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Abstract

In this work the morphological, structural, electronic and optical properties of the two-
dimensional (2D) materials tungsten diselenide (WSe2), tungsten disulphide (WS2) and
hexagonal boron nitride (h-BN) were investigated by atomic force microscopy, scanning
tunneling microscopy, Raman and photoluminescence spectroscopy. The WSe2 samples
were prepared from bulk material by the mechanical exfoliation method while the WS2

and h-BN samples were prepared from ŕakes in solution using drop-casting and spin-
coating methods. In order to observe the light emission related to point defects, some
samples were subjected to thermal annealing treatments.

Monolayers of WSe2 on SiO2/Si 300 nm were located by optical microscopy. The
monolayers were confirmed by AFM, Raman and photoluminescence measurements. The
Raman results showed the typical Raman signature of monolayer which consists in the
observation of the in-plane E1

2g and out-plane A1g Raman modes separated by 11 cm−1

around 250 cm−1. In few-layer these Raman modes are degenerate at 250 cm−1 and
the interlayer vibrational B1

2g Raman mode is observed at 306 cm−1. The B1

2g Raman
mode disappears in monolayer due to the absence of the interlayer coupling. From STM
images with atomic resolution, it was obtained the lattice parameter 𝑎 = (3.2 ± 0.1) Å.
The transition from few-layer to monolayer is accompanied by an indirect-to-direct band-
gap crossover that leads to observe a strong photoluminescence emission in monolayer,
which is twenty times more intense than in few-layer. The light emission in monolayer
is dominated by the recombination of A excitons at 1.65 eV at room temperature. The
A trions recombination was observed at 1.62 eV and their contribution to the total light
emission depends on the excitation power and temperature. The A trions binding energy
was estimated as being of 30 meV. The emission associated to the B exciton recombination
was observed around 2.0 eV at room temperature and the spin-splitting of the valence
band at the K point of the Brillouin zone was determined as being approximately of
370 meV. At low temperature dark exciton states become populated, therefore when
the temperature is decreased from 300K to 10K, the photoluminescence intensity falls
by about six times. All the properties described here agree with reported results for
defect-free monolayers.

The optical activity of commercial WS2 nanoŕakes solution was investigated by
absorbance spectroscopy at room temperature, observing the absorption due to A and
B exciton at 2.0 and 2.4 eV, respectively. In this case, the spin-splitting of the valence
band is about 400 meV. The AFM results showed that most of nanoŕakes are few-layer.
A STM image of an individual WS2 nanoŕake on p-doped silicon substrate was obtained,
but it was not possible to obtain images with atomic resolution in this sample likely due
to impurities of the solution on the nanoŕake surface. In the case of h-BN samples, the
light emission from point defects was observed at room temperature in samples with bulk
microŕakes subjected to thermal annealing. The light emission related to point defects
consist in a narrow emission peak at 2.06 eV associated to zero phonon line transitions,
and a phonon replica at 1.90 eV, being the phonon energy 160 meV.



Resumo

Neste trabalho as propriedades morfológicas, estruturais, eletrônicas e ópticas dos
materiais bidimensionais (2D) diseleneto de tungstênio (WSe2), disulfeto de tungstênio
(WS2) e o nitreto de boro hexagonal (h-BN) foram investigadas por microscopia de
força atômica, microscopia de varredura de tunelamento, espectroscopia Raman e
fotoluminescência. As amostras de WSe2 foram preparadas a partir do bulk pelo método
de exfoliação mecânica enquanto que as amostras de WS2 e h-BN foram preparadas a
partir de ŕakes suspensos em solução usando os métodos de drop-casting e de spin-coating.
Para observar a emissão de luz relacionada a defeitos pontuais, algumas amostras foram
submetidas a tratamentos térmicos.

Monocamadas de WSe2 sobre SiO2/Si 300 nm foram localizadas através de microscopia
óptica. As monocamadas foram confirmadas por medidas de AFM, Raman e
fotoluminescência. Os resultados Raman mostraram a assignatura Raman típica de
monocamadas que consiste na observação dos modos Raman in-plane E1

2g e out-plane
A1g separados por 11 cm−1 em torno de 250 cm−1. Em ŕakes com poucas camadas, esses
modos Raman têm degenerescência em 250 cm−1 e o modo Raman B1

2g correspondente à
vibração intercamadas é observado em 306 cm−1. O modo B1

2g desaparece em monocada
devido à ausência do acoplamento entre monocamadas. A partir de imagens de STM com
resolução atômica foi determinado o parâmetro de rede 𝑎 = (3.2± 0.1) Å. A transição de
poucas camadas a monocamadas é acompanhada por uma mudança de gap no material
de indireto para direto, o qual leva a observar uma emissão fotoluminescente que em
monocamada é vinte vezes mais forte em comparação à emissão em amostras com poucas
camadas. A emissão em monocamadas é dominada pela recombinação de éxcitons A em
1.65 eV a temperatura ambiente. A recombinação de tríons foi observada em 1.62 eV
com uma contribuição à emissão total de luz que depende da potência de excitação e
da temperatura. A energia de ligação dos tríons foi estimada como sendo de 30 meV.
A emissão associada à recombinação de éxcitons B foi observada em torno de 2.0 eV
a temperatura ambiente e o splitting da banda de valência no ponto K da zona de
Brillouin devido à interação spin-órbita foi determinada como sendo de aproximadamente
370 meV. Em baixas temperaturas os estados de dark excitons são populados, portanto
quando a temperatura é diminuída de 300K para 10K, o máximo na intensidade da
fotoluminescência cai de aproximadamente seis vezes. Todas as propriedades descritas
aqui correspondem à propriedades reportadas na literatura para monocamadas sem
defeitos.

A atividade óptica de nanoŕakes suspensos em solução comercial foi investigada por
espectroscopia de absorbância a temperatura ambiente, observando as absorções devida
a excitons A e B em 2.0 e 2.4 eV, respectivamente. Neste caso, o splitting na banda de
valência por interação spin-órbita é aproximadamente 400 meV. Os resultados de AFM
mostraram que a maioria dos nanoŕakes têm com poucas camadas de WS2. Uma imagem
de STM de um nanoŕake de WS2 depositado sobre silício dopado tipo-p foi obtida, mas
não foi possível obter imagens com resolução atômica provavelmente devido a impurezas
da solução na superfície do nanoŕake. No caso das amostras de h-BN, a emissão de luz de
defeitos pontuais foi observada em temperatura ambiente em amostras com microŕakes
submetidos a tratamento térmico. A emissão de luz associada a defeitos pontuais consiste



em um pico bem estreito em 2.06 eV associado a transições zero phonon line e uma phonon
réplica em 1.90 eV, sendo 160 meV a energia do fônon.
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1
Introduction

Atomically thin materials are commonly known as two-dimensional (2D) materials. For
example, graphene is a 2D material composed by carbon atoms arreanged in a hexagonal
lattice (honeycomb structure). It is known that graphene is a monolayer of graphite,
and it was mechanically isolated from graphite for the first time by A. Geim and K.
Novoselov in 2004 [1]. Consequently, the discovery of its facinating chemical, mechanical
and electronic properties [2, 3, 4] gave rise to a growing interest in the last year for
exploring the properties and applications of other 2D materials such as Hexagonal Boron
nitride (h-BN), Transition Metal Dichalcogenides (MoS2, WSe2, etc.), Black Phosphorus
(BP), Silicene, Germanene, Metal Chacolgenides (GaSe, SnS, ect.), Transition Metal
Oxides (MoO3), and Topological Insulators (Bi2Te3, Sb2Se3, etc.) [5].

Despite the wonderful electronic properties of graphene, the absence of band gap limits
its applications in light emitting devices. Unlike graphite, group-VI transition metal
dichalcogenides (TMDs) in their bulk form are indirect band-gap semiconductors [6],
but when the thickness is reduced until to obtain a monolayer, the indirect band-gap
becomes direct and new electronic and optical properties appear [7, 8]. This property
of indirect-to-direct band-gap transition is accompanied by a strong photoluminescence
and large exciton binding energy which give to TMDs monolayers great light-emitting
properties that makes them promising candidates for opto-electronic and nanophotonic
applications [9, 10]. Another important 2D material is the hexagonal boron nitride (h-
BN), which is a wide band-gap material (∼6.0 eV) typically used for ultraviolet optical
applications [11], but it also is a great dielectric material, and can be incorporated into
various heterostructures for the electrostatic gating of other 2D materials [9].

From figure 1.1, it can be observed that the light emission in 2D materials can cover a
very wide range of the electromagnetic spectrum due to their diverse electronic properties.
Particularly, in the case of TMDs and h-BN, the light emission occurs in the ultraviolet,
visible or near infrared region. Some applications according with the spectral range
are shown in the top part of the figure. Additionally, these type of materials have the
characteristic property that their surface is naturally passivated without any dangling
bonds, which makes easy the integration of different layered materials to construct vertical
heterostructures without the conventional lattice mismatch issue, because layers with



12

Figure 1.1: (a) Electromagnetic spectrum. Applications that utilize the different spectral

ranges are presented in the top portion of the panel. NIR, MIR and FIR indicate near-, mid-

and far-infrared, respectively. The atomic structures of h-BN, MoS2, BP and graphene are shown

in the bottom of the panel, left to right. The crystalline directions (𝑥 and 𝑦) of anisotropic BP

are indicated. The possible spectral ranges covered by different materials are indicated using

coloured polygons. (b)–(e), Band structures of single-layer h-BN (b), MoS2 (c), BP (d) and

graphene (e). Taken form [9].

different lattice constant in heterostructures are weakly bonded by Van der Waals forces
[9]. These materials also can be deposited on ŕexible substrates and survive to stress and
strain compliance of ŕexible supports, this property opens the door to the fabrication of
ŕexible devices [10].

The properties of TMDs and h-BN described above are normally observed in high crystal
quality materials, i.e., materials without structural defects. Undesired structural point
defects created during the growth process or during post-preparation treatments may in
principle deteriorate their properties. However, if the nature and consequence of defects
are well understood, and if their density can be controlled, then they can eventually
even be used to tailor the material properties for enhancing them or for achieving new
functionalities which may be useful in some applications [12]. Several works have reported
that the optical activity and the quantum efficiency in semiconducting TMDs and h-BN
can be enhancement and controled by defect engineering, and in some cases, the emission
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related to point defects in these type of materials can behavior as single photon emission
sources, which are an important element for quantum optics and quantum information
[13, 14, 15]. For all these reasons, the band structure/defects engineering based on the
structural, electronic and optical properties correlation is one of the most relevant research
topic in nanophysics of 2D materials [16].

