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Electronic properties of bulk and
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1.1 Introduction

Layered compounds involving transition metals from group VI and chalcogens (the
so-called dichalcogenides) are promising candidates for exploring atomically thin
structures. The basic building block referred to as "monolayer" consists of three
atomic layers: the layer of transition metal atoms is sandwiched between two layers
of chalcogens.1 All the dichalcogenides have a strong intra "layer" chalcogen-metal
covalent bond while, the layers are weakly held together by van der Waals forces.
Nevertheless, the inter layer coupling plays a signi�cant role in the electronic prop-
erties. Bulk crystals are semiconductors with an indirect gap in the near infrared
spectral range [Coehoorn 1987]. In contrast, monolayer transition metal dichalco-
genides such as molybdenum disul�de (MoS2), molybdenum diselenide (MoSe2),
tungsten disul�de (WS2) or tungsten diselenide (WSe2) are two dimensional (2D)
semiconductors with a direct gap in the visible spectral range at the K+ and K−
points of the Brillouin zone [Mak 2010, Splendiani 2010, Eda 2011]. Moreover, the
inversion symmetry breaking together with strong spin-orbit coupling in monolayer

1Hereafter, the term "monolayer" is used to refer to the triple-layer (X-T-X) of dichalcogenides.
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dichalcogenides leads to valley contrasted optical selection rules [Xiao 2012]. As a
consequence, under optical excitation the population of each valley can be controlled
by the circular polarization of the light. Therefore, monolayer dichalcogenides have
been proposed as a building block for "valley-tronics" (see e.g. the review of Xu et

al. [Xu 2014]).

Transition metal dichalcogenides are among the most studied layered compounds
that have been isolated in monolayer form from bulk crystals by mechanical ex-
foliation [Novoselov 2005, Mak 2010, Splendiani 2010], synthesized using chemical
vapor deposition (CVD), molecular beam epitaxy (MBE) [Zhang 2014, Zhan 2012],
or obtained by liquid exfoliation using di�erent solvents [Cunningham 2012]. The
progress in these directions has triggered developments in the �eld of device fabrica-
tion using 2D dichalcogenides. For example, it has recently been demonstrated that
a monolayer MoS2 �eld e�ect transistor shows a high current on/o� ratios which ex-
ceeds 108 at room temperature and low standby power dissipation [Radisavljevic 2011].
Other applications include light emitting diodes (LED), sensors, photovoltaic de-
vices and integrated circuits [Ross 2014, Pospischil 2014, Baugher 2014]. More-
over, very recently a unique 2D optical system has been achieved by integrating
chemically grown dichalcogenide monolayers with a silver-array supporting narrow
surface-lattice plasmonic resonances. The enhanced exciton-plasmon coupling en-
ables radical changes in the emission and excitation processes. This leads to a
spectrally tunable and enhanced photoluminescence, as well as surface-enhanced
Raman scattering at room temperature [Najmaei 2014, Lee 2015].

In addition to devices and circuits based on individual semiconducting dichalco-
genides materials, these materials present opportunities for novel device geometries
based on junctions and heterostructures using not only 2D dichalcogenides, but also
a combination with others 2D crystals such as graphene, hexagonal boron nitride
(hBN), black phosphorous, etc (see e.g. the review of Geim et al. [Geim 2013].
As a consequence, the properties and physical phenomena in such Van der Waals
heterostructure devices are fundamentally distinct from those observed in their indi-
vidual components. For example, in graphene/WS2 heterostructures, the spin-orbit
interaction a�ects the transport properties and thus, enables a current modulation
exceeding 106 at room temperature and a very high ON current [Georgiou 2013].
Moreover, using 1D carbon nanotubes/monolayer MoS2 heterojunctions, Jariwala
et al. have demonstrated a notably di�erent charge transport phenomena called
anti-ambipolarity [Jariwala 2013].

In this chapter, we brie�y introduce the basic properties of monolayer dichalco-
genides and summarize recent discoveries in this rapidly expanding �eld of research.
First, a description of the lattice structure, electronic and optical properties of bulk
crystals is given. Next, the electronic structure of the monolayer crystals from �rst-
principles calculations is presented. This is followed by a discussion on the inversion
symmetry breaking in a monolayer. Following this discussion, the optical selection
rules in 2D crystals, which underly the great application potential of 2D dichalco-
genides are explained.
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1.2 Bulk crystals

Transition metal dichalcogenides in the bulk form have been extensively studied on
an experimental and theoretical basis for decades due to their applications in such
areas as photovoltaic solar cells [Levy-Clement 1992], solid lubricants [Prasad 1993],
or energy storage [Ballif 1996, Reshak 2003] (and references therein). In this section
the electronic band structure of tungsten dichalcogenides, WS2 and WSe2, bulk
crystals are discussed.

Figure 1.1: The crystal structure of di�erent dichalcogenides polytypes: (a) 1T
(tetragonal symmetry, one monolayer per repeat unit, octahedral coordination),
(b) 2H (hexagonal symmetry, two monolayers per repeat unit, trigonal prismatic
coordination) and (c) 3R (rhombohedral symmetry, three monolayers per repeat
unit, trigonal prismatic coordination). The primitive unit cell is indicated by a red
line. The chalcogen atoms (X) are yellow and the metal atoms (T) are blue. After
Kuc and Heine [Kuc 2015].

1.2.1 Crystal structure

Due to the layered structure of dichalcogenides, most of their physical properties are
anisotropic, i.e. the in plane and out of plane properties are signi�cantly di�erent.
The basic building block for these materials is composed of three hexagonally packed
atomic layers where a layer of metal atoms (T = Mo, W) is sandwiched between two
layers of chalcogen atoms (X = S, Se) [Wilson 1969]. Due to the strong chalcogen-
metal covalent bonds within a single layer and weak van der Waals forces between
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layers, it is relatively easy to exfoliate them and obtain a monolayer.
Di�erent possible stacking arrangements of the monolayers give rise to distinct

polytypes. Each polytype is given a pre�x, e.g. 1T, 2H, 3R, where the number refers
to the number of monolayers within a unit cell and the letter to the symmetry of
the unit cell: trigonal, hexagonal and rhombohedral, respectively. Their structural
representations are illustrated in Fig. 1.1. In both 2H and 3R polytypes, the metal
atom is situated at the center of a trigonal prism formed by six chalcogen atoms.
In 2H polytype (called also trigonal prismatic con�guration), the upper layer is
rotated by 180 degrees with respect to the lower layer. Thus, the metal atoms are
placed above the chalcogen atoms and vice versa. In the case of the 3R polytype,
each monolayer keeps the previous orientation but, it is translated in the [2,1,0]
direction by 1/3 of the lattice constant with respect to the lower layer. Therefore, the
chalcogen atoms are placed above the interstices of the previous layer and the metal
atoms above the chalcogens. For 1T polytype the coordination is octahedral and
the atoms of the underlying monolayers exactly overlap with the monolayers above.
Of these three polytypes, only 2H and 3R polytypes are stable and semiconducting,
while the 1T polytype is metastable and metallic. We note that it is a convention
to denote the polytype as the pre�x to the crystal, i.e. 2H-WS2 stands for the 2H
polytype of WS2.

In this thesis, we investigate the bulk and monolayer tungsten dichalcogenides
in the 2H form. Figure 1.2(a) shows the crystal lattice in 2H polytype monolayer
dichalcogenides. The lattice vectors are given by:

~a = a

(√
3

2
x̂+

1

2
ŷ

)

~b = a

(
−
√

3

2
x̂+

1

2
ŷ

)
~c = c · ẑ

The resulting reciprocal lattice vectors are given by:

~a∗ =
4π√
3a

(
1

2
x̂+

√
3

2
ŷ

)

~b∗ =
4π√
3a

(
−1

2
x̂+

√
3

2
ŷ

)
~c∗ =

2π

c
· ẑ

As a consequence, the Brillouin zone has the form presented in Fig. 1.2(b).
There are several symmetry points which are important for the electronic structure
of TX2 compounds: (i) the center of the Brillouin zone, i.e. the Γ point, where the
electronic states are involved in the indirect transitions in bulk crystals and, (ii) the
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middle of the edge joining two rectangular faces, i.e. the K point, where the states
are involved in the direct transitions in bulk and monolayer crystals.

The high symmetry points at the Brillouin zone boundary for two-dimensional
monolayers are usually labeled as Q and P. For convenience, and following the
convention in the literature, we use throughout this work the same labels as for the
3D bulk crystals where M corresponds to Q and K corresponds to P.

Figure 1.2: (a) In plane lattice vectors marked by green and red colors. Yellow
circles denote the chalcogen (X) atoms layer while the blue circles represent the
metal atoms (T). (b) Brillouin zone together with the symmetry points of 2H-TX2

compounds. The labels given in brackets for some of the high symmetry points in
the Brillouin zone are sometimes used for 2D systems.

1.2.2 Optical properties and band structure

The calculated electronic band structures of WS2 and WSe2 bulk crystals are pre-
sented in Figure 1.3 [Roldán 2014]. The calculations reveal an indirect band gap
in bulk crystals which is located between the valence band maximum (VBM), situ-
ated at the center of the Brillouin zone (Γ point), and a conduction band minimum
(CBM) between the Γ and K point (noted as T). The red arrows in Fig. 1.3 il-
lustrate the indirect optical transition between these points. The electronic states
involved in the indirect transition, i.e. the CBM at T and VBM at Γ, originate
from a linear combinations of tungsten dxy and dx2−y2 orbitals and chalcogen pz-
orbitals. The wave functions have a spatial extension in z -direction, i.e. along the
c-axis of the crystal. These electronic states exhibit a strong interlayer coupling,
and their dispersion strongly depends on the number of layers. The indirect band
gap in bulk crystals leads to an extremely weak (negligible) quantum yield for the
photoluminescence (PL) [Mak 2010]. In addition to the indirect transitions in bulk
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crystals, there is another set of possible direct optical transitions at the K point,
marked by blue arrows in Fig. 1.3.

Figure 1.3: Calculated DFT electronic band structures of WS2 and WSe2 bulk
crystal. The solid red arrows indicate the lowest energy transitions, i.e. the indirect
band gap, while the blue arrows show the direct transitions associated with the low-
energy Wannier excitons (A and B excitons). After Roldan et al. [Roldán 2014].

The electronic states of both valence and conduction bands at the K point are
mainly associated with the tungsten d-orbitals and have weak spatial extension along
the c-axis. Thus, these electronic states have a two-dimensional (2D) character.
The direct transitions at the K point can be observed in the optical absorption
measurements as two prominent peaks at a energy higher than the indirect transition
energy. They are refereed to as A and B excitons [Ballif 1999]. For example,
Figure 1.4 shows the absorption measurements of WS2 bulk crystal with A and B
excitons at energies 2 and 2.4 eV, respectively. A and B excitons arise from vertical
transitions from a spin-orbit-split valence band to a spin-orbit-split conduction band.
The large binding energy of these excitons, which is in the order of' 50 meV, suggest
that they can be easily observed even at room temperature, where kT ≈ 25 meV. A
strong absorption at higher energies (C peak) which arises from nearly-degenerate
exciton states is observed in transmission and re�ection measurements due to the
band nesting e�ect [Kozawa 2014].

TX2 Eindg (eV) Edirg (eV)
WS2 1.3 2.04
WSe2 1.2 1.70

Table 1.1: Indirect band gap energies and direct transition energies for WS2 and
WSe2 bulk crystals at room temperature.

In Table 1.1 are summarized the values of the indirect band gap energy and di-
rect transition energy values determined experimentally by optical or photocurrent
measurements on WS2 and WSe2 bulk crystals [Kam 1982, Ballif 1999]. The direct
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Figure 1.4: Optical absorption spectrum for WS2 bulk crystal measured at room
temperature. The two absorption peaks, noted as A and B, indicate the direct
excitonic transitions marked by blue arrows in Fig. 1.3(a). The C denotes the band
nesting. After Ballif et al. [Ballif 1999].

transition energies Eindg were determined by adding a constant exciton binding en-
ergy of 60 meV [Beal 1976, Wilson 1969] to the experimentally determined energy
position of the excitonic peak A [Ballif 1999].

1.3 Monolayer crystals

The atomically thin dichalcogenide crystals are of interest since their electronic
properties are quite distinct from their bulk counterparts. Here, the electronic and
optical properties of 2D dichalcogenides crystals are described.

