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ABSTRACT
Monolayers of transition metal dichalcogenides (TMDs) are promising new materials
for future 2D nanoelectronic systems. With their tunable direct gap in the visible range of the
optical spectrum and high surface-to-volume ratio, these 2D semiconducting systems are ideal
for field-effect transistors, photovoltaics, light-emitting diodes (LEDs), single-atom storage,
molecule sensing, quantum-state metamaterials and valleytronics. Furthermore, the
outstanding stretchability of 2D crystals is promising for strain engineering and related
applications.
The boundaries of 2D TMDs crystals are reported to be non-atomically sharp and
extremely susceptible to their environment, affecting not only the optical but also their
transport properties. Consequently, the variations of the electronic properties across the
exfoliated TMDs’ monolayers’ surface are yet to be explored. In addition, the investigation of
the existence of biexcitons in these atomically thin materials is exciting due to their unique role
in understanding many body effects and their great promise for practical applications, such as
biexciton lasing. Furthermore, TMDs’ novel structure may lend themselves to a new concept
called “valleytronics,” in which both spin and charge are used to transport and store
information. Therefore, a temperature dependent study of the spin-valley polarization degree
of TMD monolayers is necessary towards understanding significant depolarization phenomena.
In this thesis, the extraordinary photoluminescence (PL) and Raman properties, not
only of the physical but also of intentionally created via femtosecond laser ablation, boundaries
of mechanically exfoliated WS2 monolayers is studied. In particular, it is shown that the edges
of such monolayers exhibit significant Raman shifts as well as remarkably increased PL
efficiency compared to their respective central area with the emission channels being of
different origin. Moreover, we report on the existence of biexcitons in mechanically exfoliated
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WS2 flakes from 78 K up to room temperature by performing temperature and power dependent
PL measurements. Finally, we examine different cases of vertical WS2 heterostructures and we
show that the surrounding environment has a significant influence on the spin-valley
polarization degree. The results show that the initialized polarization at low temperature P(0)
as well as the depolarization rate due to thermal effects are highly dependent on the dielectric
environment.
We envisage that these novel findings could find diverse applications in the
development of TMDs-based optoelectronic devices.
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PREAMBLE
The interest in two-dimensional (2D) materials has been steadily increasing since the
discovery of graphene, a material with fascinating properties and great potential for various
applications1. However, graphene is a zero band gap material which in some cases is an
undesirable property for optoelectronic applications. Transition metal dichalcogenides (TMDs)
with the form MX2 (M=Mo, W, Ti, etc., and X=S, Se, Te) exhibit a structure very similar to
that of graphene and have attracted significant attention of the scientific community due to their
extraordinary physical properties2. Among TMDs, tungsten disulfide (WS2) is one of the most
stable ones and it was initially used as dry lubricant for fasteners, bearings, and molds under
the brand name Dicronite. Similar to MoS2, bulk WS2 is an indirect gap semiconductor with a
gap of 1.3eV3. Upon reducing the number of layers, WS2 undergoes a transition from an
indirect to a direct band gap semiconductor in its monolayer form, reaching a quasiparticle
bandgap of 2.7eV at the K points of the Brillouin zone4-6. The optical properties of monolayer
WS2 are governed by strong excitonic transitions (neutral and charged) with very high binding
energies for the neutral exciton of the order of 0.7 eV6,7. This makes WS2 an ideal candidate
for a host of optoelectronic applications ranging from light-emitting diodes and field effect
transistors to light harvesting, sensors, quantum state-metamaterials and electro-catalytic water
splitting applications8-12. Based on its unique optical selection rules, WS2 is also a good
candidate for the emerging field of valleytronics13-15.
The outstanding stretchability of TMDs is also promising for strain engineering and
related applications. Indeed, the unprecedented energy-level tunability under strain could lead
to devices with electronic properties that are controlled via mechanical deformation16. For
example, single-layer MoS2 is predicted to undergo a direct-to-indirect bandgap transition at ~
2% of tensile uniaxial strain and a semiconducting-to-metallic transition at 10-15% of tensile
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biaxial strain17. Similar predictions are obtained for WS2 monolayers18,19. Phonon softening
and giant valley drift under strain have also been reported in MoS2 and WS2 monolayers20,21.
The boundaries of 2D TMDs crystals are reported to be non-atomically sharp and extremely
susceptible to their environment, affecting not only the optical but also their transport
properties22-24. Physisorbed molecules were shown to influence the PL properties, while
annealing was drastically affecting the PL intensity25. These changes can be reversible as a
result of charge transfer between the environment and the 2D crystal. Structural defects, mainly
S-vacancies are also affecting the optical properties. Spatial non-uniformities in the PL
emission energy and intensity have been previously observed but only in CVD grown single
layers of WS2. In those studies, they found a PL intensity increase, as well as a red shift in the
emitted energy, as one moves from the central area to the edge of the sample. They attribute
this to the larger local population of charge carriers at the edges and to the accumulation of
excitons at those areas23,26,27. However, in these studies they have ignored the role of the
chemical environment on the electron density and consequently on the excitonic emission of
the material. Therefore, the variations of the electronic properties across the exfoliated WS2
monolayers’ surface are yet to be explored.
The spatial confinement of carriers in a 2D monolayer lattice and the weak dielectric
screening, give rise to unusually strong excitonic effects and high binding energies6,28,29. These
properties favor the stability of a variety of excitonic quasiparticles, including neutral excitons
with binding energies of several hundred meV30,31, charged excitons (trions)32,33 and excitontrion complexes34 exhibiting binding energies of tens of meV. Besides excitons and trions,
ultrathin TMDs can additionally host bound quasiparticles that individually consist of two
electron-hole pairs, known as biexcitons. The presence of biexcitons is exciting due to their
unique role in understanding many body effects and their great promise for practical
applications35. Apart from the large binding energies, it is also expected to show unique
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properties including entanglement between the pair of valley pseudospins29. While neutral and
charged excitons have been extensively studied, the direct observation of biexciton emission
at elevated temperatures is still quite unexplored. Indeed, there is currently no report on the
existence of biexcitons at temperatures higher than 60K in TMD monolayers, exfoliated from
the bulk crystal. In this context, a thorough investigation of biexcitons at elevated temperatures
is crucial to assess the potential of TMDs in optoelectronic applications.
Recently the valley-physics of TMDs has been intensively investigated. The 2D lattice
structure of monolayer MX2 (trigonal prismatic coordination) leads to two degenerate yet
inequivalent valleys at the K and K΄ points in the Brillouin zone making them potential statevariables. Much like electron spin, this valley index can be used as a new state variable to
control the operation of an electronic device36-38. One of the ways to access the valleytronic
functionality in these materials is via spin-valley coupling. Because of strong orbital
hybridization and time-reversal symmetry, the valence band maximum in each valley has only
one spin state giving these materials unique optical selection rules39. It is therefore possible to
selectively populate and interrogate the different valleys, K or K′, using circularly polarized
light. There has been much experimental work exploring the spin-valley coupling with optical
techniques40-45, and some recent progress combining these optical techniques with transport
measurements to hint at possible applications for these materials46,47. Despite the intense
experimental and theoretical work on TMDs, the understanding of the parameters affecting the
spin-valley polarization is still in its infancy. Excitation energy, temperature, electron-hole
exchange interaction, electron-phonon coupling, and underlying substrate effects are some of
the parameters that affect the depolarization processes in these systems. Although there are
several reports on the effect of the substrate on the electronic properties of TMDs, the substrate
effect on the valley polarization is still unexplored.
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This thesis is a modest contribution to the study of the fundamental excitonic properties
of WS2 monolayers. The physical mechanisms lying behind the observed spatial nonuniformities in the PL and Raman properties of exfoliated WS2 monolayers, as well as the
identification of biexcitons in a range of temperatures from 78K up to 295K are revealed. In
addition, the depolarization effects via temperature dependent spin-valley polarization
measurements in WS2 heterostructures are thoroughly investigated. The work is organized as
follows.
In the first chapter of this thesis the basic fabrication methods of monolayer WS2 are
introduced. The micromechanical exfoliation and CVD method is briefly explained, since these
two methods were utilized for the production of WS2 monolayers in the experimental part of
this thesis. The crystal structure of TMDs monolayers and the stable 2H-type of bulk TMDs
will are then presented. Based on the crystal structure, the 1st Brillouin zone and its high
symmetry points are shown. In addition, the electronic structure of monolayer WS2 that is
calculated with different methods with and without spin-orbit coupling are analyzed. Finally,
a brief introduction of the electronic structure of WS2 with graphene and hexagonal boron
nitride heterostructures is shown.
In the second chapter, the theoretical background of excitons in TMD monolayers with
a focus on the excitonic mechanisms in WS2 monolayers is presented. The selection rules in
this family of materials was explained and calculations of the binding energy of the excitons
that followed the Wannier-Mott description in the effective mass approximation is reviewed.
Moreover, the dark and bright exciton states as well as the spin-valley polarization properties
of TMD monolayers are introduced. In the end of the chapter, different exciton complexes that
form in WS2 monolayers are discussed.
In chapter three, the optical setup that was developed during this thesis is explained.
Specifically, the micro-Photoluminescence, micro differential reflectance and spin-valley
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polarization configurations that compose the optical setup are presented separately.
Furthermore, the cryogenic system that was also developed for this setup, as well as the sample
preparation methods used in the experimental chapter are discussed.
In chapter 4, the experimental results of this Ph.D. thesis are demonstrated. Specifically,
in chapter 4.1, we analyze the extraordinary photoluminescence (PL) and strain properties, not
only of the physical boundaries but also of the intentionally created ones via femtosecond laser
ablation of mechanically exfoliated WS2 monolayers48,49. Specifically, we show that the PL
emission is significantly enhanced at the monolayer’s edges compared to their inner parts and
we attribute such PL enhancement to the pronounced oxygen chemisorption and physisorption
at the edges, which affects the spatial distribution between exciton complexes in monolayer
WS2, giving rise to spatial non-uniformity of the electron density across the monolayer surface.
In contrast, we show that the emission non-uniformity cannot be clearly correlated with the
lattice strain variations.
In chapter 4.2, a thorough investigation of the existence of biexcitons in WS2
monolayers in a range of temperatures from 78K up to room temperature is addressed50.
Although trions in monolayer TMDs are relatively well understood24,33,49 the existence of
biexcitons has only been recently reported at cryogenic temperatures in WS2,51 and WSe2,52
exfoliated monolayers. An investigation at temperatures higher than 60K and especially at
room temperature would provide important insight into the physics of quantum confined
excitonic effects in TMDs, considering that it is quite challenging to identify distinct excitonic
features at elevated temperatures where exciton - phonon interaction is quite strong. For this
reason, we investigate the excitonic features of mechanically exfoliated WS2 monolayers, via
the excitation power dependence of the PL intensity in a temperature range from 78K to 295K.
Based on the analysis of the different excitonic peaks, we postulate the presence of non-linear
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excitonic features in the form of biexcitons up to room temperature with a binding energy of
~70meV.
Finally, in chapter 4.3 the temperature dependent spin-valley polarization in different
WS2 heterostructures excited with two separate photon energies is demonstrated. The results
reveal notable differences in the initial polarization P(0), with the hBN/WS2/hBN exhibiting
the highest degree (42%). At the same time WS2/Graphene shows a surprisingly low
depolarization rate as a function of temperature that is attributed to the high thermal
conductivity of graphene. Additionally, WS2/Graphene displays the highest degree at room
temperature upon resonant excitation with a value of 24%. In addition, a model that takes into
account the effect of the proximity of a band (Γ or M) to K-K΄ valence bands in different WS2
heterostructures is introduced and shows that holes can be scattered to K-K΄ resulting in a
reduction to the initial spin-valley polarization degree, P(0).
Finally, chapter 5 contains the summary and future work of this Ph.D. thesis.

16

CHAPTER Ⅰ: STRUCTURE OF WS2

17

18

1.1 Fabrication of TMD monolayers

The discovery of graphene shows how new physical properties arise when a bulk crystal
of macroscopic dimensions is thinned down to one atomic layer1. Similar to graphite, group Ⅳ
transition metal dichalcogenide (TMD) bulk crystals in the form of MX2, with M=Mo,W and
X=S, Se, Te, are formed of monolayers bound to each other by weak Van-der-Waals forces,
therefore the isolation of individual TMD monolayers is feasible. To date, several methods for
the production of TMD monolayers (both ‘top-down’ and ‘bottom-up’ approaches) have been
applied, each one providing nanosheets with different quality and characteristics53.
The micromechanical exfoliation of bulk TMD crystal (or “scotch-tape” method), was
first introduced by K.S. Novoselov et al., for the isolation of graphene from natural graphite54.
Practically, a piece of TMD bulk material is placed on top of an adhesive tape and subsequently
is peeled several times. The adhesive tape, containing randomly distributed flakes of various
thicknesses, is brought down onto a substrate. By detaching the adhesive tape from the
substrate, TMD monolayer and multilayer flakes are deposited. This method is widely used in
the research community as it allows the production of high quality single, bi or triple layers
from a bulk crystal piece. However, this technique produces small samples of monolayer
material, typically in the range of 10 to 20 micrometers. Liquid-phase exfoliation can also
produce significant quantities of exfoliated material by blending TMD materials with different
solvents55. A significant disadvantage of this method is that it produces even smaller flakes
compared to the mechanical exfoliation and in some cases it results in loss of the optoelectronic
properties of the material.
Chemical vapor deposition (CVD) has been one of the most practical methods for
synthesizing large-area graphene56. This technique is also showing promise for the production
of large-scale WS2 monolayers23,57-60. In this case a quartz tube furnace is utilized under the
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flow of an inert gas with the use of WO3 and S precursors. The sulfur vapor partially reduces
the WO3 at elevated temperatures to form a volatile WO3-x species, which adsorbs onto the
growth substrate and subsequently reacts with sulfur to produce WS2. One important aspect of
this method is that specific details of the procedure (temperature, precursor amount, growth
substrate, growth pressure, gases, flow rates, etc.) can significantly affect properties such as
growth morphology, luminescence yield, and Raman spectra.
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1.2 Crystal structure of WS2

Tungsten disulfide belongs to the large family of layered transition metal
dichalcogenides whose crystal structure results from the stacking of sheets of hexagonally
packed atoms. It consists of weakly coupled sandwich layers S-W-S in which a tungsten atomic
layer is enclosed within two sulfur atomic layers. The layers are coupled only by weak van der
Waals forces giving rise to a low coefficient of friction resulting in excellent lubricating
properties.
There are two polytypes in bulk (i.e. multilayered) WS2, 2H and 3R, both having the
trigonal prismatic coordination (Fig. 1.1a)61. The inversion symmetric 2H-type (Fig. 1.1b),
with two layers per unit cell, is dominant and more stable in nature and belongs to the hexagonal
space group P63/mmc with lattice parameters of a = 3.15Å and c = 12.32Å (Fig. 1.1b)61. WS2
monolayers contain a single level of tungsten atoms in a 6-fold coordination symmetry,

Fig. 1.1: a) Trigonal prismatic coordination of WS2. Tungsten is shown as a grey sphere and sulfur is
represented by red spheres. b) Schematic representation of the bulk 2H-WS2 unit cell (a = b = 3.15 Å, c =
12.32 Å)61,62. c) Top and d) cross-section view of the monolayer WS2 atomic structure23.
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hexagonally packed between two trigonal atomic layers of sulfur atoms, as depicted in Figures
1.1c (top-view) and 1.1d (cross-section)23,62.
As compared with bulk samples, the WS2 monolayers are described by the lower symmetry
D3h point group. The symmetry elements include a horizontal σh reflection plane containing the
metal atoms, a threefold C3 rotation axis intersecting the horizontal plane in the center of the
hexagon63.

1.3 Brillouin zone and electronic structure of WS2

The corresponding in-plane Brillouin zone of the hexagonal Bravais lattice of
monolayer WS2 (and TMDs in general) is also a hexagon and it is shown in Figure 1.2. It
4𝜋

4𝜋

contains the high-symmetry points 𝛤 = (0,0), 𝐾 = 3𝑎 (1,0) and 𝑀 = 3𝑎 (0,

√3 64
).
2

The

represented Q points (which are not high symmetry points) correspond to the approximate
position of a local minimum in the conduction band and will further discussed below.

