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Abstract  

Two-dimensional (2D) layered materials display strong optical properties, showing 

promise for applications towards future optoelectronic devices. Monolayers Transition metal 

dichalcogenides (TMDs) belongs to this class of materials. Due to their tunable direct bandgap 

in the visible range at the K-point of the Brillouin zone, they are ideal candidates for field-

effect transistors (FETs), light-emitting diodes (LEDs), photovoltaics etc. In addition, optical 

control of valley polarization is one of the most fascinating properties of TMDs monolayers 

which make them promising candidates for valleytronic applications such as transport and store 

information. 

Mechanically exfoliated WSe2 monolayer (1L-WSe2) is studied during this thesis. In 

particular, Photoluminescence, Raman and Reflectivity properties are studied and how these 

properties are affected by a photoinduced doping method, that is photochlorination.  The whole 

study was executed from 78K to room temperature. In the case of 1L-WSe2, this doping method 

induces n-type doping (increase of the electron density) to the specific semiconductor, due to 

the domination of the charged exciton peak of the photoluminescence spectrum after 

photochlorination. This fact is also confirmed from spin-valley polarization experiments due 

to the enhancement of circular polarization of the neutral exciton after the doping.  

The importance of this study is that via doping on 2D TMDs, properties such as band 

structure, catalytic activity, morphology, and electronic and optic properties are significantly 

improved. 
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Περίληψη 
 

Τα δισδιάστατα (2Δ) υλικά παρουσιάζουν ισχυρές οπτικές ιδιότητες, κάνοντας τα 

ιδανικά σε μελλοντικές οπτοηλεκτρονικές εφαρμογές. Τα μονοστρωματικά μέταλλα 

μετάπτωσης ανήκουν στην κατηγορία αυτών των υλικών. Εξαιτίας, του άμεσου ενεργειακού 

χάσματος στο οπτικό εύρος, στο σημείο-Κ της ζώνης Brillouin, είναι. Ιδανικά σε τρανζίστορ 

επίδρασης πεδίου, σε διόδους εκπομπής φωτός, σε φωτοβολταϊκά κτλ. Επιπροσθέτως, ο 

οπτικός έλεγχος της πόλωσης σπιν/ζώνης είναι μια από τις πιο εντυπωσιακές ιδιότητες των 

υλικών αυτών που τα κάνει πολλά υποσχόμενα σε βαλεϋτρονικές εφαρμογές, όπως τη 

μεταφορά και την αποθήκευση πληροφορίας. 

Κατά τη διάρκεια αυτής της μεταπτυχιακής εργασίας, μελετήθηκε μονοστρωματικός 

κρύσταλλος δισελενίδιο βολφραμίου (WSe2) μέσω μηχανικής αποφλοίωσης. Οι ιδιότητες που 

μελετώνται είναι η Φωτοφωταύγεια, η ανακλαστικότητα, η φασματοσκοπία Raman και πως 

αυτές οι ιδιότητες επηρεάζονται από μια μέθοδο εμπλουτισμού με τη χρήση παλμικού λέιζερ. 

Όλη η μελέτη έγινε από 78Κ μέχρι θερμοκρασία δωματίου. Στην περίπτωση του WSe2 η 

μέθοδος εμπλουτισμού προκαλεί την αύξηση της πυκνότητας ηλεκτρονίων στον συγκεκριμένο 

ημιαγωγό λόγω της κυριαρχίας του φορτισμένου εξιτονίου στο φάσμα της φωτοφωταύγειας 

μετά τον εμπλουτισμό. Αυτό το γεγονός επιβεβαιώνεται επίσης από πειράματα πόλωσης 

σπιν/ζώνης λόγω της αύξησης της κυκλικής πόλωσης του ουδέτερου εξιτονίου μετά τον 

εμπλουτισμό. 

Η σημασία της μελέτης αυτής είναι ότι μέσω του εμπλουτισμού των δισδιάστατων 

μετάλλων μετάπτωσης ιδιότητες όπως η δομή ζωνών, η καταλυτική δραστηριότητα και 

ηλεκτρονικές και οπτικές ιδιότητες βελτιώνονται σημαντικά. 
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1.Introduction 
 

1.1Transition metal Dichalcogenides (TMDs) 

 Atomically thin transition metal dichalcogenides (TMDs) have unique physical 

properties which could be of value for a broad range of applications. The investigation of bulk 

and thin layers of TMDs can be traced back decades, but starting with the emergence of 

graphene, many additional techniques for producing, characterizing and manipulating 

atomically thin flakes were developed. Graphene has been theoretically studied as early as 1947 

but was thought to be unstable at room temperature because of thermal fluctuations. More than 

60 years later and after a Nobel prize, graphene is undoubtedly one of the most intensively 

researched material. The discovery of single-layer graphene in 2004 by Novoselov and Geim1, 

who received the Nobel prize, has shown that it is not only possible to exfoliate stable, single-

atom or single-polyhedral-thick 2D materials from van der Waals solid, but that these materials 

can exhibit unique and fascinating physical properties2. Graphene, this one-atom-thick fabric 

of carbon uniquely combines extreme mechanical strength, exceptionally high electronic and 

thermal conductivities, as well as many other supreme properties, all of which make it highly 

attractive for numerous applications.3 Because pristine graphene lacks a bandgap, it is not a 

promising candidate for optoelectronic applications. In contrast, 2D TMDs possess sizable 

bandgaps around 1-2 eV, promising interesting optoelectronic devices.4,5,6 

TMDs are a class of materials with the formula MX2, where M is a transition metal 

element from group IV, V or VI and X is a chalcogen. These materials form layered structures 

of the form X-M-X, with the chalcogen atoms in two hexagonal planes separated by a plane of 

metal atoms as shown in figure 1.1.  

 

Figure 1.1: Three-dimensional schematic representation of a typical MX2 structure, with the chalcogen atoms (X) in 

yellow and the metal atoms (M) in grey6 
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1.1.1 Crystal structure of WSe2 

Adjacent layers are weekly held together to form the bulk crystal in a variety of 

polytypes, which vary in stacking orders and metal atom coordination as shown in figure 1.2. 

The overall symmetry of TMDs is hexagonal or rhombohedral and the metal atoms have 

octahedral or trigonal prismatic coordination. The electronic properties of TMDs range from 

metallic to semiconducting. There are also TMDs that exhibit exotic behaviors such as charge 

density waves and superconductivity.6 The M-X bonds are strongly covalent, but the sandwich 

layers are coupled only by weak van der Waals interactions, resulting in easy slippage as well 

as easy cleavage of planes.7  

 

Figure 1.2: Schematics of the structural polytypes: 2H (hexagonal symmetry, two layers 

per repeat unit, trigonal prismatic coordination), 3R (rhombohedral symmetry, three layers per repeat unit, trigonal 

prismatic coordination) and 1T (tetragonal symmetry, one layer per repeat unit, octahedral coordination). The 

chalcogen atoms (X) are yellow and the metal atoms (M) are grey.6  

In the case of WSe2, the crystal studied in this master thesis, the crystal structure is represented 

in figure 1.3. WSe2 consists of single Se and W layers. Each single layer forms a two-

dimensional hexagonal lattice. Three of such layers, one W and two Se layers, build Se-W-Se 

sandwich layers. In each sandwich layer, the Se atoms of the two Se layers reside on the top of 

each other while the W atoms between these two Se layers positioned in every second empty 

site of the two-dimensional hexagonal Se lattice. Therefore, the tungsten atoms have a trigonal 

prismatic coordination with regard to selenium. The parallel position of one sandwich layer 

relative to the next determines the vertical size of the bulk unit cell, which contains two 

sandwich layers in the case of WSe2. In this unit cell, the W atoms of one sandwich layer reside 
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on top of the Se atoms of the next layer and vice versa. The experimentally determined values 

of the lattice parameters for a range from 3.280 to 3.286 Å and for c from 12.950 to 12.976	Å. 

The half diameter of the sandwich layer has been measured as z=0.129c, resulting in z values 

from 1.671 to 1.674	Å. The distance between the sandwich layers is found in the range from 

3.133 to 3.140	Å. 8 

 
Figure 1.3: Crystal structure of WSe2. The structure parameters z and w are indicated, as well.8 

 

1.1.2 Optical properties and band structure of WSe2 

Generally, TMDs have an indirect band gap when in the bulk phase. As the number of 

layers is reduced, there exists a point at which the band gap transitions from an indirect to a 

direct gap.7 Early experimental evidence of the transition from an indirect to a direct gap came 

from observing the increased photoluminescence yield, as the number of layers decreased.The 

photoluminescence process will be introduced later in this thesis. This phenomenon is 

represented in figure 1.4 in the case of WS2 and WSe28. In the case of MoS2, with decreasing 

the number of layers N, the experiments reveal a progressive confinement-induced shift in the 

indirect gap from the bulk value of 1.29 eV to over 1.90 eV. The change in the indirect gap 

energy was found to be significantly larger than that of the direct gap, which increased by only 

0.1 eV.9 This phenomenon, in the case of MoS2, is represented in figure 1.5 with the calculated 

band structures in the case of bulk, quadrilayer, bilayer and monolayer MoS2.10 
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Figure 1.4: (a, b) Normalized PL spectra of mechanically exfoliated (a) 2H-WS2 and (b) 2H-WSe2 flakes 

consisting of 15 layers. Peak I is an indirect gap emission. Weak hot electron peaks A’ and B are magnified and 

shown as dashed lines for clarity. These hot electron peaks are typically 100 to 1000 times weaker than the band 

edge emission peaks. The total emission intensity becomes significantly weaker with increasing number of layers. 

(c,d) Relative decay in the PL QY with the number of layers for (c) WS2 and (d) WSe2. The values are relative to 

the PL QY of a monolayer flake as discussed in the text. The plots are shown for A and I peaks and their sum 

(A+I). 8 

 

Figure 1.5: Calculated band structures of (a) bulk MoS2, (b) quad- rilayer MoS2, (c) bilayer MoS2, and (d) 

monolayer MoS2. The solid arrows indicate the lowest energy transitions. Bulk MoS2 is characterized by an 

indirect bandgap. The direct excitonic transitions occur at high energies at K point. With reduced layer thickness, 

the indirect bandgap becomes larger, while the direct excitonic transition barely changes. For monolayer MoS2 in 

d, it becomes a direct bandgap semiconductor. This dramatic change of electronic structure in monolayer MoS2 

can explain the observed jump in monolayer photoluminescence efficiency10 
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In the case of WSe2, the calculated band structure is presented in figure 1.611. The 

calculation reveals an indirect band gap in bulk crystal which is located between the valence 

band maximum, situated at the center of the Brillouin zone (Γ point), and a conduction band 

minimum between the Γ and Κ point (noted as T). The red arrows in figure 1.6 illustrate the 

indirect optical transition between these points. The electronic states involved in the indirect 

transition originate from a linear combinations of W dxy and dx2-y2 orbitals and Se pz orbitals. 

The wave functions have a spatial extension in z-direction, i. e. along the c-axis of the crystal. 

