al., 1984). However, this band was also observed in
more recent Raman studies of monolayer MoS2 (Livneh and Spanier, 2015),
thus ruling out the assignment suggested by these authors (Sekine et al.,
1984). In a detailed multi-phonon study of bulk MoS2, Livneh and Spanier
suggested that the b band could involve combinations of the LA (or LA′)
and TA (or TA′) phonons at the K point (Livneh and Spanier, 2015).

In Fig. 5.2a,b we compare the experimental values of the p1 positions
(red circles) with the dispersion of the calculated peak (black curve) con-
sidering an intervalley DRR process involving one LA phonon and one TA
phonon, in both time orders, in the vicinity of K (see Figs. 5.6a,c). The com-
bined energy of the relevant LA + TA phonons near ∼K red-shifts as the
incident laser energy increases, dispersing at a rate of −43 cm−1 eV−1. The
agreement between the experimental and calculated results in Fig. 5.2a,b
allows for the assignment of p1 to LA(∼K) + TA(∼K).

The larger dispersion of p3 = 2LA(∼K) than p1 = LA(∼K) + TA(∼K) is
consistent with TA phonons dispersing more slowly near K than do LA
phonons. This can be seen in Fig. 5.6e,f, which show the phonon dispersion
for the TA and LA branches in the irreducible Brillouin zone, where the
frequencies are represented by a color map. The LA phonon frequency
rapidly decreases away from K whereas the TA phonon frequency varies
slowly near K.
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The 2LA(∼Q) band

As represented in Fig. 5.3d, there are two different scattering processes
between the K and Q electronic valleys, involving phonons with both wave
vectors q∼M and q∼Q. Indeed, the theoretical DRR maps in Fig. 5.3f predict
the existence of a 2LA(∼Q) band for bulk MoS2 (see the red circle labelled
∼Q in Fig. 5.3f) at a frequency of 370 cm−1. This band was not detected in
our room-temperature spectra, presumably because the electron-phonon
coupling matrix elements for this process are almost vanishing (Li et al.,
2013). However, it was possibly observed in previous low-temperature
studies in bulk MoS2 (Sekine et al., 1984; Livneh and Spanier, 2015). Sekine
et al. observed a weak feature around 380 cm−1 in the spectra at 7 K, and
ascribed it to the zone-center Raman-inactive E1

2u phonon (Sekine et al.,
1984). Livneh and Spanier reported the existence of a band at 386 cm−1,
observed at 95 K, which could not be explained by their multi-phonon
analysis (Livneh and Spanier, 2015). A multiple excitation Raman study
at low temperatures will be necessary to confirm the existence of the
double-resonance 2LA(∼Q) band, and its possible dispersive behavior.

5.5 Disorder-induced DRR bands

As a further verification of our proposed DRR conclusions involving
the acoustic phonons, the defect-induced resonant Raman spectra in 1L
MoS2 were measured. Figure 5.7a,b show the spectrum in the range
200–285 cm−1, where we can observe defect-induced Raman features
(Mignuzzi et al., 2015) for the excitation energy of 1.92, 2.06 and 2.14 eV.
This process is similar to the disorder-induced D band in graphene (Pi-
menta et al., 2007), which also comes from a DRR process involving just
one phonon, where momentum conservation is provided by elastic scat-
tering of the excited electron by a defect (Malard et al., 2009; Pimenta et al.,
2007, 2015). Notice that in the defective sample, the 2LA band broadens
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Figure 5.7: Resonance Raman on defective 1L MoS2. (a) Raman spectra
of defective 1L MoS2 for three excitation energies (1.92, 2.06 and 2.14 eV).
(b) Raman spectrum of a defective 1L MoS2 sample, showing the disorder-
induced bands associated with acoustic phonons near the edges of the
Brillouin zone. Defects were created through bombardment with Mn+.
The band was fit to a sum of Lorentzians with frequencies half the frequen-
cies of p2, p3 and p4. (c) Laser energy dependence of the experimental
values of p2/2, p3/2 and p4/2 (symbols) showed in (b), and the calculated
dispersion of these disorder-induced peaks (solid curves) assuming one-
phonon-defect DRR scattering. The absence of the theoretical curve of p4
peak in (c) is due to its weak intensity not observable in the calculated
Raman spectra. The error bars in (c) represents the standard error from
the fitting process.
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and decreases in intensity, which is expected since the disruption of the
pristine lattice decreases phonon lifetimes and introduces new defective
Raman bands. We have fitted the defect-induced Raman band with four
Lorentzian peaks, similar to the procedure used for the 2LA second-order
band in 1L pristine MoS2. The frequencies of the three peaks at 227 cm−1,
234 cm−1 and 235 cm−1 correspond respectively to one-half the frequen-
cies of the p2, p3 and p4 peaks as marked by the vertical dashed lines in
Fig. 5.7b. Figure 5.7c shows the frequencies of these three Raman peaks as
a function of the laser excitation energy, and the calculated dispersion of
the DRR features considering now scattering by a phonon and a defect.
The excellent agreement with the theory and experiment further supports
the interpretation of the second-order DRR features, and highlights the
intervalley elastic scattering by defects.

5.6 Excitonic effects

We now discuss the validity of the single-particle picture in the presence
of excitonic effects. Single-particle DFT calculations have been extensively
used in studying DRR processes in graphene, where excitonic effects
are negligible at low excitation energies (Yang et al., 2009). Therefore,
the strong excitonic effects in 1L MoS2 call for further interrogation of
assignments based on single-particle DFT results. Here, based on a simple
two-band model, we show that the use of single-particle band structures
(Fig. 5.8a,c) and exciton band structures (Fig. 5.8b,d) would yield similar
laser-energy dependence of the Raman frequencies, thereby justifying the
use of DFT eigenvalues in equation (5.1).

In the single-particle case, we model the low-energy band structure
as parabolic bands E± = ±(Eg/2 + k2/2m∗), where for convenience we
assume thatme = mh ≡ m∗ is the mass of the electron and hole and that
the conduction band has been rigidly shifted to bring the single-particle
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Figure 5.8: Intervalley scattering as modelled using single-particle
and excitonic band structures. (a) In single-particle bands assuming (for
convenience) equal effective massesm∗ for electrons and holes, excitons
can be represented by pairing electrons and holes with matching group
velocities at ke = −kh ≡ k, yielding an exciton with a center-of-mass
momentum of Q = 2k. (b) The same excitonic states as shown in (a) are
represented here in the exciton band structure whose band curvature is half
that of the single-particle case, reflecting the exciton mass beingM = 2m∗.
Intervalley scattering can be represented either (c) between single-particle
states or (d) between excitonic states. Given the same excitation energy
EL = Eg + 2k2/2m∗, the on-resonance phonons in both systems are away
from K by 2k.
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band-gap to match with the optical gap Eg. The actual electron-hole mass
ratio calculated from different first-principles methods ranges from 0.8 to
1.8 (Qiu et al., 2013; Ramasubramaniam, 2012; Cheiwchanchamnangij and
Lambrecht, 2012; Shi et al., 2013a).

From the single-particle bands, excitons can be approximately repre-
sented by pairing electrons and holes with matching group velocities at
ke = −kh ≡ k (where k is the wave vector measured from K); such an
exciton has a center-of-mass momentum of Q = 2k and a total energy of
Eg + 2(k2/2m∗) = Eg + Q2/2M. Thus we find M = 2m∗, i.e. the exci-
tonic dispersion has half the band curvature of the single-particle bands.
This is consistent with the semi-classical interpretation that the mass of
an exciton is the sum of its constituents’ masses. Momentum-resolved
electron energy-loss spectroscopy measurements (Habenicht et al., 2015)
are consistent with the exciton mass being larger than the constituent hole
and electron masses obtained from first-principles calculations: 0.9–1.4
times their sum, depending on the exchange-correlation functional and
pseudopotential used (note that the discussion below still applies, semi-
quantitatively, for a reasonable range of exciton masses). Finally, we as-
sume that the excitonic dispersion near Q = 0 and Q = K can be described
by parabolic bands with the same band minimum and same curvature,
since they both describe electron-hole pairs near the two degenerate val-
leys. That is, the energy difference of the two minima calculated by solving
the tight-binding-based Bethe-Salpeter equation, 0.015 eV, is neglected
here (Wu et al., 2015a).

We now discuss intervalley scattering between single-particle states
and between excitonic states within the above assumptions, as depicted in
Fig. 5.8c,d. When the laser energy is EL = Eg+2k2/2m∗, the on-resonance
phonons in the single-particle bands are 2k away from K, as previously
described. When the excitonic dispersion replaces the single-particle
energies in equation (5.1), the resonance condition will be satisfied only if
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the incoming photon matches the optical band gap, i.e. EL = Eg, where
excitons are scattered to Q = K and back. However, as the laser energy
increases beyond the optical gap EL > Eg (but still within the exciton
linewidth), a single and weaker resonance can still be achieved when the
exciton is scattered to the other valley near Q = K, and then back. The
same laser energy as the one given in the single-particle system can be
recast in terms of the exciton mass EL = Eg + 2k2/2m∗ = Eg + (2k)2/2M.
Hence the on-resonance phonons scattering excitons are also away from
K by 2k, the same as the single-particle case. Therefore, the excitation-
energy dependence of the Raman frequencies (but not the intensities) can
be reasonably well described by a single-particle electronic band structure,
as both pictures give the so-called q ∼ 2k contribution of on-resonance
phonons. We note that the q ∼ 0 contribution, which appears in the
single-particle picture, is lost in the excitonic picture.

The single-particle results may also carry over to the many-body picture
due to the presence of trions. Unlike neutral excitons with vanishing
momenta, trions of finite momenta can be created where the momentum
comes from the extra charge carrier. Thus, the momentum of this many-
body state again depends on the laser excitation energy, and a dispersive
behavior is expected.