The direct correlation between a specific type of point defects and their roll in the
electronic and optical properties of TMDs and h-BN is still in debate and this is
due to the fact that the study of individual point defects in layered material requires
the use of experimental techniques with the selectively and sensibility necessary to
be able to describe and understand the correlation between the structural, electronic
and optical properties at the relevant scale. Microscopy experimental techniques with
high spatial resolution, such as transmission electron microscopy (TEM) or scanning
tunneling microscopy (STM), have been employed to investigate the morphology and
electronic properties of point defects but without any type of information about the
optical properties [12, 17]. If TEM or STM microscopes are coupled to light detection
optical systems, the optical properties of materials at the nanometer or atomic scale can
be explored by luminescence spectroscopy [18, 19]. In our laboratory, a light detection
system is being coupled to a commercial low-temperature ultra-high vacuum STM to
carry out STM-induced luminesce (STML) experiments and study the optical properties
of nanoestructured materials making use of the atomic resolution of STM. Our purpose is
to use the high spatial resolution of STM together with scanning tunneling spectroscopy
measurements to characterize structural and electronically individual point defects in 2D
materials, and additionally to obtain the light emission spectrum by STML.

In this work, the morphological and optical characterization of the 2D materials WSe2,
WS2, and h-BN is presented. The main aim of this master dissertation is the study of the
morphological, structural, electronic and optical properties of some layered materials,
as well as, the light emission from point defects. It is expected to find poind defects
in samples prepared by the mechanical exfoliation method and in samples subjected to
thermal treatment. We decided to study the WSe2, WS2, and h-BN materials because
they have been reported as being stable in ambient conditions, showing optical emission
with high quantum efficiency and quantum emission related to point defects. The
morphological and structural properties of these materials will be studied by atomic
force microscopy and Raman spectroscopy. The use of Raman and photoluminescence
spectroscopy will allow us to know if the sample under investigation is monolayer,
multilayer or bulk, and the atomic structure will be explored by scanning tunneling
microscopy. These studies will allow us to get insights about the physical properties of
this new generation of materials, and from this way know-how to investigate them by
STML experiments posteriorly.

This dissertation is constituted by five chapters and three appendixes. The chapter
one is the present introduction. In chapter two, the structural, electronic and optical
properties of semiconducting TMDs and h-BN are described. In chapter three, the
physical principles of the experimental techniques used in this work are brieŕy discussed.
Although the samples were not studied by STML, in this chapter are discussed some
important aspects of this technique and how to use STML to characterize individual
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point defects in 2D materials. In chapter four are shown and discussed the experimental
results, and in chapter five the conclusions are given. In appendices, information about
the STM room specifications, sample substrate and STM tips preparation can be found.
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2
Physical properties of TMDs and h-BN

Two-dimensional graphene-like materials have been studied extensively in the last years
due to their great and tunable electronic and optical properties in monolayers, which
are drastically different of that observed in their bulk form. Unlike graphene, some of
these materials are semiconductors such as the transitions metal dichalcogenides (TMDs)
or insulators such as hexagonal boron nitride (h-BN). The optical properties of these
materials are dominated by excitonic effects and can be modulated by defect engineering.
In this chapter, it will be discussed the structural, vibrational, electronic and optical
properties of semiconducting TMDs and h-BN, as well as, the roll of point defects in the
optical properties in these materials.

2.1 Crystal structure

Transition metal dichalcogenides (TMDs) are layered materials with chemical
composition MX2, where M is a transition metal of group 4-10 and X is a chalcogen
such as S, Se and Te. There are around 40 TMDs that have been studied experimentally
or predicted to be stable theoretically. Depending on the combination of the transition
metal and the chalcogen atoms, some of them are metallic, and others are semiconducting
or insolating [6, 7]. Our interest in this work is to investigate the structural and optical
properties of semiconducting TMDs, particulary group 6 TMDs such MoS2, WS2, and
WSe2. The most stable crystal structure of these TMDs is shown in figure 2.1(a),
this structure is known as 2H-MX2 because it consists of two layers of MX2 within an
hexagonal unit cell [20, 21]. The space group of this structure is P63/mmc (D4

6h), with
M and X atoms in the Wyckoff positions 2c (2/3,1/3,1/4) and 4f (2/3,1/3,z) [21]. The
lattice parameter for MoS2 are 𝑎 = 3.160 Å, 𝑐 = 12.295 Å [22], for WS2 𝑎 = 3.153 Å,
𝑐 = 12.353 Å , and for WSe2 𝑎 = 3.267 Å and 𝑐 = 12.982 Å [23]. These crystallographic
parameters were used to simulate the crystal structure of TMDs shown in figure 2.1 with
the Diamond-Crystal Impact software [24], where to observe the layered structure more
atoms were added to the unit cell. In the figure, 𝑐′ = 𝑐/2 represents the distance between
MX2 layers, which are maintained together into the unit cell by Van der Waals interaction
following an AbA/BaB order. The capital and lower case latter denote chalcogen and
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such as occur in graphene, the sp2 hybridization leads to the formation of in-plane 𝜎
bonds (covalent bonds) between B and N atoms that are separated by 1.45 Å [25, 27] in
a honeycomb structure such as is shown in figure 2.1(e). The thickness of one monolayer
has been found by AFM measurements as being of ∼ 0.4 nm [29, 30].

The hexagonal structure of group 6 TMDs and h-BN is described by the lattice vectors:

𝑎⃗1 =
𝑎

2
(
√
3𝑥̂+ 𝑦), 𝑎⃗2 =

𝑎

2
(−
√
3𝑥̂+ 𝑦), 𝑎⃗3 = 𝑐𝑧. (2.1)

These vectors define a hexagonal reciprocal lattice described by:

𝑎⃗*1 =
4𝜋√
3𝑎

(𝑥̂+
√
3𝑦), 𝑎⃗*2 =

4𝜋√
3𝑎

(−𝑥̂+
√
3𝑦), 𝑎⃗*3 =

2𝜋

𝑐
𝑧. (2.2)

which establish a hexagonal shape of the first Brillouin zone such as is shown in figure
2.1(f).

2.2 Vibrational properties and Raman modes

From the crystal vibration theory it is known that for a three dimensional crystal with
𝑧 atoms per primitive unit cell and three freedom of movement per atoms, there are 3𝑧
vibrational normal modes, where 3 are acoustic modes and 3(𝑧 − 1) are optical modes
[31]. In the case of the 2H-MX2 bulk structure of TMDs, there are six atoms per primitive
unit cell (see figure 2.2(a)) and a total of 18 vibrational modes which are conformed by 3
acoustic modes, 7 Raman modes, 3 infrared modes, and 5 inactive modes [32]. Due the
fact that the 2H-MX2 structure has D6h point group symmetry, group theory shows that
these vibrational modes in the center of the Brillouin zone (Γ point) can be expressed as
[32, 33]:

Γ2H-MX2
= A1g + 2A2u + 2B2g + B1u + E1g + 2E1u + 2E2g + E2u. (2.3)

where A and B modes involve out-of-plane atomic displacement and are non-degenerate
while the E modes correspond to in-plate atomic displacement and are doubly degenerate
which means that the atomic displacement can be observed in longitudinal and transversal
directions. In eq. (2.3) one A2u and one E1u are acoustical modes, (A1g, E1g, E2g) are
the active Raman modes, another A2u and E1u are the infrared active modes, and (B2g,
B1u, E2u) are optically inactive [32, 33]. Figure 2.2 shows the atomic displacement for
the active Raman modes A1g, E1g, E1

2g, and E2

2g. The A1g and E1g are out-of-plane
and in-plane vibration modes of the chalcogen atoms, respectively; being the last mode
forbidden in the back-scattering Raman configuration [34, 35]. The E1

2g mode involve
in-plane atomic displacement of both metal and chalcogen atoms in opposite directions.
E2

2g is a shear mode in which two layers are vibrating one against another, this mode is
observed at very low frequency (50< cm−1) and disappear in monolayer [32, 35].
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The effect of the number of layers on the electronic structure of TMDs can be explained
considering the atomic orbital contribution to the band structure such as is shown in
figure 2.3(b). The electronic states at the ΛC and ΓV point contain a very important
contribution from the 𝑝z orbitals of the chalcogen atoms and the 𝑑z orbitals of the
transition metal atoms which lead to have a dependence of the electronic levels on the
interlayer coupling due to the overlap of the wave function in 𝑧 directions (𝑐-axis of the
crystal). Since the chalcogen atoms are the responsible by the interlayer interaction,
the band structure modification at Γ with the number of layers is defined by the 𝑝z
orbital contribution. Therefore, when the number of layers decreasess, the 𝑝z orbital
contribution at Γ decreases too and the indirect band-gap becomes larger until achieve
the monolayer configuration where the band-gap transition is observed. In the 𝐾 point,
the most important orbital contribution at the edge of the VB and CB is given by the
𝑑x2 +𝑑x2 , 𝑑xy, 𝑑z2 and 𝑝xy orbitals, this means that the electronic states are localized into
the monolayer and do not depend on the number of layers [39, 40, 41].

The energy states at the edges of the Brillouin zone are referred as 𝐾+ and 𝐾− valleys,
depending on the band spin-state, and the term valley is used to designate band extremum
in momentum space [12, 42]. Figure 2.3(c) and (d) show that 2H-MX2 monolayers are
direct band-gap semiconductors with optical transitions at the corner of the Brillouin
zone. The presence of direct-band gap is important for potential applications involving
efficient light emission process. Additionally, the direct optical transitions are valley
selective, i.e., 𝜎+ and 𝜎− circularly polarized light can excited electronic transitions only
at the 𝐾+ and 𝐾− valleys, respectively. On the other hand, the spin-orbit interaction
produce a spin-orbit-split of several hundred of meV in the VB and a few of tens of meV in
the CB. The spin-orbit splitting in the CB has different signs for molybdenum (MoX2) and
tungsten (WX2) dichalcogenides, which give rise to novel features such as dark and bright
excitons [7, 42, 43]. Excitons can be bright or dark, depending on the spin orientation
of the charge carries. In bright excitons, the electron and the hole have parallel spins
and can recombine with the emission of a photon. In dark excitons the electon an hole
have antiparallel spins, then due to the spin conservation, the recombination with photon
emission cannot occurs.

2.3.2 Optical properties and excitonic effects

By shining materials with light and analysing their optical properties one can in
turn acquire information about their electronic structure. The optical response in
semiconducting TMDs monolayer is dominated by excitonic effects [7, 43]. After the
absorption of a photon, an electron from a filled state in the VB is promoted to an empty
state in the CB; the empty electron state leaved in the VB is referred to a "hole". The
electrostatic interaction between electron and hole involved in the electronic transition
leads to the formation of a bound electron-hole pair known as exciton. An exciton (X0)
is a quasiparticle electrically neutral; however, this can capture an extra electron or hole
to form an exciton negatively charged (X−) or positively charged (X+) called trion [42].

