FORTH

INSTITUTE OF ELECTRONIC STRUCTURE AND LASER

PULSED LASER INDUCED DOPING

OF TWO-DIMENSIONAL CRYSTALS

loanna E. Demeridou

Supervisors: Dr. Emmanuel Stratakis
Prof. loannis Kominis

Prof. George Kioseoglou

Department of Physics

University of Crete

This dissertation is submitted for the degree of Doctor of Philosophy

March 2021






Contents

ACKNOWIBAGMENTS ...ttt re e s be et e eneesreeneeenes 5
AADSTTACT ...ttt bbb e 7
LSE OF FIQUIES ..ttt bbbt 9
THESIS OULIING ..ottt r e et e st et sreesteentesreenbe e 11
Chapter I: Structure and excitons in 2D Materials...........cccccovvveviiieiiiene e, 15
1.1 Crystal structure and electronic properties of TMD monolayers ...........ccccooevennenne, 16
1.2 Fabrication of TMD MONOIAYEIS .......cccveiviiieiieie e 20
1.3 EXCItons in MONOIAYEr TIMDS.........coiiiiieiiieierese e 22
1.4 Spin-Valley Polarization and Selection rules............cccccovveviiieiicce e, 27
1.5 VIDrational PrOPEITIES........coviiiiiiieiiieieieee e 30
1.6 Graphite and Graphene ..o e 32
Chapter 11: Carrier modulation in 2D TIMDS .......cccooiiiiiniiirisieiee e 35
2.1 Doping strategies iN 2D TMDS.........coiiiiiieeee e 36
2.2 Doping effects in the Raman SCattering .........cccoveveiieiie e 39
2.3 Evolution of photoluminescence under charged carrier doping.........c.ccoevvveveiennen. 45
2.4 Control of valley polarization with different doping approaches..........c...cccccevenee.n. 50
Chapter 11: Experimental Methods ... 55
3.1 Optical SPECLIOSCOPY SEIUD ..vcvvevietieiesiee sttt te ettt st esre e reenne e 56
3.1.1  Micro- Photoluminesence (1-PL) SEIUP ...coververieriiiieiceee e 56
3.1.2  Micro-Differential Reflectivity SEtUP ........cccovveriiiieiiecececece e, 57
3.1.3  Experimental setup for Valley Polarization measurements ...............cccceeveenen. 58
3.1.4  Experimental setup for micro-Raman Spectroscopy measurements.................. 60
3.2 CrYOQENIC SYSTEIM ...ttt ettt 62
3.3 PhotoChlOriNALION PrOCESS.......cviviiiitiriesiieiee et 63
3.4 SAMPIE PrEPArALION .....c.veveeii ettt et sre e sre e e reenae e 65
Chapter 1V: Experimental RESUITS ..........cccooiiiiiiiii e 66
4.1 Spatially Selective Reversible Charge Carrier Density Tuning in WS, Monolayers
VIa PNOtOCHIOMTNATION ...t 67
g I R 1011 0o [ od 1 o o PSPPSR 68
4.1.2  RESUILS aNd AISCUSSION.....c.uiiiiiitieiiiiiesieesie ettt nneas 69
g I T @0 o Tod [11S] o] PSSR 84
4.2 Tuning the valley polarization in WS, monolayers with photochemical doping ...... 85



421 INEEOTUCTION <.ttt e e e e e e ettt e e e e e e e e e e eeas 85

4.2.2  ReSUILS aNd dISCUSSION........eiuiiiiiiiiiieieieie ettt 87
4.2.3  CONCIUSIONS .....oeiieiieciiesieee ettt sttt et sne e reeteeneenneas 99
4.3 High room temperature valley polarization in WSa/Graphite .........ccccccovveivieennee 100
0 R 011 (0o [ od £ o] o RSP PR 100
4.3.2  ReSUItS aNd dISCUSSION........ccuiiiiiiieiiiieieie et 103
4.3.3  CONCIUSIONS ...ttt sttt bbbt 113
Chapter V: CONCIUSIONS ......oouiiiiiiiieieie bbbt 114
RETEIEINCES ...t b bttt bbb bbb et e e 118



Acknowledgments

First, I would like to express my gratitude to my supervisors, Prof. George Kioseoglou and Dr.
Emmanuel Stratakis for their incredible support, advice and guidance throughout my entire
Ph.D. program. Their generous encourage and discussions combined with their vast experience
made this Ph.D. work constructive and productive.

| want to express my appreciation and thanks to my supervisor Prof. loannis Kominis for doing
me the honor of evaluating my Ph.D. thesis and offer me the opportunity to present this work.

| gratefully thank Prof. Alexandros Georgakilas, Prof. Peter Rakitzis, Prof. Nikos T. Pelekanos,
and Prof. Emmanuel Kymakis for accepting to be my dissertation committee members. Their
time spent on the evaluation of this dissertation is sincerely appreciated.

I would like to thank our collaborators Prof. Panos Patsalas and Nikolaos Pliatsikas from
AUTH, Prof. Nikos T. Pelekanos and Dr. Savvas Germanis from Micro/Nano electronics group
from UOC and finally Dr. Yuanyue Liu and Prof. W. A. Goddard Il from Caltech. | thank my
colleagues from the 2D Materials subgroup, Dr. loannis Paradisanos, Mr. Antonis
Papadopoulos, Dr. Leonidas Mouchliadis, Mr. George Kourmoulakis, Ms. Eirini Katsipoulaki
and all the members of the Ultrafast Laser Micro and Nano Processing lab of IESL-FORTH for
the perfect collaboration.

Also, | would like to thank Ms. Maria Fouskaki and Mr. Yannis Labrakis for the great
willingness to help with all the technical issues that | had.

Special thanks to Kyriaki Savva, Eleftheria Babaliari, Evi Kavatzikidou, Andreas Lemonis,
Antonis Papadopoulos, and Konstantinos Triantopoulos. These people deserve my gratitude
and regard for the support, interesting discussions, and the unforgettable fun times that we have

shared.



I am deeply and forever indebted to my family and childhood friends for their love, support and
encouragement throughout my entire life and studies.

| am grateful to the European Horizon 2020 - FET OPEN Program “MouldTex”, the
Nanoscience Foundries and Fine Analysis (NFFA) and EU-ESF Fund through HRDELL 2014-

2020 program from Greece for the generous financial support.



Abstract

Two-dimensional transition metal dichalcogenides (2D-TMDs) attract worldwide interest in the
last few decades since the successful isolation and characterization of graphene. TMDs are
semiconductors and provide unique optoelectronic properties attributed to their ultrathin nature.
As their numbers of layers decreases, turned from an indirect to direct bandgap semiconductor
with possible applications in visible range optoelectronic devices. Here, we investigate the
optical properties of monolayer WS>, a member of the TMD family, and the effects of the UV
pulsed laser-induced doping.

We proposed a novel doping method that modulates the electron density in a 1L-WS;. Chlorine-
doped tungsten disulfide monolayer (1L-WS>) with tunable charge carrier concentration has
been realized by pulsed laser irradiation of the atomically thin lattice in a chlorine environment.
A systematic shift of the neutral exciton peak, in the photoluminescence spectra, towards lower
energies indicates the reduction of the crystal’s electron density. The capability to progressively
tune the carrier density upon variation of the exposure time is demonstrated. The Fermi level
shift is correlated to the respective electron density modulation due to the chlorine species. At
the same time, is found that the effect can be reversed upon continuous-wave laser scanning of
the monolayer in the air. Such bidirectional control of the Fermi level, coupled with the
capability offered by lasers to process at pre-selected locations, can be advantageously used for
spatially resolved doping modulation in 1L-WS; with micrometric resolution.

This process has boosted interests in controlling valley polarized light emission of doped
monolayer WS,. TMDs have interesting spin/valley properties due to the large spin-orbit
coupling and the non-equivalent valleys in their band structure. We demonstrate spin-valley
polarization tunability by more than 40% in 1L-WS; via photochlorination. Polarization

photoluminescence spectroscopy was performed in the temperature range from 4K to 300K.



The reduction of circular polarization, after the photochlorination treatment, was attributed to
the reduction of defect sites in the crystal lattice and consequently to the increase of the non-
radiative exciton lifetime. Ultrafast time-resolved transient absorption spectroscopy
measurements and theoretical simulations support our findings.

Furthermore, taking advantage of room-temperature valley polarization on graphene, we
performed measurements of monolayer WS with various substrates. By illuminating
WS,/Graphite with on-resonance circularly polarized light at room temperature, we measure
significantly large circular polarization (Pc up to 25%). Using the photochlorination process,
we can modulate the polarization of the neutral exciton emission continuously from 27% to
38% for 1L-WSy/Graphite. We show that valley polarization strongly depends on the
relationship between the doping and the supporting layer of TMDs. These preliminary results
shed light on the significant role of the substrate on valley polarization in monolayer TMDs.
These findings make TMDs promising materials for future applications and computing

architectures.
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Thesis Outline

This thesis is organized and structured into five different parts.

Chapter I is an introduction to layered transition metal dichalcogenides (TMDs). Single layers
(1L) of TMDs arise as an exciting class of atomically thin, two-dimensional (2D) materials with
worldwide interest in the research community. Fundamental and essential characteristics of
these materials are described, including their structural, electronic, optical, and vibrational
properties. These are followed by a discussion on the inversion symmetry breaking in a
monolayer and the optical selection rules in 2D crystals. All these unique properties lead to
great application potential of 2D-TMDs. The main characteristics of graphene and graphite are
also presented in this chapter.

Chapter Il cover the basic doping methods in TMDs and the impacts of tuning the carrier density
in TMDs. These doping strategies are reflected by Raman and Photoluminescence spectroscopy
as well as valley polarization measurements. It is a general background and a literature review
that provides an overview of different doping approaches in TMDs. Here, for the first time, we
take advantage of the powerful UV lasers for TMDs doping. This approach will be presented
in detail in the following chapters. One of the main objectives of this thesis is to develop a
method to control the carrier density and, as a consequence, the optoelectronic properties of
monolayer TMDs.

Chapter 11l describes the experimental techniques used during this thesis. Micro-
Photoluminescence spectroscopy, micro-differential reflectivity, and spin valley polarization
measurements are essential in characterizing and evaluating the overall quality of our 2D
materials. With these techniques, we can detect the possible changes after photochlorination
treatment. All experimental details are included in this section. Finally, this chapter presented
the photochlorination doping technique, a unique approach to induce carriers in the crystal
structure of a 1L-TMD.
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Chapter IV presents the main results of this thesis. It comprises three distinct parts.

o Chapter 4.1 shows that controllable irradiation of WS, monolayers with UV nanosecond
pulses in a rich chlorine environment can affect the crystal’s carrier density resulting in Fermi
level shift. As a result, this technique offers the possibility of selective tuning of the crystal’s
electronic properties. We observe significant shifts of the exciton complexes that suggest a
reduction of the electron density. Moreover, the overall PL intensity is enhanced by molecules
that deplete electrons from the crystal. Our work demonstrates the ability of photochemical
doping to effectively tune the emission energy of the exciton species. Micro-
Photoluminescence measurements at 78K showed a significant shift of neutral exciton energy
to smaller values and, at the same time, a switching effect on the relative intensity of neutral
and charged exciton. This electron-withdrawing process enabled the determination of the trion
binding energy of the intrinsic crystal, found to be as low as 20meV, following theoretical
predictions. These results are further supported by Raman spectroscopy. By monitoring the two
main Raman vibrational modes is revealed that chlorine depletes the excess electrons of
monolayer WS,. Our observed Raman features indicate the chlorine doped WS, sample is less
n-doped than that of as-prepared WS; due to the charge transfer during chlorine adsorption.
Specifically, is found that the A}, mode blue-shifts by 3cm™ after radiation with 40 pulses in the
chlorine environment. Additionally, the effect reversed upon continuous-wave laser scanning
of the monolayer in the air. Density functional theory calculations reveal that chlorine
physisorption is responsible for the carrier density modulation induced by the pulsed laser
photochemical reaction process. This method can be extended for the controllable doping of
other TMD monolayers.

o Chapter 4.2 presents the effect of the photochlorination on valley polarization
properties. The reduced dimensional hexagonal lattice of TMDs combined with their unique

optical selection rules open up fascinating opportunities for carrier manipulation in different
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valleys. Recent publications have indicated the detection and control of valley polarization in
1L-TMDs with temperature, excitation energy, electron-hole exchange and electron-phonon
coupling. The emerging field of valleytronics has raised great interest in investigating valley
polarized light emission of doped monolayer TMDs. This is the first study of chemically-
controlled valley polarization in 1L-WS>/hBN for optoelectronic/valleytronic devices. Doping-
and temperature- dependent valley polarization phenomena and the related non-radiative
exciton lifetimes are examined in off-resonant conditions for 1L-WS; on hBN and SiO>
substrates. High tunability of the valley polarization in the 1L-WS,/hBN system has been
demonstrated. A reduction of more than 40% in the circular polarization of the neutral exciton
at 4K was achieved. The decrease of the polarization was attributed to the reduction of the
active defect sites as a result of the chlorine doping. That affects the non-radiative
recombination time tnr and the degree of the emitted circular polarization. Our results are
supported by transient absorption spectroscopy measurements. These findings could be useful
for understanding fundamental spin relaxation phenomena in 2D materials.

o Chapter 4.3 investigates the room-temperature valley polarization measurements of
monolayer WS, on different substrates. It is found that while the neutral exciton emission of
1L-WS; on top of graphene/graphite has zero polarization at room temperature and off-
resonance conditions, we observe a room temperature optical polarization over 25% with on-
resonance conditions. Using the photochlorination process, we can modulate the polarization
of the neutral exciton emission continuously from 27% to 38% for 1L-WS/Graphite. We show
that valley polarization strongly depends on the relationship between the doping and the
supporting layer of TMDs. These results suggest a pathway towards engineering valley
polarization and exciton lifetimes in TMDCs by controlling the type of substrate and the

carrier’s density that serve as non-radiative exciton recombination sites.
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Chapter V summarizes the results and contributions of this thesis. A concluding overview of

this work is presented.
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Chapter |
Structure and excitons in 2D Materials
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1.1 Crystal structure and electronic properties of TMD monolayers

In 2004, with the successful isolation of graphene by Geim and Novoselov,! research into the
field of two-dimensional (2D) materials exploded. The isolation of graphene and its impressive
properties led to a great interest in the isolation of monolayers of other materials with various
interesting electrical, optical, and physical properties. These thin layers have a diverse range of
properties — for example, hexagonal boron nitride (hBN) as an insulator, molybdenum disulfide
(MoS>), and tungsten disulfide (WS.) as semiconductors, and tantalum disulfide (TaSy),
niobium diselenide (NbSez) as superconductors.? The divergent categories of 2D materials
make them suitable for use in a wide range of future applications. These materials can be
considered layered materials where individual layers are strongly bonded in-plane and weakly
bonded out-of-plane in between layers. These weak, interlayer, van der Waals interactions
allow the formation of a monolayer from bulk crystals. These bonds also allow these layers to
slide on top of one another similarly to other layered materials like graphite.3* Research into
2D materials captivates worldwide interest due to the various properties that make them suitable
for industrial technology. Those materials provide great potential for interesting optoelectronic
applications such as field-effect transistors,>® light-emitting diodes (LED), sensors,
photodetectors, photovoltaic devices, and integrated circuits.”*° Recent advances in 2D crystals
have opened up new opportunities for novel valleytronic devices.'!?

Transition Metal Dichalcogenides (TMDs) are generally inorganic materials with a chemical
formula of MXz where M is a transition metal (W, Mo) and X is a chalcogen (S, Se, Te). TMDs
consist of layers stacked on top of one another. Most of the physical properties of TMDs are
anisotropic due to their layered structure, i.e., the in-plane and out-of-plane properties are
significantly different. The basic building block for these materials composed of three
hexagonally packed atomic layers where a layer of metal atoms is sandwiched between two

layers of chalcogen atoms.*® Due to the strong chalcogen metal covalent bonds within a single
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layer and weak van der Waals forces between layers, it is relatively easy to exfoliate them and
obtain a monolayer. Different possible stacking arrangements of the monolayers give rise to
distinct polytypes. Each polytype has a prefix, e.g., 1T, 2H, 3R, where the number refers to the
number of monolayers within a unit cell and the letter to the symmetry of the unit cell: trigonal,
hexagonal, and rhombohedral, respectively. In the 2H polytype (also called trigonal prismatic
configuration), the upper layer rotated by 180 degrees concerning the lower layer. Thus, the
metal atoms are placed above the chalcogen atoms and vice versa. Every metal atom is always
surrounded by six chalcogen atoms, which allows the metal coordination to be either trigonal
prismatic or octahedral. Fig. 1.1 (a) and (b) show the schematic representation of the trigonal
prismatic coordination. In this thesis, we investigate the monolayer tungsten disulfide in the 2H

form (2H-WS,).

Side view Top view

vy
*YYy

b
W\‘Y”

14 *
h 2 2 2 4

Figure 1.1 Side and top view of the crystal structure of TMD monolayers. The blue and yellow spheres represent
M and X atoms, respectively. The light blue diamond region is the 2D unit cell. Side view: Trigonal prismatic
coordination geometry, corresponding to the red triangle in top view. Reproduced from Ref. 4

«
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The Brillouin zone has the form presented in Fig. 1.2. The hexagonal lattice in real space results
in a hexagonal lattice in momentum space, similar to graphene. It consists of inequivalent K

and K- (sometimes referred to as K’) points in the corners of the momentum space lattice. These
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points are involved in the direct transitions in bulk and monolayer crystals. The symmetry
points are critical for the electronic structure of MX, compounds: the center of the Brillouin
zone, the T" point, where the electronic states are involved in the indirect transitions in bulk
crystals. The high symmetry points at the Brillouin zone boundary for two-dimensional

monolayers are labeled as Q and K.