1.3.1 Electronic structure

While reducing the number of layers the electronic band structure evolves to the
one presented in Fig. 1.5 for monolayer WS2 and WSe2 crystals. The states at the
Γ and T point have a strong metal d -orbital character combined with pz-orbitals of
chalcogen and therefore, strongly depend on vertical interlayer coupling (absent in
monolayer). In contrast, the orbitals contributing to the conduction/valence band
states at the K point are localized within the X-T-X sandwich and do not depend
on the number of layers. Decreasing the number of layers, the energy at Γ point
changes dramatically, while at the K point remain practically unchanged. In the
monolayer limit, both the VBM and CBM, move from the Γ and T respectively,
to the K point of the Brillouin zone. As a result, a monolayer 2H-TX2 becomes a
direct band gap material with an optical transition at the the corner of the Brillouin
zone [Mak 2010].
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Figure 1.5: Calculated DFT electronic band structures of WS2 and WSe2 monolayer
crystals. The red arrows show the direct band gap and also the transition associated
with the low-energy A and B excitons. ∆SO denotes the energy of the split VBM
due to spin-orbit coupling. After Roldan et al. [Roldán 2014].

The optical response of the monolayers is determined by the direct transitions at
the K+ and K- points of the Brillouin zone. Since the electronic structure at the K
point are almost identical for monolayer and bulk samples, their absorption spectra
are roughly similar showing two strong resonances (A and B excitons). However,
this is not the case for the PL emission. In monolayer the emission occurs at a
signi�cantly di�erent energy than in bulk. Decreasing the number of layers from
bulk induces a shift towards higher energies in the PL emission peak in monolayer.
This con�rms the crossover from an indirect band gap in bulk to a direct band gap
in the monolayer limit [Mak 2010, Splendiani 2010]. In Fig. 1.6(a) and (b) are
presented the normalized PL spectra for WS2 and WSe2 �akes consisting of 1 to 5
layers which illustrate the shift in the energy emission with changing the number
of layers. In addition, the PL for monolayer is about two orders of magnitude
larger in amplitude compared to that from bilayer and four order of magnitude
larger compared to bulk crystals. Figure 1.6(c) and (d) illustrates the change in
the PL emission quantum yield (QY) with decreasing the number of layers. Very
recent angle-resolved photoemission spectroscopy has directly mapped out the band
structure of MoS2 and MoSe2 [Jin 2013, Zhang 2014]. Similar behavior in the PL
emission energy and intensity with decreasing decreasing the number of layers has
been observed for the other isoelectronic compounds of this family due to similar
lattice structure [Mak 2010, Splendiani 2010].

Additionally, a clear band splitting of VBM at the K point of the Brillouin
zone in monolayers TX2 is observed due to the strong spin-orbit coupling as in bulk
crystals. The spin-orbit splitting increases with the atomic number of transition
metal or chalcogen atom. Due to a heavier mass of tungsten atoms, in tungsten
dichalcogenides compounds this splitting is larger (' 400 meV) compared to molyb-
denum dichalcogenides (' 150 meV). Moreover, the spin-orbit coupling leads also to
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Figure 1.6: (a,b) Normalized PL spectra of exfoliated 2H-WS2 and 2H-WSe2 �akes
consisting of 1-5 layers. A and B are the direct excitons. Peak I is the indirect band
gap emission. The A' and B peaks are typically 100 to 1000 times weaker than the
band edge emission peaks and are magni�ed for clarity. (c,d) Relative decay in PL
quantum yield with the number of layers. After Zhao et al. [Zhao 2013].

a splitting of the CBM at both, the band edge at the K point and at the secondary
minimum T, as illustrated in Fig. 1.5. Again, the spin-orbit coupling in the CBM is
larger for Se compounds as compared to S compounds. This is expected due to the
heavier mass of selenium as compared to sulfur. As the orbital weight of the px and
py orbitals of chalcogen atoms at the K point of the conduction band is of the order
of ' 20%, Cappelluti and co-workers [Cappelluti 2013] proposed that �rst order
processes associated with these X atoms lead to a contribution to the spin-orbit
splitting, being more noticeable for the Se compounds.

In Table 1.2 are summarized the direct band gap values determined experi-
mentally by both photoluminescence and absorption measurements, as well as the
splitting at the VBM and CBM at theK point in WS2 and WSe2 monolayer crystals
[Roldán 2014, Zeng 2013].

TX2 Edirg (eV) ∆V BM (eV) ∆CBM (eV)
WS2 1.95 0.435 0.029
WSe2 1.64 0.461 0.036

Table 1.2: Optical direct band gaps for WS2 and WSe2 monolayer crystals. The
spin-orbit splitting of level at the top of valence-band and minimum of conduction-
band at the K point of BZ.
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1.3.2 Excitonic e�ects

The optical response of monolayer dichalcogenides is dominated by excitonic e�ects.
Upon the absorption of a photon, a valence band electron is excited to the conduction
band leaving behind a vacancy (hole) in the valence band. The attractive Coulomb
interaction between the negatively charged electron and the positively charged hole
bind them into a hydrogen-like state, called as exciton (X). The bound electron-
hole pair can also capture an extra electron or hole to form a negatively (X−) or
positively (X+) charged exciton, which is also referred to as trion [Kheng 1993]. The
binding energy of a neutral exciton is de�ned as its lowered energy compared to the
free electron-hole pair, while the trion binding energy is the di�erence between X±

energy and the unbound state of a neutral exciton, plus a free electron or hole. In
the PL spectra this corresponds to the separation between neutral exciton emission
energy and charged exciton (X+ or X−) emission.

According to the hydrogen model, the energies of exciton levels for a three-
dimensional crystal (referred to the bottom of the conduction band) can be evaluated
using the following relation

E3D
X =

EB
n2

, (1.1)

where n=1, 2, 3,... is the principal quantum number and EB is the 3D exciton
binding energy or Rydberg (R∗y = µe2/2~2(4πε0)2κ2). Here, µ = memh/(me +mh)

is the reduced mass of the exciton and me, mh are the electron and hole e�ective
masses; κ is the e�ective dielectric constant. For the n=1 level we have E3D

X = R∗y.
For a 2D system, the energies of exciton levels is given by [Zaslow 1967]

E2D
X =

EB(
n− 1

2

)2 , (1.2)

We can see that in 2D structures, the exciton energies are always deeper in the
band gap, implying that the 2D exciton binding energy is increased. For the n=1
level we have E2D

X = 4R∗y, so that the binding energy in a perfect 2D system is four
times larger than that of the 3D exciton binding energy. In monolayer dichalco-
genides, the excitons are strongly con�ned in the plane and additionally experience
reduced screening due to the change in the dielectric environment outside of the
layer. This has major e�ects on the electronic and excitonic properties of the mate-
rial. Chernikov and co-workers have proposed that the dielectric screening is reduced
because the electric �eld lines joining the electron and hole begin to extend outside of
the sample as shown in Fig. 1.7(a), therefore yielding an even greater enhancement
factor. Indeed, the re�ectance measurements and two-photon photoluminescence
excitation spectroscopy have been used to extract a binding exciton energy of ∼
320 meV and ∼ 370 meV in monolayer WS2 [Chernikov 2014] and WSe2 [He 2014],
which is at least six times larger that in bulk (' 55 meV)[Beal 1976, Bordas 1976],
and almost two orders of magnitude larger than that found for the excitons in con-
ventional bulk semiconductors, such as Si and GaAs [Knox 1983]. From the PL
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experiments, the trion binding energy, which depends upon the Fermi energy, has
been determined to be 20-40 meV [this work] and 30 meV [Jones 2013], in WS2 and
WSe2, respectively.

Figure 1.7: Real-space representation of electrons and holes bound into excitons for
the 3D bulk and a two-dimensional monolayer. The changes in the dielectric envi-
ronment are indicated schematically by di�erent dielectric constants ε3D, ε2D, and
the vacuum permittivity ε0. (b) In�uence of the dimensionality on the electronic
and excitonic properties, schematically represented by optical absorption. The tran-
sition from 3D to 2D is expected to lead to an increase of both the band gap and
the exciton binding energy. After Chernikov et al. [Chernikov 2014].

Typically, the excitons are classi�ed as Frenkel or Wannier-Mott excitons de-
pending upon the spatial extent of the wave function. In monolayers dichalcogenides,
the exciton wave function is larger than the lattice constant like in Wannier-Mott
type of excitons, while the binding energy is comparable to that for typical Frenkel
excitons. The calculated 2D Bohr radius is about 1 nm [Qiu 2013], so that the wave
function for the electron-hole relative motion extends over several tens of unit cells
[Ye 2014]. Moreover, the exciton series deviates signi�cantly from the 2D hydrogen
model. In the hydrogen model, the orbitals with the same principal quantum num-
ber are degenerated. In contrast, for the TX2 excitons, the GW-BSE calculations
have shown that the states with the same shell but of higher orbital angular momen-
tums are at lower energy-levels, that is, E3d < E3p < E3s [Ye 2014]. A theoretical
microscopic model, which takes into account the modi�cation of the functional form
of the Coulomb interaction due to the nonlocal nature of the e�ective dielectric
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screening, has been successful in explaining these unusually strong electron-hole in-
teractions [Chernikov 2014]. This so-called dielectric con�nement or image charge
e�ect [Chernikov 2014, Lin 2014] was also observed in nano-structured materials
such as 1D carbon nanotubes [Deslippe 2009] and layered organic-inorganic per-
ovskites [Tanaka 2005].

Figure 1.8: Schematic absorption spectrum which shows the A (blue) and B (red)
excitons that result from the sizable spin-orbit splitting. After Berkelbach et
al. [Berkelbach 2013].

The scenario revealed by experiments to date is summarized in Figure 1.8. The
spin-orbit coupling in the valence band give rise to two-distinct excitonic features -
the A and B in the schematic absorption spectrum [Berkelbach 2013]. The neutral
exciton shows a large binding energy, EA. The exciton feature exhibit a �ne struc-
ture, which can be identi�ed with formation of trions (X−A and X−B), with binding
energies EA− and EB−. Moreover, several recent studies have also demonstrated
the generation of others exciton complexes, such as biexcitons (two bound electron-
hole pairs) or localized states (due to residual impurities, defects and/or disorder
e�ects), in monolayer dichalcogenides [Jones 2013, He 2014, Shang 2015], akin to
those previously observed in quasi-2D semiconductor QWs.

1.3.3 Valley physics from inversion symmetry breaking

It has been theoretically demonstrated that the inversion symmetry breaking in 2D
materials leads to contrasted circular dichroism in di�erent k -space regions, which
takes the extreme form of optical selection rules for inter band transitions at high
symmetry points [Yao 2008]. A monolayer of dichalcogenides has a honeycomb
lattice structure in which the inversion symmetry is naturally broken due to two
di�erent types of atoms (transition metal and chalcogen), as illustrated in Fig. 1.9(a).
As a result of the inversion symmetry, the valleys2 of energy-momentum dispersion
are located at the corners of the hexagonal Brillouin zone, i.e. at the K+ and K−
points (see Fig. 1.9(b)). Among the six corners of the Brillouin zone, there exists

2The term "valley" simply refers to an energy extrema of Bloch bands in momentum space.
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two sets of three equivalent points. As a consequence, we have two inequivalent
valleys, which form a time-reversal pair with each other. Because the valleys are
well separated from each other in momentum space, the inter valley scattering is
relatively weak. This leads to a long lived valley polarization, providing an additional
degree of freedom in a similar manner as spin polarization [Xu 2014].

To control such an internal degree of freedom of the carriers, it should be asso-
ciated with a physical property that allows the coupling with an external �eld so as
to manipulate the dynamics. The aim is to control the valley index in a way similar
to the manipulation of the spin in conventional semiconductors. The key quantity
that allows it is the orbital magnetic moment (m). Brie�y, the orbital magnetic
moment arises from the self-rotating motion of the electron wavepacket and it is a
pseudovector derived from the periodic part of the Bloch function. From the k · p
analysis, the orbital magnetic moment is given by

m(k) = −i e~
2m2

e

∑
i 6=c

Pci(k)× P ic(k)

εi(k)− εc(k)
, (1.3)

where Pci(k) = 〈uc,k|p̂|ui,k〉 is the inter band matrix element of the canonical
momentum operator, ε(k) is the band dispersion, and |uk〉 the periodical part of the
Bloch function [Chang 1996, Yafet 1963]. It is important to note that this term
is common for all semiconductors and is responsible for the anomalous g-factor of
electrons, i.e. the Bloch states with opposite spin at the Γ point form a Kramer's
pair with opposite orbital magnetic moment which in a magnetic �eld renormalizes
the Zeeman energy thus, changing the e�ective g-factor [Yafet 1963].

Figure 1.9: (a) A top view of a 2D hexagonal lattice in monolayer dichalcogenides
where it can be observed the inversion symmetry breaking because of two di�erent
types of atoms. Green and yellow color spheres denote the metal (T) and chalcogen
atoms (X). (b) The �rst Brillouin zone of a monolayer. The red and blue colors
refers to the two inequivalent valleys. After Xu et al. [Xu 2014].