In bulk semiconductors (3D structures), excitons can be described as a hydrogen-like
system in which the binding energy of the electron-hole pair is given by [44, 45]:
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𝐸3D
X0 = −13.6𝜇

𝑚e𝜀2
1

𝑛2
𝑒𝑉, (2.5)

where 𝑛 = 1, 2,... is the principal quantum number for the exciton levels, 𝜇 =
𝑚e𝑚h/(𝑚e +𝑚h) is the effective reduced mass of exciton, being 𝑚e and 𝑚h the effective
masses of electron and hole, respectively; and 𝜀 is the effective dielectric constant of the
medium. In the case of 2D system with quantum confinement such as semiconducting
quantum wells, the hydrogen model shows that the exciton levels are given by [45]:

𝐸2D
X0 = −13.6𝜇

𝑚e𝜀2
1

(𝑛− 1/2)2
𝑒𝑉, (2.6)

where 𝐸0
X(𝑛) varies as 1/(𝑛 − 1/2)2 rather 1/𝑛2, which implies that the binding energy

of the exciton ground-state (𝑛 = 1) is four times larger in 2D than in 3D structures. Its
important to know that the exciton levels are allowed electronic levels localized into the
band-gap (see figure 2.4) and electronic transitions with energies 𝐸g−𝐸0

X(𝑛) are typically
observed in absorption or luminescence spectra [44, 45]. In general, the exciton binding
energy in some usual semiconductors like GaP or GaAs is 𝐸3D

X0 (𝑛 = 1) < 30 meV [45], so
the excitonic effects only can be observed at low-temperature where the thermal energy
(𝑘B𝑇 ) is not enough to dissociate the formed excitons. Since 𝐸2D

X0 = 4𝐸3D
X0 , excitons in

2D system can be observed easily even at room temperature where 𝑘B𝑇 ∼ 25 meV.

Table 2.1: Values of some electronic parameters in semiconducting TMDs [12].

Property Symbol MoSe2 MoS2 WSe2 WS2

Electronic band-gap (eV) 𝐸g (bulk) 1.09 1.29 1.20 1.35
𝐸𝑔 (monolayer) 2.2 2.5 2.1 2.7

Optical gap (eV) 𝐸opt 1.58 1.90 1.65 2.00
Exciton binding energy (eV) 𝐸b (monolayer) 0.6 0.6 0.5 0.7
CB spin-orbit splitting (meV) ∆C

SO -21 -3 36 29
VB spin-orbit splitting (meV) ∆V

SO 180 160 430 380
PL peak position (eV) A (monolayer) 1.58 1.92 1.65 2.02

B (monolayer) 1.76 2.08 2.08 2.40
UV-Vis absorption peak
position (nm)

A 810 673 750 628

B 708 612 595 525

The reason for which the optical response in TMDs monolayer is dominated by excitonic
effects is that the quantum confinement in these atomically thin 2D system produce a
strong interaction between electrons and holes that impose an exciton binding energies
in the range of few hundreds of meV, see table 2.1. The main properties of the exciton
levels in TMDs monolayer are represented in figure 2.4. The figure 2.4(a) shows that
in monolayer there is a strong confinement of excitons and the dielectric screening is
reduced due to changes in the dielectric environment [42, 46]. The dielectric screening is
reduced because the electric field lines that keep the electron and hole together begin to
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extend outside of the sample yielding an enhancement of the Coulomb interaction. Figure
2.4(b) shows the exciton levels localized into the band-gap and the optical transitions that
may be observed by optical absorption. The figure also clarifies the difference between the
electronic band-gap 𝐸g and the optical gap 𝐸opt, the first one corresponds to the necessary
energy to produce an electronic transition form the VB to the CB, and the second one is
the energy for an electronic transition between the VB and the exciton ground-state. On
the other hand, the exciton binding energy is obtained by 𝐸b = 𝐸g−𝐸X0(𝑛 = 1). Hence,
to know the exciton binding energy in monolayers, the energy band-gap and the exciton
transition energy 𝐸X0(𝑛 = 1) must be obtained first. The latter can be obtained easily
by means of optical spectroscopy (absorption, photoluminescence, reŕectance, etc.) [41],
but the precise determination of 𝐸g is a challenging problem because the large exciton
binding energy and the strong optical exciton resonance may mask the band-to-band
transition. One way to obtain 𝐸g is carry out Scanning Tunneling Spectroscopy (STS)
measurements where the local density of states of the sample can be measured [42].

Figure 2.4: (a) Representation of excitons in TMDs bulk and monolayer [46]. (b) schematic

illustration of the optical absorption in 2D semiconductor including the series of exciton

transitions into the band-gap. Adapted from [42]. (c) Experimental and theoretical transition

energies for the exciton states as a function of the quantum number 𝑛, the corresponding effective

dielectric constants are shown in the inset figure [46]. (d) Energy diagram for the exciton ground-

state in the 𝐾+ valley for MX2 and WX2 compounds [12].
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From Figure 2.4(c) it can be see that the exciton state levels cannot be described by
the conventional hydrogen model because the modification of the dielectric screening
associated with the inhomogeneous dielectric environment of TMD monolayers have not
been taken into account. The nonhydrogenic behavior of the exciton states can be
explained considering that the screened electron-hole interaction is given by the potential
[42, 46, 47]:

𝑉eh(𝑟) = −
𝜋𝑒2

(𝜀1 + 𝜀2)𝑟0

[︂

𝐻0

(︂

𝑟

𝑟0

)︂

− 𝑌0

(︂

𝑟

𝑟0

)︂]︂

, (2.7)

where 𝐻0 and 𝑌0 are the Struve and Bessel functions, 𝑟 is the relative electron-hole
coordinate, 𝑟0 is the effective screening length, 𝜀1 and 𝜀2 are the dielectric constants for
the surround environment of the monolayer (vacuum and substrate). The theoretical
exciton levels obtained using eq. (2.7) are represented as red triangles in figure 2.4(c)
which are in agreement with the experimental points.

In figure 2.4(d), a schematic diagram of the 𝐾+ valley band-structure is shown to
illustrate the position of the exciton ground-state into the band-gap. The absorption
and luminescence spectra of TMD monolayers are characterized by the presence of two
excitonic peak called A and B, that arise from direct electronic transitions at K from the
spin-orbit splitting in the VB to the spin-orbit splitting of the exciton ground-state near
to the CB. The values for A and B transitions, exciton binding energy, VB spin splitting
(∆V

SO), and CB spin splitting (∆C
SO) for some semiconfucting TMDs are listed in table 2.1.

The difference in sings of ∆C
SO for molybdenum and tungsten dichalcogenides compounds

leads to two type of optical response in monolayers: (i) optically bright monolayer with the
aligned spins in the upper VB and the lowest CB subbands (∆C

SO > 0), and thus optically
active ground-state transition (bright exciton), and (ii) optically darkish monolayers with
antiparallel spins in the upper VB and the lowest CB subbands (∆C

SO < 0), thus the
ground state transition is optically inactive (dark exciton). The bight or darkish character
of monolayer give rise to different temperature-dependent photoluminescence in MoX2

and WX2 compounds. The values shown in table 2.1 indicate that the ground state of
MoSe2 and MoS2 monolayers should be bright, while for WSe2 and for WS2 it is likely to
be dark [12, 42, 43].

The electronic transitions and the exciton recombination in TMDs lead to light emission
from the visible to near-infrared range of the electromagnetic spectrum. Some of the
typical electronic transitions observed by optical spectroscopy in TMDs are summarized
in figure 2.5. The excitonic transitions A and B are shown pictorially in figure 2.5(a)
where it can be seen the fine structure of the excitonic features which consists in a
splitting between peaks attributed to the formation of trions labelled as 𝐴− and 𝐵−,
with binding energy EA− and EB− , respectively; and EA is the A exciton binding energy
[47]. Figure 2.5(b) shows that the fine structure for A exciton in MoSe2 monolayer can be
resolved by photoluminescence spectroscopy (PL) at low temperature (20 K), where X0

is the neutral exciton peak and X− is the trion peak, being the trion binding energy of 30
meV [48]. On the other hand, figure 2.5(c) shows a PL spectrum of MoS2 monolayer taken
at room temperature, the peaks related to A and B excitons are observed at ∼ 1.9 and
2.0 eV , respectively. Additionally, the figure also shows that the PL peak corresponding
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2.3.3 Point defects in TMDs

Semiconducting TMDs without structural defects have great physicochemical properties,
but undesired structural defects created during growth process or during post-preparation
treatments may in principle deteriorate their properties. However, if the nature and
consequence of defects are well understood, and if their density can be controlled, then
they can eventually even be used to tailor the properties of TMDs for enhancing them
or for achieving new functionalities which may be useful in some applications [12, 16].
Apart of unintentional native defects, the type and concentration of defects can be
controlled in situ by tuning the synthesis parameters [51, 52] or modified ex situ by
thermal annealing [53, 54], plasma treatment [54, 55] or electron (ion) beam irradiation
[53, 56]. The type of defects in 2D materials can be classified according with the defect’s
dimensionality in: point defect (0D), line defect (1D) and planar defect (2D). The point
defects can be divided in: vacancies, antisites, substitucionals, interstitials, adatoms, and
topological defects [57]. Such as is shown in figure 2.6(a), individual point defects in TMDs
can be imaged by aberration-corrected high-resolution transmission electron microscopy
(AC-HRTEM) and by aberration-corrected annular dark-field scanning transmission
electron microscopy (ADF-STEM). ADF-STEM has an additional advantage of contrast
sensitivity to the square of the atomic number (Z) of the atoms being scanned and thus
provides valuable information on chemical composition, atom-by-atom [12, 16].

The optical properties of TMDs can be modulated by defects engineering. For example,
several works have reported that weak PL emission of monolayer MoS2 is mostly due to
the formation of negative trions in n-doped sample [58, 59]. However, strong enhancement
of PL can be realized through thermal treatment [59] or oxygen plasma irradiation [54],
see figure 2.6(b) and (c). The proposed physical mechanism behind PL enhancement
is the formation of Mo-O bonds that introduce p-doping in the sample, which give rise
to the conversion of trions in exciton whose recombination is radioatively more efficient
[58, 59, 60]. On the other hand, point defects in TMD monolayer can localize excitons,
these are excitons trapped in potential wells crated by atomic defects or impurities in
the crystal lattice. Defect-bound excitons can act as sources of single photon emission
[61, 62]. The energy of single photon emission is 20-100 meV lower than that of excitons,
and the emission shows sharp line width of 58-500 𝜇eV [63, 64]. Single photon emitters are
important elements for quantum information processes [61, 65]. Figure 2.6(d) shows the
observation of single photon emitter in monolayer WSe2 . In figure 2.6(d)-(i) is shown the
typical PL spectrum of a monolayer (ML) taken at 10 K in the center of the ŕake shown
in figure 2.6(d)-(ii) and (iii), where the emission due to A neutral exciton (X0) and trions
(X±) are observed at 1.75 and 1.72 eV, respectively; and a strong emission attributed
to defect-bound excitons is observed between 1.6 and 1.7 eV. This spectrum shows
small variations in the integrated PL intensity image across most part of the monolayer.
However, at some locations close to the edge of the monolayer, the characteristics of the
emission change drastically. The PL spectrum in that region is shown in figure 2.6(d)-
(iv) and it exhibits several sharp spectral lines, with the strongest one at 1.70 eV. The
temporal second-order correlation function shown in figure 2.6(d)-(v) demonstrate that
the emission center at 1.70 eV is a single-photon emission source[66].
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Figure 2.6: (a) Typical point defects observed in 2H-MX2 TMDs. Figures (i)-(v) are image of

MoS2 and (vi) is an image of WSe2 [12]. (b) PL spectra of the samples: as-exfoliated, annealed

in the protecting gas Ar(95)/H2(5) at 400 oC, and the samples annealed in air at 300 oC for

different time (ta) [59]. (c) PL spectra of MoS2 monolayer after oxygen plasma irradiation with

different durations [54]. (d) Single photon emission from localized excions in monolayer WSe2:

(i) PL spectrum at 10 K, (ii) PL image at a photon energy of 1.707 eV, (iii) PL image with

a single photon emission center, (iv) PL spectrum of a single photon emission center, and (v)

second-order correlation function of the single emitter, adapted form ref [66].