These electronic states exhibit a strong interlayer coupling and their dispersion strongly 

depends on the number of layers. The indirect band gap in bulk crystals leads to an extremely 

weak quantum yield for the photoluminescence. In addition to the indirect transitions in bulk 

crystals, there is another set of possible direct optical transitions at the K point, marked by blue 

arrows in figure 1.6.12 

 

Figure 1.6: Calculated DFT electronic band structure and WSe2 bulk crystal. The solid red arrows indicate the 

lowest energy transitions, i.e. the indirect band gap, while the blue arrows show the direct transitions associated 

with the low- energy Wannier excitons (A and B excitons)11 

The electronic states of both valence and conduction bands at K point are associated 

with tungsten d-orbitals and have weak spatial extension along the c-axis. Thus, these 

electronic states have a two-dimensional (2D) character. The direct transitions at the K point 

can be observed in the optical absorption measurements as two prominent peaks at an energy 

higher than the indirect transition energy. They are referred to as A and B excitons13. A and B 

Γ 
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excitons arise from vertical transitions from a spin-orbit-split valence band to a spin-orbit-split 

conduction band. The large binding energy of these excitons, which is in the order of ≃ 500 

meV, suggest that they can be easily observed even at room temperature, where kT ≈ 25 meV. 

For WSe2, the indirect band gap energy is Egind= 1.2 eV and the  direct transition energy 

Egdir=1.70 eV at room temperature.14 

The atomically thin dichalcogenide crystals are of interest since their electronic 

properties are quite distinct from their bulk counterparts. While reducing the number of layers 

the electronic band structure evolves to the one presented in figure 1.7 for monolayer (1L) 

WSe2 crystal. The states at the Γ and Τ point have a strong metal d-orbital character combined 

with pz-orbitals of chalcogen (Se) and therefore, strongly depend on vertical interlayer coupling 

(absent in monolayer). In contrast, the orbitals contributing to the conduction/valence band 

states at the K point are localized within the Se-W-Se sandwich and do not depend on the 

number of layers. Decreasing the number of layers, the energy at Γ point changes dramatically, 

while at the K point remains practically unchanged. In the monolayer limit, both valence band 

minimum (VBM) and conduction band maximum (CBM), move from the Γ and T respectively, 

to the K point of the Brillouin zone. As a result, the 1L-WSe2 becomes a direct band gap 

material with an optical transition at the corner of the Brillouin zone.9 

 
Figure 1.7: Calculated DFT electronic band structure WSe2 monolayer crystal. The red arrows show the 

direct band gap and also the transition associated with the low-energy A and B excitons. ∆SO denotes 

the energy of the split VBM due to spin-orbit coupling. 11 

Γ 
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Additionally, a clear band splitting of VBM at the K point of the Brillouin zone in 

monolayers TX2 is observed due to the strong spin-orbit coupling as in bulk crystals. The strong 

spin–orbit coupling (SOC) that originates from the d-orbitals introduces a higher degree of 

complexity as well as fascinating spin-dependence in the electronic and optical properties. The 

spin-orbit splitting increases with the atomic number of transition metal or chalcogen atom. 

Due to a heavier mass of tungsten atoms, in tungsten dichalcogenides compounds this splitting 

is larger (≃ 400 meV) compared to molybdenum dichalcogenides (≃ 150 meV). Moreover, the 

spin-orbit coupling leads also to a splitting of the CBM at both, the band edge at the K point 

and at the secondary minimum T, as illustrated in figure 1.6. Again, the spin-orbit coupling in 

the CBM is larger for selenium compounds as compared to sulfur compounds. This is expected 

due to the heavier mass of selenium as compared to sulfur. As the orbital weight of the px and 

py orbitals of chalcogen atoms at the K point of the conduction band is of the order of ≃ 20%, 

Cappelluti and co-workers15 proposed that first order processes associated with these chalcogen 

atoms lead to a contribution to the spin-orbit splitting, being more noticeable for the Se 

compounds. 12 

1.1.3 Phonons in WSe2 

A typical Raman spectrum of 1L-WSe2 is presented in figure 1.8. 

 
Figure 1.8: Raman spectrum of the monolayer WSe2 taken at 300 K with an excitation energy of 488 nm 16 
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The characteristic first order Raman modes of WSe2 is the in-plane E12g and the out-of-

plane A1g as they are schematically presented in figure 1.9. For WSe2 the bulk in-plane and the 

out-of-plane modes are degenerate (E=250 cm-1), but this degeneracy is lifted for few and 

single layers. The resulting splitting is 11 cm-1 for a single layer and 6 cm-1 for the bilayer.17 

So, taking into account this point of view E12g≃250	cm-1	and	A1g≃261	cm-1.		

 
Figure 1.9: Schematic drawing of the two first Raman modes of WSe218 

In contrast, there is another point of view which supports that the first order Raman 

modes of 1L-WSe2 are almost degenerate at about 250 cm-1 and the peak at about 260 cm-1 is 

associated with both second order processes 2LA(M)  (overtone of the longitudinal acoustic 

phonon mode at the M point of Brillouin zone) and A(M) (A-symmetry optic branch at the M 

point of Brillouin zone).19,20 

At slightly higher frequencies, a group of three peaks around 360, 375, and 395 cm-1 is 

observed. The origin of all these second-order features is not yet well established but it is a 

combination of first and second order characteristic Raman modes of 1L-WSe2.19 

1.2 Excitons in TMDs 
 

The promotion of an electron from the filled valence band to the empty conduction 

band leaves an empty electron state in the valence band. The description of such a many-body 

system can be reduced to the two-particle problem of the negatively charged conduction 

electron interacting with a positively charged valence hole. This bound state of the electron and 

hole is called neutral exciton. The electron and the hole interact with Coulomb interactions 
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which are separated by the direct and the exchange contributions, both further including long-

range and sort-range interactions, with certain analogies to traditional quasi-2D quantum wells 

excitons.21 

The long-range part represents the Coulomb interaction acting at inter-particle distances 

in real space larger than the inter-atomic bond lengths (i.e., for small wavevectors in reciprocal 

space compared to the size of the Brillouin zone). In contrast, the short-range contribution 

originates from the overlap of the electron and hole wavefunctions at the scales on the order of 

the lattice constant (a0 ≃ 0.33 nm in 1L-WSe2), typically within one or several unit cells (i.e., 

large wavevectors in reciprocal space).21 

  The direct Coulomb interaction describes the interaction of positive and negative charge 

distributions related to the electron and the hole. The long-range part of the direct interaction 

is determined mainly by the envelope function of the electron-hole pair being only weakly 

sensitive to the particular form of the Bloch functions, i.e., valley and spin states; it rather 

depends on the dimensionality and dielectric properties of the system. It has an electrostatic 

origin and provides the dominant contribution to the exciton binding energy. The short-range 

part of the direct interaction stems from the Coulomb attraction of the electron and the hole 

within the same or neighboring unit cells. It is sensitive to the particular form of the Bloch 

functions and is, as a rule, considered together with the corresponding part of the exchange 

interaction. 21 

In a semi-classical picture, the long-range direct interaction thus corresponds to at- 

tractive Coulomb forces between opposite charges. As a consequence, an electron and a hole 

can form a bound state, the neutral exciton, with strongly correlated relative positions of the 

two constituents in real space, as schematically shown in figure 1.10. 21 

 
Figure 1.10: Schematic real-space representation of the electron-hole pair bound in a Wannier-Mott exciton, 

showing the strong spatial correlation of the two constituents. The arrow indicates the center of mass wavevector 

responsible for the motion of the exciton as a whole. 21 
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Generally, Wannier -Mott excitons have large radius that encompasses many atoms, 

and they are delocalized states that can move freely throughout the crystal; hence the alternative 

name of “free” excitons. Frenkel excitons, have a much smaller radius which is comparable to 

the size of the unit cell. This makes them localized states which are tightly bound to specific 

atoms or molecules; hence their alternative name of “tightly bound” excitons. Tightly bound 

excitons are much less mobile than free excitons and they have to move through crystal by 

hopping from one atom site to another.22 The schematic diagrams of the two types of excitons 

are presented in figure 1.11. 

In TMD monolayers, the exciton Bohr radius is on the order of one to a few nanometers 

and the correlation between an electron and a hole extends over several lattice periods. Thus, 

strictly speaking, the exciton could be formally understood to be of an intermediate nature 

between the so-called Wannier-Mott or large-radius type similar to prototypical semi- 

conductors such as GaAs and Frenkel exciton, which corresponds to the charge transfer 

between nearest lattice sites. However, to describe the majority of the experimental 

observations, the Wannier-Mott description in the effective mass approximation appears to be 

largely appropriate even for quantitative predictions. 21  

 
Figure 1.11: Schematic diagram of: (a) a free exciton and (b) a tightly bound exciton. The free excitons illustrated 

in (a) are also called Wannier-Mott excitons, while the tightly bound excitons illustrated in (b) are also called 

Frenkel excitons.22 

According to the hydrogen problem, the energies of exciton levels for a 3-D crystal can 

be evaluated using the following relation:𝐸	!"# =
$!
%"

 , where n=1, 2, 3,.… is the principal 

quantum number and 𝐸& is the 3D exciton binding energy or Rydberg (𝑅'∗ =
)*"

+ℏ"(./0#)"2"
). 
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Here, 𝜇 = 3$3%
3$43%

 is the reduced mass of the exciton and me, mh are the electron and hole 

effective masses; κ is the effective dielectric constant. 22 

For a 2D system, the energies of exciton levels are given by: 𝐸!+# =
$!

5%6&"7
". 23 Since for 

the majority of experimental observations the Wannier-Mott type excitons model is the 

appropriate one first approximation is that the weak attractive force between an electron and a 

hole can result from the Coulomb potential: 𝑈 = − *"

./0#2|9$69%|"
, 22where |re-rh| is the relative 

distance of the electron and the hole and κ is the dielectric constant of the material. If the charge 

and effective mass of the electron and holes are regarded, a modified Bohr model of the 

hydrogen atom can be applied and predict the exciton states below the gap. This method is 

called “effective mass approximation”. So, the energy of the exciton is given by the following 

equation: 𝐸*!(𝑛𝐾) = 𝐸: −
;'∗

%"
+ ℏ"<"

+=
		, where M=me+mh is the translational mass and 

K=Ke+Kh is the wavevector of the exciton. The second term of this equation for n=1 is the 

exciton binding energy. The third term represent the kinetic energy of the exciton. 

In TMDs, the excitons are strongly confined in the plane and additionally experience 

reduced screening due to change in the dielectric environment outside of the layer. The 

dielectric screening is reduced because the electric field lines joining the electron and hole 

begin to extend outside of the sample as shown in figure 1.12, therefore yielding an even greater 

enhancement factor. In the case of 1L-WSe2 from reflectance and two-photon 

photoluminescence measurements the exciton binding energy is about 370 meV24 which almost 

two orders of magnitude larger that found for the excitons in conventional bulk semiconductors 

such as Si and GaAs.25 
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Figure 1.12: (a) Real-space representation of electrons and holes bound into excitons for the three-dimensional 

bulk and a quasi-two-dimensional monolayer. The changes in the dielectric environment are indicated 

schematically by different dielectric constants ε3D and ε2D and by the vacuum permittivity εo. (b) Impact of the 

dimensionality on the electronic and excitonic properties, schematically represented by optical absorption. The 

transition from 3D to 2D is expected to lead to an increase of both the band gap and the exciton binding energy 

(indicated by the dashed red line). The excited excitonic states and Coulomb correction for the continuum 

absorption have been omitted for clarity. 26 

Typically, the combined system “vacuum + TMD monolayer + substrate” is considered, 

reproducing the main features of the most common experimentally studied samples. In the 

effective medium approximation, the dielectric constant of the TMD monolayer is about 10 

generally far exceeds the dielectric constants of the surroundings, that is the dielectric constant 

of the substrate εs and of the vacuum. As a result, the effective interaction potential is analogue 

of 1/r where r=|re-rh| only at large distances between the electron and the hole where the electric 

field resides outside the TMD monolayer itself. At smaller distances, the dependence is 

∝log(r).27 The resulting overall form of the effective potential is approximated by               

𝑉(𝑟) = − /*"

(>40))9*
[𝑯𝒐 ;

9
9*
< − 𝑌@ ;

9
9*
<] where H0(x) and Yo(x) are the Struve and Neumann 

functions, ro is the effective screening length.28 This model potential describes the deviations 

from the ideal 2D hydrogenic problem observed in the experiments and can be used as an input 

in more sophisticated calculations of excitonic spectra. 