Fig. 1.2: Two-dimensional Brillouin zone of monolayer WS2. The high symmetry points 𝛤 = (0,0), 𝐾 =
4𝜋
3𝑎

(1,0) and 𝑀 =

4𝜋
3𝑎

(0,

√3
2

) are shown. The Q points indicate an approximate position of a local minimum in

the conduction band.
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Underlying the extraordinary properties of 2D TMDs are their electronic structures
which are largely determined by their crystal structures. Although graphene has the same
hexagonal 2D lattice, the electronic structures of TMDs are much more complicated. A total of
five d-orbitals in each unit cell from the metal atom and six p-orbitals from the two chalcogen
atoms participate in the band structure of these materials. The strong spin–orbit coupling (SOC)
that originates from the d-orbitals introduces a higher degree of complexity as well as
fascinating spin-dependence in the electronic and optical properties. Several theoretical models
have been developed for this class of materials with different advantages and limitations due
to TMDs’ complex electronic structures65. The dispersion of the electronic states depends on
the number of layers since the interlayer coupling is strong. Similar to MoS2,when WS2 is
thinned down to a monolayer, a crossover from the indirect band gap in bulk to a direct band
gap in monolayer form occurs (Fig. 1.3)8,10,23,66. For a monolayer, the indirect gap between the
Q and Γ point (Fig.1.3b) is larger than the direct transition at K, thus making WS2 a direct band
gap semiconductor. Linear combinations of tungsten d-orbitals and sulfur pz-orbitals construct
the valence and conduction bands. The principal orbital character at the edge of the valence
band and conduction band of WS2 monolayers is due to linear combinations of 𝑑𝑥 2 −𝑦 2 , 𝑑𝑧 2 and
𝑑𝑥𝑦 orbitals of the tungsten, which hybridize with 𝑝𝑥 and 𝑝𝑦 orbitals of the sulfur64,67,68. The
experimental direct optical gap (excitonic emission) of monolayer WS2 at the K point is about
2.1 eV 3,7. However, in Figure 1.3b, it appears that the calculated band gap via first principles
Density Functional Theory (DFT) is ~2eV. Considering that neutral excitons in this material
exhibit binding energies of hundred meVs6,7, we can conclude that this calculation
underestimates the fundamental band gap. A widely-employed and efficient means to
overcome this issue is the GW approximation which goes beyond the mean-field, independent
particle DFT approach and properly accounts for many-body electron-electron interactions6973

. In general, different approximations for the exchange and correlation functional forms,
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Fig. 1.3: a) Electronic structure and total density of states for the bulk WS 2 and b) monolayer (1L) WS223.

predict values that vary from 1.7eV to 2.8eV68,74,75. Yet, values close to 2.8eV for the WS2
monolayers agree well with the experimental reports4,6.
The valence and conduction bands at the K point in Figure 1.3b appear degenerate since
the Spin-Orbit Coupling (SOC) has not been considered in the calculations. As mentioned
before, there are degenerate d bands of tungsten that are expected to split in energy if it is
bonded to sulfur, and the pattern of the energy splitting should be dependent on the W-S
coordination geometries (Figure 1.4a)76. In even number of layers (N=2,4,6..), the structure
⃗ ) = 𝐸↓ (−𝑘
⃗ )) and time inversion symmetry
possesses both the space inversion symmetry (𝐸↓ (𝑘
⃗ ) = 𝐸↑ (−𝑘
⃗ )) resulting in spin degeneracy in the reciprocal space when no external
(𝐸↓ (𝑘
⃗ ) = 𝐸↑ (𝑘
⃗ )).76 On the contrary, in odd number of layers
magnetic field is present: (𝐸↓ (𝑘
(N=1,3,5..) and especially in the case of monolayers the inversion symmetry breaks (Figure
1.1d) and the spin states are expected to split under SOC. Specifically, the band splitting in
WS2 monolayers can be as large as 435 meV13,44,77-79 for the valence band maximum (VBM)
and approximately 30meV68 at the conduction band minimum (CBM) at the K point of the
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Brillouin zone. It should be emphasized that due to symmetry arguments in monolayer
WS2,78,80 only the orbitals with magnetic quantum number 𝑚𝑙 ≠ 0 will contribute to the SO
splitting. For this reason, only the 𝑑𝑥𝑦 orbitals (with 𝑚𝑙 = −2) and 𝑑𝑥 2 −𝑦 2 orbitals (with 𝑚𝑙 =
2) will participate in SO splitting excluding the 𝑑𝑧 2 (with 𝑚𝑙 = 0). This strong spin-orbital
coupling results in distinct states with different spin and valley indices between K and K΄
offering the ability to control valley polarization and, as a result the crystal quasimomentum of
electrons by exciting the material with circularly polarized light. More details about these
exotic properties and their possible applications in future valleytronic and optoelectronic
devices, based on manipulation of spin and valley polarization of charge carriers will be
discussed in chapters 2 and 4.

Fig. 1.4: a) Schematic of the energy splitting of the tungsten d-bands under trigonal prismatic coordination76.
b) Electronic structure of a WS2 monolayer including the spin-orbit splitting (ΔSO). The valence-band
maximum splits to V1 and V2 due to spin-orbit coupling69. Transitions from the V2 and V1 valence bands to the
conduction band minimum at the K-point lead to the formation of A and B-excitons, respectively.
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1.4 Electronic structure of WS2/Graphene & WS2/hBN
heterostructures

Vertical stacking of different TMD crystals has recently attracted considerable interest
due to unique properties and potential applications they can introduce. Their electronic and
optical properties are strongly dependent on the environment and underlying substrate. For this
reason, calculations of the electronic structure in 2D heterostructures are essential. In this
subchapter, a brief examination of the electronic structure of WS2/Graphene (WS2/Gr),
WS2/hexagonal boron nitride (WS2/hBN), as well as encapsulated WS2 in hBN
(hBN/WS2/hBN) will be presented.
Let’s first examine the band structure of isolated single layer graphene and hBN.
Graphene is a hexagonal lattice of sp2 hybridized carbon atoms arranged in a single atomic
layer81,82. Its hexagonal lattice results in an also hexagonal Brillouin zone, similar to WS2 (Fig.
1.2) with the same high symmetry points. The conduction and valence bands touch each other
(Dirac points) at the K points of the Brillouin zone (shown in Fig. 1.5a82) which makes
graphene a zero gap semiconductor with unique optoelectronic, thermal and mechanical
properties. Hexagonal boron nitride (h-BN) is also a two dimensional material with hexagonal
coordination in which boron and nitrogen atoms are bound together by strong sp2 covalent
bonds83. As shown in Figure 1.5b, the calculated band gap of monolayer hBN is found to be
4.48 eV84 at the K points of the hexagonal Brillouin zone, close to the experimental value85.
Because of its large band gap and the absence of dangling bonds and impurities, h-BN is
considered as the best supporting layer in vdW heterostructures.
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Fig. 1.5: a) Electronic structure of graphene. The band structure is linear close to the Dirac points at K, giving
rise to many exotic properties of graphene82. b) Electronic structure of single layer hBN84.

In the WS2/Gr case, the WS2 states can be seen as additional bands below −1 eV and
above +0.8 eV (Fig. 1.6a)86. While in the free-standing cases (black curves), Dirac point of the
graphene lies always at the Fermi energy (EF), for the charged systems (adsorbates + silicon
carbide substrate, SiC) it shifts down in energy in accordance to the carrier concentration values
for the graphene-WS2 system86. A notable increase of the valence band at the M point of the
Brillouin zone is also observed in the WS2/Gr system (Fig. 1.6a) compared to pristine WS2
(Fig. 1.3b), possibly due to larger lattice constant of WS2 (3.15Å) compared to graphene
(2.46Å) resulting in a slight lattice mismatch between the two crystals.
Calculations show that when the WS2 layer is stacked on the h-BN monolayer, the direct
band gap is practically unaffected, as presented in Figure 1.6b84. However, when WS2 is
encapsulated between two hBN monolayers there is a switch from a direct to an indirect gap
between the K point of the conduction band and the Γ point of the valence band with a value
of 1.230 eV (Fig. 1.6c)84. It is worth mentioning that a decrease of 20meV in the direct band
gap (K point) of hBN/WS2/hBN compared to WS2/hBN is also observed. The effect of the
environment and the substrate on the excitonic mechanism will be discussed also in chapter 2.
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Fig. 1.6: a) Band structure of WS2/Gr acquired by DFT calculations.
Black curves represent a free-standing configuration whereas the
green curves include the SiC substrate and adsorbate effective
charges.86 b) DFT band structures of WS2/h-BN and (c) h-BN/WS2/hBN heterostructures.The Fermi level is set to zero.84

1.5 Phonons in monolayer and few-layer WS2

Fig. 1.7a shows the phonon dispersions of single-layer and bulk WS2, together with the
density of states (DOS).87 The bulk phonon dispersion has three acoustic modes: the in-plane
longitudinal acoustic (LA) and transverse acoustic (TA) that exhibit higher energy and linear
dispersion and the out-of-plane acoustic (ZA) mode. It is obvious that the differences between
single-layer and bulk dispersions are weak. Thus, the bulk DOS also resembles very much, that
of the single layer (except for the small shoulder at 50 cm−1 due to the interlayer optical modes).
For the WS2 monolayer, the difference between the two main vibrational modes A1 and E΄
(shown in Fig. 1.7b)87 is 60 cm−1 which can be used as a fingerprint in the Raman
characterization of WS2 monolayers. One peak stands out from the others in the DOS of the
single-layer WS2 at a frequency of ∼350 cm−1 and is associated mainly with the Γ-point mode
E΄. The A1g mode increases in frequency with an increasing number of layers while the E12g
mode slightly decreases. This can be explained as follows: going from the single layer to bulk,
one adds an additional spring-force between the atoms S and S΄ on neighboring layers, which
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leads to an increase of the A1g-mode frequency with increasing number of layers. One might
expect that the same argument holds for the E12g mode: the additional “spring” between sulfur
atoms from neighboring layers should increase the frequency with increasing number of layers
as well. However, the decrease of the E12g phonon frequency is associated with a stronger
dielectric screening of the long-range Coulomb interaction in few-layer and bulk WS2.87

Fig. 1.7: a) Phonon dispersion curves and density of states of one-layer and bulk WS2. b) In-plane phonon
mode E12g and out-of-plane mode A1g. Purple spheres correspond to W-atoms whereas yellow spheres
correspond to sulfur atoms.87

.
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2.1 Introduction: the effective mass approximation

In a perfect semiconductor, the principal electronic excitation is a transfer of an
electron from the completely filled valence band to an empty conduction band by absorption
of a photon. This process leaves a hole in the valence band and the quanta of these excitations
are called “excitons”. From a different point of view, an exciton may be considered as an
electron-hole pair, attracted to each other via Coulomb forces. Such a bound electron-hole pair
no longer represents two independent quasi-particles and its energy is always lower than the
energy gap, Eg. Therefore, an exciton is a quasi-particle representing the lowest electronic
excitation in a semiconductor. This makes the optical excitation a two-particle transition and
the same is true for the recombination process: the two quasi-particles are annihilated
radiatively (accompanied by a characteristic luminescence) or non-radiatively.88,89
Excitons may be treated in two primary cases, depending on the properties of the
material in question:
a) Frenkel excitons appear in materials with small dielectric constants where the
Coulomb interaction between the electron and the hole is strong and the excitons thus tend to
have a small-radius, usually of the same order as the size of the unit cell. Their binding energies
are in the order of 0.1 to 1 eV and their movement through the crystal is limited. Frenkel
excitons are typically found in molecular crystals.
b) In inorganic semiconductors, where the dielectric constant is typically larger, the
electric field screening tends to reduce the Coulomb interaction between electrons and holes.
The result is a Wannier-Mott exciton with a radius larger than the lattice spacing. The electron
and hole are separated over several lattice constants and the exciton wavefunction is strongly
delocalized. As a result, the exciton can move freely inside the crystal. This is the reason
Wannier-Mott excitons are also called “free excitons”. Their large exciton radii are also a result
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of the small effective masses of electrons that is typical in semiconductors. In addition, because
of the reduced effective masses and the screened Coulomb interaction, the binding energy of
Wannier-Mott excitons is typically in the order of tens of meV, much less than that of a
hydrogen atom.
We shall focus on the Wannier-Mott approximation, since it explains well the excitonic
mechanisms in 2D TMDs. We will first examine some general formulations within the
Wannier-Mott regime.
In a first approximation, the weak attractive force between an electron and a hole in a
Wannier-Mott exciton can result from the Coulomb potential:
𝑈 = − 4𝜋𝜀

𝑒2
2
0 𝜀|𝑟𝑒 −𝑟ℎ |

,

89

where |𝑟𝑒 − 𝑟ℎ | is the electron-hole distance and ε is the dielectric constant of the material. It
is apparent that a hydrogen or positrum-like problem can be a first good approximation, where
the role of the proton is replaced by the hole. If the charge and effective mass of the electron
and holes are regarded, a modified Bohr model of the hydrogen atom can be applied and predict
the exciton states below the gap. This strategy is called “the effective mass approximation”.
The relative motion of the electron and hole can be separated from the motion of the center of
mass in a direct-gap semiconductor with simple parabolic bands. The energy of the exciton can
be derived from the equation:
1

𝐸𝑒𝑥 (𝑛𝐵 𝐾) = 𝐸𝑔 − 𝑅𝑦∗ 𝑛2 +
𝐵

𝑅𝑦∗ = 13.6𝑒𝑉

𝜇 1
𝑚0 𝜀 2

ℏ2 𝐾 2
2𝑀

,
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with 𝑛𝐵 ∈ ℕ as the principal quantum number,

is the exciton’s binding energy,

𝑀 = 𝑚𝑒 + 𝑚ℎ is the translational mass,
𝐾 = 𝑘𝑒 + 𝑘ℎ is the wave vector of the exciton and
𝑚 𝑚

𝜇 = 𝑚 𝑒+𝑚ℎ 𝑚0 is the reduced mass.
𝑒

ℎ
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The excitonic Bohr radius is given by: 𝑎𝐵𝑒𝑥 = 𝑎𝐵𝐻 𝜀

𝑚0
𝜇

. Therefore, the radius of the exciton is

equal to the Bohr radius of the hydrogen atom corrected by ε and μ.
In TMD monolayers, the electrons and holes are tightly bound together as excitons by
the attractive Coulomb interaction, exhibiting binding energies in the order of 0.5 eV31,69,90-93
This results into strong exciton resonances that determine their fundamental optical properties
at both cryogenic and room temperatures. The light-matter interaction is strongly enhanced at
the corresponding transition energies, compared to the transitions in the continuum of unbound
electrons and holes. While the exciton radius in these systems is relatively small, their
properties are approximated within the Wannier-Mott regime. The Coulomb interaction
between the hole and the electrons is orders of magnitude stronger than in quasi-2D systems
such as GaAs or InGaN quantum wells94 due to reduced dielectric screening from the
environment. However, there are also similarities in the optical properties of monolayer TMDs
with the exciton mechanisms studied in GaAs or ZnSe quantum wells95,96. In general, the
physical mechanisms of these strong excitonic effects are of significant fundamental interest
for potential applications and will be discussed in the following chapters.

2.2 Bound electron-hole pairs in TMD monolayers

In chapter 1.3 it was shown that due to strong SOC, the degeneracy is lifted in both
valence and conduction bands at the K and K΄ points of monolayer WS2. The valence band
coupling gives rise to two different types of excitons, A and B, which involve holes from the
upper and lower energy spin states, respectively. The energy difference between A and B
excitons in WS2 monolayers is ~430meV. At the conduction band, a rather significant spin
splitting also appears (approximately 30meV) due to partial mixing of p- and d- states. An
excitonic quasiparticle can be approximated as a two-particle problem of the negatively
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charged conduction electron that interacts with a positively charged valence hole. According
to G. L. Bir and G. E. Pikus97 in their book “Symmetry and strain-induced effects in
semiconductors” and the work of M.M. Glazov et al.98 that was explained and summarized in
̂ |𝑣⟩, the
a detailed review by G. Wang et al.99, by applying the time-reversal operator |ℎ⟩ = 𝒦
Bloch function of the hole |ℎ⟩ = |𝑠ℎ , 𝜏ℎ , 𝑘ℎ ⟩ can be extracted by the Bloch function of the
empty electron state |𝑣⟩ = |𝑠𝑣 , 𝜏𝑣 , 𝑘𝑣 ⟩ in the valence band. 𝑠𝑣 (or 𝑠𝑐 ) represent the spin index,
𝜏𝑣 (or 𝜏𝑠 ) the valley index and 𝑘𝑣 the wave vector. The indices 𝑣 or 𝑐 refer to the valence and
conduction band, respectively. The orbital part of the wavefunction changes to its complex
conjugate when the time reversal operator acts on it. In addition, the spin flips and the hole
wavevector must be opposite to that of the empty electron state (i.e. 𝑘ℎ = −𝑘𝑣 ). Therefore,
both the hole spin and valley quantum numbers should be opposite to those of the empty
electron state: 𝑠ℎ = −𝑠𝑣 and 𝜏ℎ = −𝜏𝑣 . A photon with 𝜎 + polarization and a wavevector
projection 𝑞|| to the plane of the monolayer will create an electron with a wavevector 𝑘𝑒 in the
𝑠𝑒 = +1/2 state in the 𝜏𝑒 = +1 (K΄) valley and will leave a state with wavevector 𝑘𝑣 = 𝑘𝑒 −
𝑞|| empty in the valence band. This means that the hole wavevector will be 𝑘ℎ = −𝑘𝑣 = 𝑞|| −
𝑘𝑒 .98,99

The center of mass wavevector of the excitonic pair will be 𝐾𝑒𝑥𝑐 = 𝑘𝑒 + 𝑘ℎ = 𝑞|| .

Consequently, the hole valley index will be 𝜏ℎ = −1, the spin 𝑠ℎ = −1/2, opposite to the
conduction band electron indices. Similarly, the absorption of a 𝜎 − photon will lead to opposite
results.
In the work of G. Wang et al.99 it is shown that the Coulomb electron-hole interaction
in 2D TMDs is separated to direct and exchange contributions, both including long-range and
short-range interactions, similar to traditional quasi-2D quantum well excitons100. The longrange part represents the Coulomb interaction acting at inter-particle distances in real space
larger than the inter-atomic bond lengths. This corresponds to small wavevectors in reciprocal
space compared to the size of the Brillouin zone. On the contrary, the short-range contribution
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originates from the overlap of the electron and hole wavefunctions at the scales on the order of
the lattice constant (in monolayer WS2, 𝑎0 = 3.15Å ). Regarding the direct Coulomb
interaction which is related to the interaction of positive and negative charge distributions, its
long-range part is determined mainly by the envelope function of the electron-hole pair and
depends on the dimensionality and dielectric properties of the system. It has an electrostatic
origin and provides the dominant contribution to the exciton binding energy, EB. The shortrange part of the direct interaction originates from the Coulomb attraction of the electron and
the hole within the same or neighbouring unit cells. It is sensitive to the particular form of the
Bloch functions. On the contrary, the exchange contribution denotes the Coulomb interaction
combined with the Pauli exclusion principle. Its long-range interaction is of electrodynamic
nature, in close analogy to the exchange interaction between an electron and a positron101. At
short-range, Pauli exclusion causes the exchange interaction to depend strongly on the spin and
valley states of the particles resulting in the separation between optically dark and bright
excitons102,103.