2.4 Electronic and optical properties of h-BN

2.4.1 Band structure

h-BN is a large band-gap material of about 6 eV [67, 15]. The indirect or direct character,
as well as, the real value of the band-gap is still in debate in the literature [11]. Cassanois
et al. reported that h-BN is a indirect band-gap material [68], and Watanabe et al.
reported that it has a direct band-gap [69]. Theoretical calculation of the h-BN band
structure predict a direct band-gap using the tight binding theory [70], while the DFT
calculation predicts an indirect band gap [71]. The most accurate determination of the
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h-BN band structure have been reported by Arnaud et al. [72] and Wirtz et al. [73] who
have used the GW method to determine the electronic band structure, see figure 2.7(a).
Arnaud et al., predicted an indirect band-gap of 5.95 eV and direct band-gap of 6.47
eV at H point of the Brillouin zone, while Wirtz et al. predicted and indirect band-gap
between 5.53 and 5.99 eV and a direct band-gap between 6.03 and 6.48 eV. More recently
Roldán et al. [74] used DFT calculation and reported that h-BN in monolayer has a
direct band-gap of ∼ 4.5 eV at the K point of the Brillouin zone, such as is shown in
figure 2.7(b).

Figure 2.7: (a) Electronic band structure of h-BN [73]. (b) Band structure of h-BN monolayer
[74].

2.4.2 Optical properties and point defects

In the last years, h-BN has emerged as a candidate for optoelectronic applications in the
far ultraviolet (UV) region [75, 76]. The luminescence properties of h-BN are dominated
by excitonic effects, specifically by Frenkel type excitons [11, 76] which are tightly bond
excitons localized in the atomic sites. Frenkel excitons have a radius comparable to the
size of the unit cell and have binding energies of the order of 0.1-1.0 eV [45]. The study of
the electronic and optical properties of h-BN use to be difficult due to the fact that it is
necessary to work in the far UV range; however, the emission properties can be explored
by cathodoluminescence spectroscopy [15, 11]. Figure 2.8 shows cathodoluminescence
spectra of h-BN taken at room temperature. The emission spectrum in figure 2.8(a) was
taken in a high quality h-BN crystal, where a single emission peak associated with the
recombination of Frenkel excitons is observed at 5.9 eV (210 nm) [69]. In common h-BN
samples, the emission signatures are more like spectrum in figure 2.8(b), where a more
complex emission is observed [11]. The spectral features shown in figured 2.8(b) indicate
that defects have an important roll in the optical behavior of h-BN. Particularly, the
effects of point defects in h-BN have been extensively studied in the last years due the
fact that the electronic levels that defects place into the band-gap lead to light emission in
the near-UV to visible range, and similar to TMDs, the emission related to defects behave
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as single photon emission sources [61, 11, 77]. Point defects in h-BN can be created by
thermal treatment [13, 78, 79], e-beam irradiation [79], plasma treatment [80] and ion
implantation [14].

Figure 2.8: (a) Cathodoluminescence spectrum of high quality h-BN crystal [69]. (b)

Cathodoluminescence spectrum of a thin h-BN flake [11].

The light emission in the visible and near-infrared ranges associate to point defects in
h-BN has been explored recently by Tran, et al., in bulk [78], few-layer [79] and monolayer
[13] samples. In figure 2.9(a), a photoluminescence map of bulk h-BN crystal is shown
which was obtained using a 532 nm excitation laser at room temperature. The PL
map shows several isolated emission centers and assembles of these centers. The PL
spectrum of the emission center in the red circle is shown in figure 2.9(b), which reveals
two sharp peak at 618 and 629 nm. Both peak are associated to zero-phonon line (ZPLs)
transitions of deep point defects in the crystal. The background spectrum taken from a
region adjacent of the emission center shows two Raman peak at 575 and 583 nm. The
second-order correlation function shown in figure 2.9(c) probe that the emission peaks
observed in the PL spectrum correspond to isolated defect that emits single photons [78].
On the other hand, figure 2.9(d) shows a PL map of h-BN nanoŕakes multilayer taken at
room temperature using a 532 nm laser. From the PL spectra in figure 2.9(e) it can be
seen that point defects in multilayer can emit over a broad range. The emission centers
have narrow ZPLs at energies in the range of 1.6-2.2 eV (∼565-775 nm) and are classified
into two groups based on their ZPL energy and phonon side band (PSB) spectral shapes.
The group 1 consists of emitters with ZPL at 1.90, 1.96, 2.06, 2.13, and 2.15 eV; the
emission exhibit a broad and asymmetric ZPL shape with pronounced double PSBs. In
group 2 the emission centers have ZPL at low energies, centered at 1.63, 1.74, 1.78,
and 1.82 eV. The ZPLs are narrower and more symmetric than the observed in group 1,
being the PSB weaker. The second-order correlation function shown in figure 2.9(f) prove
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3
Experimental techniques

In this chapter, the experimental techniques used to study the morphological and optical
properties of the samples are described. STM was used to obtain image with atomic
resolution and study the atomic structure of the samples, and AFM was used to obtain
topographic information of the samples and correlates the morphological characteristic
with the optical properties observed by Raman and PL spectroscopies. Although the
luminescence properties of the samples were not investigated using STML, an introduction
to the basic concepts of this technique is given.

3.1 Scanning tunneling microscopy (STM)

The STM was invented in 1981 by G. Binnig and H. Rohrer (IBM researchers) [81],
who received the Nobel prize in physics in 1986 for this invention. The most striking
property of this kind of microscope is that it provides topographic and electronic structure
information of conducting or semiconducting surface with atomic resolution in real space.
From figure 3.1, it can seen that the working principle of STM is based on the quantum
mechanical tunneling effect, and the measure process consists in placing a metallic tip,
which is mounted on a piezoelectric scanner, extremely close (few Å) to the sample
surface. Due the fact that the tip-sample distance is very small, the wave function of
the charge carriers in the tip and the sample overlap, thus if one applies a bias voltage
between the tip and sample, a current ŕows through the gap. This occurs because the
bias voltage shifts the Fermi levels one with respect to the other and electrons can tunnel
trough the vacuum barrier [82, 83].

The tunneling junction (tip-gap-sample) can be treated in different approximations in
order to calculate the tunneling current. The most used method consist in starting with a
tunneling formalism proposed by Bardeen [84] for the study of superconducting tunneling
junction, where the tip and sample are treated as separated systems but with a overlap
of the wave functions within the separate barrier, and the first order perturbation theory
is used to calculate the tunneling current using the Fermi’s golden rule [89]. Tersoff
and Hamann applied the Bardeen’s formalism and showed that the tunneling current
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𝐼(𝑉 ) =
4𝜋𝑒

ℎ̄

∫︁ eV

0

𝜌t(𝐸t
F − 𝑒𝑉 + 𝐸)𝜌s(𝐸s

F + 𝐸) |𝑀 |2 𝑑𝐸, (3.3)

On the other hand, the matrix element can be obtained by solving the time-independent
Schrödinger equation in the Wentzel-Kramers-Brillouin (WKB) approximation for a
trapezoidal potential barrier, such as is shown in the tunneling junction of figure 3.1(a).
Thus, the tunneling matrix element |𝑀 |2 is replaced by the transmission coefficient, which
gives the probability of electrons tunneling through the potential barrier [82, 87, 88]:

|𝑀 |2→ 𝑇 (𝐸, 𝑉, 𝑧) = exp
[︂

− 2𝑧

√︃

𝑚e

ℎ̄2

(︂

𝜑t + 𝜑s

2
+

𝑒𝑉

2
− 𝐸

)︂]︂

, (3.4)

For small bias voltage (𝑒𝑉 ≪ 𝜑s, 𝜑t), the transmission coefficient can be simplified by
[82, 87]:

𝑇 (𝑧) = exp
[︂

− 2𝑧

√︃

𝑚e

ℎ̄2

(︂
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)︂]︂

, (3.5)

and the tunneling current can be written as:

𝐼(𝑉, 𝑥, 𝑦, 𝑧) =
4𝜋𝑒2𝑉

ℎ̄
𝑇 (𝑧)

∫︁ eV

0

𝜌t(𝐸t
F − 𝑒𝑉 + 𝐸)𝜌s(𝐸s

F + 𝐸, 𝑥, 𝑦)𝑑𝐸. (3.6)

In eq. (3.6) the first factor shows the exponential dependence of the tunneling current
on the tip-sample distance, which define the vertical resolution that can be achieved in
STM, and the second one shows the dependence on the local density of state (LDOS)
of the sample 𝜌s(𝐸s

F + 𝐸, 𝑥, 𝑦) and the DOS of the tip 𝜌t(𝐸t
F − 𝑒𝑉 + 𝐸). The lateral

resolution mainly depends on the tip apex geometry and electric orbitals of the scanning
tip [89], which confine the tunneling electrons into a narrow channel, offering the unique
opportunity to perform real-space imaging down to atomic length scales. Topographic
image of a surface can be obtained in STM in two ways [83]:

1. Constant-current mode: in this mode the tip is scanned over the sample surface
and a feedback system is used to adjusts the tip height by approaching or retracting the
tip to a tip-sample distance at which the tunneling current remains constant (see figure
3.2(a)). A topographic image of the sample surface is formed recording the tip height as
a function of the lateral position (𝑥, 𝑦).

2. Constant-height mode: in this mode the tip is scanned over the sample surface
keeping the tip-sample distance constant (see figure 3.2(b)). The tunneling current as
function the lateral position (𝑥, 𝑦) is recorded to form the topographic image of the
surface. This mode allows fast scanning but is restricted to ŕat surfaces to avoid collisions
between the tip and the sample.
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the interaction force between a sharp tip and the sample to form an image. The type
of image that can be obtained depends on the type of interaction (e.g. electrostatic,
magnetic, Van der Waals, etc.) that is measured by the probe.

