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Abstract
Transition metal dichalcogenides (TMDs) bonded by weak Van der Waals forces
between layers, can be mechanically exfoliated to a single layer. These ultrathin materia ls
belong to the family of two dimensional (2D) materials. By reducing the thickness, 2D materia ls
exhibit spectacular optical and charge transport properties. As a result, the exciton-related
phenomena, are prominent in TMDs monolayers compared to their bulk counterparts. With
tunable bandgaps, 2D TMDs present both fundamental and practical interest. Micro-Raman and
micro-Photoluminescence spectroscopy were used to characterize the layered TMD films.

The purpose of this thesis is the study of a new photochemical doping technique. A
mechanically exfoliated monolayer tungsten disulfide (𝑊𝑆2 ), is radiated by a pulsed UV laser
in rich chlorine and nitrogen environment

in order to further understand the excitonic

properties, with different carrier’ densities and as a result, to tune the band gap of the crystal.
Both micro-PL and micro-Raman spectra of the doped monolayer 𝑊𝑆2 are affected by this
photochemical doping.

These remarkable mechanical and optical properties open up many opportunities in the
field of optoelectronics. The manipulation of the electrical and optical properties of two
dimensional TMDs, is particularly important for developing optoelectronics devices for
chemical and biochemical sensing applications. Finally, there is a wide range of applicatio ns
for energy storage and high performance electronics.
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I.

Introduction
Layered compounds involving transition metal dichalcogenides (TMDs) are promising
candidates for exploring atomically thin structures [1]. TMDs are the most studied layered
compounds that have been isolated in monolayer (1L) form from bulk crystals by mechanica l
exfoliation [2].
Monolayer structure consists of three atomic layers. All the TMDs have a strong intra-layer
metal-chalcogen bond while, the layers are weakly held together by Van der Waals forces. Bulk
crystals are semiconductors with indirect band gap. As the number of layers decreases and
reaches a monolayer limit, the semiconductor has a direct bandgap at the K and –K points of
the Brillouin zone [3].
In this thesis, we present a new photochemical doping technique of monolayer 𝑊𝑆2 . This
technique is based on radiation of monolayer crystals presence of carrier gas (dopants) with
pulsed laser. If this technique is a success method to investigate the doping in a crystal, we can
tune the bandgap of monolayer 𝑊𝑆2 and explore the electronic properties of a photochemica l
doped semiconductor. It is known that a chemical doped crystal has a large variety of
applications, such as high performance electronics based on chemically doped 1L 𝑊𝑆2 , high
performance sensors and energy storage.
For this purpose, we will study the photoluminescence and Raman spectra before and after
photochemical doping.

9

I.1.1 Introduction to 2D Transition Metal Dichalcogenides (TMDs)
Dimensionality is one of the most fundamental material’s parameters, which defines the
atomic structure and the properties to a significant degree of the material. The same chemica l
element or compound can exhibit different properties in very low dimensions. The isolation and
electrical characterization of graphene has led to the exploration of other 2D materials [4]. The
most interesting feature about these materials is the change in properties compared with their
bulk counterparts. Single layers of transition metal dichalcogenides have attracted notable
attention. Despite the similarity in the chemical formula 𝑀𝑋2 , where typically M is a transitio n
metal and X is a chalcogen, different types of single layer

TMDs act as insulators to

semiconductors and semimetals to metals. There are many layered materials with strong inplane chemical bonds and weak coupling between layers. The family of layered Van der Waals
materials with weak Van der Waals forces between layers, make them suitable for exfolia tio n
[5]. Materials like 𝑀𝑜𝑆2 , 𝑊𝑆2 , 𝑀𝑜𝑆𝑒2 , 𝑊𝑆𝑒2 have been widely studied for applications. The
band gaps of these materials can be tuned by stacking confinement and under the impact of
strong electric fields.
In this chapter, we will introduce 𝑊𝑆2 , since it is one of the most common TMDs, it
constitutes a high quantum yield two-dimensional (2D) system in monolayer form and can be
easily exfoliated from a 3D crystal. Single layer 𝑊𝑆2 , is a semiconductor with direct optical
gap at 2.1𝑒𝑉 and has a huge implication when studying photoluminescence. Chemical and
thermal stability makes 𝑊𝑆2 a suitable component for flexible 2D electronics and a basic
material for transistors and other electronic and optoelectronic devices. Two-dimensio na l
crystals show different structural, electronic and optical properties from their parent threedimensional materials. Specifically, in their monolayer form, remarkable changes appear in
their electronic band structure, like wide spin-orbit splitting and enhanced photoluminesce nce.
Most of these properties are nonexistent for two-layer stacks of the same 2D crystal. For
example, the spin-orbit splitting of a single- layer 𝑊𝑆2 is 0,38𝑒𝑉 in the valence band, while the
bilayer of the same material is an indirect band gap semiconductor without observable spinorbit splitting.
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I.1.2 Crystal structure of tungsten disulfide
The transition metal atoms are sandwiched between two layers of chalcogen atoms. One
transition metal atom is coordinated by six chalcogen atoms to form either octahedral or trigona l
prismatic polyhedrons. The bulk layered TMD is constituted of strong intralayer covalent M-X
bonds and weak interlayer Van der Waals forces [5]. There is a variety of stacking polytypes
of bulk Mo and W. The most common three are the 1T, 2H and 3R phases [6] (T: Trigonal, H:
Hexagonal, R: Rhombohedral). As we can see in Fig.1, the 1T phase has a tetragonal symmetr y
with octahedral coordination, the 2H phase has a hexagonal symmetry with trigonal prismatic
coordination and 3R phase has a rhombohedral symmetry with trigonal prismatic coordinatio n.
The 2H phase is the most stable phase of 𝑊𝑆2 . As the number of layers decreased to one, there
is no variety of stacking different layers, just 1H and 1T. The coordination of metal atoms is
trigonal prismatic in the 1H phase and octahedral in the 1T phase, as we can see in Fig. 2 (a)
and (b). The 1H phase is the most common phase for 𝑊𝑆2 monolayer. The number one (1)
indicates the number of layers in a unit cell (ex. 1H has one unit cell). The structure of

WS2

consist of an atomic plane of W, which is sandwiched between the two atomic planes of S in a
trigonal prismatic arrangement S-W-S [7]. The layer thickness is 0.6 − 0.7𝑛𝑚 [8].
Fig.2 (a) and (b) show two kinds of structure of the monolayer of TMDs, trigona l
prismatic and octahedral coordination. The trigonal prismatic structure forms AbA stacking
with a top view formation which is very similar to honeycomb structure of graphene , while
octahedral coordination reveals AbC stacking. In nature, WS2 forms a stable layered structure,
bonded by Van der Waals forces, which are weak enough to peel off, thus monolayer can be
isolated [8].
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Figure 1: The structure of the (a) 2H , (b) 3R and (c) 1T phases of tungsten disulfide. The metal
atoms (M) are grey and the chalcogen atoms (X) are yellow. [6]

Figure 2: C-axis view of single-layer TMD with (a) trigonal prismatic (1H) and (b)octahedral
coordination (1T). Purple spheres are the metal atoms and yellow spheres are the chalcogen.
The labels AbA and AbC represent the stacking sequence where the upper- and lower- case
letters chalcogen and metal elements, respectively [8].
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I.1.3 Electronic band structure
The layered metal dichalcogenides present remarkable electronic properties ranging
from metals to semiconductors to insulators. Tungsten disulfide is a semiconductor which has
attracted a lot of interest. The electronic band structure properties of tungsten disulfide depend
on the number of layers due to quantum effects and changes in symmetry. As the thickness of
semiconductor is reduced to a single layer, the band gap energy is increased. In particular, bulk
𝑊𝑆2 is an indirect gap semiconductor with a bandgap in the near-infrared frequency range
(𝐸~1.3𝑒𝑉). Contrariwise, monolayer 𝑊𝑆2 is a direct bandgap semiconductor with an optical
gap in the visible frequency range (𝐸~2.1𝑒𝑉), as shown in Fig. 3(a) and (b). A direct gap exists
at the K points of the Brillouin zone between the spin-orbit split valence band and the double
degenerate conduction band. An indirect band gap starts from the minimum at a midpoint
between Γ and Κ of the local conduction band and complete the formation at the Γ point of the
valence band maximum [8]. Decreasing the number of layers from bulk causes a blue shift until
the bilayer limit. Afterwards, the indirect band gap changes to direct gap, in the monolayer
limit. For 𝑊𝑆2 , the magnitude of the blue shift is 1.16𝑒𝑉, as we go from the bulk phase to the
monolayer limit (from indirect bang gap to direct) [9].
0

As we have mentioned before, the thickness of the monolayer reaches 6~7 A , which is
fairly enough to build z-directional quantum confinement effects. The location of the Fermi
level represents the electronic properties. Band structure of TMDs is mainly determined by dorbitals of transition metal and chalcogen atoms. Firstly, octahedral structured transition metal
centers (𝐷3𝑑 ) of TMDs form degenerate band structure composed of 𝑑𝑧2 ,𝑥 2 −𝑦2 and 𝑑𝑥𝑦,𝑦𝑧,𝑧𝑥
orbitals while trigonal prismatic coordination (𝐷3ℎ ) gives rise to the band structure consisting
of 𝑑 𝑧2 , 𝑑𝑥 2 −𝑦2 ,𝑥𝑦 and 𝑑𝑥𝑧,𝑦𝑧 orbitals. The gap between these orbitals is trigonal prismatic
coordination [8].
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Figure 3: Band structure calculated from first-principle density function theory (DFT) for (a)
bulk and (b) single-layer 𝑊𝑆2 . The blue arrows indicate the lowest energy transition (the 2H
phase for bulk and the 1H phase for single-layer material) [10] .

In monolayers, the conduction band minimum (CBM) and the valence band maximum
(VBM) are both located at the corners of the first Brillouin zone. The six corners belong to two
non-equivalent groups denoted by 𝐾 and −𝐾, respectively. Each group has three equivale nt
corners related to each other by reciprocal lattice vectors [11]. In the monolayer limit, direct
bandgap appears at K point which is located at 6 corners of first Brillouin zone. Monolayer 2D
TMD semiconductor becomes direct semiconductor while its bulk counterpart displays indirect
semiconducting behavior. The reason for indirect to direct transition is explained by effective
mass. The out-of-plane mass of electron and hole near the K point is much larger than the free
electron mass 𝑚 0 . However, out-of-plane mass for holes near the Γ point is ~0.4𝑚 0 and for
electrons near the midnight along Γ-Κ is ~0.6𝑚 0. As the number of layers decrease, effective
masses related to indirect transition are drastically increased while the effective masses at K
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point are largely unchanged. As a result, in the monolayer limit, indirect bandgap becomes
larger than direct bandgap and therefore 2D TMD semiconductor reveals direct band structure.
The transition becomes the basis of significant increases in PL by ~1000 times compared to
the bulk [12]. The electronic band structure influences the ability of the crystal to absorb or
emit light.

Figure 4: (a) Top view of monolayer 𝑊𝑆2 . The blue and orange spheres represent W and S
atoms, respectively. The light yellow diamond region is the 2D unit cell. (b) Trigonal prismatic
coordination geometry, correspond to the blue triangle in top view. (c) The first Brillouin zone
from top view [11]. (d) 3D representation of first Brillouin zone of 𝑊𝑆2 showing six valleys and
valence band splitting by spin-orbit coupling at the K points. The green surfaces illustrate the
conduction band and its minimum. The red and blue surfaces exhibit split valence band [12].
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I.1.4 Optical and vibrational properties
The electronic band structure of 𝑊𝑆2 affects the optical and vibrational properties. The
increase of the band gap energy, as the number of layers decreased, can be observed in Raman,
absorption and photoluminescence spectra. In direct band gap semiconductors, electrons in the
valence bands can be easily excited to the conduction bands by incident photons, and the excess
carriers can also recombine, passing the excess energies to photons as shown in Fig. 5 [13]. The
former process can be probed by light absorption measurements and the latter process can be
probed by photoluminescence (PL) measurements.

Figure 5: Schematics of (a) the light absorption (ℏ𝜔0 ) and the photoluminescence ( ℏ𝜔)
process and (b) the Raman scattering process. Here ℏ𝜔0 is the energy of the incident light, ℏ𝜔
is the energy of the emitted light in the PL process and ℏ𝜔𝑞 is the energy of the emitted phonon
in the Raman scattering process. VBM is the valence band maximum and CBM is the conduction
band minimum. 𝐸0 is the ground energy state [13].
In lattice vibrations, phonons are involved in the optical transitions. The generated
photon can have a lower energy than the incident photon, and the energy difference is related
to a specific phonon mode. The inelastic light scattering is called Raman scattering [13]. For
the Raman spectrum of 𝑊𝑆2 , as it transits from bulk to monolayer the position of its main
1
Raman peaks changes. The main Raman peaks are the in-plane 𝐸2𝑔
and the out-of-plane 𝐴1𝑔
1
mode. As the layer thickness decreases, the 𝐴1𝑔 mode decreases in frequency whereas the 𝐸2𝑔

mode increases [14]. Thus, the layer number can be determined using Raman spectroscopy. The

16

shift in the Raman peaks appears due to two reasons. Firstly, the influence of neighboring layers
on the effective restoring forces in atoms and secondly due to long-range Coulomb interactio ns
increasing the dielectric screening [15].

Figure 6: Raman spectra for 𝑊𝑆2 bulk (dotted) and for a monolayer (solid line) at room
temperature (T=300K) [16].