The orbital magnetic moment (m) is dictated by symmetry considerations such
as (i) time-reversal symmetry and (ii) space-inversion symmetry. In the �rst case, the
orbital magnetic moment is odd, i.e. m(k) = −m(−k), while in the second case it is
even, m(k) = m(−k). In a system with both symmetries, their e�ect would typically
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vanish (m(k) = 0). It is important to look for such a physical quantity that allows
us to distinguish a time-reversal pair of valleys. The orbital magnetic moment m is
a good candidate, since it does not vanish under time-reversal operation. Thus, the
orbital magnetic moment m can have opposite values once an inversion symmetry
is broken in the system - such as in a monolayer of dichalcogenides.

If we consider the simplest situation of a two band model, which in the case of a
monolayer TX2 would be the conduction and valence band at the K± valleys, than
the carriers can be described by a massive Dirac fermion model [Xu 2014]:

Ĥ = ~vF (τzpxσ̂x + pyσ̂y) +
∆

2
σ̂z, (1.4)

where τz = ±1 is the valley index, vF is the Fermi velocity and ∆ is the band gap.
The Pauli matrix σ̂ is de�ned in a basis consisting of two d -orbitals of the metal
atom with magnetic quantum numbers of m = 0 and m = 2τz, respectively. For this
massive Dirac fermion model [Xu 2014], the orbital magnetic moment has identical
values for conduction and valence bands, which has the form:

m(k) = −ẑ
2~2vF 2∆

4~2vF 2t2k2 + ∆2

e

2~
τz (1.5)

At the k = 0 point, the value of the orbital magnetic moment has the form
m(k = 0) = −ẑτzµ

∗
B, where µ

∗
B ≡ e~/2m∗ is the e�ective Bohr magneton with the

bare electron mass replaced by the e�ective mass at the band edge. Thus, the valley
spin is also associated with an intrinsic magnetic moment, at least for the carriers
near the the band edge. The valley-dependent m makes possible coupling of the
valley spin to a magnetic �eld and the detection of valley polarization as a magnetic
signal.

The orbital magnetic moment m gives rise to the circularly polarized optical
selection rules for inter band transitions in monolayer dichalcogenides [Xiao 2012].
As the two valley have opposite m values, valley-dependent selection rules arises.
For the massive Dirac fermion model, the orbital magnetic moment and optical
circular dichroism are related by

Pcirc(k) = −m(k)ẑ

µ∗B(k)
(1.6)

where Pcirc(k) is the degree of circular polarization for the direct inter band transi-
tions at k = 0 point relative to the extreme. Such connections open up the possibility
to engineer optical circular dichroism in given bands through the so called "intercel-
lular component" determined by bulk symmetry properties. This has a completely
di�erent origin for the selection rules and circular dichroism for optical inter band
transitions in solids compared to the one typically observed in conventional semi-
conductors, where the optical transition selection rules are determined by orbital
magnetic moments of the atomic orbits and are called "intracellular component".
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1.3.4 Spin-valley coupling and selection rules

The lack of inversion symmetry together with strong spin-orbit coupling leads to
coupled spin and valley physics in monolayer dichalcogenides, making possible spin
and valley control in these 2D materials. The spin-valley coupling at the valence-
band edges suppresses spin and valley relaxation, as �ipping a single index (spin or
valley) is forbidden by the valley contrasting spin splitting. This results in valley-
dependent optical polarization selection rules for individual valley. Since time
reversal symmetry forces opposite spin-splitting at each valley, this e�ect can be
used to control the valley polarization by means of optical helicity [Xiao 2012],
such that the K+ valley would correspond to optical selection rules of a certain
helicity as well as carriers of a �xed spin, while the K− valley would correspond to
opposite conditions. This makes possible to control carrier spin and carrier con�ne-
ment within a speci�c valley with circularly polarized light, an e�ect that has been
observed experimentally [Mak 2012, Cao 2012, Zeng 2012, Kioseoglou 2012].

Figure 1.10: Electronic structures at the K+ (left) and K− (right) valleys illustrat-
ing the conduction and valence bands and their spin states. The inset illustrates the
hexagonal Brillouin zone with the two inequivalent K+ and K− points (c.b. labels
the conduction band and v.b. labels the valence band).

Let us now look in more details at the optical selection rules from the top of the
spin-split valence-band to the bottom of the spin-split conduction band in mono-
layers. Figure 1.10 shows the valence and conduction bands at the K+ and K−
valleys. The large spin-splitting in the valence bands is induced by the spin-orbit
coupling. As illustrated in Figure 1.10, at the K+ valley, the spin-down and spin-
up holes occupy the VBM(A) and VBM(B) bands, respectively; while at the K−
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valley the spin occupation is opposite. Since the conduction bands K+ and K− are
spin-split, the light couples only to the orbital part of the wave function and the spin
is conserved in the optical transitions3. Because of the spin-valley coupling and the
valley optical selection rules from inversion symmetry breaking, spin and circular
polarization are related in opposite ways at the two energies. Selective excitation of
carriers with various combination of valley and spin index becomes possible using
optical �elds of di�erent circular polarizations and energies. Light with σ+ circular
polarization (blue arrow) generates spin-up electrons and spin-down holes in the
K+ valley, while the excitation in the K− valley is simply the time-reversal of the
above.

Figure 1.11: Valley neutral exciton optical selection rules in monolayer dichalco-
genides for σ+ and σ− circular polarization of the photons.

Since the optical properties of 2D dichalcogenides crystals are dominated by
excitons due to their large binding energies, the valley polarization can be probed
through charged and neutral exciton emission. Let us consider �rst the neutral
exciton (X) selection rules. When an electron and hole are at di�erent valleys,
their direct recombination is forbidden4, since the momentum conservation cannot
be satis�ed. If the electron and hole are in the same valley, their recombination is
possible with the emission of a photon. Figure 1.11 shows the exciton bands, A
and B, formed by holes in VBM(A) and VBM(B), respectively, with electrons in the
conduction bands. The lifetime of B excitons is much shorter, due to relaxation to
the lower energy con�gurations through fast non-radiative channels. In the following
we focus only on the A excitons. At the K+ valley only spin-down holes populate

3Here we use a convention that an unoccupied spin-up (-down) state in the valence band is

referred as a spin-down (-up) hole.
4the so called dark exciton
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VBM(A), an A-exciton at the K+ valley is formed by a spin-down hole with a
spin-up electron. At the K− valley, an A-exciton is formed by a spin-up hole
with a spin-down electron. Based on these selection rules, a circular polarized light
can inject spin- and valley-polarized excitons in monolayer crystals, which in turn
recombine and emit circularly polarized photoluminescence. Valley polarization
has been reported by several groups in steady-state PL experiments [Mak 2012,
Cao 2012, Zeng 2012].

Figure 1.12: Valley charged excitons (trions) con�gurations in monolayer dichalco-
genides. Three con�gurations (a-c) of the negative charged exciton (X−) and one
con�guration (d) for positive charged exciton (X+). The electron-electron (e-e)
exchange interaction is indicated by a black dash-dotted arrow. In all the con�gu-
rations the polarization of the emitted photon is σ+.

In the case of charged excitons (trions), the selection rules are illustrated schemat-
ically in Fig. 1.12. There are three possible con�gurations for the negative charged
exciton (X−) (Figs. 1.12(a-c)), and only one for the positive charged exciton (X+)
(Fig. 1.12(d)), since the holes in the valley K+ only have to be spin-down states,
and holes in the K− valley have to be spin-up, due to the large spin-valley coupling.
All the other con�gurations are the time-reversal equivalent of the ones shown in
Figure 1.12. Because at the K+ valley only spin-down holes populate the valence
band maximum, negative charged-excitons are formed by a electron-hole pair with



18

Chapter 1. Electronic properties of bulk and monolayer tungsten

dichalcogenides

a spin-down (-up) electron from the conduction band minimum at the other K−
valley (scenario (a,b) in Fig. 1.12). It is also possible to form a negative charged
exciton through a bound electron-hole pair which captures an electron from the
other conduction band minimum at the same valley (Fig. 1.12(c)). Upon electron-
hole radiative recombination, an electron is left in the CBM and the PL emission
polarization is determined by the valley in which the neutral exciton has recombined.

The positive charged exciton can only be formed by an electron-hole pair in a
certain valley (K+) which captures a hole from the other valley (K−), as shown in
Fig. 1.12(d). Upon electron-hole recombination, the X+ becomes σ+ photon plus a
spin-up hole and vice versa for their time-reversal con�guration.

The formation of a neutral and charged excitons is mainly due to the direct
part of the Coulomb interaction. However, there is another known Coulomb contri-
bution, called exchange interaction [Pikus 1971], which leads to a splitting of the
exciton energy in semiconductors. Recently, Yu and coworkers have calculated the
exchange interaction e�ect on charged excitons in tungsten dichalcogenides mono-
layers [Yu 2014a]. Among the four ground state con�gurations of negative and
positive trions illustrated in Fig. 1.12(a-d), the exchange interaction between the
excess electron (or hole) and the recombining electron-hole pair is present only for
the one shown in Fig. 1.12(a) (and its time-reversal con�guration). The exchange
energies for the two electrons (e-e) repulsion and electron-hole (e-h) attraction are
expressed through the Jee and J′eh. The exchange energy is proportional to the prob-
ability of �nding the electron-electron or the electron-hole in the same position. Due
to the electron-electron Coulomb repulsion, the probability of �nding an e-e is much
smaller compared to the one of �nding an e-h. Therefore, taking into account the cal-
culated distance of the excess electron at opposite valleys from the hole aeh = 2 nm,
it has been estimated an exchange energy J′eh ∼ 6 meV [Yu 2014a]. There has been
indirect evidences supporting these predictions. Polarization resolved µPL measure-
ments in magnetic �eld perpendicular to the layer have revealed a di�erent behavior
for neutral and charged exciton which has been assigned to a distinct exchange �ne
structures of X and X− [Srivastava 2015, Aivazian 2015]. Moreover, the absence of
linear polarizations in the PL emission of the negative charged excitons has been
explained through the exchange Coulomb interaction [Jones 2013].
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This chapter describes the experimental techniques used during this thesis. It is

composed of two sections: in section 2.1, the experimental techniques used to per-

formed measurements in the absence of magnetic �eld are described: steady-state and

time-resolved µPL, as well as µ-Raman. Section 2.2 contains a detailed description

of the experimental techniques such as transmission and micro-photoluminescence

used in high magnetic �eld.

2.1 Spectroscopy in the absence of magnetic �eld

The optical response of two-dimensional crystals provide direct access to its elec-
tronic properties. In this thesis a combination of various spectroscopy methods with
magnetic �eld have been used to probe the electronic properties of atomically thin
TX2. In particular, µ-photoluminescence (PL), Raman spectroscopy and optical
inter band absorption in the visible spectral range have been used.

Let us start from the description of the experimental techniques used in the ab-
sence of external magnetic �eld. We have performed steady-state and time-resolved
µPL measurements, as well as µ-Raman measurements. The experiments have been
performed at the Laboratoire National des Champs Magnétiques Intenses (LNCMI),
in Toulouse (France). A schematic overview of the setup is presented in Figure 2.1.
The setup is composed of two separate geometries: the �rst one was used to measure
steady-state µPL (Setup-STPL) and µ-Raman and it is enclosed by a rectangle with
red-dashed line; the second geometry, enclosed by blue-dashed line, was employed
for time-resolved µPL (Setup-TRPL) measurements. For both time resolved and
steady state measurements, the samples were placed in a helium �ow cryostat with
optical access, which allowed measurements in the temperature range from 4 to
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300K. The cryostat was mounted on motorized x-y translation stages, which allows
high resolution spatial mapping. We used free beam optics in a backscattering con-
�guration (see Fig. 2.1). Excitation and collection of the signal from the sample was
implemented using a non-polarizing cube beamsplitter and long working distance (7
mm) microscope objective with a numerical aperture NA = 0.66 and magni�cation
50×. The typical diameter of the spot on the sample was of the order of 1µm2.
Additionally, the TX2 �akes deposited on a silicon substrate with lithographic ori-
entation marks were identi�ed in situ by illuminating the sample with white light
from a halogen lamp which, after being re�ected from the sample, was imaged on
a small CCD camera. Example of a WS2 �ake image with orientation marks is on
the bottom of Fig. 2.1.

Figure 2.1: Layout of the experimental set up layout at LNCMI-Toulouse. Two
di�erent geometries are shown: for steady-state PL (STPL) measurements cw lasers
were used for excitation and a CCD in detection; for time-resolved PL (TRPL) -
femtosecond laser in excitation and streak camera in detection.