The working principle of AFM is shown in figure 3.4 and consists in measure the
interaction force between the probe and the sample surface using an elastic cantilever
with a sharp tip in the end as force sensor. The tip-sample interaction leads to an
attraction or repulsion of the tip depending on the tip-sample distance, which results
in a deŕection of the cantilever. This cantilever deŕection is measured by using a laser
beam that is directed on the cantilever and reŕected to a photodiode. The tip-sample
interaction can be explained qualitatively considering the curve force shown in figure 3.5,
where three regimes are distinguished: (i) if the tip is far away from the sample surface
the force between tip and sample is negligible, (ii) for closer distance an attractive force
between tip and sample occurs, and (iii) for very small distance a strong repulsive force
between tip and sample occurs [82, 94, 95]. These regimes in the tip-sample force allow
to define, in general, two AFM operation modes:

Figure 3.4: Working principle of AFM. (a) The sample is mounted on the piezoelectric scanner

and the force between the tip and the sample surface is monitoried by measuring the cantilever

deflection by means an optical system constituted by a laser and photodiode, figure taken from

[94]. (b) SEM image of a silicon cantilever used in AFM with a length of 450 𝜇m [82].

1. Static (contact) mode: in this mode the cantilever acts as a spring and its deŕection
is proportional to the tip-sample force, 𝑠 = 𝐹/𝑘, where 𝑘 is the cantilever spring constant.
The feedback system keeps the cantilever deŕection constant (tip-sample force constant)
by adjusting the tip-sample distance through the piezoelectric scanner. By scanning
the tip across the sample surface and monitoring the z-movement of the piezoelectric, a
topographic image of the sample surface is obtained. This operating mode is performed
in the repulsive regimen (see figure 3.5) and usually the tip is in contact with the sample,
then the main problem of this mode is that the sample can be damaged by the tip.

2. Dynamic (non-contact) mode: in this case, the AFM is operated in the attractive
part of the tip-sample interaction and the cantilever is forced to oscillate close to its free
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Figure 3.5: Qualitative behavior of the force between tip and sample and the AFM operation

modes. Adapted from [82, 95].

resonance frequency. When the AFM tip approaches the surface, the interaction between
tip and sample changes the resonance frequency of the cantilever and the amplitude
oscillation or the frequency oscillation can be used as feedback signal to generate the
sample image. Hence, the dynamic AFM mode can be performed in two ways: the
amplitude modulated AFM (AM-AFM), and the frequency modulated AFM (FM-AFM).
In AM-AFM, the amplitude oscillation of the cantilever is fixed, while frequency shift
induced by the tip-sample force is measured. Alternatively, in FM-AFM, the frequency
oscillation of the cantilever is kept constant and changes in the amplitude are measured
[82, 96].

All the AFM images shown in this work were taken using the Nanosurf EasyScan2 Flex
AFM microscope of LAMULT (Laboratório Multiusuários do IFGW), operated in the
amplitude modulated mode.

3.3 Raman spectroscopy

When light interacts with matter different optical process can occur, among them the
light scattering. When the light is elastically scattered by the medium the process is
known as Rayleigh scattering. In Raman spectroscopy, the light is inelastically scattered
by the sample and the difference in frequency between incident light and scattered
light is associated with the excitation of the optical modes of lattice vibrations in the
sample. Raman spectroscopy is an experimental technique widely used for the study and
the characterization of semiconductor materials because give us information about the
crystal quality, lattice dynamics, and the composition of the samples in a nondestructive
and contactless way. In the following, a simple introduction to the basic concepts of
Raman spectroscopy is given, a more detailed description of the technique can be found
in [44, 97, 98].
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3.3.1 Raman scattering

In the Raman process, an incident photon with energy 𝐸i = ℎ̄𝜔i = 𝐸laser and momentum
𝑘⃗i = 𝑘⃗laser reaches the sample and is scattered, resulting in a photon with a different
energy 𝐸s = ℎ̄𝜔s and momentum 𝑘⃗s. The energy and momentum conservation says that:

𝐸s = 𝐸i ± 𝐸q, and 𝑘⃗s = 𝑘⃗i ± 𝑞⃗, (3.9)

where 𝐸q = ℎ̄Ωq and 𝑞⃗ are the energy and the momentum of the phonon that is created
or annihilated during the inelastic scattering event. The vibrational modes (phonons)
excited in Raman scattering are called normal modes and are related to the chemical and
structural properties of materials. Since every material has a unique characteristic set of
normal modes, Raman spectroscopy is used to probe material properties in detail and to
provide an accurate characterization of certain Raman active modes in specific materials
[97].

Light scattering can be described using the classical electrodynamic theory. For this, it
must be considered the fact that in a dielectric medium with electric susceptibility←→𝜒 , an
external electromagnetic wave with electric field vector 𝐸⃗(𝑟⃗, 𝑡) = 𝐸⃗(𝑘⃗i, 𝜔i) cos(𝑘⃗i · 𝑟⃗−𝜔i𝑡),
will induce a polarization 𝑃 (𝑟⃗, 𝑡) given by [44]:

𝑃 (𝑟⃗, 𝑡) =←→𝜒 (𝑘⃗i, 𝜔i)𝐸⃗(𝑘⃗i, 𝜔i) cos(𝑘⃗i · 𝑟⃗ − 𝜔i𝑡) = 𝑃 (𝑘⃗i, 𝜔i) cos(𝑘⃗i · 𝑟⃗ − 𝜔i𝑡), (3.10)

On the other hand, it is known that if the medium is at a finite temperature, some atomic
vibrations are thermally excited. The atomic displacement for the normal modes of the
atomic vibrations in a solid (phonons) can be written as:

𝑄⃗(𝑟⃗, 𝑡) = 𝑄⃗(𝑞⃗,Ωq) cos(𝑞⃗ · 𝑟⃗ − Ωq𝑡), (3.11)

These atomic vibrations change with the time, therefore ←→𝜒 will be modified. Assuming
that the amplitude of the atomic vibrations at room temperature are smaller than
the lattice constant, the dependence of ←→𝜒 on the atomic vibrations can be found by
expanding ←→𝜒 as a Taylor series in 𝑄⃗(𝑟⃗, 𝑡), this is:

←→𝜒 (𝑘⃗i, 𝜔i, 𝑄⃗) =←→𝜒 0(𝑘⃗i, 𝜔i) +

[︂

𝜕←→𝜒
𝜕𝑄⃗

]︂

0

𝑄⃗(𝑟⃗, 𝑡) + · · · (3.12)

where 𝜒0 is the electric susceptibility of the medium without ŕuctuations, and the second
term represents an oscillating susceptibility induced by the effect of the lattice wave vector
𝑄⃗(𝑟⃗, 𝑡). Now, the polarization induced in the medium can be written in the first order
approximation as:

𝑃 (𝑟⃗, 𝑡, 𝑄⃗) =

{︂

←→𝜒 0(𝑘⃗i, 𝜔i) +

[︂

𝜕←→𝜒
𝜕𝑄⃗

]︂

0

𝑄⃗(𝑟⃗, 𝑡)

}︂

𝐸⃗(𝑘⃗i, 𝜔i) cos(𝑘⃗i · 𝑟⃗ − 𝜔i𝑡)

= 𝑃Rayleigh(𝑟⃗, 𝑡) + 𝑃Raman(𝑟⃗, 𝑡, 𝑄⃗),

(3.13)
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where
𝑃Rayleigh(𝑟⃗, 𝑡) =

←→𝜒 0(𝑘⃗i, 𝜔i)𝐸⃗(𝑘⃗i, 𝜔i) cos(𝑘⃗i · 𝑟⃗ − 𝜔i𝑡), (3.14)

and

𝑃Raman(𝑟⃗, 𝑡, 𝑄⃗) =

[︂

𝜕←→𝜒
𝜕𝑄⃗

]︂

0

𝑄⃗(𝑟⃗, 𝑡)𝐸⃗(𝑘⃗i, 𝜔i) cos(𝑘⃗i · 𝑟⃗ − 𝜔i𝑡)

=

[︂

𝜕←→𝜒
𝜕𝑄⃗

]︂

0

𝑄⃗(𝑞⃗,Ωq) cos(𝑞⃗ · 𝑟⃗ − Ωq𝑡)𝐸⃗(𝑘⃗i, 𝜔i) cos(𝑘⃗i · 𝑟⃗ − 𝜔i𝑡)

=
1

2

[︂

𝜕←→𝜒
𝜕𝑄⃗

]︂

0

𝑄⃗(𝑞⃗,Ωq)𝐸⃗(𝑘⃗i, 𝜔i)×

{cos [(𝑘⃗i + 𝑞⃗) · 𝑟⃗ − (𝜔i + Ωq)𝑡] + cos [(𝑘⃗i − 𝑞⃗) · 𝑟⃗ − (𝜔i − Ωq)𝑡]}.

(3.15)

From eq. (3.13) can be seen that the polarization induced in the medium by the electric
field of the incident electromagnetic radiation has Rayleigh and Raman contributions.
The Rayleigh contribution given by eq. (3.14) is the part of the polarization that vibrates
with the same frequency 𝜔i of the incident radiation, producing the elastic light scattering
known as Rayleigh scattering. From the Raman contribution given by eq. (3.15), it can
be seen that the polarization is modified by the lattice atomic vibration (phonons) and the
light suffers inelastic scattering. Eq. (3.15) also shows that there are two components in
the Raman polarization. The Stokes shifted component with wavevector 𝑘stoke = (𝑘i− 𝑞⃗)
and frequency 𝜔stokes = (𝜔i−Ωq), and the Anti-Stokes shifted component with wavevector
𝑘Anti-Stoke = (𝑘i+𝑞⃗) and frequency 𝜔Anti-Stokes = (𝜔i+Ωq). The radiation produced by these
two polarization components in the Raman polarization are known as Stokes scattered
and Anti-Stokes scattered light, respectively. Since the frequency of the phonon involved
in the Raman process corresponds to the difference between the incident photon frequency
and the scattered photon frequency, this value is called as Raman shift. Figure 3.6 shows
a typical Raman spectrum which consist in a plot of the intensity of the Raman radiation
versus the Raman shift.

It is important to notice that both frequency and wavevector are conserved in the above
scattering processes. As a consequence of the wavevector conservation, the wavevector
|𝑞⃗| of phonons studied by one-phonon Raman scattering must be smaller than twice the
photon wavevector 1. Assuming that visible wavelength is used to carry out Raman
measurements, |𝑞⃗| is of the order of 108 m−1, this value is 100 times smaller than the size
of the Brillouin zone (∼ 1010 m−1). Hence, one-phonon Raman scattering is only able to
probe phonons at the center of the Brillouin zone (|𝑞⃗| → 0).