Instead of the neutral excitons, there are other higher order excitonic quasi-particles in 

TMDs monolayers, such as trions and bi-excitons. Trions consists of two electrons bound to 

one hole (negatively charged exciton- X-) or, two holes bound to one electron (positively 

charged exciton- X+), analogous to H2+ and H-, respectively. 29 Trions, as neutral excitons, in 

monolayers TMDs are stable at room temperature due to their remarkably large binding 

energies in the range of tens of meV.30 The trion binding energy is the difference between 𝑋± 

energy and the unbound state of the neutral exciton, plus a free electron or hole. Since the 

binding energy of charged excitons is stronger than neutral excitons, the energy of the charged 

exciton luminescence is smaller than that of neutral exciton, as we will see later. A schematic 

diagram of the two types of trions (charged excitons) is presented in figure 1.13. In the case of 

1L-WSe2 the charged exciton peak of the PL spectra at T=9K is at 1.704 eV.31 
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Figure 1.13: Schematic diagram of two types of charged excitons (trions)32 

Another higher order exitonic quasi-particles are the bi-excitons. Bi-excitons consist of 

two distinct excitons (four-body quasiparticles) each with a Bohr radius equal to that of a single 

exciton (1nm), separated by a distance three to four times larger, as it is shown in figure 1.14(b). 

They are also known as exciton molecules. Given the large separation between charges, the 

screening of the Coulomb interaction will be strongly influenced by that of the external media, 

rather than the intrinsic screening of the WSe2 monolayer. So, the bi-exciton states are expected 

to be particularly sensitive to the nature of the surrounding media. With increasing the exciton 

density the formation of bi-exciton is more possible as it is shown in figure 1.14 (a).33In the 

case of WSe2 the binding energy is about 52 meV more than an order of magnitude greater than 

that found in conventional quantum-well structures. 34 

 

Figure 1.14: a, Schematic representation of biexcitons as four-body quasiparticles. With increasing exciton 

density biexcitons are formed from excitons. b, Real-space representation of the biexciton projected onto the WSe2 
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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 3.3 nm. The scale bar is 1 nm.33  

Recent experimental and theoretical studies have shown that besides the regular bright 

excitons, optically inaccessible dark excitonic states play a significant role for understanding 

the optical fingerprint and the dynamics in TMDs.35,36 We distinguish between spin-forbidden 

and momentum-forbidden dark excitons as they are presented in figure 1.14. Their existence 

was indirectly demonstrated in temperature-dependent PL experiments showing and increased 

PL yield at higher temperatures in W-based TMDs34. This behavior can be explained by the 

presence of dark excitons that are energetically lower than bright states. The higher the 

temperature, the more excitons occupy the energetically higher bright states within the light 

cone resulting in the experimentally observed increased PL. 

Momentum-forbidden dark excitons consist of electrons and holes located at different 

valleys in the momentum space. In WSe2, the spin-forbidden states consisting of Coulomb-

bound electrons and holes with opposite spin and they are energetically lowest. This is in 

agreement with the measured temperature dependent PL yield in the case of the experimental 

evidence of dark excitons in 1L-WSe2.37 

Spin-forbidden dark excitons consist of electrons and holes with opposite spin. 

Intervalley dark excitons with Coulomb-bound electrons and holes located at different valleys 

in the momentum space present important scattering channels for exciton-phonon processes. 

In particular, the dark KΛ excitons with the hole located at the K and the electron at the Λ 

valley, in figure 1.15, are of great interest in W-based TMDs, where they are believed to be the 

energetically lowest ground state.38 

 

Figure 1.15: Momentum-forbidden dark excitons consist of electrons and holes located at different valleys in the 

momentum space. Spin-forbidden dark excitons consist of electrons and holes with opposite spin. These states 
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cannot be accessed by light due to the lack of required momentum transfer and spin-flip, respectively. Electrons 

and holes in localized excitons are trapped into an impurity-induced potential.38 

Due to the presence of impurities and/or strain in realistic TMD samples, electrons and 

holes can be trapped in potentials resulting in localized excitons as they are schematically 

presented in figure 1.15. They vanish at higher temperatures, where the thermal energy is 

sufficient to overcome the trapping potential. 38  

Finally, the strong Coulomb interaction gives rise to the formation of interlayer 

excitons, where the involved electrons and holes are located in different TMD layers as it is 

presented in figure 1.16. After optical excitation of regular intralayer excitons, holes or 

electrons can tunnel to the other layer forming interlayer excitons. They show binding energies 

in the range of 100 meV making them stable at room temperature and robust against 

dissociation in applied electric fields. Depending on spin and momentum of the involved states, 

these spatially separated electron-hole pairs can be either bright or dark.38 

 

figure 1.16: Interlayer excitons, where electrons and holes are located in different layers.38 

1.3 Spin-Valley polarization 

Optical control of valley polarization is one of the most fascinating properties of TMDs 

monolayers. As a valley, we refer the region in an electronic band structure where excitons are 

localized. Another definition of the valley is a local minimum in the conduction band or a local 

maximum in the valence band. An ideal valleytronic material system has a band structure 
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composed of two (or more) degenerate but inequivalent valley states (local energy extrema) 

that can be manipulated to encode, process and store information. 

Monolayers TMDs and graphene are hexagonal 2D materials in which the electronic 

properties at the band edge are dominated by two inequivalent valleys that occur at the +K and 

-K points at the edges of the Brillouin zone as it is illustrated in figure 1.17. These valleys can 

be represented by a binary pseudospin that behaves like a spin-1/2 system; The electrons in the 

+K valley can be labelled as valley-pseudospin up, and the electrons in the -K valley can be 

labelled as valley-pseudospin down.39 

 

Figure 1.17: The 2D hexagonal crystal structure of a monolayer TMD composed of transition metal atoms (blue) 

and chalcogen atoms (orange) resemble that of graphene but with broken inversion symmetry. A side view shows 

the 3D structure. The hexagonal Brillouin zone is shown labelling the Γ point and the two inequivalent +K and -

K points.39 

The broken inversion symmetry of monolayer TMD systems (figure 1.17) gives rise to 

a valley-dependent optical selection rule40,41, in which right circularly polarized light couples 

to interband transitions in the +K valley, and left circularly polarized light couples to interband 

transitions in the -K valley as it is shown in the figure 1.18. This effect has been demonstrated 

in various optical experiments on monolayer TMDs, in which circularly polarized light is used 

to preferentially inject excitons into one valley, generating a difference in the population of the 

two valley excitons.40This valley polarization, which refers to the ratio of valley populations, 

can be experimentally read out by measuring the circularly polarized components of the emitted 

photoluminescence intensity and can be expressed as 𝜂 = AB(C4)6AB(C6)
AB(C4)6AB(C6)

.42,43,44 
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The broken inversion symmetry in combination with time reversal symmetry 

(E¯(k)=E(k)) where k is the crystal momentum, implies that the valley and spin of the valence 

bands are inherently coupled in monolayers TMDs.45 The valley polarization is protected also 

by strong spin-orbit spitting in the valence band, leading in principle to a high circular 

photoluminescence polarization degree. 

 

 

Figure 1.18: Valley-dependent optical selection rules for interband transitions in monolayer TMDs. σ+ polarized 

light couples to the +K (red) valley, and σ− polarized light couples to the –K (blue) valley.38  

Generally, for 1L-WX2 the spin polarization of electrons in the lowest energy 

conduction band are expected to be opposite to that of holes in the upper valence band, in 

contrast to 1L-MoX2. So in the case of 1L-WSe2 the optical interband selection rules are 

illustrated in figure 1.19.46 

 

Figure 1.19: Optical interband selection rules for monolayer WSe246 
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In conclusion the unique combination of time-reversal symmetry, broken inversion 

symmetry (E(k)≠E¯(-k)) and strong spin-orbit coupling in monolayers TMDs leads to 

coupled spin and valley physics. 

The circular polarization of the PL depends on various factors such as the energy that 

it is used for circularly polarized optical pumping. If Epump is close to EA (emission energy of 

the A-exciton) only one recombination channel is allowed by the selection rules if circularly 

polarized light is used. As the pumping energy increases (Epump> EA), phonon assisted intra- 

and inter-valley scattering becomes important. Intravalley scattering is not possible when Epump 

is close to EA since the spin-orbit interaction creates an energy barrier by splitting the valence 

bands. Optical phonon assisted intravalley scattering becomes possible only with higher 

pumping energies. However, this scattering cannot by itself account for any decrease of the 

emitted circular polarization because emission from B-exciton in the same valley has the same 

polarization. Therefore, the decrease in polarization observed requires intervalley scattering. 47 

The intervalley scattering channel requires participation from in-plane longitudinal 

phonons at the K-points of the Brillouin zone. Intervalley scattering becomes accessible when 

pumping energies exceed Epump> EA+2LA. The factor of two is based on the assumption that 

the valence and the conduction bands have roughly the same curvature far from the edges of 

the conduction and valence bands.47 

Once the intervalley scattering channel is available, a decrease in polarization of the A-

exciton also requires a spin flip of both electrons and holes because of time reversal symmetry. 

Note that since a spin-flip during a single intervalley scattering event is unlikely in most known 

materials, multiple intervalley scattering processes will be required to account for the 

simultaneous spin flip of electrons and holes. The presence of a background carrier population 

(preferably holes) could enhance the probability of such a process. The overall spin/valley 

relaxation time, τv, of this system is a convolution of spin flip and intervalley scattering time 

for the electron and hole. The measured polarization of the emitted PL inherently relates the 

exciton lifetime, τr, and this spin/valley relaxation time. We obtain an expression of Pcirc for 

pumping energies higher than EA+2LA within a rate equation framework.These two times are 

schematically illustrated in figure 1.20. The carrier populations in the +K and -K valleys can 

be described by  



 27 

𝑑𝑁
𝑑𝑡 = 𝑔 −

𝑁
𝜏9
−
𝑁 − 𝑁D

𝜏E
,

𝑑𝑁D

𝑑𝑡 = 𝑔D −
𝑁D

𝜏9
−
𝑁D − 𝑁
𝜏E

 

Where g and g’ are the generation rates and N and N’ are the populations of the +K and 

-K valleys, respectively. If we identify 𝑃FG9F =
H6H+

H4H+
 and 𝑃@ =

:6:+

:4:+
, then for steady-state 

conditions the measured polarization will be 𝑃FG9F =
>

>4",-,.
. Here the maximum polarization has 

been set as Po=1, independent of the excitation energy.47 

So, the circular polarization of the PL from the A-exciton emission of a single layer 

shows a sharp decrease as the photo-excitation energy increases. This behavior can be 

understood in terms of in- plane LA phonon-assisted intervalley scattering (+K to -K).47 

 

Figure 1.20: Schematic illustration of the radiative lifetime τr and spin/valley relaxion time τs/τv. 