Figure 1.2 Brillouin zone of the hexagonal lattice in TMDs, with the K and K- points labelled. °

One of the most impressive characteristics of TMDs is the shift of the band structure exhibit
with the changing number of layers. The calculated electronic band structures of bulk and
monolayer WS crystal are presented in Fig. 1.3 . The calculations reveal an indirect bandgap
in the bulk crystal located between the valence band maximum (VBM), situated at the center
of the Brillouin zone (I" point), and a conduction band minimum (CBM) between the T" and K
point (noted as Q). The red arrow in Fig. 1.3 (a) illustrates the indirect optical transition between
these points. The electronic states involved in the indirect transition (CBM at Q and VBM at I')

originate from a linear combination of tungsten d,, and d,=_,2 orbitals and chalcogen p.-

-y
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 bandgap in bulk crystals leads to an extremely

weak (negligible) quantum yield for the photoluminescence (PL).}” While reducing the number

of layers, the electronic band structure evolves to the one presented in Fig. 1.3 (b) for monolayer
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WS; crystal. The conduction band, as well as the valence band, is dominated by the d-electron
orbitals of the transition metal atoms. At the VBM and CBM, they hybridize with the p-electron
orbitals of the chalcogenide atoms. The states at the I" and Q point have a strong metal d-orbital
character combined with p.-orbitals of chalcogen and depend strongly on vertical interlayer
coupling (absent in monolayer). Because the hybridization happens mostly at these points and
the chalcogenide atoms are at the surface of the TMD layer, leads to strong interactions between
the layers. For this reason, we can observe a significant change in the band structure at the I
point, as the number of layers increases. On the other hand, the d-orbitals of the transition metals
contributing to the conduction/valence band states at the K point remain mostly unaffected
because they are positioned in the middle of the layer X-M-X.81° The orbitals at the K point
are independent of the number of layers.

Decreasing the number of layers, the energy at I' point changes dramatically, while at the K
point remains practically unchanged, for the reasons mentioned above. In the monolayer limit,
both the VBM and CBM move from the T" and Q, respectively, to the K point of the Brillouin
zone. As a result, a monolayer 2H-MX> becomes a direct bandgap material with an optical
transition at the corner of the Brillouin zone. Finally, in a WS, monolayer, the VBM at K point
as well as the entire conduction band increases to form a new greater direct bandgap at K point.
The WS> bandgap changes from 1.3eV indirect bandgap in bulk to 2.1eV direct bandgap in
monolayer."?

This dramatic change of electronic structure in monolayer WS> can explain the observed jump
in monolayer photoluminescence efficiency. This direct bandgap manifests itself in
extraordinary room temperature PL, which is attributed to the effect of quantum confinement
on the material’s electronic structure!’ and allows fast identification of single layers.

In 2010, Mak et al.}” and Splendiani et al.*® showed that MoS,, which has previously shown to

exist in a few-layer state,?* showed extraordinary photoluminescence (PL) in its single-layer

19



form. The same conclusion applies to the rest of the TMDs. They could be more practical than
graphene with a zero bandgap. The presence of a significant direct bandgap in WS; indicates

that it could be suitable for use as active materials for the semiconductor industry.

(a) (b) _
S 1 S 1\/ W
2 | Bulk WS, S IL-WS,
ml Or ml O+ A
B
= at = 1t Aso ]
2 M K Uﬁl 2 M K Q T

Figure 1.3 Calculated DFT electronic band structures of (a) bulk and (b) monolayer WS; crystal. The solid red
arrows indicate the lowest energy transitions, (a) the indirect bandgap and (b) the direct bandgap and also the
transition associated with the low-energy A and B excitons. Asp denotes the energy of the split VBM due to spin-
orbit coupling. 16

Additionally, a clear band splitting of VBM at the K point of the Brillouin zone in monolayers
MX2 is observed due to the strong spin-orbit coupling as in bulk crystals. The spin-orbit splitting
increases with the atomic number of a transition metal or chalcogen atom. The splitting in
tungsten dichalcogenides compounds is larger (~400meV), compared to molybdenum
dichalcogenides (~150meV). This happens due to the heavier mass of the tungsten atoms.
Moreover, the spin-orbit coupling leads to a splitting of the CBM, the band edge at the K point,

and at the secondary minimum Q, as illustrated in Fig. 1.3 (b).16:2

1.2 Fabrication of TMD monolayers
The synthesis of 2D TMDs performed using top-down or bottom-up approaches. The top-down
strategy commonly includes exfoliation from the bulk layered crystals, while the bottom-up

approach grows the crystals through vapor deposition. The TMDs samples prepared by

mechanical and liquid exfoliation methods (top-down) have good quality, but their size is small.
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The Chemical Vapor Deposition (CVD) approach (bottom-up) is suitable for wafer-scale
fabrication and real device applications.

Mechanical exfoliation is the dominant technique used in this thesis to perform 2D crystals.
The first realize of graphene was in 2004, using the “scotch-tape” method.! This method
involves peeling off layers of carbon atoms from graphite using adhesive tape. Mechanical
exfoliation is now generally applied to produce 2D crystals beyond graphene.®2%23 Monolayers
of WS, and MoS; first isolated via mechanical exfoliation from bulk crystals using Scotch
tape.>!"18 The produced monolayer regions have high structural and electronic quality but a
small lateral size.

The mechanical exfoliation technique is a low-cost method for fabricating monolayers or a few-
layers of many different 2D materials for initial studies. The monolayers were fabricated to test
electronic and optical properties and even the stability in ambient conditions. This method
produces high-quality crystals free from dopants introduced from chemical processes.
Therefore, mechanical exfoliation is ideal for studies on the intrinsic physical properties of 2D
materials and the fabrication of proof-of-concept devices. Many efforts have been made to
scale up the produced monolayer by mechanical exfoliation and test these materials’ suitability
for applications in the electronics industry.?* However, the disadvantages of this method are its
improbable industrial scaling and limited crystal sizes.

Liquid-exfoliation 22" may lead to a higher yield, but it still faces limitations in its solution-
based processes, smaller crystal sizes, and varying qualities. For these reasons, the bottom-up
approach using chemical vapor deposition (CVD) may be the only scalable route in obtaining
high-quality, large-area, and continuous 2D crystals necessary for wafer-scale device

fabrications.28:29
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1.3 Excitons in monolayer TMDs

The optical response of monolayer dichalcogenides dominated by excitonic effects. A photon
is absorbed in a semiconductor if its energy is enough to excite an electron from the valence to
the conduction band. Photoluminescence is just a reverse process in which an electron in the
conduction band recombines with a hole in the valence band under the emission of a photon.
Electron and hole attract each other through Coulomb force, which results in the formation of
electron-hole pairs, called excitons (X). The excitons are electrically neutral quasiparticles of
bound electron-hole pairs formed by their mutual Coulomb attraction. A stable exciton will be
formed if the binding energy of two particles is large enough to protect it against environmental
perturbations.

The 2D nature of monolayer TMDs does not allow for much Coulomb screening of charges,
unlike in a bulk semiconductor.3%3! As depicted at the top of Fig. 1.4(a), when optical excitation
creates an electron-hole pair in a typical bulk semiconductor, the surrounding material provides
Coulomb screening, so the binding energy between the negatively charged electron and the
positively charged hole is low.® The electron-hole pair is known as an exciton, but since the
binding energy is so small, the exciton absorption energy is very close to the bandgap, shown
at the top of Figure 1.4(b). We can consider the electron and hole as separate entities. However,
the reduced Coulomb screening in TMDs allows for high binding energies, shown at the bottom
of Fig. 1.4(a), creating a large energy gap between the exciton absorption and the bandgap edge,
shown at the bottom of Fig. 1.4(b). The TMD binding energies are calculated to be up to and
even over 1eV 3433 glthough experiments have shown it to be a bit smaller.3>*" This binding

energy is so large that we must also consider the charged exciton.3%3436.38
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(a) Bulk (3D) (b)

3D
1 band Figure 1.4 Coulomb Screening and
Exciton gap Binding Energies in Bulk vs. 2D. (a) The
i differences in the real space

environment, specifically the dielectric
constants, are shown for the 3D and 2D
exciton. (b) The effect of the changes in
the environment is shown for both 3D
and 2D. In 3D, the exciton absorption
, energy is very close to the bandgap.
Exciton gap However, in 2D, the exciton absorption
energy and 2D bandgap are separated by
a substantial energy gap.®?

Optical absorption

The theory of excitons in crystals has developed from two different points of view. Depending
on the exciton radius and the strength of the Coulomb interaction between electron and hole.
Excitons in solids can be divided into two types. In materials with a small dielectric constant,
the electron and hole are tightly bound to each other within the same or nearest neighbor unit
cells. These excitons are called Frenkel excitons with typical binding energy on the order of
0.1-1eV. In semiconductors, the dielectric constant is generally large. Electric field screening
by the valence electrons reduces the Coulomb interaction between electrons and holes, resulting
in the exciton radius larger than the lattice spacing. Such excitons are called Wannier-Mott
excitons. Because of the lower masses and the screened Coulomb interaction, the binding
energy of Wannier-Mott excitons is typically in the order of 0.01eV.*° As a consequence, in
monolayers dichalcogenides, excitons have both Wannier-Mott and Frenkel character. The
exciton wave function is larger than the lattice constant like in the Wannier-Mott type of
excitons and strongly bound like Frenkel excitons. The binding energy is comparable to that
for typical Frenkel excitons. The calculated 2D Bohr radius is about 1nm* so that the wave

function for the electron-hole relative motion extends over several tens of unit cells.*
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Moreover, the exciton series deviates significantly from the 2D hydrogen model. In the
hydrogen model, the orbitals with the same principal quantum number degenerate.

The excitons in monolayer TMDs as Wannier-Mott type, whose wave function extends over
multiple unit cells, are delocalized states that can freely move throughout the crystal so-called
“free” excitons.**® The motion of free exciton in semiconductors treated like a motion of a

two-body problem, which separates into the center of mass motion and the relative motion.

2

is

The relative movement of electron and hole with Coulomb potential,—glr -
e~ T'h

mathematically equivalent to a hydrogen-like problem, where r. —ry, is the electron-hole
distance and ¢ is the dielectric constant of the material. In the case of isotropic 2D, the electron-

hole pair binding energy is enhanced due to spatial confinement and defined as:*-3

4
ue 1 1 (1.2)
r21D == 2622 1 2 _Rxﬁ
(n—7/ 2) (n—4/ 2)
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where integers n=1,2,3,.. is the principle quantum number; Ry = 2‘:2% is the exciton Rydberg
energy and u=% is the reduced electron-hole mass. From the results, the total exciton
e h

energy relative to quasiparticle bandgap Eg, for the 2D case, is given as:

1 h2KZ (1.2)
Ry >+
2M
(n - 1/2)

Ex(n, Kc) = Eg —

where M= me + my, is the center of mass of electron-hole pair moves like a free particle with

_ —

Kinetic energy, KT; = ko + kp.

Because of momentum conservation law and negligible photon wave number in comparison to
the first Brillouin zone, only excitons with Kc=0 predominantly participate in direct optical
transitions. Thus the spectrum of the exciton is a series of discrete levels:

1 (1.3)

Exy(n) =E, - Ry————
Xn g X(n_l/z)z
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The excitonic effects are more clearly manifested in monolayer or a few-layer TMDs, arising
from the significant enhancement of Coulomb interactions in the 2D limit due to spatial
confinement and weak dielectric screening.*** Due to lack of inversion symmetry in
monolayer, the spin-orbit coupling induces a large splitting of valence bands ranging between
150meV (MoSy) up to 460meV (WSeyz). The effect of spin-orbit splitting in the conduction band
is negligible.!! Therefore, there are two possible vertical transitions from spin-orbit split valence
band minimum to a doubly degenerate conduction band, which rise to two distinct low energy
features in absorption spectra, commonly referred to as A and B exciton peaks (Fig. 1.5(b)).*
The energy separation between A and B excitons correlates with the spin-orbit splitting valence
bands Aso.*® In the photoluminescence (PL) spectra, the emission of A exciton is much more
pronounced than B exciton, originating from dominantly forming A excitons due to the fast
intra-valence-band relaxation processes. The excitonic peak energies in PL spectra are slightly
redshifted from the corresponding absorption energies due to the Stokes shift. The emitted
photon has lower energy than the absorbed photon, this energy difference is the Stokes shift.

It is possible to form an exciton from the coupling between electron and hole in different valleys
because of multi-valleys in the Brillouin zone of monolayer TMDs. The former exciton
commonly recombines radiatively and is called a bright exciton. The latter exciton is forbidden
from direct recombination to emit a photon by the law of momentum conservation and is called
dark exciton (Fig. 1.5(a)).*® Beyond the neutral excitons, the greatly enhanced Coulomb
interaction in monolayer TMDs implies the possibility of the existence of other many-body
bound quasiparticles composed of a large number of charge carriers. The bound electron-hole
pair can capture an extra electron or hole to form a negatively (X) or positively (X*) charged
exciton, which is also referred to as trion (Fig. 1.5(c)).*® This happens when the material is

electron or hole-doped, or with a large density of photo-excited carriers. 384748 The trion has
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experimentally been found to be stable even at room temperature with large binding

energy_47,49,50
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.
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Figure 1.5 (a) Band structure of TMD materials. The four possible exciton formations in K and K- valleys. Two
of them are intravalley excitons, bright one (red solid arrows), the other two are intervalley excitons, dark one
(grey dotted arrows). (b) Energy levels of the exciton, trion, and biexciton as a function of exciton center of mass

wave number Kx. Different parabolas correspond to the dispersion relation curves of trion, A, B exciton, and
biexciton. Exa, Exs, Exx, Ex™ are emission energy of A, B exciton, biexciton, and trion, respectively. And Ejx,
Eoxx, Ebx are binding energy of A exciton, biexciton, and trion. (Fig.(a) and (b) reproduced from ref.5!) (c)
Schematic of electron and hole configuration in neutral (X) and charged excitons (X*, X°). Relevant energies
denoted: bandgap energy (Eg), exciton (Epx) and trion binding energy (Esx) (Fig.(c) reproduced from ref.50).

The energy of neutral exciton (X) is less than the bandgap energy and is denoted as exciton
binding energy, Ebx. The exciton binding energy defined as its lowered energy compared to the
free electron-hole pair.>? According to Equation 1.3, the exciton binding energy Epx is

determined from the gap between the exciton state and single-particle bandgap, Enx(n) =Eq -
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Ex, (Fig. 1.5(b)). However, it is impossible to directly extract the exciton binding energy from
conventional absorption or luminescence spectra, because of ambiguous estimation of onset of
the direct band to band transition. The trion binding energy is the appropriate energy that the
system needs to remove the extra electron or hole from the neutral exciton. In PL spectra,
corresponds to the separation between neutral exciton emission energy and charged exciton (X*
or X°) emission and is defined as Epx-=Ex-Ex". In TMDs, strong excitonic properties are
observed. Due to their 2D nature and the strong Coulomb interaction, the binding energies are
large and sharp. Are well-defined and typically measured with PL spectroscopy.322638
Moreover, several recent studies have also demonstrated the generation of other exciton

complexes, such as biexcitons (two bound electron-hole pairs) or localized states (due to

residual impurities, defects, and disorder effects), in monolayer dichalcogenides.36:37:53-%5

1.4 Spin-Valley Polarization and selection rules

It has theoretically demonstrated that the inversion symmetry breaking in 2D materials leads to
contrast circular dichroism in different k-space regions, which takes the extreme form of optical
selection rules for interband transitions at high symmetry points.>®

Since inversion symmetry has inherently broken in monolayer TMDs due to two different types
of atoms (metal and chalcogen), these materials have great promise for valleytronics and valley
dependent physics. As a result of inversion symmetry, the valleys of energy-momentum
dispersion located at the corners of the hexagonal Brillouin zone (K, K-). Among the six corners
of the Brillouin zone, there exist two sets of three equivalent points. We have two inequivalent
valleys, which form a time-reversal pair with each other. Because the valleys are well separated
from each other in momentum space, the intervalley scattering is relatively weak. This leads to
a long-lived valley and spin polarization.>” The main objective is to control the valley index
similarly with the manipulation of the spin in semiconductors. The critical quantity is the orbital
magnetic momentum m(k). This quantity is characterized by symmetry considerations: (i) time-
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reversal symmetry, m(k)=-m(-k) (ii) space-inversion symmetry, m(k)=m(-k). The m(k) does
not vanish under time-reversal operation, so it has opposite values once an inversion symmetry
has broken in the system (monolayer TMD).

The lack of inversion symmetry together with spin-orbit coupling making possible spin and
valley control in monolayer dichalcogenides. Since time-reversal symmetry’s forces opposite
spin-splitting at each valley, we can control the valley polarization.'* Also known as spin-
momentum locking, the result is that in a specific valley at the valence band maximum, the spin
is “locked” to a particular direction. The K valley would correspond to optical selection rules
of a certain helicity as well as carriers of a fixed spin, while the K- valley would correspond to
opposite conditions. The ability to control carrier spin and carrier confinement within a specific
valley with circularly polarized light in TMDs was first experimentally demonstrated in 2012
5861 and has been crucial to the research progress TMDs ever since. The time-reversal
symmetry (E;+(k) = E;(—K)) requires the spin splitting in opposite valleys to be opposite,

different valleys will have opposite spin at the same energy.?
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Figure 1.6 Spin-Valley Optical Selection Rules. Due to the spin-valley coupling, when a specific energy level is
excited in a valley using circularly polarized light, a spin polarization will also be created. Here, the spin-splitting
in the conduction band is assumed to be negligible.
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Fig. 1.6 shows the optical selection rules from the top of the spin-split of the valence band to
the bottom of the spin-split conduction band in a monolayer TMD. The large spin-splitting in
the valence bands has induced by the spin-orbit coupling. At the K valley, the spin-up and spin-
down holes occupy the valence band (A) and the valence band (B), respectively. While at the
K- valley the spin occupation is the opposite. Light with o+ circular polarization (red arrow)
generates spin-up holes and spin-down electrons in the K valley. The excitation on the K- valley
is the time-reversal of the above.

The optical properties of monolayers TMD are dominated by excitons. The valley polarization
can be probed through charged and neutral exciton emission. When an electron and hole are at
different valleys, their direct recombination is forbidden (dark exciton) since the momentum
conservation cannot be satisfied. If the electron and hole are in the same valley, their
recombination and photon emission are possible. The B excitons lifetime is much shorter due
to relaxation to the lower energy configurations through fast non-radiative channels. In the
following paragraph, we will focus only on neutral excitons (A excitons).

At the K valley, only spin-up holes populate valence band maximum A, an A exciton at the K
valley formed by a spin-up hole with a spin-down electron. At the K- valley, an A exciton is
formed by a spin-down hole with a spin-up electron. Based on these selection rules, a circularly
polarized light can inject spin- and valley-polarized excitons, which in turn recombine and emit
circularly polarized photoluminescence.