2.1.1 Steady-state µPL and µ-Raman

For the excitation of the steady-state µPL and µ-Raman, a solid-state laser emitting
at 532 nm, as well as a tunable Ti:Sapphire were used. The signal from the sample
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was dispersed using a spectrometer equipped with a nitrogen-cooled CCD camera.
Additionally, for some measurements, the sample was simultaneously illuminated
by a tunable Ti:Sapphire laser, with the laser beams entering collinearly to the
microscope objective. For µ-Raman measurements, the 520 cm−1 phonon mode
from the silicon substrate or several known spectral lines of Neon lamp were used
for calibration. In addition, we introduce polarization optics in both excitation
and detection paths. It is marked in Fig. 2.1 as "Polar. Exc." and "Polar. Det.",
respectively. To control the linear polarization in excitation, a Glan-Taylor polarizer
together with a λ/2-plate was used. The axis λ/2-plate was rotated over 1800 by a
motorized controller. For circular polarization in excitation, a Glan-Taylor polarizer
followed by a quarter-wave plate was used (see Fig. 2.1). In detection, the PL
linear polarization analysis was performed by a λ/2-plate followed by the Glan-
Taylor polarizer placed in the collimated beam. For circular polarization analysis
we used a quarter-wave plate followed by a polarizer. The µPL (µ-Raman) signals
corresponding to two di�erent polarizations were stored and analyzed separately.

Figure 2.2: (a) and (b) Typical emission µPL spectra and µ-Raman spectrum of
WSe2 monolayer measured at 4K. The PL emission in detection was analyzed by
σ+ (orange line) and σ− (black line) circular polarization, respectively.

Typical polarization-resolved µPL spectra of WSe2 monolayer measured at low
temperature (T = 4K) are presented in Fig. 2.2(a). The excitation was σ+ polarized
and detection was performed for both co-polarized (σ+) and counter-polarized (σ−)
con�gurations marked by orange and black lines, respectively. The two highest
energy transitions, marked as X and X−, correspond to the recombination of a
neutral exciton and charged exciton (trion), respectively.

µ-Raman is used in the identi�cation of the number of layers in the TX2 samples
under investigation. The µ-Raman scattering polarization measurements were per-
formed in the same con�guration as µPL. However, the non-polarizing beamsplitter
was replaced by a laser-�at dichroic beamsplitter which, together with a ultrasteep
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long-pass edge �lter, placed in front of the spectrometer, enabled the measurements
of Raman spectra up to 30 cm−1 from the laser line wavelength. Typical µ-Raman
spectrum from a monolayer WSe2 is depicted in Fig. 2.2(b).

2.1.2 Time-resolved µPL

We now describe the experimental set-up used to measure time-resolved µPL (TRPL).
In this experimental geometry, shown in Fig. 2.1 enclosed by blue dashed rectan-
gles, the PL was excited by femtosecond pulses generated by a tunable frequency-
doubled optical parametric oscillator (OPO) synchronously pumped by a mode-
locked Ti:Sapphire laser. The typical pulse duration and spectral width of the OPO
are 300 fs and 3 meV respectively; the repetition rate is 80 MHz. The OPO wave-
length can be tuned between 400 and 1600 nm. The Ti:Sap laser used for pumping
the OPO has a typical pulse width of 80 fs and a tunable wavelength range between
680 and 1060 nm. For detection we used a Hamamatsu Streak Camera equipped
with a synchro-scan unit. The spectral response was dispersed by an imaging spec-
trometer placed at the entrance of the streak camera.

The streak camera is an ultra high-speed detector which captures light emission
phenomena occurring over extremely short time periods. The operating principle of
a streak camera is shown in details in Fig. 2.3(a). In the TRPL setup the PL signal
that enters the streak camera is already spatially dispersed by the spectrometer. In
a simpli�ed picture, several photons distributed in horizontal direction according to
their respective energies reach the detector. Also, some delay in time between the
photons is introduced. These photons are projected onto the slit and focused by a
lens into an optical image on the photocathode. Here, the photons are converted into
a stream of electrons proportional to the intensity of the incident light due to the
photoelectric e�ect. The electrons are accelerated along the evacuated tube and pass
between a pair of sweep electrodes, where a time-varying voltage is applied to the
electrodes, resulting in a high-speed sweep (see Fig. 2.3(b)). As a results, the early
part of the pulse is de�ected less than the later part of the pulse, so that di�erent
parts of the pulse strike the micro channel plate (MCP) at di�erent positions. As the
electrons pass the MCP, they are ampli�ed several thousands of times and are then
bombarded against the �uorescent phosphorous screen, where they are converted
back into light. Then, the image of the screen is acquired with a CCD-camera. In
this way, the initial temporal distribution of PL photons is converted to a spatially
resolved signal. The brightness of the PL image is proportional to the intensity of
the corresponding incident light pulses and the position in the horizontal direction
on the phosphor screen corresponds to the wavelength of the incident light. Thus,
we obtain a typical 3D image, where on the x -axis we have the photon wavelength,
the time dependence is given along the y-axis and the PL intensity is represented by
the color plot. Typical results of such measurements is sketched in Fig. 2.3(c) for a
monolayer WSe2 at low temperature. The time-evolution for a particular wavelength
or spectrum at a particular delay can be obtained by taking a vertical/horizontal
cross-section on the interested region (see Fig. 2.3(c) the white-dashed rectangles).
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Figure 2.3: (a) and (b) Operating principle and timing of a streak tube. Picture
adapted from Hamamatsu Guide to streak cameras. Typical µPL time-resolved
image obtained by streak camera of WSe2 monolayer at T = 4K is shown in (c).
Vertical cross-section shows the rise- and decay-time of the neutral exciton (red
dashed line on the right hand-side). Horizontal cross-section shows the µPL spec-
trum at a certain delay.

2.2 Spectroscopy in high magnetic �eld

We now describe the experimental technique used in high magnetic �eld. Steady-
state µPLmeasurements were performed in High Field Magnetic Laboratory (HFML)-
Nijmegen (Netherlands). The transmission measurements were carried out in pulse
magnetic �elds located at LNCMI-Toulouse (France).

2.2.1 Pulsed magnetic �eld generation

LNCMI is one of the world leading laboratories which currently produces nonde-
structive pulsed magnetic �eld up to 90 T. It has an extensive in-house research
activity and serves also as a user facility o�ering access to high magnetic �eld in-
stallations for external scientists.

The operating principle of the pulse magnetic �eld generation is based on a
discharge of a 14 MJ capacitor bank (Fig. 2.4(a)), and/or of a mobile 6 MJ capacitor
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Figure 2.4: (a) 14 MJ capacitor bank at LNCMI-Toulouse; (b) standard resistive
coil in a nitrogen cryostat; (c) shows rectangular cross-section copper wires in a coil
together with vertical channels (d) for liquid nitrogen circulation.

bank in the case of a dual-coil system, in a home-made resistive coil. A typical coil in
a nitrogen cryostat is illustrated in Fig. 2.4(b). The material used for coil fabrication
has to combine three important properties: (1) high mechanical resistance; (2) high
speci�c heat; and, (3) low electrical resistance. For this purpose, a rectangular
cross-section copper composites reinforced at each layer by Zylon �bers is used as
presented in Fig. 2.4(c). In order to avoid a magnet explosion, these properties are
optimized by completely immersing the whole magnet in a liquid nitrogen cryostat.
The total pulse duration depends on the peak �eld value and it is of the order of a
few 10-s to 100-s of ms. Figure 2.5 summarizes the time pro�les for all the magnets
used in LNCMI-Toulouse. It can be observed that depending on the magnet bore
and required energy, the magnet peak �eld and pulse duration are di�erent (plotted
in various colors). For instance, in a 28 mm magnet bore (violet line) the energy
required to generate 55 T is 5 MJ, whereas for a 13 mm bore for generation of 80
T, 6 MJ are required (orange line).

The time between the pulses can vary from a few minutes to several hours
depending on the length of the pulse and the peak �eld; i.e., the energy dissipation.
However, a special technique developed in LNCMI allows to reduce the cooling rate
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Figure 2.5: Magnetic �eld pro�les as a function of time obtained by di�erent resistive
coils. The energy in MJ used for both inner and outer magnets.

by a factor of ×3 using vertical channels inside the coil as shown in Fig. 2.4(d).
All the magneto-transmission measurements presented in this work were per-

formed using 70 T and 90 T magnets, respectively. The 70 T magnet is a single coil
based system with an inner bore diameter of 6 mm and pulse duration of 150 ms.
The 90 T magnet is a prototype copper/niobium composite dual-coil system, where
an outer magnet is energized with a 14 MJ capacitor bank. The inner magnet is
energized with the 1.15 MJ mobile capacitor bank or by 3 MJ module of the new
6 MJ capacitor bank. As a result, as it is shown in Fig. 2.5 (red curve), the total
magnetic �eld has a di�erent shape compared to single coil systems: a long back-
ground 34 T pulse generated by the outer coil and a short 62 T pulse that, together
allow to reach a maximum magnetic �eld of 90.8 T with pulse duration of 9.5ms.
The inner bore diameter at LN2 temperature (77K) is 7 mm, while at 4K is 4 mm.

2.2.2 Optical transmission in pulsed magnetic �eld

Optical transmission measurements in pulsed magnetic �elds on bulk samples pre-
sented in this work were carried out in LNCMI. Magneto-transmission experiments
which are performed in pulsed �eld require a special designed optical setup due to
very limited space inside the magnet coil and the pulsed magnetic �eld environment.
Insulating materials were used to avoid heating e�ects due to eddy currents during
the pulse. In Figure 2.6(a) is presented the picture of the magneto-transmission
probe used in these experiments. A multimode optical �ber was used to transmit
the incident white light provided by a broad-band tungsten-halogen lamp to a sam-
ple placed in a cryostat. The technical drawing of the probe main optical elements
of the system is sketched in Fig. 2.6(c). Two gold mirrors oriented in a U shape are
used to re�ect the incident white light through the sample into the collecting optical
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�ber. In order to collimate the beam in the region of the sample, two lenses L1 and
L2 were mounted. A quarter-wave plate followed by a linear polarizer were placed
after the sample, as shown in Fig. 2.6(c). Thus, only one circular polarization of the
transmitted light was allowed to pass through the optical �ber. The transmitted
light was analyzed by a spectrometer equipped with a CCD camera placed on a
mobile optical table. To detect the opposite circular polarization, the magnetic �eld
direction was inverted. All the transmission measurements presented in this work
were performed in a Faraday con�guration (where propagation vector of light ~k is
parallel to the magnetic �eld ~B). The magnetic �eld was measured by a pick-up coil
mounted close to the sample. The temperature was control by a cernox connected
to the head of the probe as is shown as a zoom in Fig. 2.6(b).

Figure 2.6: (a) Picture of the magneto-transmission probe. Zoom: Part of the probe
fabricated from ceramics (b). Technical drawing of the part of probe with optical
components (c).

Additionally, we developed a synchronization system to acquire transmission
spectra in a very short pulse �elds with a precision better than 0.1ms. Figure
2.7 shows the synchronization algorithm used in our magneto-transmission mea-
surements. Because of a very short time scale peak of the magnetic �eld at 90 T
(aproximately 9.5ms), it was crucial to be well synchronized with the maximum of
magnetic �eld. To achieve better synchronization, the CCD detector was used to
provide a master trigger. A typical sequence of the events was as follows: (1) �rst,
a pre-trigger signal was send to the detector; (2) subsequently, the CCD sends a
series of pulses for multiple acquisitions to a waveform generator and oscilloscope
(Hyoki); The waveform generator converts the pulses series into a TTL rise signal,
that later is sent to a delay unit. The delay unit is con�gured to retard the trigger
such that the acquisition of the spectrum occurs at the maximum of the �eld (see
inset Fig. 2.8); (3) the shutter sequence of the CCD is recorded by the oscilloscope
(on channel 1); (4) after a user de�ne delay, a trigger signal is sent to the capacitor
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Figure 2.7: Schematic representation of the synchronization sequence in magneto-
transmission measurements.

bank; (5) the pulse is detected via a large voltage spike in the pick-up coil placed
close to the sample (recorded on channel 2); Later, this signal is integrated in order
to calculate the magnetic �eld as a function of time. Using the recorded sequence on
Hyoki oscilloscope and CCD acquisition spectra, every spectra is associated to its
corresponding magnetic �eld value. Usually it was possible to acquire with a single
shot a few tens of spectra and therefore, to complete the magnetic �eld dependence.
An example of this is shown in Fig. 2.8 for a series of 40, 2ms acquisitions using a
Si CCD. Thus, in a dual-coil system, a complete experiment would consist of a few
pulses with di�erent peak �elds to have good coverage of the whole magnetic �eld
range from 0 to 90T.

Typical transmission spectra of bulk WSe2 measured at T = 77K are presented
in Fig. 2.9 and shows a good signal to noise ratio. The magnetic �eld induced
exciton energy shift can be reliably extracted by �tting a Gaussian to the data.
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Figure 2.8: Magnetic �eld (black line) and pick-up voltage (orange line) as a func-
tion of time during a 90 T pulse. Green rectangular pulses represent the CCD
acquisition time. The inset shows the synchronization of the CCD acquisition with
the maximum magnetic �eld.