2.3 Exciton binding energy

The electron and hole that form a bound state in TMD monolayers is called neutral
exciton. The two constituents show a strong spatial correlation and are schematically shown in
Figure 2.1a99. The modulus squared of the electron wavefunction relative to the position of the
hole is illustrated for the case of the exciton ground state in monolayer MoSe2 in Figure 2.1b30.
In this family of 2D materials, the exciton Bohr radius is on the order of one to a few
nanometers and the electron-hole correlation extends over several lattice periods where the
Wannier-Mott description in the effective mass approximation appears to be satisfactory for
quantitative predictions30,91,99. It should be emphasized that the basic excitonic properties of a
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bulk semiconductor differ significantly from those of a 2D monolayer of the same material.
The real-space origin of this behavior in TMDs is illustrated schematically in Fig. 2.1c.
Contrary to the bulk, the electron-hole pair that forms an exciton in monolayer TMDs is

Fig. 2.1: a) Schematic real-space representation of the electron-hole pair bound in a Wannier-Mott exciton.
The arrow indicates the center of mass wavevector responsible for the motion of the exciton as a whole. 99 b)
Spatial map of the exciton wavefunction (with the hole -black circle- fixed in space).30 c) Real-space
representation of electrons and holes in bulk and monolayer. 91 d) The derivative of the differential reflectance
contrast spectrum of the WS2 monolayer. The exciton ground state and the higher excited states are labeled
by their respective quantum numbers (schematically shown at the bottom right). 91 e) Experimentally and
theoretically obtained transition energies for the exciton states as a function of the quantum number n. Gray
bands represent uncertainty in the quasiparticle band gap from the fitting procedure. Corresponding effective
dielectric constants are shown in the inset.91 f) Schematic representation of electron-hole pairs forming 1s and
2s excitonic states in a nonuniform dielectric environment.91

strongly confined to the plane of the monolayer accompanied with a reduced screening due to
the change in the dielectric environment. The electric field lines between the electron and hole
extend outside of the sample, yielding a considerable enhancement factor. This results into
significant changes in the electronic and excitonic properties of the monolayer: specifically,
the quasiparticle band gap is expected to increase and the enhanced electron-hole interaction
will raise the binding energy by a factor of almost of 4 compared to the bulk. A schematic
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representation of the changes in the band gap, as well as the binding energy of the exciton is
shown in Fig. 2.1c91.
The experimental approach to study the exciton binding energy usually includes the
identification of the excitonic Rydberg series, i.e., the excited states of the bound electron-hole
pairs, labelled in analogy to the hydrogen series as 2s, 3s, etc. In contrast to states with nonzero
orbital angular momentum (for example p or d states), these transitions are expected to be
dipole allowed28,93 and therefore can be observable via linear optical spectroscopy, with the
peak positions lying between the quasiparticle band gap and the exciton 1s ground state (Fig.
2.1d)91,104,105. Following the identification of the excited exciton states the determination of the
band gap is achieved through the application of suitable models. It is established that the
exciton energies evolve as 𝐸𝐵𝑛 =

𝜇𝑒 4
2
2 (𝑛−1)
2ℏ2 𝜀𝑒𝑓𝑓
2

, in a hydrogenic series with 𝑛 = 1,2,3...105

However, it appears that in differential reflection spectroscopy, the exciton states in WS2 (as
well as in other TMDs) deviate from this dependence (Fig. 2.1d,e)91. The observed
discrepancies have been attributed to the nonlocal dielectric screening associated with the
inhomogeneous dielectric environment of the TMD monolayer that results in a screened
Coulomb potential with a distance dependence that does not follow the usual 1⁄𝑟 form.91,99,106
Α strong decrease in the effective dielectric constant as a function of the quantum number n is
shown in the inset of Fig. 2.1d91. Since the exciton radius increases with n, stronger screening
effects are expected at short range and weaker at long range (i.e. for excited states). In
particular, the effective dielectric appears nearly constant for 𝑛 = 3 − 5 (justifying the 2D
hydrogen model for higher principal quantum numbers) but shows significant deviations for
𝑛 = 1,2 (Fig. 2.1e). A physical insight of this is illustrated in Fig. 2.1f by Chernikov et al.91
where it is shown that the electric field between an electron and a hole permeates both the thin
layer of material experiencing strong screening and the surrounding medium with much weaker
screening. For the excited states of the exciton, the spatial separation between the charges
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increases resulting in a larger portion of the electric field to be in the surrounding low-dielectric
medium and reducing the total effective screening. This effect has paved the way for
engineering the surrounding dielectric environment and tune the electronic bandgap and the
exciton binding energy in 2D heterostructures.107
It is important to mention that different experimental methods and theoretical
approximations (effective mass approximation, atomistic tight binding theory and density
functional theory) have provided divergent values of the binding energy and the quasiparticle
band gap in monolayer WS2. Chernikov et al.91 have used differential reflectance spectroscopy
in exfoliated WS2 samples on SiO2/Si substrates at 5K and have measured a binding energy of
0.32eV and a quasiparticle bandgap of 2.41eV. The same technique was used by Hanbicki et
al.4 on SiO2/Si at both 4K and 300K and have extracted a binding energy of 0.83eV. Other
measurements include photoluminescence excitation spectroscopy (PLE)32, 2photonphotoluminescence excitation spectroscopy (2P-PLE)6 and scanning tunneling spectroscopy
(STS)108 of exfoliated samples on fused silica substrates and provide values of binding energies
from 0.32eV up to 0.7eV. Overall, the observed large binding energies result from the
combined effects of reduced dimensionality, weak dielectric screening and the relatively large
effective masses of WS2 with m*e=0.27m0 and m*h=0.32m0.109

2.4 Dark and bright excitons

At the K point of the Brillouin zone, due to SOC the spin degeneracy of both the
conduction and valence bands is lifted, as discussed in section 1.3. However, depending on the
metal atom (Mo or W), the conduction band spin splitting has a different spin index (Fig.
2.2a,b)99,110. The conduction band spin splitting results in an energy separation between the
spin-allowed and optically active (bright) transitions and the spin-forbidden and optically
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inactive transitions (dark)99. The lowest energy transition in MoX2 is expected to be the bright
exciton68,80, whereas for the WX2 materials, dark excitons are predicted to be lower energies111113

.

Fig. 2.2: Schematic representation of the K and K΄ bands in a) MoX2 and b) WX2. The spin-index of the
conduction bands is opposite between MoX2 and WX2 monolayers.99,110 c) Two-photon luminescence process in
single-layer WS2. Under two-photon excitation, electrons transition to one of the excitonic dark states with odd
parity (double green arrow) and follow a fast relaxation to the excitonic ground state (grey arrow) by emitting a
photon6. d) Allowed and forbidden electronic transitions for the respective inter- and intra-band bright and dark
exciton states.99

Following the photoexcitation of an electronic system from the ground state to one of the
excitonic states, besides the energy conservation, the selection rule of such a transition depends
on the symmetry of the final state. When the interband transitions are dipole-allowed (which is
the case for WS2), one-photon transitions can only reach excitonic states with even parity
(bright states), while two-photon transitions reach states with odd parity (Fig. 2.2c). The two-
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photon resonances are also known as excitonic dark states as they do not appear in the linear
optical spectrum6. Therefore, when the optical transition is spin forbidden an exciton may not
necessarily be able to recombine radiatively (optically dark exciton). Regarding only neutral
1s excitons, the order and energy difference between the bright and dark excitons is given by
the sign and amplitude of the spin-splitting in the conduction band and the short-range
Coulomb exchange interaction. Specifically, for WS2, the electron spin orientations in the
upper valence band and in the lower conduction band are opposite (Fig. 2.2 b). This results to
a spin forbidden transition, whereas the spin allowed transition is at higher energy. Similar to
the spin-forbidden intra-valley dark excitons in WS2, there are also the spin-allowed intervalley states, however the direct transition of the electron from the valence to conduction band
is forbidden due to violation of the momentum conservation (Fig. 2.2d)99. Examples of such
transitions (acquired from G. Wang et al., Fig. 2.2d99) include: 𝐾 ± → 𝐾 ∓ , 𝐾 ± → 𝑄, 𝛤 →
𝐾 ± , 𝛤 → 𝑄.

2.5 Spin-Valley polarization

Optical control of valley polarization is one of the most fascinating properties of the
band structure of monolayer TMDs making them ideal candidates for valleytronic
applications.13,15,42,114,115 In the previous chapters we have seen that the K-points (K and K΄) are
inequivalent exhibiting unique optical selection rules due to strong orbital hybridization and
time reversal symmetry. Therefore, there is an inherent coupling of the valley and spin indices
and upon excitation with circularly polarized light, the K and K΄ valleys can be populated
inequivalently making the valley index a potential alternate state variable to control the
operation of an electronic device. In WS2 monolayers there is a strong SO interaction, which
originates from the d-orbitals of the W metal atoms and splits the valence bands by about
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400meV. A schematic band diagram of the K and K΄ valleys, and the corresponding allowed
optical transitions under circular excitation (positive, σ+ or negative, σ - helicity) in monolayer
WX2 is presented in Fig. 2.2b.
In steady state photoluminescence (PL) measurements, the degree of circular (or spinvalley) polarization Pcirc, can be approximated as 𝑃𝑐𝑖𝑟𝑐 =

𝑃0
42,98
𝜏 ,
1+2 𝑟

where 𝜏𝑟 is the exciton

𝜏𝑠

lifetime, 𝜏𝑠 is the spin/valley relaxation time and P0 is the initially generated polarization. The
expression of Pcirc is obtained within the rate equation framework, where the carrier populations
in the K and K΄ valleys can be described by:
𝑑𝑁
𝑁 𝑁 − 𝑁΄
=𝑔− −
,
𝑑𝑡
𝜏𝑟
𝜏𝑠

𝑑𝑁΄
𝑁΄ 𝑁΄ − 𝑁
= 𝑔΄ − −
,
𝑑𝑡
𝜏𝑟
𝜏𝑠

where 𝑔 and 𝑔΄ are the generation rates, and 𝑁 and 𝑁΄ are the populations of the K and K΄
𝑁−𝑁΄

𝑔−𝑔΄

valleys, respectively. By identifying 𝑃𝑐𝑖𝑟𝑐 = 𝑁+𝑁΄ and 𝑃0 = 𝑔+𝑔΄ then we end up in the equation
𝑃𝑐𝑖𝑟𝑐 =

1
𝜏
1+2 𝑟

, where the maximum polarization has been set as 100%.42

𝜏𝑠

Unfortunately, populations are altered by intervalley scattering, a process that is
enabled by either the Coulomb interaction or phonons14,42,44,116 resulting in low polarization
degrees, especially at elevated temperatures. It should be mentioned that there are two main
leading scenarios that explain the depolarization mechanisms, particularly the e-h exchange on
the one hand98 and intervalley scattering through phonons, on the other42,117. The intervalley
scattering through phonons interpretation has recently been established as the main scattering
mechanism from different theoretical groups118,119 and can be understood in terms of in-plane
longitudinal acoustic (LA) phonon-assisted intervalley scattering (K to K΄) accompanied with
a simultaneous spin-flip of the carriers. Moreover, once this channel is open, subsequent
intravalley scattering also contributes to depolarization effects.
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The e-h exchange interaction interpretation states that the long-range exchange
interaction between the electron and hole that form an exciton gives rise to an efficient decay
mechanism for the exciton polarization.98 Specifically, the k·p-interaction results in the
admixture of the valence band states in the conduction electron state and of the conduction
band states in the hole state in the exciton. The result of this admixture and of the Coulomb
interaction, is that an electron of an exciton in the K valley can recombine and produce to an
exciton with an electron in the K΄ valley without transfer of significant momentum of an
individual carrier nor its spin flip.
It is apparent that despite the intense experimental and theoretical work on TMDs, the
understanding of the depolarization mechanisms affecting the spin-valley polarization is still
in its infancy. For example, excitation energy, temperature, electron-hole exchange interaction,
electron-phonon coupling, and underlying substrate effects are some of the parameters that
could potentially affect the depolarization processes in these systems. For these reasons, a deepfundamental study is required for the realization of valleytronic devices.

2.6 Beyond neutral excitons: trions and biexcitons in WS2

Besides bound states of an electron and a hole, i.e. neutral excitons (X0), more complex
exciton species also play an important role. Charged excitons (or trions), are excitonic species
formed when an exciton can bind another carrier to form a charged three-particle state that
consists either of two electrons and one hole (X-) or one electron and two holes (X+) and can
be excited in the presence of residual excess charge carriers. Since unintentional doping in WS2
layers is often n-type mainly due to the presence of sulfur vacancy sites or impurities, the
formation of negatively charged trions (X-) is possible (Fig.2.3a,b).7,51 To define the actual

44

binding energy of the X- in WS2, gate-voltage dependent measurements are necessary. Upon
increasing the gate-voltage (Vg), the X- peak experiences a spectral redshift, while the X0 peak
shows a blueshift (Fig. 2.3b), so that the energy difference between X0 and X- peaks increases
with increasing carrier concentration.7,51 This effect is attributed both to band-gap
renormalization and Pauli blocking mechanisms and has also been observed in other
TMDCs.33,120 The ionization energy of a trion equals to the trion binding energy at low carrier
concentrations. However, in the presence of a 2D electron gas, ionization of a trion requires
that the ionized electron is excited to a state above the Fermi energy of the 2D electron gas, as

Fig. 2.3: a) Colour contour plot of normalized PL
spectra under various back-gate bias at room
temperature. Dashed black arrows contour PL peaks
of free exciton and trion states.7 b) PL spectra at
room temperature for different gate voltages. (right)
PL peak position of X and X- as a function of gate
voltage.51 c) PL spectra at T = 4 K for various
excitation densities. (right) Double-logarithmic plot
of integrated PL intensity of X, X- and XX peak as
a function of excitation density.51

the states below the Fermi energy are occupied. Thus, the energy difference between exciton
and trion peaks is given by: 𝐸𝑋 0 − 𝐸𝑋 − = 𝐸𝑏 + 𝐸𝐹 ,33,51 where 𝐸𝑋 0 is the neutral exciton PL
peak energy, 𝐸𝑋 − is the trion PL peak energy 𝐸𝑏 is the trion binding energy and 𝐸𝐹 the Fermi
energy which is proportional to Vg. Due to intrinsic n-type doping in WS2 and a non-zero 𝐸𝐹 ,
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the measured trion binding energy should be acquired at Vg= −100𝑉 (Fig. 2.3b) with the extra
electrons depleted. The peak separation between X0 and X- for Vg= −100𝑉 is 30meV and
this represents an upper limit for the trion binding energy for WS 2 monolayers.51 Due to the
large binding energy of the excitons and their quantum confinement, the formation of
molecular states consisting of two neutral excitons, so-called biexcitons105, is to be expected in
TMD monolayers. Biexciton PL emission (XX) is expected at energies below the exciton
emission due to the additional binding energy, in a similar energy range as defect-bound
exciton emission (Fig. 2.3c).51 In order to identify possible emission from biexcitons, power
dependent PL measurements are required and a superlinear slope of the integrated intensity as
a function of the excitation power is expected. In WS2 monolayers, a quadratic increase in PL
emission intensity has been observed for biexcitons (Fig.2.3c)51 only at cryogenic
temperatures, although smaller, superlinear slopes are often observed in experiment due to the
kinetics of biexciton formation and exciton recombination. The energy separation between the
X0 and XX is defined as the binding energy of the biexciton, 𝐸𝑏𝑋𝑋 , and has been measured
about 65 meV at 4K. It is important to note that the presence of a biexcitonic emission at
elevated temperatures, as well as its binding energy is still debatable.
Until now several approaches have been proposed for the evaluation of the binding
energies of exciton complexes such as trion and biexiton in two-dimensional transition metal
dichalcogenides (TMDs). It is therefore necessary to address the issue of the biexciton binding
energy in WS2 monolayers in a more comprehensive way. D.W. Kidd et al.121 and D.K. Zhang
et al.122 applied the stochastic variational method using an accurate correlated Gaussian basis
to the calculation of energies and geometries for two- to six-body excitonic formations in
transition metal dichalcogenides. The ground state of the biexciton is calculated to exhibit 24
meV binding energy. Interestingly though, the binding energies of the two bound excited state
biexcitons are consistently larger than those of the trion for the 𝐿 = 0 excited state biexciton,
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giving binding energies of 68.8meV. They state that the excited state is energetically favorable
and is a spatially extended state which is more stable (its recombination rate is half that of the
ground state) causing its experimental observation to be more likely.
I. Kylänpää and H.-P. Komsa123 studied the binding energies of excitons, trions,
biexcitons, and exciton-trion complexes in two-dimensional transition metal dichalcogenide
sheets of MoS2, MoSe2, MoTe2, WS2, and WSe2 by means of density functional theory and
path-integral Monte Carlo method in order to accurately account for the particle-particle
correlations. Furthemore, the effect of dielectric environment on the properties of these exciton
complexes was studied by modifying the effective interaction potential between particles. They
calculate a binding energy of 23.9 meV for the XX΄ biexciton in WS2 monolayers. However,
they state that “...in the XX΄ biexciton there is no exchange between electrons or between holes,
since they are assumed to have opposite spins. The electron-hole pairs at the K or K΄ valley
should have similar electron-hole exchange contributions as excitons. If we consider that the
electron at K is bound to the hole at K΄ and vice versa, these are dark excitons with no electronhole exchange. Comparing such a configuration to the energies of two bright excitons that are
missing exchange energies in our calculations leads to a total energy correction of 40 meV.
Thus the obtained binding energy of 63.9 meV is then in line with the experimental values.
Another explanation could be that in the experiment the biexcitons are bound to, e.g.,
impurities.”
M.Z. Mayers, et al.124 used ground-state Diffusion Monte Carlo (DMC) calculations to
investigate the binding energies and intercarrier radial probability distributions of excitons,
trions, and biexcitons in 2D TMDs. Their DMC calculations show that the binding energy for
biexcitons in WS2 is 23.3meV, significantly smaller than that of trions. In order to explain the
difference between biexcitonic stability as found by DMC calculations and that extracted from
experiments they claim that one possibility is that these model ingredients are oversimplified
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and need to be amended. They mention that they have neglected screening from the substrate
and surrounding environment. Furthermore, they claim that it is unclear whether the
assumption of effective pairwise additive interactions is a good one for larger excitonic
complexes; perhaps three-body or higher-order interactions are needed.
K.A. Velizhanin and A. Saxena125 used the Path Integral Monte Carlo (PIMC)
methodology to numerically study properties of multicarrier bound states in two-dimensional
semiconductors. They have accurately investigated the dependence of single-exciton, trion, and
biexciton binding energies on the strength of dielectric screening, including the limiting cases
of very strong and very weak screening. The calculated biexciton binding energy was found to
be 18meV for monolayer WS2. In order to approach the experimental values of biexciton
binding energy, they claim the assumption of a strictly local screening. However, such a local
screening cannot explain the nonhydrogenic Rydberg series for an exciton in a monolayer
TMD. In their manuscript they mention the following: “Assuming that the experimental PL
peak assignment and binding energies are correct, it is important to critically rethink the
applicability of the simplistic effective mass model for describing multicarrier bound states in
monolayer TMDs.” They propose that further research in this direction is required. It should
be also noted that the PIMC methodology does not accurately access energies of excited states
of multicarrier bound states.
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3.1 Optical setup