In addition, both τr and τv depend on temperature, or more specifically on the thermal 

energy given to the exciton during optical excitation. This additional thermal energy is 

associated with an excess energy ΔE. It has been shown that τr depends linearly on 

temperature48, therefore we expect it to have linear dependence with ΔE. In addition, the 

intervalley scattering rate τv-1 is proportional to the phonon population ánñ= >

*
ℏ01
23 6>

 and 

substitute kT with (ΔE-ℏωq). Here, ℏωq is twice the LA phonon energy, the minimum energy 

necessary for the exciton to scatter from one valley to the other and reduce the optical 

polarization.49 
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2. Sample preparation 
 
2.1 Mechanical exfoliation 

Since its isolation in 200450, graphene has created huge interest in the scientific 

community. One of the key breakthroughs in the success of graphene research was the 

development of the micromechanical exfoliation (the so-called Scotch tape method). 

Despite the simplicity of this method, it can provide extremely high-quality samples51. 

Nevertheless, the exfoliation method produces flakes with different size and thicknesses 

randomly distributed over the sample substrate, and only a small fraction of these flakes is 

atomically thin. The introduction of the optical identification method to find atomically thin 

crystals from the crowd of thicker bulky flakes constitutes the second key breakthrough to 

guarantee the success of graphene-related research as it is provides a fast, reliable and non-

destructive way of locating the flakes.52,53The combination of mechanical exfoliation and 

optical identification, however, cannot provide a reliable way to fabricate more complex 

systems such as heterostructures formed by artificially stacking different 2D crystals.54 

Due to weak van der Waals attraction (40-100 meV) between adjacent graphene 

and of course TMDs flakes mechanical exfoliation is a reliable method to obtain few-layer 

or monolayer crystals. In general, there are two kinds of mechanical routes to exfoliate bulk 

TMDs into monolayers, that is the normal and the lateral force, as they are shown in figure 

2.1. One can exert normal force to overcome the van der Waals attraction when peeling 

two TMD layers apart, such as micromechanical cleavage by Scotch tape, which is the 

method followed during this master thesis.55 

 
Figure 2.1: Two kinds of mechanical routes for exfoliation and the auxiliary route for fragmentation54 
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The general idea of the Scotch tape method is the cleavage of TMDs monolayers from 

the bulk surface of the crystal. The procedure is presented in figure 2.2. The exfoliation 

mechanics of this method are that the Scotch tape is applied to the bulk crystal and thus exerts 

a normal force. If one takes great pains to repeat this normal force numerous times, the bulk 

crystal becomes thinner and thinner and finally it will become a single-layer TMD.54 

 
Figure 2.2: An illustrative procedure of the Scotch-tape based micromechanical cleavage of bulk crystal.54 

 

During this master thesis the Scotch-tape technique has been used with the use of 

Polydimethylsiloxane (PDMS). PDMS is a polymer which is characterized by low stiffness, 

chemical stability and conformal contact make it very versatile. At first, we isolate a small 

portion of WSe2 bulk crystal (from 2D semiconductors) and put it on the adhesive tape as it is 

shown in the first picture of figure 2.2. After that we carry out a repetitive folding-unfolding 

process, by which the bulk sample is spreading along the tape as it is shown in the last picture 

of figure 2.2. Then, we apply pressure on the non-sticky side of the scotch-tape just under the 

PDMS to force more material to move from the upper parts of WSe2 flakes to PDMS. Slowly 

but steady, we peal the PDMS off the scotch tape taking our time in order to get as much 

material as we can. At this point the PDMS contains many pieces of WSe2, some thicker and 

some thinner so we place it under an optical microscope to find possible areas that contain 1L-

WSe2. If there are no monolayers with a clean scotch-tape we remove some material from 

PDMS and check again for monolayers. This procedure is repeated until we achieve a big 

enough monolayer in lateral dimensions (about 10 μm56). 

 
Figure 2.3: Polydimethylsiloxane (PDMS)57 
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PDMS is commonly used in order to create heterostructures because as we mentioned 

before the simple Scotch-tape technique is not reliable for heterostructures. It is used as the 

transfer factor of the monolayer in order to put it on a substrate or make an heterostructure. In 

the case of a simple transfer of monolayer on a substrate (in our case 290nm SiO2/Si wafers) 

the PDMS is used because it is easier to fabricate big enough monolayers than if we use scotch 

tape on the substrate. The reason is that the weak van der Waals bonds between the layers allow 

decoupling of adjacent layers under an external stress. The strong adhesion forces between the 

surface of the PDMS stamp and the surface of the bulk crystal cause the weak secondary bonds 

between the layers to be overcome.57 The surface of the stamp is inspected under the optical 

microscope to select the thinner flakes due to their faint contrast under normal illumination. As 

the stamp is transparent as it is shown in figure 2.3, transmission mode can be used to determine 

the number of layers. Once a thin flake has been identified, the substrate is fixed on a XY stage. 

The stamp is then attached to the three-axis manipulator with flakes facing towards the 

substrate. As the stamp is transparent, we can see the substrate through it and thus it is possible 

to align the desired flake on the surface of the substrate where we want to transfer the flake at 

sub-micrometer resolution. The heterostructure set-up and the optical microscope are presented 

later in the chapter of experimental set-ups (figure 2.6). This procedure is illustrated in figure 

2.4.54 
 

 

figure 2.4: Diagram of the steps involved in the preparation of the PDMS stamp and the deterministic transfer 

of an atomically thin flake onto a user-defined location54 

The selection of the substrate is a very important issue. Because the monolayers are 

atomically thin (about 1nm) it is difficult to identify them under a microscope. That’s why we 

choose the SiO2/Si substrate. The thickness of the substrate determines the contrast with 
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optimum values of 90 and 290 nm.1 A typical picture of 1L-WSe2/SiO2 is illustrated in figure 

2.5. 

 

figure 2.5: Optical microscope image from 1L-WSe2/SiO2  

2.1 Experimental set-ups 

 
figure 2.6: (a) Optical microscope, (b) heterostructure set-up 

The heterostructure set-up (figure 2.6 (b)) consists of a coaxially focusable Zoom lens 

(MVL20FA, Thorlabs), a magnification lens (MVL12X3Z, Thorlabs), a XYZ micrometer 

stage (RB13M/M, Thorlabs) in order to control the position of the monolayer on PDMS before 

transfer it on the Si02/Si substrate, a top pate for micrometer stage (RB13P1/M, Thorlabs) and 

a XY(theta) stage (XYR1/M, Thorlabs) in order to control the position of the substrate which 

is placed on the plate. The set-up also consists of chameleon 3 camera (CM3-U3-13S2C-CS: 

Discontinued) in order to have an image of the monolayer and the substrate during the 

transferring process. 

1L-WSe2/SiO2 
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3. Characterization methods and set-ups 
 
3.1 Photoluminescence  
 
3.1.1 Photoluminescence spectroscopy 

Atoms emit light by spontaneous emission when electrons in excited states drop 

down to a lower level by radiative transitions. In solids the radiative emission process is 

called luminescence. Luminescence can occur by a number of mechanisms such as 

excitation by light, electron beams, current injection, etc. In the case of Photoluminescence, 

the re-emission of light is achieved after absorbing a photon of higher energy, that is optical 

radiation. The physical processes involved in photoluminescence are more complicated 

than those in absorption. This is because the generation of light by luminescence is 

intimately tied up with energy relaxation mechanisms in the solid. Furthermore, the shape 

of the emission spectrum is affected by thermal distributions of the electrons and holes 

within their bands. Therefore, we have to consider the emission rates and the thermal spread 

of the carriers.22 

In figure 3.1 there is an overview of the main processes that occur when light is 

emitted from a solid. The photon is emitted when an electron in an excited state drops down 

into an empty state in the ground state. For this to be possible, we must first inject electrons 

(in the case of photoluminescence is the excitation by light), which then relax to the state 

from where the emission occurs. This could be the bottom of the conduction band or a 

discrete level. The photon cannot be emitted unless the lower level for the transition is 

empty, because the Pauli principle does not permit to put two electrons into the same level. 

The empty lower level is produced by injecting holes into the ground state band in an 

analogous way to the injection of the electrons into the excited state. The radiative 

recombination rate is determined by the radiative lifetime τR. Radiative emission has to 

compete with non-radiative recombination, which has a time constant τNR. The electron 

might, for example, lose its excitation energy as heat by emitting phonons, or it may transfer 

the energy to impurities or defects (so-called “traps”). 

 The definition of τR is given the rate equation if the upper level has a population N 

at time t: IH
IJ
= −𝐴𝑁 and from the solution of this equation: N(t) = N(0)e6KL = N(0)e6

4
56 

, τR=A-1 , where A is the Einstein coefficient.22 



 33 

 

Figure 3.1: General scheme of luminescence in a solid22 

In figure 3.2, a schematic diagram of the processes occurring during 

photoluminescence in a direct gap semiconductor, such as monolayer TMDs, is illustrated. 

The electrons are initially created in states high up in the conduction band. The electrons 

do not remain in these states for very long, because they can lose their energy very rapidly 

by emitting phonons. This process is realized by a cascade of transitions within the 

conduction band as it is shown in figure 3.2 by the arrows. These scattering events take 

place on time scales ~10-13 s due to the strong electron-phonon coupling in solids. After the 

electrons and holes have relaxed by phonon emission they must wait at the bottom of the 

bands until they can emit a photon (~10-9 s) or recombine non-radiatively.22 

 

 

figure 3.2: Schematic diagram of the processes occurring during photoluminescence in a direct gap 

semiconductor22 
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In an indirect gap material (such as 2L-WSe2), the conduction band minimum and 

valence band maximum are at different points in the Brillouin zone as it is shown in figure 

3.3. Conservation of momentum requires that a phonon must either be emitted or absorbed 

when a photon is emitted. The requirement of emitting both a phonon and a photon during 

the transition makes it a second-order process, with a relatively small transition probability. 

In figure 3.3 there is a schematic diagram of luminescence process in an indirect gap 

semiconductor. 