In the case of charged excitons (X+), the selection rules consist of four possible configurations,
three for the negative (X°) and one for the positively charged exciton(X"). The holes in the K
valley have spin-up states and holes in the K- valley have spin-down states, due to the large
spin-valley coupling. At the K valley, only spin-up holes populate the valence band maximum.
Negatively charged excitons have formed by an electron-hole pair with a spin-up (-down)

electron from the conduction band minimum at the other K- valley. It is also possible to form a
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negatively charged exciton through a bound electron-hole pair, which captures an electron from
the other conduction band minimum at the same valley.

All the other configurations are the time-reversal equivalent of the ones described below.

One further result of the lack of inversion symmetry combined with strong spin-orbit coupling
is the prediction of long spin and valley lifetimes in TMDs. The large momentum difference
between the two valleys prevents scattering between the valleys. It is expected that the spin and

valley lifetimes in TMDs will be long, which is ideal for spin- and valleytronic applications.*

1.5 Vibrational Properties

Similar to their optoelectronic properties, the vibrational properties of TMDs critically depend
on the number of layers. The vibrational and phonon characteristics of TMDs have been
investigated theoretically and experimentally. The 2H-MX; crystal structure of the TMDs
belongs to D¢, point group. The 6 atoms per unit cell result in 18 lattice dynamical modes at
the I'-point of the hexagonal Brillouin zone. Phonons belonging to these modes can be

represented as Eq. 1.4.

[ = A1g+ 2Az + Biy+ 2B2g + E1g + 2E1u + Eau+ 2E2g (1.4)
In the monolayer and an odd number of layers (odd N) the symmetry is reduced to the Ds;,
point group. Therefore, an odd number of WS layers do not have a center of inversion. The I'-
point phonon modes transform according to the following representation:®3
'=2A5+A] +2E'+E" (1.5)
Raman Spectroscopy emerges as the ideal tool to study these vibrational properties.?? Indeed,
it offers a fast and unambiguous method to determine the number of layers and to probe the
electron-phonon interactions.*”% Fig. 1.7 shows the calculated phonon dispersions relation for

single-layer WSo.
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Figure 1.7 (a) Phonon dispersion curves and density of states of single-layer WS,.% (b) Phonon modes in-plane
E', and (c) the out-of plane phonon mode A; for two adjacent layers, the red spiral lines represent the weak inter-
layer van der Waals interaction. (Fig. (b) and (c) reproduced from Ref. ).

One A} and one E' are acoustic modes, another A’ is Infrared active, A} and E" are Raman
active, and another E' is both Raman and Infrared active. For monolayers, the E', which is an
in-plane mode involving vibration of both metal and chalcogen atoms, as well as A, which is
an out-of-plane mode involving only chalcogen atoms, are the two primary Raman modes.
These two peaks tend to dominate the spectrum of any TMDs, whether monolayer or few-layers
or bulk. Representative Raman spectrum for single-layer WS is shown in Fig. 1.8. In the figure,
we observe two Raman peaks at 356 cm™ and 417 cm™. They represent the well-known active
Raman modes E' and A}, corresponding to the in-plane and the out-of-plane phonon vibrational
modes, respectively. The in-plane mode E'tends to be unaffected by the number of layers due
to weak van der Waals forces between the layers but can be slightly redshifted as the number
of layers increases. As seen from Fig. 1.8, the E' peak at 356 cm™ is overlapping with another
strong peak, the 2LA(M) peak at 351 cm™ which is a longitudinal acoustic mode caused by in-
plane collective oscillations of W and S atoms. The second strong peak at 417 cm™, is the A}
peak caused by out-of-plane vibrations. It is much more sensitive to the number of layers and
blueshifts as the number of layers increases. This has been attributed to the restorative forces

as well as the raising in the dielectric screening of the Coulomb forces. Combine both the shifts
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in frequency with the changing number of layers, the difference between these two peaks used
to identify the number of layers in TMDs. The difference in the frequency, for monolayer WSy,
of the two main Raman vibration modes (E', A}) is ~60cm™, which is used as a fingerprint for

the character of the sample.%?
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Figure 1.8 Room-temperature Raman spectra from a monolayer WS region, using 488 nm laser excitation. The
inset shows the atomic displacements for the in-plane phonon mode E' and the out-of-plane phonon mode A} .5

As the number of the layers in the TMC system increases from monolayer to bulk, the out-of-
plane phonon mode becomes stiff and the in-plane bonding is relaxed, which leads to the blue
and redshifts of the A and E' modes, respectively. The increase in the temperature also results
in spectral broadening and a redshift of both A’ and E' modes. It found that the E' mode is not
affected by electron doping, while the A} mode, as in the case of temperature increase,

undergoes a redshift and an increase in the peak width.®’

1.6 Graphite and Graphene

All carbon materials are available in multiple atomic structures. Graphene consists of carbon
atoms tightly packed in a hexagonal lattice. Each hexagonal is made of 6 carbon atoms, referred

to as a honeycomb lattice. Each carbon atom has four bonds, one o- bond with each of three
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neighbors and one n-bond oriented out-of-plane, above and below the graphene sheet and are
highly mobile. The s-bond made of a combination of hybridized orbitals (2s, 2px, 2py) or sp>.
The n-bond refers to the remaining p; orbital and determines the low-energy electronic structure
of graphene.®® When layers of graphene are stacked together formed bilayer, tri-layer, or few
layers of graphene that are electronically coupled. Graphite is many layers of graphene held

together by weak van der Waals forces (Fig. 1.9).

Covalent
bond

it i

Figure 1.9 Van der Waals forces between graphene layers in bulk graphite.

Graphene is a zero-gap semiconductor, with a linear E vs k (unlike a 2D electron system which
has parabolic bands) and charge carrier with zero effective mass and semi-metallic behavior.
The conduction and valence band touch each other at the Brillouin zone corners. The touched
point is referred to as the Dirac point.® It has unique electronic properties that make it
promising for next-generation devices. However, graphene’s lack of bandgap forces the
scientific community explores the field beyond graphene. The bandgap is necessary for the
on/off state of a transistor and the emission or absorption of the light.

Graphite is the most stable form of carbon under standard conditions and is a layered hexagonal
crystal. Each layer is one atomic thick graphene sheet. Compared with the strong sp? intralayer
bond, the interlayer interactions are controlled by weak van der Waals bonding. This contrast

leads to many physical and mechanical properties of graphite, such as maximum values of
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electric and thermal conductivities, in-plane elastic stiffness, and strength. These novel
properties make graphite and graphene of intense interest for a wide range of applications. In
this thesis, we explore these materials as a supporting layer of TMDs.

In basic terms, graphene is described as a single, one atomic thick layer of the commonly found
graphite. Graphite is consists of hundreds or thousands of layers of graphene. In actuality, the
structural morphology of graphite and graphene, and the method to create one from the other,
is slightly different. Raman Spectroscopy can estimate the number of graphene layers and
defines the limit between graphene and graphite.”®"*

When a 2D material is stacked with another 2D material, the resulting structure is a vertical 2D
heterostructure. Nevertheless, the layers are mostly composed of different types of crystals.
Such stacked structures are entirely different from the usual 3D semiconductors
heterostructures. The charge transfer between the layers is significant and can, in turn, induce
large electric fields, thereby offering exciting possibilities in band-structure engineering. The

optical and electronic properties are strongly dependent on the supporting layer of 1L-TMD.
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Chapter Il
Carrier modulation in 2D TMDs
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2.1 Doping strategies in 2D TMDs

Tuning the properties of TMDs is essential to improve their performance and expand their
applications. This chapter classifies the various doping methods of 2D TMDs and summarizes
how the dopants interact with the materials. The performance of the materials depends on the
synthesis methods and the species of the dopants. The synthesis methods and the dopant atoms
greatly influence the morphologies and properties of these materials. Selecting both of them are
critical. The doping methods and the resulting enhanced properties of 2D TMDs are reviewed
at this point.

The principles of the doping strategy can be mainly categorized as (i) charge transfer, (ii)
substitutional, (iii) intercalation, and (iv) electrostatic doping.

The charge transfer doping has attracted much attention in modulating the electronic behavior
of semiconductors. In charge transfer doping, contact is established through either physical or
chemical interactions between the host and dopant materials.”® In contrast to substitutional
doping with foreign dopant atoms incorporated into the lattice, the charge transfer doping takes
advantage of charge transfer interaction between host material and any adjacent mediums,
including atoms,”~" ions,”® molecules,””? particles and supporting substrates.®*% The Fermi
level difference between the dopant and the host materials determines the charge transfer
direction and whether the adsorbed dopant act as an acceptor or donor. When the dopant exhibit
a lower Fermi level (Ef) than the host semiconductor, electrons are withdrawn from the
semiconductor to the dopants, thus causing p-type doping. Conversely, n-type doping is
obtained when the dopants have higher Er than the semiconductor. For gas molecules, a similar
analysis is made by considering the electron negativity, with the oxidizing molecules like O,
NO: as the p-type dopant, while reducing molecules as the n-type dopants. %

Substitutional doping is based on the change in the total number of electrons in the compound
by selecting a dopant having one more or one less electron in its valence shell than the
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substituted atom. In MX>, both cation and anion elements can be substitutionally replaced by
foreign atoms. Depending on the number of valance electrons in the dopant atom, the MX>
doped into n-type®® or p-type conductance.’” This is confirmed from the first-principles

102

calculations showing the Fermi level shifting.%-1%* This method can induce strain'®? and phase

transitions via chemical functionalization,!® to the TMDs. Plasma functionalization is an

104105 106

efficient way to incorporate foreign atoms, such as hydrogen, nitrogen,'% fluorine,'% and

phosphorus®®” in MoS;, via anion substitutional doping. Substitutional doping can tailor both
the material’s bandgap and crystalline structure, as demonstrated theoretically’®®'® and
experimentally, 9279.110-119

Intercalation doping: The van der Waals interlayer coupling in 2D materials enables the
intercalation of foreign ions,2%122 atoms,'?>1%6 and even molecules into the rather large
interlayer space.”®% Such intercalation has been earlier used to exfoliate 2D materials in
solutions, 327 and was generally exploited in batteries and electrochemical cells.*?!?! The two
main sources of intercalation doping of 2D TMDs are H or alkali metal intercalation and
zerovalent intercalation occurs with heavy metal elements.

Recently, the intercalation was also shown to be able to modulate the crystal lattice and
electronic structure of host materials, thereby allowing a series of physical or chemical
phenomena, including semiconductor-metal transition, charge density waves, and
superconductivity.

Electrostatic doping is a technique in which charge carriers (electrons and holes) are induced
in a semiconductor material due to band alignment near its interface with another
contacting/semiconducting material. The concept of electrostatic doping, also defined as gate-
induced charge, is a unique feature of nano-sized structures such as 2D materials. In a device
composed of ultrathin crystals, a positive gate bias induces an electron population that spreads

over the entire body (volume inversion or accumulation). This effect is different from the
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charge-sheet interface layer formed in bulk semiconductors. The thinner the film, the more
uniform the volume carrier distribution. The original undoped body suddenly behaves as an n-
doped region. Changing the polarity of the gate bias turns the body into a p-type region. Due to
the ultrathin nature, thin flakes of 2D materials are particularly perceivable to external field
effects. This characteristic lead to the electrostatic doping strategy to tailor the carrier doping
concentration and polarity in semiconductor 2D MX. Since the strategy is based on capacitance
coupling between the external gate and 2D channels, it is known to exhibit ubiquitous
advantages in non-destructive, reversible, stable, and durable regulation and industrial
avai |ab| | Ity 47,50,52,128-131

Electrically tunable emission between X", X* and X has been observed in TMDs (1L-MoSez>
WSe»,>and WS;°?). The definition of the exciton binding energy of monolayer WS, with linear
differential transmission spectroscopy and two-photon photoluminescence (2P-PLE) has been
clarified. Similar work #’ demonstrates the spectroscopic identification in a monolayer MoS;
field-effect transistor of tightly bound negative trions. These quasiparticles, which can be
optically created with valley and spin-polarized holes, have no analog in conventional
semiconductors. They have large binding energy (~20meV), even at room temperature.

In the following subchapters, we will review the response of TMDs to doping effects and how
we can recognize the changes in materials properties with the Raman and Photoluminescence

Spectroscopy, as well as the modulation of circular polarization.
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2.2 Doping effects in the Raman Scattering

Two-dimensional materials are sensitive to perturbations due to the large surface—volume ratio.
A widely used non-destructive experimental technique to characterize these perturbations is
Raman spectroscopy. Raman Spectroscopy is a powerful method for probing changes in
material properties by analyzing shifts in the phonon peaks. In the presence of external
perturbations such as strain, stress, magnetic fields, charge doping, temperature, and defects,
the electronic and lattice vibrations change significantly. These changes are identified by shifts
in the Raman spectrum, 85.90.91,95.132-139

This chapter mainly reviews several possible doping strategies for 2D TMD crystals and the
effect on their vibration properties.

Raman spectroscopy can be quite useful and requires precise knowledge and understanding of
the phonon renormalization of a single TMD layer as a function of the carrier concentration.
Electron doping in single-layer TMD results in softening specifically of its Raman-active A}
phonon, accompanied by an increase in the linewidth of its Raman peak. In comparison, the
other Raman mode with E' symmetry is insensitive to electron doping. A} mode has stronger
electron-phonon coupling than the E' mode, confirmed with first-principles DFT calculations
and symmetry arguments.!3

Theoretical calculations show that monolayer TMD is a direct bandgap semiconductor with a
bandgap at the K point. Valence- and conduction-band edges primarily consist of metal 4d
states with some hybridization with sulfur 3p states. In particular, states near the bottom of the
conduction band near the K point have a character of the d,? state of metal, and that at the top
of the valence band has a dxy character. We note that the charge density (jy(r)[?) associated with
each of these states has a full symmetry of the TMD layer, which has significant consequences
for electron-phonon coupling. Electron doping leads to the occupation of the bottom of the

conduction band at K-point states and has a character of d,? of metal. The |y(r)? of the states
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near the K point also transform according to the identity representation A’. Hence, changes in
occupation of these states with electron doping yield a remarkable modification in the e-ph
coupling of the A} phonon. In contrast, the coupling of the E' mode with electrons is weakly
dependent on doping. Frey et al.*4 put forward similar conclusions.

These results show how Raman scattering is useful to characterize the level of doping on a
single-layer TMD.

Figure 2.1 shows the evolution of zone-center phonon E'and A} modes of the MoS, monolayer
at different top-gate voltages. The A} phonon involves the sulfur atomic vibration in the
opposite direction along the c axis (perpendicular to the basal plane), whereas for the E' mode
the displacement of Mo and sulfur atoms are in the basal plane. The profile of the line-shape
was obtained by fitting a sum of two Lorentzian functions of the data. Figures 2.1 (b) and (c)
show the shift of the mode frequencies and the corresponding full width at half maximum

(FWHM), respectively, as a function of gate voltage.
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Figure 2.1 (a) Raman spectra of monolayer MoS; at different top-gate voltages Vrc. Open circles are experimental
data points, the gray (red) lines are Lorentzian fits to the total spectra, and the black lines are the Lorentzian fit to
the individual peak. Change in the (b) phonon frequency o and (c) FWHM of A] and E' modes as a function of
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By adding extra electrons to a monolayer MoS; the symmetries of the system are preserved. In
Fig. 2.2 (a) are presented the Raman spectra for the 1L-MoS; with electron doping. The
frequency of the E” peak is not sensitive to doping, but the position of the A;"peak with electron
doping.t® Lin et al. °* report effective and stable electron doping of monolayer molybdenum
disulfide (MoS,) by cesium carbonate (Cs2COs) surface functionalization. A typical Raman
spectrum of as-prepared monolayer MoS: is shown in Fig. 2.2 (b) (blue line). The out-of-plane
A and in-plane E' Raman frequencies were red-shifted after the decoration of Cs.COz (red
line). The A’ phonon frequency downshifted by 3.6cm™, accompanied by a reduction in peak
intensity and peak broadening. In contrast, only a 1.7cm™ frequency shift was observed for the
E' phonon with almost unchanged peak intensity and peak full-width at half-maximum
(FWHM).

Controlling the growth thickness of Al.O3 layers could be regarded as a valid method to change
the contact areas between gas molecules and MoS;, allowing the gas molecules doping.®®
Fig.2.2 (c) demonstrates the interactions between gas molecules and monolayer MoS». In
monolayer MoS», n-type doping usually could induce a red-shifting of out-of-plane Raman
mode (A’) due to the electron-phonon interaction and the peak-position of in-plane Raman
mode (E') is almost unaffected.

One-step NaCl assisted Chemical Vapor Deposition method was employed to successfully
synthesize large-area monolayer p-type Nb-doping MoS; directly on SiO2 substrate.}*® DFT
calculations confirm that substitutional Nb-doping in MoS. would shift the Fermi-level down
to valance band maximum and induce impurity level close to VBM, leading to p-type doping.
Raman spectroscopy was employed to demonstrate the doping effect using a 532nm excitation
laser. Fig. 2.2 (d) shows the Raman spectra of pure MoS; and Nb-doped MoS.. For Nb-doped
MoS, both vibrational modes show a blue shift compared with the pure MoS». The shift in

Raman spectra is affected by the coexistence of strain and charge doping. The p-type

41



substitutional Nb-doping in MoS: occurs during the growth process, which leads to the distorted
lattice and injection of holes, inducing tensile stress and reducing the electron-phonon
scattering.