Figure 2.9: Typical magneto-transmission spectra of WSe2 bulk crystal measured
at T = 77K.
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2.2.3 µPL under dc magnetic �eld

HMFL is a state of the art dc magnetic �eld facility with many visitors making their
own speci�c experiments using the 20MW installation that can reach at the moment
37.5 T continuous magnetic �eld. µPL measurements in dc high magnetic �elds (up
to 31T) on TX2 monolayer samples were carried out as a visitor in HFML. For our
experiments, the 28 mm diameter probe �tted into a 32 mm, 33 T Florida-Bitter
magnet, was entirely free beam, which allowed for full imaging of PL emission on
a CCD detector. The probe consisted of a carbon tube, which has the advantage
that it is strong, rigid, black (non-re�ecting to reduce scattering light) and non-
magnetic (Fig. 2.10). At the end of the tube, a special 40× microscope objective
from Attocube (laser spot diameter 1µm) was mounted for µPL measurements on
micrometer size samples. Because of the free-beam design it was possible to inde-
pendently control the excitation and detection light, which allows for detecting PL
emission as a function of the position relative to the laser excitation spot (imaging).

Figure 2.10: Optical insert for µPL imaging in HMFL-Nijmgen.

For the µPL measurements, the Si substrate on which the �akes are deposited
were placed on x -y-z piezo stages (from Attocube Company). This allowed the
recording of PL emission from the sample in x -y plane and regulating the distance
from the objective (focus) in z direction as it is shown in Fig. 2.10 (red-rectangle).
Both the excitation and collected light were transmitted through a non polarizing
cube beam splitter (50:50) placed on the optical axis of the objective. However,
due to the increased optical path lengths of aproximately 20 m, it was di�cult to
localize in situ an individual �ake which is a few microns by a few microns size.
We performed high magnetic �elds measurements using circular excitation light,
circular detection and their combination to investigate TX2 monolayer �akes.

Typical polarization-resolved magneto-PL spectra of mechanically exfoliatedWSe2
monolayer measured at T = 4K are presented in Fig. 2.11. The direction of the mag-
netic �eld was the same for all measurements. However, the polarization control of
excitation and detection was done using a liquid crystal retarder calibrated at half
and quarter wavelength retardance at neutral exciton (X) and trion (X−) located
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Figure 2.11: Typical low temperature µPL spectra of WSe2 monolayer excited with
σ+ polarization in 30 T. The PL emission in detection was analyzed by σ+ (black
line) and σ− (orange line) circular polarization, respectively. The spectra are shifted
vertically for clarity.

outside the cryostat. Magnetic �eld up to 30 T was applied in a Faraday con�gu-
ration. At 30 T magnetic �eld, we observe signi�cant change in the PL spectrum
recorded in co-polarized (σ+) and counter-polarized (σ−) con�gurations.
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This chapter describes the samples used during this thesis and their charac-

terization. The growth of the single crystals of TX2 followed by the description

of the mechanical exfoliation method used to obtain atomically thin crystals are

presented in section 3.1. Section 3.2 contains a detailed characterization of the

samples by the various experimental techniques used throughout this work, such

as optical microscopy, atomic force microscopy (AFM), micro-Raman and micro-

photoluminescence spectroscopy.

3.1 Technological preparation

Several samples of the atomically thin layered transition metal dichalcogenides 2H-
WS2 and 2H-WSe2 have been investigated in this work. The bulk crystals were
grown by the vapor transport method using Br2 or Cl2 molecules as a transport
agent. Atomically thin layers were subsequently obtained by micromechanical exfo-
liation.

3.1.1 Single crystal growth

Based on the phase transformation process, single crystal growth techniques are clas-
si�ed as solid growth, vapour growth, melt growth and solution growth [Pamplin 1979].
Among them, the chemical vapor transport (CVT) technique is widely used for the
transition metal dichalcogenides semiconductor class of materials. A general feature
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of this method is that a transport agent (volatile substance), in most cases halogen
molecules, is added to the nonvolatile starting mixture needed to transform the lat-
ter into a suitable molecular species which can di�use elsewhere to be deposited in
the form of crystals. The deposition and crystallization take place if di�erent exter-
nal conditions for the chemical equilibrium are created. Typically, a temperature
gradient (T 2>T 1) is used (see Fig. 3.1). The region with the higher temperature
(T 2) is called the charge zone, whereas the lower temperature ampoule region (T 1)
- the growth zone.

Figure 3.1: Scheme of CVT experiments for crystallization of solids in a temperature
gradient. The left hand-side of the ampoule corresponds to the charge zone, while
the right hand-side corresponds to growth zone. The red line depicts the temperature
gradient with T 2>T 1. After Schmidt et al. [Schmidt 2013].

Our synthetic tungsten disul�de (WS2) and diselenide (WSe2) single crystals
were grown by CVT at the Institute of Applied Physics (IAP) from Moldova, using
the experimental set up depicted in Fig. 3.2. As a starting materials, W and S/Se
were used. The chemical elements were allowed to react in an evacuated sealed
quartz ampoule of 8 mm inner diameter and 120 mm length in order to exclude the
increase of the amount of material transported per unit time throughout the growth.
The tubes were slowly heated up to the synthesis temperature of 1000◦C for two
days and maintained under these conditions for two days more. Halogen molecules
were used as a transport agent in the concentration of 5 mg/cm3. Subsequently, the
ampoules with the polycrystalline material were placed in the two-zone tube furnace
provided with the appropriate temperature pro�le. Depending on the TX2 system,
the crystallization chamber temperature at the charge zone and growth zone was
set at values according to references [Wildervanck 1970, Lieth 1977]. The ampoules
were hold inside the furnaces for a period of up to 6 days, after which they were
slowly cooled to room temperature.

The temperature inside the tube furnace was precisely controlled in order to
prevent oscillations of the temperature. For this purposes, two manually furnaces
(manufactured in-house) with a +/- 0.1◦C control precision of the temperature were
used. The main parts of the two-zone tube furnace, as shown in Fig. 3.2, are:

- two thermocouples - one for each of two temperature zones, usually of type B
(platinum -platinum/rhodium), which are in direct contact with the furnace tube
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measuring the inside temperature;
- proportional-integral-derivative (PID) - automatic digital controller which col-

lects the temperature information from the two temperature zone thermocouples
and, using a PID algorithm, adjusts the output power in order to achieve the input
temperature set point.

Figure 3.2: Experimental set up for chemical vapor transport in a conventional
two-zone furnace.

Due to the weak interacting van der Waals forces existing between the mono-
layers of the single crystals, the samples were easily cleaved to obtain smooth and
clean surfaces. In this way, no chemical etching or mechanical polishing was re-
quired. The thickness of each crystal was of the order of a few tens of micrometers
with diameters varying from 1 to 3 mm. The obtained chlorine-transported crystals
were very thin compared to the bromine-transported crystals. The WS2 and WSe2
single crystals had respectively bright blueish and greenish re�ective metal look to
them.

3.1.2 Mechanical exfoliation

Atomically thin crystals were fabricated from bulk TX2 crystals using micromechan-
ical cleavage method [Novoselov 2005]. This simple and inexpensive process allows
to produce atomically thin layers TX2 with high quality and with sizes up to several
µm. An additional advantage of the exfoliation technique is that the �akes can be
easily transferred onto di�erent substrates.

As previously employed for other layered crystals [Novoselov 2005, Wang 2012,
Alem 2009, Mak 2010, Li 2013, Ruppert 2014], the surface of the scotch containing
bulk crystals was pressed against another clean scotch part and rapidly peeled o�
to re-cleave the crystals. This procedure was repeated several times until only
faint atomically thin �akes were observed on the surface of the scotch by optical
microscopy. As a �nal step, the thin crystals were transferred to an oxidized silicon
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wafer (300 nm thick oxide) by slightly pressing the scotch against the wafer surface
and subsequently peeling it o� slowly. The 300 nm width of SiO2 layer allows a
direct observation of the semiconductor �akes using an optical microscope. The
WSe2 atomically thin samples studied in this work were obtained in the clean room
at Laboratory for Analysis and Architecture of Systems (LAAS-Toulouse) with the
help of Dr. G. Deligeorgis and the WS2 samples at LNCMI-Toulouse with the help
of Dr. W. Esco�er.

3.2 Samples characterization

To facilitate the localization and identi�cation of the �akes, alphanumeric marks
on the substrates fabricated by optical lithography were used. Inspection of the
samples under an optical microscope permits a rapid identi�cation of the �akes and
their size. In our case, the obtained �akes with thicknesses below 40 nm were several
microns large. Selected TX2 �akes were further analyzed by AFM and µ-Raman
spectroscopy.

3.2.1 Optical microscopy

Typical images of the TX2 exfoliated samples are presented in Fig. 3.3(a) and (b).
We used a Nikon Eclipse LV100 optical microscope under normal incidence with
di�erent magni�cation objectives and with a digital camera attached to the mi-
croscope trinocular. An in situ identi�cation of the �akes was possible due to the
lithographic orientation marks fabricated on the substrate.

The silicon substrate appears brown and de�nes the background, the WS2 layers
appear from yellow, light blue and �nally dark blue as the number of number of
layers decreases. A monolayer has a characteristic dark blue color in the optical
microscope image. Therefore, it was possible to obtain a fairly reliable indication of
the thickness of the �akes from the colour. The colour changes due to an interference
e�ect owing to the presence of the thin silicon oxide layer which makes their color
thickness dependent under white light illumination (this e�ect is usually referred as
interference color) which can be better seen in Fig. 3.3(b). For an exact identi�cation
of the number of layers the actual height of the TX2 �akes has to be measured, for
instance by means of an atomic force microscope.

3.2.2 Atomic force microscopy

The TX2 �akes selected by optical microscopy were further characterized by AFM.
A Nano-R AFM (Paci�c Nanotechnology) was operated in contact mode under
ambient conditions. In order to avoid artifacts in the determination of the �ake
thickness, we selected contact mode instead of dynamic modes of operation. The
piezoelectric actuators of the AFM have been calibrated by means of a recently
developed calibration method to provide a determination of the �ake thickness as
accurately as possible. Typical AFM color coded image taken on WS2 �ake is
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Figure 3.3: Optical microscope image of WS2 �akes on Si/SiO2 substrate taken with
low magni�cation (a). Zoom: WS2 �ake with di�erent number of layers regions (b).
The alpha-numeric marks in gold color are used to localize the �ake.

depicted in Fig. 3.4(a). Di�erent colors correspond to the particular height of the
�ake. In order to determine the thickness of the �ake the AFM height pro�le,
measured moving along the blue line indicated on the AFM color image was analyzed
(see Fig. 3.4(b)).

Figure 3.4: (a) AFM color coded image of the WS2 �ake and (b) AFM hight pro�le
measured moving along the green line.
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The 0.6 nm step in the AFM height pro�le observed in Fig. 3.4(b) corresponds
to a monolayer WS2 [Schutte 1987]. The spacing between the monolayer and the
substrate determined by AFM (not shown) varies signi�cantly in di�erent measure-
ments and presumably re�ects changes in the tip-surface interaction between the
substrate and the sample and possibly the presence of adsorbates under the sam-
ple. The measured interlayer separation lies in the range of 0.6-0.65 nm, which is
consistent, within experimental uncertainty, with the bulk layer spacing of 6.982 ±
0.002 Å reported in the literature [Schutte 1987].

3.2.3 µ-Raman spectroscopy

Raman spectroscopy can be considered as an alternative, complementary, reliable
and non-destructive technique to identify the number of TX2 layers. Indeed, Raman
spectroscopy has been successfully employed to characterize the thickness of several
atomically thin materials such as graphene [Graf 2007, Ferrari 2006] and other 2D
materials [Mak 2010, Korn 2011]. In this work, µRaman spectroscopy was used as a
in situ tool in order to verify the monolayer character of the sample. The µ-Raman
spectroscopy measurements for our samples were performed using an optical cryostat
and microscope objective.

Figure 3.5: Raman spectra measured at T = 300K on monolayer (orange line) and
bulk WS2 (black dashed line). The inset shows the strain induced shift of Raman
spectra taken at two di�erent positions on the single-layer area of WS2 �ake.

Representative Raman spectra, obtained for WS2 �ake, are shown in Fig. 3.5.
Raman measurements performed on the monolayer region of �ake (orange line) and
measured on a bulk crystal (black dashed line) are shown for comparison. In the
spectrum for the bulk crystal we observe two Raman peaks at 355 cm−1 and 421
cm−1. They corresponds to the well known active Raman modes E1

2g and A1g.
In the spectra measured for monolayer these two peaks shift towards each other
by 2 cm−1. As a result the distance between Raman peaks is 62 cm−1 in com-
parison to 66 cm−1 observed in bulk. These results are consistent with previously
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reported theoretical calculations and measurements on monolayer of tungsten disul-
�de [Albe 2002, Gutiérrez 2013, Zhao 2013].