In 2D TMDs, light-generated electrons and holes tend to attract each other due to the
strong Coulomb interaction between them. This can be modeled by the exciton, which is the
combination of the quasiparticle state of an electron and a hole [13]. The monolayer of this
crystal has promising optoelectronic applications and can be probed by a variety of
spectroscopic tools. For example, photoluminescence in bulk 2𝐻 − 𝑊𝑆2 , is very weak, as it is
a phonon-assisted process and it is known to have negligible quantum yield. A bright PL is
detected in monolayer 𝑊𝑆2 , which is expected as a semiconductor with direct-gap. The
transition from indirect to direct band gap is attributed to the absence of weak interla yer
coupling in the monolayer. Two peaks (A and B) are observed in the absorption spectra
corresponding to transitions between splitted valence bands and the conduction band. The
energy splitting between A and B arises from the combined effect of interlayer and spin-orbit
coupling (SOC) in the bulk crystal, contrariwise in a single layer energy splitting comes only
from SOC, because of the absence of interlayer coupling. Bound energy levels situated in the
band gap region. Strong spatial confinement and reduced screening effect are the reasons why
two dimensional materials enhance this excitonic effect [17]. The properties of two dimensio na l
materials significantly depend on the layer number, which is important for applications. At a
17

photoluminescence spectrum the position and intensity of the peaks are changing with the
number of layers. A monolayer of 𝑊𝑆2 gives a very strong PL emission, which is weakened
with increasing the number of layers. PL emission is very sensitive to temperature, defects and
doping so it is not accurate to identify the number of layers with this method. However, Raman
spectroscopy is a nondestructive, accurate and reliable method for the characterization of a
single- layer 𝑊𝑆2 .
Optical experimental studies have reported peaks at ~2.05𝑒𝑉 and ~2.4𝑒𝑉 which were
originated from the transition in the K-point of the Brillouin zone at T=78K. Two separate
exciton bands, the A and B excitons, can be produced due to valence band splittiing. Valence
band (VB) splits at the K-point, due to spin-orbit coupling (SOC) in the monolayer and also the
interlayer interaction energy in multi- layers. Absorption spectra are in accordance with PL
measurements about the position of the A and B exciton transitions. [1].

Figure 7: Band structure of single layer 𝑊𝑆2 crystal, calculated by density functional theory.
The red arrows indicates the direct band gap and the transition of A and B excitons. 𝛥𝑆𝑂
represents the energy of the split valence band maximum due to spin-orbit coupling [1].
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I.1.5 Spin, orbit and valley interactions
Materials that have strong spin splitting can push the system out of equilibrium due to
various effects or due to symmetry breaking, allowing spin-polarized carrier populations to be
maintained. A set of conditions gives rise to both strong spin-orbit induced electronic band
structure splitting and spin-valley coupling. Monolayer 𝑊𝑆2 lack inversion symmetry, unlike
bilayer 𝑊𝑆2 ,

bulk 𝑊𝑆2

and graphene

which

are centrosymmetric.

A monolayer

of

dichalcogenides has a honeycomb lattice structure in which the inversion symmetry is naturally
broken due to two different types of atoms (transition metal and chalcogen), as illustrated in
Fig. 8 [1].

Figure 8: The breaking inversion symmetry can be observed from a top view of a hexagonal
lattice in monolayer dichalcogenides. Green and yellow spheres denote the metal (W) and
chalcogen atoms (S), respectively [18],[1].
In many non-centrosymmetric semiconductors non-equivalent energy exists in the band
structure, so they called valleys in their Brillouin zone [6]. The lack of inversion symmetry, the
confinement of in plane motion of electrons and the high mass of the elements in the 𝑀𝑋2
materials, has as a result a very strong spin-orbit coupling with the valence band splitting
ranging between 0.15𝑒𝑉 and 0.45𝑒𝑉 . For monolayer 𝑊𝑆2 , the valence band splitting is
0.40𝑒𝑉. This is in contrast to graphene, which has very weak spin-orbit interaction due to the
low mass of carbon. The lack of inversion symmetry along with the strong spin-orbit leads to
the coupling of spin and valley physics. The bandgap of monolayer 𝑊𝑆2 is located at the 𝐾(𝐾 − )
valley in the Brillouin zone and the inversion symmetry is broken. The bottom of the conduction
band (CB) and the top of the valence band (VB) around the K valley are both constructed from
metal d orbitals. The spin-orbit coupling splits the valence band. As a result of time-reversa l
symmetry, spin splitting has the opposite sign at the 𝐾 and 𝐾 − valleys. If the electron spin at
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the top of valence band is pointing up at the 𝐾 valley, then the electron spin at the 𝐾 − valle y
must be pointing down. There is a valley-selective interband optical selection rule around the
𝐾 (𝐾 − ) in monolayer 𝑊𝑆2 , due to the inversion symmetry The interband transition near of the
𝐾 (𝐾 − ) point, is coupled exclusive to right (left) handed circularly polarized light 𝜎+ (𝜎− ) as
sketched in Fig. 9. At PL measurements, two peaks are shown, coming from the band edge. The
A exciton, and a weaker peak at a higher energy, which can be attributed to the emission from
the spin-split valence band. The energy difference between the two PL peaks implies spin
splitting in the valence band due to the spin orbit coupling at the K valley [19].

Figure 9: a) Schematics of the 𝑊𝑆2 structure. The unit cell of bulk crystals and even-layer film
includes two sub-cells stacking at 2H packing order. b) The valley selective optical selection
rules. Curvatures at the 𝐾 and 𝐾 − valleys include interband circular dichroism: left-handed
circularly polarization at the 𝐾 valley and right-handed at the 𝐾 ′ . The spin orbit coupling
includes spin splitting of the valence band at the 𝐾 and 𝐾 − valleys [19].
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I.1.6 Excitonic effects
Excitonic effects are dominant in a monolayer of TMDs. During the photon absorption,
a valence band electron is excited to the conduction band leaving behind a vacancy (hole) in
the valence band. The attractive Coulomb interaction between the negatively charged electron
and positively charged hole bind them into a hydrogen-like state, called as exciton (X). The
electron-hole pair can also capture an extra electron or hole to form a charged exciton (𝑋 ± ),
which also referred as trion [1]. The binding energy of a neutral exciton is defined as its lower
energy compared to the free electron-hole pair, while the trion binding energy is the differe nce
between 𝑋 ± energy and the unbound state of the neutral exciton, plus a free electron or hole.
In the PL spectra this corresponds to the separation between neutral exciton emission energy
(𝑋) and the charged exciton emission energy (𝑋 ± ). In monolayer dichalcogenides, the binding
energy is four times larger than that of the binding energy at a bulk crystal. In monolayer, the
excitons are strongly confined in the plane and experience reduced screening due to the change
in the dielectric environment outside of the layer [1]. A binding exciton energy in monolayer
𝑊𝑆2 is ~400𝑚𝑒𝑉 [20], which is at least six times larger than in bulk [21]. The trion binding
energy which depends upon the Fermi level has been determined to be 20 − 40 𝑚𝑒𝑉 in 𝑊𝑆2
[22].
The spin-orbit coupling into the valence band give rise to two distinct exciton feature
the A and B in schematic absorption spectrum [1]. The neutral exciton shows a large binding
energy, 𝐸𝐴 . The exciton feature exhibit a fine structure, which can be identified with formatio n
of trions (𝑋𝐴− and 𝑋𝐵− ) with binding energies 𝐸𝐴− and 𝐸𝐵 − [1]. It is worth to notice the A
exciton we will call it as 𝑋 exciton or neutral exciton.

Figure 10: Absorption spectrum which shows the A (blue) and B (red) excitons that result from
the sizable spin-orbit splitting [23].
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I.2 Micro-Raman Spectroscopy and micro-PL Spectroscopy
This chapter describes the experimental techniques, spectroscopic methods where used
in the preparation of this thesis. For optical characterization and study of Tungsten disulfide on
𝑆𝑖𝑂2 /𝑆𝑖 are principally used Raman and photoluminescence spectroscopy (micro-PL). Then
we can describe those techniques. Raman spectroscopy can be considered as an alternative,
reliable and non-destructive technique to identify the number of 𝑊𝑆2 layers. In this work,
micro-Raman spectroscopy was used as an in situ tool in order to verify the monolayer character
of the sample [1].
A monolayer of 𝑀𝑋2 group of materials is found to exhibit an enhanced PL compared
to thicker crystals. Similarly, in our samples the PL emission from a monolayer region,
previously confirmed by Raman measurements was stronger emission than the multi- la yer
region [1]. We note that we observe change in the emission PL maxima with changing the
position of the laser spot on the sample. The laser spot size is 1𝜇𝑚.

I.2.1 Mechanism of Raman and Rayleigh scattering
The interaction of light with solid can be described as reflection, transmiss io n,
absorption and scattering. In the case of scattering and more specifically, elastic scattering has
changed only the direction with no energy loss [24]. Only a fraction of light is inelastica lly
scattered and is first discovered by C. V. Raman. The observation of inelastic or Raman
scattering has been studied to understand the vibrational and rotational states in solid and gas
molecules.
The quantum picture of Raman scattering can be explained as follows: a band of
vibrational states exists near the electron ground state. A beam of monochromatic light excites
the electrons from the ground state to a virtual state. The electrons undergo relaxation process
with emission of photon most electrons return to their ground state thus the photon has the same
energy as the incoming on, which is the elastic scattering process or Rayleigh scattering. But
there is a small number of electrons relax to the vibrational states and by the conservation of
energy, the emitted photon has different energy to the original photon (inelastic or Raman
scattering) [25]. In Raman spectroscopy, the scattered photons are collected and the intense
Rayleigh signal is blocked by filter leaving only the photons from Raman scattering. Usually
the Raman signal is weak and close to the energy of Rayleigh line. Laser beam is used as the
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monochromatic light source and band-stop filter with a very narrow stopband (notch filter) is
applied to block the Rayleigh line. In the Raman spectrum, lines that have slightly lower or
higher energy comparing to the Rayleigh line are named as Stokes and anti-Stokes line,
respectively. Raman spectroscopy has a wide range of applications such as identification of
chemical bonds and symmetry in molecules and crystal orientation and lattice strain. It also has
the advantage of being non-destructive [25].
Light scattering techniques is a very useful tool to probe the fundamental excitations in
solids, such as phonons, plasmons. In a typical experiment, an incident monochromatic light
with energy ℎ𝑣0 impinges on a crystal [1]. The majority of the scattered photons will be
scattered elastically, namely with the same frequency as the incident photons. This type of
scattering is called Rayleigh scattering. Additionally, a small proportion of scattered photons
can be have lower (Stokes) or higher (anti-Stokes) energy than the incoming photon. These
photons will be scattered with a different frequency than the incident radiation leading to Raman
scattering. An incident photon with energy ℎ𝑣0 interacts with a molecule, which absorbs the
energy of the photon and switches to an excited potential (virtual) state with an average life
time of 10−14 𝑠𝑒𝑐 [26]. Typical average lifetimes of electronic states are 10−8 𝑠𝑒𝑐 . The
molecule instantaneously loses energy and switches to a lower energy level by emitting a
photon. In Rayleigh scattering, the molecule returns to the energy level which stimulated. In
this case, the energy of the incident photon is ℎ𝑣0 (elastic scattering). In Stokes resonance
scattering, the electron isn’t switches in the basic vibrational state u  0 but in vibrational level
𝑢 = 1. The scattered photon has less energy than the incident photon ℎ𝑣0 − ℎ𝑣1 . In AntiStokes resonance scattering, molecule absorbs the energy of the incident photon while it is in
the excited vibrational state (𝑣 = 1) and then switches from the potential state in the basic 𝑢 =
0 , emitting a photon with energy ℎ𝑣0 + ℎ𝑣1 . Vibrational modes of molecules function as
quantum harmonic oscillators and permissible transitions in resonance scattering are 𝛥𝑢 = ±1.
Normally, the energy of the incident light varies from 1.2 − 3 𝑒𝑉 and the vibrational energy
ℎ𝑣1 varies from 1 to 370𝑚𝑒𝑉 [27].
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Figure 11: Quality chart description of Rayleigh and Raman scattering mechanisms [28].
It is worth to notice that in contrast to the photoluminescence process, in the Raman scattering
process, the intermediate states are “virtual” states because they do not have to correspond to
any optical excitation of the electronic levels of the system [1].
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I.2.2 Theory of Raman scattering
Macroscopic description of Raman phenomenon is a good explanation and qualitative
understanding of the experimental spectra. A stimulate radiation has an intensity of electric
field E of the electromagnetic field and is described by the following formula:

E = 𝐸0 cos(2𝜋𝑣𝐿 𝑡)

Where

(1)

vL is the excitation frequency, for example 𝑣𝐿 = 473𝑛𝑚. 𝐸0 is the amplitude of the

electric field. The external electromagnetic field exerts time dependent and opposite directions
forces to electrons and protons of the molecule. Thus the “center of gravity” of negative charge
to be displaced on the equivalent of positive charges. An incident dipole moment has a
vibrational frequency 𝑣𝐿 of external electromagnetic field. The induced dipole moment
associated with E can be expressed by the following formula:
𝑝𝑖𝑛𝑑 = 𝑎 ∙ 𝐸

(2)

Where 𝑎 is the polarizability of the molecule, the easy way to polarize electronic cloud under
the influence of electromagnetic field. In general, polarizability is a 2nd order tensor. From
equations (1) and (2):
𝑝𝑖𝑛𝑑 = 𝑎 ∙ 𝐸0 cos(2𝜋𝑣𝐿 𝑡)

(3)

From classical electromagnetism, it is known that the intensity of the light of a vibrating dipole
is proportional to the forth power of vibrational frequency of a dipole, as well as proportional
to the square of the maximum value of

𝑝𝑖𝑛𝑑 . In case of equation (3), we have

𝑎2 𝐸02 (𝐼~𝑣 4 𝑎2 𝐸02 ). The polarizability in molecules is not constant but varies during certain
vibration modes or rotation. The distribution of electronic cloud is not the same in two
vibrational limit positions. In the case of a polyatomic molecule, for small shifts from the
equilibrium positions of atoms, polarizability can develop in Taylor series as:
𝑎 = 𝑎0 + (

𝑑𝑎
) +⋯
𝑑𝑄 0

(4)

Where a0 is the polarizability at the equilibrium position, Q is the normal coordinate of the
d𝑎

vibration and (dQ )0 is the change of polarizability relative to the Q in equilibrium position of
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individuals that composing the molecule. Then we consider that terms larger than second class
as Q in equation (4) have zero polarizability. This approach called harmonic approach. The Q
varies harmonically with the time according to the relationship:

𝑄 = 𝑄0 cos(2𝜋𝑣𝑛𝑖𝑏 𝑡)

(5)

where 𝑣𝑛𝑖𝑏 is the vibration frequency of oscillation, from equations (4) and (5)
𝑎 = 𝑎0 + (

𝑑𝑎
) 𝑄 cos(2𝜋𝑣𝑛𝑖𝑏 𝑡)
𝑑𝑄 0 0

(6)

By replacing equation (6) in (2) :
𝑝𝑖𝑛𝑑 = 𝑎0 𝐸0 cos(2𝜋𝑣𝐿 𝑡)
+ 𝐸0 𝑄0 (

(7)