Peimyoo et al. ® have demonstrated that neutral and charged exciton emission can be tuned
through adsorption of the electron-withdrawing dopants of FATCNQ and H20. The adsorption
of F4sTCNQ molecules reduces the electron concentration in 1L-WS,. Raman measurements
were conducted before and after doping. Fig. 2.2 (e) shows the variations of Raman peak
frequencies with doping. It is found that the A}, mode slightly blue-shifts by 2cm™ after the
early few steps of F4sTCNQ deposition, while the peak position of the E' mode does not change.
Thus, the observed Raman results indicate the F4aTCNQ/1L-WS; sample is less n-doped than

that of 1L-WS; due to the charge transfer during FaTCNQ adsorption.
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Figure 2.2 (a) Effect of electron doping on the Raman spectra of a monolayer MoS; (n-type doping).t®? (b) Raman
spectra of 1L-MoS; before (blue line) and after (red line) Cs,COs doping at room temperature (n-type doping).*
(c) Gas molecules doping in monolayer MoS; - The peak position of out-of-plane mode (red quadrate) and in-
plane mode (blue rhombus) as a function of Al,Os growth thickness, respectively.®® (d) Raman spectra of
monolayer MoS; and Nb-doped MoS; under 532 nm laser excitation (p-type doping).'*® (e) Peak frequencies of
the E' and A} modes versus doping step of F4TCNQ deposition for 1L-WS; (p-type doping).*°

Molecular reductants (n-type doping) and oxidants (p-type doping) are introduced onto

monolayer TMDs, specifically MoSz, WS,, MoSe,, and WSe,.*® Doping is achieved by
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exposing the TMD surface to solutions. Raman spectroscopy was performed to explore the
effects of the solution dopants on the phonons of the host MX>. Fig. 2.3 (a) and (b) summarizes
the Raman spectra of monolayer MoS; before and after doping treatment. The peak positions
as a function of doping for the two main vibrational modes of MoS; (in-plane and out-of-plane)
are plotted in Fig. 2.3 (b). For MoS>, and the other three M X2 materials, the n-type doping leads
to the redshifting (to lower energy) for both vibrational modes, whereas p-type doping leads to
the blueshift (to higher energy) for both modes.'®® This is consistent with previous studies,
which observed that higher electron concentration in the n-doped film increases electron-
phonon scattering.’* Whereas p-doping reduces the electron—phonon scattering as referred to
previously reported effects of doping for TMDs.** As shown in Fig. 2.3 (b), the A} mode is
more sensitive than the E' mode does since the A} mode couples much more strongly with
electrons.’®2133 The Raman shift of the A}, mode on the n-doping side is larger than the p-doping

side. This result also confirmed that p-doping is less efficient than the n-doping for M0S,.1%
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Figure 2.3 (a) Raman spectra of monolayer MoS; before and after different treatments. (b) E' and A3 peak position
shifts upon doping with various dopants.t%
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After this literature review, we conclude that there are plenty of different approaches to doped
1L-TMDs. In atypical 1L-TMD, the out-of-plane A; mode is susceptible to the charging effect
and redshifts with the electron doping, but the in-plane E' mode is not affected by the doping
effect, which is due to the strong electron-phonon coupling with the out of- plane mode.**3 On
the contrary, the E' mode is sensitive to strain and red-shifted with increasing both uniaxial and
biaxial strain, while the A} mode remains unchanged.!36:13

Trying to take advantage of the powerful UV lasers, we used a unique approach to induce
carriers in the crystal structure of a 1L-TMD. This method and its effects on Raman

Spectroscopy will present in detail in Chapter IV.
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2.3 Evolution of photoluminescence under charged carrier doping

The remarkable properties of 1L-TMDs make them potential candidates for nanoelectronics
and optoelectronics applications. The large exciton and trion binding energy contribute to be
stable even at room temperature. However, the excitons and trions are very sensitive to external
factors, including strain, the dielectric of the surrounding environment, electrical and chemical
doping, and temperature. Here we review the impacts of several doping approaches on exciton
responses reflected via photoluminescence spectra for a monolayer of TMDs.

The evolution of the photoluminescence spectra with charged density obtained the competition
between neutral exciton and trion. The formation of trion from neutral exciton and free electron
(hole) is expressed by the following equation: X° + e (h) = X (X*). The relation between the
concentration of neutral exciton nx, trion nx’, and free charged carrier ne modeled by the law of

mass action®0142:

NxNech) _ 4MxMe(n) _ Epx- (2.1)
nx— - TchMx— kBTeXp( kBT)

where T is the temperature, kg is Boltzmann constant, Exx is trion binding energy, and
Mx=me+mhn, Mx-= 2me+mp, or Mx+=me+2mn is the effective mass of neutral exciton, negative
trion, or positive trion. Equation (2.1) shows that the ratio of neutral exciton and trion
concentrations is governed by free charged carrier density that pushes the chemical equilibrium
forward and backward.

The solid understanding of optical properties of 1L-TMDs is essential for implementing them
in future devices. In this regard, there have been remarkable efforts focusing on investigating
PL spectra of monolayer TMDs as a function of carrier doping concentration via electrostatic
or chemical doping.

Under electrostatic gating: The density and polarity of charge carriers in monolayer TMDs

can be systemically modulated by electrostatic gating in a FET configuration. By using this
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method, Mak et al. in 2012 reported trions in 1L-MoS, modulated by charged carrier
concentration.*” Similar studies have carried on other 1L-TMDs.>%% Fig. 2.4(a),(b),(c)
demonstrates the variation of A exciton peaks in PL spectra of intrinsically negative doping
channels such as WS, > with different applied gate bias. Photoluminescence spectra consist of
two different peaks. The higher energy peak is the A° neutral exciton, and the lower one is the
A" negative trion. The spectra weight of neutral exciton peak is enhanced and becomes
dominant in PL spectra when the channel is charge neutrality corresponding to negative gate
bias. With sweeping gate bias to the positive side, it gradually decreases and goes to zero at a
critical point of electron doping concentration. Meanwhile, the integrated intensity of the trion
peak is nearly unchanged with gate bias. Consequently, the total PL integrated intensity follows
a similar increasing trend to that of neutral exciton as a function of gate bias (Fig. 2.4 (c)).

In the case of MoSe> (Fig. 2.4(d)), under negative gate bias Vg, the sample is hole-doped, which
favors excitons combining with free holes to form positive trions. When Vg decreased, more
holes are injected into the sample, resulting in conversion from neutral excitons to positive
trions. With positive Vg, a phenomenon occurs likewise for free electrons to form negative
trions. The positive and negative trion resonances have close energy levels, which means nearly
identical binding energy between them, subsequently the approximately same effective mass of
electron and hole in monolayer MoSe.. The reversible conversion of neutral exciton intensity
to the saturated trion PL indicates conservation of the total number of the neutral exciton to
trion under gate voltage bias and similar radiative decay rates for both quasi-particles (Fig.
2.4(e)). The conversion dynamics between the integrated intensity of neutral exciton and trion
as a function of gate voltage simulated by the mass action model fits well with experimental

data.*®
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Figure 2.4: Evolution of photoluminescence of 1L-TMDs under electrostatic doping effect. (a) Photoluminescence
spectra of monolayer WS; taken at different gate biases. (b) The variation of neutral exciton and trion position
with various back-gate biases. (c) Integrated intensities of neutral exciton and trion peak. % (d) Colour contour
map of monolayer MoSe; PL spectra at 30 K under different back gate biases. (e) The variation of trion and exciton
peak intensity with gate voltage. The law of mass action is used to fit for trion and exciton intensity variation with
gate bias (solid curves). %

Chemically driven tunable PL in TMDs: Besides electrostatic doping, the charge transfer
process via interaction with adlayers, atoms, or molecules adsorption is a robust approach
towards tuning doping to MX> crystals. Chemical doping consists of the adsorption of atoms or
molecules on the surface of the TMD. This method leads to the alteration of its electronic
structure as a consequence of surface charge transfer. This charge transfer process can induce
either electron or hole doping depending on the relative position of Fermi level or electron
affinity of doping species concerning conduction band minimum and valence band maximum
of host semiconductor. This concept has been practiced in carbon nanotubes and graphene
researches.!**1% There is a wide range of reductants, such as alkali metals,®® ammonia,'*®
amines,**® and imines,'*’ the biological cofactor nicotinamide adenine dinucleotide (NADH),%
tetrathiafulvalene (TTF),**® benzyl viologen (BV),”® hydrogen plasma®® and cesium carbonate

(Cs2C03) surface functionalization®® used as electron donors for TMD materials. Meanwhile,
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oxidizing agents such as NO,*® NO,,* 0, tetracyanoquinodimethanes (TCNQ and its
tetrafluoro analog F2-TCNQ),%#2 found as acceptors.'*® Also, chlorine plasma-induced p-type
doping of 1L-Mo0S,.%

Similar to electrostatic doping, withdrawing or donating electrons in the 1L-TMD offers
tunability of its PL spectra. For example, a chemical doping method for the reversible transition
between neutral and charged excitons of 1L-MoS; using chlorine-hydrogen-based plasma
functionalization has been published (Fig. 2.5 (a), (b), (c)).83 N. Peimyoo et al.*® have observed
enhancement for 1L-WS; coated with F4-TCNQ solution. This enhancement is explained by
switching the dominant PL process from radiative recombination of the negative trion to the
neutral exciton under extraction of residual electrons. The PL intensity of 1L-TMDs can be
easily controlled with varying carrier doping density by the number of dopants (Fig. 2.5 (d),
(e), (f)). Mouri et al.® reported that the PL intensity of 1L-MoS; is drastically enhanced by the
adsorption of F4~-TCNQ and TCNQ molecules, while is quenched after NADH solution
treatment (Fig. 2.5(g)). Moreover, it found that gas molecules such as Oz, NO, NO, and H20
adsorbing onto the surface of 1L-TMDs serve as charged dopants, strongly affecting PL. A
report by Tongay et al. ® indicates that O, and H,O adsorption serve as a p-type dopant,
remarkably enhancing emission efficiency of native n-type 1L-TMDs (MoS2, MoSe>) due to
electron depletion (Fig. 2.5 (h)) while accumulating the majority of holes in p-type TMDs
(WSe>), resulting in strong suppression of the PL. Likewise, the PL intensity of another native
n-type 1L-WS; also strongly increases as H.O is drop-casted onto the surface.® Finally, in Fig.
2.5 (i), an electron doping of a monolayer MoS. has been achieved with Cs,COs

functionalization at room temperature.®
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Figure 2.5: (a) Evolution of the PL spectrum of 1L-MoS; according to the duration of the chlorine plasma (b) The
PL intensities of the excitons, trions, and their total contribution as a function of the plasma treatment time. (c)
Electron density as a function of the plasma treatment time.®® (d) Room-temperature PL spectra of 1L-WS; upon
consecutive doping with molecular adsorbates FAsTCNQ. (e) Integrated PL intensities of X~ X, and the sum as a
function of doping step. Solid lines are the theoretical calculation results. (f) Calculated electron concentration as
a function of F4,TCNQ doping step.?® (g) Room-temperature PL spectra of 1L-MoS; before and after being doped
with p-type molecules (TCNQ and F4sTCNQ) (left panel) and after being doped with an n-type dopant (NADH)
(right panel).®2 (h) Effects of exposure to different gas species on the PL intensity of annealed monolayer TMDs.
Change in PL of MoS; (from its annealed but measured in vacuum value) upon exposure to H,O alone, O, alone,
and ambient air. The pressure of these gases is 7, 200, and 760Torr, respectively. Trion X~ and exciton X° peak
positions indicated.®® (i) PL spectra of 1L-MoS; before and after Cs,CO3 doping at room temperature.®*

The result suggests that chemical doping combining provides a simple and effective way to
control the electrical and optical properties of 1L-TMDs. The evolution of trion and exciton
features as a function of electrostatic or chemical doping provides an efficient approach to
manipulate the emission in 1L-TMDs. These results impact the rising of new photonic and

optoelectronic devices such as optical detectors, light emission devices, and solar cells.
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2.4 Control of valley polarization with different doping approaches

As for the PL and Raman measurements, various approaches were adopted to obtain a sizable
circular polarization (Pc), like using different excitation energy,®**° temperature,*®! electron-
phonon coupling,®>2, electron-hole exchange,®3, applying a magnetic field, or building van
der Waals heterostructure.®01%4-160 NMore practical and desirable methods could be electrical
and optical control of valley polarization in TMDs at non-cryogenic temperature and off-
resonance conditions. Toward this goal, one of the most effective means is in situ carrier doping
by physical or chemical approaches.>* %161 The introduced resident carriers in TMDs not only
tailor the exciton species but are expected to tune the valley polarization dynamics with large
Pc values as well. The changes in valley polarization/relaxation dynamics due to carrier doping
have been noticed by many research groups.>3162-165

Probing correlations between valley polarization and carrier concentration is crucial for future
manipulations and potential applications based on valleytronic properties in TMDs. Recent
theoretical studies with an experimentally proved framework based on carrier screening effects
on excitonic valley relaxation in 2D semiconductors,'%1¢7 provide a strategy to enhance Pc.
The theoretical investigation focused on the exchange of interactions between electrons and
holes.'® The results show that the valley relaxation time is highly dependent on the extent of
carrier doping. Also, a finite degree of doping is predicted to induce additional valley relaxation
temperature dependence at low temperatures, an effect that is absent at zero doping. These
calculation results suggest a possible increasing the valley relaxation time by tuning carrier
doping, which could present a means of handling the valley degrees of freedom.

The temperature dependence of valley relaxation time becomes noticeable at n > no, and this is
obvious in the carrier density dependence of the valley relaxation time shown in Fig. 2.6. Here,
they plot the valley relaxation time at various carrier densities. In the case of a low density, the

valley relaxation time rapidly decreases with increasing temperature. However, as the carrier
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density increased, it exhibits a linear temperature dependence, and the linear dependent region

at low temperatures extends to higher temperatures.
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The temperature-dependent exciton valley relaxation times under various exciton and carrier
densities can be understood using a unified framework of intervalley exciton scattering. The
intervalley exciton scattering in 1L-WSe; strongly dependent on the carrier density and exciton
linewidth. The overall circular polarization degree Pc is determined by the following equation:

58,59,164,168,169

Py (2.2)
PP
teT,

Where Py is the initial valley polarization generated in the system and 1, is the intervalley
scattering rate. The effective exciton lifetime decay rate 7! includes both radiative (tr) and
non-radiative (tnr) contributions. The term t./tv indicates that the value of Pc largely depends
on the competition between two processes: radiative recombination of valley polarized excitons
(tr) and intervalley scattering (tv). Intervalley scattering (tv) can be significantly tuned by the
screening effect induced by carrier doping.

Fig. 2.7(a) shows the temperature dependence of the exciton valley polarization in 1L-WSe;
stacked on graphene and quartz. For the graphene sample, we observed much higher valley

polarization compared with the quartz sample. The exciton linewidth, for a sample on top of
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graphene, is narrow because of the reduced scattering on the graphene flake and the shorter 7.
Shorter 1, resulting from charge or energy transfer to the graphene. Exciton linewidths are much
narrower than those on quartz, and the carrier density is higher than the sample on the quartz
substrate. The predicted Fermi energy for sample on graphene is Ef = 19meV (nc=3-10* cm-
2) and for sample on quartz is Er= 13meV (nc-2.1-10'2 cm). The exciton valley polarization

(Pc) becomes high when: the narrower linewidth, the larger Er (carrier density), and the shorter

167

T Will be the key to achieve a longer tv and a higher Pc.
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Figure 2.7 (a) Pc as a function of temperature for 1L-WSe; predicted for various Er as functions of temperature.
Solid and dotted curves are for on-graphene and on-quartz samples, respectively. The error bars correspond to the
uncertainties of the polarization-resolved measurements. (b) The predicted temperature dependence of tv for
various Er (carrier density).*6”

The results provide a guideline for controlling the exciton valley relaxation times via Fermi
energy tuning (carrier density tuning) and linewidth modulations via materials engineering and
optical means.

Feng et al. 1% designed a strategy to enhance Pc at liquid nitrogen temperature. Doping
dependent circularly polarized PL spectra of monolayer WS at the temperature of 80K under
off-resonance excitation (2.33 eV) are studied. The carrier density of the sample is controlled

by electrostatic and optical doping. The evolution of neutral (A) and charged exciton (A")
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emission states has been extracted. Surprisingly the electrostatic doping drives a continuous
increase of Pc for charged exciton emission. Besides, by controlling photoexcitation strength,
a considerable modulation of polarization degree is also depicted, parallel with the electrical
doping effects. Helicity resolved PL spectra from p-type (=45 V) and n-type (+55 V) gated
sample are shown in Fig. 2.8. When the WS; is negatively gated, the negatively charged exciton
indicates a low polarization degree of 7%. While at a positive gate voltage and a higher induced
carrier density, the sample exhibits a single A" peak and a drastically higher polarization degree
of 25%.

With regards to the optical doping dependent valley polarization, as shown in Fig. 2.8, the Pc
value of A" shows great distinction at 1.72uW and 1754uW excitation. Threefold enhancement
of Pc from 7% to 22% achieved with increasing power. At both low and high powers, the carrier

doping induced screening effect is prominent to influence valley polarization.
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Figure 2.8 (a) Gate voltage-dependent circularly polarized PL measurement of monolayer WS, at 80 K.
Polarization resolved PL spectra of gated WS;, both with 6+ (c—) detection. (b) Power dependent circularly
polarized PL measurement of monolayer WS; at 80 K. Polarization resolved PL spectra of WS, pumped at different
powers.

Hanbicki et al. **” show that by applying a gate voltage, they can continuously tune the trion
emission energy and vary the polarization from 20-40%. Interestingly, the polarization tracks
the emission energy, with the polarization increasing with decreasing emission energy. This

indicates the multi-particle nature of the trion has consequences on the details of the intervalley
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scattering process. While the neutral exciton emission has zero polarization at room
temperature, they observe a room temperature optical polarization over 40% for the trion. Using

an applied gate voltage can modulate the electron density.
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Chapter 1|
Experimental Methods
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3.1 Optical spectroscopy setup

This chapter will mainly focus on the basic experimental setups used for the projects presented
by this dissertation. Optical spectroscopy is used to characterize 1L-TMDs, to acquire
information about the morphology and the quality of the flakes. This chapter covers the basic

concepts of the characterization tools as well as the photochlorination doping process.

3.1.1 Micro- Photoluminesence (u-PL) setup

Photoluminescence measurements provide information about excitonic behavior by using a
specific wavelength that corresponds to the energy of the relevant exciton or similar feature of
interest. In this thesis, PL measurements performed using an iHR-320 spectrometer (Horiba
Scientific/Jobin Yvon Technology) via a backscattering geometry with two different excitation
lasers (543nm and 594nm).

The selected continuum laser beam passes through a spatial filter, which creates a uniform
Gaussian beam and expands the beam to achieve a diffraction-limited spot size. A neutral
density filter follows and keeps the power lower than 1mW to prevent heating effects and
minimize sample damage. The beam reaches a 50:50 beam splitter, which reflects and drives
the light to the objective lens. The laser beam focused on the sample through a Mitutoyo 50x
(NA:0.42, f=200mm) objective lens resulting in an approximately ~1pm spot size. The sample
inserted in a helium flow cryostat (ST500, Jannis) and a XYZ mechanical stage (Thorlabs)
controls the sample position.