Similar measurements were performed on WSe2 samples. Hence, independently
of the AFM measurements, the µ-Raman spectroscopy data provides an additional
con�rmation of the monolayer character of the investigated regions of our �akes.

3.2.4 µPL spectroscopy

A monolayer of TX2 group of materials is found to exhibit an enhanced PL compared
to thicker layered crystals [Splendiani 2010, Gutiérrez 2013, Zhao 2013]. Similarly,
in our samples the PL emission from a monolayer region of a �ake, previously con-
�rmed by AFM and Raman measurements, was stronger compared to the emission
from multi-layer regions. With experience, the PL spectroscopy can also be used as
a technique to identify the number of layers in TX2 �akes. In this work, the µPL
spectroscopy measurements were carried out using the optical cryostat equipped
with a microscope objective as described in section 2.1. The spatial resolution of
the µPL system is 1 µm.

Figure 3.6: Typical µPL spectra measured at T = 300K on the monolayer WSe2
(black dashed line) and WS2 (orange line).

Typical µPL spectra measured at room temperature of a WS2 and WSe2 mono-
layer are shown in Figure 3.6. Due to the strong con�nement, the monolayer PL
spectra exhibit an intense emission peak, with the maximum emission at 2.05 eV
and 1.67 eV for WS2 and WSe2, respectively. The spectral width (full width at
half-maximum, fwhm) of the A exciton emission is aproximately 50 meV in WS2
monolayer, while in WSe2 is somewhat narrower at aproximately 40 meV. The strong



38 Chapter 3. Description and characterization of the samples

PL intensity, together with the position of the energy peak, can be used as a com-
plementary and unambiguous evidence of a monolayer region in our samples. We
note that we observe a small change in the emission PL maxima with changing the
position of the laser spot on the sample. Typically this change is accompanied by
a small rigid shift of the two Raman peaks (A1g and E1

2g), but with no change in
the peak separation (ω(A1g) − ω(E1

2g)). This suggests that the di�erence in PL
maxima may be attributed to strain [see inset of Fig. 3.5]. This is consistent with
the reported in�uence of the strain on the optical properties of a monolayer of MoS2
[Conley 2013, Rice 2013].
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In this chapter, the results of micro-photoluminescence measurements performed

on monolayers dichalcogenides, in particular WS2 and WSe2, are presented. The

low temperature µPL spectra show a direct gap emission of both neutral and charged

excitons. We demonstrate that the ratio between the trion and exciton emission can

be tuned by varying the power of the laser used for excitation of the µPL. Moreover,

the intensity of the trion emission can be independently tuned using additional sub

band gap illumination. The �ndings provide an alternative method to manipulate the

carrier density and exciton charge state in monolayer dichalcogenides. Finally, the

results of the polarization and temperature dependence of µPL on WS2 and WSe2
atomically thin crystals are discussed. The content of this chapter has been partially

published in Physical Review B 88, 245403 (2013).

4.1 Introduction

Monolayer transition metal dichalcogenides with a direct bandgap o�er unprece-
dented opportunities to explore semiconductor optics in the 2D limit. The elemen-
tary quasiparticle that plays a key role in optoelectronic phenomena is the exciton,

http://dx.doi.org/10.1103/PhysRevB.88.245403
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a bound electron and hole pair with an energy spectrum similar to that of a hy-
drogen atom. In doped semiconductors, a neutral exciton can bind an additional
electron or hole to form a charged exciton (trion), a three-body ground state. Using
gate-dependent photoluminescence, [Mak 2013, Jones 2013] have shown the evolu-
tion from positively charged, to neutral, and then negatively charged excitons as a
function of the density and nature of excess carriers in molybdenum dichalcogenide
monolayers. However, trion emission is not usually observed in exfoliated samples
unless a gate is used. In this chapter we report trion emission in ungated dichalco-
genides monolayer using the excitation power to tune the charge state of the exciton.
We carried out our investigation on both WSe2 and WS2 monolayers, and we �nd
that in WSe2 the trion emission generally is more pronounced. Very recently, a
solution-based chemical doping technique has been used to tune the carrier density
in monolayer tungsten dichalcogenides [Mouri 2013, Peimyoo 2014]. At the time
of writing this manuscript a similar trion emission has been reported in ungated

monolayer WSe2 by several groups [Srivastava 2015, Wang 2014, Shang 2015].
Here, we show that in a monolayer of WS2 and WSe2 obtained by the exfoliation

of n-type bulk crystals, both charged and neutral exciton recombination in the PL
emission spectra are observed. The excitation power, temperature and polarization
analysis of WS2 and WSe2 monolayers emission is used to investigate the character
of PL peaks. Moreover, by simply changing the intensity of the laser excitation, we
can tune the ratio between the trion and exciton emission which demonstrates our
ability to tune the density of 2D carriers with light. In addition, using additional
sub band gap laser excitation, the trion emission intensity can be independently
tuned.

4.2 µPL properties of monolayer WS2

Typical µPL spectra measured on a monolayer region of WS2 andWSe2 �akes at T =

4 K are presented in Fig. 4.1. The PL spectra are very similar to the emission previ-
ously reported for this system [Jones 2013, Srivastava 2015]. In both materials, we
observe several PL emission lines. The strong PL emission peaks (X) at around 2 eV
in Fig. 4.1(a), and at 1.7 eV in Fig. 4.1(b), correspond well to the predicted recombi-
nation of the neutral A exciton across the direct gap of monolayer WS2 and WSe2,
respectively [Klein 2001, Zhao 2013]1. The emission energy can slightly change
from �ake to �ake due to the strain, as shown in Refs. [Conley 2013, Rice 2013].
The second emission line (marked as X−) on the low energy side of the neutral
exciton emission corresponds well to a charge exciton (trion), as has been reported
in Refs. [Mak 2013, Ross 2013, Mouri 2013, Peimyoo 2014]. Considering the com-
monly observed residual n-type doping in our samples, the trion charge is most likely
to be negative, as assumed for the discussion below. It is important to note, that
the clear separation by ' 20 meV of the charged and neutral exciton, as well as the

1Hereafter, the notation "X" we use to refer to the neutral exciton A and "X−" to the charged

exciton.
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small full width at half maximum (FWHM) of approximately 15 meV, is a clear ad-
vantage compared to the MoS2 monolayers for the independent investigation of the
excitonic states [Mak 2013]. The emission peaks (L) observed below the charged
exciton emission in WSe2 spectra, disappear with increasing the temperature, and
are ascribed to localized exciton complexes [Jones 2013, Wang 2014].

Figure 4.1: (a) and (b) Typical µPL spectra measured at low temperature (T = 4K)
of WSe2 and WS2 monolayer, respectively.

4.2.1 Optical manipulation of exciton charge state

In Fig. 4.2 (a) and (b) are shown typical low temperature µPL spectra measured on
two di�erent �akes as a function of the excitation power. In both cases, at low exci-
tation powers, we observe a neutral exciton (X) emission. However, as the excitation
power increases the second emission line (corresponding to X−) on the low energy
side of the neutral exciton emission at around 1980 meV becomes much stronger.
The PL spectra presented in Fig. 4.2 has been �tted using two gaussian functions
to extract the integrated intensity and position of the two excitonic resonances. An
example of a �tting procedure for �ake 2 and excitation power 0.1 mW is shown in
Fig. 4.2(c). The results of such an analysis performed on �ake 1 and 2 are presented
in Figs. 4.3 and 4.4.

Figure 4.3(a) shows the power dependence of the emission energy of the trion
(EX−) and the exciton (EX) for both �akes. The symbols indicate the emission
energy for the recombination of a neutral and charged excitons. With increasing
excitation power the neutral and charged exciton emission red shifts with a larger
decrease observed for the trion. We have calculated the di�erence ∆E = EX −EX−

which corresponds to the dissociation energy of the trion. The evolution of the
dissociation energy ∆E as a function of excitation power is presented in Fig. 4.3(b).
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Figure 4.2: (a) and (b) Typical µPL spectra measured with 532 nm excitation power
at 4K for WS2 monolayer. Spectra are o�set vertically for clarity. (c) Example of
Gaussian �tting of the two excitonic resonances.

The symbols corresponds to the dissociation energy of the X− measured on �akes 1
and 2. The data is well �tted by a linear dependence (solid line in Fig. 4.3(b)).

Figure 4.3: (a) The emission energy of the charged and the neutral exciton and
dissociation energy (b) as a function of excitation power for WS2 monolayer. Data
is shown for �ake 1 (closed symbols) and �ake 2 (open symbols). The lines show
the results of a linear �t.
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The fact that the trion dissociation energy grows linearly with the excitation
power suggesting that the density of the carriers also grows linearly with the laser
power; the di�erence in the energy can be expresses as sum of the binding energy
of the trion and Fermi energy (EX− + EF ) [Huard 2000]. Here the binding en-
ergy of the trion is de�ned as the dissociation energy in the limit of in�nitively
small doping (EF = 0) where EX− is the energy needed to promote one elec-
tron from the trion to the bottom of the conduction band. The Fermi energy
increases with increasing power of illumination (photon �ux). The trion disso-
ciation energy (Fermi energy) increases more rapidly with laser power in �ake 2
due to a larger density of free carriers in this sample. As the excitation power
increases, the trion dissociation energy increases and we can tune it over approx-
imately 4 meV for both �akes. Similar behavior was also observed in II-VI QWs
where the interplay between exciton and charged exciton was also achieved using
external illumination of the sample [Kossacki 1999, Kossacki 2004]. The enhanced
trion binding energy in dichalcogenides, compared to standard semiconductors, is a
consequence of the true 2D nature of dichalcogenides, the greatly enhanced Coulomb
interactions arising from reduced dielectric screening, and the larger e�ective mass
[Ramasubramaniam 2012, Chernikov 2014].

Figure 4.4: (a) Integrated intensity of the charged and the neutral exciton and their
ratio (b) as a function of excitation power for WS2 monolayer. Data is shown for
�ake 1 (closed symbols) and �ake 2 (open symbols). The lines show the results of a
linear �t.

The integrated intensity of the emission of the charged and neutral exciton as a
function of excitation power, is presented in Fig. 4.4(a). For both excitonic lines the
emission intensity increases with increasing power. However, the increase is not the
same for the neutral and the charged exciton. To illustrate this the exciton/trion
intensity ratio is plotted as a function of laser power in Fig. 4.4(b) for �akes 1 and 2.
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For both �akes the ratio of the integrated intensities decreases with the excitation
power by a factor of more than 2. This is due to probability of the formation of
a trion with increasing excitation power. A detailed description of the physical
mechanism will be given below. However, as the above gap green laser illumination
also creates electron hole pairs, the intensity of the neutral exciton emission also
increases with laser power. The decrease of the intensity ratio is much faster for
the second �ake as can also seen directly in the spectra in Fig 4.2 (b), where the
trion line is rapidly becoming stronger with increasing excitation power. Note, that
for both �akes we remain in the linear regime for the trion emission (the exciton
emission shows some signs of saturation).

Figure 4.5: The trion dissociation energy (EX − EX−) as a function of the exciton
emission energy (EX) for three di�erent �akes of WS2. For a given �ake the exciton
emission energy was tuned by varying the Fermi energy via the excitation power
used. The arrows show the direction of increasing power from close to zero to the
maximum indicated.

In Fig. 4.5 we plot the trion dissociation energy ∆E as a function of the exciton
emission energy (EX) for three di�erent �akes. For a given �ake the trion dissoci-
ation energy could be tuned over small range by varying the power of the 532nm
excitation. As previously discussed, with increasing power the trion dissociation
energy increases due to the increase in the carrier density (Fermi energy). For all
�akes we can tune the trion dissociation energy over a range of ' 4 meV which
translates into the photocreation of 1.4 × 1012 cm−2 carriers. The increase in the
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trion dissociation energy is accompanied by a small decrease (1−2 meV) of the exci-
ton emission energy which we attribute to an increase in the exciton binding energy
due to the reduced screening by trions which are in a spin singlet state and therefore
cannot screen e�ectively due to the Pauli principle, as it was experimentally shown
in [Plochocka 2004].

It is important to note that there is a considerable increase ' 20 meV in the trion
dissociation energy when going from �ake 3 to �ake 1, which is accompanied by a
smaller increase ' 10 meV in the exciton emission energy. Within the 2D hydrogen
model the exciton binding energy is EB = 4R∗y, where R

∗
y is the e�ective Rydberg,

and the trion dissociation energy is ≈ R∗y/2 = EB/8 [Ross 2013]. From �ake to
�ake the trion dissociation energy varies in the range 20 − 40meV corresponding
to a change in exciton binding energy within the 2D hydrogen model from 160 to
320 meV. The observed increase in the exciton emission energy is much smaller
(' 10 meV) so that the increase in exciton binding energy when going from �ake
3 to �ake 1 has to be compensated by a similar (' 170 meV) increase in the band
gap of the crystal. However, such a compensation of the energy by large changes in
the band gap seems to be unphysical. It is more likely that the trion binding energy
�uctuations are due to a modi�cation of 2D hydrogen model (screening).