The intensity of the scattering radiation can be calculated from the time-average power
radiated by the induced polarization 𝑃Raman(𝑟⃗, 𝑡, 𝑄⃗) into unit solid angle. Since the Stokes
and Anti-Stokes polarization components differ only in their frequencies and wavevectors,
only Stokes scattering will be considered. The intensity depends on the polarization of

1The maximum phonon frequency in a typical crystal is about 1012-1013 Hz. This is almost two order of
magnitude smaller that the frequency of a photon in the visible range. Eq. (3.9) shows that the maximum
frequency shift for the photon will be around 1%. In this case the following aprroximation can be made:
|⃗𝑘s| ≈ |⃗𝑘i| = (𝑛𝜔)/𝑐, where 𝑛 is the refractive index, 𝑐 the light velocity, and 𝜔 the light frequency. The

maximum value of |𝑞⃗| occur for back-scattering geometry, for which |𝑞⃗| ≈ |⃗𝑘s − (−𝑘⃗i)| ≈ (2𝑛𝜔)/𝑐 [45].
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In semiconductors, electrons in the valence band (VB) are excited to the conduction
band (CB) by the absorption of the incident photon energy, the subsequent radiative
recombination of electron-hole pairs and the resulting luminescence spectrum provide
information about the band gap energy, impurity, excitonic and defect states. The
recombination processes more frequently observed in a PL spectrum of semiconductors
are shown in figure 3.8[100].

Figure 3.8: Main recombination process observe in PL. The shaded areas indicate valence and

conduction band, the horizontal dotted lines mark the energy position of impurity or defect

states. Electron (holes) are indicated by dark-shaded (hollow) dots. Undulated arrows indicate

radiative recombination. Dashed curves highlight the coulomb interaction [100].

In an ideal semiconductor, with no energy levels inside the forbidden gap, electrons
form the bottom of the CB recombine with holes on the top of the VB. The energy
of the photon emitted during this band-to-band transition corresponds to the band gap
energy of the material. In some materials, the Coulomb interaction between electrons
and holes involved in the transition leads to the formation of bound electron-hole pairs
called excitons. In this case, the dominant features in the PL spectrum is associated
with the recombination of free excitons, and the energy of the photon emitted is that
of the excitonic ground state, which corresponds to the energy band gap minus the
exciton binding energy. Beside these intrinsic transitions, a PL spectrum can show
features related to the presence of impurities or defects, whose incorporation in the crystal
structure is associated with energy levels within the forbidden gap, such as is shown in
figure 3.9 [100].

All the micro-PL measurements shown in this work were taken in part using the Micro
Raman XploRA Horiba spectrometer of LAMULT (Laboratório Multiusuários do IFGW),
and in part using the micro-PL setup of the łGroup of Optical Propertiesž (GPO) of the
IFGW.
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3.5 STM-induced luminescence (STML) and point

defects in 2D materials

Figure 3.9: Schematic illustration of mechanisms of STML for (a) noble-metal surface, (b) III-V
semiconductors, (c) Si(001) surface, (d) organic molecules absorbed on sample surface. Adapted
from [107].

The light emission from a tunneling junction in STM was first reported by Gimzewski,
et al. in samples of polycrystalline tantalum and Si(111)7×7 [101]. This lead to
the development of a new experimental technique commonly known as STM-induced
luminescence (STML) [19] or scanning tunneling luminescence (STL) [102] in which the
STM tip is used to inject low-energy charge carries in the sample an to excite local
photon emission, allowing to study the optical properties with the spatial resolution of
STM and overcomes the diffraction limit imposed in conventional optical spectroscopy
techniques [19, 102]. The resolution in STML is mainly limited by the diffusion length of
the charge carriers [102]. Along the last decades, STML has been employed to investigate
a broad variety of system like semiconductors and semiconductor nanostructures [96, 103],
molecules [96, 104], metallic surfaces and metallic nanoparticles [105, 106]. All the
experimental results reported so far are explained in terms of the light emission
mechanisms illustrated in figure 3.9. The mechanism in figure 3.9(a) shows that the
inelastic tunneling from a metallic tip into a metallic surface can lead to the radiative
decay of a tip-induced surface plasmons (TISP). These are localized charges oscillation
waves between the tip and sample caused by the close proximity of the tip to the sample
which generates a strong electric field in the tunneling cavity by applying a bias voltage.
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TISP decay radiatively with a quantum efficiency (QE) of 1×10−4 photons/electron
and their optical spectra show characteristic peaks in the energy corresponding to
the resonance energy of plasmon in the visible spectra range [107]. In the case of
semiconducting samples, the photon emission is observed as a consequence of the radiative
recombination of the minority carriers from the tip and the majority carriers form the
sample, such is illustrated in figure 3.9(b). This has been intensively employed to
investigated the local optical properties of III-V semiconductors where a QE of the order of
10−4 photons/electron has been observed [107]. Figure 3.9(c) shows the STML mechanism
observed in Si(001), which is an indirect band-gap semiconductor where the electron-hole
recombination is forbidden and the photon emission is due to radiative direct transitions
between surface state of the tip and surface state of the sample (dangling bond). In this
system a QE of 1×10−6 photons/electron has been found and the energy of the light
emitted by the sample correspond to the energy difference of the two energy levels [107].
The photon emission process from individual organic molecules is shown in figure 3.9(d),
where it can be seen that electrons tunneling from the tip can induce the radiative direct
transitions between two orbital of the molecule with a QE of the order of ×10−4−×10−5

photons/electron [107]. In this type of system the luminescence is observed if the molecule
is decoupled from the metallic substrate by a thin insulator, which still allows tunneling,
to reduce the molecule-metal interaction and to avoid the excitation of surface plasmons.
The insulating layer can be a thin NaCl layer or an oxide film [96, 104, 107].

Figure 3.10: Different approach for collecting photons emitted from the STM tunneling

junction. (a) Optical fiber, (b) lens, and (d) parabolic reflector. Adapted from [108].

To carry out STML experiments, a scanning tunneling microscope must be coupled to
light detection system. Figure 3.10 shows some configurations to light detection typically
used in STML setups. As the light emitted in the tunneling junction can be considered to
originated from a point source emitting photons into the hemisphere above the sample,
such is shown in figure 3.10(a), a large collection solid angled would be ideal to ensure
efficient photon detection. Figure 3.10(b) shows an approach used in experiments under
ambient conditions, which consists in placing an optical fiber close to the tunneling
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Our STML setup already has been used to observe the TIPS emission in a silver
nanoparticles sample. Part of our firts results are shown in figure 3.12. These STML
spectra were acquired using a Pt-Ir tip in an fixed position on the sample and with a
constant tunneling current of 80 nA. In figure 3.12(a) it can be seen STML spectra taken
with different bias, observing that exist a threshold energy for which luminescence occurs
and this depends on the applied bias voltage. TISPs are coupled tip-sample surface
plasmons, so the shape of the STML spectrum depends strongly on STM tip conditions.
It is know that the STM tip conditions can change during measurements, this leads to
observe different STML spectrum even using the same tunneling parameters, such as is
shown in figure 3.12(b).

Figure 3.13: Illustration of the STML measurements of point defects in 2D materials. (a)

STM image of MoS2 mechanically exfoliated on HOPG and the observation of point defects,

and STM image of an individual point defects. (b) Investigation of the point defect electronic

levels by STS measurements. (c) Example of an emission spectrum expected to be observed by

STML. (The (a) and (b) image where taken from [111]).

Figure 3.13 shows an example of the type of measurements that are being planed in our
laboratory to investigate the structural, electronic and optical properties of individual
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point defects in 2D materials like TMDs and h-BN. The STM will be used to obtain
images of individual point defects such as shown in figure 3.13(a). The defects electronic
levels will be studied locally by STS measurements. Figure 3.13(b) show STS spectra
taken in different positions around the individual point defects shown figure 3.13(a), where
it can be seen that the STS curve taken in the center of the defect, shows an additional
peak within the band-gap close to the valence band which is an indication that this point
defects might be caused by p-type impurities in the sample [111]. Making use of the
STML system described in figure 3.12, it would be also possible to obtain the emission
spectrum related to the point defect. By doing such combined experiments (STM, STS,
and STML), a direct correlation could be established among structural, electronic and
optical properties.
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4
Results and discussion

4.1 Preparation and characterization of WSe2
monolayer

In the beginning of this work, ŕakes of WSe2 mechanically exfoliated by the adhesive tape
method were deposited on silicon (Si) substrate with native oxide. Figure 4.1 shows an
optical image of that sample where it can be seen that due to the poor optical contrast, it is
not possible to identify in an easy way ŕakes thinner enough like few-layer or monolayer.
However, the ŕakes labeled as 1, 2, and 3, seem to be thinner than bulk ŕake, so to
explore the morphology and thickness of these ŕakes, AFM topographic images were
taken. Figure 4.2 shows that the bulk ŕake was used as a reference to found the region to
be scanned and figure 4.3 shows the AFM image and height profile of each individual ŕake.
All the AFM image were processed using the Gwyddion software [112]. From the height
profiles in figure 4.3 the thickness of each ŕake can be estimated, being of approximately
4.4 nm, 7.0 nm, and 10.0 nm for ŕake 1, 2 and 3, respectively. Taking into account that
one monolayer of WSe2 has a thickness of 0.7-0.9 nm [53, 113], the AFM results say us
that the ŕake 1 is conformed by 5 layers, ŕake 2 by 8 layers, and ŕake 3 by 11 layers of
WSe2, which means that these ŕakes can be considered as few-layer of WSe2. Our interest
is study the properties of monolayer, for this, it is obvious that the substrate must be
modified or changed in order to get the best optical contrast in the image to observe
monolayer and continue with the sample characterization employing optical spectroscopy
techniques. In the literature, it was found that the most appropriated substrate for our
purpose is silicon dioxide (SiO2/Si) with 300 nm of thickness [114], with this in mind,
a Si wafer was oxidized by the thermal wet oxidation method which is described in
appendix B. To the sample preparation, substrates of SiO2/Si of 300 nm with dimensions
of 5mm×5mm were cut from the wafer and washed by processes of ultrasonic cleaner in
acetone, isopropanol, and deionized water for 15 minutes in each one. Nitrogen gas was
used to dry the substrates and avoid the formation spots due to the evaporation of water.
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Figure 4.1: Optical image of WSe2 on Si substrate with native oxide.

Figure 4.2: AFM image of WSe2 flakes on Si.







51

Si-CCD detector. The samples can be excited by using lasers with wavelength of 532 nm
(green) or 638 nm (red). The spatial resolution is given by the laser spot-size, which is of
about 2 𝜇m for a objective lens of 100x and NA=0.90. Before to start the measurements,
the system was calibrated for each laser using a silicon sample. The spectrum of Si
obtained in the calibration of the micro-Raman spectrometer with the laser of 532 nm at
room temperature is shown in figure 4.6, where as expected, the first order Raman peak
is observed at 520 cm−1 and the second order Raman peak between 910-1000. After the
calibration, the Raman spectrum of our samples was measured.

Figure 4.6: Silicon Raman spectrum obtained during the calibration of the micro-Raman
spectrometer.