𝑑𝑎
) cos(2𝜋𝑣𝑛𝑖𝑏 𝑡) cos(2𝜋𝑣𝑛𝑖𝑏 𝑡)
𝑑𝑄 0

and use the trigonometric identity
𝑐𝑜𝑠𝐴 ∙ 𝑐𝑜𝑠𝐵 =

[cos(𝐴 + 𝐵 ) + cos(𝐴 − 𝐵 )]⁄
2

𝑝𝑖𝑛𝑑 = 𝑎0 𝐸0 cos(2𝜋𝑣𝐿 𝑡) +

(8)

𝐸0 𝑄0 𝑑𝑎
( ) cos[2𝜋(𝑣𝐿 + 𝑣𝑣𝑖𝑏 ) 𝑡]
2 𝑑𝑄 0

𝐸 𝑄 𝑑𝑎
+ 0 0 ( )0 cos[2𝜋(𝑣𝐿 − 𝑣𝑣𝑖𝑏 )𝑡]
2 𝑑𝑄

(9)

As seen from the above equation 𝑝𝑖𝑛𝑑 and the intensity of scattered radiation consists
of three components. The first component vibrating with 𝑣𝐿 frequency leads to Rayleigh
scattering and the vibrating frequencies 𝑣𝑆 = 𝑣𝐿 − 𝑣𝑣𝑖𝑏 and 𝑣𝐴𝑆 = 𝑣𝐿 + 𝑣𝑣𝑖𝑏 lead to Stokes and
𝑑𝑎

Anti-Stokes Raman scattering, respectively. It is worth noting that if (𝑑𝑄) = 0 , the amplitudes
of Raman components of the induced dipole will be zero, so we have no radiation from Raman.
As a general conclusion we can say that to observe a molecular vibration with Raman
spectroscopy, there should be a change to the polarizability of the molecule during vibratio n.
Therefore, while the classical theory provides right the appearance and position of Stokes and
Anti-Stokes lines, lead to wrong results for the ratio of relative intensities, it fails to appreciate
the value of

𝐼𝑆
𝐼𝐴𝑆

. The ration

𝐼𝑆
𝐼𝐴𝑆

is certainly less than one and it is in contrast with the fact that
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the Stokes lines are more potent than the Anti-Stokes lines [27]. The discrepancy eliminated in
quantum theory of Raman effect.
ℎ𝑣𝑣𝑖𝑏
𝐼𝑆
𝑣 − 𝑣𝑣𝑖𝑏 4 ℎ𝑣𝑣𝑖𝑏 ⁄
⁄
𝑘𝑇 ≈ 𝑒
𝑘𝑇
=(
) 𝑒
𝐼𝐴𝑆
𝑣 + 𝑣𝑣𝑖𝑏

(10)

I.2.3 Raman spectroscopy of 𝑊𝑆2
Raman spectroscopy has become a very powerful tool for studying one and few layers
of tungsten disulfide (W𝑆2 ). Raman spectroscopy can not only used to identify the number of
layers, but also gives details about the electronic band structure, a determination of the structural
distortion. Also, gives information about doping concentration, strain effect and phonon
dispersion through resonant Raman scattering [29]. The vibrational spectra are sensitive to the
thickness of the crystal, so with a small change at Raman modes can be used to differentiate
between bulk, monolayer, bilayer and tri-layer crystals. Resonant Raman spectra are composed
of both first- and second-order Raman excitations. At the Brillouin zone center, we have four
1
2
Raman active modes, which are first-order phonon modes: 𝐴1𝑔 , 𝐸1𝑔 , 𝐸2𝑔
and 𝐸2𝑔
. In the back
2
scattering configuration, the 𝐸1𝑔 mode is forbidden and the 𝐸2𝑔
mode is observed in the very
2
low frequency region. Also, 𝐸2𝑔
is a shared mode originating from the relative motion of the

atoms in different layers, so is absent in a single-layer of a sample [30].
Raman spectra for bulk 𝑊𝑆2 include first order modes at the Brillouin zone center
1
(𝐸2𝑔
(𝛤) and 𝐴1𝑔 (𝛤)) plus a zone-edge mode which has been identified as the longitud ina l

acoustic mode at the M point LA (M). Additional peaks correspond to multi-pho no n
combinations of these modes. For the mechanically exfoliated 𝑊𝑆2 , we give attention to the
1
first order 𝐸2𝑔
(𝛤) and 𝐴1𝑔 (𝛤) optical modes. Figure 12 show a typical Raman spectra of

monolayer 𝑊𝑆2 regions using 488nm excitation. The Raman spectrum is dominated by the first
1 ( )
order modes: LA (M) at 176𝑐𝑚 −1 , 𝐸2𝑔
𝛤 at 356𝑐𝑚 −1 and 𝐴1𝑔 (𝛤) at 418𝑐𝑚 −1 . When a

monolayer 𝑊𝑆2 is excited at 514.5nm, the Raman spectrum become very rich uncovering many
second-order peaks that are stronger than those observed in the bulk material [29].
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1 ( )
Figure 12: The atomic displacements for the in-plane phonon mode 𝐸2𝑔
𝛤 and the out-of-plane

phonon mode 𝐴1𝑔 (𝛤) [29].
Subsequently, we give attention to the Raman spectra as a function of thickness. The Raman
1
spectra of a single- layer 𝑊𝑆2 are dominated by three first-order Raman modes: 𝐸2𝑔
(𝛤), which

is associated with the in-plane motion of the sulfur and tungsten atoms in opposite directions,
𝐴1𝑔 (𝛤) which is associated with out-of-plane motion of the sulfur atoms and LA(M) [31]. The
longitudinal acoustic phonons LA (M) are in-plane collective movements of the atoms in the
lattice, similar to the sound waves. There are periodic expansions and compressions of the
lattice that occur along the direction of propagation [29]. The momentum q of the phonon has
a specific direction and magnitude, for this reason we use the symbol (M) to express this
momentum. In the phonon dispersion they appear at the M-point of the Brillouin zone. In bulk
1 ( )
𝑊𝑆2 , the separation between 𝐸2𝑔
𝛤 , 𝐴1𝑔 (𝛤) is 65𝑐𝑚 −1 and it decreases gradually with the

number of layers reaching 58𝑐𝑚 −1 for a single layer [32].
These spectra are normalized to the substrate Si peak. The 𝐴1𝑔 mode arises from the out
1
of plane motion of sulfur atoms, while the 𝐸2𝑔
results from the opposing in-plane motion

between the sulfur and tungsten atoms [33].
Second-order Raman modes have been reported in monolayer 𝑊𝑆2 . Such resonant
vibrational spectra can provide additional information concerning the electronic properties [29].
It has been suggested that the observation of a strong second-order Raman resonance involving
the longitudinal acoustic phonons (2LA) in monolayer 𝑊𝑆2 is the signature of the monolayer
nature of the sample. The intervalley scattering process involving the 2LA phonon was
suggested to be the main source of valley depolarization. This enhanced feature on the low
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1
energy side of the 𝐸2𝑔
Raman peak, has been identified as a second order mode involving two

LA phonons from the M-point in the Brillouin zone. This LA phonon is similar to that seen in
Raman scattering from folded acoustic phonons observed in superlattices. While our
measurements is configured in a backscatter geometry, the 𝑊𝑆2 monolayer is on 𝑆𝑖𝑂2 /𝑆𝑖
substrate and therefore some incident light is transmitted through 𝑊𝑆2 and is then reflected
from the silicon substrate and returns in a Raman forward –scattering geometry. This produces
a mixed forward and backward scattering result and may contribute to the broadened line shape
of the 2LA(M) mode [34].

Figure 13: (a) Raman spectra collected from regions with different 𝑊𝑆2 thicknesses (1L, 2L,
3L and bulk) using 𝜆 𝑒𝑥𝑐 = 488𝑛𝑚 [29]. (b) Raman spectrum of the monolayer region 2𝐻 −
𝑊𝑆2 taken at 300K with an excitation energy at 488𝑛𝑚 [35].
In Fig. 14 we can see that, as the number of layers increases the frequency separation
1
between two main Raman modes, 𝐸2𝑔
and 𝐴1𝑔 increases gradually. The 𝐴1𝑔 mode blueshifts

when increasing the number of 𝑊𝑆2 layers. This hardening of the 𝐴1𝑔 mode is consistent with
the increasing restoring force caused by van der Waals interactions established among layers
1
[14]. The 𝐸2𝑔
phonon mode exhibit very subtle redshifts when increasing the number of layers

[36]. The stiffening of the out of plane 𝐴1𝑔 mode has been explained by the increasing interlayer
interaction and rise in restoring forces on the atoms with the number of layers [14]. In contrast,
1
the 𝐸2𝑔
mode softens. For this mode, the atoms move in plane and the influence of the interla ye r

interaction stiffening is thus expected to be smaller. The observed softening has been attributed
to an enhanced dielectric screening providing by additional layers [15]. The most intense
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1 ( )
features in the Raman spectrum correspond to the 𝐸2𝑔
𝛤 and 𝐴1𝑔 (𝛤)modes and the intensity

ratio

1 ( )
𝐸2𝑔
𝛤
⁄𝐴 (𝛤) does not show major changes with the number of layers [29].
1𝑔

1
Figure 14: Evolution of the frequency of main 𝐸2𝑔
and 𝐴1𝑔 modes with the number of layers.
1
The dashed line shows the frequency separation between the 𝐸2𝑔
and 𝐴1𝑔 mode [37].

Raman spectroscopy measurements of single- layer 𝑊𝑆2 have revealed unexpected trends of
the vibrational properties when the number of layers changes.
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I.2.4 Introduction to photoluminescence (PL)
Photoluminescence is a type of radiation due to the absorption of photons. It is the
reverse effect of interband absorption of light. Luminescence is the phenomenon which explains
the photon emission during the decay of an electron, from an excited state to a lower energy
state. The difference of high and low energy is attributed to the energy of the emitted photon.
The reproduction

light

after absorption of a photon with greater energy, is called

photoluminescence. The phenomenon of photoluminescence presents greater complexity than
the phenomenon of absorption. The shape and form of the spectrum of photoluminesce nce,
influenced by the distribution of electrons and holes in the energy bands.
There are two pre-requisites for luminescence: the luminescent material must have a
semiconductor structure with a non-zero band gap 𝐸𝑔 and energy must be imparted to this
material before luminescence can take place. The mechanism of photoluminescence in
semiconductors is scematically illustrated in Figure 15 [38].

Figure 15: Schematic band diagrams for the luminescence processes in a direct gap material
(left) and indirect gap material (right) [39].
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In this figure, we can see the E-k diagrams for a direct band gap material (left) and an indirect
band gap material (right), where E is the kinetic energy and k the wave vector (or momentum
2 2
vector) of the electron or hole (𝐸 = 𝑘 ℏ ⁄2𝑚 , where ℏ = ℎ⁄2𝜋 and m is the electron or hole

effective mass. The direct and indirect materials are distinguished by their relative positions of
the conduction band minimum and the valence band maximum in the Brillouin zone (the
volume of k space containing all the values of k up to 𝜋⁄𝑎 where 𝑎 is the unit lattice cell
dimension [39]. In a direct gap material, both the conduction band minimum and the valence
band maximum occur at the zone center where 𝑘 = 0. In an indirect band gap material,
however, the conduction band minimum does not occur at the zone center but rather at the zone
edge or close to it. The shaded states at the bottom of the conduction band and the empty states
at the top of the valence band respectively represent the electrons and holes created by the
absorption of photons with energy ℏ𝜔𝑒𝑥𝑐 > 𝐸𝑔 . The cascade of transitions within the
conduction and valence bands represents the rapid thermalization of the excited electrons and
holes through phonon emission. Both the photon absorption and emission processes (the
electron-hole recombination) can conserve momentum. Since that the momentum of the
absorbed or emitted photon is negligible compared to the momentum of the electron. We
therefore, represent photon absorption and emission processes by vertical arrows on E-k
diagrams. To conserve momentum, the photon absorption process must involve either
absorption (indicated by the “+” sign) or emission (indicated by the “-” sign) for a phonon.
A simple model for the photoluminescence in a semiconductor includes three stages:
stimulation, relaxation and recombination. Incident photons pump electrons after the absorption
from the valence band to conduction band, leaving behind a hole. The electron and hole relax
at a lower energy within the structure of bands until they reach the end of the bands. The energy
gap must be large enough for these processes, in order to achieve recombination.
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Figure 16: The three distinct stages of photoluminescence in a semiconductor.
In a solid material, the recombination energy is essentially equal to energy gap minus
the formation energy of an exciton. The formation energy of exciton created by Coulomb
interaction between electron and hole. An electron stimulated from the valence band to the
conduction band by absorption of a photon, leaving behind a hole. The electron and the hole
relax without emission until both of them reach at the end of the bands. Finally, we have
emission of a photon after the recombination of electron and hole [38].
The spectrum of PL in semiconductors can give much information about their physical
properties and the behavior of charged carriers (band gap energy, defect levels). Moreover, PL
also has the advantage that is non-destructive to the materials. In the simplest set up, PL
spectroscopy contains an excitation source (laser) and a collector to gather the radiation signal,
usually containing an optical sensor mounted on a monochromator [25].
The temperature of the sample can affect the emission spectra due to the involve me nt
of phonon and the quantization of lattice vibrations. The effect of temperature contributes
significantly at cryogenics conditions. Cryostats have been developed to satisfy the needs of
different temperatures ranges. The cryostat uses liquid cryogens such as liquid nitrogen or
helium to flow over the sample stage, which pass no vibration to the sample [25].
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I.2.5 Micro-Photoluminescence spectroscopy of monolayer 𝑊𝑆2
Transition

metal

dichalcogenides

(TMD)

include

many

outstanding

optical

characteristics such as a clear band gap with direct optical transition, spin-valley coupling, and
stable exciton and trion (charged exciton) states. An exciton is a bound state formed by an
excited electron and hole owing to the Coulomb attraction between these two quasipartic les.
Such bound state plays an important role in the optical properties of low dimensional materia ls
owing to their strong spatial confinement and reduced screening effect compared to bulk solids
[40]. One of the major features of monolayer 𝑊𝑆2 is the large exciton binding energy of
~400𝑚𝑒𝑉 making exciton stable even at room temperature. According to the separation of
electron and hole (binding energy), excitons are classified to two limiting cases: the Frenkel
and Wannier excitons. The Frenkel excitons have large binding energy, larger than 100𝑚𝑒𝑉,
that exists in insulators or organic crystals where the electron and hole pairs are confined in one
unit cell. A greater direct energy gap of semiconductor has a greater exciton binding energy.
Exciton emission play a key role in the PL spectra of 𝑊𝑆2 , especially at low cryogenic
temperature (78𝐾) where the PL is dominated by the emission of sharp neutral exciton. The ntype conductivity of 𝑊𝑆2 meaning the existence of an excess conversation of donor, which
provides an electron and owes its nature to the gaps created by sulfur atoms.