 

figure 3.3: Schematic diagram of the processes occurring during luminescence in an indirect gap 

semiconductor22 

3.1.2 Optical Set-up for Photoluminescence and Spin-valley polarization measurements 

An iHR-320 spectrometer (Horiba Scientific/Jobin Yvon Technology) was used in the 

setup for PL, spin-valley and differential reflectance spectroscopy, It is an automated 

spectrometer with a 320mm focal length (f/4.1 aperture) and offers two different gratings on 

its turret: 300g/mm and 1200g/mm. The wavelength range is 150nm-15μm (1200g/mm) and 

the resolution with the 1200g/mm is 0.06nm (measured at 435nm). A top-view schematic 

representation of the iHR-320 showing the slits and its focal plane is shown in 3.4. The 

wavelength accuracy is ±0.20nm and the spectral dispersion 2.35nm/mm. The step size of the 

automated turret is 0.002nm. 58 
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figure 3.4 (a) Picture of the iHR-320 spectrometer, (b) iHR-320 top view, showing slits and focal plane58 

The geometry of the monochromator used in the setup is shown in figure 3.5. It is a 

common Czerny–Turner design, where the incoming signal (A) is focused is at the entrance 

slit (B). The slit is placed at the focal point of a parabolic mirror (C) that collimates the 

divergent incoming light (focused at infinity). The collimated light is then diffracted from a 

reflective grating (D) and is collected by a second parabolic mirror (E), which refocuses the 

dispersed light on the exit slit (F). Since after the grating the different wavelengths are spread 

out, they arrive at a separate point in the exit-slit plane. A rotation of the reflective grating 

causes the band of wavelengths to move relative to the exit slit, so that the desired entrance slit 

signal is centered on the exit slit. 58 

 

figure 3.5: Schematic representation of a Czerny-Turner monochromator 58 

A Syncerity multichannel charge-coupled device (CCD) Deep Cooled Camera (figure 

3.4a) is attached to the exit of the monochromator. It utilizes the thermoelectric effect to operate 

at -600C for high signal-to-noise ratio. The CCD sensor contains 1024×256 pixels with a pixel 

size of 26μm×26μm. The spectral range is 250nm-1050nm with a quantum efficiency of almost 

60% at 750nm. 58 

During this master thesis, the Photoluminescence spectra were taken in an optical set-

up as it is schematically illustrated in figure 3.6. This optical set-up is developed at the ULMNP 

lab of IESL/FORTH. The optical set-up consists of the excitation source which is a continuous 

wavelength (CW) He-Ne of 543 nm. The laser beam has s-polarization and passes through a 
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spatial filter (KT310, Thorlabs). The spatial filter ensures uniform energy distribution and 

cleans the Gaussian beam from its spatially varying intensity noise. In addition to that, expands 

the beam size in order to fit through the aperture of the objective and achieve diffraction limited 

spot size. After the spatial filter, the optical path consists of a short pass filter (FES550) in order 

to reduce the noise at higher wavelengths. The power of the laser beam is controlled by a neutral 

density filter (0-2 OD, NE520B-A, Thorlabs). A 50:50 beam splitter (BS 50:50, BSW10, 

Thorlabs) is used to reflect and drive the beam to the objective lens. A Mitutoyo 50x (NA:0.42, 

f=200mm) focuses down to ~1μm the spot size for the sample excitation which is placed inside 

a cryostat (ST500, Jannis). The position of the sample is controlled with a XYZ mechanical 

translation stage (PT3, Thorlabs) and the excitation procedure is continuously monitored and 

controlled via a CCD optical setup. Following the excitation, the emitted PL signal passes 

through a long pass (LP) filter (FEL550, Thorlabs) to eliminate the emission of the laser. 58 

  

 
figure 3.5: Schematic representation of the PL configuration 

During spin-valley polarization experiments, the sample is excited by a nearly 100% 

circularly polarized light. Therefore, it is important to induce a very high imbalance in the 

carrier population of the +K and -K valleys. One basic difference is the excitation source since 

the CW He-Ne of 543 nm (2.28 eV) laser is not resonant with the optical gap of 1L-WSe2 (1.74 

eV at 78K). The excitation source is a supercontinuum laser source with which we can select a 

specific laser excitation line in order to achieve resonance required for spin-valley experiments. 
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Another basic difference between the PL configuration which is illustrated in figure 3.5 and 

the spin-valley polarization configuration which is illustrated in figure 3.6 is in the optical path 

that follows after the neutral density filter. The beam splitter is flipped, and the beam follows 

a separate optical path. An achromatic λ/4 waveplate (AQWP05M-600, Thorlabs) changes the 

polarization of the laser beam from linear to circular with positive (σ+) helicity. Τhe LP filter 

here is carefully placed in a critical angle to reflect the two beams and at the same time maintain 

high values of circular polarization. The resulting emission is then analyzed for positive (σ+) 

and negative helicity (σ-) with a liquid crystal variable retarder (LCVR) that is efficient from 

350nm to 700nm (LCC1223-A, Thorlabs). The liquid crystal variable retarder consists of a 

transparent cell filled with a solution of liquid crystal (LC) molecules and functions as a 

variable wave plate via a liquid crystal controller (LCC25, Thorlabs) to convert the σ+ and σ- 

component of the PL emission into linear polarization and  

measure the total polarization from the equation 𝜂 = AB(C4)6AB(C6)
AB(C4)6AB(C6)

, as it is mentioned in the 

chapter 1.3. 

The SuperK EVO supercontinuum white-light laser is based on extremely reliable fiber 

laser technology. The SuperK EVO platform delivers high brightness white light in the entire 

410-2400 nm range is optimized. The SuperK EVO line has a repetition rate of 20MHz and 

output power of up to 4mW. The light is fiber delivered and connects the SuperK EVO with 

SuperK VARIA. The optical fiber is connected with SuperK VARIA. The SuperK VARIA is 

a flexible alternative monochromator, effectively turning the supercontinuum light into a 

powerful single laser line with a tuning range and variable bandwidth. The center wavelength 

of the pass-band is tuned from 400 to 840 nm. The bandwidth is variable between 10 and 100 

nm, making the SuperK VARIA the most flexible filter solution on spectroscopy. The SuperK 

VARIA is compatible with our SuperK CONNECT high-performance fiber delivery system 

that comes complete with broadband fibers and a range of termination options. 
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figure 3.6: Schematic representation of the spin-valley polarization configuration 
 
3.2 Absorption 
 
   3.2.1 Absorption spectroscopy 

Measuring absorption (A) requires to measure both transmittance (T) and reflectance 

(R) where A=1-R-T. Transmission measurements require a transparent substrate and a 

detection path different from the excitation path, for example a separate microscope objective 

on each side of the sample or one objective combined with a fiber on the other side of the 

sample59. In practice often reflectivity is measured as it is the simplest experiment for samples 

on substrates like SiO2/Si that are not transparent. To get a quantity independent of the optical 

response of the set-up, we measure the reflectivity contrast defined as 𝛿𝑅 = ;)786;)9:
;)9:

, where 

Rsam is the intensity reflection coefficient of the monolayer TMD and Rsub comes from the 

substrate where the monolayer is.60 This formula is used in order to distinguish the contribution 

from the monolayer flake since the reflected light spectra include the illumination source 

profile, the sample transmission and absorption, the substrate reflection and absorption due to 

the atomically thin TMD flakes and resonant effects due to the thickness of the SiO2. 

Absorption spectroscopy measures how much light is absorbed by a sample over a 

range of wavelengths defined by electromagnetic spectra. The wavelength at which a chemical 

component absorbs light is a function of the type of ion or molecule that is being monitored.61 

So, the electronic transitions which are characteristics of the material are probed by absorption 

spectroscopy. 
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The optical properties of a material can be seen as the interaction between light and 

various types of oscillators. In TMDs monolayers, the dominating oscillators are exciton 

resonances. Therefore, in reflectivity different exciton resonances are accessible up to room 

temperature as they possess strong oscillator strength and high density of states. This allows to 

observe the Rydberg series of the A-exciton, thus giving a measure of the exciton binding 

energy and the single particle bandgap. Other optical transitions related to defect states in the 

gap or other exciton complexes which possess weaker oscillator strength are difficult to trace 

in absorption, although they might appear in photoluminescence spectra.60 The excitonic peak 

energies in PL spectra are slightly redshifted from the corresponding absorption energies due 

to Stoke shift.62 

3.2.2. Optical set-up for Differential Reflectance Spectroscopy 

The optical set-up used for photoluminescence measurements can be modified by 

flipping the mirrors for differential Reflectance measurements. By flipping the mirrors, the 

aligned super continuum light (360nm-2600nm) of stabilized tungsten-halogen source 

(SL201L, Thorlabs) is permitted to pass through an iris and follow the same optical path as it 

is illustrated in figure 3.5. It is apparent that in order to perform a differential reflectance 

experiment in the same optical path, the long and short pass filters must be first removed in 

order to exploit the spectrum of the super continuum efficiently as it is shown in figure 3.7. 

The diameter of the white light spot size on the sample is approximately 3μm.  

 
figure 3.7: Schematic representation of the Differential Reflectance configuration 
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3.3 Cryogenic System 

Temperature is a very important parameter when studying excitonic effects in 

semiconductors. PL experiments can be executed at any temperature, but performing PL 

measurements at cryogenic temperatures can yield information about excitonic states that 

would be hidden by thermal effects at elevated temperatures (for example, room temperature 

conditions). It’s more important when studying spin-valley polarization phenomena due to 

carrier-phonon scattering effects that open depolarization channels as it is mentioned in chapter 

1.3. The cryogenic system which is used during PL and spin-valley polarization measurements 

is shown in figure 3.8. 

The cryogenic system consists of 6 main parts: the LHe (or LN) cryostat (ST500, Janis), 

the transfer line (Standard Flexible Liquid Helium Transfer Line, Janis), a liquid nitrogen 20lt 

storage dewar (Janis), the temperature controller (Model 335, Lake Shore Cryotronics) a 

mechanical pump and a turbo pump. The cryostat is a continuous flow research cryostat that 

performs in the temperature range from 3.5K to 475K and it is illustrated in figure 3.8a . Liquid 

helium or nitrogen is continuously transferred through a high efficiency super-insulated line to 

a copper sample mount inside the cryostat vacuum jacket. A needle valve is incorporated in the 

transfer line and is used to regulate the flow of cryogens to the sample mount as it is shown in 

figure 3.8b. Inside the transfer line is a length of flexible metal tubing surrounded by multiple 

radiation shields and vacuum insulation. Specially constructed spacers prevent the inner line 

from contacting the outer vacuum jacket for maximum efficiency during operation. One end of 

the transfer line is inserted into the cryogen storage dewar, while the other end is inserted into 

the cryostat. The liquid helium and nitrogen dewars consist of one or more reservoirs, 

surrounded by a vacuum jacket, which isolates these reservoirs from room temperatures.  

For proper performance of the cooling procedure, the system must be evacuated to 

remove all the air and the out-gassing from the bellows and other parts of the cryostat. Better 

vacuum levels provide greater insulation, resulting in shorter cooldown times and lower 

temperatures in the sample mount. In our cryogenic system, a combination of a mechanical 

pump with a turbo pump evacuate the chamber of the cryostat to a pressure of 10-5 Torr which 

is sufficient for LHe and LN measurements. The temperature of the samples is controlled with 

a two-channel temperature controller with configurable heater outputs delivering a total of  

75W of low noise heater power. The total cryogenic system which is developed at ULMNP 

laboratory is shown in figure 3.8c  
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figure 3.8: (a) ST500 cryostat, (b) Standard flexible liquid helium transfer, (c) Total Cryogenic system developed 

at the ULMNP lab 

 

3.4 Raman  
 
3.4.1 Raman Spectroscopy 

Raman scattering is an inelastic collision of an incident photon ℏωi with a molecule 

in the initial energy level Ei as it is schematically shown in figure 3.9. Following the 

collision, a photon ℏωs with different energy from the initial one is detected and the 

molecule is found in a different energy level Ef    ℏωi+M(Ei)→M*(Ef)+	ℏωs. The energy 

difference ΔE=Ef – Ei appears as vibrational energy of the photon.  