During the first year of this Ph.D., an optical setup has been developed at the Ultrafast
Laser Micro/Nano Processing Lab (ULMNP) of the Institute of electronic Structure and Laser
(IESL) at the Foundation for Research and Technology-Hellas (FORTH). All the microphotoluminescence (μPL), as well as the micro-differential reflectance (μΔR) and spin-valley
polarization measurements that will be presented in chapter Ⅴ, were carried out with this
custom optical setup. In addition, micro-Raman (μRaman) spectra were acquired with a
commercial Nicolet Almega XR Micro Raman analysis system. A picture of the custom
configuration is shown in Fig. 3.1.

Fig. 3.1: Picture of the custom optical setup developed at the ULMNP lab of IESL/FORTH.
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A detailed discussion of the different configurations (μPL, μΔR and spin-valley polarization)
that consist the complete optical system will be presented separately in the following
subchapters. Also, an individual subchapter will focus on the cryogenic system design.
An iHR-320 spectrometer (Horiba Scientific/Jobin Yvon Technology) was used in this
setup (Fig.3.2a). It is an automated spectrometer with a 320mm focal length (f/4.1 aperture)
and offers two different gratings on its turret: 300g/mm and 1200g/mm. The wavelength range
is 150nm-15μm (1200g/mm) and the resolution with the 1200g/mm is 0.06nm (measured at
435nm). A top-view schematic representation of the iHR-320 showing the slits and its focal
plane is shown in Fig. 3.2b. The wavelength accuracy is ±0.20nm and the spectral dispersion
2.35nm/mm. The step size of the automated turret is 0.002nm.

Fig. 3.2: a) Picture of the iHR-320 spectrometer.
b) iHR-320 top view, showing slits and focal
plane. c) Schematic representation of a CzernyTurner monochromator .

The geometry of the monochromator used in the setup is shown in Fig. 3.2c. It is a common
Czerny–Turner design, where the incoming signal (A) is focused is at the entrance slit (B). The
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slit is placed at the focal point of a parabolic mirror (C) that collimates the divergent incoming
light (focused at infinity). The collimated light is then diffracted from a reflective grating (D)
and is collected by a second parabolic mirror (E), which refocuses the dispersed light on the
exit slit (F). Since after the grating the different wavelengths are spread out, they arrive at a
separate point in the exit-slit plane. A rotation of the reflective grating causes the band of
wavelengths to move relative to the exit slit, so that the desired entrance slit signal is centered
on the exit slit.
A Syncerity multichannel charge-coupled device (CCD) Deep Cooled Camera (Fig.
3.2a) is attached to the exit of the monochromator. It utilizes the thermoelectric effect to operate
at -600C for high signal-to-noise ratio. The CCD sensor contains 1024×256 pixels with a pixel
size of 26μm×26μm. The spectral range is 250nm-1050nm with a quantum efficiency of almost
60% at 750nm.

3.1.1 micro-Photoluminescence configuration

Fig. 3.3: Schematic representation of the μPL configuration.
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Micro-photoluminescence (μ-PL) spectra were collected in a backscattering setup
shown in Fig. 3.3. Two different excitation sources were used: a) continuous wave (CW) HeNe 543nm (photon energy: 2.28eV) which is not resonant with the optical gap of monolayer
WS2 and b) He-Ne 594nm (photon energy: 2.09eV) which produces resonant excitation. Both
laser beams have an s-polarization and pass through a spatial filter (KT310, Thorlabs) for two
reasons: the first is to clean the Gaussian beam from its spatially varying intensity noise and
acquire a uniform energy distribution. The second is to expand the beam size in order to fit
through the aperture of the objective and achieve diffraction limited spot size. After the spatial
filter, the beams pass through a short pass (SP) filter (FESH550 for the 543nm laser beam and
FESH600 for the 594nm laser beam, Thorlabs) to reduce the noise at higher wavelengths. The
power of the laser beams is controlled via a neutral density (ND) filter (0-2 OD, NE520B-A,
Thorlabs). A 50:50 beam splitter (BS 50:50, BSW10, Thorlabs) is used to reflect and drive the
beam to the objective lens. A Mitutoyo 50x (NA:0.42, f=200mm) focuses down to ~1μm the
spot size for the sample excitation which is placed inside a cryostat (ST500, Jannis). Details
about the cooling procedure will be presented in a separate subchapter. The position of the
sample is controlled with a XYZ mechanical translation stage (PT3, Thorlabs) and the
excitation procedure is continuously monitored and controlled via a CCD optical setup.
Following the excitation, the emitted PL signal passes through a long pass (LP) filter
(FELH550 for the 543nm laser and FELH600 for the 594nm laser, Thorlabs) to eliminate the
emission of the laser.
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3.1.2 micro-Differential Reflectance configuration

Fig. 3.4: Schematic representation of the μDifferential Reflectance configuration.

The same optical setup can be easily modified by flipping the mirrors of the μPL
configuration and permit the aligned super continuum light (360nm - 2600nm) of a stabilized
tungsten-halogen source (SL201L, Thorlabs) to pass through an iris and follow the same optical
path as discussed in section 3.1.1. It is apparent that in order to perform a differential
reflectance experiment in the same optical path, the long and short pass filters must be first
removed in order to exploit the spectrum of the super continuum efficiently (Fig. 3.4). The
diameter of the white light spot size on the sample is approximately 3μm. In a typical
experiment, the electronic transitions of a very thin film (for example TMD monolayers) are
probed with the broad-band light and the reflected signal that follows the backscattering
geometry is measured. However, because the flakes are atomically thin and placed on SiO2/Si
substrate, the reflected light spectra include the illumination source profile, the sample

55

transmission and absorption, the substrate reflection and absorption, and resonant effects due
to the thickness of the SiO2. To distinguish the contribution from the monolayer TMD flake,
we take the difference between the intensity measured from the flake, Ion, and from the substrate
just off the flake, Ioff, and normalize to the intensity from the substrate, 𝛥𝑅 =

𝐼𝑜𝑛 −𝐼𝑜𝑓𝑓
𝐼𝑜𝑓𝑓

.

3.1.3 Spin-Valley polarization configuration

Fig. 3.5: Schematic representation of the spin-valley polarization configuration.

In a spin-valley polarization experiment, it is critical to excite the sample with nearly
100% circularly polarized light since it is important to induce an imbalance in the carrier
population of K and K΄ valleys. Therefore, the basic difference between the μPL configuration
of Fig. 3.3 and the spin-valley polarization configuration shown in Fig. 3.5 is the optical path
that follows the ND filter. The beam splitter is now flipped, and the two laser sources follow a
separate optical path. An achromatic λ/4 waveplate (AQWP05M-600, Thorlabs) changes the
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polarization of both 543nm and 594nm laser beams from linear to circular with positive (σ+)
helicity. The LP filter here is carefully placed in a critical angle to reflect the two beams and at
the same time maintain high values of circular polarization. The resulting emission is then
analyzed for positive (σ+) and negative helicity (σ-) with a liquid crystal variable retarder
(LCVR) that is efficient from 350nm to 700nm (LCC1223-A, Thorlabs). The liquid crystal
variable retarder consists of a transparent cell filled with a solution of liquid crystal (LC)
molecules and functions as a variable wave plate via a liquid crystal controller (LCC25,
Thorlabs) to convert the σ+ and σ- component of the PL emission into linear polarization and
𝐼 + −𝐼𝜎−

measure the total polarization from the equation 𝑃 = 𝐼𝜎

𝜎+ +𝐼𝜎

−

, where 𝐼𝜎± is the emission

intensity analyzed for positive and negative helicity.

3.2 Cryogenic system

Fig. 3.6: a) ST500 cryostat. b) Standard flexible liquid helium transfer line. c) Cryogenic system at the
ULMNP lab.
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Temperature is an important factor when studying excitonic mechanisms in
semiconductors. While PL measurements can be performed at any temperature range,
performing PL measurements at cryogenic temperatures can yield information about excitonic
states that would otherwise be hidden by thermal effects at elevated temperatures. It is even
more critical when studying spin-valley polarization phenomena due to carrier-phonon
scattering effects that open depolarization channels. For these reasons, a cryogenic system has
been coupled with the optical setup that was discussed in the previous chapters, to perform
temperature dependent μPL, μΔR and spin-valley polarization measurements in a range of
temperatures from 4K up to 300K. The cryogenic system consists of 6 main parts: the LHe
cryostat (ST500, Janis), the transfer line (Standard Flexible Liquid Helium Transfer Line,
Janis), a liquid nitrogen 20lt storage dewar (Janis), the temperature controller (Model 335, Lake
Shore Cryotronics) a mechanical pump and a turbo pump. The liquid helium experiments were
performed with a specialized 100lt LHe dewar.
The cryostat is a continuous flow research cryostat that performs in the temperature
range from 3.5K to 475K (Fig. 3.6a). Liquid helium or nitrogen is continuously transfered
through a high efficiency superinsulated line to a copper sample mount inside the cryostat
vacuum jacket. A needle valve is incorporated in the transfer line and is used to regulate the
flow of cryogens to the sample mount (Fig. 3.6b). Inside the transfer line is a length of flexible
metal tubing surrounded by multiple radiation shields and vacuum insulation. Specially
constructed spacers prevent the inner line from contacting the outer vacuum jacket for
maximum efficiency during operation. One end of the transfer line is inserted into the cryogen
storage dewar, while the other end is inserted into the cryostat. The liquid helium and nitrogen
dewars consist of one or more reservoirs, surrounded by a vacuum jacket, which isolates these
reservoirs from room temperatures. For proper performance of the cooling procedure, the system
must be evacuated to remove all the air and the out-gassing from the bellows and other parts of the
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cryostat. Better vacuum levels provide greater insulation, resulting in shorter cooldown times and
lower temperatures in the sample mount. In our cryogenic system, a combination of a mechanical
pump with a turbo pump evacuate the chamber of the cryostat to a pressure of 10 -5 Torr which is
sufficient for LHe and LN measurements. The temperature of the samples is controlled with a twochannel temperature controller with configurable heater outputs delivering a total of 75W of low
noise heater power. The total cryogenic system is depicted in Fig. 3.6c.

3.3 Sample preparation

In projects 4.1 and 4.2, monolayer WS2 samples were mechanically exfoliated from a
bulk crystal (HQ Graphene, 2D Semiconductors) using an adhesive tape and subsequently
deposited on 290nm SiO2/Si wafers.54 In project 4.3, monolayer WS2 samples were synthesized
by our collaborators at the Naval Research Laboratory (N.R.L.) with the chemical vapor
deposition (CVD) method at a growth temperature of 825°C in a 2-inch diameter quartz tube
furnace. Powdered WO3 (Alfa Aesar 13398) and sulfur (Alfa Aesar 10755) were served as
precursors for the synthesis.126 In all cases, single layer regions were identified with an optical
microscope and confirmed with micro-Raman (Thermo Scientific, Nicolet Almega XR)
spectroscopy at room temperature by monitoring the energy difference between the two main
vibrational modes (i.e. E΄ and A1΄). Specifically, 59–61cm−1 energy differences unambiguously
confirm the existence of WS2 monolayers.127 To further confirm the existence of monolayers,
photoluminescence (PL) studies from 80K to 300K were employed.
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4.1 Spatial non-uniformity in exfoliated WS2 single layers

In this work, we report on the extraordinary spatial non-uniformity of the
photoluminescence (PL) and strain properties of exfoliated WS2 monolayers. Specifically, it is
shown that the edges of such monolayers exhibit remarkably enhanced PL intensity compared
to their respective central area. A comprehensive analysis of the recombination channels
involved in the PL process demonstrates a spatial non-uniformity across the monolayer’s
surface and reflects on the non-uniformity of the intrinsic electron density across the
monolayer. Auger electron imaging and spectroscopy studies complemented with PL
measurements in different environments indicate that oxygen chemisorption and physisorption
are the two fundamental mechanisms responsible for the observed non-uniformity. At the same
time Raman spectroscopy analysis shows remarkable strain variations among the different
locations of an individual monolayer, however such variations cannot be strictly correlated
with the non-uniform PL emission. Our results shed light on the role of the chemical bonding
on the competition between exciton complexes in monolayer WS2, providing a way of
engineering new nanophotonic functions using WS2 monolayers. It is therefore envisaged that
our findings could find diverse applications towards the development of TMDs-based
optoelectronic devices.

4.1.1 Introduction

The boundaries of 2D TMDs crystals are reported to be non-atomically sharp and
extremely susceptible to their environment, affecting not only the optical but also their
transport properties.22-24 Physisorbed molecules were shown to influence the PL properties,
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while annealing was drastically affecting the PL intensity.25 These changes can be reversible
as a result of charge transfer between the environment and the 2D crystal. Structural defects,
mainly S-vacancies are also affecting the optical properties. Spatial non-uniformities in the PL
emission energy and intensity have been previously observed but only in CVD grown single
layers of WS2. In those studies, they found a PL intensity increase, as well as a red shift in the
emitted energy, as one moves from the central area to the edge of the sample. They attribute
this to the larger local population of charge carriers at the edges and to the accumulation of
excitons at those areas.23,26,27
Here we report on the extraordinary photoluminescence (PL) and strain properties, not
only of the physical boundaries but also of the intentionally created ones via femtosecond laser
ablation of mechanically exfoliated WS2 monolayers.48 In particular, there is a 3-fold
enhancement of the PL intensity at the edges compared to the monolayer center, with the
emission channels being of different origin. It should be emphasized that the term ‘edge’ used
here is not associated with the monolayer’s atomic edge, but with its peripheral areas. Contrary
to previous reports, instead of a red shift in the PL energy, we see a systematic PL intensity
transfer from the charged excitons that dominate the emission at the central area, to the neutral
excitons at the edges of the exfoliated single layers. This clearly demonstrates a spatial nonuniformity of the intrinsic electron density across the monolayer surface. The relation of the
observed properties with the chemical nature of the edges is analyzed via Scanning Auger
Microscopy (SAM) and Auger Electron Spectroscopy (AES) with high spatial and analysisdepth resolution. The Auger analysis shows that Sulfur is replaced by oxygen (at least in part)
at the edges, an issue that was overlooked in the literature so far. Based on these findings, we
demonstrate that chemisorbed oxygen as well as physisorbed molecules (mainly O2) affect the
emission properties of WS2 monolayers. Finally, it is shown that there are significant Raman
shifts between different areas of the exfoliated WS2 monolayers. The observed Raman shifts
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were attributed to inhomogeneous strain that varies among different surface areas and depends
on the mechanical history of the sample during exfoliation.