Our samples are 𝑊𝑆2 monolayers directly exfoliated on 𝑆𝑖𝑂2 /𝑆𝑖 substates. The optical
response, namely the strong PL of a single layer tungsten disulfide is generally attributed to the
strong excitonic effect due to quantum confinement. The broken inversion symmetry in 2D
materials lead to the spin-orbit splitting in valence band which shows two prominent spectral
features [41]. The optical spectrum is characterized by the presence of two-low energy exciton
peaks, known as A and B excitons, that arise from vertical transitions from a spin-orbit-split
valence band to a doubly degenerate conduction band at the K point of the Brillouin zone [42].
The A exciton represents the transition from conduction band to the top of valence band at K
point while B exciton is the transition from conduction band to the lower band edge due spinorbit splitting. The separation of A and B excitons is approximately 0,4eV. The physics of
excitons in 2D semiconductors is known to be extremely rich once additional carriers are
introduced into the system [43].
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Figure 17: Schematic illustration of the A and B exciton transition in 𝑊𝑆2 monolayer.

Figure 18: Schematics of the exciton-related transitions, including (a) the A exciton, (b) the B
exciton and (c) the 𝐴− trion, at the K point of Brillouin zone. 𝐸𝑔 , Δ, 𝜀𝛢 , 𝜀𝛣 , 𝜀𝛢− denote the bang
gap, valence band splitting, binding energy of the A, B exciton and 𝐴− trion, respectively [13].

The optical spectra which we will study in this thesis, consist of emission from both
neutral (X) and charged exciton (𝑋 ± ). More specifically the negatively charged trion (𝑋 − ). To
avoid confusion, hereinafter we call the A exciton as neutral exciton (X) and A− trion as charged
exciton (𝑋 − ). The dissociation energy of the charged exciton, in exfoliated dichalcogenid es
semiconductors is greater, by an order of magnitude, than an ordinary semiconductor. Strong
emission around ~2.1𝑒𝑉 which corresponds well with the predicted recombination of the
neutral exciton across the direct gap of single layer 𝑊𝑆2 . A second emission line, on the low
energy side of the neutral exciton emission represents the charged exciton (~2.04𝑒𝑉). The
neutral exciton is the ground state of a charged neutral system. The low energy line refers to
emission from charged excitons (trions) which we presume to be negatively charged given the
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n-type nature of the bulk crystal. The observation of 𝑋 − requires the presence of excess
electrons in the conduction band. We must note that, these numbers of peaks are observed at
78K.
The line of the spectrum becomes much stronger as the excitation power is increased.
This line has all the characteristics of a trion: with increasing excitation power, the intens ity
increases linearly. The binding energy varies linearly, while the ratio of the trion and neutral
exciton emission intensity is not constant. The two peaks correspond to the emissions from the
direct bandgap at 𝐾 and 𝐾 ′ valleys in the Brillouin zone, consistent with the absorption peaks
in the reflectance spectrum. We can tune the ratio between the trion and exciton emission, by
changing the intensity of the laser excitation, which demonstrates our ability to tune the density
of 2D carriers with light [44].
The difference ΔΕ, between the emission energy of 𝑋 and 𝑋 − , is the dissociation energy
of the trion which is presented in Fig. 19 (a). The trion dissociation energy could be tuned over
a small range by varying the power of the 532nm excitation. This dissociation energy grows
linearly with the excitation power suggesting that the density of the carriers also grow linear ly
with the laser power. The difference in the energy can be expressed as the sum of the binding
energy and Fermi energy (𝐸𝑋− + 𝐸𝐹 ). Here binding energy is defined as the dissociation energy
in the limit of small doping (𝐸𝐹 = 0) where 𝐸𝑋 is the energy needed to promote one electron
from the trion to the bottom of the conduction band. Data is shown for two different monolayers
(flake 1, flake 2). The Fermi energy increases with increasing power of illumination (photon
flux) due to the photo-ionization of donors. The trion dissociation energy (Fermi energy)
increases more rapidly with laser power in flake 2 suggesting a larger concentration of donors
in this flake [44].
The increase of intensity is not the same for the neutral and the charged exciton. The
Fig. 19 (b) illustrates this difference. The exciton/trion intensity ratio is plotted as a function of
laser power. For both flakes the ratio of the integrated intensities decreases with the excitatio n
power by a factor greater than 2. This is due to the increased probability of the creation of the
trion by increasing the density of the photo-ionized carriers. The decrease of the intensity ratio
is much faster for the second flake as we can see directly in the spectra in Fig 19 (b), where the
trion intensity is rapidly becoming stronger by increasing the excitation power. The increased
sensitivity to laser power is consistent with a larger density of donor impurities in flake 2 [25].
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Figure 19: a) The difference ΔΕ, between the emission energy of 𝑋 and 𝑋 − as a function of
excitation power b) the ratio of integrated intensity of the charged and the neutral exciton as
function of excitation power [44].
The PL of 𝑊𝑆2 has a strong dependence on temperature. For excitonic emissions, all
have the trend to red shift with the increase of temperature. The intensity of charged and neutral
exciton emissions sharply decreases with elevated temperature. Due to small binding energy
and thermal motion, we have as a result a decrease of intensity in two peaks. There is an
expression for the temperature dependence of a semiconductor bandgap. The formula we
present here expresses the exciton emission energy as a function of temperature. We use a three
parameter fit to the temperature dependence of semiconductor band gaps. This fitting improves
upon the semi-empirical Varshni equation both numerically, since it gives better fits to the data,
and theoretically, since the parameters of the fit may be related to an intrinsic interaction of
semiconductors, namely the electron-phonon coupling. We aim simply to describe the data as
well as possible with the minimum number of free parameters. The Varshni relation for the
temperature dependence of semiconductor band gaps is:

2

𝐸𝑔 (𝑇 ) = 𝐸0 − 𝑎𝑇 ⁄(𝑇 + 𝑏)

(11)

37

where 𝐸0 is the ground state transition energy at zero temperature, a and b are fitting parameters
characteristic of a given material. The theoretical basis of this much-used relation, is
unfortunately rather weak, since b, which is supposed to be related to the Debye temperature,
may in certain important cases be negative [45].

Figure 20: a) Typical normalized micro-PL spectra of single-layer 𝑊𝑆2 for different
temperature. b) Exciton (red) and trion (blue) peak position versus temperature with fits. The
solid lines represent the fits to the experimental data following Varshni equation [46].
The temperature dependence of the emission is presented in Fig 20 (a). Both exciton
lines red shift as the temperature increases. The energy of the emission, obtained by fitting
Gaussian, as a function of the temperature is presented in Fig 20 (b). The observed exciton
states show fine features consistent with 2D excitons, such as temperature dependence line
shape, peak energy of 𝑋 0 and 𝑋, which further supports the excitonic nature of this monolayer
system. As the temperature rises, we see that the 𝑋 − intensity drop significantly, which we
attribute to electrons escaping their bound trion state due to thermal fluctuations [47].
Above bandgap photoexcitation creates electrons and holes in the conduction bands and
valence bands, respectively. If the screening is weak enough, the attractive Coulomb interactio n
between one electron and one hole creates a bound quasi particle known as neutral exciton (𝑋 0 )
which has an energy structure similar to a neutral hydrogen atom. Excitons can further become
charged by binding an additional electron (𝑋 − ) or hole to form charged three-body excitons
analogous to 𝐻 − or 𝐻2+, respectively. These exciton species are elementary quasi-partic les
describing the electronic response to optical excitation in solids and are integral to ma ny
optoelectronics applications [48].
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We use mechanical exfoliation to obtain monolayer 𝑊𝑆2 on 290nm 𝑆𝑖𝑂2 , on 𝑛 + doped
Si and atomic force microscopy to identify the layer thickness. Monolayer thickness of ~0,7𝑛𝑚
is identified.
The presence of A and B exciton has been attributed to spin-orbit coupling- ind uced
valence band splitting in bulk. The highest energy emission at 2,1𝑒𝑉 is the neutral exciton 𝑋 0 ,
and the lower energy peak is a trion.
𝑒 (ℎ) + 𝑋 0 → 𝑋 − (𝑋 + )

(12)

Photoluminescence spectroscopy was used to characterize the optical band structure of 𝑊𝑆2
thin films. The thinnest sample exhibited the strongest photoluminescence while the intens ity
decreased with increasing film thickness.
As mentioned, intense light emission is another optical signature of 𝑊𝑆2 monolaye rs
due to the nature of direct bandgap, and thus can be employed as another identifying tool for
monolayers. PL mapping obviously yields more information regarding the uniformity of the
monolayer region. As a result of large exciton binding energy, the PL emission at 78K and room
temperature (T=295K) should be still of excitonic nature. However, the broad PL band may
consist of both free exciton emission and defect bound exciton emission. Meanwhile, some
defects may act as “PL kill centers” that offer various non-radiative channels causing the overall
PL intensity drop. The central region of the monolayer shows a relatively much weaker PL
intensity compared with its edge regions [49].
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I.2.6 Identification of biexcitons in single-layer 𝑊𝑆2
In this chapter, we will study the presence of biexcitons in single-layer 𝑊𝑆2 through the
discovery of a sharp new emission peak under laser excitations. At lower photon energies, we
see additional emission features, which we label as 𝐿 1⁄𝑋𝑋 to 𝐿 3. Features 𝐿 1 to 𝐿 3 grow more
slowly than exciton emission with increasing pump fluence. We assign 𝐿 1 to 𝐿 3 to emission
from bound excitons at defect sites, in agreement with previous PL studies [50].

Figure 21: Normalized PL spectra with all the characteristic peaks we would expect to observe
to a spectra of single-layer 𝑊𝑆2 . Different colors represent different fluences. Red line has
higher fluence than black line [50].
𝐿1
⁄𝑋𝑋 at 2.25𝑒𝑉 (at low temperature) is different from that of
the other low-energy features. This feature grows superlinearly with fluence. To minimize the
The behavior of peak

influence of defect states we analyzed the emission intensity 𝐼𝐿1⁄

𝑋𝑋

of the

𝐿1
⁄𝑋𝑋 species as a

function of the emission of intensity 𝐼𝑋 of the neutral exciton. The 𝐿 1⁄𝑋𝑋 data can be described
by a power law relation of the form 𝐿 1⁄𝑋𝑋  𝐼𝑋𝑏, with b=1.4. The emission times of
𝑋, 𝑋 − , 𝐿 1⁄𝑋𝑋 show no significant variation with fluence.
On the basis of the superlinear strength of emission from the 𝐿 1⁄𝑋𝑋 species with respect
to 𝑋 emission, we identify this feature as arising from a biexciton (𝑋𝑋) state. Under the
conditions of full thermal equilibrium (constant temperature as excitation fluences increased)
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we would expect a quadratic relation between the density of biexcitons and excitons that is 𝐼𝑋𝑋

 𝐼𝑋𝑏, with b=2.

Tobias Korn and his scientific group, at University of Regensburg in Germany, report a
work on low-temperature PL of mechanically exfoliated single- layer 𝑊𝑆2 . To date, only a few
works exist which report on the observation of excitons and trions in the low-temperature PL
specrum. We focus on the low-energy feature labeled as 𝐿 1⁄𝑋𝑋 . Fig. 22 (a) shows the PL spectra
at T=4K for different excitation power. Whereas, at low powers, 𝑋 − and 𝐿 1⁄𝑋𝑋 are spectrally
well separated and of similar intensity, at higher excitation powers, the 𝐿 1⁄𝑋𝑋 peak completely
dominates the spectrum. A second low-energy peak 𝐿 2 with moderate intensity is around
1.98𝑒𝑉. It may stem from defect-bound excitons, as its intensity decreases relative to the other
peaks with increasing excitation density. To get a better insight into the nature of 𝐿 1⁄𝑋𝑋 , we
𝐿
can observe Fig. 22 (b). The integrated PL intensity for 1⁄𝑋𝑋 , 𝑋 − and 𝑋 for different excitatio n
densities, is displayed in the double-logarithmic graph [46].

Figure 22: (a) PL spectra of single-layer 𝑊𝑆2 at 𝑇 = 4𝐾 for various excitation densities. (b)
Double-logarithmic plot of integrated PL intensity of X (red circles), 𝑋 − (blue squares) and
𝐿1
⁄𝑋𝑋 peak (black triangles) as a function of excitation density. The orange solid lines indicate
a linear dependency, the green solid lines indicate a quadratic dependency [46].
The peaks 𝑋 and 𝑋 − show a rather linear behavior indicated by the orange solid line, as
expected for an excitonic feature. In contrast, the

𝐿1
⁄𝑋𝑋 peak exhibits a linear dependence at
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low excitation density, while for excitation densities larger than 25 𝑘𝑊⁄𝑐𝑚2 the data is well
described by a quadratic fit indicated by the green solid line in Fig. 22 (b). The differe nt
behavior for low and high excitation densities indicates that in fact, two different emission lines
are responsible for the observed 𝐿 1⁄𝑋𝑋 peak: at low excitation density, the main contributio n
to the PL at the 𝐿 1⁄𝑋𝑋 peak position stems from defect-bound excitons (𝐿 1). At high excitatio n
density, the biexciton (𝑋𝑋) emission is dominant.
As shown in Fig. 23 the 𝐿 1⁄𝑋𝑋 peak redshifts by about 10𝑚𝑒𝑉 in the investiga ted
excitation density range. This indicates that the 𝐿 1 emission from defect-bound excitons at low
excitation density is at a higher energy than the biexciton emission at high excitation density.
Local heating induced by the laser as a source of the redshift for the 𝐿 1⁄𝑋𝑋 , since neither 𝑋 −
or 𝑋 peaks show a slight blueshift [46].

Figure 23: PL peak position for 𝑋, 𝑋 − and

𝐿1
⁄𝑋𝑋 peaks as a function of excitation density [46].