Our conclusion that the LA(K) phonon dominates the intervalley scat-
tering is consistent with previous reports of valley depolarization in TMDs
(Zeng et al., 2012; Mak et al., 2012; Kioseoglou et al., 2016). From the decay
of the valley polarization with increasing temperature, Zeng et al. ex-
tracted the energy of the phonon mode dominating intervalley scattering
to be 240 cm−1, consistent with the LA(K) phonon energy (Zeng et al.,
2012). However, this thermal destruction of valley polarization could also
originate from the excitonic levels shifting as a function of temperature,
thus detuning the laser excitation energy from the A exciton energy (Mak
et al., 2012). To rule out this possibility, Kioseoglou et al. performed depo-
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larization measurements as a function of increasing pump laser energy
at T=5 K, whereby the excess energy enables phonon-assisted intervalley
scattering (Kioseoglou et al., 2016). These authors found that the destruc-
tion of the valley polarization occurs beyond an excess energy of 60 meV
(≈ 480 cm−1), which corresponds to two-LA(K) phonons, thus showing
that intervalley scattering by LA phonons is responsible for depolarization
(Kioseoglou et al., 2016).

5.7 Conclusion

To summarize, this chapter explains the origin of the double-resonance
Raman (DRR) process in monolayer and bulk MoS2, as involving differ-
ent intervalley scattering processes. The resonant Raman spectra of the
most intense second-order features in MoS2 and the associated first-order
disorder-induced bands, were measured using many laser excitation en-
ergies in the range of 1.85–2.18 eV, which covers the A and B excitonic
levels. Experimental results are explained by density functional theory
(DFT) calculations of the DRR scattering in monolayer and bulk MoS2. We
demonstrate that the use of multiple excitation energies is crucial for un-
derstanding the physical phenomena underlying the second-order Raman
spectrum of MoS2.

It was observed that the spectral position of some specific second-order
peaks depends on the laser excitation energy, which is characteristic of DRR
processes. By varying the incoming photon energy, the DRR condition
selects different electronic states in the K and Q valleys, and different
pairs of phonons with opposite finite momenta near (but not at) the M
and K points of the BZ. Our results show that the DRR process reflects
the indirect-to-direct bandgap transition from bulk to monolayer, and this
effect allows the assignment of the Raman features to specific phonons
near M or K.
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This study can also be extended to explain the second-order Raman
spectra and the double-resonance process in other semiconducting TMDs,
such as MoSe2, WS2, WSe2. Moreover, the methodology in this thesis,
based on multiple excitation Raman results and first-principle calculations,
can also be used to explain the multiphonon spectra of semiconducting
TMDs that exhibit a rich variety of high-frequency features, up to the
fifth-order (Golasa et al., 2014; Livneh and Spanier, 2015; Berkdemir et al.,
2013). Finally, it was shown that the second-order DRR spectra of MoS2

originates in intervalley scattering by acoustic phonons, a mechanism
which is also responsible for the destruction of valley polarization (i.e.
depolarization) (Zeng et al., 2012; Kioseoglou et al., 2016). The results of
this chapter are thus relevant for the field of valleytronics of MoS2, since
the robustness of valley polarization depends sensitively on the absence of
intervalley scattering (Zeng et al., 2012; Mak et al., 2012; Xiao et al., 2012).
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6 conclusion and prospect

This thesis investigated the electronic, optical and vibrational properties
of MoS2 using multiple laser excitation energies. At the first part, we have
study the exciton-phonon coupling of mono- and few-layered MoS2, where
the laser excitation energy was continuously tuned across the excitonic
transitions. We have demonstrated that the out-of-plane A1g mode cou-
ples with the A, B and C excitons, whereas the in-plane E1

2g mode only
combines with the C exciton. Both coupling only occurs due to the symme-
try dependence between the phonons and the excitons’ orbital symmetry
(Carvalho et al., 2015b).

In the second part, we studied the most intense second-order Raman
features of MoS2. We observed that the frequency position of some of
these features depends on the laser excitation energy, a clear characteristic
of a double-resonance process. Therefore, similarly to the graphene’s 2D
band, by varying the incoming photon energy, the DRR mechanism selects
electrons and phonons with different wave vectors, here at the K and
Q valleys, and different pairs of phonons with opposite finite momenta
near (but not at) the M and K points of the Brillouin zone. In addition,
our findings show that the DRR process reflects the indirect-to-direct
bandgap transition from bulk to monolayer MoS2, and this effect allows
the assignment of the Raman features to specific phonons near M or K.
In particular, we have shown that the Raman band at around 420 cm−1

is a combination of LA and TA modes at the K point. And, that the
broadband around 460 cm−1 is composed by a van Hove singularity (which
is dispersionless) and by 2LA(∼K) and 2LA(∼M) (Carvalho et al., 2017).
Our findings clarify a question opened for more than three decades on
this material (Sekine et al., 1980b, 1984; Chen and Wang, 1974).

To conclude this thesis, we provide a few prospects for future studies
on these two-dimensional transition-metal dichalcogenides. It is clear that
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Raman spectroscopy has proven to be one valuable tool in the study of
fundamental dynamics of exciton and phonon in TMDs. However, as Feyn-
man once said “There’s Plenty of Room at the Bottom”. Many 2D materials
are being discovered today and, more rich and exciting physics too. One
route is to study the resonant Raman spectrum of beyond semiconducting
TMDs, such as semi-metallic (MoTe2, WTe2, ReS2 and ReSe2) and supercon-
ductors (NbSe2) TMDs. Also, their resonant behavior at low-temperature
conditions. The dynamics of excitons and phonons in these kinds of TMDs
are yet unclear.

Also, the possibility of study defects in 2D materials (hereafter, graphene
and TMDs) by Raman spectroscopy need to take one step further on the
route to identify the type of defect on the crystal lattice. It may be achieved
through a combination of Raman spectroscopy and High-resolution trans-
mission electron microscopy. Besides, the new valleytronic field, which
permits to tune the valley degree of freedom in monolayer TMDs can also
be investigated through Raman spectroscopy by tuning the laser energy
near the exciton of a MoS2 gate system.

In addition, each 2D material is like a Lego brick and, then they can
be stacked. Thus, systems such as WS2/MoS2, WS2/MoSe2, etc. and, also
TMDs onto h-BN and graphene can provide new fundamental compre-
hension of the exciton and phonons dynamics. New Raman features may
be originated from these stacked systems. Furthermore, how do exciton
and phonon interact to each other? can the inter- and in-layer excitons be
probed through Raman? How do the new Raman features originates and
behaves? Answering this question may contribute to the development of
the optical spectroscopy field using atomically thin 2D materials.
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a angle dependence of mos2

Here, we present a polarized Raman analysis showing the dependence
of the two first-order modes of MoS2 on the polarization direction of the
incident and scattered light.

As already discussed in the thesis, 2H-MoS2 belongs to the D6h point
group in the bulk form, and to the D3h and D3d point groups for odd
and even N (number of layers), respectively. 2H-MoS2 crystal shows four
first-order Raman actives modes, and their irreducible representations at
the center of the Brillouin zone are:

ΓRamanBulk = A1g + E1g + 2E2g. (A.1)

The associated Raman tensors are given by (Loudon, 1964),

←→
R (A1g) =

 a 0 0
0 a 0
0 0 b

 ,

←→
R (E2g)x =

 0 d 0
d 0 0
0 0 0

 ,
←→
R (E2g)y =

 d 0 0
0 −d 0
0 0 0

 ,

←→
R (E1g) =

 0 0 0
0 0 c

0 c 0

 ,

 0 0 −c

0 0 0
−c 0 0

 .

(A.2)

Chen et al. identified the assignment of these modes in 2H-MoS2 crys-
tals (Chen and Wang, 1974). It was observed that the two main first-order
peaks at 383 cm−1 and 408 cm−1 correspond to the E1

2g and A1g modes, re-
spectively. Both modes are observed in the YY and XY configurations, but
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A1g mode almost disappears in the XY configuration. The E1g mode ap-
pears at 286 cm−1 in theXZ and YZ configuration spectra but it is forbidden
in the common back-scattering experiments (XX and XY configuration).
The so-called rigid-layer, E2

2g mode appears only at very low-frequency, at
around 32 cm−1.
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Figure A.1: Polarized Raman spectra. Raman spectra of bulk MoS2
sample with different angles (a) without and (b) with analyzer recorded
at 488 nm (2.54 eV) laser excitation energy.

Figure A.1 shows the angular dependence of the polarized Raman spec-
tra, using an analyzer parallel to the incident light polarization [Fig. A.1b]
and without using an analyzer [Fig. A.1a]. In both cases, the intensities
of the E1

2g and A1g bands are independent of θwhen θ varies from 0◦ to
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90◦, showing that the results presented in Chapter 4 are independent of
the sample orientation. The polarization measurements were performed
using the 488 nm (2.54 eV) laser excitation wavelength. Notice that the E1g

mode does not appear in the Raman spectra around 286 cm−1 [Fig. A.1a,b]
showing that our set-up is well approximated by a back-scattering geome-
try.

Let us now discuss the theory of the polarized Raman analysis. The

Raman intensity scattering is proportional to
∣∣∣êi↔R.ês

∣∣∣2, where êi and ês
represent the polarization vectors of the incoming and scattered light,
respectively, and

↔
R is the Raman tensor given in equation (A.2).

The polarized Raman experiment can be performed by (i) rotating the
polarization while keeping the sample fixed and (ii) rotating the sample
while keeping the polarization fixed. Evidently, both procedures must
give the same intensity, but we consider the second case which is preferred
in polarized Raman experiment.

First, let us consider the experimental scattering geometry where the
polarization of the incident and scattered light are parallel and given by:
êi = ês = (cosθ, sinθ, 0). The intensity of E1

2g mode is given by,

IE1
2g
= Ix

E1
2g
+ Iy

E1
2g
∝

∣∣∣∣∣∣∣
(

cos θ sin θ 0
) 0 d 0

d 0 0
0 0 0

 .

 cos θ
sin θ

0


∣∣∣∣∣∣∣
2

+

+

∣∣∣∣∣∣∣
(

cos θ sin θ 0
) d 0 0

0 −d 0
0 0 0

 .

 cos θ
sin θ

0


∣∣∣∣∣∣∣
2

∝ d2.