If the photon ℏωi is scattered by a vibrationally excited molecule, it may gain energy 

and the scattered photon has a higher energy ℏ𝜔MN = ℏ𝜔G + 𝐸G − 𝐸O  with Ei>Ef. This 

inelastic photon scattering is called anti-Stokes radiation (figure 3.8 (c)). If Ef>Ei, that is 

the scattered photon has lower energy than the initial one, the scattering is called Stokes 

radiation.63 
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figure 3.8: Schematic level diagram of Raman scattering63 

A classical description of the vibrational Raman effect has been developed by Placek. 

It starts from the relation 𝒑 = 𝝁P + 𝛼𝜠 between the electric field amplitude 𝑬 = 𝑬@𝑐𝑜𝑠𝜔𝑡 of 

the incident wave and the dipole moment p of the molecule. The first term μο represents a 

possible permanent dipole moment while αE is the induced dipole moment. The polarizability 

is generally expressed by the tensor (αij) of rank two, which depends on the molecular 

symmetry. Dipole moment and polarizability are functions of the coordinates of the nuclei and 

electrons. However, as long as the frequency of the incident radiation is far off resonance with 

electronic or vibrational transitions, the nuclear displacements induced by polarization of the 

electron cloud are sufficiently small. Since the electronic charge distribution is determined by 

the nuclear positions and adjusts “instantaneously” to changes in these positions, we can 

expand the dipole moment and polarizability into Taylor series in the normal coordinates qn of 

the nuclear displacements  

𝝁 = 𝝁(0) +Z ( Q)
QR;

S

%TU U
)qV +⋯ and                                     

           𝛼GW(𝑞) = 𝛼GW(0) +Z ^QX<=
QR;>

_
S

%T>
𝑞% +⋯		 

where Q=3N-6 (or 3N-5 for linear molecules) gives the number of normal vibrational modes 

for a molecule with N nuclei and μ(0)=μο and αij(0) are the dipole moment and the polarizability 

at the equilibrium configuration qn=0. For small vibrational amplitudes the normal coordinates 

qn(t) of the vibrating molecule can be approximated by qn(t)=qn0cos(ωnt) where qn0 gives the 

amplitude and ωn the vibrational frequency of the nth normal vibration. From all the equations 

above the total dipole moment is given:       
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𝒑 = 𝝁U +`(
∂𝜇
∂qV

S

%TU U

)qVU	 cos(𝜔%𝑡) + 𝛼GW(0) cos(𝜔𝑡)

+
1
2𝑬@`f

∂𝛼GW
∂qVU

g

S

%T>

𝑞%U[cos(𝜔 + 𝜔%) 𝑡 + cos(𝜔 − 𝜔%) 𝑡] 

The second term describes the infrared spectrum, the third term the Rayleigh scattering and the 

last term represents the Raman scattering. The conclusion is that if QX
QZ
¹	0 the vibration is 

“Raman active”, that is a change in polarizability.63 Generally, Raman scattering is a very weak 

phenomenon and the probability is 1 photon of 10000000 to scatter inelastically. During, a 

typical experiment, we measure the Raman shift which is characteristic of the material and 

depends on doping, strain, etc. 

3.4.2 Optical set-up of Raman Spectroscopy 

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. A diode- pumped 

solid-state laser (473𝑛𝑚), with maximum output of 50𝜇𝑊 was focused on the objective lens 

on an optical microscope attached with the Raman spectroscope.  

A typical Raman spectrometer is composed of: a laser a microscope and a spectrometer. 

A schematic overview of the setup is presented in figure 3.9. 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 combination 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 signal. 𝑚𝑚 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.64 
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figure 3.9: Schematic representation of the Raman configuration 
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4. Doping in TMDs 

The doping engineering of 2D materials appears to be the key to control their 

electronic65, optical66, magnetic, catalytic and also many other properties including charge 

density wave, valleytronics, etc. Generally, doping means the tuning of the charge carrier 

density in semiconductors, including 2D materials. The doping type and the carrier 

concentration cover the nondegenerate to degenerate p- and n-type doping. According to 

doping strategies, dopants can donate electrons to the host TMDs that are called n-type dopants 

(donors). Otherwise, dopant materials that leave holes on their host TMDs by accepting 

electrons from them are called p-type dopants (acceptors).  

The purpose of doping 2D materials is to reach a precise control of their electrical, 

optical and magnetic properties. There are many doping methods that have already been 

developed such as substitutional doping, charge transfer doping, intercalation doping, 

electrostatic field effect doping as they are presented in figure 4.1. Compare to the conventional 

semiconductors with 3D crystal structure, which are usually doped by impurity atoms at 

substitutional or interstitial sites, the weak van der Waals interaction between 2D layers lead 

to large interlayer distance that facilitate intercalation of dopant atoms. In the meantime, when 

they are exfoliated or directly grown into ultrathin thicknesses, they can be also easily doped 

via surface charge transfer and external electrostatic field effects.67  

 

figure 4.1: Doping strategies to 2D TMDs and their potential function applications67 
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4.1 Doping methods for 1L-WSe2 

In the case of 1L-WSe2 there are lots of doping methods that have been developed. 

N-type doping is achieved by dipping 1L-WSe2 into methanol for several hours at room 

temperature, that is the increase of the electron density and also the reduction of the defects 

resulting in enhancement of the photoluminescence spectra, the light absorption and the 

carrier mobility. The 1L-WSe2 may be CVD-grown (chemical vapor deposition) or 

exfoliated.68 Another very effective doping method which is developed very recently is a 

chemical vapor deposition using  mixed molten salts for vapor-liquid-solid growth of high 

quality vanadium (V-) doped 1L-WSe2 with high controllability and reproducibility. More 

specifically, highly reproducible vapor-liquid-solid growth of V-doped 1L-WSe2 using the 

molten salts Na2WO4 and NaVO3 by adjusting their ratio can be grown by selenization.69A 

controllable and effective n-doping in 1L-WSe2 is realized by means of electron beam 

irradiation. The doping is achieved by the formation of Se vacancies and it is precisely 

controlled by the electron-beam fluences. The doping area and degree can be precisely 

controlled with sub-microscale resolution via irradiation treatment. 70 In addition, air stable 

p-doping, up to degenerate limit is performed by chemisorption of NO2 on 1L-WSe2, at a 

sample temperature of 150oC.71 Another simple, stable and controllable p-doping technique 

on 1L-WSe2 is realized by electron transfer from the WSe2 to the gold (Au) decorated on 

the WSe2 surfaces. The Au deposited on the WSe2 also serves a protection layer to prevent 

a reaction between the WSe2 and the environment, making the doping stable and promising 

for future scalable fabrication.72 A p-type doping method by chalcogen substitution is also 

achieved, which is based on the replacement of selenium (Se) with phosphorus (P) during 

the synthesis of the 1L-WSe2. P atoms are chemically bonded in WSe2 by occupying 

substitutional Se sites.73 

4.2 Photochlorination as a doping method 

Photochlorination is a doping method which is first developed at ULMNP 

laboratory   by Dr. Ioanna Demeridou during her Ph.D., in the case of 1L-WS2. In this case, 

a reduction of the electron density observed, that is p-type doping of 1L-WS2.  

The photochlorination of TMDs is schematically presented in figure 3.2. During this 

process the TMDs monolayers are subjected to irradiation by a KrF excimer laser beam 

emitting 20 ns pulses of 248 nm at 1 Hz repetition rate that is translated onto the monolayer 
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area. The whole process takes place into a vacuum chamber at 120 Torr Cl2 gas pressure 

maintained through a precision micro valve system.74 

 

figure 4.2: Schematic representation of the process used for the photochlorination of TMDs74 

The experimental set-up of the photochlorination process is illustrated in figure 4.3. 

The laser used during this process is fluorine-Krypton (KrF) excimer laser of 248nm. An 

excimer laser, sometimes more correctly called an exciplex laser, is a form of ultraviolet laser. 

The term excimer is short for “excited dimer”. An excimer laser typically uses a combination 

of a noble gas (argon, krypton or xenon) and a reactive gas (fluorine or chlorine). Under the 

appropriate conditions of electrical stimulation and high pressure, a pseudo-molecule called an 

excimer is created, which can only exist in an energized state and can give rise to laser light in 

the ultraviolet range. Laser action in an excimer molecule occurs because it has a bound 

(associative) excited state, but a repulsive (dissociative) ground state. Noble gases such as 

krypton (Kr) are highly inert and do not form chemical compounds. However, when in an 

excited state (induced by electrical discharge or high-energy electron beams), they can form 

temporarily bound molecules with themselves or with halogens such as fluorine (F). The 

excited compound can release its excess energy by undergoing spontaneous or stimulated 

emission, resulting in a strongly repulsive ground state molecule which is very quickly 

(~picoseconds) dissociates back into two unbound atoms. This forms a population inversion. 

In the case of KrF, the temporary composite at an excited energy state is produced by the 

following chemical reaction75: 

2𝐾𝑟 + 𝐹+ → 2𝐾𝑟𝐹 

The ground state of this composite quickly dissociates into two unbound atoms through the 

chemical reaction: 



 48 

2𝐾𝑟𝐹 → 2𝐾𝑟 + 𝐹+ 

As shown in figure 4.3 the laser beam impinges on a mirror and then passes through 

two irises. Between the two irises there is an attenuator in order to diminish the energy of the 

laser pulse if it is needed. After these three components the beam impinges on another mirror 

in order to reach the quartz cell where the sample is located. The pulse has repetition rate of 

10Hz. We adjust the second iris so the spot size of the laser beam reaches the cell is about 0.78 

cm2. We place the sample in the quartz cell and we are waiting for low vacuum to be created 

(~10-3 mbar). The vacuum pump is connected with the cell and the controller. The controller 

has a panel which helps us to see the vacuum conditions in the cell. The cell also is connected 

with the manometer. The needle of manometer points the depletion and release of helium (He), 

before the radiation in quartz cell. The He gas cleans the cell before we irradiate the sample 

with chlorine (Cl2) gas. The gas pressure of Cl2 in the cell is about 150mbar. After the 

adjustment of the Cl2 gas pressure we are ready for the irradiation. 