To obtain deeper physical insight into the biexciton state, Fig. 24 (a) represents the fourparticle states. Although, biexciton states are a part of transition metal dichalcogenides
(TMDC). A monolayer of these materials has a distinctive character of the electron- hole
interaction (e-h). Strongly inhomogeneous dielectric environment gives rise to a non-local
screening effect for the e-h interaction potential. The screening is strong at a short range, but
weak at a long range. The nature of biexciton state consists of two distinct excitons, each with
a Bohr radius equal to that of a single exciton (1𝑛𝑚), separated by a distance three times larger
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(Fig. 24 (b). Given the large separation between charges, the screening of the Coulomb
interaction will be strongly influenced by external media, rather than the intrinsic screening of
the 𝑊𝑆2 monolayer. We expect the biexciton states to be particularly sensitive to the nature of
the surrounding media [50].

Figure 24: Real-space representation of biexcitons. (a) Biexcitons as four-body quasiparticles.
With increasing exciton density biexcitons are formed from excitons. (b) Biexcitons onto the
𝑊𝑆2 plane. The red regions indicate distribution of the total charge of the two electrons in the
biexciton when the two holes (blue peaks) are fixed at a typical separation of 3,3𝑛𝑚 (the scale
bar is 1𝑛𝑚) [50].
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I.3 Chemical doping of monolayer 𝑊𝑆2
The transition metal dichalcogenides exhibit a wide range of electronic, optical,
mechanical, chemical and thermal properties. A certain topic of doping is discussed in more
detail here. The richness in the electronic properties of two dimensional transition metal
dichalcogenides makes them an ideal platform for a multitude of applications. There is an
ability to control the doping of semiconducting 2D layered materials to selectivity form p- and
n-type regions. After theoretical calculations a scientific group started their study by calculating
the displacement threshold energy 𝑇𝑑 (the minimum initial kinetic energy of the recoil atom)
for sputtering an atom from the material. An initial velocity was assigned to the recoil atom
(corresponding to the instantaneous momentum transfer from the electron to the atom during
the impact). After proving that vacancies can be created in TMDs, under electron irradiatio n,
they calculated the formation energy of substitutional defects on 𝑀𝑜𝑆2. They listed the
formation energies with different potentials of the isolated atoms. So the candidate dopants,
which can fill the vacancy of an S atom are the following: F, Cl, Br, N, P, As, I [51].

Figure 25: A simulation of atom sputtering from tungsten disulfide under electron irradiation
[51].
In practice, the initial kinetic energy of the recoil atom was increased until it was high
enough for the atom to be displaced from the lattice site without an immediate recombinatio n
with the resulting vacancy.
𝑇𝑑 was required for displacing a chalcogen atom from the bottom layer of the sheet. The
vacancy formation energy can be defined as:
𝐸𝑓 = 𝐸𝑣𝑎𝑐 − (𝐸𝑏𝑢𝑙𝑘 − 𝜇𝜒)

(13)
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where 𝐸𝑏𝑢𝑙𝑘 and 𝐸𝑣𝑎𝑐 are the energies of the pristine and vacancy containing supercells,
respectively. The chemical potential 𝜇𝜒 of the chalcogen species is taken as the energy of an
isolated atom to enable a straightforward comparison with the results of dynamical simulatio ns.
The dependence of trion and exciton emission on chemical doping are investigated in
single- layer 𝑊𝑆2 by micro-PL measurements, where different responses are observed. The total
PL is strongly influenced when electron-withdrawing molecules adsorb on monolayer 𝑊𝑆2 .
The electrical transport data suggest that the exfoliated monolayer 𝑊𝑆2 is naturally n-type
semiconductor and clearly delineates that the electron concentration decreases when the
electron-withdrawing dopant interacts with 𝑊𝑆2 [52]. Note that B exciton feagure is not
measured under 532𝑛𝑚 (2.33𝑒𝑉) laser excitation,

which we use for our micro- PL

measurements, in this thesis. The PL spectra under successive doping shows that the 𝑋 − and
𝑋 emission changes differently with doping. The 𝑋 is influenced, while the 𝑋 − is nearly
unchanged [52].
As known, in a typical micro-Raman spectra of monolayer 𝑊𝑆2 , the out of plane 𝐴1𝑔
mode is susceptible to the changing effect and red shift with electron doping, but the in-plane
1
𝐸2𝑔
is not affected by the doping effect, which is due to the strong electron-phonon coupling
1
with the out of plane mode. On the contrary, the 𝐸2𝑔
mode has been shown to be sensitive to

strain and red shifted with the increase of both uniaxial and biaxial strain, while the 𝐴1𝑔 mode
remains unchanged [52]. Our experiments depend on photochemical doping with chlorine and
nitrogen. In chapter II, we will discuss about the interaction between chlorine and nitrogen
atoms with monolayer 𝑊𝑆2 .
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I.4 Experimental methods
This chapter provides a description of some fabrication tools used in this work. Measurement
and imaging used for evaluation of experimental work.

I.4.1 Preparation of single-layered and multilayered WS2 nanosheets by
micromechanical exfoliation
There are many methods to prepare nanosheets of 𝑊𝑆2 including mechanical exfoliatio n,
chemical vapor deposition and sonication. Mechanical exfoliation is the most efficient way to
produce nanosheets of transition metal dichalcogenides, because with this method we can
produce the cleanest, highly crystalline and atomically thin nanosheets. The most common class
of crystalline structures that can be exfoliated to stable single layers are the layered van der
Waals solids. These structures are covalently or ionically connected with their neighbors within
each layer, whereas the layers are held together via van der Waals forces along the third axis.
The energies of van der Waals are weak (40 − 100𝑚𝑒𝑉), so the exfoliation can be take place.
The first step, in this method, is to extract the crystal from the main part, by using adhesive
scotch tape. A small piece of the bulk crystal 𝑊𝑆2 is being put on the sticky side of a piece of
adhesive tape. This is followed by repeated folding and unfolding of the tape to produce thin
flakes. The tape is then pressed onto a silicon substrate covered by a 290𝑛𝑚 thick 𝑆𝑖𝑂2 layer
[7].

Figure 26: (a) 𝑊𝑆2 can be mechanically exfoliated using scotch tape to create monolayer
samples, similarly to graphene [53]
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Figure 26: (b), (c) optical microscope images of representative 𝑊𝑆2 monolayer flakes [54].
The tape is then removed from the substrate, leaving behind some atomically thin 𝑊𝑆2
flakes. We can use optical microscope for optical identification of single- layer and multilayered
𝑊𝑆2 nanosheets that are randomly located on the substrate. A wide variety of thin and thick
𝑊𝑆2 flakes can be identified by the optical contrast between the material and the oxidized
substrate. Single- layer can be isolated with this method and it appears with a light purple color
on a 290nm SiO 2 /Si substrate. This type of substrate provides a high optical visibility of single layers. The size of the flakes is in the order of 1 to10𝜇𝑚 [7]. Nevertheless, this method is not
appropriate for practical applications on a large scale because it is not possible to control the
size and the thickness of the produced flakes. Raman spectroscopy is extensively used in the
literature to identify monolayer sample regions [55].
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I.4.2 Experimental set up of Raman spectrometer
In a typical setup, a laser beam is aligned to interact with the specimen and the scattered
photons are collected to measure the shifts in energy caused by inelastic scattering. The Thermo
Scientific, Nicolet Almega XR Micro Raman analysis system used in this work allows both
microscope and macro imaging with microscope magnification up to 100x [56]. A diodepumped solid-state laser (473𝑛𝑚), with maximum output of 50𝜇𝑊 was focused on the
objective lens on an optical microscope attached with the Raman spectroscope [57].
A typical Raman spectrometer is composed of: a laser a microscope and a spectrometer.
A schematic overview of the setup is presented in Fig. 27.
The laser passes through a beam splitter and is focused on the sample with a microscope
objective lens. Then, the back scattering light is guided to the analyser through a combinatio n
of optics elements, which register the spectrum of scattered light. As the laser enters the sample,
elastic and inelastic scattering occurs. A filter cuts out the Rayleigh emission. A lens focuses
the beam on a slit aperture which cuts out the rays coming from other layers of the sample. The
beam is diffracted by a high resolution grating (2400 𝑙𝑖𝑛𝑒𝑠⁄𝑚𝑚 ), which analyses the signa l.
The CCD sensor converts the incoming photons into an electrical signal. The result from the
software is a spectrum with a number of counts assigned to each resolvable energy [57].

Figure 27: Schematic of the set up used for the Raman Micro-Spectroscopy measurements.
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I.4.3 Experimental set up of photoluminescence spectrometer
The experimental setup includes:
a) the optical path for the orientation of excitation beam and collection the emitted
radiation of the samples.
b) the measuring system for the collection and analysis of signal.
c) the cryostat. For the measurements the sample is placed in an optical cryostat. It is
mounted on motorized x-y translation stages.
The sample is illuminated by a diode pumped solid state laser (DPSS) emitting at
532𝑛𝑚, Nd: Yag. It is a continuous wave laser which was used as an excitation source. The
photon energy is 2.33𝑒𝑉 and the average output power is 19.9𝑚𝑊𝑎𝑡𝑡. The energy of the beam
was controlled via a combination of a waveplate, a linear polarizer and a series of neutral density
filters, while the polarization direction was controlled via a λ/2 waveplate. The sample is placed
inside a cryostat which permits experiments at very low (𝑇 = 79𝐾) and room temperature (𝑇 =
295𝐾) as well as vacuum (< 0.2𝑃𝑎 𝑜𝑟 2 × 10−6 𝑏𝑎𝑟) conditions.
The reflected beam from the sample is passing through a lens with focal length of 40mm.
This lens collects and leads the emitted radiation at the entrance of the spectrometer. The
analysis of the emitted radiation wavelength of the samples takes place in the grating
spectrometer and recorded by a digital silicon CCD camera, which is connected to a computer.
The micro-PL spectra have been recorded using the spectrometer. The signal analyzed by a
600 𝑔𝑟𝑜𝑜𝑣𝑒𝑠⁄𝑚𝑚 grating and detected with a nitrogen-cooled charged couple device camera
CCD. Also, the signal was dispersed by a 0,75𝑚𝑚 spectrograph. Excitation and collection was
implemented using an external microscope quartz objective lens 40 × 0.65 giving a typical spot
diameter of ≃ 1𝜇𝑚 , which we can focus on the area of the sample where we want study.
The experimental setup of micro-PL system allows the detailed record of spectrums
with maximum analysis via the spectrometer. This is achieved with the focusing of incident
radiation on a very small region of the sample and the collection of emitted micro-PL from the
corresponding region.
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Figure 28: Illustration of the experimental setup for the study of micro-photoluminescence at
monolayer 𝑊𝑆2 .
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I.4.4 Experimental setup for photochemical doping Tungsten disulfide(𝑊𝑆2 ) in
chlorine (𝐶𝑙2 ) and nitrogen (𝑁𝐻3) environment.
This section refers to the enrichment of monolayer tungsten disulfide on substrates
𝑆𝑖𝑂2 /𝑆𝑖 with chlorine and nitrogen. The laser we use for our irradiations is the KrF excimer
laser, 248𝑛𝑚. An excimer laser uses a combination of a noble gas (krypton Kr, argon Ar, or
xenon Xe) and a reactive gas (fluorine F or chlorine Cl). Under the necessary electrical impulses
and high pressure conditions, a pseudo molecule called “excimer” (excited dimer) is formed.
This can exists only in an active state and enables laser irradiation in the ultraviolet range (UV).
In an excimer molecule, laser action can occurs because it has a bonding excited state
but not repulsive ground state. This is because noble gases such as krypton or xenon are inert
gasses and often do not form chemical compounds. However, in an excited state (which is
affected by a high energy electron beam producing high energy pulses) they can temporarily
form bonding molecules with themselves (dimers) or halogens such as fluorine F or chlorine
Cl. The stimulated compound can give the excess energy of spontaneous or stimulated emissio n
leading the molecule to a strong repulsive ground state, which rapidly (on the order of
picoseconds) is separated into two non-bonding atoms. This process is called population
inversion.
A fluoride-krypton (KrF) laser absorbs energy from the source causing the krypton gas
to react with the fluorine gas generating the fluoride-krypton, a temporary composite, at an
excited energy state.
2𝐾𝑟 + 𝐹2 → 2𝐾𝑟𝐹

(14)

This composite, with spontaneous or stimulated emission, can reduce its energy state to ground
states. The ground state of this composite quickly separated into two non-bonding atoms.
2𝐾𝑟𝐹 → 2𝐾𝑟 + 𝐹2

(15)

The result is an excimer laser that radiates energy at 248nm, in the near ultraviolet range, which
emits radiation. The energy of radiation is the difference between ground and excited state of
KrF composite [58].
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Figure 29: Experimental setup used for doping 𝑊𝑆2 in chlorine or nitrogen environment with
KrF excimer laser.

As shown in figure 29, the laser beam impinges on a mirror and then incident on a
second mirror. It passes through an iris until it reaches a lens with focal length 20cm, which
focuses the laser beam on the sample. The sample is located in a quartz cell. The pulse has
repetition rate 10Hz. Adjust the iris so the spot size of laser reaches the cell is about 7𝑐𝑚2 [58].
We place the sample in the quartz cell and after seal it, we are waiting for low vacuum to be
created (1.3 ∙ 10−3 𝑚𝑏𝑎𝑟). The vacuum pump is connected with the cell and the controller. The
controller has a panel which it helps us to see the conditions in the cell. The cell also, is
connected with the manometer. The needle of manometer points the depletion and release of
helium, before the radiation in quartz cell. The helium gas clean the cell before we radiate the
sample with chlorine (𝐶𝑙2 ) or nitrogen (𝑁𝐻3 ). The gas pressure of chlorine or nitrogen in the
cell is about 150𝑚𝑏𝑎𝑟. We irradiate the sample for 6 seconds, so the total number of pulses
that the sample accepts is 60. We study the behavior of a representative number of monolayer
tungsten disulfide under electron irradiation and calculate the threshold energy for atomic
displacements in each system. After some tests, we conclude that the energy damage threshold
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for crystal tungsten disulfide on 𝑆𝑖𝑂2 /𝑆𝑖 is 76𝑚𝐽. If the energy overcomes this number, we will
notice damage in the regions of crystal who are interested to study. Therefore, the energy ranges
from 40 to 76𝑚𝐽. With these limits of energy, the fluence respectively range from 5.70 𝑚𝐽⁄𝑐𝑚2
to 10.85 𝑚𝐽⁄𝑐𝑚2 .
The formula we use to calculate the fluence is:

𝑓𝑙𝑢𝑒𝑛𝑐𝑒 =

𝑒𝑛𝑒𝑟𝑔𝑦
𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑒𝑎𝑚

(16)

Figure 30: The quartz cell connected with vacuum pump, manometer and controller
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II.