(A.3)

The intensity for the A1g mode is,
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IA1g ∝

∣∣∣∣∣∣∣
(

cos θ sin θ 0
) a 0 0

0 a 0
0 0 b

 .

 cos θ
sin θ

0


∣∣∣∣∣∣∣
2

∝ a2. (A.4)

Therefore, when the polarization angle θ varies from 0◦ to 90◦, both
IE1

2g
and IA1g do not depend on θ and the intensity ratio between E1

2g and
A1g remains constant.

Next, we consider a situation without using an analyzer. The exper-
imental scattering geometry corresponds to the polarization vector set:
êi = (cosθ, sinθ, 0) and ês = (cosφ, sinφ, 0), but now we need to integrate
over the scattered angle φ. The intensity of E1

2g and A1g modes are,

IE1
2g
∝ d2

cos2θ

π∫
0

sin2φdφ+ sin2θ

π∫
0

cos2φdφ+ cos2θ

π∫
0

cos2φdφ+ sin2θ

π∫
0

sin2φdφ

 ∝ d2

IA1g ∝ a
2

cos2θ

π∫
0

cos2φdφ+ sin2θ

π∫
0

sin2φdφ+ 2 cos θ sin θ
π∫
0

cosφ sinφdφ

 ∝ a2.

(A.5)

Here again, the intensities are also independent of the angle θ. There-
fore, we conclude that the polarized Raman results are isotropic in the
xy plane of the spectra, using an analyzer parallel to the incident light
polarization and without using an analyzer. We comment that only par-
allel polarization was considered here, in the case where we would have
cross-polarization it is expected that the A1g mode to disappear.
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b ultrasensitive molecular sensor using
n-doped graphene through enhanced raman
scattering

In this appendix, a highly sensitive chemical sensor based on Raman
spectroscopy and using nitrogen-doped graphene as a substrate is pre-
sented. Here, nitrogen atoms were introduced into the carbon structure
of graphene doping the material. This work was developed during the
doctoral internship at the Pennsylvania State University, and published in
the journal Science Advances 2 (7), e1600322 (2016).

Introduction

The surface-enhanced Raman scattering (SERS) effect has become an im-
portant technique to detect trace amounts of molecules (10−5 to 10−12 M)
(Burstein et al., 1979; Fleischmann et al., 1974). The SERS effect comes
from two major mechanisms: (i) an intense electromagnetic field (EM)
generated by plasmon resonance located close to the metallic structure
(Hao et al., 2011) and (ii) a chemically enhanced mechanism (Morton and
Jensen, 2009) through a charge transfer between the probe molecules and
the substrate. Traditionally, SERS substrates are based on a roughened
surface of a noble metal (for example, Ag and Au), which provides the
plasmons for the EM mechanism to occur. However, this enhancement
efficiency varies from metal to metal and largely depends on the SERS
substrate fabrication process, which is relatively complex, hard to control,
and difficult to keep clean. In addition, metals are usually easily oxidized
and are not biologically friendly, which further limits their application
in diverse fields. Recently, pristine graphene (PG) has been proven to be
an excellent substrate to enhance the Raman signal of molecules (Ling

http://advances.sciencemag.org/content/2/7/e1600322.full.pdf+html
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et al., 2010), giving rise to the expression “graphene-enhanced Raman
scattering” (GERS). In addition, it can effectively quench the molecules’
spectral fluorescence background (Xie et al., 2009). Because of its chemical
inertness and good biocompatibility, graphene is very attractive as an effi-
cient metal-free substrate for probing trace amounts of organic molecules.
To unveil the GERS mechanism of graphene, several theoretical and ex-
perimental studies have been carried out (Barros and Dresselhaus, 2014;
Ling et al., 2015). Ling et al. have shown that the enhancement strongly
depends on the configuration of the molecule on a graphene substrate,
the so-called “first-layer effect”. It implies that the Raman scattering of
the first adsorbed layer of the probe molecules on a graphene substrate
will be especially enhanced over that of the subsequent layers (Ling et al.,
2012b; Ling and Zhang, 2010). Later on, Xu et al. further demonstrated
that the enhancement of the Raman signal can be modulated by tuning
the graphene’s Fermi level (EF) via a graphene-based field effect transistor
device (Xu et al., 2011a,b). Moreover, to explain the GERS mechanism on
different neutral molecules, Huang et al. probed molecules with different
symmetries and concluded that the enhancement of a molecule’s Raman
signal occurs if the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) levels of that given molecule
sit on a suitable energy range with respect to the EF of graphene (Huang
et al., 2015). In this context, our recent work has demonstrated that, com-
pared with PG, substitutional doping of graphene with heteroatoms (for
example, nitrogen and silicon) leads to substrates that can remarkably
enhance the GERS effect (Lv et al., 2014, 2012).

Here, large-area monolayer PG and nitrogen-doped graphene (NG)
were synthesized on Cu foils using methane (CH4) and ammonia (NH3)
as precursors in an ambient pressure chemical vapor deposition (AP-
CVD) system (Lv et al., 2012). We observed that, by tuning the synthesis
parameters, the doping levels of NG are also tuned. A striking point lies
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on the nitrogen doping configuration control within the graphene lattice
when varying the synthesis conditions. For example, single substitutional
doping (N1) or double substitutional doping (NAA2 ) can be controlled and
identified by Raman spectroscopy and scanning tunneling microscopy
(STM). In addition, as-synthesized NG and PG sheets were also used as
substrates to probe different fluorescent molecules and to explore the
GERS mechanism. For example, we observed a consistent trend that NG
leads to a better Raman signal enhancement of the studied fluorescent
dye molecules [for example, rhodamine B (RhB), crystal violet (CRV), and
methylene blue (MB)] when compared to PG. Through experimental and
theoretical studies, we demonstrate here that the LUMO alignment with
the EF of NG is closely related to the enhancement of the Raman signal
of the studied molecules. We also noted that this enhancement depends
strongly on the excitation of the photon energy and the doping level of the
graphene. Some signals from these dye molecules can be detected even
for concentrations as low as 10−11 M, which provides excellent molecular
sensing capabilities. Ab initio calculations were carried out to investigate
a possible chemical mechanism of GERS. The results are consistent with
a mechanism involving a charge-transfer excitation, which is described
below.

The nitrogen-doped graphene

Large-area monolayer PG and NG sheets were synthesized on copper
foils using CH4 and NH3 as precursors in conjunction with an AP-CVD
system. Details of the synthesis procedure can be found in a previous
report (Lv et al., 2012). A typical NG sheet on copper foil looks like bare
copper because of graphene’s high transparency. Synthesized NG can be
transferred onto other materials, such as SiO2/Si and quartz substrates by
using polymethyl methacrylate (PMMA)-assisted transfer method (Reina



92

et al., 2009), and good transparency and homogeneity can be observed. Fig-
ure B.1A and B.1B show high-resolution transmission electron microscopy
(HRTEM) images of monolayer and bilayer NG sheets transferred to TEM
grids via PMMA-free methods (Regan et al., 2010). The inset of Fig. B.1A
shows the corresponding selected-area electron diffraction pattern of an
NG sheet, confirming the hexagonal structure of graphene. Less than 8%
of the NG material consists of few layers (for example, bilayer or trilayer),
revealing an interlayer spacing of ∼0.35 nm (Fig. B.1B) (Delhaes, 2000).

Figure B.1: HRTEM and STM images of as-transferred NG. (A and B)
HRTEM images of monolayer and bilayer NG sheets on TEM grids. The in-
set of (A) is the corresponding selected-area electron diffraction pattern of
NG. (C to E) Typical STM images of NG sheets synthesized using different
doping parameters: (C) NH3, 850◦C; (D) NH3, 800◦C; and (E) NH3, 750◦C.
(F and G) Models of (F) NAA

2 and (G) N1 nitrogen doping configurations.
(H) Model of PG without any nitrogen doping. The triangles in (C) and
the circles in (D) indicate the STM double N substitution configuration,
and the arrow in (D) indicates the STM single N substitution.

First, control experiments were carried out to study the mechanism
of nitrogen doping of graphene by tuning the temperature at which NH3

is introduced during the synthesis reaction (from 950◦ to 750◦C) and its
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reaction time (from 10 to 60 min) while keeping the CH4 reaction time and
temperature constant (that is, 980◦C for 30 min). The Raman spectra of
NG on SiO2/Si substrates for different synthesis conditions are shown in
fig. B.2A and B.2B. Both the intensity ratio between the 2D and G bands
(I2D/IG) and the sharpness of the 2D band confirm the growth of NG
(Malard et al., 2009; Ferrari et al., 2006). When comparing NG to PG, we
notice the emergence of a D band in our as-grown NG sheets, which can be
attributed to the disorder generated by the introduction of nitrogen atoms
within the graphene lattice (Ferrari et al., 2006; Yu et al., 2011a). The average
distance between defects in graphene can be obtained by considering the
intensity ratio between the D and G bands (Jorio et al., 2010; Lucchese
et al., 2010). Note in fig. B.2A and B.2B that the intensity ratio of ID/IG
significantly changes when the NH3 reaction temperature and reaction
time are changed, whereas the 2D band remains sharp and symmetric.
Therefore, it is possible to tune the experimental conditions and achieve
doping control over NG. A detailed Raman characterization analysis also
suggests that there might be a competition between the N incorporation
into graphene sublattices and the annealing process (fig. B.2B) when the
NH3 reaction time changes from 10 to 60 min. It is also noteworthy that
the ID/IG values initially increase, thus suggesting more nitrogen doping,
but such values decrease for reaction times beyond 30 min.