4.1.2 Results and discussion

Micro-Raman spectroscopy with very low intensity in order to avoid structural damage
was utilized to identify the number of layers in certain positions of the exfoliated flakes. The
energy difference between the two most prominent Raman vibrational modes, E12g (in plane
mode) and A1g (out of plane mode), is used extensively in the literature as the fingerprint of the
layers’ number. Specifically, 59-61 cm-1 energy differences unambiguously confirm the
existence of WS2 monolayers.127 Micro-photoluminescence (micro-PL) studies at 300K were
performed using a setup in backscattering geometry, with a 543 nm continuous wave laser as
an excitation source. Ablation experiments were performed using a fs Yb-doped potassiumgadolinium tungstate crystal laser system. With a microscope objective lens all laser beams
were focused down to 1μm on the sample, placed on an XYZ translation stage, at normal
incidence. Scanning Auger Microscopy (SAM) images and Auger Electron Spectra (AES)
were acquired in a Kratos Axis Ultra DLD system equipped with a field emission electron gun,
a hemispherical sector analyzer and a multichannel electron detector in ultra-high vacuum
conditions (Pb=<2×10-10 mbar). No sputter etching was used to clean the surface, in order to
prevent any surface damage, as well as any alteration of the chemistry of the monolayer WS 2.
Despite the lack of surface cleaning, no oxygen (OKLL peak) was detected on the surface of the
WS2 crystal, proving the chemical inertness of its surface, when the sample is in multilayer
crystal form.
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Fig. 4.1: a)Typical optical microscopy image of exfoliated WS2 flakes. The size of the monolayer region is
6–8 µm across. b) Fluorescence image of WS2 monolayer using a spatially homogeneous 543nm He-Ne laser
beam. The stronger PL emission is from the edges, creating a “donut” effect. c) Intensity profile across the
flake, following the line scan of Fig. 4.1b. A 3-fold enhancement of the PL at the edges is revealed. d)
Representative PL spectra comparison of two different spots on the flake (inset of Figure 4.1d); spot A is from
the center and spot B from the edge of the monolayer. The PL emission from the central area is dominated by
charged exciton (trion) recombination (X-, at 1.97eV) while the emission from the edges is mainly due to the
neutral excitons (X0, at 2.01eV).

Fig. 4.1a shows a typical optical microscopy image of exfoliated WS 2 flakes. The size
of the monolayer region is 6–8µm across. When a defocused, spatially homogeneous 543 nm
CW laser beam excites, in ambient conditions, the flake area, a robust photoluminescence (PL)
is emitted solely from the monolayer (fluorescence image in Fig. 4.1b). It is clear though, that
the stronger PL emission is from the edges and extends laterally to about 1-1.5μm creating a
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“donut” effect. From the line scan in Fig. 1b, an intensity profile was generated across the flake
(Fig. 4.1c) that reveals a 3-fold enhancement of the PL at the edges. This 3-fold enhancement
is also evident in Fig. 4.1d that compares the PL spectra at two different spots on the flake
(inset of Fig. 4.1d); spot A is from the center and spot B from the edge of the monolayer. Note
here that points A and B, even though randomly chosen, are typical representative points from
the central and peripheral areas of the monolayer. However, we observe similar PL spectra
from different points of the same area (inner or edge). It can be observed that the PL emission
from the central area is dominated by charged exciton (trion) recombination (X-, at 1.97eV)
while the emission from the edges is mainly due to the neutral excitons (X0, at 2.01eV). The
spectroscopic analysis provided in Fig. 4.1d, sheds light on the origin of the recombination
channels involved in the PL process. Charged versus neutral exciton emission demonstrates a
spatial non-uniformity across the flake’s surface and reflects on the non-uniformity of the
intrinsic electron density across the monolayer. This electron density variation may stem from
possible lattice changes due to physisorption and/or chemisorption processes of oxygen species
that may take place and needs further investigation.
In order to identify the chemical variations along the bulk and monolayer WS2 crystals,
we employed SAM and AES. SAM is used to identify the extent of the WS 2 crystal and
monolayer regions, as shown in Fig. 4.2. In particular, we extracted SAM images from the WS2
sample, which is shown in the optical microscopy image of Fig. 4.2a. The corresponding SAM
image, acquired using the kinetic energy of the WMNN Auger electrons, demonstrates the
distribution of W over the surface as presented in Fig. 4.2b. Apparently, the orange and red
regions of Fig. 4.2b correspond to bulk WS2, while the green region is identified as the
monolayer WS2. The cyan and blue regions correspond to bare substrate; note that the signalto-noise ratio of the monolayer WS2 is indeed low, however, the SAM image is used only to
identify the extent of the WS2 monolayer and not to extract any chemical information. Based
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on the SAM image of Fig. 4.2b we performed an AES line scan along the vertical dashed line
with a spatial resolution of 50nm, in order to record the compositional and chemical variations
along the line, with a better that signal-to-noise ratio than that of SAM, and in particular at the
points A, B, C, that correspond to the bulk, the center, and the edge of the monolayer WS 2
respectively, and the point D that corresponds to the bare substrate.

Fig. 4.2: a) Optical microscope image of a WS2 crystal (yellow area) with a WS2 monolayer extended beyond
the crystal (dark brown area). b) the surface distribution of W in the same region acquired by SAM recording
the WMNN peak strength; the vertical dashed line indicates the line-scan path, while A,B,C and D are the points
where AES spectra have been measured (and correspond to bulk WS2, the center of monolayer WS2, the edge
of the monolayer WS2 and bare SiO2, respectively). c) WMNN AES spectra from points A,B and C; the vertical
arrows indicate the exact literature values for W-W, W-S and W-O (in WO3) bonds, and d) SKLL AES spectra
from points A, B and C.
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In order to get more insight on the chemical bonding along the bulk and monolayer
WS2 we acquired detailed AES spectra of the W MNN and SKLL. The WMNN (Fig. 4.2c) peak is
very sensitive to the chemical environment of W. Indeed, the WMNN peak is reported to be
manifested at different kinetic energies for W-W bonds in metallic W (1729.6 eV), for W-S
bonds in WS2 (1728.5-1728.7 eV), and for W-O bonds in WO3 (1723.8 eV).128,129 The
corresponding kinetic energy levels are presented in Fig. 4.2c by vertical arrows. For the
studied sample, pure W-S bonds in WS2 were identified for the bulk WS2 and for the center of
the monolayer WS2 (points A and B). On the contrary, for the edge of the monolayer WS2
(point C) there is a clear shift to lower kinetic energy, which indicates the emergence of the WO bonds. Given that the corresponding SKLL peaks (Fig. 4.2d) do not show any spectral
variation, and consequently no variation of the bonding of S, we may safely conclude that S is
replaced by O (oxidizing in part the W and forming locally WO2, in which W is in +4 oxidation
state in contrast to +6 of WO3, an assessment based on the intermediate value of the AES peak
reported for point C) at the edges of the monolayer WS2. In order to verify that this is not an
accidental observation, we repeated independently the SAM and AES analysis for a second
WS2 sample (Fig. 4.3, Fig. 4.4).
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Fig. 4.3: a) In order to confirm that the observations of Fig. 4.2 regarding the partial oxidation of the edge of
the monolayer WS2 we repeated the SAM/AES analysis to second sample. SEM and SAM revealed an area
between the bulk and monolayer WS2, where the sample is completely detached (dark area in SEM, cyan area
in SAM). After identifying the extent of ML WS2 by SEM we acquired AES spectra at points A, B and C that
correspond to bulk WS2, the center of monolayer WS2 and the edge of the monolayer WS2, respectively. The
shift of the principal WMNN peak to lower kinetic energy, indicating the oxidation of W, is also clearly observed
for this second sample.
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Fig. 4.4: a) Typical optical microscopy image of exfoliated WS2 monolayer of Fig. 4.3. b) Fluorescence image
of WS2 monolayer using a spatially homogeneous 543nm He-Ne laser beam.

The result from the Auger spectroscopy that oxygen replaces sulfur at the edges is really
significant and it is a direct experimental verification of the theoretically predicted
chemisorption of oxygen that takes place on the WS2 monolayer surface.130,131 In the study by
Liu et al., a chemical bond between oxygen and the metal atoms of TMDs was predicted
indicating that oxygen was chemically adsorbed onto the defective sites of the layers. During
this process, oxygen bonds to the unsaturated Mo or W and gains electrons from the metal atom
leading to an electron depletion from the layer. Liu et al. found that chemisorbed O2 has a
strong impact that can change the monolayer sulphur vacancies from harmful carrier-traps to
electronically benign sites.131 Their calculation shows that electrons accumulate at
chemisorbed O2 by depleting those previously present at vacancy sites. A barrier of 0.97eV
must be overcome before reaching the chemisorbed state from the physisorbed state, which can
easily be overcome with our 543nm (2.28eV) excitation laser. Based on these findings we
postulate that the enhanced oxygen chemisorption at the monolayer peripheral regions can be
possibly attributed to oxygen diffusion from the atomic edges to inner areas or to an increase
of sulfur vacancies in such areas due to mechanical exfoliation, which is inherently a harsh
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process. However, further studies are required to clarify this issue. Therefore the chemisorbed
oxygen, acting as an electron receptor, changes the local intrinsic charge density and thus
affecting the recombination channels. The fluoresence “donut” effect of Fig. 4.1b as well as
the differences in the recombination channels observed in Fig. 4.1d (charged vs neutral exciton
emission) are direct consequences of this spatial non-uniformity of the intrinsic electron density
across the monolayer surface.

Fig. 4.5: a) Optical microscopy image of WS2 monolayer indicating two inner (numbers 1 and 3) and two
edge (numbers 2 and 4) points. b) Normalized PL spectra of four different locations of WS 2 monolayer,
consisting of two inner (numbers 1 and 3) and two edge (numbers 2 and 4) points in ambient conditions. There
is a clear neutral exciton emission from the edges with respect to inner regions where the emission from
charged excitons is prominent. c) Normalized PL spectra of the same four different locations in low-vacuum
conditions. By comparing the PL spectra at points 2 (edge, blue curve) and 3 (center, pink curve) it is clear
that there is an enhancement of the neutral exciton (2.01 eV) emission intensity even though the charged
exciton is still the dominant one. d) Normalized PL spectra in 600 mbar nitrogen conditions. Α similar behavior
as the PL in vacuum is observed.
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Chemisorption may not be the only process that take place on the air-exposed
monolayer surfaces. Indeed, physisorption has been already shown to play a significant role on
the emission channels of WS2 single layers.24,25 A DFT calculation has shown that oxygen can
be psysisorbed on the sulfur vacancy sites.25 To check the effect of the psysisorbed species on
the PL, we study the emission from different spots (inner and edge) from another flake (Fig.
4.5a) in three different enviroments; air, vacuum and nitrogen. In Fig. 4.5b we compare the
normalized PL spectra at four different locations of WS2 monolayer, consisting of two inner
(numbers 1 and 3) and two edge (numbers 2 and 4) points in ambient conditions. There is a
clear neutral exciton emission from the edges with respect to inner regions where the emission
from charged excitons is prominent. By placing now the samples in low- vacuum conditions
(Fig. 4.5c), the PL spectra are dominated by the charged excitons (around 1.96-1.97 eV)
regardless the position on the sample. However, comparing the PL spectra at points 2 (edge,
blue curve) and 3 (center, pink curve) it is clear that there is an enhancement of the neutral
exciton (2.01 eV) emission intensity even though the charged exciton is still the dominant one.
We also performed measurements in 600 mbar nitrogen conditions, as displayed in Fig. 4.5d.
In this case, we see a similar behavior as the PL in vacuum. In other words, even though the
main emission channel originates from the recombination of trions, there is an appreciable
enhancement of the neutral exciton intensity at the edges compared to the center of the flake.
Supposing that chemisorption was the only process taking place, PL emission in vacuum and
nitrogen should have been the same as in air. This is not the case as Fig. 4.5 clearly shows.
Therefore, our results demonstrate that apart from oxygen chemisortpion at the edges (shown
by Auger measurements), oxygen physisorption processes also play a significant role in the
emission properties.
To further confirm the enhanced oxygen concentration at the monolayer edges
compared to its center, we monitored the integrated PL intensity from the edges and inner
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locations as a function of the pre-irradiation time of the sample in air, as shown in Fig. 4.6. The
x-axis represents the time that a specific location is exposed to laser irradiation before the
acquisition of the PL spectrum. In all measurements, the collection time of the PL signal was
kept constant. It is observed that while the PL signal from the edges exhibits a monotonic
decrease up to 65 seconds of pre-irradiation time, the corresponding PL intensity from the inner
regions quickly drops to a saturated value within only 15 seconds of pre-irradiation time. The
observed delay for the PL intensity stabilization at the edges, compared to the inner areas, is
another indication for the presence of higher concentration of oxygen species at the edges.
Notice also that after 65 seconds of pre-irradiation time when most of the psysisorbed oxygen
has been removed from the monolayer surface, the PL intensity from the edge region is still
higher than the corresponding one from the inner area. This result strongly supports the findings
of Auger spectroscopy presented in Fig. 4.2c. Therefore, both oxygen chemisorption at the
edges, as well as oxygen physisorption across the whole surface of the monolayer have an
effect on the intrinsic electron density and subsequently the emission recombination channels.

Fig. 4.6: Integrated PL intensity from the
edges and inner locations as a function of the
pre-irradiation time of the sample in air. The
x-axis represents the time that a specific
location is exposed to laser irradiation before
the acquisition of the PL spectrum. In all
measurements, the collection time of the PL
signal was kept constant. While the PL signal
from the edges exhibits a monotonic decrease
up to 65 seconds of pre-irradiation time, the
corresponding PL intensity from the inner
regions quickly drops to a saturated value
within only 15 seconds of pre-irradiation
time.
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Fig. 4.7: a) Optical microscopy image of a WS2 monolayer, where different positions (from 1 to 13) used to
obtain Raman spectra are indicated. Numbers 1 to 4 represent the upper edge region of the single layer,
numbers 5 to 8 are located in the inner area and numbers 9 to 13 correspond to the lower edges of the
monolayer. b) Typical Raman spectrum of WS2 monolayer. The energy difference between the two most
prominent Raman vibrational modes, E12g (in plane) and A1g (out of plane), is used extensively in the literature
as the fingerprint of the number of layers. In all cases, this difference was ranging from 58.8 cm-1 to 60.8 cm1

, which confirms the presence of a monolayer in all locations studied. The biggest energy shift with respect

to the values at the center, in both the in- c) and out-d) of plane modes, was observed for points 1 and 13 (the
two edge positions on the left side). e) Raman shift values of A1g and E12g modes for the 13 different positions.
There is a noticeable systematic red or blue shift in both vibrational modes at the monolayer edges (positions
1-4 and 9-13), compared to its inner part (positions 5 to 8). Differences ranging from 0.5 cm -1 to a maximum
of 4 cm-1 for the A1g mode and 3.5 cm-1 for the E12g mode, can be observed.

75

Strain could also have an effect in the optical properties of semiconductors since it
affects the band structure. To examine such a possibility for the observed non-uniformity in
the PL (inner vs edge areas), Raman spectroscopy at different positions within a monolayer
area has been performed. Figure 5a shows an optical microscopy image of a WS2 monolayer,
where different positions (from 1 to 13) used to obtain Raman spectra are indicated.
Specifically, numbers 1 to 4 represent the upper edge region of the single layer, numbers 5 to
8 are located in the inner area and numbers 9 to 13 correspond to the lower monolayer edges.
A typical Raman spectrum is shown in Fig. 4.7. The energy difference between the two most
prominent Raman vibrational modes, E12g (in plane) and A1g (out of plane), is used extensively
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Fig. 4.8: Energy difference between the two most prominent Raman vibrational modes, E 12g (in plane) and A1g
(out of plane), for the 13 different points of the WS 2 monolayer. Τhis difference is ranging from 58.8 cm-1 to
61.3 cm-1.

in the literature as the fingerprint of the number of layers. In all cases, this difference was
ranging from 58.8 cm-1 to 61.3 cm-1, (Fig. 4.8) which confirms the presence of a monolayer in
all locations studied. As shown in Figs. 4.7c and 4.7d, the biggest energy shift in both the in76

and out-of plane modes, was observed for points 1 and 13 (the two edge positions on the left
side). Fig. 4.7e presents the Raman shift values of A1g and E12g modes for the 13 different
positions. For the analysis of the E12g mode position we have considered the contribution of the
second order 2LA mode by fitting the experimental data using a Voigt spectral profile (Fig.
4.9). There is a noticeable systematic red or blue shift in both vibrational modes at the
monolayer edges (positions 1-4 and 9-13), compared to its inner part (positions 5 to 8).
Differences ranging from 0.5 cm-1 (resolution limit) to a maximum of about 4 cm-1 for the A1g
mode and 3.2 cm-1 for the E12g mode between points 1 and 13, can be observed. These notable
shifts of the two main vibrational modes can also be seen in Fig.4.10, where the energy of A1g
is plotted as a function of the energy of E12g, for all the different points measured. It should be
noted that higher concentration of oxygen species at the edges could lead to variations of the

Fig. 4.9: Fitting result of E12g and 2LA modes. The green spots correspond to the experimental data, red curves
represent the voigt function of each mode and yellow line is the sum of the two functions.

Raman modes due to the difference in mass between oxygen and sulfur. However, in that case
such variations would normally exhibit the same type of shift at both edges of the sample which
is not the case according to Fig. 4.7e; Raman modes at points 1-4 are red-shifted with respect
to the center while the modes of points 9-13 are blue-shifted. Additional experiments on a
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different sample showing opposite Raman shifts between different edges of the same
monolayer are presented in Fig. 4.11.
Based on the way the monolayers are prepared, i.e. by mechanical exfoliation, it is
highly possible that they experience irregular mechanical forces that result to inhomogeneous
strain across the monolayer’s area. Thus, inhomogeneous strain can explain the observed
behaviour of the E12g and A1g modes. We cannot exclude though the synergy of doping effects
on the variations of the A1g mode, considering the well-reported sensitivity of this mode on
charging effects.132 However, it is very difficult to quantitatively assess the respective
contributions, considering that it is hard to decouple these two synergetic effects. Hence, based
on our available data, it can be postulated that there is no one-to-one correlation of the observed
PL non-uniformity with the Raman signal variations and oxygen chemisorption and
physisorption remain the two prominent mechanisms responsible for the spatial non-uniformity
of the electron density across the monolayer surface.
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Fig. 4.10: Energy of A1g as a function of the energy of E12g, for all the different points measured. Differences
ranging from 0.5 cm-1 (resolution limit) to a maximum of 4 cm-1 for the A1g mode and 3.2 cm-1 for the E12g
mode, can be observed. Two different groups of points can be distinguished (1 to 8 and 9 to 13) suggesting
strain heterogeneity across the monolayer’s area.