Experimental results and discussion
This chapter is divided into two sections. The first section refers to doping of 𝑊𝑆2
monolayer which is mounted on 𝑆𝑖𝑂2 substate, with chlorine (𝐶𝑙2 ) and nitrogen ( 𝑁𝐻3). The
laser which is used for our irradiation is the KrF excimer laser, 248𝑛𝑚. The procedure is as
follows: the first step is the identification of monolayer region by micro-Raman spectroscopy.
We define the pre-irradiated sample as pristine sample. The second step is the characteriza tio n
of the region through micro-photoluminescence spectroscopy. The third step is the irradiatio n
treatment in chlorine and nitrogen environment. Finally, Raman and micro-photoluminesce nce
spectroscopic techniques are exploited to evaluate the effect of the chemical doping of the
samples.

II.1 Sample characterization
Single layer regions with size ~8𝜇𝑚 are identified with an optical microscope and
confirmed with micro-Raman (Thermo Scientific, Nicolet Almega XR) spectroscopy at room
temperature (300K). Micro-Raman spectroscopy uses the 473𝑛𝑚 excitation wavelength. In this
procedure the laser intensity is kept in low values in order to avoid structural damage of the
1
monolayer region. The energy difference between the two main vibrational modes (i.e. 𝐸2𝑔
and
1
𝐴1𝑔 ), is used as the fingerprint of the number of layers [14]. As mentioned in chapter I.2.4, 𝐸2𝑔

is the in-plane and 𝐴1𝑔 the out-of-plane vibrational mode whose energy at the monolayer limit
is ~357𝑐𝑚 −1 and ~416𝑐𝑚−1, respectively. Figure 31 shows a typical optical image of flakes
obtained by mechanical exfoliation on 290𝑛𝑚 Silicon oxide. Typical Raman spectra of
monolayer at T=300K are shown in Fig. 32. All the Raman spectra presented here, are calibrated
on the basis of Si Raman peak at 520𝑐𝑚 −1 . The 58𝑐𝑚 −1 energy difference of these two
vibrational modes unambiguously confirms the existence of a single-layer 𝑊𝑆2 . The lateral size
of the monolayer in Fig. 31 is about 13μm.
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Figure 11: Confocal microscope image of a representative exfoliated 𝑊𝑆2 sample. Arrow
indicates monolayer region and white circle indicates approximate optical probe size.

A typical resonant Raman spectrum taken at 300K is presented in Figure 32. Two strong
features are observed. A single resonance peak at 415.38𝑐𝑚 −1 , which corresponds to the
𝐴1𝑔 mode in a single- layer of tungsten disulfide, together with a more complicated feature
observed around 350𝑐𝑚 −1 . It is composed of two features: a peak at 343.54𝑐𝑚−1 accompanied
1
by a stronger peak 357.044𝑐𝑚−1 corresponding to the 𝐸2𝑔
mode in a single- layer 𝑊𝑆2 . The
1
58.336𝑐𝑚 −1 energy difference between 𝐴1𝑔 and 𝐸2𝑔
confirmes the single-layer character of
1
the sample. The presence of an additional peak in front of 𝐸2𝑔
mode has been reported for bulk

crystals and very recently for single- layer 𝑊𝑆2 . This peak has been assigned to a second order
Raman resonance involving longitudinal acoustic phonons (2LA). The separation between 𝐴1𝑔
1
and 2LA is 71.84𝑐𝑚 −1 . However the separation between the 2LA and 𝐸2𝑔
modes is only

13.5𝑐𝑚 −1 . This feature involving two LA phonons from the M-point in the Brillouin zone. This
LA phonon is similar to that seen in Raman scattering from folded acoustic phonons observed
in superlattices. While our measurement is configured in backscattered geometry, the 𝑊𝑆2
monolayer is on 𝑆𝑖𝑂2 /𝑆𝑖 substrate and therefore some incident light is transmitted through the
𝑊𝑆2 and then is reflected from the silicon substrate and returned in a Raman forward-scattering
geometry. This produces a mixed forward and backward scattering result and may contribute
to the broadened line shape of the 2LA(M) mode [34].
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Figure 32: Raman spectra at 300K for monolayer 𝑊𝑆2 . The energy separation between the in1
plane 𝐸2𝑔
and out-of-plane 𝐴1𝑔 is 58𝑐𝑚 −1 , characteristic of single layer.
Figure 33 shows a typical micro-PL spectrum of monolayer WS2 .The three peaks are located
at 2.033𝑒𝑉, 2.048𝑒𝑉 and 2.092𝑒𝑉, which represent the biexciton, charged and neutral exciton.
The charged exciton (trion) is a recombination state of two electrons and one hole. The trion is
denoted by 𝑋 ± , depended on the sign of the net charges on the quasiparticle.
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Figure 33: A typical micro-PL spectrum of monolayer 𝑊𝑆2 . The black line is experimental
data. The red, green, blue and light blue curves are three fitted Gaussian function profiles and
the purple curve is the simulation of the fitted functions.

II.2 Photochemical doping of mechanically exfoliated monolayer 𝑊𝑆2 with 𝐶𝑙2
and 𝑁𝐻3
As shown in Fig. 29 the laser beam is first reflected by a mirror and then passes through
an attenuator, which controls the laser energy. Subsequently, the laser beam hits a second mirror
and passes through an iris until it reaches a lens with focal length 20𝑐𝑚, which focuses the laser
beam onto the sample. The sample is located in a quartz cell. We change the shape of the beam
in addition to become square and approximately 7𝑐𝑚2 . So, after micro-Raman and micro- PL
measurements, we start the radiation with a KrF excimer laser at 46𝑚𝐽 energy and 60 pulses,
to achieve a fluence of 6.5

𝑚𝐽
⁄𝑐𝑚2 . The damage threshold of 𝑊𝑆2 is estimated to be about

10 𝑚𝐽⁄𝑐𝑚 2 . The laser has a repetition rate of 10Hz and the irradiation lasts 6 seconds.
Because chlorine is a highly reactive and toxic gas, a trap with liquid nitrogen is
necessary. The aim of the operation is to trap the chlorine atoms s they will never reach the
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vacuum pump. We always clean the chamber carefully with helium and draw the gas to achieve
low-pressure conditions before adding chlorine atoms. The irradiation takes place in a
150𝑚𝑏𝑎𝑟 chlorine environment. The procedure is the same for the irradiation in rich nitroge n
environment.

II.3 Results before and after photochemical doping with 𝐶𝑙2
In this section we will discuss the results of the chlorine doping of single- layer 𝑊𝑆2 .
Raman and micro-PL spectroscopy, was utilized to evaluate the photochemical doping of the
single- layer 𝑊𝑆2 with chlorine atoms. Chlorine is considered to be an excellent candidate as a
dopant for two dimensional materials. Seven valence electrons are available to form strong
valence bonds with sulfur atoms. Our initial and final Raman and micro-PL measurements,
shown in charts below.

Figure 34: Micro-Raman spectra at T=300K for 𝑊𝑆2 𝑜𝑛 𝑆𝑖𝑂2 /𝑆𝑖 before and after
photochemical doping with 𝐶𝑙 2. Black line for the pristine and red for the irradiated sample.
Dot lines show the shift of the peaks. (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4, (e)
sample 5.

58

1
Table 1: The following table, the characteristics of Raman peaks 𝐸2𝑔
, 𝐴1𝑔 before and after
photochemical doping with 𝐶𝑙 2, are summarized for all the samples. Data refer to peak position,
intensity and FWHM.
Samples

1
𝐸2𝑔
(𝑐𝑚−1 )

1
Intensity 𝐸2𝑔

(counts)
Before

FWHM
1
𝐸2𝑔

𝐴1𝑔 (𝑐𝑚−1)

−1

(𝑐𝑚 )

Intensity 𝐴1𝑔

FWHM

(counts)

𝐴1𝑔 (𝑐𝑚−1)

357.52

29282

5.74

417.30

19820

8.88

357.52

25627

7.50

417.79

19345

11.6

357.52

25120

6.20

417.30

20918

10.37

358.00

23358

5.91

418.27

17017

11.43

357.04

40228

7.76

416.82

24795

14.24

358.97

1470

8.56

419.71

1509

7.06

357.04

33024

6.98

415.86

18452

13.83

357.52

22335

5.64

417.30

20975

12.51

356.56

111711

5.20

416.82

117860

9.42

357.04

54847

5.94

416.82

42106

12.48

radiation (1)
After
radiation (1)
Before
radiation (2)
After
radiation (2)
Before
radiation (3)
After
radiation (3)
Before
radiation (4)
After
radiation (4)
Before
radiation (5)
After
radiation (5)
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Figure 35: Peak frequencies of the 𝐸2𝑔
and 𝐴1𝑔 mode before and after photochemical doping
with 𝐶𝑙2 , for samples 1-5.

Raman spectroscopy has been utilized to evaluate the doping treatment of the 𝑊𝑆2
monolayer, since vibrational energy is renormalized due to electron-phonon interactions [59].
From Fig. 34-35 and after data analysis, it is found that 𝐴1𝑔 modes blue shift after
1
photochemical doping in chlorine environment. Compared to A1g, the 𝐸2𝑔
Raman band position

is much less affected by the doping, due to stronger electron-phonon coupling of the 𝐴1𝑔 mode.
The strain effect in the chlorine doped monolayer 𝑊𝑆2 is negligible. The adsorption of chlorine
molecules reduces the electron concentration in monolayer 𝑊𝑆2 . All the Raman bands show
weaker intensities after radiation treatment because of defect introduction to the monolayer
𝑊𝑆2 structure.
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Figure 36: Normalized to intensity micro-PL spectra. Comparison before and after
photochemical doping with 𝐶𝑙 2. The excitation laser wavelength here is 532𝑛𝑚. Measurements
were performed at temperature T=78Kelvin. The laser power is 21𝑚𝑖𝑐𝑟𝑜𝑊𝑎𝑡𝑡𝑠,
approximately. Black line represents the pristine and red the irradiated sample. Dot lines show
the shift of the peaks. Spectrum scope of (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4,
(e) sample 5.
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Table 2: In this table, the characteristics of micro-PL peaks 𝑋𝑋, 𝑋 − and 𝑋 before and after
photochemical doping with 𝐶𝑙 2, are summarized for all the samples. Information relate to nonnormalized charts and give the values for peak position, intensity and FWHM.
Samples

XX (𝑒𝑉)

Intensity

FWHM of

of XX

XX (𝑚𝑒𝑉)

𝑋− (𝑒𝑉)

Intensity of

FWHM

𝑋− (cps)

of 𝑋 −

(cps)
Before

X (𝑒𝑉)

Intensity

FWHM

of X (cps)

of 𝑋 −

(𝑚𝑒𝑉)

(𝑚𝑒𝑉)

2.031

17500

13

2.045

20700

15

2.091

267

6

2.026

2280

19

2.046

2040

23

2.076

287

27

2.031

19400

18

2.044

11502

9

2.087

695

6

2.017

65

50

2.046

105

38

2.074

233

37

2.031

19300

18

2.046

20480

13

2.090

480

4

2.031

3469

19

2.047

4345

15

2.070

804

33

2.032

18800

17

2.048

22930

12

2.091

660

17

2.034

1700

20

2.051

2219

15

2.078

539

27

2.032

11820

13

2.048

19700

12

2.092

416

10

2.031

1433

15

2.048

1837

15

2.079

90

17

radiation
(1)
After
radiation
(1)
Before
radiation
(2)
After
radiation
(2)
Before
radiation
(3)
After
radiation
(3)
Before
radiation
(4)
After
radiation
(4)
Before
radiation
(5)
After
radiation
(5)
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Figure 37: The trion dissociation energy, 𝛥𝛦 = 𝐸𝑋 − 𝐸𝑋− , before (black bullets) and after
radiation (red bullets) in chlorine environment.
The dependence of trion (𝑋 − ) and exciton (𝑋) before and after photochemical doping
with Cl2 is investigated in monolayer 𝑊𝑆2 with micro-PL measurements. Fig. 36 shows the
micro-PL spectra and the table 2 sums up the results. The PL spectra in Fig. 36 indicate that the
𝑋 − and 𝑋 emission behave differently with chlorination doping. Specifically, the peak position
𝑋 red shifts after radiation, while that of 𝑋 − remain almost unchanged with doping. Clear
quenching and red shift of the 𝑋 exciton peak from the micro-PL spectra is observed. The
typical trion dissociation energy, ΔΕ, defined as the energy difference between 𝑋 and 𝑋 − , is
found to be larger before radiation (Fig. 37). The PL intensity is reduced when monolayer 𝑊𝑆2
is covered with dopants. The experimental results can be explained by a Fermi level shift after
photochemical doping with 𝐶𝑙 2 . It should be noted that FWHM increases after the radiation.
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II.4 Results before and after photochemical doping with 𝑁𝐻3
In this section, we follow the same procedure with section II.3, but here our target is
nitrogen enrichment in single- layer 𝑊𝑆2 . Changes of Raman and micro-PL spectra, after
radiation in nitrogen environment, would indicate possible nitrogen doping of single-layer 𝑊𝑆2 .
Nitrogen is considered to be an excellent candidate for the photochemical doping of two
dimensional materials. Five valence electrons are available to form strong valence bonds with
sulfur atoms. Micro-Raman and micro-PL spectra are shown below.