Figure B.1C–E show STM results for samples obtained using different
synthesis parameters (850◦, 800◦, and 750◦C, respectively). The results
confirm the tuning of the doping level. In a previous work, it was reported
that the NG sample synthesized at 850◦C for 10 min in the presence of
NH3 shows a unique double substitutional N doping (NAA

2 ), as can be
seen in the triangles shown in Fig. B.1C (Lv et al., 2012). Figure B.1F shows
a model image of the NAA

2 configuration. It is noteworthy that a lower
ID/IG intensity ratio is observed for the NG sample synthesized at 800◦C
compared to that for the NG synthesized at 850◦C, whereas the NG sample
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Figure B.2: NG sheets typical Raman spectra with different synthesis
conditions. (A) Raman spectra of NG sheets synthesized with constant
ammonia reaction time (10 min), but with different reaction temperature.
(B) Raman spectra of NG sheets synthesized with constant ammonia reac-
tion temperature (800◦C), but with different reaction time. Adapted from
(Feng et al., 2016).

produced at 750◦C exhibits an even lower D band intensity (fig. B.2A).
Therefore, the NG sample synthesized at 850◦C presents a higher level of
nitrogen doping, whereas the NG sample grown at 750◦C barely shows
any N doping. Furthermore, we notice that the NG sample doped at 800◦C
contains both double substitution (highlighted with circles in Fig. B.1D)
and single substitution, which is called N1 configuration (pointed out
by the arrow in Fig. B.1D). Figure B.1G shows a model image of the N1

configuration. Therefore, it is possible to correlate the Raman spectroscopy
with STM studies and tune the nitrogen atom doping configurations by
changing the doping parameters.
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The enhancement factor efficiency of the
nitrogen-doped graphene

The nitrogen doping not only affects the graphene Raman signal (D and
D′ bands) but also provides a considerable enhancement factor (EF) in the
Raman scattering of the studied organic molecules when compared to PG
(Lv et al., 2012). However, the mechanism for such enhancement remains
an open question. Here, we provide an experimental and theoretical study
of the GERS mechanism for both PG and NG. To study the GERS effect,
different fluorescent dyes, such as RhB, CRV, and MB, were used as probe
molecules.

To better compare the performance of NG and PG as substrates for
GERS, we have calculated the EF for different dye molecules. The cal-
culated EF plots are shown in fig. B.3 and are calculated using the raw
intensity obtained from experimental spectra of molecules onto PG and
NG. Because the Raman signal of the studied dyes (RhB, CRV, and MB) on
SiO2/Si is barely detected as a result of the strong fluorescence background
(Feng et al., 2016), the calculated EF is not compared against SiO2/Si. We
report an EF that is sixteen times larger for NG than for PG (fig. B.3A). It
is noteworthy that the EF of a given molecule is not the same for all the
Raman modes. For instance, in fig. B.3A, the RhB Raman mode located
at 1250 cm−1 is much more enhanced when compared to that located at
1352 cm−1. Such variations in the EF within modes have been previously
reported (Huang et al., 2015).

To confirm the uniformity of the GERS effect within the graphene sur-
faces (PG and NG), we prepared a 1×10−7 M RhB solution and soaked
both types of graphene into it. Representative Raman mappings of the in-
tensity ratio between the 1650 cm−1 peak of RhB and the graphene G band
(I1650/IG) are plotted in Fig. B.4A and B.4B for PG and NG, respectively.
From these mappings, it can be concluded that the average ratio I1650/IG
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Figure B.3: Enhancement factor efficiency of the N-doped graphene.
Enhancement factors for three different dye molecules between NG and
PG: (A) RhB, (B) CRV, and (C) MB. It is clear that Raman intensities are
larger for NG in all cases and range between 2 and 16 depending on the
dye molecules and Raman peaks.

in PG is ca. 0.7, whereas that in NG is ca. 2. It could also be observed that
the GERS effect is quite uniform across the surfaces. For the PG sample
(Fig. B.4A), around 70% of the area is green-colored, whereas for the NG
sample (Fig. B.4B), this ratio reaches around 85%, thus demonstrating a
very good uniformity of the GERS effect across the samples.

The resonance Raman spectra of nitrogen-doped
graphene probed for dye molecules

We further studied the GERS mechanism on these systems using several
laser lines on freshly prepared NG samples with 5×10−5 M concentrations
of RhB, CRV, and MB. Figure B.5A–C show the Raman spectra of RhB, CRV,
and MB, respectively, when using a 5×10−5 M concentration on NG sheets
recorded with excitation laser energies of 2.54 eV (488 nm), 2.41 eV (514.5
nm), 2.18 eV (568.2 nm), and 1.92 eV (647.1 nm) in the 1100 to 2900 cm−1

spectral range. The spectra display the main Raman features related to
graphene (the D, G, and 2D bands) and a number of other features arising
from the dye molecules. The main features of the dye molecules show
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Figure B.4: Raman mapping of PG and NG. Raman mapping of the
intensity ratio between the RhB 1650 cm−1 peak and the G-band (I1640/IG)
plotted for (A) PG and for (B) NG. The average ratio of (I1650/IG) in PG
is ca. 0.7 while for the NG is ca. 2. For PG samples around 70% of the
area are green-colored, while for NG, this ratio reaches around 85%, thus
demonstrating a very good uniformity across the samples and a signal
enhancement for NG when compared to PG.

prominent enhancement when excited with the 2.41 eV laser line for the
RhB (marked as solid diamonds) and CRV (marked as solid circles) dye
molecules and with the 1.92 eV laser line for the MB (marked as solid stars)
molecule. Those Raman features are barely observed for the other laser
energies used. It is noteworthy that the remarkable enhancement of the
Raman signal of MB, when excited with the 1.92 eV laser line, considerably
screens the intensities of graphene D, G, and 2D peaks. Therefore, it is
clear that the GERS effect results in a better EF when NG is used than
when PG is used, and, hence, NG becomes an excellent substrate for the
detection of low concentrations of fluorescent molecules, such as those
described here.

The laser dependence of the 2D band frequency for various dye molecules
on NG displays a linear dispersion relationship. The 2D band originated
from two in-plane transverse optical (iTO) phonons around the K or K′
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Figure B.5: Resonant Raman scattering effect on NG sheets probed for
different dye molecules. Excitation laser energies of 2.54, 2.41, 2.18, and
1.92 eV are used to test the GERS effect of NG sheets with (A) RhB, (B)
CRV, and (C) MB molecules. The probe molecule concentrations are all
5×10−5 M. The peaks marked with the diamond, circle and star symbols
are the major Raman signals from RhB, CRV and MB molecules, respec-
tively.

points in the first Brillouin zone and involves an intervalley double res-
onance (DR) process. The linear dispersion of electrons in graphene en-
sures that the incident photon energy will always coincide with the energy
separation between the conduction and valence bands near the Dirac
point, resulting in a DR process (Malard et al., 2009). The slope of the
2D band dispersion depicts a slight difference for each dye molecule. By
fitting the curve, the slope values for each dye molecule are 89.7, 87.2, and
96.4 cm−1/eV for RhB, CRV, and MB, respectively (Feng et al., 2016). These
results are in agreement with monolayer graphene (Malard et al., 2009;
Carvalho et al., 2015a), thus suggesting that the iTO phonon dispersion is
not significantly affected by the dye molecules.
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The GERS efficiency of the nitrogen-doped
graphene

To address the efficiency of the GERS mechanism on the PG and NG
samples, we have prepared several RhB solutions with concentrations
ranging from 5×10−5 to 5×10−11 M. Figure B.6A–G show the enhanced
Raman scattering effect of each RhB concentration for both NG and PG
samples. Once again, notice that the molecules on NG exhibit a higher
Raman intensity when compared to the PG substrates. Therefore, the
efficiency of the GERS mechanism using NG as a sensing substrate can be
noticed for the very low concentration of RhB (5×10−11 M), whereas the
dye molecules cannot be detected on PG for such a low concentration value.
Here, the Raman signal remains strongly enhanced, and it is comparable
to the 2D band intensity. Figure B.6H shows the relative Raman intensity
ratio between the strongest Raman peak of RhB (∼1650 cm−1) and the
graphene G band. The black and red curves represent the PG and NG
as the sensing substrate, respectively. By comparing the relative Raman
intensity of this 1650 cm−1 peak with different RhB concentrations, we
observe that both the PG and NG samples with 5×10−7 M RhB show the
highest enhancement effect. A possible explanation for this effect could be
related to the aggregation of the RhB molecules for high concentrations
(for example, 5×10−5 M) and the cluster formation on top of NG sheets,
which decreases the Raman efficiency. In addition, for a low concentration
(for example, 5×10−11 M), only a few RhB molecules will be involved in
the Raman process, thus providing a decay of the relative Raman intensity.

From previous reports (Ling et al., 2010), it can be concluded that
when the concentration is below 10−6 to 10−7 M, the layer of adsorbed dye
molecule can be regarded as a sub-monolayer, which could explain that,
for an even lower concentration (1×10−8 M), very little clustering occurs.
Regarding the high-concentration samples (for example, 1×10−5 M), the
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Figure B.6: Comparison of the enhanced Raman scattering effect be-
tween NG and PG sheets when probing RhB with different concentra-
tions. Raman signals of RhB molecules on PG and NG sheets are shown
here with (A) 5×10−5 M, (B) 5×10−6 M, (C) 5×10−7 M, (D) 5×10−8 M, (E)
5×10−9 M, (F) 5×10−10 M, and (G) 5×10−11 M RhB concentrations. The
laser excitation line is 2.41 eV, and the integration time is 10 s for all cases,
where the arrows indicate graphene G and D bands. (H) Raman intensity
ratio between the strongest RhB peak (1650 cm−1) and the graphene G
band when NG (red curve) and PG (black curve) are used as a sensing
substrate.
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adsorbed dyes on top of PG/NG were not considered as monolayers, and
clustering could happen on wrinkles, defects, etc. Therefore, rinsing does
not remove all the clusters that contribute to the diminishing of the Raman
signal of the molecules.

Table B.1 compares the present work with recent results of the GERS
effect reported in the literature (Ling et al., 2010; Xie et al., 2009; Xu et al.,
2011b; Hao et al., 2012; Ling et al., 2013; Qiu et al., 2011; Xu et al., 2013;
Yu et al., 2011b). To the best of our knowledge, it is the first time that
such low concentrations of dye molecules are detected when graphene
is used as a substrate. Thus, it demonstrates that the NG sample can be
effectively used to detect specific organic molecules with ultrahigh sensing
capabilities.