Additionally, filters are put in place to stop laser light from entering the spectrometer. A 550nm
and 600nm long pass and short pass filters (FESH0550/FELH0550 and FESH0600/FELHO0600,

Thorlabs) used for 543nm and 594nm laser lines, respectively.!’®
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Figure 3.1 Schematic representation of the experimental setup used for micro-Photoluminescence (u-PL)
measurements. The setup was developed at the ULMNP lab of IESL/FORTH.

3.1.2 Micro-Differential Reflectivity setup

Differential reflectance is used to study the optical properties of 2D materials, especially
transition metal dichalcogenides (TMDCs). This technique provides a powerful tool to
characterize 2D materials in a broad range of the electromagnetic spectrum. Reflectance is a
type of measurement that encodes information about sample reflectivity and absorption. This
information is, furthermore, related to the dielectric function of the material. To use this setup,
one must align the lamplight onto the sample and into the spectrometer. Reflectance
measurement collected both of the selected ultrathin flake and the reference (usually the
substrate). The substrate is subtracted from the sample and then the whole quantity is divided
by the background-subtracted reference. The setup was developed to carry out differential
reflectance measurements on 2D materials with ~3um spot size in the wavelength range of

360nm to 2600nm (0.5eV to 3.4eV).
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For the reflectance contrast measurements, we focused light from a supercontinuum tungsten-
halogen source (SLS201L, Thorlabs) onto the samples using a Mitutoyo 50x (NA:0.42,
f=200mm) objective lens (the same with p-PL setup). The reflected light was collected by the
objective and guided to a grating spectrometer equipped with a charge-coupled device detector.
The optical path is similar to pu-PL configuration, but now the long and short pass filters are
removed (Fig. 3.2). The reflectance contrast from the monolayer TMD flake was measured by
the difference between the intensity from the monolayer (Ron) and the bare substrate (Rorr)

and normalized to the intensity of the bare substrate.

AR = Ron — Rorr (3.2)
Rorr
. White light
—_— Iris
ND Filter
Lens  \Cryostat
| |
. '\)
BS 50:50 Objective |

Block

Figure 3.2 Schematic representation of the experimental setup used for micro-Reflectivity measurements. The
setup was developed at the ULMNP lab of IESL/FORTH.

For a thin sample, the reflectance contrast spectrum is approximately proportional to the

absorption of the flake.
3.1.3 Experimental setup for Valley Polarization measurements

We used the same micro-Reflectivity/PL setup (spatial resolution of 1um) with a 50x objective,

appropriate filters, and incorporated a continuous-flow He-cryostat (ST500, Jannis) to collect
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PL in backscattering geometry. In this configuration, the beam splitter is flipped and the long
pass filter placed at a critical angle. Samples were excited with continuous-wave lasers (543nm,
594nm) polarized as o*. An achromatic A/4 waveplate changes the polarization of laser beams
from linear to circular with positive (¢*) helicity. Luminescence comes from the sample is
analyzed as 6™ and 6~ using a combination of a liquid crystal variable retarder (LCVR) and a
linear polarizer placed before the spectrometer entrance slit. The emitted light is dispersed by

the spectrometer equipped with a multichannel CCD detector. The total circular polarization is

I+=Ig—

calculated by the following equation, P; = , where I+, I, are the emission intensities

o‘++10'_

analyzed for positive/negative helicity, respectively. The emitted circular polarization is 0%

Airror
Alirror

when the sample is excited with linearly polarized light.
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Figure 3.3 Schematic representation of the experimental setup used for spin-valley polarization measurements.
The setup was developed at the ULMNP lab of IESL/FORTH.
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3.1.4 Experimental setup for micro-Raman Spectroscopy measurements

The following experimental techniques that will describe is micro-Raman spectroscopy, which
probes encoded information about a material's vibrational behavior. For example, in WS, the
Raman spectrum is quite rich and slightly dependent on the incoming wavelength. A laser beam
is aligned to interact with the specimen. The scattered photons are collected to measure the
shifts in energy caused by inelastic scattering. Raman spectra were measured using a 473nm
diode-pump solid-state laser as an excitation source. A 100x objective is used to focus the laser
beam and to collect the Raman signal. The Thermo Scientific, Nicolet Almega XR Micro
Raman analysis system utilized to measure Raman signals. Raman spectra were detected using
1200gr/mm gratings for high resolution. During measurements, the laser power used on the
sample was 50uW to avoid possible heating effects by the laser and is controllable with the
software. The experimental setup for measuring the Raman spectra shown in Fig. 3.4. A long
pass filter with cut-on wavelength 473nm used to block short wavelength signals, and only the
Stokes shift spectra could be measured. The filter cuts out the Rayleigh emission. The CCD
sensor converts the incoming photons into an electrical signal. The result from the software is

a spectrum with several counts assigned to each resolvable energy.
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Figure 3.4 Schematic representation of the experimental setup used for the Raman measurements.
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3.2 Cryogenic System

During the low-temperature experiments, the sample was kept in a continuous flow cryostat
(ST500, Jannis) and cooled down by evaporating a cryogen (Liquid Helium (LHe), Liquid
Nitrogen (LNi)). For this purpose, LHe or LNi is usually stored outside the cryostat in a mobile
dewar and supplied through a transfer line. The transfer line (Janis flexible helium transfer line)
connects the cryostat with the mobile dewar (Janis). The controlled transfer of LHe/LNi from
a dewar into a heat exchanger adjacent to the sample holder used to vary the temperature in the
range 4—475 K. The temperature of the sample is monitored with a two channel temperature
controller (Lake Shore Cryotronics).

Vacuum systems are commonly used in low-temperature experiments to pump out the cryostat
and transfer cube. The sufficient operation of a vacuum system is the thermal insulation of the
vessel from the surrounding area. The cryostat is pumped down to 10~ Torr or less, and a
continuous helium/nitrogen flow is supplied by a pressurized dewar (250 mbar). In our lab, the
vacuum system is a combination of a mechanical and a turbo pump. The Helium/Nitrogen flow
can be monitored and regulated by a flow meter panel that has control valves in it. Continuous
flow cryostat has to be supplied steadily with the liquid cryogen i.e. the cooling agent to
maintain stable operating conditions. In this thesis, low-temperature experiments were carried

out with a 100It capacitance LHe dewar and 20lt capacitance LNi dewar.
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3.3 Photochlorination process

Scheme 1: Schematic representation of the process used for the photochlorination of TMDs

The as-prepared TMDs monolayers were subjected to irradiation by a KrF excimer UV laser
beam emitting 20ns pulses of 248nm at 1Hz repetition rate that translated onto the monolayer
area. For uniform exposure to laser radiation, a top-flat beam profile of 20x10 mm? was
obtained using a beam homogenizer. The whole process took place in a vacuum chamber at
120Torr Cl, gas pressure maintained through a precision microvalve system. Different
combinations of laser power (P) and the number of pulses (Np) were tested to optimize the
photochlorination process. In a typical experiment, the sample was irradiated at a constant
power with Np =1, 5, 10, 20, 30, and 40 pulses, corresponding to different photoreaction times
equal to 1, 5, 10, 20, 30, and 40 seconds. The photo-induced doping of TMDs was realized
following irradiation in the presence of NHz gas, in the same configuration with chlorine. This

simple, rapid, and scalable method is performed in the presence of ammonia (NHs).
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The safest way to irradiate the monolayers without damaging effects is to define all the radiation

parameters. We conclude that the threshold fluence for a monolayer TMD (WS;, MoS») is

around ~10%, after parametric experiments.

We can calculate the fluence by the following type:

Energy (m]) (3.2)
Beam Area (cm?)

Fluence ("™ /em2) =

A

Laser
KrF excimer 248nm

Chlorine gas

, 80
Mechanical Pump ==
\ » od'?\gq
_ —
Sample
Chamber

Figure 3.5 Experimental setup of the photochlorination process
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3.4 Sample preparation

Commercial WS> crystal (2D Semiconductors, HQ Graphene) was mechanically exfoliated
from a bulk crystal using an adhesive tape onto n-doped Si wafers covered by a 285 nm thick
SiO. wafer. We also mechanically exfoliated high-quality hexagonal Boron Nitride, graphene,

and graphite flakes.
In the present work, we fabricate and investigate the following different types of samples:
1) Monolayer WS; on Silicon dioxide (SiO-) substrate (Chapter 4.1, 4.2, 4.3).

2) Monolayer WS> on a few layers of h-BN deposited on a highly doped 285nm thick SiO2/Si

wafer (Chapter 4.2, 4.3).

3) Monolayer WS> on single and few layers graphene deposited on a highly doped 285nm thick

SiO2/Si wafer. (Chapter 4.3)

4) Monolayer WS; on graphite flakes deposited on a highly doped 285nm thick SiO/Si wafer.

(Chapter 4.3)
5) Monolayer WS> on Indium Tin Oxide (ITO). (Chapter 4.3)

6) Monolayer WS> on 50nm layer thick gold (Au) sputtered on a highly doped 285nm thick

SiO2/Si wafer. (Chapter 4.3)

Optical microscopy is used to locate the TMDs flakes on the samples and provide
morphological information. A 100x objective lens was employed to capture high-resolution
images. The monolayer and the substrate character of the samples were confirmed by micro-
Raman spectroscopy at room temperature. Photoluminescence spectroscopy is another tool to

recognize the monolayer flakes from 78K to room temperature.
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Chapter IV
Experimental Results



4.1 Spatially Selective Reversible Charge Carrier Density Tuning in
WS, Monolayers via Photochlorination

Chlorine-doped tungsten disulfide monolayer (1L-WS;) with tunable charge carrier
concentration has been realized by pulsed laser irradiation of the atomically thin lattice in a
precursor gas atmosphere. This process gives rise to a systematic shift of the neutral exciton
peak towards lower energies, indicating the reduction of the crystal’s electron density. The
capability to progressively tune the carrier density upon variation of the exposure time is
demonstrated; this indicates that the Fermi level shift is directly correlated to the respective
electron density modulation due to the chlorine species. Notably, this electron-withdrawing
process enabled the determination of the trion binding energy of the intrinsic crystal, found to
be as low as 20 meV, in accordance with theoretical predictions. At the same time, it is found
that the effect can be reversed upon continuous-wave laser scanning of the monolayer in the
air. Scanning Auger Microscopy and X-ray photoelectron spectroscopy are used to link the
actual charge carrier doping to the different chlorine configurations in the monolayer lattice.
The spectroscopic analyses, complemented by density functional theory calculations, reveal
that chlorine physisorption is responsible for the carrier density modulation induced by the
pulsed laser photochemical reaction process. Such bidirectional control of the Fermi level,
coupled with the capability offered by lasers to process at pre-selected locations, can be
advantageously used for spatially resolved doping modulation in 1L-WS; with micrometric
resolution. This method can also be extended for the controllable doping of other TMD

monolayers.
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4.1.1 Introduction

Carrier modulation is an important parameter in the study of the electronic properties of
semiconductors and at the heart of many applications in microelectronics. Tuning the charge
carrier density, i.e. doping, can be realized chemically, via bonding of foreign atoms to the
crystal structure,®174172 or electrostatically, by inducing a charge accumulation.*’ 173
Electrical doping measurements of 1L MoSe>*® and WSe,>® have shown the tunability in the
photoluminescence (PL) emission of the neutral (X) and negatively (X°) or positively (X*)
charged excitons (so-called trions). Moreover, electrically tunable PL emission between X" and
X components observed in MoS; and WS,.4"°? At the same time, chemical doping via the
absorption of atoms in the gas phase and organic molecules demonstrated to be a promising
approach to tune the carrier density in TMDs, 8690828174175 Degpite the numerous studies on
TMDs’ doping reported to date, the fine control in charge carrier tunability, as well as the

doping reversibility, remain unresolved issues.

In this thesis, we demonstrate the reversible tunability of the position of the neutral exciton
emission peak of 1L-WS; via photoinduced chlorination of the atomically thin lattice. It is found
that this is a consequence of the adsorption of electron-withdrawing chlorine adatoms that
strongly suppresses the electron concentration and enhances the PL efficiency. Theoretical
calculations indicate that the charge transfer between the dopant species and the monolayer
induces a shift in the Fermi level, giving rise to the observed modulation of the optical
properties. Notably, it is found that the lattice can be driven back to its pristine state upon
continuous wave (CW) laser-induced removal of chlorine dopants. It is concluded that photo-
assisted chemical doping provides a useful and fast tool for bidirectional control of the Fermi
level in 1L-WS,. More importantly, it enables, on-demand, spatially resolved doping
modulation, upon laser-induced adsorption/desorption in preselected locations, in a write-erase

manner. More information about the photochlorination process is included in Chapter 3.3.
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4.1.2 Results and discussion

WS, samples were mechanically exfoliated from a bulk crystal (2D semiconductors) using an
adhesive tape and placed onto 290 nm-thick SiO./Si substrates. Monolayer regions were
identified via optical microscopy and confirmed with micro-Raman spectroscopy (Fig. 4.1)
with low laser power to avoid structural damage. The energy difference between the two main
Raman vibrational modes, E” (in-plane mode) and A (out-of-plane mode), is used extensively

in the literature as the fingerprint of the number of layers.®
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Figure 4.1 (a) Optical microscopy image of exfoliated WS, flakes. The light purple area indicates the monolayer
region with a size of 5-8um across. (b) Room temperature Raman spectra collected with 473nm laser excitation
for monolayer WS,.

Following exfoliation, the WS, monolayers were exposed to the irradiation of a 248nm UV
laser source emitting 20ns pulses (Scheme 1) at a repetition rate of 1Hz, as we discussed in

Chapter 3.3.
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Figure 4.2 (a) Evolution of the Raman Spectra of WS, monolayer with the photochlorination time shown in the
inset; (b) Evolution of the out-of-plane vibrational mode A’ ; (c) Dependence of the E” and the A} peak frequencies
on the photochlorination time; (d) Frequency separation between the E' and the A7 modes as a function of the
photochlorination time.

Fig. 4.2 (a) presents the evolution of the micro-Raman spectrum of a 1L-WS;, subjected to UV
irradiation in Cl> environment, upon increasing the exposure time. The corresponding
dependence of the E' and A7 peak frequencies with doping steps shown in Fig. 4.2 (b). It is
found that the A7 mode progressively blue-shifts upon irradiation for 40s in Clz, while the peak
position of the E' mode remains unaffected. It is well reported that, in a typical 1L-TMD, the
out-of-plane mode, A} is sensitive to charging effects due to the strong electron-phonon
coupling.®>3 In particular, the observed blue shift of the A} peak complies with electron-
withdrawing, i.e. p-type doping. On the contrary, it is demonstrated that the in-plane, E', mode
is not significantly influenced by electron doping. >33 Fig. 4.2 (d) shows the corresponding

increase of the Raman frequency difference (Ao = w(4])-o(E")) with the doping time, which
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remains within the reported limit of the monolayer energy difference of 59-61 cm™.52176 All the
above observations indicate a hole-doping effect induced upon such photochlorination
treatment.

Micro-PL spectroscopy and reflectivity measurements were used to further explore the hole
doping effect induced by photochlorination. Fig. 4.3 (a) shows the PL spectra of monolayer
WS; at 78K at different photochlorination times. For the analysis of the different emission
peaks, we fit the spectra with Gaussian functions acquiring high values of coefficient of
determination (R?> 0.99). The corresponding PL spectra were deconvoluted into three peaks
(Fig. 4.3 (b)), which are assigned (from higher to lower energy) to neutral exciton (X) at
2.085eV, negatively charged exciton (trion, X") at 2.045eV, which arise from direct optical
transitions at the K point and emission from biexcitons and localized states (XX/L). 5176.177
Notably, the X~ and X emissions behave differently as a function of the photochlorination time.
A first finding is that the X emission intensity is remarkably enhanced at the expense of the X~
which can be explained as follows: WS is a well-known n-type 2D material and its PL spectrum
is accompanied by negatively charged trions even at room temperature.®® Under the
photochlorination treatment, the electron concentration is reduced, suppressing the oscillator
strength of the negatively charged trions and leading the PL spectral weight towards the neutral
exciton emission. More importantly, the X peak progressively redshifts with photochlorination
time and tends to saturate at elevated exposure times (Fig. 4.3 (c)); On the other hand, the X~
peak weakly blueshifts (Fig. 4.3 (c)). As a result, the trion binding energy, corresponding to the
energy difference between the X and X, decreases with the photochlorination time (Fig. 4.3
(d)), in agreement to previous reports on electron doping in 1L-WS,, 1L-MoS,, and 1L-
WSe.4"% Such reduction in the trion binding energy can be attributed to the Fermi level

lowering upon photochemical doping with chlorine.
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Figure 4.3 (a) Evolution of the PL spectra of a 1L-WS; at 78K, with the photochlorination time. (b) Deconvolution
of the initial PL spectrum obtained before the photochlorination process; the neutral exciton (X), negatively
charged exciton (trion, X°), and emission from localized states (XX/L) peaks are assigned. (c) The peak position
of X and X" as a function of the photochlorination time. (d) Dependence of the trion binding energy, corresponding
to the energy difference between the X and X~ peaks, on the photochlorination time. (e) The ratio of normalized
intensities of the X and X~ peaks as a function of the photochlorination time. (f) Evolution of the calculated electron
density with the photochlorination time.
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Interestingly, the trion binding energy saturates to the quite low value of ~20meV, which is in
agreement with theoretical predictions for the 1L-WS; intrinsic (undoped) crystal.!’® The
observations will be further discussed in the DFT calculations section below. Fig. 4.3 (e) shows
the ratio of normalized intensities of two excitonic components as a function of the doping
steps. The as-exfoliated 1L-WS; is of n-type and thus rich in electrons, which enhances the
probability of X~ formation; as a result, the spectral weight of the X peak is initially
predominant. The progressive suppression of the X  peak, coupled with the monotonical
enhancement of the X peak observed upon photochlorination can be interpreted as a reduction
of the 1L-WS; electron density, which can be also attributed to the Fermi level lowering. The
corresponding splitting between the exciton (wx) and trion energy (wx) is predicted to be
linearly dependent on the Fermi energy *’° and obey the equation: 4oy - iwx = Enx” + Er. Based
on this equation, the electron density ne can be calculated, assuming the measured Epx  of
20meV and the effective mass of electrons as me=0.35mo %’ where mq is the free electron mass.
The calculated electron density ne as a function of the photochlorination time shown in Fig. 4.3
(F); the electron densities of 1L-WS, before and after doping in the saturation region are ~3.05
x 1012 and ~0.14 x 102 cm™2, respectively, while their difference is Ane~ 2.91 x 102 cm™,
The capability to progressively tune the carrier density upon variation of the photochlorination
time, shown in Fig. 4.3 (), implicates that the Fermi level shift can be directly correlated to the
respective electron density modulation due to the chlorine species.