Figure 4.7 shows the Raman spectrum taken in the region with few-layer and monolayer
of the ŕake described in figure 4.5. The sample was excited with the laser of 532 nm
trough an objective lens of 100x at room temperature, the spectra were acquired using
a 2400 gr/mm grating. In the spectra of figure 4.7(a) the strongest peak is observed
around 250 cm−1 and corresponds to the activation of the Raman modes E1

2g and A1g,
which are illustrated in figure 4.7(c). The unit cell for the 2H-WSe2 crystal structure is
shown in figure 4.7(b). From the figure, it can be seen that the Raman modes at 250 cm−1

are degenerate in few-layer but in the case of monolayer this degeneracy is broken and
the Raman peaks corresponding to the vibrational mode E1

2g (248 cm−1) and A1g (259
cm−1) are separated by 11 cm−1 in agrement with the reported by Tongay, et al., [53].
The Raman peak at 306 cm−1 corresponds to the interlayer vibrational mode B1

2g that
is optically active from bilayer to bulk and disappear in monolayer. The peaks between
350-400 cm−1 have been reported by Corro, et al. as second order Raman modes for WSe2
[115]. Finally, the peak observed at 520 cm−1 comes from the substrate and corresponds
to the silicon first order Raman peak. It is important to know that the sample remained
stable in uncontrolled ambient conditions for about five months and no degradation was
observed by Raman spectroscopy.
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nm and the peak positions are in agrement with the reported in literature for Al2O3

[116]. The use of different excitation wavelengths allow to differentiate Raman scattering
from photoluminescence. In figure 4.8(b) it can seen that the Raman peaks appear at
the same Raman shift position, independent of the excitation wavelength. However,
if the peaks appear at different Raman shift positions, then they are likely cause by
photoluminescence. When the spectra are plotted as a function of the wavelength, such
as is shown in figure 4.8(c), the PL peak is confirmed because this appear at the same
positions independent of the excitation wavelength. The PL peak is resolved better in
the inset figure, where two strong emission are observed which are known as the R-lines
ŕuorescence and arises from Cr+3 impurities in Al2O3.

Figure 4.8: (a) Raman spectrum of Al2O3:Cr+3. (b) Raman spectra taken at the same position
of Al2O3:Cr+3 sample using excitation wavelength of 532 and 638 nm. (c) PL spectra taken at
the same position of Al2O3:Cr+3 sample using excitation wavelength of 532 and 638 nm. Intet:
PL peak well resolved.

The PL spectra of WSe2 shown in figure 4.9(a) were taken at room temperature, exciting
the sample with 532 nm trough an objective lens of 100x. Such as was mentioned above,
in this conditions the laser spot-size is about 2 𝜇m. To acquire the spectra a 600 gr/mm
grating was used. In figure 4.9(a) the PL spectrum of monolayer is shown, where a
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position on the monolayer. The shift in the position of the PL peak is accompanied
by a small shift in the Raman peak position A1g , as well as, in the width of the E1

2g

Raman peak, such is shown in figure 4.10(c) and (d). In Raman spectroscopy, the width
of the Raman peak is associated with the crystallinity of the sample and shift in the
peak position with stress/strain effects. Therefore, figure 4.10(c) tells us that the crystal
quality of the monolayer 2 is better than monolayer 1. Since monolayer 2 is an isolated
monolayer (free of stress) and monolayer 1 is part of a big ŕake and the spectra were
taken near of the few-layer region, the shift in the peak position in Raman and PL are
likely due to stress/strain effects. In an attempt to create defects in monolayer with the
intention of study the optical emission related to defects, the monolayer 2 was subjected
to a thermal annealing treatment which consisted in place the sample into a quartz tube
furnace at 500 0C for 10 minutes in an atmosphere of 1000 sccm of argon. Figure 4.11
shows optical images of the sample before and after the thermal annealing, where it can
be seen that the sample did not resist the treatment and the monolayer disappeared, it
was evaporated. To avoid to lose the monolayer 1 too, and continue with the study of the
optical properties of pristine monolayer no thermal treatment was applied in this sample.

Figure 4.11: Optical images taken (c) before and (d) after a thermal treatment.

The excitonic effects involved in the light emission of monolayer can be better understood
looking figure 4.12. This PL spectrum was taken using the micro-Raman/PL setup
of GPO. The sample was excited with a laser of 488 nm at room temperature, using
a objective lens of 50x (NA=0.55) and a power excitation of 0.8 𝜇W. To acquire the
spectrum a 600 gr/mm grating was used. The inset figure shows the ŕake and the laser
position that define the region of the sample that was excited, being the laser spot-size of
about 2 𝜇m. The PL spectrum shows the A exciton emission as an asymmetric peak at
1.65 eV. The peak position is the same that the one found in monolayer 2, which implies
that the sample was excited in a region of good crystal quality and free of stres/strain.
The A exciton emission is a superposition of trions and neutral excitons emissions. The
PL experimental data was fitted using two Voigt functions for the trions and excitons
contributions.The Voigt profile takes into account the Lorentzian distribution of radiative
processes in luminescence and the gaussian distribution associated to experimental
factors. The emission is dominated by the neutral exciton recombination at 1.65 eV.
The integrated intensities ratio shows that trions contribution at 1.62 eV is about 28%
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of the total emission. The energy difference between excitons and trions is 30 meV, and
it corresponds to the trions binding energy (see figure 2.5(a)). At room temperature, the
thermal energy is about 25 meV, so this energy is enough to dissociate the most of trions.
This explain why the PL emission is dominated by the neutral exciton recombination.

Figure 4.12: PL spectrum of WSe2 monolayer at room temperature (black curve), the spectrum
was fitted (red line) with two Voigt function for the trion (blue line) and exciton (green line)
contributions.

In figure 4.13(a), the PL spectrum of WSe2 monolayer taken at 300 K and 10 K are
compared. The spectrum at room temperature was obtained exciting the sample with
488 nm and 0.6 𝜇W of power, while at 10 K it was only possible obtain PL sinal using a
excitation power of 1.0 𝜇W. Both spectra were acquired in the same sample region and
with the same acquisition time. From the figure it can be seen that A exciton peak is
observed around 1.65 eV, and the PL intensity at room temperature is about six times
higher than the observed at 10 K. This temperature dependent PL behavior can be
explained considering the spin-splitting of the CB and VB in the K valley shown in the
inset figure. The radiative (bright) A and B exciton transitions are indicated by orange
and blue arrows, respectively. The A exciton recombination involve transitions between
the second exciton sub-band and the first VB sub-band, while the B exciton recombination
involves transitions between the lowest exciton sub-band and the second VB sub-bands.
The non radiative exciton recombinations are indicated as dark excitons. The CB and
exciton level splitting in tungsten dichalcogenides monolayer (WX2) is comparable to the
𝑘B𝑇 energy at room temperature. Therefore, at low temperature the exciton population
tends to accumulate in the lowest exciton energy which is dark. In contrast, at room
temperature the thermal energy is enough to excite electrons to the second exciton sub-
band which is bright and the most of recombination are radiative. For these reasons,
the optical response at low temperature is weak even exciting the monolayer with higher
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excitation power. Figure 4.13(b) and 4.13(c) shows the excitons and trions contribution
to the light emission in monolayer at 300 K and 10 K, respectively. At 300 K, such as is
expected, the light emission is governed by the optical recombination of neutral A excitons
with a contribution of only 17% due to trions. This trions contribution is lower than that
observed above where a excitation power of 0.8 𝜇W was used. When lower excitation
power is used, the number of electron-hole pairs created by optical transitions decreases,
then the number of charge carriers available to form trions is smaller, this together to
the fact that the thermal energy dissociate the most of trios leads to the observation of
a smaller contribution due to trions. On the other hand, at 10 K the contribution due
to trions is more significant (about 43%), which is attributed to the fact that at low
temperature the trions are not dissociated and the bright exciton ground state begins to
be less populated, then the number of non-radiative recombination increases due to the
darkish behavior of WSe2.

Figure 4.13: (a) Temperature dependent of PL in WSe2 monolayer. Inset: electronic band-
structurer at the K valley (Adapted from [12]). Exciton and trion contributions at (b) 300 K
and (c) 10 K.
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Figure 4.17: AFM image of nanofllakes of WS2 deposited on (a) silicon p-doped, (b) gold and
(c) HOPG substrate.

size of 50-400 nm and thickness of 1-8 monolayer suspense in a mix of water (45%)
and ethylic alcohol (55%). Figure 4.17 shows several AFM images of samples prepared
drop-casting 50 𝜇L of the nanoŕakes solution on different substrate and spin-coating
with a speed of 3000 rpm in order to spread the nanoŕakes uniformly on the substrate
by centrifugal force. Before the deposition of the sample, the solution was sonicated
in an ultrasonic cleaner by one hour. The idea of using different substrate is evaluate
which one is the best to measure in the STM. The AFM images were taken in a random
place on each one of the samples. Figure 4.17(a) shows an AFM image of nanoŕakes
deposited on silicon p-doped substrate where a high density of ŕakes is observed. From
the height profile it can be seen that the ŕakes labeled as 1, 2, and 3 have approximately
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5
Conclusions and perspectives

The samples of WSe2 prepared by the adhesive tape mechanical exfoliation method
present a very low density of monoalyers, being the lateral size of the monolayer obtained
of a few of micrometers (<10 𝜇m). The use of SiO2/Si 300 nm as substrate allows
to identify monolayer easily by optical microscopy. A comparison of the AFM and
Raman measurements in few-layers and monolayer allow us to confirms the presence
of monolayers, obtaining that in few-layer samples the vibrational modes E1

2g and A1g are
degenerate and the interlayer B1

2g modes is observed, while in monolayer the degeneracy
of the vibrational modes E1

2g and A1g disappear and the Raman peaks corresponding
to these modes are separated by 11 cm−1. The optical signature related to A exciton
recombination in monolayer was observed at 1.63 and 1.65 eV, these results are in
agreement with the reported in the literature. Our PL results showed that light emission
in monolayers is twenty times stronger than in few-layer, which is an evidence of the
indirect-to-direct band-gap transition from Γ to K point of the Brillouin zone. The
B exciton recombination in monolayer also was observed at 2.0 eV. The spin-splitting
of the valence band at the K point of the Brillouin zone was determined from the
energy difference between A and B excitonic emission as being approximately 370 meV,
such is expected in tungsten dichalcogenides compounds. The light emission due to A
exciton recombination is a superposition of the emission by trion and neutral exciton
recombination. The trion binding energy obtained in this work is ∼ 30 meV and the
contributions of trions to the total light emission depends on the excitation power and
temperature. Therefore, the emission in monolayer at room temperature is dominated by
the neutral exciton recombination because the thermal energy, 𝑘B𝑇 ∼ 25 meV, is enough
to dissociate the most of trions in excitons. PL measurements at low temperature allow
to show the dark exciton character of WSe2 monolayer, concluding that light emission at
room temperature is six times stronger than low temperature. These results make WSe2
monolayer a great candidate to be used in our first experiments of STML in 2D materials
at room temperature. All the optical properties observed here correspond to pristine
monolayer. It was not observed any emission related to intrinsic defects in monolayer
mechanically exfoliated which means that mechanical exfoliation technique can provide
monolayers of high structural quality. It was also found that to create point defects in
monolayer by thermal treatment, its recommendable to use a temperature below 500 0C
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to avoid the monolayer evaporation and lost of the sample under investigation. It was
possible to obtain images with atomic resolution in some clean and ŕat region of WSe2
ŕakes exfoliated on p-doped silicon substrate, this allowed to obtain the lattice parameter
𝑎 = (3.2 ± 0.1)AA for the 2D structure of WSe2. The lattice parameter was obtained
determining the interatomic distance between selenium atoms in the top atomic layer
of the WSe2 ŕake. Some sample cleaning protocols and STM tip treatment are being
established to improve our STM measurements and to be able to analyse the structure
and electronic properties of pristine monolayer and with point defects to explore the
optical properties by STML later.