Table B.1: Ultrasensitive molecular sensor. Comparison of the perfor-
mance of different graphene samples as GERS substrates for molecular
sensing. R6G, rhodamine 6G; PPP, protoporphyrin; CuPc, copper phthalo-
cyanine.

Sensing material Type of graphene Detection level Laser line Reference
RhB CVD N-doped graphene 5×10−11 M 514 nm This work
R6G CVD N-doped graphene 1×10−8 M 514 nm This work
PPP CVD N-doped graphene 1×10−8 M 647 nm This work
R6G Exfoliated graphene 8×10−10 M 514 nm (Ling et al., 2010)
PPP Exfoliated graphene 2×10−8 M 633 nm (Ling et al., 2010)
R6G Exfoliated graphene 1×10−5 M 514 nm (Xie et al., 2009)
PPP Exfoliated graphene 1×10−5 M 633 nm (Xie et al., 2009)

CuPc Exfoliated graphene 1×10−6 M 633 nm (Xu et al., 2011b)
CRV Exfoliated graphene 5×10−7 M 514 nm (Qiu et al., 2011)
RhB Mildly reduced GO 5×10−8 M 514 nm (Yu et al., 2011b)
MB Exfoliated graphene 1×10−4 M 647 nm (Hao et al., 2012)

CuPc Exfoliated graphene on Au 1 Å on top 633 nm (Xu et al., 2013)
CuPc Exfoliated graphene 3 Å on top 633 nm (Ling et al., 2013)
PPP Exfoliated graphene 3 Å on top 633 nm (Ling et al., 2013)
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First-principles calculations

To gain further insight into and build a microscopic picture of the physical
mechanisms responsible for the observed GERS effect, ab initio calcula-
tions were carried out to study the interaction of the dye molecules with
PG and NG substrates. The densities of electronic states (DOS) of the
systems are depicted in Fig. B.7. The reference energy in these graphs is
the EF of the graphene cluster. The double nitrogen substituted cluster
that represents a doping level of 1 atomic% has a Fermi energy raised by
0.22 eV with respect to the reference, in accordance with the expected n-
type doping behavior of double substitutional nitrogen. When compared
to the bare substrates, the DOS of the substrates with adsorbed organic
molecules exhibit small modifications because of additional states brought
by the molecules. The DOS projected on the adsorbed molecules (PDOS)
are also shown (denoted by the filled curves). There is an increasing mix-
ing of states in the order CRV<RhB<MB because of the interaction of the
molecules with the PG and NG electronic densities. These molecules are
cations and interact electrostatically with the graphene’s electronic density
through the induction of image charges (Pham et al., 2016). The electric
field of the image charges shifts the molecular levels and decreases the
HOMO-LUMO gap. Figure B.7C and B.7D depict the DOS and PDOS
of the CRV over PG and NG systems, respectively; the peaks correspond-
ing to the HOMO (near −2.0 eV) and LUMO (near 0.7 eV) states for the
molecule adsorbed on PG shift toward lower energies when adsorbed on
NG because of an increased image charge field. For the CRV molecule, the
charge transfer is negligible and the electrostatic effect dominates. The
other two dyes interacting with NG have the band of states associated
with the LUMO level partially filled, and the Coulomb repulsion shifts
the HOMO level to a higher energy. The combination of image charge
field and Coulomb repulsion does not change the HOMO position of RhB
(Fig. B.7, A and B). Nevertheless, for MB, where the charge transfer is the
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highest, the HOMO level is higher in NG (Fig. B.7, E and F). In all the
studied cases, NG shifts the EF to a higher energy and brings the LUMO
bands of the adsorbates close to that EF. The vertical line indicating the EF
of NG crosses the LUMO bands of all dyes. Figure B.7 (B, D, and F) shows
the (peak-to-peak) HOMO-LUMO and the HOMO-EF energy gaps (indi-
cated by the two arrows), which we believe to be the resonance condition
needed for outstanding Raman enhancement.

It should be noted that the studied dye molecules are cations that
interact more strongly with NG. The highest EF was achieved for RhB
on NG (fig. B.3A), whose symmetry group is C1,which corresponds to
the lowest symmetry among all tested systems (C3 for CRV and C2v for
MB). This result is not in agreement with a previous report, where it was
concluded that the molecular symmetry has to be close to graphene’s
symmetry to achieve high Raman signal enhancement (Huang et al., 2015).
Because the symmetry theory does not explain our findings, we believe
that there is no unique explanation for the EFs, and many aspects may
contribute to this.

Table B.2: Comparison of the calculated HOMO-LUMO gap. Calculated
HOMO-LUMO gap, adsorption data and resonant Raman laser energy for
each molecule in electron volts. ∆G and EL stands for HOMO-LUMO gap
and laser energy, respectively.

Dye Molecule ∆G on PG ∆G on NG HOMO-EF gap on NG Adsor. peak Resonant EL
RhB 2.73 2.65 2.39 2.29 2.41
CRV 2.62 2.61 2.41 2.11 2.41
MB 2.48 2.38 2.22 1.89 1.92

Table B.2 summarizes the value of the calculated HOMO-LUMO gap
of each molecule, the experimental absorption peaks for each molecule,
and the laser excitation energy when resonant Raman happens with each
molecule studied in this work (Fig. B.5). The calculated energy gap values
of RhB, CRV, and MB on NG substrates shown in Fig. B.7 are 2.20 eV (558.5
nm), 2.41 eV (514.5 nm), and 2.39 eV (518.8 nm), respectively.
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Figure B.7: DOS of the clusters representing the adsorbed organic dyes
on PG and NG. DOS for RhB (A and B), CRV (C and D), and MB (E
and F) are shown. The filled areas are the PDOS projected on the dyes.
Vertical dashed lines indicate the position of the system’s Fermi energy,
EF. Horizontal arrows and values indicate the HOMO-LUMO gaps (in
electron volts) and the energy HOMO-EF (in electron volts).
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From the above calculations, we can conclude that enhanced Raman
sensing requires a substrate’s Fermi energy close to the LUMO level of the
probe molecule. This feature allows an effective charge-transfer excitation:
The photon originally absorbed by the substrate causes an excitation that
can be transferred to the molecule through a resonance effect. We also
note that Raman sensing is strongest when the laser excitation energy
is close to the molecular HOMO-LUMO gap, as shown in Fig. B.7. It is
noteworthy that the HOMO-LUMO gaps of linear carbon chains encapsu-
lated inside carbon nanotubes have also been found using resonant Raman
spectroscopy (Endo et al., 2006; Fantini et al., 2006). A second conclusion
could be drawn by comparing the sensitivity of PG and NG toward the
tested dyes: The increasing strength of interaction, that is, CRV<RhB<MB,
corresponds to an increased sensitivity.

Ling et al. carried out wavelength-scanned Raman measurements of
the CuPc molecules deposited onto mechanically exfoliated PG, obtaining
the Raman excitation profile of different vibrational modes of the CuPc
molecule on PG (Ling et al., 2012a). These authors concluded that the
profiles obtained using PG are completely different from those recorded
without graphene, and a charge-transfer resonance peak located at ∼1.9
eV occurs when the PG EF aligns with the molecular HOMO-LUMO gap.
These results are similar to ours, in which a charge-transfer mechanism
takes place; graphene can influence the Raman signal of the dye molecules,
and a clear resonant effect is observed when the laser excitation energy is
close to the molecular HOMO-LUMO gap. However, a clear advantage of
our technique is that, by using NG as substrate, it is possible to tune the
EF of graphene and elucidate the alignment of the LUMO of the molecules
with the EF in doped graphene.

As the last test of the charge-transfer excitation model, we performed a
vibrational analysis of the isolated dyes and calculated the intensities of the
Raman active modes. We considered that the charge-transfer excitation is
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Figure B.8: Simulated Raman spectra of the dye molecules. (A) Sim-
ulated configuration when RhB, CRV, and MB molecules lay on top of
NG sheets. (B to D) Simulated Raman spectrum when (B) RhB, (C) CRV,
and (D) MB are on top of NG sheets. Black curves are the spectra of the
cations, and colored curves are the spectra of neutral molecules in the
same geometry of the cations.
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much faster than the molecular geometric relaxation because fluorescence
is suppressed. For these calculations, we adopted the conformation of
the cationic ground state and two charge states, the positively charged
state and a neutral state obtained by adding one electron to the molecules
without allowing molecular relaxation. The resulting simulated Raman
spectra are shown in Fig. B.8B–D. The frequencies of the neutral molecules
do not change much from the values obtained for the cations; however,
the relative intensities change because of the charge redistribution in the
neutral systems. When compared to the experimental spectra shown in
Fig.B.5, the simulated Raman spectra agree remarkably well with the
measured frequencies and intensities. (The peaks marked with diamond,
circle and star symbols are the major experimental Raman signals from
RhB, CRV, and MB molecules, respectively.) We note that the features in
the experimental spectra seem to be a combination of the neutral molecule
(stronger) and the cation (weaker) spectra, thus suggesting that GERS
comes from a charge-transfer excitation.