78

Fig. 4.11: Left: optical microscopy image of a WS2 monolayer, where different positions (from 1 to 10) used
to obtain Raman spectra are indicated. Specifically, number 6 to 10 represent the edge regions of the single
layer and numbers 1 to 5 are located in the inner area. Right: Raman shifts of the different areas with respect
to position 1 that is located in the center of the monolayer.

It should be finally mentioned that the observed PL enhancement at the WS2 monolayer
edges was also observed after the intentional creation of new peripheral edges, via femtosecond
laser ablation of a part of the monolayer in ambient conditions. This is depicted in Figure 4.12a,
for the sample shown in Fig. 4.1b, while Figure 4.12b shows a representative line scan of the
respective fluorescence image through the ablated area. The above observation further
confirms the important role of the edges on the emission properties of WS2 monolayer. It also
provides a simple approach to form arbitrary patterns of enhanced PL emission onto the
monolayer surface.
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Fig. 4.12: a) Optical microscopy image showing the ablated part of the monolayer (sample of Figure 4.1b) in
ambient conditions. PL enhancement at the WS2 monolayer edges is observed even after the intentional
creation of new peripheral edges via femtosecond laser ablation. (b) Representative line scan of the respective
fluorescence image through the ablated area. This observation provides a simple approach to form arbitrary
patterns of enhanced PL emission onto the monolayer surface.

4.1.3 Conclusions

In conclusion, the spatial non-uniformity of the PL emission and lattice strain properties
of WS2 monolayers, exfoliated from the natural crystal, has been demonstrated. We showed
that the PL emission is significantly enhanced at the monolayer’s edges compared to their inner
parts. We attributed such PL enhancement to the pronounced oxygen chemisorption and
physisorption at the edges, which affects the spatial distribution between exciton complexes in
monolayer WS2, giving rise to spatial non-uniformity of the electron density across the
monolayer surface. In contrast, we showed the emission non-uniformity could not be clearly
correlated with the lattice strain variations. In addition, a simple approach to form arbitrary
patterns of enhanced PL emission onto the monolayer surface via femtosecond laser ablation
is proposed. We envisage that our observations of the spatial non-uniformity of the emission
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and lattice strain properties will be useful towards engineering of specialized electronic devices
based on WS2 and other TMDs monolayers.
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4.2 Room temperature observation of biexcitons in exfoliated
WS2 monolayers

The spatial confinement in a 2D monolayer together with the weak dielectric screening
lead to huge binding energies for the neutral excitons as well as other excitonic complexes,
such as trions and biexcitons whose binding energies scale accordingly. Here, we report on the
existence of biexcitons in mechanically exfoliated WS2 flakes from 78 K up to room
temperature. Performing temperature and power dependent PL measurements, we identify the
biexciton emission channel through the superlinear behavior of the integrated PL intensity as a
function of the excitation power density. On the contrary, neutral and charged excitons show a
linear to sublinear dependence in the whole temperature range. From the energy difference
between the emission channels of the biexciton and neutral exciton, a biexciton binding energy
of 65-70 meV is determined.

4.2.1 Introduction

Besides excitons and trions, ultrathin TMDs can additionally host bound quasiparticles
that individually consist of two electron-hole pairs, known as biexcitons. The presence of
biexcitons is exciting due to their unique role in understanding many body effects and their
great promise for practical applications133. Apart from the large binding energies, it is also
expected to show unique properties including entanglement between the pair of valley
pseudospins29. In this context, thorough investigation of biexcitons is crucial to assess the
potential of TMDs in optoelectronic applications. Although trions in monolayer TMDs are
relatively well understood24,49,134 the existence of biexcitons has only been recently reported at
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cryogenic temperatures in WS2,51 and WSe2,

135

exfoliated monolayers. More importantly, it

was shown that the biexciton emission in WS2 can be electrically tuned136, which is of great
importance for TMDs-based photonic devices.
The unusually strong excitonic effects in TMDs strongly suggest an enhanced thermal
stability of biexciton emission. While neutral and charged excitons have been extensively
studied, the direct observation of biexciton emission at elevated temperatures is still quite
unexplored. Indeed, there is currently no report on the existence of biexcitons at temperatures
higher than 60K in TMD monolayers, exfoliated from the bulk crystal. Such investigation
would provide important insight into the physics of quantum confined excitonic effects in
TMDs, considering that it is quite challenging to identify distinct excitonic features at elevated
temperatures where exciton - phonon interaction is quite strong. In this letter, we investigate
the excitonic features of mechanically exfoliated WS2 monolayers, via the excitation power
dependence of the PL intensity in a temperature range from 78K to 295K. Based on the analysis
of the different excitonic peaks, we postulate the presence of non-linear excitonic features in
the form of biexcitons up to room temperature.

4.2.2 Results and discussion

The power dependent PL measurements of this work were carried out at the
Micro/Nano electronics group of IESL/FORTH in collaboration with Prof. Nikos T. Pelekanos
and Dr. Savvas Germanis with a backscattering μPL setup that uses as an excitation source a
532 nm continuous wave laser through a 40x objective with numerical aperture of 0.65 forming
a spot size of 1μm. Temperature dependent measurements were performed in a liquid N2 (LN)
flow cryostat. The excitation power was controlled with a combination of neutral density filters
and a spatial filter setup (similar to the one discussed in the μPL setup of section 3.1.1) was
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used to obtain the central part of the Gaussian beam and enhance uniformity of the excitation
spot.

Fig. 4.13: a) Οptical microscopy image of bulk and monolayer WS2 flakes. b) Raman spectrum obtained from
the monolayer area. The 58.8cm-1 energy difference between the in plane E΄ and the out of plane A1΄
vibrational modes confirms the monolayer existence.

Fig. 4.13a shows a typical optical microscopy image of bulk and monolayer WS2 flakes.
A corresponding Raman spectrum obtained from the monolayer area is depicted in Figure 1(b).
The energy difference between the E΄ and A1΄ vibrational modes stays always lower than 60
cm-1, which unambiguously confirms the monolayer existence127.
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The excitation power dependence of the PL intensity can provide insight into the
physical origin of the corresponding PL peaks. Specifically, high-power excitation can also
lead to the emergence of additional PL peaks originating from more complex excitonic states
such as biexcitons. Fig. 4.14a shows the PL spectra of monolayer WS2 at 78 K with different
excitation powers. For the analysis of the various emission peaks, we fit the spectra with
Gaussian functions achieving very high values of coefficient of determination (R2>0.99). It can
be observed that the linewidths of the different emission peaks at 78K are sufficiently small,
giving rise to well-resolved features in the spectra. For each power, the corresponding PL
spectra are deconvoluted into four peaks (inset Fig. 4.14a), which are assigned (from higher to
lower energy) to neutral exciton (X), negatively charged exciton (trion, X−), superposition of
biexciton (XX) and defect-bound exciton (D) (XX/D) and emission from localized states (L)51.
The L peak probably originates from disorder effects137 and impurities136. Although at low
excitation powers, X− and XX/D are spectrally well separated and of comparable intensity, the
XX/D peak dominates the spectrum at higher excitation powers. To get an understanding of
the nature of the XX/D peak, we monitor the integrated PL intensity of the main emission
channels (L, XX/D, X− and X) as a function of the excitation density, displayed in the doublelogarithmic plot in Fig. 4.14b). In accordance with previous studies51,136 the L emission band
exhibits a sublinear behavior17,19 . The neutral exciton and the trion show a linear behavior
which is expected for excitonic transitions.15 On the contrary, at low excitation power densities
the XX/D peak intensity exhibits a linear dependence, while for densities higher than ~1
kW/cm2, it exhibits a superlinear relationship with a power law exponent of 1.4. The emission
strength of the XX/D peak at different excitation densities is also depicted in the 3D plot of
Fig. 4.15. At thermal equilibrium (ignoring possible temperature increase at elevated excitation
densities), we would expect a quadratic relation between the biexciton PL integrated intensity
and the excitation power density138, that is IPL  Pex2. However, exponents of 1.2-1.9 are
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commonly observed in quantum-well systems and attributed to the lack of equilibrium between
the states139, as well as to the kinetics of biexciton formation and exciton recombination135. The
difference between low and high excitation densities strongly suggest that two different
emission channels are responsible for the XX/D peak: at low excitation densities, the main
contribution originates from defect-bound excitons (D), while at high excitation densities, the
biexciton (XX) emission becomes prominent.

Fig. 4.14: a) PL spectra of monolayer WS2 at 78 K with different excitation powers. Inset: deconvolution of
PL spectrum taken at 78K with 7μW excitation power. Νeutral exciton (X), negatively charged exciton (trion,
X−), superposition of defect-bound exciton (D) and biexciton (XX), (XX/D) and emission from localized states
(L) are assigned. b) Integrated PL intensity of L, XX/D, X− and X peaks for different excitation densities. The
XX/D peak exhibits a superlinear relationship with a power law exponent of 1.4 for excitation densities higher
than ~1kW/cm2. c) Peak positions of X, X−, XX/D and L at 78K.
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Figure 4.14c shows the peak positions of L, X, X−, and XX/D, from which we estimate
the binding energies of trions and biexcitons to be 40 meV and 65 meV, respectively. These
values are consistent with previous observations on mechanically exfoliated monolayer WS251.
However, it should be noted that there is significant difference in trion binding energy between
CVD as-grown26 (i.e ~20 meV) and our mechanically exfoliated monolayer WS2 (i.e ~40 meV).
This is possibly due to the different doping levels and strain within the as-grown sample134. It
is also evident from Fig. 4.14c that the XX/D peak redshifts by approximately 5 meV in the
excitation density range studied. This is an indication that the D emission from defect-bound
excitons at low excitation densities is at a slightly higher energy than the biexciton emission at
high excitation densities. Since neither X or X− peak displays a redshift, the observed small
redshift of the 5 meV for the XX/D peak cannot be attributed to local heating induced by the
excitation source. This small redshift was taken into account for the estimation of the biexciton
binding energy of 65 meV. The binding energy of the biexciton (EbXX) is defined as the energy
difference between two free excitons and the biexciton energy state, EbXX  2 E X  E XX , where

E X   X is the energy of the 1s exciton state determined by the corresponding PL emission
energy, and EXX is the energy that corresponds to the biexciton state. EXX can be determined
from the biexciton PL at energy  XX and by assuming that radiative decay of the biexciton
produces an exciton, then E XX   XX   X . Therefore, the biexciton binding energy is the
energy difference between the emission channels of the neutral exciton and the biexciton

EbXX  2 X  ( XX   X )   X   XX . From Figure 4.14c this energy difference is 65
meV taking into account the small red shift of the XX/D peak after 2 kW/cm2. Recent
theoretical calculations accurately predict the binding energies of excitons and trions within
2D materials, but they fail to do so for biexcitons121-125,140,141. The models predict that the
biexciton is less strongly bound than the trion, in contradiction to experimental findings 51,136.
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Fig. 4.15: 3D plot showing the emission strength of the XX/D at different excitation densities, at 78K. With
increasing the excitation power density the biexciton emission dominates the spectra.

However, the models reconcile this discrepancy by suggesting that the experimentally observed
states may actually be those of excited biexcitons, as opposed to ground state biexcitons25. This
suggestion is very controversial because it is difficult to explain the absence of the ground state
of an excitonic complex. Other calculations give a good estimate of the binding energy of
biexcitons considering the electron at K-valley to be bound to a hole at K΄ and vice versa or
assuming a strictly local screening25. Another plausible explanation could be that in the
experiment the biexcitons are bound to, e.g., impurities or defects and that is why the slope is
less than two as one would expect from biexcitons. Therefore, further experimental and
theoretical work is needed to fully explain this discrepancy. Our observations above are
consistent with recent works on low-temperature PL features of mechanically exfoliated
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monolayer and as-grown CVD bilayer WS2. Specifically Plechinger et al.51 reported on the
emergence of the XX/D peak below 60 K for monolayer WS2, while He et al.142 reported on
biexcitons in bilayer WS2 at 77 K with difficulties resolving the biexciton emission at
temperatures higher than 150K.

Fig. 4.16: a) PL spectra of monolayer WS2 under different excitation powers, at T=200 K. Green, red and
blue arrows indicate the position of neutral exciton (X), charged exciton (X-) and biexciton (XX), respectively.
Inset: deconvolution of PL spectrum taken at 200K with 90μW excitation power. Νeutral exciton (X),
negatively charged exciton (trion, X−) and biexciton (XX) peaks are assigned. b) Integrated PL intensity for
XX, X− and X peaks for different excitation densities at 200K. The XΧ peak exhibits a superlinear relationship
with a power law exponent of 1.3. c) Peak positions of X, X−, and XX at 200Κ. d) Logarithmic plot of the
biexciton integrated intensity (XX), as a function of the exciton integrated intensity (X). The orange line is a
power-law fit: Integrated IXX / (Integrated IX)b, with b=1.7. For comparison, a linear relation (b=1) is shown
as a dashed red line.

To provide a further insight into the stability of the observed high-order excitonic
effects and their thermal properties, power-dependent PL spectra have been recorded at
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elevated temperatures. Fig. 4.16a presents the PL spectra under different excitation powers, for
the same WS2 monolayer, at T=200 K. Interestingly, for excitation power densities higher than
0.7kW/cm2 the main PL emission located at ~2.00 eV cannot be fitted with a single peak (red
arrow in Fig. 4.16a, X-) exhibiting a noticeable asymmetry at lower energies, indicating a
definite contribution from an additional lower energy peak located at 1.985 eV which we
attribute to biexciton emission (blue arrow in Fig. 4.16a, XX). The logarithmic scale of the yaxis in Fig. 416a further highlights the aforementioned asymmetry. As expected, the trion and
biexciton emission peaks are not well-resolved in the 200K PL spectrum since their linewidths
strongly increase from ~17meV at 78K to almost 40meV at 200K, due to phonon-related
thermal broadening effects. In view of the above observations, the PL spectra were
deconvoluted into three peaks, assigned as X, X- and XX, as shown in the inset of Fig. 4.16a.
While the integrated intensities of X and X− show a roughly linear dependence on the excitation
power (Fig. 4.16b), the XX peak exhibits a non-linear dependence in the whole range of
excitation densities with a power law exponent of 1.3, close to the value of 1.4 measured at
78K. However, it is important to note that when considering the ratio between the intensity of
biexcitons (IXX) and of neutral excitons (IX), a power law exponent of 1.7 is obtained (Fig.
4.16d). Such superlinear dependence further confirms the presence of biexciton state.18 From
Fig. 4.16b, it is also clear that there is no contribution from the defect related component since
the XX data exhibit only one slope for all excitation powers. In addition, the peak position
remained constant with increasing excitation density, revealing a binding energy of ~70meV,
excluding the slight red shift for values higher than 50kW/cm2 which can be attributed to
thermal effects (Fig. 4.16c).
Surprisingly, the biexcitonic features observed at 200K persist even under ambient
conditions. This is evident in the power dependence of the integrated PL intensity at T=295 K,
shown in Fig. 4.17a. At room temperature the neutral exciton is observed only at low and
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medium excitation powers. By increasing the excitation power, the linewidths of the X- and
XX overlap with the weak X emission; as a result, the fitting of the exciton for high excitation
powers is not reliable.

Fig. 4.17: a) PL spectra of monolayer WS2 under different excitation powers, at T=295 K. Green, red and blue
arrows indicate the position of neutral exciton (X), charged exciton(X -) and biexciton (XX), respectively.
Inset: deconvolution of PL spectrum taken at 295K with 340μW excitation power. Νeutral exciton (X),
negatively charged exciton (trion, X−) and biexciton (XX) are assigned. b) Integrated PL intensity for XX, X−
and X for different excitation densities, at 295K. The XΧ peak exhibits a superlinear relationship with a power
law exponent of 1.3. c) Peak positions of XX X− and X at 295Κ. The redshift of both the X- and XX peaks for
powers beyond 50kW/cm2 is due to thermal effects.