4.2.2 Simultaneously tuning the exciton and trion emission using

above gap excitation

Here, a simple physical mechanism which allows the tuning of the carrier density
by light in our ungated monolayer samples is proposed. Given the n-type nature
of the crystals, at low temperatures it is possible to photoionize the donors and
therefore, to tune the trion dissociation energy. The unintentional n-type doping
of our crystals was con�rmed by transport measurements performed by Dr. Anghel
in the Institute of Applied Physics, Academy of Sciences of Moldova. Figure 4.6
shows the semi-logarithmic plot of the free electron concentration (n) versus 1/T of
unintentionally doped WS2 bulk crystals. The free electron concentration increases
exponentially with increasing temperature. At room temperature, n-type resistivity
value measured is about 17 Ωcm, however, with a low electron mobility (' 40

cm−2/Vs). The solid line is the least square �tting using the relation

n(T ) = n0exp(−ED/2kT ) (4.1)

where n(T) is the free electron concentration at temperature T. We �nd ED '
260 meV with n0 = 4× 1019 cm−3.

Using Hall experimental data, it is possible to estimate the density of dopants
per layer. Therefore, taking into account the e�ective mass of the electrons in
conductance band m∗ ≈ 0.4me and the two fold valley degeneracy (spin degeneracy
is lifted by the spin-orbit coupling ' 30 meV in conduction band), one can estimate
the 2D density of states in a monolayer WS2:
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Figure 4.6: Measurements of Hall carrier density on a log scale versus inverse tem-
perature of n-type WS2 bulk crystals.

ρ2D =
2m∗

π × ~2
= 3.3× 1011(meV−1cm−2) (4.2)

The 4 × 1019 cm−3 doping in the bulk crystal obtained from Fig. 4.6 translate
to 3× 1012 cm−2 dopants per sheet, assuming that layer separation in bulk crystal
is ' 7Å. Thus, the change in the Fermi energy (EF = ns/ρ2D) of about 4 meV at
maximum power requires the creation of 1.4×1012 cm−2 carriers which is reasonable
when compared to the 2D doping.

The mechanism for tuning carrier density by light in a monolayer WS2 is pre-
sented in Fig. 4.7. Exciting the system with an energy above the band gap (green
line) generates a constant density of electron-hole pairs together with a density of
photo-ionized electrons in conduction band required for the observation of a charged
exciton (X−). In our 2D samples internal electric �elds cannot spatially separate op-
positely charged particles which makes it almost impossible to create excess charge
from photo-created electron-hole pairs. However, as already presented in Fig. 4.6,
at low temperature Hall data on the WS2 crystals shows that the carriers are frozen
out onto the donor levels (ED). Thus, above gap laser illumination, in addition to
creating electron-hole pairs, dynamically photo-ionizes the carriers trapped on the
donor levels at low temperature, creating a non equilibrium excess electron density in
the conduction band. At cryogenics temperature of 4 K and low excitation power,
the dominant emission is due to excitonic states (exciton A), whereas increasing
the excitation power the emission is dominated by both exciton and trion states.
In higher doped samples, the trion emission becomes dominant at high excitation
powers. Thus, by varying the laser power, the intensity ratio between neutral and
charged exciton can be tuned.
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Figure 4.7: Schematic diagram showing the optical excitation of at the K-point in
the monolayer WS2 with above (green line) band gap excitation. The red arrows
show the photo-ionization of the neutral donors using below band gap illumination.
Aexciton denotes the radiative recombination of the exciton A. ED is the donor level
energy placed below the minimum of the conduction band.

4.2.3 Independently tuning the trion emission using below gap ex-

citation

In order to tune independently the intensity of trion emission, as well as to verify our
hypothesis which invokes the photo-ionization of neutral donors, we have performed
µPL using two color excitation. A low power (50 µW) for the above gap green
excitation is used in order to generate a constant density of electron hole pairs
together with a small density of photo-ionized electrons. Additional below gap
excitation is provided by a laser centered at 860 nm (1441 meV). Photons with this
energy, which is well below the gap, do not generate electron-hole pairs. The donor
binding energy, attached to the direct conduction band in a monolayer is expected to
be slightly di�erent due to the di�erent e�ective mass and possibly di�erent central
cell corrections. However, the correction to the binding energy is expected to be
small so that photons at energy ' 1.4 eV should be well above the threshold for
the photo-ionization of the donors while remaining below the threshold for creating
electron-hole pairs.

Representative two color µPL spectra measured on WS2 �ake 2 are presented
in Fig 4.8(a). In the absence of below gap illumination, for the low green excitation
power, the X− line is very weak. However, when additionally illuminated using a
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Figure 4.8: (a) Typical µPL spectra of WS2 monolayer measured with and without
additional below gap illumination. All spectra are measured with a low constant
power of the green (532nm) laser (50µW). The di�erence between emission energy
of the neutral and charged exciton (b) as a function of near infrared (860nm) laser
power (below gap excitation). (c) The ratio of the integrated intensity of the charged
and the neutral exciton as a function of the red laser power. The lines show the
results of a linear �t.

laser at 860 nm, the intensity of the X− emission increases while the intensity of
the X emission does not change. A number of µPL spectra have been measured
using a low power 532 nm excitation and di�erent powers for the red below band
gap excitation. The dissociation energy (∆E) and ratio of the integrated intensity
between X and X− determined from the full data set are presented in Figs. 4.8(b)
and (c), respectively. We observe that, as for green excitation, the trion dissociation
energy ∆E increases linearly with the power of the red laser and that the intensity
ratio between neutral and charged exciton also decreases linearly. This demonstrates
that below band gap excitation can be used to vary the electron density in the
conduction band and thus to independently tune the intensity of the trion emission.
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4.3 µPL properties of monolayer WSe2

4.3.1 Optical control of excitonic emission

The above physical picture is also consistent with the power dependence µPL mea-
surements performed on exfoliated monolayer WSe2 �akes. We have measured the
low temperature µPL spectra as a function of excitation power for several �akes.
The main di�erence between the results obtained on monolayer WS2 and WSe2
�akes is that, in most of the emission data measured on WSe2, the charged exciton
emission is more pronounced compared to WS2. This is in a good agreement with
the results recently published in Refs. [Jones 2013, Wang 2014], where the WSe2
monolayer seems to be naturally more n-type doped. Hence, this is an advantage
compared to current WS2 monolayer �akes for the independent investigation of the
neutral and charged exciton.

Figure 4.9: (a) and (b) Typical µPL spectra measured with 532 nm excitation power
at 4K for WSe2 monolayer. Spectra are o�set vertically for clarity. (c) Gaussian
�tting of the two excitonic resonances.

In Fig. 4.9 (a) and (b) the µPL spectra measured for two WSe2 �akes as a
function of excitation power are shown. The results for �ake 1 WSe2 are similar
with those obtained for WS2 monolayer �akes. The emission is dominated by neutral
exciton emission while the charged exciton emission is rather weak. However, for
�ake 2 (Fig 4.9(b)), we observe two narrow strong PL emission lines which are clearly
separated by ' 25 meV. This suggests that already at low excitation power the
trion emission is rather strong. Increasing the excitation power the trion emission
line progressively gains intensity, relative to the exciton line (X) and eventually
transforms into the dominant peak.
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Figure 4.10: (a, c) The emission energy of the charged and the neutral exciton and
dissociation energy (b, d) as a function of excitation power for WSe2 monolayer
�ake 1 and 2. The lines show the results of a linear �t. ∆n is the relative change of
the photo-ionized carrier density.

We performed similar analysis of the data as for result obtained for WS2 �akes.
The PL spectra presented in Fig. 4.9 has been �tted using two gaussian functions to
extract the intensity and position of the two excitonic resonances. For instance, in
Fig. 4.9(c) is shown the �t of the PL spectrum measured on �ake 2 at an excitation
power of about 0.7 mW. The results of such an analysis performed on WSe2 �akes
1 and 2 are presented in Figs. 4.10 and 4.11. Figure 4.10(a) shows the emission
energy for charged and neutral exciton in WSe2 �ake 2 analyzed as a function of
the excitation power. The PL peak position of X− redshifts with increase of the
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Figure 4.11: (a, c) integrated intensity of the charged and the neutral exciton and
their ratio (b, d) as a function of excitation power for WSe2 monolayer. The lines
show the results of a linear �t.

excitation power, while the exciton remains almost unchanged. The typical trion
dissociation energy ∆E, determined from the energy di�erence (EX−EX−), is found
to be about 22 meV, in agreement with results obtained for electrically gated WSe2
device [Jones 2013]. The trion dissociation energy ∆E increases with the increase in
excitation power, i.e. increase electron doping, as is shown in Fig. 4.10(b). However,
in �ake 2 (Fig. 4.10(d)) the trion dissociation energy increases more rapidly which,
together with a larger tunable range (over 5 meV), suggests that in this �ake we
have a much larger concentration of free carriers.

Figure 4.11(a) and (c) shows the integrated PL intensity of neutral exciton
and trion. The analysis of integrated PL performed on monolayer �ake 1 WSe2
gives similar results to WS2 �akes (Fig. 4.4). At low excitation laser power the
PL spectra of monolayer WSe2 are dominated by the neutral exciton peak, which
strongly suggests that the excitons can recombine without forming trions because
of the decrease of the excess electrons in conduction band. However, in case of
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the �ake 2 WSe2, shown in Fig. 4.11, we can clearly observe that increasing the
excitation power, the trion emission intensity becomes dominant over the neutral
exciton intensity and therefore, the probability of creating trions becomes higher as
a result of capturing the excess electrons by initially generated electron-hole pairs.
To illustrate this, we have calculated the intensity ratio of the neutral/charge exciton
which are presented in Fig. 4.11(b) and (d). One can see that, again as in the case
of WS2, the ratio of integrated intensities decreases by a factor of more than 2.
These experimental results provide a strong evidence that by only using light we
can control the density of carriers in a monolayer WS2 and WSe2 samples.

4.3.2 Control of valley polarization by optical helicity

Linear and circular polarization analysis of the PL emission lines on monolayer
WSe2 have been performed. In Figs. 4.12(a) and 4.12(b) are shown the results of
the circularly and linearly-polarized resolved PL emission on a monolayer WSe2. As
previously discussed, the spectrum consists of A exciton emission (X), trion (X−)
emission and weak emission ascribed to localized exciton complexes (L).

A typical circularly polarized-resolved PL spectrum of a monolayer WSe2 is
presented in Fig. 4.12(a). The sample were excited by σ(+) radiation being close
to the resonance with the A exciton at 1.93 eV (640 nm). We observe that that the
σ(+) polarized photoluminescence component of all three PL peaks (orange curve) is
much stronger than the σ(−) polarized photoluminescence component (black line).
The magnitude of the e�ect is conveniently described by the degree of circular
polarization,

Pcirc =
I(σ+)− I(σ−)

I(σ+) + I(σ−)
, (4.3)

where the I(σ+) and I(σ−) denotes the integrated intensity of the right and
left circular polarization photoluminescence. The circular polarization of the PL
emission depends on the inter valley scattering rate and the radiative recombination
lifetime. In the absence of inter valley scattering the emission is expected to be
100% polarized. The measurements of inter valley scattering time on a monolayer
WSe2 will be presented and discussed in Chapter 6.

In Fig. 4.12(c) is shown the degree of circular polarization for PL spectra depicted
in Fig. 4.12(a). The neutral exciton emission (X) is about 25% σ(+) polarized, while
polarization of the trion emission (X−) is (Pcirc ' 30%). The circular polarization of
the emission depends on the inter valley scattering rate and the radiative recombi-
nation lifetime. Our results are in good agreement with previously reported results
in Refs. [Jones 2013, Wang 2014]. These results suggest that neutral and charged
valley excitons have robust optical selection rules within a large neighborhood of
the K point in the Brillouin zone and the interactions during the initial hot-carrier
relaxation are not the main mechanisms causing valley depolarization.

The degree of circular polarization observed in our measurements while excit-
ing in quasi-resonance with A-exciton is consistent with the results of [Jones 2013,
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Wang 2014] in monolayer WSe2, where Pcirc did not change in the range of excita-
tion from 1.85 eV to 1.93 eV. This observation is distinct from the previous valley
polarization reported in monolayer MoS2 [Mak 2012, Cao 2012], where the valley
polarization was generated only when the excitation energy was within the linewidth
(' 40 meV) of the exciton emission A. Our results suggest that monolayer WSe2 has
a valley polarization which is the most robust of all the dichalcogenides as expected
due to the largest spin orbit induced spin splitting in both valence and conduction
bands of any member of the dichalcogenides family.