The estimate of the electron density in monolayer WS>

We have analyzed the Photoluminescence spectra to determine the energies to create both

neutral excitons (X) and trions (X°) as a function of the doping level. The analysis is based on

2
the Fermi energy (Eg = "—=) using an electron band mass of me = 0.35mo %8 where my is the

m

electron mass. When the Fermi energy varied from 1 to 21 meV, the exciton energy red-shifts,

whereas the trion energy remains largely unchanged, after a slight initial blueshift (Fig. 4.3 (c)).
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The splitting between the exciton and trion energy predicted to be linearly dependent on the
Fermi energy and obey

hwy — hwx- = Eyx- + Ep (4.2)
where Epx is the trion binding energy. Because the exciton can be considered as an ionized
trion, Awyx — hwyx- defines the minimum energy for the removal of one electron from the trion.
In the limit of infinitesimal doping, the trion binding energy Enx is the energy required to
promote one of the electrons in a trion to the conduction band edge.!”® We also determine the
trion binding energy to be 20meV. The result indicates that sufficient charge neutralization
(Ane = (3.05 - 0.14)-10'? cm? = 2.91-10* cm™) has been achieved in 1L-WS; via
photochlorination process (Fig. 4.3 (f)).
Temperature-dependence measurements have been performed in another exfoliated WS,-
monolayer that has gone through the photochlorination process for t=15s and below we plot the
data for 2 different powers, 120uW (Fig. 4.4 (a)) and 550uW (Fig. 4.4 (b)).
At 78K, the PL spectra are dominated by the emission from neutral and charged excitons for
both powers. As we increase the temperature, it is clear the dissociation of the charged to neutral
exciton. At room temperature measurements, the neutral exciton dominates the PL spectra as it

Is expected since the binding energy of the trion is 20meV (Fig. 4.3(d)).
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Figure 4.4 Temperature dependence measurements for a photochlorinated 1L-WS; at two different laser powers
(a) 120pW and (b) 550uW.

The excitation power dependence of the PL intensity provides insights into the physical origin
of the corresponding PL peaks. Since the behavior is the same for all plots in Fig.4.4, the
following Fig. 4.5 present the data for the photochlorinated monolayer at 15s. The PL spectrum
is dominated by the neutral and charged excitons and XX/L emission is suppressed after UV

irradiation.

In Fig. 4.5, left panel (a), we show power dependence data at T=78K taken with 543nm
excitation wavelength. A typical behavior is observed where for low power densities the neutral
exciton dominates the spectrum and as we increase the power, the intensity of the charged
exciton increases due mainly to photodoping. The way to reveal the nature of the two emission
channels is to plot the integrated intensity for both peaks as a function of the excitation power
density in a log-log plot (Fig. 4.5(b)). A linear dependence with power law exponent of 1 is

evident for both peaks verifying the excitonic nature of these emission channels.
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Figure 4.5 (a) Power dependence measurements for a photochlorinated 1L-WS; at 78K with laser excitation
A=543nm. (b) The integrated intensity for both peaks as a function of the excitation power density.

Differential reflectivity measurements performed in the same 1L-WS; are in remarkable

agreement with the micro-PL results described above. The respective spectra show the two

distinct excitonic absorption peaks, X~ and X, at ~2.04eV and ~2.086eV, respectively.}’’

Moreover, the X" absorption, in differential spectra, was suppressed by doping, while the trion

binding energy saturates to the same value of ~20 meV (Fig. 4.6 (a), (b)), following the results

obtained by the micro-PL spectra.
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Figure 4.6 (a) Differential reflectance spectra of the same 1L-WS; obtained at each doping step. Differential
reflectivity measurements are in agreement with the micro-PL results described above. (b) The peak position of
the neutral (X) and the negatively charged exciton (trion, X"), as the doping step increases.

To shed light on the photoinduced reaction process between 1L-WS; and Cl», topographic X-
Ray Photoelectron Spectroscopy (XPS) and Scanning Auger Microscopy (SAM) were used to
determine the chemical state of the W, S, and Cl. In a first step, the XPS spectra of single WS>
layers before and after the photochlorination treatment were compared, as presented in Fig.
4.7(a). Notably, in the spectrum of the photochlorinated sample, a characteristic Cl peak was
detected, in addition to the photoelectron lines of W, S, adventitious C and Si (due to the
substrate) observed in the pristine sample. The corresponding [S]/[W] ratio, however, remained
close to 2 showing that there is no significant replacement of S with Cl. On the other hand,
SAM detected no Cl on the surface of the laser-treated sample, suggesting that Cl is loosely
bonded on WS; and that desorption of chlorine species from WS, due to the heating of the
surface by the high energy/high flux electron beam, takes place. More detailed information on
the chemical bonding can be deduced from analyzing the XPS core-level spectra of the
constituent elements. Fig. 4.7(b) and 4.7(c) show the S-2p and the W-4f core level spectra,
respectively, for the two samples (pristine and Cl-doped). In both lines, the split due to spin-
orbit coupling is observed, so the core level spectra consist of doublets (S-2p*? and S-2p*? as

well as W-4f2 and W-4f"2).
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Figure 4.7 (a) XPS wide scan spectra of the pristine (black curve) and photochlorinated for 40s (red curve) 1L-
WSo,. The legends indicate the assignment of the corresponding photoelectron peaks; Corresponding W-4f (b) and
S-2p (c) core level spectra, showing splitting due to spin-orbit coupling; (d) Corresponding valence band spectra
of the 1L-WS; samples.

In the case of W-4f core-level spectra, the binding energy of the W-4f"2 is observed to be that
of pure WS,,* thus proving the quality of this reference sample. In the case of the sample
exposed to Cl, the dominant W-4f"2 peak is located at higher binding energy, indicating a
charge transfer due to Cl incorporation, which is also observed for W-ClI bonds in WCla. Further
insight is provided by analyzing the S-2p%? core-level spectra (Fig. 4.7(d)). Indeed the S-2p®?
peak for the pristine WS; is detected at the expected binding energy for pure WSa. In the case
of the Cl-doped sample, there is both a shift of the S-2p doublet from the 162.8eV for pure WS;
and a fine structure of the S-2p*? peak with contributions at 163.1 and 163.5eV. The former
can be attributed to S-containing aromatic compounds, such as thiophenol which might be
formed on the surface of the samples by the reaction of the adventitious carbon with S in the
presence of Cl upon laser irradiation; the latter might be attributed to either S-containing

aliphatic compounds, formed on the surface of the samples by reaction of the adventitious
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carbon with S in the presence of Cl upon laser irradiation, or to S-Cl bonds similar to those
observed in disulfur dichloride (S:Cl).®* All of the aforementioned compounds (e.g.
thiophenol, and S>Cl,) decompose or desorb upon annealing at mild temperatures (e.g. 137 °C
for S,Cly), while even W chlorides decompose and desorb upon electron irradiation 82; this
explains the lack of detection of Cl in SAM experiments due to the heating of the sample’s
surface by the incoming electron beam. As a conclusion, Cl seems to develop CI-S bonds mostly
with the S atomic layer, which result in charge transfer from W, as well, due to the high
electronegativity of CI. Finally, the valence band spectrum (Fig. 4.7(d)) of pristine 1L-WS; is
characterized by two distinct bands at 7 and 2eV below the Fermi level assigned to hybridized
S3p-W5d states, and pure WH5d states, respectively; the latter band is depleted upon

photochlorination resulting in the substantial suppression of the X~ PL peak (Fig. 4.3(g)).

To gain a deeper understanding of the chemical bonding attained due to photochlorination
reactions, spin-polarized Density Functional Theory (DFT) calculations, were carried out, using
the Vienna Ab-initio Simulation Package (VASP)83184 with projector augmented wave (PAW)
pseudopotentials'® and the Perdew—Burke-Ernzerhof (PBE) exchange-correlation
functional .*® The 1L-WS;, with CI is modeled using a 6x6 supercell. Two different scenarios
for the interaction of chlorine with 1L-WS; have been investigated, namely chlorine atoms are
filling S vacancies or become adsorbed on a basal plane. The DFT calculation revealed that in
the former bonding configuration, chlorine creates a donor level (due to the more electron of ClI
compared with S) in 1L-WS> (Fig. 4.8(a)), giving rise to a Fermi level shift towards the
conduction band and therefore cannot account for the observed redshift of the neutral exciton
peak. On the contrary, chlorine adsorption creates an acceptor level (due to the unpaired
electron of ClI), which shifts down the Fermi level of n-type WS, (Fig. 4.8(b)) and therefore
complies with the neutral exciton peak redshift. The chlorine desorption effect revealed by the

DFT calculations complies with the XPS findings discussed above.
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Figure 4.8 Electronic band structures of 1L-WS;: (a) with Chlorine atoms filling S vacancies; (b) with Chlorine
atoms adsorbed on the basal plane.

We find that the observed photochlorination effect can be reversed upon CW laser (473nm)
rastering of the chlorine-doped 1L-WS,, possibly due to the laser-induced desorption of
chlorine atoms from the monolayer. In particular, following such a dechlorination process, the
Raman A} mode position, the PL intensity, as well as the trion binding energy, return practically
back to the levels before photochlorination (Fig. 4.9, 4.10, 4.11). The respective micro-PL and
differential reflectance spectra are presented in Fig. 4.9 (a) and (b). As shown in this Figure,
both the PL and reflectivity spectra evolve upon increasing the CW laser power from
316kW/cm? to 356kW/cm?, but become stable upon further increasing the CW power. It is also
found that the degree of dechlorination can be also controlled with the variation of the rastering
time. Based on the above observations, we can postulate that the photochlorination approach,
demonstrated here, provides a useful tool for bidirectional (extraction or injection of electrons)

control of the electron density levels in 1L-WS;.

80



_—
=]
S

PL Intensity (Counts)

356kW/cm?|

r . . .
|
-
F laser cleaning X X X 7
[ : ]
A ! i i 'l

1 i 1 i
—— 316kW/cm?|
[ X

3 Ialser cle|anin

A 15s

chlorine

X

|
|
|
|
)
|
I
, X
|
|
|
|
|
[

1.90 1.95 2.00

Energy (eV)

2.05 2.10 2.15 2.20

(b)

OR (Counts)

316kW/cm®

laser cleaning

1.90 1.95 2.00 2.05 2.10 2.15 2.20

Energy (eV)

Figure 4.9 PL (a) and differential reflectance (b) spectra of a pristine 1L-WS; (black curves) and photochlorinated
for 5s (red curves) and 15s (blue curves) respectively, at 78K. The corresponding spectra obtained after CW laser
rastering of the monolayer area using 316 kW/cm? (magenta curves) and 356 kW/cm? (green curves) are also
presented. The resonant energies of the X and X~ excitons are indicated with dotted lines.

(a)
50

45+
40

E,-E, (meV)
w
o

T T T T
~@-AE
Q.
~
~
~
@
X .9
N
N 9, -
N
~ -
~ Phd
0 Osec S
1: G5ec
2 155ec
3 fluence=316kwWiem’ °
4 fluence=386kW/cm’
1 1 1 1 1
0 1 2 3 4

—
w
—

Peak Position (meV)

2090

2080

2070
2060

2050 |

2040
2030

@ Qo Q
Lo 9
e @ X
R . X
* ]
0o 1 2 3 4

Figure 4.10 The observed photochlorination effect can be reversed upon CW laser (473nm) rastering of the
chlorine-doped 1L-WS;,. (a) Following the CW laser treatment, the trion binding energy return to the levels
corresponding to the pristine 1L-WS,. (b) Similar results can be observed with the peak position of the neutral
exciton (X).

81



(a) (b)

? T 4 T T T L T T G | ! . 1 !

@ 1.0 —— Pristine (A) o Dfé ——Pristine (A) > @

—_ L —UuVv (B) - ’, :E:sfesr)(}leanin C) . v

] ' —— Laser Cleaning (C) g A

£ 0.8 e 0.4 1

o o

= £ 03

2 2

@ @ 0.2

g 3

£ £ 01 v

: 5 o

E § ‘400 405 410 415 420 425 430

m - -1 m - 1
Raman Shift (cm™) Raman Shift (em™)

Figure 4.11 Following the CW laser treatment, the Raman A; mode position returns to the levels corresponding to
the pristine 1L-WS,.

The above results indicate the possibility of a laser-induced chlorination/dechlorination process
enabling spatially selective doping changes with a beam size, i.e. micrometer, resolution. As
proof of this concept, we have exposed part of a pristine (Fig. 4.12(a)) WSz monolayer to UV
pulses in chlorine (Fig. 4.12(b)) and subsequently, we scanned the same area with a 473nm CW
laser beam in the air (Fig. 4.12(c)). Fig. 4.12(d) shows the respective normalized-intensity PL
spectra, indicating the reversibility of the photochlorination effect. Furthermore, due to the
spatial control of photochlorination, we observe a much stronger PL emission by the
photochlorinated area (area B in Fig. 4.12(b) and magenta curve in Fig. 4.12(d)) compared to
the pristine one (area A in Fig. 4.12(b) and blue curve in Fig. 4.12(d)), which is restored to the
levels of the monolayer in its pristine state upon CW laser cleaning (area C in Fig. 4.12(c) and
green curve in Fig. 4.12(d)). This light-induced bidirectional doping process could potentially
provide erasable regions of customized doping levels or even the formation of in-plane

electronic junctions.
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Figure 4.12 (a) Optical microscopy image of an exfoliated 1L-WS,. (b) Fluorescence image of the monolayer
following selective photochlorination of the area assigned as B, as indicated by the stronger PL emission compared
to the area denoted as A. (c) Reversal of the photochlorination effect upon CW laser rastering of the chlorine-
doped area, indicated by the suppression of the PL emission by the area assigned as C (d) The corresponding PL
spectra of the pristinelL-WS; (blue curve), photochlorinated (magenta curve) and dechlorinated (green curve)
areas.

83



4.1.3 Conclusions

In summary, we have demonstrated the spatially resolved and reversible tuning of the PL
properties of 1L-WS; using a pulsed laser photodoping process. It is shown that the PL intensity
can be significantly enhanced via the photo-assisted adsorption of p-type chlorine dopants to
the monolayer lattice. This is due to the switching of the dominant PL process from the
recombination of negative trions to that of neutral excitons, under the annihilation of residual
electrons from the pristine crystal. DFT calculations confirm that chlorine adsorption can
significantly affect the lattice electron density resulting in considerable shifts in the Fermi level
position and to complete charge neutralization. Another remarkable finding is that the doping
effect can be gradually reversed upon CW laser removal of the adsorbed chlorine species. This
all-optical, bidirectional tuning of the electron density developed here can be advantageously
used for spatially resolved doping modulation in 1L-WS, with micrometric resolution. It can
therefore be important for the fabrication of TMD-based light-emitting and photovoltaic
devices as well as in reducing the contact resistance between the TMD channel and the metal
electrodes in field-effect transistors. Although in the present study we have introduced a
photochemical chlorination method to control the carrier density in 1L-WS,. This process can

be readily extended to alternate combinations of dopants and TMD materials.
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4.2 Tuning the valley polarization in WS, monolayers with
photochemical doping

The sufficient control of the carrier density of a single layer WS, (1L-WS) has been realized
by pulsed laser irradiation doping technique. Chlorine atoms are incorporated on the surface of
the atomically thin lattice in a precursor gas atmosphere. This process has boosted interests in
controlling valley polarized light emission of doped monolayer WS». In this thesis, we
demonstrate spin-valley polarization tunability by more than 40% in 1L-WS; on hBN via
photochlorination. Polarization photoluminescence spectroscopy was performed in the
temperature range from 4K to 300K. The reduction of circular polarization after the
photochlorination treatment was attributed to the reduction of defect sites in the crystal lattice
and consequently to the increase of the non-radiative exciton lifetime. Ultrafast time-resolved

transient absorption spectroscopy measurements support our findings.
4.2.1 Introduction

Single layers (1L) of transition metal dichalcogenides (TMDs) arise as an exciting class of
atomically thin, two-dimensional (2D) materials for electronics, optics, and optoelectronics.
1721,128,187.188 TMDs have demonstrated to be excellent candidates for field-effect transistors,
photovoltaic cells, light-emitting diodes.!36418° Apart from light-based applications, these
materials are good candidates for quantum information processing based on valley degrees of
freedom, valleytronics.111247.5861.190 Additionally, they demonstrate high optical responsivity
and sensitivity to the surrounding environment.'*® Their reduced dimensional hexagonal lattice
combined with strong spin-orbit coupling and broken inversion symmetry, together with time-
reversal symmetry lead to two non-equivalent K points in the Brillouin zone (K" and K-
respectively) and consequently to unique optical selection rules.t”%% |t is therefore possible to

selectively populate and interrogate the K* and K- valleys using circularly polarized light.>®6%.1%
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These unique optical selection rules open up fascinating opportunities for carrier manipulation
in different valleys.

Valley polarization can be affected by many experimental conditions, as we referred to in
chapter 2.4. The emerging field of valleytronics has raised great interest in investigating valley
polarized light emission of doped monolayer TMDs.

In this thesis, we demonstrate controllable tunability of the degree of spin-valley polarization
of 1L-WS; using a pulsed laser photodoping process.'®* Motivated by recent theoretical and
experimental studies based on carrier screening effects on excitonic valley relaxation in 2D
semiconductors,64166.167 here we designed an approach to control the polarization degree (Pc)
at liquid Helium temperature through chemical control of the carrier density upon
photochlorination. Indeed, the PL intensity of the neutral exciton is significantly enhanced after
several laser pulses in the chlorine environment and the circular polarization is decreased
systematically. Using this approach, the doping-dependent circularly polarized PL of 1L-WS;
at 4K under off-resonance excitation (2.28 eV) has been studied. In particular, the PL of neutral
and charged exciton emission states monitored at different doping levels and a considerable
modulation of Pc is demonstrated, attributed to the respective changes of the non-radiative
exciton lifetime (tnr). Comparing these findings with doping dependent valley relaxation
mechanisms, 64157 we reveal the relationship between Pc and photochlorination doping. Low
values of Pc are correlated with long tnr and a lower number of active defect sites. Our results
demonstrate a significant tunability of circular polarization degree under effective chemical
doping.