Figure 38: Micro-Raman spectra at T=300K for 𝑊𝑆2 𝑜𝑛 𝑆𝑖𝑂2 /𝑆𝑖 before and after
photochemical doping with 𝑁𝐻3 . Black line for the pristine and blue for the irradiated sample.
Dot lines show the shift of the peaks. (a) sample 6, (b) sample 7 up, (c) sample 7 center, (d)
sample 7 down, (e) sample 8
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Table 3:The characteristics Raman peaks 𝐸2𝑔
, 𝐴1𝑔 before and after photochemical doping with
𝑁𝐻3 , are summarized for all the samples. Data refer to peak position, intensity and FWHM.
Samples

1
𝐸2𝑔
(𝑐𝑚−1 )

1
Intensity 𝐸2𝑔

(counts)
Before

FWHM
1
𝐸2𝑔

𝐴1𝑔 (𝑐𝑚−1)

−1

(𝑐𝑚 )

Intensity 𝐴1𝑔

FWHM

(counts)

𝐴1𝑔 (𝑐𝑚−1)

358.00

4453

10.53

418.26

3702

7.76

358.49

11210

6.91

419.23

10365

10.14

357.04

6913

6.15

415.38

4139

12.51

357.52

23210

4.82

417.30

19272

7.86

357.04

6907

5.83

415.38

4084

12.02

357.04

85175

7.80

416.34

40062

13.34

357.04

7471

5.87

415.38

4032

12.30

357.04

48470

5.46

416.82

26824

10.59

356.56

6627

4.63

416.34

7420

8.87

356.56

19480

8.98

415.38

13984

12.62

radiation (6)
After
radiation (6)
Before
radiation (7)
up
After
radiation (7)
up
Before
radiation (7)
center
After
radiation (7)
center
Before
radiation (7)
down
After
radiation (7)
down
Before
radiation (8)
After
radiation (8)
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Figure 39: Peak frequencies of the 𝐸2𝑔
and 𝐴1𝑔 mode before and after photochemical doping
with 𝑁𝐻3 , for samples 6-8.

For the sample 7, we took micro-Raman measurements from three different areas
(Fig.31). Graph 39 illustrates the peak frequency as a function of sample number, we rename
the sample 7 for the region up, center and down as 7, 8, 9 and the sample 8 as sample 10.

From Fig. 38 and 39 and after data analysis, it is found that the 𝐴1𝑔 mode slightly blue
shifts by ~1.5 𝑐𝑚 −1 after photochemical doping with 𝑁𝐻3 . A blue shift of ~0.5𝑐𝑚−1 for the
1
in plane mode 𝐸2𝑔
is observed. This value is within our experimental error. The strain effect in

nitrogen doped monolayer 𝑊𝑆2 is negligible. The adsorption of nitrogen molecules reduces the
electron concentration in monolayer 𝑊𝑆2 . All the results were measured in the exact same area
of the monolayer for each sample. All Raman bands showed stronger intensities after
photochemical doping. A possible reason that we can observe a strong intensity is the structural
healing which is achieved after photochemical doping with 𝑁𝐻3 . The FWHM of out of plane
mode remarks increasing after radiation in nitrogen environment.
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Figure 40: Normalized to intensity micro-PL spectra. Comparison before and after
photochemical doping with 𝑁𝐻3 . The excitation laser wavelength here is 532𝑛𝑚.
Measurements were performed at temperature T=78Kelvin. The laser power is
21𝑚𝑖𝑐𝑟𝑜𝑊𝑎𝑡𝑡𝑠, approximately. Black line for the pristine and blue for the irradiated sample.
Dot lines show the shift of the peaks. (a) sample 6, (b) sample 7, (c)sample 8.

Table 4: In this table, the characteristics micro-PL peaks 𝑋𝑋, 𝑋 − and 𝑋 before and after
photochemical doping with 𝑁𝐻3 , are summarized for all the samples. The data relate to nonnormalized charts and give the values for peak position, intensity and FWHM.
Samples

Before

XX (𝑒𝑉)

𝑋− (𝑒𝑉)

Intensity

FWHM

of XX

of XX

Intensity

FWHM

Intensity

FWHM

of 𝑋− (cps)

of 𝑋 −

(cps)

(𝑚𝑒𝑉)

2.031

46600

33

2.049

15520

9

2.034

8943

31

2.052

1167

2.027

58975

13

2.046

2.039

32601

57

2.034

46530

2.032

39890

X (𝑒𝑉)

of X

of 𝑋 −

(𝑚𝑒𝑉)

(cps)

(𝑚𝑒𝑉)

2.087

1800

13

10

2.086

589

18

12136

11

2.080

354

5

2.046

11623

12

2.093

98

36

20

2.047

28801

9

2.093

974

13

24

2.048

15070

15

2.092

334

6

radiation
(6)
After
radiation
(6)
Before
radiation
(7)
After
radiation
(7)
Before
radiation
(8)
After
radiation
(8)
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Figure 41: The trion dissociation energy, 𝛥𝛦 = 𝐸𝑋 − 𝐸𝑋− , before (black bullets) and after
radiation (blue bullets) photochemical doping with 𝑁𝐻3 .
The dependence of trion (𝑋 − ) and exciton (𝑋) on photochemical doping with nitroge n
is also investigated. Fig. 40 illustrates the micro-PL spectra and the table 4 sums up the results.
The PL spectra in Fig. 40 shows that the peak position 𝑋 slightly red shifts after radiation, while
that of 𝑋 − remain almost unchanged with doping. The PL intensity is reduced when monolayer
𝑊𝑆2 is covered with dopants and FWHM of the peaks shows a systematic increase after the
radiation.
The typical trion dissociation energy, ΔΕ, is found to be larger before radiation (Fig.
41). The PL intensity is reduced when monolayer 𝑊𝑆2 is covered with dopants.
The samples after radiation in chlorine and nitrogen environment seem to have similar
results. It is obvious that the samples after chlorine radiation have greater changes than the ones
with nitrogen.
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II.5 Micro-PL temperature dependence before and after photochemical doping
with 𝐶𝑙2 and 𝑁𝐻3
To further understand the properties of excitonic peaks appearing in a spectrum measured
at T=78K, we performed temperature dependent micro-PL measurements.
Figures 42 and 43 show micro-PL spectra of single layer WS2 for various temperatures,
before and after laser irradiation in chlorine environment (black and red lines respectively). In
these measurements the laser excitation power is kept at 20μW. The laser excitation wavelength
is 532nm. The red labels on the graph display the intensity decrease after irradiation. In addition
to compare the graphs due to the great difference in magnitude of intensity we had to normalize
them.
The PL emission lines between 1.9 − 2.0 𝑒𝑉, are attributed to localized excitons, which
do not survive in temperatures higher than 100K.. This feature is usually considered as an
evidence of disorder-related effects [60]. Also, at low temperatures, the spectra consist of one
peak at 2.03𝑒𝑉, which is assigned as a molecule of two excitons called “biexciton” (𝑋𝑋). This
peak is clear and sharper after radiation.
Peaks, which we attribute to the trion (𝑋 − ) and exciton (𝑋) are presented for all
temperatures. Even at room temperature, these peaks, can be separated due to their small
linewidth. As the temperature rises, both micro-PL peaks experience a red shift (Fig. 44), in
accordance with Varshni equation (eq. 11), which describes the change of the bandgap with
temperature in a large variety of semiconductors. We assume that the trion and exciton binding
energies are temperature independent. After this, we use equation 11, from chapter I.2.5, to fit
the PL peak positions extracted for each temperature, as depicted in Fig. 44. The
phenomenological peak parameters 𝑎 and 𝑏 are displayed on the graph. The fit matches with
𝐸𝑔 (0) = 2.06𝑒𝑉 for 𝑋 − and 𝐸𝑔 (0) = 2.1𝑒𝑉 for 𝑋. After radiation in chlorine environme nt,
both peaks experience a red shift for all temperatures.
By tuning the Fermi level in our samples, we can assign the 2.045𝑒𝑉 peak to trion
emission and the 2.08𝑒𝑉 PL peak to exciton emission at T=78K. At low temperatures, we
observe the emergence of a lower energy peak (biexciton), which will be further discussed in
the next chapter.
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Figure 42: PL spectra of a single layer 𝑊𝑆2 (a), (b) pristine (c), (d) after photochemical doping
with 𝐶𝑙2 . Measured at different temperature intervals between 78K and 300K.
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Figure 43: Temperature-dependent micro-PL spectra of 𝑊𝑆2 normalized to intensity. Black
line represents the pristine and red line represents the irradiated sample in chlorine
environment. Dot lines show the shift of the peaks. Laser excitation wavelength is 532𝑛𝑚. On
the charts displays the loss of intensity after irradiation. The laser power is 21𝑚𝑖𝑐𝑟𝑜𝑊𝑎𝑡𝑡𝑠,
approximately. (a) 78Kelvin, (b) 100Kelvin, (c) 150Kelvin, (d) 200Kelvin, (e) 250Kelvin, (f)
300Kelvin.
Table 5: In this table, the characteristics of micro-PL peaks 𝑋𝑋, 𝑋 − and 𝑋 before and after
photochemical doping with 𝐶𝑙 2, are summarized for all the samples. Data relating to the study
on temperature dependence. Also, data correspond to non-normalized charts and give the
values for peak position, intensity and FWHM.
T emperature
(K)

XX (𝑒𝑉)

Intensity
of XX
(cps)

FWHM
of XX
(m𝑒𝑉)

𝑋 − (𝑒𝑉)

Intensity
of
𝑋− (cps)

FWHM
of 𝑋 −
(𝑚𝑒𝑉)

X (𝑒𝑉)

Intensity
of X
(cps)

FWHM
of 𝑋 −
(𝑚𝑒𝑉)

78 (before
radiation)
78 (after
radiation)
100 (before
radiation)

2.032

25200

13

2.044

27700

9

2.090

516

7

2.031

3573

20

2.047

4160

15

2.078

842

35

2.032

16570

20

2.043

25660

10

2.088

670

8

100 (after
radiation)
150 (before
radiation)

2.026

2395

19

2.041

3110

17

2.071

437

34

-

-

-

2.026

11550

22

2.074

605

15

150 (after
radiation)
200 (before
radiation)
200 (after
radiation)

-

-

-

2.026

2122

30

2.062

358

19

-

-

-

2.009

3544

25

2.058

337

24

-

-

-

2.009

1048

36

2.050

258

22

250 (before
radiation)
250 (after
radiation)
300 (before
radiation)
300 (after
radiation)

-

-

-

1.989

1530

32

2.042

144

32

-

-

-

1.985

585

43

2.034

130

26

-

-

-

1.971

785

36

2.023

92

39

-

-

-

1.966

242

45

2.018

60

33
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Figure 44: Exciton (𝑋) and trion (𝑋 − ) micro-PL peak energies as a function of temperature.
the dot lines represent the fits to experimental data following the Varshni equation. Black
squares and blue triangles represent the trion peak energies before and after radiation in
chlorine environment, respectively. Red and pink bullets represent the exciton peak energies
before and after photochemical doping with 𝐶𝑙 2, respectively.
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Figure 45: The trion 𝑋 − spectral width as a function of temperature is collected from micro-PL
measurements. Black bullets for pristine and red bullets after radiation in chlorine
environment.

Figures 46 and 47 show the micro-PL spectra of single layer WS2 for various
temperatures, before and after radiation in nitrogen environment (black and blue lines
respectively). The results seem to be the same with results of temperature dependence before
and after chlorination treatment. We observe a decrease in intensity with chemical doping, in
both cases. The red shift for peak 𝑋 is smaller in the case of nitrogen (Fig. 48 green bullets).
Full width half maximum (FWHM) as a function of temperature is plotted in Figure 45
and 49 before and after radiation in chlorine (Fig. 45) and nitrogen (Fig. 49) environment. The
rapid increase of the linewidth in T=100-150K (Fig. 45) and T=78-100K (Fig. 49) indicates a
crossover from non-thermalized to thermalized energy distribution of localized excitons. In Fig.
45, we observe a linear increase with temperature from T=150-300K. A quick increase of the
linewidth (Fig.49) at temperature T=100-150K can be explained due to the carriers become
progressively mobile above temperatures T=100K.
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Therefore, the carrier distribution narrows and the linewidth decreases. After T=150K , the role
of the regular thermalization of carriers starts to become more and more important, which
results in the linewidth increase at a lower rate up to the full-delocalized temperature of 𝑇𝑚𝑎𝑥 =
100𝐾. Finally, the linewidth increases markedly until 300K in thermalization of the carriers.
Additionally, it is obvious that after laser irradiation in chlorine and nitrogen environment the
linewidth of charged exciton (trion) is increased. The curves broaden with increasing
temperature. This is due to higher population of carriers (monolayer is more charged) and
interactions between them.

Figure 46: PL spectra of a single layer 𝑊𝑆2 (a), (b) pristine (c), (d) after photochemical doping
with 𝑁𝐻3 . Measured at different temperature intervals between 78K and 300K.
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Figure 47: Temperature-dependent micro-PL spectra of 𝑊𝑆2 normalized to intensity. Black line
represents the pristine and blue line represents the irradiated sample in nitrogen environment.
Dot lines show the shift of the peaks. Laser excitation wavelength is 532𝑛𝑚. On the charts
displays the loss of intensity after irradiation. The laser power is 21𝑚𝑖𝑐𝑟𝑜𝑊𝑎𝑡𝑡𝑠,
approximately. (a) 78Kelvin, (b) 100Kelvin, (c) 150Kelvin, (d) 200Kelvin, (e) 250Kelvin, (f)
300Kelvin.
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Table 6: In this table, the characteristics of micro-PL peaks 𝑋𝑋, 𝑋 − and 𝑋 before and after
photochemical doping with 𝑁𝐻3 , are summarized for all the samples. Data relating to the study
on temperature dependence. Also, data correspond to non-normalized charts and give the
values for peak position, intensity and FWHM.
T emperature
(K)

XX (𝑒𝑉)

Intensity
of XX
(counts)

FWHM
of XX
(m𝑒𝑉)

𝑋− (𝑒𝑉)

Intensity of
𝑋− (counts)

FWHM
of 𝑋 −
(𝑚𝑒𝑉)

X (𝑒𝑉)

Intensity
of X
(counts)

FWHM
of 𝑋 −
(𝑚𝑒𝑉)

78 (before
radiation)

2.034

34280

19

2.047

19868

10

2.093

916

6

78 (after
radiation)

2.032

34175

24

2.047

13615

12

2.091

974

5

100 (before
radiation)

2.031

40601

16

2.047

24340
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Figure 48: Exciton (𝑋) and trion (𝑋 − ) micro-PL peak energies as a function of temperature.
the dot lines represent the fits to experimental data following the Varshni equation. Black
squares and yellow triangles represent the trion peak energies before and after radiation in
nitrogen environment, respectively. Red and green bullets represent the exciton peak energies
before and after photochemical doping with 𝑁𝐻3 , respectively.
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Figure 49: The trion 𝑋 − spectral width as a function of temperature is collected from micro-PL
measurements. Black bullets for pristine and blue bullets after radiation in nitrogen
environment.
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II.6 Identification of biexcitons in monolayer 𝑊𝑆2 after photochemical doping
with 𝐶𝑙2
Samples in this section, are prepared by mechanical exfoliation of bulk crystal 𝑊𝑆2 on
𝑆𝑖𝑂2 /𝑆𝑖 substrates. Single layer regions are identified with an optical microscope as shown in
Fig. 50. Single layers are characterized with Raman spectroscopy. The monolayer size is
19.1𝜇𝑚 on y-axis and 5.8𝜇𝑚 on x-axis. Raman spectra are shown in Fig. 34 (e). The following
procedure took place after laser irradiation in chlorine environment. The purpose is the
identification of biexciton emission at 78K [46].