Conclusion

We have demonstrated that it is possible to control the nitrogen content and
configuration within the graphene lattice (either as a single or as a double
substitution) by changing the synthesis conditions (for example, temper-
ature when introducing NH3 and reaction time). These NG monolayers
were then further used as GERS substrates to probe various dye molecules,
and we observed extraordinary sensing properties when compared to PG
sheets. For example, the Raman signals of these particular dye molecules
can be detected for concentrations as low as 10−11 M, which is the lowest
ever reported value to date when graphene is used as a substrate. Elec-
tronic structure calculations and the simulation of the Raman spectra by
density functional theory (DFT) suggest that a charge-transfer excitation is
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the mechanism for GERS. The enhancement of the studied molecules’ Ra-
man signal is more significant for NG than it is for PG because the LUMO
levels of the dyes are closer to the EF of NG. There is no correlation between
the dye molecule symmetry and the enhancement of the Raman signal,
according to the analysis of the obtained data. Furthermore, when using
different laser excitations, it is possible to determine the HOMO-LUMO
gap of a molecule simply by performing resonant Raman measurements.
Our findings indicate that doped graphene could be tuned for an effective
sensing of fluorescent molecules via GERS when the appropriate laser
excitation is used, and HOMO-LUMO gaps of the molecules could also
be extracted via resonant Raman. These results open up new avenues for
developing emerging molecular sensing techniques. This work on NG
complements other research carried out using PG, and we have explored
the effects of N doping in conjunction with different dye concentrations,
UV-visible transmission data, and theoretical simulations. On the basis of
these results and other published work on PG, we propose a model for
the Raman enhancement induced by doped graphene.
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c optical identification of sulfur vacancies:
bound excitons at the edges of monolayer
tungsten disulfide

In this appendix, we present an evidence of bound exciton emission on
the edge of monolayer WS2-CVD. Here, photoluminescence experiments
at low-temperature demonstrate that bound exciton emission induced
by mono-sulfur vacancies is concentrated near the edges in as-grown
monolayer tungsten disulfide. This work was developed during the doc-
toral internship at the Pennsylvania State University, and published in the
journal Science Advances 3 (4), e1602813 (2017).

Introduction

Two-dimensional transition metal dichalcogenides (TMDs) have been stud-
ied intensively for their extraordinary electronic and optical properties
(Novoselov et al., 2005; Butler et al., 2013) such as acquiring a direct band
gap when thinned down from the bulk (Mak et al., 2010), hosting strong
electron-hole Coulomb interactions (Mak et al., 2013; Ross et al., 2013), and
supporting a variety of many-body states beyond excitons (Qiu et al., 2013;
Carvalho et al., 2015b). Their intriguing optical properties have opened
prospects for a broad range of applications, including valleytronics (Mak
et al., 2012; Zeng et al., 2012), photosensors (Perea-López et al., 2013), and
nanocavity lasers (Wu et al., 2015b).

The near-bandgap optical properties of TMDs are governed by exci-
tons. While neutral excitons are typically mobile, both neutral and charged
lattice defects can bind electron-hole pairs to form the so-called bound exci-
tons. The finite binding energy between the neutral exciton and the defect
creates a bound-exciton peak XB in the photoluminescence (PL) spectrum

http://advances.sciencemag.org/content/3/4/e1602813


110

at an energy smaller than the neutral-exciton peak X0 (Tongay et al., 2013;
Mak et al., 2013; Peimyoo et al., 2014; Yuan et al., 2014). Previous works
reported a bound-exciton feature in the photoluminescence spectrum of
defective exfoliated TMDs after exposure to alpha irradiation or oxygen
plasma treatment (Tongay et al., 2013; Chow et al., 2015), as well as in
pristine exfoliated samples (Tongay et al., 2013; Mak et al., 2012; You et al.,
2015; Mccreary et al., 2016). Defects in the TMD family have also been
characterized on samples synthesized by chemical vapor deposition (CVD)
(Lee et al., 2012; Zhan et al., 2012; Cong et al., 2014; Lin et al., 2014; Zheng
et al., 2015; Gong et al., 2014; Zhang et al., 2015). However, a quantitative
study of the bound exciton’s thermal stability, dynamics, and dependence
on defect density remains absent and is explored here.

Here, we investigate bound-exciton emission in CVD-grown triangular
islands of monolayer tungsten disulfide (WS2), with particular focus on
the differences between the interior regions and the edges of the island.
We report a direct spatially resolved observation of two bound-exciton
transitions XB1 and XB2 at the edge of the triangular islands. Atomically
resolved images showed a high mono-sulfur vacancy concentration of
0.92 ± 0.45 nm−2 near the edges, in contrast to 0.33 ± 0.11 nm−2 in the
interior. First-principles calculations confirmed that sulfur vacancies in-
troduce mid-gap states that are tightly localized near sulfur vacancies,
suggesting that excitons can bind more strongly to these localized charged
defect than to free charge carriers. The calculated finite matrix elements
between the defect states and the valence band states implies that the
radiative recombination of the exciton through this channel is allowed
and observable in the PL spectra. Under optical pumping, the intensity
of the bound-exciton peaks show a sub-linear dependence on the laser
intensity, verifying their bound nature. While the bound-exciton peak XB2

is ∼ 300 meV below the neutral exciton peak, temperature-dependent PL
experiments determined the thermal activation energy of XB2 to be only
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∼36 meV. To resolve this apparent paradox, we propose that the decay pro-
cess involves the thermal dissociation of the bound exciton into a neutral
exciton and the charged defect.

Spatially resolved photoluminescence at low
temperature

Monolayer WS2 samples were grown by CVD on 300 nm SiO2/Si substrates,
as detailed in Chapter 3. Similarly to monolayer MoS2, the strucutre of
monolayer WS2 is a sandwich of W atoms between two hexagonal layers of
S atoms (S-W-S) with a trigonal prismatic coordination (D3h point group),
1H-WS2 (hereby, 1H denotes monolayer, D3h point group) (Zhou et al.,
2013). An atomically resolved image acquired from an area in the interior
of a triangular island, where the defect density is lower than that near the
edge, shows this 1H-WS2 structure, as shown in Fig. C.1.

Figure C.1B shows an optical image of the triangular WS2 selected for
further investigation. Figure C.1C shows three PL spectra, normalized
by the intensity of the neutral exciton, taken from the marked regions in
Fig. C.1B: ◦ and � from the edges and 4 from the interior. The spectra
were acquired at 77 K using 488 nm laser excitation with a power density
of 9 kWcm−2 to avoid heating effects. The X0 peak in the interior (triangle)
is sharp and symmetric with a full width at half maximum (FWHM) of
ΓX0 = ∼23 meV; this indicates an absence of trions and a negligible degree
of n-doping. For the other locations, the neutral exciton peaks redshift by
10 (square) and 20 meV (circle) as compared to the interior. This shift has
been ascribed to band gap renormalization modulated by defect density
(Bao et al., 2015).

In contrast to the interior, the PL spectra around 2050 meV at the
two edges (circle and square) have asymmetric lineshapes that suggest
the presence of bound excitons. The shoulder, which is identified here
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Figure C.1: Bound excitons at the edges. (A) Atomic structure of mono-
layer 1H-WS2, scale bar is 1 nm. (B) Optical image of triangular WS2
islands. (C) PL spectra obtained from the marked regions in (B). Photo-
luminescence intensity image at 77 K of (D) X0 peak centered at ∼1970
meV and (E) XB2 peak centered at ∼1690 meV, scale bars are 10 µm. (F) X0

and XB2 intensity profiles acquired along the dashed lines in (D) and (E),
respectively.

as bound exciton XB1 , only emerged when the bound exciton peak XB2

centered at ∼1750 meV also appeared. The bound exciton binding energy
is defined as the energy difference between the neutral exciton and the
bound exciton: ∆XBn = EX0 − EXBn . The binding energies were ∆XB1 = ∼29
meV and ∼35 meV at the square and circle, respectively, while ∆XB2 = ∼300
meV for both edge locations. Although the measured ∆XB1 are close to the
reported trion binding energy (Berkelbach et al., 2013; Mak et al., 2013), we
will confirm in the next section that the emission is indeed from a bound
exciton.

We performed spatially-resolved PL measurements at low tempera-
tures to further investigate the bound exciton in monolayer WS2. The
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incident light spanned from 2140 to 2340 meV, while reflected light was
collected using two bandpass filters centered at 1970 meV and 1690 meV.
Figure C.1D and C.1E show the PL intensity map at 77 K for the X0 peak
(centered at 1970 meV) and the XB2 peak (centered at 1690 meV). The
intensity of the neutral exciton is relatively homogeneous, whereas the
bound-exciton intensity is highly localized at the edges of the WS2 is-
land. This behavior is also visible in the intensity profiles of Fig. C.1F
acquired along the dashed lines in Figs. C.1D and C.1E. This is the first
direct evidence of bound excitons in as-grown monolayer TMDs.

Defects at the edges

To investigate the structural differences between the interior and edge
regions of WS2 triangles at the atomic scale, scanning transmission electron
microscopy (STEM) was performed. Prior to STEM imaging, a WS2 triangle
was transferred to a Quantifoil gold grid with holey carbon film (Fig. C.2A
left panel). The interior and the edge regions marked by circles in Fig. C.2A
were investigated by STEM-annular dark field (ADF) imaging. Mainly two
types of defects were observed in both regions: mono-sulfur vacancies (VS,
yellow circle in Fig. C.2A) and occasional WS3 vacancies (VWS3, orange
triangle in Fig. C.2A). More VS were found in the edge regions and they
tend to aggregate. Other types of defects such as W vacancies (VW), di-
sulfur vacancies (VS2), and antisite defects such as S2 substituting a W
site (S2W) or its opposite (WS2) were observed only very rarely. To obtain
STEM-ADF images with higher contrast from sulfur atoms, a low-angle
annular dark filed (LAADF) condition was used. Under this condition
the ADF intensity includes both Z contrast and diffraction contrast; defect
structures were confirmed by comparing ADF images with simulated
STEM images, as shown in Fig. C.2B. VS and VWS3 have been previously
reported for monolayer MoS2 (Zhou et al., 2013). Here, we focus on the
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density of VS because the density of VWS3 defects is much lower. Counting
the number of VS on ADF images acquired from each region (Fig. C.2C),
we obtain defect densities of 0.33±0.11 and 0.92±0.45 nm−2 in the interior
and at the edge, respectively. The higher VS defect density in the edge
region is consistent with our observation of bound excitons at the edge,
and also with previous reports on defect distribution in monolayer MoS2

(Bao et al., 2015). These VS defect densities are much higher than reported
values for CVD-grown MoS2 (∼ 0.12 nm−2) (Hong et al., 2015).