We fabricate and investigate two different types of samples: 1) monolayer WS on a few-layer
h-BN deposited on 285nm thick SiO2/Si wafer, 2) monolayer WS, directly on SiO- substrate.
Optical measurements were performed using the p-PL setup for spin-valley polarization

measurements with excitation wavelength 543nm. (Chapter 3.1.3 — Fig. 3.3) The exfoliated
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monolayer sample size is approximately 10um which is larger than the laser spot size (~1um).
The as-prepared WS, monolayer was subjected to irradiation by a KrF excimer UV laser beam
emitting 20ns pulses of 248nm at 1Hz repetition rate that translated onto the monolayer area.
More information about the photochlorination process is listed in chapter 3.3.

Transient absorption spectroscopy (TAS) measurements were performed on the as-prepared
and the photo-chlorinated WS, monolayers for 10 seconds. A (Yb:KGW) femtosecond laser
source was used with a pulse duration of 170 fs, 200 kHz repetition rate, and 1026 nm central
wavelength. The beam split 90:10 to pump and probe respectively where the probe beam was
guided through a delay line with time delay resolution of ~1fs. A BBO crystal was used to
generate second harmonic (513nm) for the pump beam while the probe beam was focused into
a sapphire crystal to produce a supercontinuum white light. The pump and the probe beam were
focused using a 50x (NA:0.55, WD=13mm) objective lens in a collinear arrangement. The
reflection of the probe from the sample was collected with an optical fiber coupled to a high
sensitivity spectrograph. The spot size was 1.5um in diameter for the probe beam and 6pm in

diameter for the pump beam. The overall time delay resolution of the setup was 260fs.
4.2.2 Results and discussion

We examined flakes of WS, monolayers of ~10um in lateral size, transferred on hBN by
mechanical exfoliation. An optical microscope image of a representative WSz/hBN is shown in
Fig. 4.13 (a). Fig.4.13 (b) shows the corresponding Raman spectrum of the monolayer region
taken at 295K with excitation energy of 473nm. The splitting of the in-plane E” and the out-of-
plane A} mode of the WS, confirms the monolayer character of the sample.®® The peak at
1356cm™ corresponds to the vibrational mode of the hBN supporting flake.'®? The effect of
chlorination treatment on Raman scattering was studied in previous chapter. (Chapter 4.1)!
PL spectra at 4K (and under 2.28eV excitation) analyzed for positive (red color) and negative

(blue color) helicity at various photochlorination times are shown in Fig.4.13 (c). The main
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emission channels are due to neutral excitons (X), trions or negatively charged excitons (X°),
and the biexcitons/localized-bound excitons (XX/L).>® The neutral exciton is identified as the
peak with the highest energy (2.09eV) while the charged exciton is at 2.05eV in the case of the
pristine sample (t=0s). The neutral exciton (X) redshifts while the charged exciton (X°) slightly
blueshifts, which are signatures of photochlorination treatment. This phenomenon is clear from

Fig. 4.13 (c).
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Figure 4.13 (a) Optical image of WS,/hBN. (b) Raman spectrum at 295K with 473nm excitation laser line. (c) PL
spectra at 4K excited with 543nm laser for different photochlorination times analyzed for o+ (red) and o- (blue)
helicity.

More information about the behavior of PL components shown in Fig. 4.14. We can observe
that excitonic peaks follow the same trend after doping steps, as we discussed in the previous
chapter (Chapter 4.1). The repeatability and reproducibility of the photochlorination process

are evident.
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Figure 4.14 (a) Peak position of X and X~ of 1L-WS; on hBN as a function of the photochlorination time, at T=4K
with excitation energy 2.28eV. (b) Dependence of the trion binding energy, corresponding to the energy difference

between the X and X peaks, on the doping step (c) The intensity ratio Ix/Ix- as a function of photochlorination
time.

The corresponding intensities of neutral (Int of X) and charged exciton (Int of X°) for different
number of pulses in chlorine environment, that used to calculate the ratio of IX/IX_ inFig. 4.14

(c) are recorded below in Table 1.
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Table 1: The intensities of neutral (Int of X% and charged exciton (Int of X°) for different number of pulses in
chlorine environment.

Numberof | IntofX | IntofX™ | [ntX
Pulses Int X~
0 1342 9638 0.14
2 1603 4668 0.34
4 2345 5792 0.4
8 2784 4980 0.56
12 4139 4593 0.9
15 3900 3216 1.2
20 2219 1399 1.6

For the analysis of the different emission peaks, we fit the spectra acquiring high values of
coefficient of determination (R% > 0.99). The fitting analysis is included in Fig. 4.15.
The corresponding PL spectra deconvoluted into three peaks, the neutral exciton (X), charged

exciton (X-), and emission from bound excitons (XX/L) peak assigned.

1L-WS,/hBN/SiO,
R2>0.99
0s
T=4K

19 1.95

Figure 4.15 Voigt fitting of pristine 1L-WS,/hBN/SiO, at 4K with excited energy 2.28eV. The green spots
correspond to the experimental data, red curves represent the Voigt function of each component and the yellow
line is the sum of the two functions.
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It is important to note that X and X show similar values of polarization degree at all
photochlorination times. The emergence of the charged exciton in the pristine 1L-WS; indicates
the n-type nature of the crystal. At lower energies (2.03eV), we can observe the existence of
localized/bound excitons (XX/L). This feature, which dominates at t=0s, is a signature for the
presence of defect sites in the crystal lattice.'® As the doping step increases, we observe two
significant changes in the spectra: (a) the XX/L feature loses dramatically its intensity above
12s of photochlorination time and (b) the intensity of the neutral exciton increases significantly
with respect to the trion intensity. The corresponding intensities of the neutral and charged
exciton for different doping steps are presented in Table 1. Both changes strongly support the
reduction of active defect sites in the lattice and at the same time the decrease of the intrinsic e-
density. The chlorine creates a basal plane!®* that covers more and more defect sites that acted

as non-radiative channels.

I+=Ig—

The circular polarization degree Pc is defined as P. = 1

, Where I+ /I;- denotes the

o+ Tlo—
right/left hand circular polarization resolved PL intensity.>°
Using this equation and the data from Fig.4.13 (c), we evaluate the circular polarization Pc for
the neutral exciton as a function of the photochlorination time at 4K and we plot these values
in Fig.4.16 (a). We observe an almost linear depolarization as a function of photochlorination
up to t=15s. At t=0s (pristine sample), we measure 33% polarization, which drops to 19% at
t=15s, an almost 40% reduction. After t=15s, the circular polarization tends to saturate. The
dependence of the polarization on the photochlorination time reflects the dependence on the
electron density and consequently on the active defect sites that are responsible for the n-type
character of WSo.

The polarization study was completed by the temperature dependence of Pc for the neutral
exciton for various chlorination times. Fig. 4.16 (b) shows this dependence for t=0s, 4s, and 20s

treatment. There is a systematic monotonic depolarization, almost linear, for all treatment times
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which is due to intervalley scattering. Insignificant variations of Pc across the same monolayer
are observed, related to spatial non-uniformities across the monolayer surface of exfoliated 1L-
WS,.17® The error bars of the circular polarization degree are given by taking into account both
the deviation of scattered data from the averaged value at each temperature. Our experimental
results, where the carrier density is controlled by photochemical doping in the chlorine
environment, demonstrate the important role that the active defect sites have on the spin-valley

polarization degree.
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Figure 4.16 (a) Circular polarization as a function of the photochlorination time at T=4K. (b) Temperature
dependence of the circular polarization for the neutral exciton for the pristine sample (black points) and for
photochlorination times 4s (red) and 20s (blue). The photoluminescence was excited using the 543nm laser.

Let’s return to Fig. 4.16 (a) that demonstrates the systematic tunability of the spin-valley
polarization as a function of the photochlorination time at 4K, i.e. as a function of the effective
electron density of the WS> monolayer. This e-density is not controlled electrically but rather
chemically during the photochlorination treatment, affects the number of the defect sites on the
lattice. Defects such as sulfur vacancies are the source of the n-type character of WS> and
therefore controlling the active defect sites leads to control of the e-density, as it is the case in
our system.

The change in valley polarization described, as we mentioned in Chapter 2.4, by a rate equation

model leading to the following formula®*:
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Po (4.2)

Where P is the initial valley polarization generated in the system and t,! is the intervalley
scattering rate. (Similar to Eq. 2.2) The exciton decay rate 7! includes both radiative (tr) and

non-radiative (tnr) contributions:

1 1 1 TRTNR (4.3)

Thus the valley polarization reads

B ® )
¢~ TRINR A
142———=2—
(trttwp)ty 11277 B
TNR

where B=tr* and A=1,! are the radiative and valley scattering rates, respectively. We will use
this equation to fit the experimental data of Fig. 4.16 (a). From the above equation is evident
that the polarization is a function of the non-radiative lifetime (tnr) and depends on the
parameters Po, A, and B. It is known that for WS>, 1y at 4K is about 10ps and, most importantly,
it does not depend on the carrier density.1” We, therefore, fix it at A=0.1 ps™. Then we fit the
data as a function of tnr for two extreme cases of Po=40% (Fig. 4.17 (a)) and Po=60% (Fig.
4.17 (b)) letting B as a free parameter. The best fit is for Po=40% that gives tr=6.6ps and

describes very well the depolarization at 4K as a function of the photochlorination time.
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Figure 4.17 (a) Circular polarization as a function of the photochlorination time at 4K (gray points). The red line
is the simulation using Eq. (4.4) with Po=40% as a function of tng. (b) Same as (a) using Po=60%.

Fig.4.17 (a) strongly reveals the correlation between the treatment time and the increase in the
non-radiative time. The non-radiative decay rate is related to the availability of trapping states.
These states (sulfur vacancies) are filled as the number of pulses increases leading to a decrease
of active defect sites and therefore to an increase in the non-radiative lifetime and a
corresponding decrease in circular polarization. This point is obvious from Fig. 4.18 where we
estimate the corresponding trap concentration for a typical semiconductor. A crude

approximation of the non-radiative decay rate in a typical semiconductor is given by

45
— = N1U.0, (45)
TNR

Ue: electron velocity
oe: electron trapping cross section
NT: trap concentration

Choosing ue=4x10%m/s, 6e=107° cm?, the non-radiative lifetime as a function of the trap

concentration has the behavior of Fig. 4.18. It is clear that there is a strong correlation of the
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non-radiative relaxation time to the defect trap density. Since the valley polarization saturates
above 20 pulses (which roughly correspond to tne=20ps), we can estimate the corresponding
trap concentration to be of the order 10 cm,

250
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150 |

T,=(PS)

50 -

O " 1 1 1 " 1

trap concentration (10" cm™)

Figure 4.18 Non-radiative lifetime as a function of the trap concentration in a typical case.

We propose that the photochlorination process reduces the number of active defect sites and
increases tnr. In a pristine monolayer, there are many defect sites and tnr is short, so we have
fast non-radiative transitions. On the other hand, in a photo-chlorinated monolayer there are
few defect sites and tnr is long, so we have slow non-radiative transitions. This phenomenon
leads to the increase of the exciton radiative lifetime 1, (effective lifetime) and consequently to
a lower circular polarization, as we experimentally observe. The dependence of tras a function
of tnr is illustrated in Fig. 4.19. The effective exciton lifetime tr includes both the radiative (tr)

and non-radiative lifetimes (tnR).

1 1 1 TRTNR TR (4.6)
T, = =T

r r —
Tr TR TNR TR+TNR 14+ 2
NR

In Fig. 4.19, we plot the exciton effective lifetime (tr) as a function of the non-radiative lifetime
(tnR), both in units of the radiative lifetime (tr). As the non-radiative lifetime increases, as in

the case during photochlorination, the effective exciton lifetime increases too and approaches
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its maximum value that corresponds to the radiative time. This increase leads to the reduction
of the emitted circular polarization observed in the photochlorinated samples.
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Figure 4.19 Exciton effective lifetime (t;) as a function of the non-radiative lifetime (tnr), both in units of the
radiative lifetime (tR).

To further shed light on the decrease of circular polarization after the photochlorination
treatment, we investigated the corresponding charge carrier relaxation dynamics utilizing
ultrafast pump-probe time-resolved transient absorption spectroscopy (TAS). To examine the
time evolution of the excitons, we have fitted the TAS signal with a multi-exponential decay
equation containing three-time constants: Tz assigned to Auger scattering, T describes the non-
radiative recombination channel due to rapid relaxation to surface defect sites, and Tz is due to
radiative recombination. We can observe from Fig. 4.20 that T increases from 7+1ps for the
pristine 1L-WS; to 39+ 3ps for the photochlorinated sample. These values are not exactly the
same as the predicted ones from Fig. 4.17 (a) that are based on a rate equation model, but
certainly are in the same order of magnitude and follow a similar trend. An increase of T> (non-
radiative recombination), as a result of the photochlorination process, indicates a reduction of
the active defect sites and subsequently a decrease of the electron density. This is strongly
supported from the data of Fig.4.13 (c) where the PL intensity of the charged exciton decreases

while the intensity of the neutral exciton increases.
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Figure 4.20 TAS spectra of the A-exciton for the photochlorinated WS (red) and the as-prepared WS, (black) at
78K. Inset: Fitting the data for the photochlorinated sample yields a non-radiative lifetime of T2=39ps (red line)
and T2=7ps for the as-prepared WS; (black line).

A photochlorinated WS and as-prepared WSz monolayer samples were placed on a cryostat
holder under vacuum with continuous liquid nitrogen flow. The temperature stabilized at 78K
and the laser pump fluence set to 28 pJ/cm?. During the experiment, two spectra of the probe
taken at each delay time with and without pump. The differential reflectivity is defined as
AR=Ruithout pump-Rwith pump. Fig. 4.20 presents the A exciton bleaching of the two samples with
negative AR as a function of time delay. T1=5.4+0.3ps, T>=39+ 3ps, and T3=627+57ps are the
extracted relaxation times of the photochlorinated WS, and T1=1.0+0.1ps, T>=7+1ps, and
T3=37+5ps are the extracted relaxation times of as-prepared WSa.

The study on 1L-WS2/hBN/SiO; also extended to 1L-WS,/SiO, with very similar results. The
corresponding PL spectra for 1L-WS,/SiOz are illustrated in Fig. 4.21 (a). In Fig. 4.21 (b), the
spin-valley polarization degree at 4K is plotted for different doping steps (from 0s to 20s) for
the neutral exciton (X). The excitation wavelength is 543nm (2.28eV). At 4K we obtain 30%
polarization for the as-prepared 1L-WS,/SiO>. At 4K and t=4s, we obtain 22% polarization and

for t=20s, we get 18% polarization. It appears that the maximum spin-valley polarization degree
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is achieved in the pristine 1L-WS2/SiO> case, followed by the other photochlorination times,

over the whole range of temperatures.
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Figure 4.21 (a) Photoluminescence spectra analyzed for positive (o +: red solid line) and negative (c —: blue solid
line) helicity of 1L-WS; on SiO; as a function of the photochlorination time. Spectra measured at 4K and the
excitation was with an energy of 2.28 eV. (b) Circular polarization of neutral exciton of monolayer 1L-WS,/SiO,
at T=4K.

98



4.2.3 Conclusions

In conclusion, we have demonstrated high tunability of the valley polarization in a monolayer
WS,/hBN system using a photochlorination doping process. A reduction of more than 40% in
the circular polarization of the neutral exciton at 4K was achieved. Similar results were also
obtained for the 1L-WS>/SiO> system. The decrease of the polarization was attributed to the
reduction of the active defect sites as a result of the chlorine doping. That affects the non-
radiative recombination time tnr and therefore the degree of the emitted circular polarization.

Our results are supported by transient absorption spectroscopy measurements.
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4.3 High room temperature valley polarization in WS,/Graphite

Transition metal dichalcogenide (TMD) monolayers in the 2H-phase are two-dimensional
semiconductors with two valleys in their band structure that can be selectively addressed using
circularly polarized light. Their photoluminescence spectrum is characterized by neutral and
charged excitons (trions). In a typical case of 1L-WS; on top of SiO2, neutral and charged
exciton emission have zero polarization at room temperature under on- and off-resonance
measurements. In this chapter, we performed room-temperature valley polarization
measurements of monolayer WS, with different substrates. By illuminating WS,/Graphite with
on-resonance (2.09eV) circularly polarized light at room temperature, we measure significantly
large circular polarization (Pc up to 25%). Using the photochlorination process, we can
modulate the polarization of the neutral exciton emission continuously from 27% to 38% for
1L-WS,/Graphite. We show that valley polarization strongly depends on the relationship
between the doping and the supporting layer of TMDs. These preliminary results shed light on

the significant role of the substrate on valley polarization in monolayer TMDs.

4.3.1 Introduction

As we mentioned in previous chapters, when TMDs are excited with circularly polarized light,
electron-hole pairs are created in a single valley. The subsequent radiative decay of excitons
within this valley produces circularly polarized light due to optical selection rules. Therefore,
measuring the circular polarization of PL provides a direct way to monitor the valley
population. These populations are altered by intervalley scattering, a process that is enabled by
phonons that conserve momentum or by exchange interactions. 8115219 At high temperatures
or high photoexcitation energy, a large phonon population can readily couple the valleys,
reducing valley specific populations. Because of this strong intervalley coupling, exciton

polarization is often only seen in systems measured at low temperature or near-resonant
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pumping conditions,5860:61.154194 Many parameters can affect the degree of valley polarization.
Here, we focus on the strong effect of substrate on circular polarization for 1L-WS; and the
reasons for a substrate like graphite maintain high values of polarization at room temperature.

For applications, it is very important to measure a high degree of circular polarization at room
temperature. Spintronics and valleytronics fundamentally differ from conventional electronics
in that, in addition to a charge state, electron spins and valley-index exploited as a further degree
of freedom, with implications in the efficiency of data storage and transfer. As a result, these
devices gain particular interest in the field of quantum computing.