However, for excitation densities where the fitting of the neutral exciton is valid a linear
dependence on the excitation density is observed (Figure 4.17b). We will focus our discussion
now on the power dependence of the trion and biexciton lines. While the trion shows an almost
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sublinear dependence on the excitation density, the XX peak exhibits a superlinear dependence
with a power law exponent of 1.3 (Fig. 4.17b). It is important to note that similar to the case of
200K, the main emission peak cannot be fitted with a single Gaussian function for excitation
powers higher than 0.7kW/cm2, due to a pronounced asymmetry on the low energy side. The
redshift of both X- and XX peaks in Fig. 4.17c for powers beyond 50kW/cm2 is due to thermal
effects. However, possible relation between the PL spectrum asymmetry and laser induced
heating can be ruled out since the peak positions remained constant for excitation powers at
which spectral asymmetry appeared. From the biexciton position in the power range before
heating effects take place, a biexciton binding energy of ~70meV can be determined. Such a
predominant biexciton emission has not yet been observed from an exfoliated TMD monolayer
at room temperature. It should be mentioned here that the temperature dependence of the
neutral exciton, trion and biexciton, shown in Fig. 4.18a, exhibit a standard excitonic behavior
and can be described well by the Varshni relation with parameters α=0.6 meV/K and β=280 K.
In addition, the temperature-dependent PL spectra under 3.8kW/cm2 excitation power density
is presented in Fig. 4.18b.
Further experimental investigations are currently in progress in order to elucidate the
nature of room temperature biexcitons in WS2, based on time-resolved fluorescence
spectroscopy complemented with selective polarization studies. Nevertheless, the results
presented here prove that under suitable conditions the biexciton channel can be the strongest
emission mechanism for a monolayer WS2, even at room temperature. This four-body
correlated system in ambient conditions reflects the unusual strength and thermal stability of
many-body interactions in atomically thin TMDs. Besides this, the degeneracy of K and K ΄
valleys, enables the possible creation of optically bright biexciton states with pairs of carriers
at different valleys. This not only generates uncommon types of quantum coherent excitations,
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but also opens the way for the creation of correlated photon pairs for the control of polarized
states143.

Fig. 4.18: a) Temperature dependence of the neutral exciton, trion and biexciton exhibiting a typical excitonic
behavior. b) Temperature-dependent PL spectra under 3.8kW/cm2 excitation power density.

4.2.3 Conclusions

In conclusion, the observation of biexcitons in a temperature range from 78K
up to room temperature on mechanically exfoliated WS2 monolayers, has been demonstrated.
Quantitative analysis of the PL spectra allowed us to identify an emission peak exhibiting a
superlinear relationship between the integrated emission intensity and the excitation power
density, with a power law exponent of 1.4 at 78K and 1.3 at 200K and 295K. Based on the
analysis of the excitonic peaks emission energy, we deduced a biexciton binding energy of
65meV at 78K and 70meV at 200K and 295K. We envisage that our observations of the
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biexciton emission from exfoliated WS2 monolayers in such a broad range of temperatures will
be useful towards practical applications, such as biexciton lasing and in understanding many
body effects in quantum confined systems.
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4.3 Spin-Valley polarization in WS2 heterostructures

The absence of degeneracy in the valley indices of Transition Metal Dichalcogenide
(TMD) monolayers serves as a pivotal property for the development of future valleytronic
devices in which both spin and charge are used to transport and store information. One essential
criterion for the realization of such a device is to attain high values of spin-valley polarization
degree. Here, we examine different cases of vertical WS2 heterostructures and we show that
the surrounding environment has a significant influence on the spin-valley polarization degree.
The results show that the initialized polarization at low temperature P(0) as well as the
depolarization rate due to thermal effects are highly dependent on the dielectric environment.
Moreover, to explain the observed differences in the P(0) among the different cases a model
that takes into account intervalley scattering of holes in the valence band proximity between
the K and Γ, as well as K and M points in the band structure of WS2 heterostructures is
presented. These findings will be useful towards engineering of specialized electronic devices
based on WS2 and other TMD monolayers.

4.3.1 Introduction
Despite the intense experimental and theoretical work on TMDs, the understanding of
the parameters affecting the spin-valley polarization is still quite unexplored. Several
parameters that can affect the depolarization processes including excitation energy,
temperature, electron-hole exchange interaction, electron-phonon coupling, and substrate need
fundamental investigation. Although there are several reports on the effect of the substrate on
the electronic properties of TMDs, the substrate effect on the valley spin-valley polarization is
not yet determined. Such investigation would provide important insight into the physics of spin
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relaxation of TMDs in different environments, considering that the supporting layer is an
important factor in optoelectronic systems and future valleytronic devices. In this work, we
investigate the spin-valley polarization properties of CVD WS2 heterostructures in a range of
temperatures from 4K up to room temperature. Temperature dependent spin-valley polarization
phenomena and the related scattering mechanisms of both neutral (X0) and charged excitons
(X-) are examined in resonant (2.09eV excitation) and off-resonant (2.28eV excitation)
conditions not only for the common WS2/SiO2/Si system but also for WS2/Graphene,
WS2/Hexagonal Boron Nitride (WS2/hBN) and encapsulated WS2 between two thin films of
hBN (hBN/WS2/hBN). Notable differences in the initial spin-valley polarization degree, P(0),
as well as in the depolarization rate are observed in the cases studied and are attributed to
changes in the electronic structure of WS2 that affects the intervalley scattering of holes. In
addition, screening provided by the environment influences both electron-phonon coupling and
Coulomb interactions. This study is expected to offer an insight into fundamental spin
relaxation phenomena of 2D TMD monolayers towards the development of future, low cost,
fast and environmentally friendly valleytronic devices.

4.3.2 Results and discussion
Fig. 4.19a presents optical images of the 4 different cases studied: 1) WS2/SiO2, 2)
WS2/graphene, 3) h-BN/WS2/h-BN & (4) WS2/h-BN. In the latter case, the surface of the
monolayer (ML) WS2 (dashed triangle) is partially encapsulated between two pieces of fewlayered h-BN whereas the upper peak of the WS2 triangle is uncapped. Since the polarization
degree will be extracted from PL spectra, it is important to first examine the excitonic features
in each case at low temperature (4K) when excited with a 543nm laser source. In Fig. 4.19b we
compare the μPL emission spectra of the different heterostructures with the typical case of
WS2/SiO2. The two distinct features that appear in the sample on SiO2 are located at 2.083eV
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and 2.046eV (Table I) and are assigned to neutral (X0) and negatively charged excitons (trions,
X-), respectively.51

Fig. 4.19: a) Optical image of the 4 different cases studied. b) PL spectra at 4K excited with 543nm laser. c)
Linear reflectance contrast spectra at 4K. d) Raman spectra at 300K.

In the case of WS2/graphene, only one prominent peak appears at 2.042eV which is due to X0
emission and is red shifted 41meV compared to the WS2/SiO2. The observed shift is attributed
to the presence of the underlying ML graphene which leads to a strong reduction in the exciton
binding energy and bandgap of the ML WS2 and screens the electric field between the electrons
and holes.107 The absence of a trion emission, as well as the suppression of the X0 intensity
(Fig. 4.20) is a result of nonradiative recombination processes such as photogenerated charge
carrier transfer to the graphene due to strong interlayer electronic coupling.86 WS2 on top of
few layered h-BN exhibits different behavior compared to the WS2/Graphene heterostructure.
The suppression of disorder effects on the crystalline, wide-band-gap h-BN substrate leads to
a ~8meV reduction of the excitonic emission linewidths and promotes the identification of
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additional peaks. In contrast to the X0 (2.08eV) and biexciton XX (2.027eV) features, the trion
peak appears asymmetric and cannot be described by a single peak function.

Fig. 4.20: PL comparison of
WS2

on

SiO2/Si

and

on

Graphene. A 6-fold quenching
of the neutral exciton emission is
observed in WS2/Graphene.

For this reason, we superimpose two Voigt functions which are shifted in energy by 8 meV
(Fig. 4.21a): intravalley trions, X-intra (2.041eV), in which a hole and two electrons in the same
valley form a trion state, and intervalley trions, X-inter (2.049eV), where the two participating
electrons originate from different valleys (i.e. K and K΄).43,144 While similar effects are
observed in the trion emission in the encapsulated WS2, h-BN/WS2/h-BN case (Fig. 4.21b), the
positions of the X-intra (2.021eV) and X-inter (2.031eV) result in an energy difference of 10meV
(Table I).

Fig. 4.21: Voigt fitting of a) WS2/hBN
and b) hBN/WS2/hBN emission. In both
cases, a pronounced asymmetry of the
trion peak is an evidence of the emission
of both inter and intravalley trions.
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Discrepancies in the order of 2meV are within the fitting error. The X0 is located at 2.065meV
followed by a considerable intensity suppression due to the n-type character of WS2 and the
eliminated interaction with air molecules (e.g. physisorbed O2 and H2O).24 Note that compared
to the WS2/h-BN sample, the X0, as well as the two different trion species (i.e. X-intra and Xinter)

are red shifted by 15meV and 20meV, respectively. This can be explained by taking into

account the additional reduction in the strength of the Coulomb interaction when adding
additional h-BN layers on top of WS2 that lead to a decrease in both the exciton binding energy
and the bandgap.107 Interestingly, similar to X0, the intensity of the XX (2.002eV) is reduced
by ~50%.
EX0 -4K

EX- 4K (eV)

P(X0)-4K

P(X-)-4K

dP/dT (%/K)

(eV)
WS2/SiO2

2.083

2.046

25%

20%

-0.08

WS2/graphene

2.042

-

19%

-

-0.06

WS2/h-BN

2.08

2.041 (intra)

34%

34%

-0.1

41%

42%

-0.13

2.049 (inter)
h-BN/WS2/h-BN

2.065

2.021 (intra)
2.031 (inter)

Table I: Neutral and charged exciton peak position in each sample, as well as spin-valley polarization degree
and depolarization rate upon 543nm excitation.

Linear reflectance contrast spectra, ΔR/R = (Rsample-Rsubstrate)/Rsubstrate, measured also at 4K
provide additional evidence of the effect of the dielectric environment on the energy of the A
and B ground state (n=1) excitonic resonance (Fig. 4.19c). Compared to the A-excitonic
resonance of the SiO2 substrate, we measure a red shift of 55meV, 21meV and 36meV in the
cases of WS2/Gr, WS2/h-BN and h-BN/WS2/h-BN, respectively. The spin-orbit splitting
appears in the order of 400meV with slight variations of few meV in all cases indicating similar
shift of the B-excitonic state. The corresponding decrease of the A-excitonic resonance is in
good agreement with the observations in the PL emission and suggest the significant reduction
of both the exciton binding energy and the bandgap.
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Fig. 4.22: Left: Raman spectrum of the supporting CVD graphene. Right: Raman spectrum of the supporting
hBN.

Since strain could affect the band structure of WS2, we utilized Raman spectroscopy to
both characterize graphene and h-BN and to identify possible stress due to differences in the
lattice constant of WS2 with graphene and h-BN. The position of the two main vibrational
modes of WS2 (i.e. in-plane mode E΄ and out-of-plane mode Α1΄) at 300K are presented in Fig.
4.19d. Compared to the SiO2 substrate, a systematic red shift of the E΄ mode and a blue shift
of the A1΄ mode is observed, due to an increase of the weak interaction with atoms from
neighbouring layers (graphene and h-BN) and a raise in the effective screening of the Coulomb
potential.87 In addition, a clear decrease in the linewidth of the vibrational modes is observed
on h-BN and graphene compared to the SiO2 substrate as a result of the elimination of disorder
effects. Furthermore, due to larger lattice constant of WS2 (3.15Å)61 compared to graphene
(2.46Å)145 and h-BN (2.5Å)146, we would expect that contraction should occur, accompanied
with a blue shift of the E΄ mode.147 However, the ~1.7cm-1 red shift of the E΄ in the WS2/Gr
and h-BN/WS2/h-BN samples suggests that the effective screening of the Coulomb potential
dominates. In Fig. 4.22 we present Raman spectra from the underlying CVD graphene and hBN. The position and the linewidth of the G and 2D peaks, as well as the intensity ratio (I2D/IG)
confirm a p-type graphene in our heterostructures.148
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We demonstrate now the effect of the dielectric environment on the spin-valley
polarization degree of WS2, as well as its temperature dependence. In Fig. 4.23, the spin-valley
polarization degree of the 4 different cases is plotted as a function of temperature (4K up to
300K) for both X0 (Fig. 4.23a) and X- (Fig. 4.23b). The excitation wavelength is 543nm
(2.28eV). The degree of the spin-valley polarization is defined as 𝑃𝑐𝑖𝑟𝑐 = (𝐼+ − 𝐼− )/(𝐼+ + 𝐼− )
, where 𝐼+ (𝐼− ) is the intensity of the positive (𝜎+ ) or negative (𝜎− ) helicity component.

Fig. 4.23: Temperature dependent spin-valley polarization degree of a) neutral excitons (X0) and b) trions (X-)
excited with 543nm laser. Maximum spin valley polarization degree of c) neutral excitons (X 0) and d) trions (X), obtained at 4K.

The temperature dependent 𝜎+ and 𝜎− spectra of WS2/SiO2, WS2/Gr, WS2/h-BN and hBN/WS2/h-BN are presented in Fig. 4.24a. We will begin our analysis with the WS2/SiO2 case.
At 4K we measure 25% polarization for the X0 and 20% for the X- (Table I), followed by a
linear temperature dependent depolarization accompanied with an abrupt increase of the
polarization degree in the range from ~125K to ~225K for both excitonic features. This
abnormal behavior has been observed in this range of temperatures only for the trions and has
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been attributed to intervalley scattering effects, electron-hole radiative recombination, and a 3particle Auger process.14 It is important to note that besides trions, neutral excitons also exhibit
similar effects.

Fig. 4.24: a) Temperature dependent 𝜎+ and 𝜎− spectra of WS2/SiO2, WS2/Gr, WS2/h-BN and h-BN/WS2/hBN. b) Polarization ratio of X- over X0 from 4K up to 300K in each case except WS2/graphene where the
emission of trions is absent.

Interestingly, this non-monotonic dependence is only noticeable on the SiO2 substrate
and is suppressed when WS2 is placed on top of graphene, h-BN or encapsulated between hBN flakes. An almost linear behaviour is acquired for both X0 and X- as a function of
temperature with different depolarization slopes in each case (Fig. 4.23a,b). This results into
significantly different polarization degrees at low temperatures (4K). It appears that the
maximum spin-valley polarization degree is obtained in the h-BN/WS2/h-BN case, followed
by WS2/h-BN, WS2/SiO2 and WS2/graphene (Fig. 4.23c,d). Specifically, h-BN/WS2/h-BN
exhibits 41% for X0 and 42% for X- whereas WS2/h-BN presents 34% for both excitonic
features. WS2/SiO2 follows with 25% for X0 and finally WS2/graphene, 19% (Table I). Note
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that in Fig. 4.23d there are no values of the X- in the WS2/graphene case since only neutral
excitons survive in this configuration. Although upon 543nm excitation, WS2 shows different
maximum polarization degrees at 4K and its depolarization slope varies in different dielectric
environments, it seems that at elevated temperatures (>250K) the polarization degree
converges in values lower than 5% in all cases studied (Fig. 4.23a,b). Assuming a linear
depolarization rate in all cases and by ignoring the anomalous behaviour in SiO2, we extract
%

%

the following slopes from Fig. 4.23a (Table I): h-BN/WS2/h-BN: -0.13 𝐾 , WS2/hBN: -0.1 𝐾 ,
%

%

WS2/SiO2: -0.08 𝐾 and WS2/graphene: -0.06 𝐾 . It is apparent that thermal effects have a minimal
contribution in the depolarization rate when WS2 is placed on top of graphene. This is further
supported by the normalized Varshni plot where WS2/graphene sample shows the smallest
decrease in the optical gap due to thermal effects. We will get into further details in the
discussion section.
It should be emphasized that both X0 and X- show similar values of polarization degree
at all temperatures. In Fig. 4.24b we present the polarization ratio of X- over X0 from 4K up to
300K in each case except WS2/graphene. An obvious trend close to value 1 is observed within
the experimental error. This is an indication that both excitonic features follow similar
polarization mechanisms with the extra electron in the X- not significantly affecting neither the
polarization degree nor the depolarization behavior of X-.
To exploit the valley as a controllable degree of freedom, it is important to induce high
valley polarization that will have a long lifetime. In our steady-state photoluminescence
measurements the circular polarization of the excitation laser close to 98%. WS2 is expected to
exhibit stable valley polarization because of its strong spin-orbit splitting of the valence band
at K and K΄ which suppresses intervalley scattering (i.e. valley depolarization). However, apart
from intervalley scattering effects it is well-established that the ~30meV splitting in the
conduction band of WS2 results into a bright and a dark state with the latter one being in lower
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energy (Fig. 2.2b).102 The dark state hosts electrons with opposite spin orientation and the
radiative recombination with holes from the same valley is not allowed. Therefore, intravalley
scattering should not be neglected in the depolarization effects of WS2 since a significant
percentage of the excited electrons relax into the dark state.
Due to time reversal symmetry, a spin flip of both electrons and holes is required
for the excitons to emit σ- photons upon σ+ excitation which results into a decrease in the
polarization. This is achieved by multiple intervalley scattering processes since the probability
of a spin-flip during a single intervalley scattering event is low. The possibility of such a
process could be enhanced by the presence of a background carrier population (preferably
holes). The carrier populations in the K and K΄ valleys can be described by:
𝑑𝑁
𝑁 𝑁 − 𝑁΄
𝑑𝑁΄
𝑁΄ 𝑁΄ − 𝑁
=𝑔− −
, (1)
= 𝑔΄ − −
𝑑𝑡
𝜏𝑟
𝜏𝑣
𝑑𝑡
𝜏𝑟
𝜏𝑣

(2)

where 𝑔 and 𝑔΄ are the generation rates, and 𝑁 and 𝑁΄ are the populations of the K and K΄
valleys, respectively.
If we define 𝑃𝑐𝑖𝑟𝑐 = (𝑁 − 𝑁΄)/(𝑁 + 𝑁΄) and 𝑃0 = (𝑔 − 𝑔΄)/(𝑔 + 𝑔΄), then for steadystate conditions the measured polarization will be:
𝑃𝑐𝑖𝑟𝑐 =