Optical pump

To verify that XB1,2 indeed involves excitons bound to defects, we investi-
gated exciton population as a function of the incident laser power density
from 9 to 230 kWcm−2 at 77 K, using continuum wave (CW) excitation at
488 nm. Figure C.3A and C.3B depict the evolution of PL spectra at 77 K
acquired from the interior and edge regions, respectively, on a different
sample from Fig. C.1B. The neutral exciton energy (∼2050 meV) did not
change as a function of laser power density. However, the Lorentizan
width ΓX0 of X0 increased with increasing laser intensity, broadening by
∼3 meV and ∼6 meV for the interior and edges areas, respectively. The
increased broadening observed from the edges could be related to bound
exciton emission XB1 .

The insets in Fig. C.3A and C.3B display the low-energy spectral range
marked by the dotted rectangle around 1750 meV. The absence of a bound
exciton in the interior of the triangle confirms that the higher laser inten-
sities did not create such defects in the high-quality regions. In contrast,
the bound exciton is clearly observed near the edges of the triangle. Fig-
ure C.3C shows a logarithmic plot for the intensity of the bound exciton
transitions IXB1 and IXB2 , obtained from the edge region (Fig. C.3B) as a
function of the neutral exciton intensity, IX0 . The data can be fitted by a
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Figure C.2: Identification of sulfur vacancies. (A) Optical image of
transferred WS2 triangle onto Quantifoil (left), and high-magnification
ADF images from center part (center) and edge part (right) which is within
1µm from edge of WS2 triangle. Mono-sulfur vacancies (VS) and 1 tungsten
+3 sulfur vacancies (VWS3) were marked by yellow circles and orange
triangle, respectively; (B) Comparison of experimental and simulation
ADF image of VS and VWS3 vacancies. The line profile was acquired along
the line in ADF images; (C) Calculated mono-sulfur vacancy (VS) density
from center and edge region. The error bar means standard deviation of
mono-sulfur vacancy density.
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Figure C.3: Evolution of PL spectra with laser power density. (A) inte-
rior area and (B) at the edge. Inset, low energy region marked by a dotted
rectangle around the bound exciton emission at 1750 meV. (C) Logarithmic
plot of the IXB1 (blue) and IXB2 (pink) intensity of bound excitons, as a
function of the neutral exciton emission intensity IX0 . Lines are power-law
fits and the dashed line α = 1 is included for comparison.

power law of the form IXB1 ∝ (IX0)α with α = 0.76±0.01, and IXB2 ∝ (IX0)α

with α = 0.52 ± 0.01, as shown in Fig. C.3C. The difference between ex-
ponents may arise from uncertainties in extracting the XB1 peak from the
shoulder of the main emission (for which the position of XB1 was fixed for
simplicity); these uncertainties do not affect the conclusion that α < 1. The
sub-linear trend (α = 0.76 and 0.52) is a signature of emission from bound
excitons, since defect sites in the lattice become saturated with trapped
excitons at higher laser intensities (Shang et al., 2015; You et al., 2015;
Tongay et al., 2013). For the same reason, the bound exciton XB1 cannot
be attributed to free-trion emission: optical pumping of electrons to the
conduction band would yield linear behavior for both neutral exciton and
free-trion populations (Mitioglu et al., 2013; You et al., 2015; Ross et al.,
2013) (see the guide at α = 1 in Fig. C.3C).
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Thermal stability of bound excitons

As mentioned above, bound excitons emerge when defects such as sulfur
vacancies trap neutral excitons at low temperatures. The thermal stability
of this complex depends on the activation energy that binds the neutral
exciton to the defect (Lampert, 1958; Yu and Cardona, 2010; Hamby et al.,
2003; Meyer et al., 2004). Figure C.4A shows the variation in PL intensity
from 77 to 113 K acquired at the edge using a power density of 9 kWcm−2,
normalized by the neutral exciton peak at 2050 meV. The white vertical
line traces the position of XB2 , and the PL spectra for five temperatures are
replotted in Fig. C.4B. The XB2 peak at ∼1750 meV decreases in intensity
as the temperature increases and disappears above 107 K.
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Figure C.4: Dependence of PL spectra with temperature. (A) PL inten-
sity map of neutral and bound energy emission changing with temperature
in the range between 77 and 113 K, white vertical line is guide to XB2 posi-
tion. (B) PL spectra extracted from (A) for five different temperatures. (C)
Normalized IXB2 peak as a functions of temperature and the corresponding
fit to the data. The thermal activation energy of bound exciton is 36±6
meV.

To estimate the thermal activation energy, we consider a simple rate
equation for bound exciton dynamics, dN/dt = β − γN, where N is
the density of bound excitons, β is their formation rate (assumed to be
temperature-independent), and the decay rate γ is temperature-dependent
according to
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γ = τ−1 + Ce−EA/(kBT). (C.1)

Here τ is the lifetime of the bound exciton, C is a prefactor and EA is a
thermal activation energy (Feldmann et al., 1987). The PL intensity IXB2

of the bound exciton in steady state is proportional to γ−1. Figure C.4C
shows the normalized PL intensity IXB2 as a function of temperature along
with a fit to equation (C.1), where we find τ = 56 ns, C = 5.5× 103 s−1 and
EA = 36±6 meV.

The deviation of the measured PL intensity from the fit above 100 K
may be attributed to the low signal-to-noise ratio of the bound-exciton
peak in that temperature range, or to other unidentified excitonic levels
at higher energies than the neutral exciton level that can host additional
thermally activated decay pathways. Surprisingly, the thermal activation
energy of XB2 is far smaller than its binding energy ∆XB2 =300 meV, but
close to the binding energy of XB1 , ∆XB1 ≈ 32 meV. We propose that at low
temperatures, neutral excitons bind to negatively charged sulfur vacancies
by 36 meV, forming a defect-bound exciton that consists of one valence
band hole, one conduction band electron, and one electron at the defect
state (∼300 meV below the conduction band minimum). Two types of
emissions are expected from the defect-bound exciton: recombination of
the electron localized at the defect with the valence band hole contributes
to the XB2 peak, while the recombination of the conduction band electron
with the valence band hole contributes to theXB1 peak. As the temperature
increases, this defect-bound exciton dissociates into a neutral exciton and an
electron remaining at the defect site (Naumov et al., 1993), leaving only the
X0 peak corresponding to neutral exciton recombination. In addition, the
temperature dependence of the PL peak position for the neutral exciton
X0 was studied from spectra acquired from the interior and at the edges,
as shown in Fig. C.5;



119

1600 1750 1900 2050
80

130

180

230

280

Te
m

pe
ra

tu
re

 (K
)

Emission energy (meV)
1600 1750 1900 2050

80

130

180

230

280

Te
m

pe
ra

tu
re

 (K
)

Emission energy (meV)

A B
Interior EdgeX0 X0

XB2

C

Temperature (K)
80 130 180 230 280

Em
is

si
on

 e
ne

rg
y 

(m
eV

)

1960

1980

2000

2020

2040

2060

2080

Figure C.5: Temperature-dependent PL for the interior and edge re-
gions. PL intensity map at the (A) interior and (B) edge regions showing
the evolution of excitons in the WS2 sample as a function of temperature
and emission energy. (C) X0 emission energy as a function of temperature
at the interior (blue) and edge (red) regions. The solid lines are fits to
equation (C.2).

Figure C.5 shows PL intensity maps obtained using 0.05 mW laser
power at temperatures from 77 to 300K acquired from the interior (fig. C.5A)
and edge (fig. C.5B) regions of the monolayer WS2. We can observe the
XB2 bound exciton starting at 107 K (see fig. C.5B).

Figure C.5C shows the emission energy of the neutral exciton (X0)
as a function of temperature acquired from the interior (blue) and edge
(red) regions. The emission energy of the neutral exciton as a function
of temperature is described by the O’Donnell model, derived from the
thermodynamics of electron-hole pairs in semiconductors given by,

EX0(T) = EX0(0) − S〈 hω〉[coth(〈
 hω〉
2kT

) − 1], (C.2)

where EX0(0) is the neutral exciton energy at zero temperature, S is a
dimensionless coupling constant, and 〈 hω〉 is an average phonon energy.
The solid line blue (red) in fig. C.5C are reconstructions corresponding
to equation (C.2). The parameters EX0(0), S, and 〈 hω〉 are obtained using
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nonlinear regression. We found EX0(0) = 2205 (2070) meV, S = 2780 (1530)
meV, and 〈 hω〉 = −35(−0.3) meV for the interior (edge) region.

Therefore, the similar behavior of the X0 peaks in the interior and at
the edge supports the conclusion that it is unrelated to defects.

First-principles calculations

We performed density functional theory (DFT) calculations to investigate
the electronic structure and optical response of WS2 monolayers containing
sulfur vacancies. The band structure of a 5×5 WS2 supercell containing
one sulfur vacancy is shown in Fig. C.6A, along with the projection of the
wavefunction onto the atomic orbitals of the nearest-neighbor tungsten
sites of the sulfur vacancy, represented by the red component of the col-
ored bands. The vertical arrows indicate the optical transitions for the
neutral exciton X0 and the bound exciton XB2 (or more precisely, the band
transitions most closely associated with these processes). The mid-gap
state is tightly localized near the sulfur vacancy. The root mean square
radius of partial charge density of the defect state is 0.95 lattice constants,
smaller than the typical (∼3 lattice constant) radius of neutral excitons in
monolayer TMDs (Qiu et al., 2013). Thus, if this state is charged (which is
consistent with most of the CVD grown WS2 samples being n-doped), the
binding of a neutral exciton to this localized charged defect can be more
stable than binding to free charge-carriers (forming free trions).