Unfortunately, valley depolarization in 1L-TMDs occurs on picosecond timescales. 168:195:1%
As a result, high degrees of circular polarization have demonstrated at cryogenic temperatures,
12,58-61,154,168.195 \yhere the exciton lifetime is on the order of a few ps only*®’. The major
challenge is the high degree of Pc at room temperature, where the effective exciton lifetime
typically exceeds 100ps in 1L-TMDs.**"1% Room temperature valley polarization has been
observed in 1L-MoS; 1% and 1L-WS,. 19200 Obtaining robust RT valley contrasts in 1L-TMD
is challenging but is, at the same time, a key for emerging opto-spintronic and -valleytronic
devices.?°202 Sych devices typically consist of (i) 1L-TMD as a chiral optical material and/or
as an injector of spin/valley polarized electrons with (ii) graphene as a high mobility channel
for efficient spin-polarized electron transport.?°>2% Many research teams demonstrate that
monolayer TMD directly stacked onto graphene provides highly stable room-temperature
valley polarization.1®8208207 Motivated by these experimental works based on high room
temperature valley polarization on 1L-TMD/Graphene heterostructures, we fabricate and
investigate different types of samples with reference point the 1L-WS,.

We performed on-resonance (2.09eV excitation) and off-resonance (2.28eV excitation) valley
polarization measurements at 295K at van der Waals heterostructures consist of 1L-WS; and

different types of substrates. More specific, these types are listed below:
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1) 1L-WS; on monolayer graphene

2) 1L-WS; on few layers graphene

3) 1L-WS: on graphite

4) 1L-WS; on Silicon dioxide (SiO2)

5) 1L-WS; on hexagonal Boron Nitride (hBN)

6) 1L-WS; on Indium Tin Oxide (ITO)

7) 1L-WS; on 50nm layer thick gold (Au)

We observed that only three types of samples give a high degree of circular polarization (Pc) at
near resonance conditions. These types of samples are 1L-WS; on top of one and few layers of
graphene, as expected, and the 1L-WS; on graphite. This result gives rise to further
measurements at low and room temperature conditions. Also, we investigate the behavior of

1L-WS2/Graphite in chlorine environment with promising results.

I+=Ig—

The circular polarization degree Pc, as we mentioned in Chapter 4.2, is defined as P; =

Io++I6="

where I+ /15~ denotes the right/left hand circular polarization resolved PL intensity.
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4.3.2 Results and discussion

We investigate seven different cases of samples. Fig. 4.22 and 4.23 illustrated the optical images
and the characteristic Raman spectra. Fig. 4.22 shows three different types of samples, 1L-WS2
on top of 1L-graphene, on top of a few layers of graphene and graphite. The G and 2D Raman
peaks change in shape, position, and relative intensity with the number of graphene layers. This
reflects the evolution of the electronic structure and electron-phonon interactions. Raman
Spectroscopy is used to monitor the number of graphene layers.” Fig. 4.22 (c) compares the
Raman spectra of 1L-graphene, few layers of graphene, and bulk graphite measured at 295K
and 473nm laser excitation. The two most intense features are the G peak at 1580cm™ and a
band at ~2700cm, which is the second-order most prominent band referred to as the 2G peak.
A significant change in the shape and intensity of the 2D peak of graphene compared with
graphite is obvious. The 2D peak in bulk graphite consists of two components, 2D1 and 2D>,
roughly %4 and % the height of the G peak, respectively. Monolayer graphene has a single sharp
2D peak, roughly four times more intense than the G peak. A further increase in the number of
layers leads to a significant decrease in the relative intensity of the lower frequency 2D1 peaks.
For more than five layers, the Raman spectrum becomes hardly distinguishable from that of
bulk graphite. Thus Raman spectroscopy can identify a single layer from bi-layer and few (less
than five) layers. In Fig. 4.23 are presented the Raman spectra for the remaining four cases. All
the samples fabricated with the exfoliated method except from gold (Au), where 50nm thick
film of Au are deposed in SiO2 by sputtering. Raman spectrum of the exfoliated hBN onto SiO>

shows a Raman band at 1364 cm™ (magenta line).
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Figure 4.22 (a) Optical image of 3 different cases. (b) Raman spectra at T=295K with laser excitation 473nm for
1L-WS; on top of 1L-Graphene (blue line), for 1L-WS; on top of few layers of graphene (red line) and 1L-WS;
on top of graphite (black line) (c) Raman spectra of the supporting 1L-graphene (blue line), few layers graphene
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Figure 4.23 (o) Optical image for the remaining 4 cases (b) Raman spectra at T=295K with laser excitation 473nm
for 1L-WS; on top of SiO, (green line), for 1L-WS; on top of hBN (magenta line), for 1L-WS; on top of ITO
(cyan line) and 1L-WS; on top of Au (orange line).

In the following, we present room temperature spin-valley polarization measurements with (a)
594nm (2.09eV) and (b) 543nm (2.28eV) laser excitation. It is obvious that only at on-
resonance (2.09eV) conditions and in the case of 1L/few layers of graphene and on graphite,
the degree of valley polarization is high. In table 2 are listed the values of circular polarization
for all the cases. The degree of circular polarization on top of 1L and a few layers of graphene
is high enough, as it was previously demonstrated.?%® We measure 33% and 32% for 1L and a
few layers of graphene, respectively, at room temperature conditions. The surprising result is
that on top of graphite. We measure 25% circular polarization at room temperature. Monolayer
WS; on top of graphene/graphite shows a single excitonic photoluminescence peak with a
Lorentzian profile and a very small full width at half maximum (FWHM) of ~14meV at room
temperature. In a typical exfoliated 1L-WS2/SiO,, a trion feature appears at the lower energy
side due to unintentional doping of the sample. Asymmetric and broad peaks are observed in
other cases. In the case of WS> on top of graphene/graphite, the trion feature disappears since
residual charges in the WS> could flow into lower energy states via static charge transfer in the
semi-metallic graphene and metallic graphite layer. The Fermi energy for these materials
located in the gap of the WSo.

The dependence of the peak energy on the substrate (Fig. 4.24, Table 2) is mainly attributed to
the effect of both lattice strain and dielectric screening. Dielectric screening is known that affect
the excitonic transition energy of the low dimensional semiconductors. Similar studies indicate
that the lattice strain and electronic properties of WS, are uniform on the graphite substrates.?%®
We attributed the redshift of the neutral exciton (Fig. 4.24) to screening by the dielectric
environment associated with graphene and graphite. The observed shift in the exciton transition
energy reflects the combination of a significant renormalization of the quasiparticle bandgap

and a decrease in the exciton binding energy. The charge neutrality of WS, on top of
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graphene/graphite is due to the energy and charge transfer of photoexcited carriers from WS;
to graphene/graphite. The circular polarization (Pc), peak energies, and FWHM are given in

Table 2.
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Figure 4.24 (a) Photoluminescence spectra analyzed for positive (o +: red solid line) and negative (c —: blue solid
line) helicity for seven different cases. Spectra measured at 295K and the excitation was with energy of (a) 2.09eV
and (b) 2.28 eV.

Table 2: Circular Polarization, peak position and FWHM of neutral exciton at T=295K.

Peak FWHM
Tvpe of sample Pc (%) Pc (%) Position (meV)
(eV)

1L-WS;,/1L-Graphene 33 2 1.991 16
1L-WS,/few layers Graphene 32 1 1.991 14
1L-WS,/Graphite 25 1 1.994 14
1L-WS,/Si0, 4 2 2.013 24
1L-WS,/hBN 2 1 2.000 22
1L-ITO 3 1 2.018 21
1L-WS;,/Au 4 1 2.013 21
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In the WS»/graphene and WSz/graphite systems, the strong interlayer interaction leads to a
significant PL quenching due to a fast non-radiative charge transfer from the WS, to the
underlying layers.

In the following pages, we will focus on graphene and graphite. We will start with 1L-Graphene
(Fig. 4.25 (a)). We expose the sample in the chlorine environment and the results after the
photochlorination treatment are presented in Fig. 4.25 (b), (c), and (d).

Raman spectra of 1L-WS; on top of 1L-Graphene measured at 295K with laser excitation
473nm before and after photochlorination. A slight blue shift of out-of plane mode A’ (Fig.
4.25(b)) after the photochlorination is observed (magenta line), but the G and 2D peaks from
graphene are unaffected. This shift of A} is an indication of the chlorine effect on 1L-WS,.1%
The behavior of neutral exciton in the photoluminescence spectra with the photochlorination
treatment (Fig. 4.25 (c)) is similar to previous results in chapters 4.1 and 4.2. Valley
polarization measurements were performed for two different types of substrates, 1L-graphene
and SiO- at the same time. The shape and peak position of neutral exciton of 1L-WS: is different
for 1L-graphene and SiO». A systematic redshift of the neutral exciton for both types appeared
after several pulses in the chlorine environment. The results of circular polarization after the
photochlorination treatment give some first signs of an increase in polarization degree (Fig.
4.25(d)). Fig. 4.26 is a clear picture of the difference between 1L-Graphene and SiO,. When
we use as a substrate for 1L-WS; the 1L-Graphene, the degree of circular polarization is high,
in contrast with SiOz, which is almost zero. The redshift of neutral exciton as the

photochlorination step increases is shown in both cases (Fig. 4.26 (a) and (b)).
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Figure 4.26 Photoluminescence spectra analyzed for positive (o +: red solid line) and negative (o —: blue solid
line) helicity as a function of photochlorination time. Spectra measured at 295K with excitation energy 2.09eV
for (a) 1L-WS; on top of 1L-Graphene and (b) 1L-WS; on top of SiO..

Similar studies took place for a few layers of graphene at several temperatures. Fig. 4.27 shows
the photoluminescence spectra for 1L-WS> on top of few layers of graphene at (a) 200K, (b)
250K, and (c) 300K and for different number of pulses. At lower temperatures, we can’t get
reliable data because of the presence of strong Raman peaks. The Raman modes have a strong
circular polarization and it is impossible to extract reliable information for the polarization of
the neutral exciton. In Fig. 4.27 (d), (e), (f), we plot the circular polarization as a function of
the photochlorination step. For one more time, we observe an increase in circular polarization.
We investigate a various number of layers of graphene (1L and few layers) as a substrate, and

the results have the same response.
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Figure 4.27 Photoluminescence spectra of 1L-WS; on top of a few layers of graphene analyzed for positive (c +:
red solid line) and negative (o —: blue solid line) helicity as a function of photochlorination time for three different
temperatures (a) T=200K (b) T=250K (c) T=300K. Circular Polarization of 1L-WS, on top of a few layers of
graphene as a function of photochlorination time for three different temperatures (d) T=200K (e) T=250K (f)
T=300K.
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We will continue the analysis with the most exciting type of heterostructure in this project, 1L-
WS; on top of exfoliated Graphite. Monolayer WS, presents a uniform, single excitonic
photoluminescence at 1.99eV at room temperature. The position of the neutral exciton is
redshifted by 0.02eVV compared to the typical case of 1L-WS/SiOz. In this sample, no
additional peaks were observed for charged or bound excitons, even at low temperatures (Fig.
4.28 (a), (b), (c)). Circular polarization measurements were performed on 1L-WS,/Graphite at
temperatures higher than 200K in order to avoid the Raman peaks. The degree of circular
polarization is high at all temperatures. At room temperature, from 24% for the pristine sample
it reaches 33% after 40 pulses in the chlorine environment. This value is a significant value for
room temperature valley polarization. The graphite seems to be the ideal substrate for valley
polarization measurements for TMDs. The error bars in Fig. 4.28 (d), (e), and (f) are small and

indistinguishable.
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Figure 4.28 Photoluminescence spectra of 1L-WS,/Graphite analyzed for positive (c +: red solid line) and negative
(o —: blue solid line) helicity as a function of photochlorination time for three different temperatures (a) T=200K
(b) T=250K (c) T=300K. Circular Polarization of 1L-WS,/Graphite as a function of photochlorination time for
three different temperatures (d) T=200K (e) T=250K (f) T=300K.

Next we compare the response of the WS,/graphite system under two different gases. We
perform the same experimental photodoping procedure for two different samples of 1L-
WS,/Graphite at room temperature and with the same KrF excimer UV laser (248nm). The gas
pressure into the chamber was 120Torr for chlorine and nitrogen (Chapter 3.3). The only
parameter that changes here is the type of gas in the chamber. Fig. 4.29 (a) and (c) represent the
results after several pulses in a chlorine environment and Fig. 4.29 (b) and (d) after several
pulses in a nitrogen environment. The degree of circular polarization was maintained at high
levels (over 23%) for both samples. A remarkable increase of polarization after
photochlorination is noted (from 27% to 38%) contrary to the nitrogen (Fig. 4.29 (e)). Even
after 40 pulses in the nitrogen environment, the circular polarization is almost unaffected (Fig.
4.29 (d) and (e)). Furthermore, after several pulses in the chlorine environment, the neutral
exciton redshifted, as we observed in Fig. 4.28 (f) and chapters 4.1 and 4.2. In the case of
nitrogen, the peak position of the neutral exciton is fixed (Fig. 4.29 (d) and (f)) by varying the

number of pulses.
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Figure 4.29 Chlorine vs Ammonia (a) (b) Optical image of 1L-WS; on top of graphite. (c) Photoluminescence
spectra of 1L-WS; on top of graphite analyzed for positive (c +: red solid line) and negative (¢ —: blue solid line)
helicity as a function of photochlorination time (d) Photoluminescence spectra of 1L-WS,/Graphite after several
pulses in nitrogen environment (e) Circular Polarization of 1L-WS,/Graphite as the photodoping time increases at
T=295K with excitation energy 2.09eV in chlorine environment (red bullets) and nitrogen environment (blue
bullets). (f) The peak position of neutral exciton of 1L-WS,/Graphite as the photodoping time increases.
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4.3.3 Conclusions

These findings provide an alternative method to keep in high levels the circular polarization by
using graphite as a supporting layer for 1L-WS,. Furthermore, we proved that the
photochlorination process not only conserves circular polarization at high levels in room
temperature but is an indicator to measure circular polarization over 30% at non-cryogenic
conditions. Considering monolayer TMDs on top of substrates such as SiO2/Si, graphene and
graphite conclude that substrate is one of the essential factors for measuring a high degree of

circular polarization at room temperature.

113



Chapter V
Conclusions
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Atomically thin TMDs have attracted tremendous attention owing to their novel physical
properties and great potential applications in electronic and optoelectronic devices. The results
presented here aimed at the understanding of the main reasons that affect the carrier density and
optical properties of TMDs. This thesis presents a reliable photoinduced doping method of 1L-
TMDs. The ability to modulate the carrier density in a monolayer crystal lattice in parallel with
valley degree of freedom is a timely topic in the field 2D materials. At the same, the observed
high degree of circular polarization in room temperature for a 1L-TMD on graphite revealed in
this thesis opens up new opportunities to understand and explore valley physics in these
materials.

Below is a summary of the most promising results obtained during this thesis.

In Chapter | a summary of the crystal and electronic properties of TMDs monolayers is
presented. The basic fabrication methods of these ultrathin crystals have been also introduced.
Furthermore the most important aspects of excitons, Spin Valley Polarization, optical selection
rules, as well as the vibration properties of 2D-TMDs, have been presented.

In Chapter Il we discuss different doping and carrier density modulation strategies in 1L-TMDs.
Emphasis is given on the effect of doping on Raman, and valley polarization properties.

In Chapter 11, the main experimental methods that employed for the photochemical doping as
well as for investigating the optical and electronic properties of 1L-TMDs have been
demonstrated.

Chapter 1V is divided into three different parts that provide the most important results of this
thesis. In the first subchapter, we showed that following the photochlorination process the
chlorine dopants create a basal plane on the monolayer surface and attract electrons from the
monolayer WS, lattice. Micro-Photoluminescence and micro-Differential reflectivity
measurements show that, following the photochlorination treatment, the neutral exciton

emission is enhanced. Also, a systematic blue shift of the sensitive-to-doping out-of-plane
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Raman mode is presented. These findings combined with XPS analysis and theoretical
simulations proved that chlorine doping give rise to a reduction of the electron density in a
monolayer WS». An impressive part of this work is that we can not only control the doping
level but also reverse the doping process upon laser cleaning of the monolayer surface.
Following laser cleaning, the carrier density in the system returns to its initial levels. In the
second subchapter, the emission and polarization dynamics of neutral and charged excitons
have been investigated before and after photochlorination doping. It is shown that the circular
polarization of 1L-WS>/hBN and 1L-WS2/SiO2is reduced after the photochlorination treatment.
Theoretical simulations and TAS measurements indicate that the non-radiative recombination
time (tnr) has the leading role behind the valley polarization effect. Indeed, the observed
decrease in the polarization degree was attributed to the reduction of the active defect sites as a
result of the chlorine doping. This in turn affects the non-radiative recombination time tnr and
thus the degree of the emitted circular polarization. In the third subchapter, we show that using
different substrates for 1L-WS; at resonant excitation conditions one can obtain high degree of
circular polarization at room temperature. In particular, when 1L-WS; on top of Graphite is
excited with on-resonance circularly polarized light, we measure a high (~25%) degree of valley
polarization at room temperature. More important, the degree of valley polarization is further
increased upon photochlorination treatment and reaches almost 40% at room temperature.

The ability to tune the carrier density and the degree of valley polarization in monolayer WS>
via the photochlorination process opens up new opportunities to understand and explore the
valley physics in these materials. The high degree of room temperature valley polarization
observed in photochlorinated WS> on graphite is used as a substrate for 1L-WS; provides a new
direction to enhance valley control via valley selective excitation and creates an intriguing

platform for spin and valley physics and related devices.
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The work of section 4.1 was published in 2D Materials, IOP Science (I. Demeridou, I.
Paradisanos, Y. Liu, N. Pliatsikas, P. Patsalas, S. Germanis, N. T. Pelekanos, W A Goddard 11,
G. Kioseoglou & E. Stratakis. (2018). Spatially selective reversible charge carrier density
tuning in WSz monolayers via photochlorination. 2D Materials, 6(1), 015003).

The work of section 4.2 was submitted in Applied Physics Letters (I. Demeridou, A.
Papadopoulos, G. Kourmoulakis, L. Mouchliadis, E. Stratakis, and G. Kioseoglou, Tuning the
valley polarization in WSz monolayers with photochemical doping).

The work of Chapter 4.3 is under preparation for submission.
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