𝑃0

𝜏 (3)
1 + 2 𝜏𝑟
𝑣

, where 𝜏𝑣 , is the overall spin flip and intervalley scattering time (or spin-valley relaxation
time) and 𝜏𝑟 , is the exciton lifetime. Here 𝑃0 is the initial polarization of the system which in
general it is considered to be equal to 1. It is clear from Fig.4.23a,b that the circular polarization
does not exceed the value of 0.5 at 0K, even in the case of hBN/WS2/hBN where we observe
the highest polarization degree. There are currently no reports of maximum circular
polarization in WS2 higher than 50% in contrast to MoS2 where 100% has been achieved at
low temperatures115. The main reason for the deviation in the polarization degree between WS2
and MoS2 could be the intravalley scattering channel due to the dark states in WS2.6 While the
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dark states of WS2 are located in lower energy compared to the bright ones, the opposite stands
for ΜοS2. As a result, in WS2 a portion of the electrons excited with circularly polarized light
to the upper branch in the conduction band will scatter into the lower branch accompanied with
a spin flip and thus creating dark excitons. On the contrary, the excited electrons in MoS2 will
populate the lower energy state (bright state) with spin conservation, resulting in 100%
polarization at resonant pumping conditions.
In order to explain the temperature dependent behaviour of the polarization degree, we
should also consider screening effects due to carrier doping. WS2 is in general classified as ntype semiconductor and we confirm this character in our monolayers by extracting the binding
energy of the X- on WS2/SiO2 (~38meV). Theoretical calculations149 have considered the effect
of doping on the valley relaxation by using a statically screened Coulomb potential with finite
Thomas-Fermi wave vector (kTF), which is related to the carrier density of n by
2 𝑛/(𝑔 𝑔 𝑚∗ 𝑘 𝑇)
𝑠 𝑣
𝐵

0
𝑘𝑇𝐹 ≡ 𝑘𝑇𝐹
[1 − 𝑒 −2𝜋ћ

] (4),149

0
where 𝑘𝑇𝐹
≡𝑔𝑠 𝑔𝑣 𝑚∗ 𝑒 2 /(4𝜋𝜀ћ2 ) is the zero-temperature Thomas-Fermi wave vector, gs (gv) is

the degeneracy number for spins (valleys), m* is the carrier effective mass, and ε is the dielectric
constant which is different for the 4 cases studied in this work.
The temperature dependence of the polarization degree was fitted using the following
equation
𝑃=

𝑃0
𝜏
1+2 𝑟

(5)

𝜏𝑣

which can be derived by considering the steady state of a rate equation model. Here, 𝑃0
denotes the maximum degree of valley polarization for zero temperature, 𝜏𝑟 is the exciton
radiative lifetime and 𝜏𝑣 is the valley relaxation time. Both of these characteristic times depend
on temperature. Whereas the former is just proportional to the temperature, the latter has a
nontrivial dependence through the Thomas-Fermi wave vector and the homogeneous
broadening
𝜏𝑣 ~

2
𝑘𝑇𝐹

𝛤

(6)
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For the homogeneous broadening we have used the expression and parameters of
𝛤 = 𝛤0 + 𝛤1 𝛵 + 𝛤2
with 𝛤0 =9.1 meV, 𝛤1 = 28

𝜇𝑒𝑉
𝐾

1
𝑒 ℏ𝜔/𝑘𝐵 𝑇 −1

(7)

, 𝛤2 = 6.5 meV and ℏ𝜔 = 20 meV. In all cases we

fixed the carrier density at 4 × 1012 𝑐𝑚−2 and varied the dielectric constant.
At considerable carrier densities similar to WS2 monolayers, an almost linear
dependence of the intervalley scattering time as a function of temperature is observed and our
experimental results are well fitted with this model.

Fig. 4.25: a) Polarization degree of the 4 different samples as a function of temperature, excited with a 594nm
laser (resonant excitation). b) Comparison of the polarization degree at room temperature (300K).
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For the observed differences in the initial circular polarization at low temperatures P(0),
we introduce a simplified model that takes into account the photo-generated holes that are
scattered to M or Γ valence band. At that point, these M- or Γ- valley holes are re-scattered
back to K and K΄ in the same time scale τ* during electron relaxation in WS2 heterostructures,
as well as in WS2/SiO2 (Fig. 4.26). Therefore, in the presence of M or Γ, the rate equations (1)
and (2) are modified as follows:
𝑑𝑁𝐾
𝑁 𝑁 𝑁 ′ 𝑁𝑀
𝑑𝑁𝐾′
𝑁 ′ 𝑁 ′ 𝑁 𝑁𝑀
′
=𝑔− − +
+ ∗ , (8)
=𝑔 −
−
+ +
(9)
𝑑𝑡
𝜏𝑟 𝜏𝑉 𝜏𝑉
𝜏
𝑑𝑡
𝜏𝑟 𝜏𝑉 𝜏𝑉 𝜏 ∗
, where 𝑁, 𝑁 ′ , and 𝑁𝑀 , correspond to the population of carriers in K, K΄ and M valleys.
′

Assuming 𝑔 = 0, the laser generated polarization will be 𝑃0 =

𝑔−𝑔′
𝑔+𝑔′

=

1
2
)(𝑁−𝑁 ′ )
𝜏𝑟 𝜏𝑉
2𝑁
1
(𝑁+𝑁 ′ )− ∗𝑀
𝜏𝑟
𝜏

( +

= 1 (10),

where 𝑔, 𝑔′ are the generation rates in K and K΄ with 𝑔′ = 0, since we do not generate
excitation in the K΄ valley. From equation (10) and taking into account equation (3), we have:
𝑃2 = 𝑃1 [1 − (

2𝜏𝑟
𝑁𝑀
)
] (11)
𝜏∗ 𝑁 + 𝑁′

, where P1 is the polarization without the presence of M or Γ valence bands close to K
(equation 3) and P2 is the polarization with the presence of M or Γ close to K. It is apparent that
the proximity of M or Γ to K, K΄ in the valence band will result in the reduction of the
polarization.
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Fig. 4.26: a) Schematic representation of the hole-phonon intervalley scattering effects in the proximity of M
or Γ bands close to K, that the proposed model takes into account.

The pumping energy is a significant parameter when studying spin/valley polarization
phenomena since phonon assisted intra and intervalley scattering becomes more important
when the excess energy 𝛥𝛦 = 𝐸𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛 − 𝐸𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 raises. To evaluate this effect in the 4
different cases, we have performed additional spin-valley polarization experiments with a
594nm (2.087eV) laser source which is very close to the excitonic emission of WS2.
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Fig. 4.27: a) Photoluminescence spectra of WS2/SiO2 excited with a 594nm laser at 4K. b) hBN/WS2/hBN ,c
) WS2/Graphene and d) WS2/hBN Photoluminescence spectra of WS2/SiO2 excited with a 594nm laser at 4K
and we compare them with the Raman spectrum acquired with a 473nm laser. A notable contribution of the
Raman modes on the PL spectrum is indicated.

Considering that our long pass filter lies at 2.06eV we could monitor only the X- in the cases
of WS2/SiO2, WS2/h-BN, h-BN/WS2/h-BN and the X0 on WS2/graphene. In Fig. 4.25a we have
plotted the polarization degree of the different samples as a function of temperature, excited
with a 594nm circularly polarized laser. Higher values of circular polarization, P, are acquired
in the same range of temperatures as expected due to resonant excitation. Surprisingly, neutral
excitons in WS2/graphene exhibit an almost temperature independent behaviour with a spinvalley polarization value close to 30% and an unprecedentedly low depolarization rate of 0.03%/K. The depolarization rates of the other 3 cases are:
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%

%

%

𝐾

𝐾

𝐾

hBN/WS2/hBN: -0.09 , WS2/hBN: -0.08 and WS2/SiO2: -0.07 .
In accordance with the 543nm excitation where the lowest depolarization rate is observed in
WS2/graphene, it is shown that also under resonant excitation, thermal effects have a minimal
contribution in the depolarization rate in this heterostructure. This results into notable
differences of the room temperature (300K) spin-valley polarization degree between the
different cases studied as shown in Fig. 4.25b with the WS2/graphene maintaining the
remarkable value of 24%. The reason we have not included in Fig. 4.25a the polarization degree
values in the range of temperatures from 4K to 100K is the contribution of the Raman modes
on the photoluminescence spectrum and their strong effect in the σ+ and σ- emission making
the extraction of the polarization degree not reliable. In Fig. 4.27 we present
photoluminescence spectra of the 4 different samples excited with a 594nm laser at 4K and we
compare them with the Raman spectrum acquired with a 473nm laser. It is obvious that one
should be very cautious when extracting the spin-valley polarization degree under resonant
excitation because of the underlying different polarization of the vibrational modes. Therefore,
we consider as a more reliable solution to present the polarization degree after 100K where the
excitonic energy shift due to thermal effects is considerable (Fig. 4.28) and the PL spectrum
detaches from the Raman spectrum. Note also in Fig. 4.28 that graphene, as a supporting layer
exhibits the smallest red shift compared to the other 3 cases, minimizing thermal effects. This
is also shown in Fig. 4.29 where the temperature dependent peak position of X0 and X- in each
sample is plotted.
In Fig. 4.30, the temperature dependent spin-valley polarization under resonant and offresonant excitation is presented in each case separately. As the photon energy (Epump) increases,
there is a decrease in circular polarization degree; this behavior can be understood in terms of
phonon-assisted intervalley scattering (K to K΄) activated by the zone-edge longitudinal
acoustic (LA) phonons when there is an excess energy between the Epump and X0.
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Fig. 4.28: Normalized (to 4K
peak

position)

temperature

dependent neautral exciton (X0)
emission.

Graphene,

as

a

supporting layer exhibits the
smallest red shift compared to the
other 3 cases, minimizing thermal
effects.

Fig. 4.28: Temperature dependent peak position of a) X0 and b) X- in each sample.
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Fig. 4.30: Comparison of the temperature dependent spin-valley polarization degree when excited with 543nm
and 594nm laser in a) WS2/SiO2, b)WS2/graphene, c) WS2/hBN and d) hBN/WS2/hBN.

4.3.3 Conclusions
In conclusion, a temperature dependent spin-valley polarization in different WS2
heterostructures excited with two separate photon energies, has been demonstrated. The results
reveal notable differences in the initial polarization P(0), with the hBN/WS2/hBN exhibiting
the highest degree (42%). At the same time WS2/Graphene shows a surprisingly low
depolarization rate as a function of temperature that is attributed to the high thermal
conductivity of graphene. Additionally, WS2/Graphene displays the highest degree at room
temperature upon resonant excitation (24%). In order to explain our experimental observations,
a model that takes into account the effect of the proximity of a band (Γ or M) to K-K΄ valence

112

bands in different WS2 heterostructures, is introduced and shows that holes can be scattered to
K-K΄ resulting in a reduction to the initial spin-valley polarization degree, P(0). We believe
that our observations will contribute towards understanding fundamental spin relaxation
phenomena in 2D TMD monolayers for future valleytronic devices.
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CHAPTER Ⅴ: SUMMARY AND FUTURE WORK
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5.1 Summary
In the first chapter of this thesis we have introduced the basic fabrication methods of
monolayer WS2. The micromechanical exfoliation and CVD method was briefly explained,
since these two methods were utilized for the production of WS2 monolayers in the
experimental part of this thesis. The crystal structure of TMDs monolayers and the stable 2Htype of bulk TMDs was then presented. Based on the crystal structure, the 1st Brillouin zone
and its high symmetry points was shown. In addition, the electronic structure of monolayer
WS2 that is calculated with different methods with and without spin-orbit coupling was
analyzed. Finally, a brief introduction of the electronic structure of WS 2 with graphene and
hexagonal boron nitride heterostructures was shown.
In the second chapter, the theoretical background of excitons in TMD monolayers with
a focus on the excitonic mechanisms in WS2 monolayers was presented. The selection rules in
this family of materials was explained and calculations of the binding energy of the excitons
that followed the Wannier-Mott description in the effective mass approximation were
reviewed. Moreover, the dark and bright exciton states as well as the spin-valley polarization
properties of TMD monolayers were introduced. In the end of the chapter, different exciton
complexes that form in WS2 monolayers were discussed.
In chapter three, the optical setup that was developed during this thesis was explained.
Specifically, the micro-Photoluminescence, micro differential reflectance and spin-valley
polarization configurations that compose the optical setup were presented separately.
Furthermore, the cryogenic system that was also developed for this setup, as well as the sample
preparation methods used in the experimental chapter were discussed.
Chapter four was split into 3 different subchapters, each one containing a separate
project that was carried out during this thesis. In the first subchapter the spatial non-uniformity
of the PL emission and lattice strain properties of WS2 monolayers, exfoliated from the natural
117

crystal, was demonstrated. We showed that the PL emission is significantly enhanced at the
monolayer’s edges compared to their inner parts and we attributed such PL enhancement to the
pronounced oxygen chemisorption and physisorption at the edges, which affects the spatial
distribution between exciton complexes in monolayer WS2, giving rise to spatial nonuniformity of the electron density across the monolayer surface. In contrast, we showed the
emission non-uniformity could not be clearly correlated with the lattice strain variations. In the
second subchapter the observation of biexcitons in a temperature range from 78K up to room
temperature on mechanically exfoliated WS2 monolayers was presented. Quantitative analysis
of the PL spectra allowed us to identify an emission peak exhibiting a superlinear relationship
between the integrated emission intensity and the excitation power density, with a power law
exponent of 1.4 at 78K and 1.3 at 200K and 295K. Based on the analysis of the excitonic peaks
emission energy, we deduced a biexciton binding energy of 65meV at 78K and 70meV at 200K
and 295K. Finally, in the last project the temperature dependent spin-valley polarization in
different WS2 heterostructures excited with two separate photon energies was demonstrated.
The results revealed notable differences in the initial polarization P(0), with the hBN/WS2/hBN
exhibiting the highest degree (42%). At the same time WS2/Graphene showed a surprisingly
low depolarization rate as a function of temperature that was attributed to the high thermal
conductivity of graphene. Additionally, WS2/Graphene displayed the highest degree at room
temperature upon resonant excitation (24%). In addition, a model that took into account the
effect of the proximity of a band (Γ or M) to K-K΄ valence bands in different WS2
heterostructures was introduced and showed that holes can be scattered to K-K΄ resulting in a
reduction to the initial spin-valley polarization degree, P(0).
The work of chapter 4.1 was published in Nanoscale (I. Paradisanos, N. Pliatsikas, P.
Patsalas, C. Fotakis, E. Kymakis, G. Kioseoglou and E. Stratakis, Nanoscale, 8, 16197-16203,
2016) and was hosted by the journal as its front cover of issue 36, 2016.
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The work of chapter 4.2 was published in Applied Physics Letters (I. Paradisanos, S.
Germanis, N. T. Pelekanos, C. Fotakis, E. Kymakis, G. Kioseoglou and E. Stratakis, Appl.
Phys. Lett., 110, 193102, 2017).

The work of chapter 4.3 is in preparation for submission.

119

5.2 Future work
Future work will mainly focus on the fundamental mechanisms of spin-valley physics
of 2D materials. There are several ideas to be evaluated towards an in-depth understanding of
the depolarization mechanisms that currently prevent the realization of high values of
polarization degrees in this class of materials. A brief explanation of the basic future
experimental work include:
 Effect of the relative crystallographic orientation on the spin-valley polarization degree in
TMD heterostructures. The main target of this idea is to define the angle of the relative
crystallographic orientation in different 2D heterostructures with high precision using
polarized second harmonic generation microscopy to evaluate the correlation between
different angles and the spin-valley polarization degree. In addition, temperature
dependent measurements will also evaluate the significance of specific relative
orientations between the different heterostructures with respect to band alignment effects
and the appearance of interface excitons.
 Biaxial strain and spin-valley polarization in WX2 monolayers. It is well established that
although WX2 monolayers (WS2 & WSe2) exhibit remarkable optoelectronic properties,
their spin-valley polarization degree never exceeds 60% even at cryogenic temperatures in
contrast to the MoX2 family where 100% polarization has been experimentally realized.
We postulate that the origin of the observed discrepancies between the Mo- and Wfamilies is the reversed order of the bright and dark states in the conduction bands.
However, a theoretical work has shown that upon applying biaxial strain, the spin-orbit
splitting in the conduction band will reduce significantly before the direct-to-indirect
transition (Moh. Adhib Ulil Absor et al., Phys. Rev. B, 94, 115131, 2016). Therefore, the
goal of this idea is to perform temperature dependent spin-valley polarization
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measurements in WS2 and WSe2 monolayers as a function of an applied biaxial strain and
assess the effect of the spin-orbit splitting in the conduction band to the total spin-valley
polarization degree.
 Intervalley carrier-phonon scattering blocking with left handed circularly polarized white
light. This risky idea intends to increase the spin-valley polarization degree of TMD
monolayers, by applying an ultrafast left handed circularly polarized white light in the
same spatial domain of the right handed circularly polarized excited area in different angles
of incidence. It is expected that the scattered carriers to the K΄ valley will absorb the intense
𝜎 − white light and the radiative recombination of the 𝐼𝜎− will be effectively blocked,
resulting in an enhancement of the spin-valley polarization degree.
 Pulse duration dependent spin-valley polarization in TMD monolayers. It is well known
that the photon energy crucially affects the spin valley polarization degree. However, the
effect of the pulse duration on the intervalley scattering mechanisms and the phonon
generation under non-thermal ultrafast excitation has not been evaluated yet. In this idea,
we propose a wavelength dependent, as well as pulse duration dependent spin-valley
polarization study by utilizing an optical parametric amplifier. Significant differences on
the polarization degree are expected before and after the pulse duration matches the
recombination time of the excitons (few picoseconds).
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