 

figure 4.3: Schematic representation of the Photochlorination process set-up 
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5. Results-Discussion 
 

5.1 Typical Photoluminescence and Reflectivity spectra of 1L-
WSe2

 

figure 5.1: (a)Temperature dependence Photoluminescence spectra, (b)Differential Reflectance spectra of 1L-

WSe2, (c)Temperature dependence PL peak position of the neutral and charged exciton peak 

From figure 5.1 (a), at 78K we observe two characteristic exciton peaks. The peak ~1.7 

eV is the charged exciton peak and the peak ~1.73 eV is the neutral exciton peak. As the 

temperature increases, we observe a redshift of both excitonic peaks. This is a consequence 

from the Varshni equation: 

𝐸:(𝑇) = 𝐸@ −
𝑎𝑇+

𝑇 + 𝑏 

where Eo  is the ground state transition energy at T=0 and a, b are fitting parameters of a given 

material.22 This is more clear in figure 5.1(c) where the fittings for both peaks show the 

tendency of the redshift as it is described by the equation above. From the fittings come of the 

α, b parameters. For neutral exciton E0=(1.7408±0.001)eV, α=(0.47±0.04)[\]
^

, 

β=210±50)Κ. In addition, from PL spectra (figure 5.1 (a)), as the temperature increases it is 

clear the dissociation of the charged to neutral exciton. At room temperature the neutral exciton 

(a) (b) (c) 
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dominates the PL spectra as it is expected since the binding energy of the trion is about tens of 

meV. A broadening of the exciton peak is also observed due to thermal effects which are 

associated with the optical phonons that are important as the temperature increases. In figure 

5.1 (b) we observe the neutral exciton peak with the characteristic redshift as the temperature 

increases. As it is mentioned in chapter 3.2.1 the excitonic peak energies in PL spectra are 

slightly redshifted from the corresponding absorption energies due to Stoke shift. We observe 

only the neutral exciton peak since the oscillator strength of the charged exciton peak is very 

small and the possibility to observe it in reflectivity spectra is very low. 

5.2 First results from the irradiation of 1L-WSe2 in Cl2 environment 

 

figure 5.2: Power dependence Photoluminescence spectra from (a) pristine 1L-WSe2 and (b) chlorine doped 1L-

WSe2 with LP=5 (UV laser pulses) at 78K, in Cl2 environment 

As we can see from figure 5.2, after the photochlorination with 5 UV laser pulses 

(LP=5) it is clear that the charged exciton peak dominates the photoluminescence spectra at 

T=78K. This is a strong indication of n-type doping of 1L-WSe2 after the irradiation in Cl2 

environment. The fluence of the UV pulses was F=30 mJ/cm2. From the power dependence 

study, we observe that for all powers of the laser beam (λ=543 nm, He:Ne) the charged exciton 

dominates after the irradiation. In addition, with the same laser powers after the 

photochlorination the PL intensity is less than before the irradiation. 

 

 

(a) (b) 



 51 

 

 

figure 5.3: UV pulses dependence Photoluminescence spectra for (a) T=78K, (b) T=100K, (c) T=150K, (d) 

T=200K, (e) T=250K, (f) T=300K, in Cl2 environment 

From figure 5.3, we see that the domination of the charged exciton peak is obvious at 

T=78K and at T=100K, at T=150K we can see the transition of charged to neutral exciton 

domination and for higher temperatures until room temperature we observe only the neutral 

exciton due to dissociation reasons, as we mentioned before. The fluence of the UV pulses was 

again f=30 mJ/cm2 and the power of the laser beam (λ=543 nm, He:Ne) of PL optical set-up 

was kept constant at P=60μW. 

In figure 5.4, we can see the differential reflectance spectra for different temperatures 

in a pristine and in a chlorine doped 1L-WSe2. From these spectra we observe the neutral 

exciton transition since from reflectivity we study the electronic transitions and the possibility 

to see a charged exciton or another higher order excitonic complex is very low, due to small 

oscillator strength of these complexes. In addition, a redshift of the neutral peak is observed 

but it will be discussed in detail later. 

(a)
x 

(b) (c) 

(d) (e) (f) 
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figure 5.4: UV pulses dependence differential reflectance spectra for (a) T=78K, (b) T=100K, (c) T=150K, (d) 

T=200K, (e) T=250K, (f) T=300K, in Cl2 environment 

In figure 5.5, there are the Raman spectra of the pristine and the chlorine doped (LP=5) 

1L-WSe2. In figure 5.5(a) we observe the whole spectra which include the peak of the Si 

substrate (~520 cm-1) and also second order phonon modes, characteristic of the 1L-WSe2, as 

it is mentioned in chapter 1.1.4. In figure 5.5(b) we focus on the two first order Raman modes 

as they are also defined in chapter 1.1.4. These two Raman modes for 1L-WSe2 are at            

~250cm-1 and 261cm-1, respectively. There is the opinion which says that the E2g1 (in plane) 

and A1g (out of plane) are degenerate at ~250cm-1 and the peak at ~261cm-1 is the 2LA(M). The 

other opinion supports that the peak at ~261 cm-1 corresponds to the A1g phonon mode. The 

shift of the two modes in figure 5.5(b) after the photochlorination is smaller than the error of 

the spectrometer (0.48 cm-1), so we don’t consider it as a shift induced by photochlorination.  

 

(a)
x 

(b) (c) 

(d) (e) (f) 

(a)
x 

(b) 

figure 5.5: Raman spectra of pristine and chlorine doped 1L-WSe2 
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After these interesting results, we repeat the same photochlorination process but this 

time the step of the UV pulses was smaller to see the phenomenon gradually (chapter 5.3). 

Before that, we executed the same experiments but the 1L-WSe2 was in vacuum conditions 

without Cl2 gas during the irradiation (chapter 5.6). This last experiment was executed in order 

to understand either the UV irradiation or the Cl2 cause the changes that we observe in chapter 

5.2. 

 
5.3 Analytic study of the irradiation of 1L-Wse2 in Cl2 environment 

After the promising results of the first experiments (LP=0, LP=5) we executed the same 

experiment in another 1L-WSe2 but the step of the UV pulses was smaller in order to investigate 

the phenomenon gradually. This time the fluence of the UV pulses was also kept constant at 

F=30 mJ/cm2. As we will see below the phenomenon is repeated. 

 

figure 5.6: Power dependence photoluminescence spectra of (a) a pristine, (b) LP=1, (c) LP=3, (d) LP=5, (e) 

LP=10 chlorine-doped 1L-WSe2 

We observe from figure 5.6 that as the number of UV pulses increases the charged 

exciton peak becomes dominant for lower power of the laser beam (λ=543nm, He: Ne). For the 

same laser power, as we increase the number of pulses the photoluminescence intensity 

becomes lower.  

(a)
x 

(b) (c) 

(d) (e) 
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figure 5.7: (a) UV Pulses dependence Photoluminescence spectra of 1L-WSe2, (b) peak position of the neutral 

and charged exciton peak and (c) ratio intensity of the charged to neutral exciton peak with number of UV pulses, 

at 78K 

In figure 5.7 (a) the UV pulses dependence photoluminescence spectra at 78K are 

presented. As the number of pulses increases, it is clear that the charged exciton peak becomes 

more dominant and after ten pulses (LP=10) we observe a clear transition from the neutral to 

charged exciton peak. An additional confirmation of this transition is given from the diagram 

in figure 5.7(b) in which we observe that the ratio intensities of the charged to neutral exciton 

peak (_`
?

_`@
) decreases with the number of pulses. In addition, an extra excitonic peak appears 

and becomes clear as the number of pulses increases at about 1.65 eV which corresponds to a 

bound exciton. So, photochlorination may cause some defects to our sample. Finally, there is 

a minor redshift of the neutral peak position (figure 5.7 (b)), considered as negligible since it 

is smaller than the error of the spectrometer (0.006 eV). The charged exciton peak with the 

number of pulses is considered as constant (figure 5.7 (b)). 

 

  

(c) 

(b) (a) 
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figure 5.8: UV pulses dependence Photoluminescence spectra for (a) T=100K, (b) T=150K, (c) T=200K, (d) 

T=250K, (e) T=300K, in Cl2 environment 

In figure 5.8 we can see the photoluminescence spectra for different number of pulses 

and different temperatures. It is clear even though at 100K (figure 5.8 (b)) and at 150K (figure 

5.8 (c)) the tendency of the charged exciton peak to be dominant after the photochlorination. 

After 200K (figure 5.8 (c), (d), (e)), the spectra don’t change after the photochlorination. 

 

(a)
x 

(b) (c) 

(d) (e) 
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figure 5.9: UV pulses dependence differential reflectance spectra for (a) T=78K, (b) T=100K, (c) T=150K, (d) 

T=200K, (e) T=250K, (f) T=300K, in Cl2 environment 

In figure 5.9 the differential reflectance spectra for different number of pulses and 

temperatures are presented. We don’t observe any important changes as we increase the 

number of pulses such as shift of the excitonic peak, in accordance with the photoluminescence 

spectra of figure 5.8. 

(a)
x 

(b) (c) 

(d) (e) (f) 



 57 

 

figure 5.10: UV pulses Raman spectra of 1L-WSe2, in Cl2 environment 

In figure 5.10 there are the Raman spectra of 1L-WSe2 for different number of UV 

pulses, in Cl2 environment. There are not observable shifts of the characteristic phonon modes 

with the number of pulses. This is a strong indication of the integrity of the crystal lattice.  

5.4 Analytic study of the irradiation of 1L-WSe2 in Cl2 environment, with 
lower fluence of the UV pulses 

For all the measurements of chapter 5.3 the fluence of the UV pulses was kept constant 

at F=30 mJ/cm2. After that we decrease the fluence at F=15 mJ/cm2 in order to investigate the 

phenomenon of photochlorination with lower fluence.  

 
 

(a)
x 

(b) 

(c) (d) 

figure 5.11: Power dependence photoluminescence spectra of (a) a pristine, (b) LP=1, (c) LP=2, (d) LP=3 chlorine-

doped 1L-WSe2 
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From figure 5.11 it is clear that first of all the phenomenon is repeatable. And now the 

phenomenon is more dramatic since from the first pulse at P=50μW the charged exciton peak 

becomes dominant. Again, as the number of pulses increases the laser power, at which the 

charged exciton dominates, becomes lower.    

 

figure 5.12: (a) UV Pulses dependence Photoluminescence spectra of 1L-WSe2, (b) peak position of the neutral 

and charged exciton peak and (c) ratio intensity of the charged to neutral exciton peak with number of UV pulses, 

at 78K 

Even though the fluence of the UV pulses was lower than before (half of the initial 

fluence) the phenomenon is still impressive. We can say that with this value of fluence (F=15 

mJ/cm2) the transition of the neutral to charged exciton peak is obvious from the first pulse as 

it is clear from figure 5.12(a). All the spectra of figure 5.12(a) were taken with laser power 

P=60μW. There is a small shift of the neutral and charged exciton peak from the first 

pulse(figure 5.12(b)). The most important observation is that the ratio intensities (_`
?

_`@
) decreases 

as we increase the number of UV pulses. This tendency of the domination of charged exciton 

is still obvious at 150K after the first pulse and it is more obvious after the second pulse. 

(a)
x 

(b) 

(c) 
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figure 5.13: UV pulses dependence Photoluminescence spectra for (a) T=100K, (b) T=150K, (c) T=200K, (d) 

T=250K, (e) T=300K, in Cl2 environment 

As we can see from figure 5.13 the phenomenon is still dramatic at 100K and at 150K, 

will be obvious from deconvolution analysis as it is shown in figure 5.14. After deconvolution 

we can see clearly the tendency of domination of the charged exciton peak at 150K (figure 

5.14(b)). In figure 5.14 (a) we can see the typical photoluminescence spectra at 150K before 

photochlorination. 

The results of differential reflectance spectroscopy and Raman spectroscopy don’t 

show differences, that’s why we don’t present them. They are similar to the results of chapter 

5.3. 