The morphological and optical properties of WS2 nanoŕakes were investigated by
AFM, STM and absorbance spectroscopy. The optical absorption at room temperature
associated to the A and B exciton transitions were observed at 2.0 and 2.4 eV, respectively,
which gives an spin-splitting of the valence band of about 400 meV. The AFM results
showed that the commercial solvent-exfoliated nanoŕakes solution of WS2 is constituted
mainly by nanoŕakes that are few-layers, and depending on the substrate used it is
possible identify monolayers. When the samples were subjected to thermal treatment to
clean them and evaporate the solvent of the nanoŕakes solution to avoid contaminate
the UHV STM chamber or the STM tip, it was observed the formation of some spots as
results of the evaporation of the solution where most of the nanoŕakes were concentred.
This was observed in all the substrate we tried, however it was only possible to perform
STM measurements in the sample where p-doped silicon was used as substrate. When
topographic STM images were taken in these spots of solution, it was possible to take a
STM image of an individual nanoŕake whose morphology characteristic are in agreement
with sample specifications given by Graphene Laboratory. It was not possible to obtain
any STM image with atomic resolution on WS2 nanoŕakes, likely due to contaminations
or impurities on the nanoŕakes surfaces.

The Raman results obtained in h-BN samples showed that the h-BN ŕakes in the solution
prepared by sonication are bulk microŕakes. The light emission related to point defects
was observed at room temperature in h-BN microŕakes subjected to thermal annealing
treatment. The emission spectrum due to point defects in h-BN consist in a narrow
emission peak at 2.06 eV associated to zero phonon line transitions and a phonon
replica at 1.96 eV, the energy of the phonon involved in the phonon replica transition
is approximately 160 meV. Based in results found in the literature, the light emission
observed in this work is attributed to point defects of the type NBNV.

To continue with the investigation of point defects in 2D materials, the perspectives of
this work are to use an alternative exfoliation method to produce pristine monolayers
of big size and make possible their study by STM measurements. The idea is to
create point defects in a controllable way in these samples and to investigate the
structural and electronic properties of point defects by STM images and STS spectroscopy,
and additionally acquire the emission spectrum of individual point defects by STML
measurements. Based on the results obtained in samples prepared from ŕakes in solution,
we can conclude that these type of samples might not be the appropriated to carry out
STM studies due to the low density of monolayer and the formation of spots of solution
during the sample cleaning process by thermal treatment in both WS2 and h-BN samples.
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Therefore, such as it was found in this work, the best sample preparation method to
produce monolayer of high structural quality is the mechanical exfoliation technique. An
alternative is the study of samples grown by chemical vapor deposition but with the
inconvenient that these sample typically present a high density of intrinsic defects.
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A
STM room specifications

It is known that the high spatial resolution in STM allows to obtain images with atomic
resolution. For this, the tip-sample distance must be maintained as rigid as possible
to do not crash the tip on the sample and do not introduce mechanical noise in the
measurements. Although the STM junction is mechanically isolated by a system of
spring with high frequency of resonance, the mechanical vibration of the ŕoor in the
STM room can affect the STM measurements. Hence, the mechanical vibration in our
laboratory (laboratory number 21 of the applied physics department, DFA) was analyzed
and compared with the standard vibration criteria for laboratory for nanotechnology to
know if our laboratory meets with the appropriated vibration requirements to host the
scanning tunneling microscope.

The severity of the mechanical vibrations is described by their amplitude. The value of
the RMS (room-mean square) velocity amplitude is the best parameter that can be used
to measured the amplitude of a vibration because it takes into account the time history of
the wave and gives an amplitude that is related with the energy content [122]. In all the
vibration standard criteria, the RMS velocity amplitude are processed in one-third-octave
bands of frequency [123]. In this way, rather than specifying the vibration levels in fixed
bands, proportional bands are used because they provide a more meaningful measure of
how a structure reacts to broadband excitation at its resonant frequencies [123, 124]. In
table A.1 and figureA.1 are listed and plotted the generic vibration criteria which are
divided in four group, according with applications [92]:

∙ Spaces in which human sensitivity is the only concernÐDesign the space to meet
the łOfficež criterion of the International Standards Organization (ISO).

∙ General laboratories in which low to medium power optical bench microscopes are
usedÐUse vibration criterion VC-A; occasionally VC-B is used to accommodate
higher-power bench microscopes.

∙ Highly-sensitive spaces in which sub-micron processes are carried outÐUse criterion
VC-D or VC-E (both routinely used worldwide for semiconductor facilities). An
alternative is NIST-A (used for łmetrologyž laboratory space at the Advanced
Measurement Laboratory (AML) at the USA’s National Institute of Standards and



82

Technology (NIST) in Gaithersburg, Maryland). NIST-A is more stringent than
VC-E at frequencies below 20 Hz.

∙ Spaces requiring a better environment than can be provided even by a quiet site
may have a łbetter than NIST-Až environment defined by NIST-A1.

Table A.1: Common generic floor vibration criteria (the RMS velocity amplitude as processed
in one-third-octave bands of frequency). Adapted from [92].

Category Criterion Definition Space type

Human ISO Office 400 to 800 𝜇m/s Research Offices,
Sensitivity Computer Modeling
Generic VC-A 50 𝜇m/s, relaxed below 8 Hz Optical Microscopes,

General Lab VC-B 25 𝜇m/s, relaxed below 8 Hz Epitaxy, CVD
VC-D 6 𝜇m/s Nanofabrication

Highly Sensitive VC-E 3 𝜇m/s Metrology, Surface
NIST-A 3 𝜇m/s for 20 ≤ 𝑓 ≤ 100 Hz Characterization,

and below of 3 𝜇m/s for 𝑓 < 20 SEM, SPM, AFM
Ultra-Sensitive NIST-A1 0.75 𝜇m/s for 5 < 𝑓 ≤ 100 Hz Instrument

and 0.6 𝜇m/s for 𝑓 ≤ 5 Development

Figure A.1: Generic floor vibration criteria [92].

The mechanical vibrations were measured in several points on the ŕoor of our lab using
a piezoelectric accelerometer, which is a sensor that generates an electric output when a
force is applied on a piezoelectric element [122]. When the measurements were carried
out, all the pumping systems, funs and electrical motors in the neighboring laboratories
were turned on. The results are summarise in figure A.2, where the average behavior of
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the vibrations is plotted. From this plot, two peaks with frequency at 30 and 60 Hz are
observed and these likely come from pumps or fans that are driven by electrical motors
with these frequencies. However, it can be seen that the VC-D/E and NIST-A criteria are
met, which are the required criteria for laboratories destined to surface characterization
and scanning probe microscopy techniques such as is shown in table A.1. Additionally,
the acoustic noise of the laboratory was measured using a decibel meter as being of 42 db
and the thermal stability is about 1 0C/h. Based on these results, it was concluded that
our laboratory is fully within of the environmental requirement of the RHK company
which are shown in figure A.3.

Figure A.2: Floor vibration spectrum of our STM laboratory.
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Figure A.3: RHK requirements.
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B
Wet oxidation of Silicon

Figure B.1: Wet oxidation of silicon: (a) illustration of the furnace used to carry out the
oxidation [125], (b) silicon waver before oxidation, (c) introducing the silicon wafer into the
furnace, and (d) silicon wafer after the oxidation process.

In thermal oxidation, silicon wafers are oxidized in a furnace at temperature above 1000
∘C. The furnace consists of a quartz tube in which the wafers are placed using a carrier
made of guartz glass. The furnace has several heating zones and pipes for chemical gas
supply such is shown in figure B.1(a). In the wet oxidation method, the oxygen in gaseous
state and as vapor water react with the silicon wafer surface to form silicon dioxide [125].
To obtain silicon dioxide (SiO2/Si) of 300 nm of thickness, a silicon (100) wafer was
placed in the central part of the furnace at 1120 ∘C for 30 minutes, with 1000 sccm of O2

and vapor of water, these parameters were chosen based on the plot in figure B.2. From
figure B.1(b)-(d) can be seen that once the silicon is oxidized this changeas of color from
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C
STM tips preparation

The STM tip preparation is very important in STM, it’s the tip that define the STM
resolution and the quality of the STM images. A good STM tip must be sharp enough to
achieve the spatial resolution required, mechanically stable and free of contaminations.
In this work tungsten tips were prepared by the electrochemical etching method using the
preparation system shown in figure C.1. The electrochemical etching method consists in
introduce a tungsten wire in NaOH solution (sodium hydroxide). When a bias voltage is
applied between the tungsten wire (anode) and a copper cylinder (cathode), the following
electrochemical reaction starts [127]:

W + 8OH− →WO2−

4 + 4H2O + 6𝑒− (anode) (C.1)
6H2O + 6𝑒− → 3H2(g) + 6OH− (cathode)

𝑊 + 2OH− + 2H2O→WO2−

4 + 3H2(g)
(C.2)

The etching process occurs at the wire/soution/air interface, where the wire is oxidized to
tungstate anions (WOt2−4 ). At the cathode, molecules of water are reduced to hydroxide
ions (OH2−) and hydrogen gas (H2) which is visible during the etching process as gas
bubbles. The dissolution of tungsten give rise to the formation of a neck in the wire.
When the neck is etched thin enough the wire fractures due to its weight and the tip its
ready [82, 127].

Our STM tip preparation process consisted in: i) prepare the NaOH solution dissolving
4 g in 40 ml of deionized water, ii) introduce the copper electrode into the solution until
the middle of its height, iii) apply 3 V of bias between the tip and the cooper electrode,
and iv) introduce a tungsten wire with 0.25 mm of diameter into the NaOH solution until
to measure a current of about 20 mA. When the current drops drastically to zero, the
voltage supply is turned off. With these parameter the electrochemical etching process
takes around 8 minutes. Following this preparation protocol, STM tungsten tips were
prepared systematically.

In figure C.1(a) the etching process is illustrated and a tungsten tip fabricated using
our STM tip preparation system is shown in figure C.1(b). The experimental setup is
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