Figure 50: Confocal microscope image of a representative exfoliated 𝑊𝑆2 sample. The yellow
square indicates monolayer region. This is sample 5, the figure and the following measurements
taken after photochemical doping with 𝐶𝑙 2 with 𝑓𝑙𝑢𝑒𝑛𝑐𝑒 = 6.5 𝑚𝐽⁄𝑐𝑚2 .
At low (T=78K) and high (T=200K) temperature, we observe the emergence of a lowenergy peak, which we identify as a superposition of defect bound exciton and biexciton
emission by the power dependence of its emission intensity.
For low temperature measurements (T=78K) the sample is mounted in a cryostat. The
setup is the same setup of micro-PL which have described in section I.4.3. The cw laser used
for excitation are focused with a 40x microscope objective onto the sample. Laser excitatio n
wavelength is 532𝑛𝑚 (2.033𝑒𝑉). Here we demonstrate the existence of biexciton states in
monolayer 𝑊𝑆2 . The biexciton is identified as a sharply defined state in photoluminescence for
big range of power values at T=78K. To identify biexciton states, we have studied the
photoluminescence spectra at different power exciton densities. The higher power density was
229.29 𝑘𝑊⁄𝑐𝑚2 (1800𝜇𝑊𝑎𝑡𝑡𝑠) and the lowest 0.076 𝑘𝑊⁄𝑐𝑚2 (0.6𝜇𝑊𝑎𝑡𝑡𝑠). Figure 51
shows the PL spectra at T=78K for different excitation powers. Fig. 52 shows six characteristic
graphs selected from PL spectra from Fig. 51. It is obvious from Fig. 51 that the peak of
biexciton redshifts by about 10𝑚𝑒𝑉. The odd characteristic in Fig. 52 is that at low excitatio n
power the peak of charged exciton (𝑋 − ) is higher than the peak of biexciton (𝑋𝑋) (Fig 51 (a),
(b)). We observe that the two peaks have the same intensity at 36𝜇𝑊𝑎𝑡𝑡𝑠 (Fig 52 (c)). If we
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further increase the power, the biexciton peak is dominant (Fig 52 (d), (e)). Additionally, a
second low-energy peak around 2𝑒𝑉, may stem from defect-bound excitons. Its intensity
decreases compared to other peaks with increasing excitation power.

Figure 51: Micro-PL spectra of single layer 𝑊𝑆2 at T=78Kelvin for various excitation
densities. The experiment was performed after irradiation of sample in chlorine environment.
The excitation laser wavelength is 532𝑛𝑚. Dot lines illustrates the red shift of biexciton peak.
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Figure 52: Six characteristics micro-PL spectra of single layer 𝑊𝑆2 at T=78Kelvin for various
excitation densities. The experiment was performed after irradiation of sample in chlorine
environment. The excitation laser wavelength is 532𝑛𝑚. It is obvious that at low values of
power density, the peak of charged exciton (𝑋 − ) is dominant. At 60𝑚𝑖𝑐𝑟𝑜𝑊 both peaks
(𝑋𝑋, 𝑋 − ) have equal intensity, while at high values of power density the peak of biexciton (𝑋𝑋)
is dominant. The six power densities are (a) 12𝑚𝑖𝑐𝑟𝑜𝑊, (b) 30𝑚𝑖𝑐𝑟𝑜𝑊, (c) 36𝑚𝑖𝑐𝑟𝑜𝑊, (d)
60𝑚𝑖𝑐𝑟𝑜𝑊, (e) 105𝑚𝑖𝑐𝑟𝑜𝑊, (f) 600𝑚𝑖𝑐𝑟𝑜𝑊.
To have a better understanding about the biexciton nature we created the plots in Fig.
53. We extract the micro-PL intensity for 𝑋𝑋, 𝑋 − and 𝑋 for different excitation densities. These
values are same with these of graph in Fig. 51. The double logarithmic graph is displayed in
Fig. 53 (a). The dot lines represent the fits to the experimental data following the equation:
𝑦 = 𝑎 ∗ 𝑥𝑏

(17)

For biexciton (black squares) and trion (red bullets), we have double fitting. First, we
have the fitting for low excitation power and after for high excitation power. The XX intens ity
exhibits a linear dependence for low excitation power densities, while for higher values a
superlinear dependence of PL intensity to the power density occurs. 𝑋 − and 𝑋 present linear
behavior indicated by the red and blue dot lines, but we have a drop in deviation for trion (𝑋 − ) at
high excitation powers. Fig. 53 (b) shows a double logarithmic plot of neutral exciton’s (𝑋)
intensity as a function of biexciton’s intensity (XX) (black squares) and the intensity of neutral
exciton as a function of charged exciton intensity (𝑋 − ) (red bullets). In this graph, one can see
the different behavior of biexciton in compared to charged exciton. The black squares follow a
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linear dependence at low excitation densities, while for excitation densities larger than
4.96 𝑘𝑊⁄ 2 , data are well-described by a quadratic fit, with a parameter b=1.19. The
𝑐𝑚
following diagram (Fig. 53 (c)) illustrate the intensity of charged exciton as a function of
biexciton intensity. Here the quadratic nature of biexciton is more clear. For higher values of
power density the constant b is 1,65. Constant b indicates the slope in our graphs.
Such a quadratic increase in micro-PL emission intensity is expected for biexcitons (Fig.
22 (b)). Nevertheless, smaller slopes are often observed (Fig. 53 (a)) due to the kinetics of
biexciton formation and exciton recombination. With increasing excitation density the XX
emission begins to dominate. As shown in Fig. 53 (d) the XX peak redshifts by about 10𝑚𝑒𝑉
in the excitation density range. The 𝑋 − and 𝑋 do not shift with increasing laser power.
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Figure 53: Experimental results of micro-PL measurements at T=78K, with excitation laser
wavelength 532𝑛𝑚 (a) Double-logarithmic plot of micro-PL Intensity of 𝑋𝑋 (black squares),
𝑋 − (red bullets), and 𝑋 (blue triangles) as a function of excitation density. A linear behavior
indicated by the dot lines, after Gaussian fit. (b) Double-logarithmic plot of micro-PL Intensity
of 𝑋 as a function of micro-PL Intensity of 𝑋𝑋 (black squares) and 𝑋 − (red bullets). A linear
behavior indicated by the dot lines, after Gaussian fit. (c) Double-logarithmic plot of micro-PL
Intensity of 𝑋 − as a function of micro-PL Intensity of 𝑋𝑋. A linear behavior indicated by the
dot lines, after Gaussian fit. (d) Micro-PL position for 𝑋𝑋, 𝑋 − and 𝑋 peaks as a function of
excitation density.
Next step in our consideration, is the identification of biexciton emission by the power
dependence of its emission intensity, but now at higher temperature. The conditions of the
experiment remain the same with the only change in temperature value. The measurements
shown in Fig.54 proceeded at T=200K. The micro-PL spectra has now two dominant peaks,
due to increased temperature. Our aim here is to establish the identity of peak at 2.01𝑒𝑉.
Specifically, we want to determine whether the peak until now called as peak of charged
exciton, constitutes an overlap of biexciton and charged exciton. In other words, if this peak
displays a biexciton nature, which can’t be distinguished by temperature rise. By following the
previous process to identify biexciton states, we have studied the photoluminescence spectra at
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different

power

exciton

densities

(Fig.

54).

The

higher

power

density

was

152 𝑘𝑊⁄ 2 (900𝜇𝑊𝑎𝑡𝑡𝑠) and the lowest 0.019 𝑘𝑊⁄ 2 (0.15𝜇𝑊𝑎𝑡𝑡𝑠). . It is obvious
𝑐𝑚
𝑐𝑚
from Fig. 54 that the peak of biexciton redshifts by about 28𝑚𝑒𝑉. The peak from2.01𝑒𝑉 shifts
to 1.98𝑒𝑉. Dot lines display this shift.

Figure 54: Micro-PL spectra of single layer 𝑊𝑆2 at T=200Kelvin for various excitation
densities. The experiment was performed after irradiation of sample in chlorine environment.
The excitation laser wavelength is 532𝑛𝑚. Dot lines illustrates the red shift of biexciton peak.
Fig. 55 shows six graphs of relative values of power density. It is obvious that at low
values of power densities, the intensity difference between the peaks is small. As we increase
the power density, the difference grows.
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Figure 55: Six characteristics micro-PL spectra of single layer 𝑊𝑆2 at T=200Kelvin for
various excitation densities. The experiment was performed after irradiation of sample in
chlorine environment. The excitation laser wavelength is 532𝑛𝑚. The six power densities are
(a) 1.5𝑚𝑖𝑐𝑟𝑜𝑊, (b) 12𝑚𝑖𝑐𝑟𝑜𝑊, (c) 30𝑚𝑖𝑐𝑟𝑜𝑊, (d) 100𝑚𝑖𝑐𝑟𝑜𝑊, (e) 600𝑚𝑖𝑐𝑟𝑜𝑊, (f)
900𝑚𝑖𝑐𝑟𝑜𝑊.
In Fig. 56, the graphs referred to three different peaks, by considering that the peak of
charged exciton partially overlaps with the peak of biexciton. From Fig. 56 (b) and (c), we can
see the quadratic dependence in micro-PL emission intensity as it is expected for biexcito ns.
Fig. 56 (d) proves that the peak position at high power densities begin to differentiate. This
difference performed from 30𝜇𝑊 (3.821 𝑘𝑊⁄ 2 ) and after. The XX peak, as allowed us to
𝑐𝑚
call it most, redshifts by about 28𝑚𝑒𝑉 in the excitation density range. This indicates that the
emission from defect-bound excitons at low excitation density is at a higher energy than the
biexciton emission at high excitation density. The local heating, which induced by the laser, is
a reason for the redshift of biexciton, since neither 𝑋 − and 𝑋 peaks display a redshift. The
neutral exciton peak shows a slight blueshift.
The energy separation of ~60𝑚𝑒𝑉 between the 𝑋 and 𝑋𝑋 features is the exciton binding
energy, 𝐸𝑏,𝑋𝑋 . The value of the exciton binding energy is still under discussion.
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Figure 56: Experimental results of micro-PL measurements at T=200K, with excitation laser
wavelength 532𝑛𝑚 (a) Double-logarithmic plot of micro-PL Intensity of 𝑋𝑋 (black squares),
𝑋 − (red bullets), and 𝑋 (blue triangles) as a function of excitation density. A linear behavior
indicated by the dot lines, after Gaussian fit. (b) Double-logarithmic plot of micro-PL Intensity
of 𝑋 as a function of micro-PL Intensity of 𝑋𝑋 (black squares) and 𝑋 − (red bullets). A linear
behavior indicated by the dot lines, after Gaussian fit. (c) Double-logarithmic plot of micro-PL
Intensity of 𝑋 − as a function of micro-PL Intensity of 𝑋𝑋. A linear behavior indicated by the
dot lines, after Gaussian fit. (d) Micro-PL position for 𝑋𝑋, 𝑋 − and 𝑋 peaks as a function of
excitation density.
Finally, we find that the exciton and trion peaks are well separated even at T=200K. Also,
we observe the emergence of a lower energy peak, which we identify as biexciton emissio n.
Fig. 56 shows that the low energy peaks approach the biexciton emission character
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III.

Conclusion and future plans
This thesis discussed about a new photochemical doping of monolayer 𝑊𝑆2 with
chlorine and nitrogen gas. The use of pulsed UV laser is a fast and simple method for controlling
the optical and electronic properties of a monolayer TMD material. The main topics covered
here are the exfoliation and characterization of monolayer 𝑊𝑆2 before and after photochemica l
doping. We studied a new method, photochemical doping. This technique is based on radiating
the monolayer crystal with the presence of gas carriers (dopants) by a pulsed laser.
1
Raman scattering in monolayer 𝑊𝑆2 shows that the separation of the two modes, 𝐸2𝑔

and 𝐴1𝑔 , is an estimation of crystal thickness and a method which can help us investigate the
effects of chemical doping. The photochemical doping technique leads to a systematic blue shift
of 𝐴1𝑔 mode after radiation in 𝐶𝑙 2 and 𝑁𝐻3 environment.
Micro-photoluminescence experiments on monolayer 𝑊𝑆2 show that spectrum is
dominated by emission from a negative exciton (𝑋 − ), due to the n-type nature of the crystal.
The trion/exciton intensity ratio can be tuned by photochemical radiation. This is a direct
evidence that, we can control the density of carriers in a 2D system. Temperature dependent
photoluminescence measurements on mechanically exfoliated sample, reveal the existence of
neutral and charged excitons at low temperatures as well as at room temperature. Power
dependent measurements at T=78K and T=200K, prove that at high excitation density, an
additional peak at energies below the trion, dominates the photoluminescence. We attribute this
peak to biexciton emission. The main results after photochemical doping is a systematic red
shift of neutral exciton (15𝑚𝑒𝑉) in the case of 𝐶𝑙2 . We have the same results in the case of
𝑁𝐻3 , but the shift here is negligible (3𝑚𝑒𝑉).
After this effort there are many future plans related to chemical doping in 2D materials. It
would be interesting to extend our research by testing the behavior of the already tested
monolayer 𝑊𝑆2 , but now in vacuum conditions, without any exposure to the atmosphere. This
parametrical experiment can help us to control the number of pulses and examine their influe nce
on the monolayer region. Another future plan is the control of doping efficiency (exposure time,
fluence, partial pressure). A power and temperature dependence of different excitonic peaks are
necessary to study before and after photochemical doping. Furthermore, after appropriate
treatment of the samples, an electrical characterization must be done, so as to decide on the type
(n- or p- type) of doping achieved in our samples. Finally, another attractive project would be
to experiment with other 2D crystals to research their behavior before and after chemical doping
to figure out if this technique is universal.
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