The quantitative estimate of the emission energy from the defect bands
to the valence bands cannot be properly described by directly taking Kohn-
Sham eigenvalues of the defect states, but instead requires correct eval-
uation of the energetics of charged defects, since any optical transition
to or from the defect state involves a change in its charged state (Gallino
et al., 2010; Van de Walle and Neugebauer, 2004; Freysoldt et al., 2014). To
this end, we first calculated the defect formation energy for the charged
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Figure C.6: First-principles calculations of mono-sulfur vacancy. (A)
Band structure of 5×5 WS2 supercell containing a mono-sulfur vacancy,
where the red component of the colored bands represents the projection
of the total wave-function onto the atomic orbitals of the three W atoms
nearest to a sulfur vacancy. (B) The same band structure superimposed
with colored circles representing the transition energies and magnitudes
of the optical transition matrix elements. For each transition, a pair of
identical circles are added to the initial and final state with colors indi-
cating the transition energy and sizes indicating the magnitude of the
matrix element. (C) Unfilled curves are the imaginary part of the RPA
dielectric function for the 5× 5 supercell with (black) and without (red)
sulfur vacancies. Red (gray) filled curves are the joint density of states
(JDOS) from the three highest valence bands to the two defect (six lowest
conduction) bands. (D) Defect formation energy for a sulfur vacancy with
q = 0 and q = −1, as a function of the Fermi energy (referenced to the
conduction band minimum). Solid lines are energies of q = 0 (q = −1)
obtained at their respective equilibrium configurations; dashed lines are
obtained at the equilibrium configuration of the alternative q = −1 (q = 0)
state. The thermodynamic charge transition level can be found at the cross-
over between the two solid lines. (E) Schematic for the defect energies of
neutral and charged defects, as a function of the collective coordinates of a
system. Optical emission energies can take values between EPL1 and EPL1.
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states q = 0,−1 as a function of the Fermi energy, as shown by the solid
lines in Fig. C.6D, where the Fermi energy is referenced to the conduction
band minimum; the thermodynamic charge transition energy ε(0/− 1)
can then be determined as the Fermi energy (electron chemical poten-
tial) where the most favorable charged state changes from q = 0 to −1
(Freysoldt et al., 2014; Van de Walle and Neugebauer, 2004; Gallino et al.,
2010; Komsa et al., 2014). Total energies of charged defects were calculated
from 6 × 6 supercell geometries containing an isolated sulfur vacancy,
using the “special vacuum” method tailored for 2D materials that takes
advantage of cancellation between two errors: the interaction of a charged
defect with its periodic images and with the positive jellium background
(Komsa and Krasheninnikov, 2015). The chemical potential of sulfur µS is
needed to calculate the vacancy formation energy for each charged state,
but does not affect their relative energies, i.e. charge transition energies
are independent of µS. Hence a µS is chosen for the calculation but the
vertical axis left unmarked in Fig. C.6D. We find that sulfur vacancies in
WS2 only support stable formation of q = 0 and −1 vacancies as the Fermi
energy is varied from the valence band edge to the conduction band edge,
similar to a previous study on MoS2 (Komsa and Krasheninnikov, 2015)
(the q = −2 state is found to be less favorable for all Fermi energies within
the band gap and is thus omitted for clarity). The ε(0/ − 1) transition
energy lies 0.33 eV below the conduction band minimum.
ε(0/ − 1) reflects the energy difference between two charged states

in their respective equilibrium configurations: the q = −1 state relaxed
into configuration {R}q=−1 and the q = 0 state relaxed into {R}q=0, as
shown schematically in Fig. 5E, where the horizontal axis {R} represents
the collective ionic coordinates of the system. Optical transitions occur on a
much shorter timescales than lattice relaxation, therefore optical transition
energies were evaluated with fixed atomic positions, as described below.
After an electron is excited to the conduction band and decays into a defect
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stateD−, it can decay radiatively to the valence band (eVB), leaving behind
a neutral defect D0 (jointly denoted as D0 + eVB in Fig. C.6E).

Among the possible emission dynamics, two extreme cases are consid-
ered (Gallino et al., 2010): if this decay occurs very quickly after occupation
of the D− state, then the D− state retains the {R}q=0 atomic configuration
of its progenitor D0 state, i.e. it emits a photon at EPL2 (blue arrow); this
energy can be determined from the (0/− 1) charge crossover when both
state are held at the equilibrium configuration for q = 0 (see dashed blue
line in Fig. 5D). If the electron dwells in D− long enough to relax into its
equilibrium position {R}q=−1, then the subsequent emission will occur at
EPL1, with initial and final states held at the {R}q=−1 configuration (orange
arrow and dashed line in Fig. C.6D and C.6E). These extreme cases bracket
a range of allowed emission energies between EPL1 and EPL2, which are
0.42 and 0.21 eV below the conduction band edge. Finally, assuming that
the neutral exciton binding energy is comparable to the total defect-bound
exciton binding energy (i.e. the binding between an neutral exciton and a
charged defect is much weaker than the neutral exciton binding energy),
we can infer that the emission energy of the bound exciton is also approx-
imately 420 − 210 meV below the neutral exciton emission energy. This
is consistent with the peak position and broad linewidth of the bound
exciton peak, which spans from 200 to 400 meV below the neutral exci-
ton emission energy. Since the above broadening mechanism requires an
excitation lifetime comparable to the lattice relaxation time (which must
exceed the characteristic phonon period), lifetime broadening is negligible
in this scenario, compared to the observed width. Lifetime broadening
of a shorter-lived excited state and/or inhomogeneous broadening could
also be considered, in alternative scenarios.

To determine whether the transition from the defect state XB2 is op-
tically active, we also calculated the optical transition matrix elements
between the valence band and the conduction or defect band states of a
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5×5 WS2 supercell containing one sulfur vacancy, as shown in Fig. C.6B.
That is, we assume that the optical transition matrix element between two
many-body states (before and after electron-hole recombination) mainly
consists of matrix elements between single-particle valence band states
and defect/conduction band states (by expanding many-body states into
single-particle electron-hole pairs, under the Tamm-Dancoff approxima-
tion (Rohlfing and Louie, 2000)). The magnitude of the matrix element
for each vertical transition is represented by the radius of a pair of circles
marking the initial and final states for that transition, the color of those
same circles representing the energy of that transition. Apart from the
expected large matrix element between the valence band maximum and
conduction band minimum at the K point, the matrix elements between
the highest valence band and the defect bands are also significant, in-
dicating possible channels of bound exciton recombination. We further
calculated the imaginary part of the dielectric function (εxx = εyy) in
a 5×5 WS2 supercell with and without one sulfur vacancy, as shown in
Fig. C.6C. Due to the relative large size of these systems, the dielectric
function was calculated within the Random Phase Approximation (RPA)
without including local field effects (Gajdoš et al., 2006). The band gap
calculated at the DFT-RPA level, 1.82 eV, is underestimated, but happens
to agree with the PL measurement better than the quasi-particle band gap,
due to partial cancellation of quasi-particle effects and exciton binding
(Shi et al., 2013b; Komsa and Krasheninnikov, 2012). The joint density of
states (JDOS) in the 5×5 structure is also superimposed as filled plots: red
(gray) curves are the JDOS from the three highest valence bands to the
two defect (six lowest conduction) bands. As expected, the defect states
introduce an additional low-energy feature at ∼1.5 eV, corresponding to
the transition XB2 .

To rule out possibilities that the bound exciton states are introduced by
adsorbed gas molecules during the PL experiment (conducted in ambient
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Figure C.7: Band structure of a 5×5 WS2 supercell with an N2 or O2
molecule adsorbed on the surface at a sulfur vacancy site. The bands
with red or blue circles superimposed mainly consist of atomic orbitals
near a sulfur vacancy or on a gas molecule for (A) N2 or (B) O2.

nitrogen), the interactions between sulfur vacancies and two types of gas
molecules, nitrogen and oxygen (from residual oxygen), are also modeled
within DFT and shown in fig. C.7. A N2 molecule is found to physically
adsorb onto the vacancy site and introduces no new levels near the band
edges or mid-gap in the WS2 system, while an O2 molecule is found to
strongly bind to a vacancy site, significantly altering the orbital characters
the band edge states, but it only introduces mid-gap states within ∼100 meV
of the conduction band minimum. Hence neither gas molecule are ex-
pected to induce the observed defect-bound excitons ∼300 meV below the
neutral exciton energy.

The electronic structure and the optical response of another type of
point defect frequently observed in STEM images, WS3 vacancies, is also
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shown in fig. C.8. Although WS3 vacancies introduce mid-gap states
0.3–0.9 eV below the conduction band minimum (as shown by the orbital-
projected band structure in fig. C.8A, where the defect bands are in red)
and have finite optical transition matrix elements with the valence band
edge states (as shown in fig. C.8B), they are not expected to dominate the
optical spectra since they are estimated to be 25 times less common than
sulfur vacancies, based on STEM image analysis (i.e. their relative small
population compared to sulfur vacancies).

A B

C

Figure C.8: Band structure of a WS3 vacancy within a 5 × 5 supercell.
(A) The red component of the colored bands indicates projection onto d
orbitals of the six W atoms closest to the missing W atom. (B) The domi-
nant optical transition matrix elements between valence and conduction
bands, as indicated by pairs of circles on the initial and final states. The
colors of the circles represent the transition energy and the radii represent
the magnitude of the matrix element. (C) Imaginary dielectric function
(unfilled curves) and joint density of states (filled plots) of a 5×5 WS2
supercell containing a WS3 vacancy. Red (black) filled curves are the JDOS
from the valence bands to the defect (conduction) bands.
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Conclusion

In summary, the interior and edge regions of as-grown monolayer WS2

triangular islands have been investigated using photoluminescence spec-
troscopy, scanning electron microscopy, and first-principle calculations.
In the PL spectra at low temperature, two additional features XB1 and XB2

corresponding to bound excitons can be observed only at the edges and
not in the interior. A lower mono-sulfur vacancies density in the interior,
0.33±0.11 nm−2, was confirmed by atomic resolution images, as compared
to a much larger concentration near the island edges. Optical pumping ex-
periments revealed sub-linear behavior for both bound exciton transitions
when increasing the power density, which is a signature of defect-bound
species. In addition, temperature-dependent PL measures showed that
a bound exciton dissociates into a neutral exciton and a negative defect
at relatively low temperatures, circa 107 K. First-principle calculations of
defective WS2 reveals a finite optical transition matrix element between
the highest valence band and the mid-gap states introduced by sulfur
vacancies.
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