(a)
x 

(b) (c) 

(d) (e) 
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figure 5.14: Deconvolution analysis for a pristine (a) and chlorine-doped (b) 1L-WSe2 at 150K 

 

5.5 Pulses dependence Raman mapping of 1L-WSe2 in Cl2 environment 

 
figure 5.15: (a) Optical image of 1L-WSe2, UV Pulses dependence Raman spectra for (b) area 1, (c) area 2, (d) 

area 3, (e) area 4, (f) area 5 of 1L-WSe2  

In figure 5.15 there are Raman spectra for different number of UV pulses and from 

different areas of the same 1L-WSe2. This experiment was executed in order to be convinced 

that the spectra don’t change after the photochlorination, as we have observed in our previous 

results, in chapters 5.3 and 5.4. Figure 5.15 gives as this confirmation since there is not shift of 

any Raman mode from any of the 5 areas that were examined. 

 

(a)
x 

(b) 
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5.6 First Results from the irradiation of 1L-WSe2 in vacuum conditions 

 
 

figure 5.16: Power dependence Photoluminescence spectra of (a) pristine 1L-WSe2 and (b) chlorine doped 1L-

WSe2 with LP=5 (UV laser pulses) at 78K, in vacuum conditions 

In figure 5.16, we see the power dependence spectra of the pristine (a) and the irradiated 

in vacuum conditions (b) 1L-WSe2, at 78K for different laser powers. There are not important 

changes between the spectra. The only change is that after the irradiation the charged exciton 

peak gains more intensity in comparison to the pristine one, but this happens because the 

measurements after the irradiation may had been taken from a different area of the monolayer. 

So, it is not an important change. 

 
 

(a) (b) 

(a)
x 

(b) (c) 

(d) (e) (f) 

figure 5.17: UV pulses dependence Photoluminescence spectra for (a) T=78K, (b) T=100K, (c) T=150K, (d) T=200K, 

(e) T=250K, (f) T=300K, in vacuum conditions 
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In figure 5.17 we observe the domination of the neutral exciton peak before and after 

the irradiation of the 1L-WSe2 in vacuum conditions at 78K, 100K instead of the charged 

exciton peak which is dominant in the case of the irradiation in Cl2 environment. It is clear that 

a blueshift of the neutral peak is observed after the irradiation, but it will be discussed in detail 

later. The power of the laser was kept constant at P=60μW. 

 

figure 5.18: UV pulses dependence differential reflectance spectra for (a) T=78K, (b) T=100K, (c) T=150K, (d) 

T=200K, (e) T=250K, (f) T=300K, in vacuum conditions 

In figure 5.18, we can see the differential reflectance spectra for different temperatures 

in a pristine and in an irradiated 1L-WSe2 in vacuum conditions. From these spectra we observe 

the neutral exciton transition since from reflectivity we study the electronic transitions and the 

possibility to see a charged exciton or another higher order excitonic complex is very low, due 

to small oscillator strength of these complexes. In addition, a blueshift of the neutral peak is 

observed, in agreement with PL spectra of figure 5.17, but it will be discussed in detail later. 

(a)
x 

(b) (c) 

(d) (e) (f) 
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figure 5.19: Raman spectra of pristine and irradiated 1L-WSe2, in vacuum conditions 

In figure 5.19, there are the Raman spectra of the pristine and the irradiated (LP=5) 1L-

WSe2, in vacuum conditions. It is clear that there are not differences between the spectra of the 

pristine and the irradiated monolayer.  

The fluence of the UV pulses of the results of this chapter was kept constant at about 

F=30 mJ/cm2. 

5.7 Analytic study of the irradiation of 1L-WSe2 in vacuum conditions 
 
 

 
 

 

(a)
x 

(b) (c) 

figure 5.20: UV pulses dependence Photoluminescence spectra for (a) T=78K, (b) T=100K, (c) T=150K, in vacuum 

conditions, (d) peak position of the neutral and charged exciton peak with the number of UV pulses at 78K 

 

(d) 
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In figure 5.20 the UV pulses dependence photoluminescence spectra are presented at 

78K (figure 5.20(a)), at 100K (figure 5.20(b)) and at 150K (figure 5.20(c)), in vacuum 

conditions. In addition to that we consider the peak position of both excitons (neutral and 

charged) constant as the number of pulses increases. These are the important temperatures at 

which we observe changes in the PL spectra after photochlorination. So, the results of 

irradiation of 1L-WSe2 in vacuum conditions confirm that Cl2 causes the impressive changes.  

The study was executed up to room temperature (T=300K) and differential reflectance 

spectra were also taken but there are not differences between the photochlorination and the 

irradiation in vacuum conditions so they are not useful for conclusions. The fluence of the UV 

pulses was kept constant at F=30 mJ/cm2. 

5.8 Dechlorination of chlorine-doped 1L-WSe2 (Reversibility) 
 

After we have studied the effects of Cl2 on 1L-WSe2 and we have checked that the n-

type doping is induced by Cl2 and not by the UV irradiation we found that the observed 

photochlorination effect can be reversed upon CW laser of 473nm rastering of the chlorine-

doped 1L-WSe2. As we can see in figure 5.21 the photoluminescence spectrum of chlorine-

doped 1L-WSe2 (LP=10, F=30 mJ/cm2) is partially reversed after the cleaning. The 

reversibility is due to desorption of chlorine atoms from the monolayer. However, the spectrum 

never returns to the initial one which means that chlorine atoms may be covalently bonded to 

the tungsten atoms (W) of the lattice. This strong bond can’t be destroyed with the amount of 

energy that provides the laser. In addition, as the temperature increases (figure 5.21 (a), (b), 

(c)) the spectrum after cleaning and the initial one (before photochlorination) become more 

similar. The reason of this observation is that temperature also helps the reversibility process 

because more energy is provided for the desorption. The phenomenon is totally repeatable since 

the same results arise from all the three areas that are mentioned in the optical image of the 1L-

WSe2 in figure 5.21 (a). 
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figure 5.21: (a) optical image of the 1L-WSe2, reversibility process at (b) 78K, (c) 100K, (d) 150K 
 

5.9 Analytic study of the irradiation of 2L-WSe2, in Cl2 environment 
 

The study of photochlorination effects was also expanded in the case of bilayer (2L) 

WSe2. In this case, the two excitonic transitions that we observe is the indirect excitonic 

transition (I) (phonon-assisted due to conservation of momentum) and the direct excitonic 

transition (A). The direct excitonic transition as we can see in figure 5.22 due to quantum 

confinement happens at smaller energy than in the case of monolayer, since in the case of one 

layer the geometrical confinement is bigger than in the case of two layers.  

 
 

figure 5.22: Temperature dependence photoluminescence spectra of pristine 2L-WSe2  

(a)
x 

(b) (c) 

(d) 
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The power of the laser (λ=543nm) was kept constant at P=600μW. Even though the 

photoluminescence intensity is low since radiative recombination across an indirect gap is a 

slow process requiring phonons (second order process) with an appropriate momentum. In the 

case of 2L-WSe2 which is an indirect semiconductor the oscillator strength of the direct 

excitonic transition (A) is also small.  

 

 
 
 

figure 5.23: Power dependence photoluminescence spectra of (a) a pristine, (b) LP=1, (c) LP=2, (d) LP=3 

chlorine-doped 2L-WSe2 

The power dependence photoluminescence study of pristine and chlorine-doped 2L-

WSe2, at 78K is presented in figure 5.23. As we don’t observe any significant changes of the 

spectra after the photochlorination. We observe the domination of the indirect excitonic 

transition at about 1.55 eV in all cases.  Temperature dependence PL study and UV pulses 

dependence Raman spectroscopy were also executed for pristine and chlorine-doped 2L-WSe2 

up to room temperature (T=300K), but there are not significant changes. That’s why the results 

are not presented in this master thesis. 

 

 

(a)
x 

(b) (c) 

(d) (e) 
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5.10 Analytic study of Spin-Valley Polarization of 1L-WSe2 in Cl2 environment 
 

During this master thesis the Spin-Valley Polarization of 1L-WSe2 as a function of UV 

pulses in Cl2 environment was also studied. For this study the chosen excitation wavelength of 

the NKT laser was 635nm in order to be on resonance. The reasons of the resonance conditions 

are presented in chapter 1.3. A typical temperature dependence spin-valley polarization study 

of pristine 1L-WSe2 is presented in figure 5.24.  

 
figure 5.24: (a) Temperature dependence spin-valley polarization study of pristine 1L-WSe2, spin-valley 

polarization of the neutral exciton as a function of temperature. 

From figure 5.24 it is apparent that the spin-valley polarization of the neutral exciton 

decreases as the temperature increases. This observation is in agreement with the equation of 

circular polarization 𝑃FG9F =
>

>4",-,)
. Both τr and τs depend on temperature, or more specifically 

on the thermal energy given to the exciton during optical excitation. This additional thermal 

energy is associated with an excess energy ΔE. It has been shown that τr depends linearly on 

temperature48, therefore we expect it to have linear dependence with ΔE. In addition, the 

intervalley scattering rate τs-1 is proportional to the phonon population ánñ= >

*
ℏ01
23 6>

 and 

substitute kT with (ΔE-ℏωq). Here, ℏωq is twice the LA phonon energy, the minimum energy 

necessary for the exciton to scatter from one valley to the other and reduce the optical 

polarization. 

(a)
x 

(b) 
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After the temperature dependence spin-valley polarization study of the pristine 1L-

WSe2 the study was expanded as a function of UV pulses in Cl2 environment. In figure 5.25, 

the results of photochlorination effects on spin-valley polarization are summarized.  

 

 

figure 5.25: PL spectra at (a) 78K, (b) 100K excited with a 635nm laser for different number of pulses analyzed 

for σ+ (red) and σ- (blue) helicity, (c) Temperature dependence of the circular polarization for the neutral exciton 

for the pristine sample (black points) and for LP=2 (red points), LP=3 (green points) and LP=5 (blue points). 

In figure 5.25 (a), (b) the PL spectra for different number of pulses analyzed for σ+ (red) 

and σ- (blue) helicity at 78K and at 100K are presented, respectively. The temperature 

dependence study was executed up to room temperature (T=300K), as it is shown in figure 

5.25(c). The behavior of the enhancement of the polarization after photochlorination is in 

(a)
x 

(b) 

(c) 
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agreement with the increase of electron density in the system studied. Based on the publication 

of S. Konabe as the electron density increases the τs (intervalley scattering time) also increases, 

so the polarization increases76. Indeed, the experimental data show this enhancement of 

polarization after photochlorination as it is presented in figure 5.26. 

 
figure 5.26: Circular polarization as a function of number of UV pulses in Cl2 at 78K 
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6. Conclusions 
 

In conclusion, after the pulsed laser induced doping on 1L-WSe2 the enhancement of 

the electron density is observed. Firstly, after the photochlorination the charged exciton peak 

dominates the PL spectrum of 1L-WSe2 at 78K. Before photochlorination the dominant 

excitonic peak of PL spectrum is the neutral exciton peak.  

The increase of the electron density in the system studied is also confirmed from the 

enhancement of the circular polarization of neutral exciton after photochlorination. This 

enhancement is impressive.  

The phenomenon of reversibility is due to desorption of chlorine atoms from the 

monolayer. However, the spectrum never returns to the initial one which means that some 

chlorine atoms may be covalently bonded to the tungsten atoms (W) of the lattice. So, after the 

cleaning of the chlorine-doped 1L-WSe2 only the surface chlorine atoms are removed. 
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