Figure 4.12: (a) and (b) Circular and linear polarization of monolayer WSe2 PL
emission at T = 4K. Excitation laser polarization is σ(+) and H, respectively. (c)
and (d) degree of circular and linear polarization , respectively. The charge exciton
X− and neutral exciton X emission PL peaks are marked.

We turn to the investigation of the linear polarization in steady state measure-
ments. Fig. 4.12(b) shows the photoluminescence spectra measured under 1.93 eV
horizontally (H) polarized laser excitation. The data show that the H component
of X (orange curve) is much stronger than the vertically polarized (V) photolu-
minescence component (black curve), while the trion has equal photoluminescence
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intensity for either H or V detection. As in the case of circularly resolved polariza-
tion, we de�ne the degree of linear polarization as

Plin =
I(H+)− I(V−)

I(H+) + I(V−)
(4.4)

where I(H+) and I(V+) are the integrated intensity of the horizontally (H) and
vertically (V) polarized photoluminescence components. In Fig. 4.12(d) one can see
that neutral exciton is strongly polarized (Plin ' 30 %), while trion is practically
unpolarized. Linear polarization is a coherent superposition of σ(+) and σ(−) cir-
cular polarization. Thus, under linear polarized excitation electron-hole pairs will
be simultaneously excited in both K+ and K− and, respectively, transfer the opti-
cal coherence to valley coherence (superposition state). The fact that the neutral
exciton is linearly polarized as shown in Fig. 4.12(b) and (d), independently on the
incident laser polarization, is due to the preservation of the inter valley coherence
in the exciton formation [Jones 2013].

The above physical mechanism is also consistent with the absence of linear polar-
ization for the trion emission. As assumed for the discussion above, the trion charge
is most likely to be negative in our samples considering the commonly observed
residual n-type doping. Hence, in the case of negative trion, the are two possi-
ble con�gurations that in principle can emit linearly polarized photons. However,
due to Coulomb (e-e) exchange interaction a small splitting may occur (∼ 6 meV
[Yu 2014a]) which, in principle, can destroy the valley coherence of X− created by
linear polarized excitation.

4.4 Temperature dependence of the band gap

Finally, the temperature dependance of band gap TX2 atomically thin crystals have
been investigated. The observed exciton states also show characteristic behavior
consistent with 2D excitons, such as temperature-dependent line shape, peak en-
ergy and relative weight of X and trion, which further supports the excitonic nature
of this monolayer system. Temperature dependance PL results for WSe2 and WS2
monolayer are presented in Figs. 4.13(a) and 4.14(a), respectively. One can ob-
serve that as the temperature decreases, the two PL emission lines blueshift. For
monolayer WS2 the direct gap low-energy exciton A shifts from 2.00 eV at room
temperature to 2.02 eV at low temperature (T = 10K). Likewise, in monolayer
WSe2, the emission blue shifts from 1.66 eV at room temperature to 1.73 eV at
T = 4K. Moreover, as the temperature increases, we observe that the trion emission
signal drops due to the escaping of the electrons from their bound trion state which,
together with the thermal broadening of the PL spectra, leads to an inaccurate
estimation of the trion emission energy above 150 K,

The PL emission lines (L1 and L2), attributed to localized excitons, while promi-
nent at low temperatures and are no longer visible for temperatures above 110 K.
This feature is usually considered as an evidence of disorder-related e�ects, which
was previously demonstrated in GaNAs/GaAs quantum wells [Buyanova 1999].
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Figure 4.13: (a) Typical µPL spectra of monolayer WSe2 measured for di�erent
temperatures. (b) Emission energy of the neutral and charged exciton as a function
of temperature. X and X− denote the emission from neutral and charged exciton.
L1 and L2 are assigned to the localized states. Solid lines correspond to a �t using
equation 4.5. Spectra are o�set vertically for clarity.

In order to determine the emission energy, the PL spectra have been �tted using
Gaussian functions. In Figs 4.13(b) and 4.14(b) are shown the exciton and trion
emission energies as a function of temperature in monolayer WSe2 and WS2, respec-
tively. The temperature dependence of the PL emission energy can be accurately
reproduced using a simple model for the temperature dependence of the band gap
in semiconductors proposed by [O'Donnell 1991]:

E(T ) = E0 − S〈~ω〉
[
coth

(
〈~ω〉
2kBT

)
− 1

]
(4.5)

where E0 is the emission energy at zero temperature, S is a dimensionless coupling
constant linked to electron-phonon coupling and 〈~ω〉 is the average phonon energy.
The best �t to the neutral exciton is obtained with E0 = 2.017 eV, S = 0.56 and
〈~ω〉 ' 10.4 meV for WS2 and E0 = 1.712 eV, S = 0.75 and 〈~ω〉 ' 6.1 meV for
WSe2. The smaller value of 〈~ω〉 obtained for WSe2 monolayers can be explained



56 Chapter 4. Optical properties of monolayer WS2 and WSe2

Figure 4.14: (a) Typical µPL spectra measured for di�erent temperatures on mono-
layer WS2. (b) Emission energy of the neutral and charged exciton as a function of
temperature. Solid lines correspond to a �t using equation 4.5.

by the fact that Se atoms are heavier than S atoms and thus, the phonon energy
decreases in diselenide compounds. The charged exciton is well �tted using the same
parameters except for the zero temperature emission energy E0 = 1.973 for WS2
and E0 = 1.668 for WSe2.

4.5 Conclusion

In this chapter using µPL measurements the emission from charged and neutral
exciton in an ungated monolayer of WS2 and WSe2 has been observed. The trion
emission is closely linked to the n-type nature of our crystals. Using two color µPL
with above and below band gap illumination it is possible to independently tune
the trion/exciton intensity ratio. The below band gap excitations tunes the excess
electron density in the conduction band via the dynamic photo-ionization of neutral
donors. Since the photo-ionization threshold will be similar to the donor binding
energy ' 260meV this provides a possible method for the optical detection of far
infrared radiation.
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In this chapter, the results of resonant µ-Raman measurements performed on

monolayer tungsten disulphide (WS2) are presented. We start with a brief introduc-

tion to the Raman scattering processes followed by a description of the main phonon

modes in bulk and monolayer WS2 crystals. Next, we present the experimental re-

sults of resonant Raman scattering on monolayer WS2. The main �nding is the

observation of a second-order Raman mode (2LA), only 4cm−1 below the �rst-order

Raman mode E1
2g. We show that the presence of the 2LA mode can pose signi�cant

problem when using Raman to assign the number of layers. We have investigated

the properties of this second order Raman mode as a function of excitation power,

temperature and linear polarization. Some of the results presented in this chapter

have been published in Physical Review B 89, 245442 (2014).

5.1 Introduction

Several experimental techniques have been employed to study electronic proper-
ties of layered materials. Among them, Raman spectroscopy has been extensively

http://dx.doi.org/10.1103/PhysRevB.89.245442
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used and, it has been shown to be a very powerful technique to determine the
number of layers in graphene [Ferrari 2006, Gupta 2006] or in dichalcogenides
[Gutiérrez 2013, Li 2012b, Lee 2010, Li 2013, Wang 2012]. This is because the vi-
brational spectra are sensitive to the crystal thickness. In particular, in dichalco-
genides, the distance between two main �rst-order Raman peaks strongly depends
on the number of layers [Lee 2010, Li 2012b, Wang 2012, Gutiérrez 2013, Li 2013].
Additionally, the excitonic transitions observed in the visible spectral range (A, B
or C), coincide well with the laser lines commonly used in Raman spectroscopy.
As a consequence, it is relatively easy to observe resonant Raman spectra in these
materials.

Resonant Raman spectra are composed of both �rst and second order Raman
excitations, as has been demonstrated for bulk MoS2 [Chen 1974, Frey 1999] or WS2
[Sourisseau 1989, Sourisseau 1991, Sekine 1980]. Recently, second order Raman
modes have also been reported in monolayer WS2 [Berkdemir 2013, Dumcenco 2011,
Song 2013, Zeng 2013], MoS2 [Li 2012a], TaSe2 [Hajiyev 2013] andWSe2 [Luo 2013].
Such resonant vibrational spectra can provide signi�cant additional information con-
cerning the electronic properties of the material. For example, it has been suggested
that the observation of a strong second order Raman resonance involving the longi-
tudinal acoustic phonons (2LA) in monolayer WS2 is a signature of the monolayer
nature of the sample [Berkdemir 2013].

Nevertheless, resonant Raman spectra in atomically thin dichalcogenides are
relatively unexplored, and far from being fully understood. For example, in mono-
layer WSe2, an additional Raman mode, separated by only a few cm−1 from the E1

2g

mode, and whose origin remains to be elucidated, was recently reported [Luo 2013].
Moreover, the inter valley scattering process involving a second-order phonon mode
was suggested to be the main source of valley depolarization [Kioseoglou 2012]. For
these reasons, understanding the resonant Raman processes in dichalcogenides is of
great importance.

In this chapter, we present resonant Raman scattering measurements performed
on a monolayer tungsten disulphide1. We focus on the second order Raman reso-
nance involving the longitudinal acoustic phonon (2LA), which is separated by only
4cm−1 from the E1

2g mode. We show that due to their small separation, the two
modes can be undistinguishable, leading to an erroneous estimation of the separa-
tion of the E1

2g and A1g modes, which is normally accepted to be a robust indication
of the crystal thickness. Measurements involving linear polarization show that de-
pending on the angle between polarization of the excitation and detection the 2LA
mode can even dominate over the E1

2g mode or vice versa. Our results demonstrate
that great care has to be exercised when interpreting Raman spectra taken under
resonant conditions, especially if the excitation polarization is not carefully con-
trolled. The temperature-dependence Raman measurements nicely demonstrate the
overtone character of the 2LA mode.

1Only the 2H-polytype of WS2 is discussed.
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5.2 Raman scattering principle

5.2.1 Raman scattering e�ect

Light scattering techniques is a very useful tool to probe the fundamental excita-
tions in solids, such as phonons, plasmons, etc, in a non-invasive way. In a typical
experiment, an incident monochromatic light with an energy Ei impinges on a crys-
tal. As a result of the interaction with phonons or other excitations in the crystal,
the energy of the photons after scattering (Es) can be the same or, of either lower
(Stokes) or higher (anti-Stokes) energy than the incoming photon. If Ei = Es, the
scattering process is elastic and it is called Rayleigh scattering. If Ei − Es, the
scattering is inelastic and it is called Raman scattering and the energy di�erence
∆E = Ei−Es is referred to as the Raman shift. During the scattering, both energy
and momentum have to be conserved:

Ei = Es ±Eq (5.1)

ki = ks ± kq (5.2)

where ki, ks are the momenta of the incident and scattered photon on the
crystal. Here we consider only the lattice excitation (phonons), and Eq and kq are
the energy and momentum of the created and/or annihilated phonons during the
inelastic scattering process, which is schematically illustrated in Figure 5.1.

Figure 5.1: Energy-level diagram showing the states involved in Raman scattering
process. (a) The incoming photon leads to annihilation (absorption) of the phonon
and (b) the incoming photon looses part of its energy to create (emit) a new phonon.

If a system is initially in a state "0", then light scattering can excite the system
to a higher energy state "1" by absorption (annihilation) of a phonon with an energy
Eq, as depicted in Fig. 5.1(a). In a similar way, the system can initially be in a state
"1" and light scattering can serve to bring the system to a �nal state of lower energy
"0" illustrated in Fig. 5.1(b) by creation (emission) of a phonon with energy Eq. It
is worth noticing that in contrast to the photoluminescence process, in the Raman



60 Chapter 5. Resonant µ-Raman scattering in monolayer WS2

scattering process the intermediate states are "virtual" states because they do not
have to correspond to any optical excitation of the electronic levels of the system.

5.2.2 Light-matter interaction

The light scattering can be described using classical electromagnetic theory. The
polarization (P) is induced in a crystal by an incident electromagnetic radiation E.
The relation between these two quantities is

P = αE (5.3)

where E = Eicosωit is the electric �eld of the incident light and α is the polariz-
ability tensor of the crystal. In order to distinguish between the static polarization
originating from atoms resting in equilibrium position and dynamic polarization
resulting from the lattice vibrations, a Taylor expansion of polarizability is used:

α = αi +
∂α

∂uj
uj +

∂2α

∂ui∂uj
uiuj + ... ' αi + α1cosωqt. (5.4)

As a consequence, the expression for the polarization induced by an electric �eld
takes form

P = αiEicosωit+ α1Ei[cos(ωi + ωq)t+ cos(ωi − ωq)t] (5.5)

The �rst term in eq. (5.5) corresponds to elastically scattered light with the same
frequency as the frequency of the incident light and it corresponds to Rayleight scat-
tering. The second and third terms correspond to inelastically scattered light and
their frequencies are shifted to higher (anti-Stokes) and lower (Stokes) frequencies
with respect to frequency of incident light, as schematically presented in Fig. 5.2.
These two terms describe Raman scattering in the classical picture.

In inelastic scattering process the incoming photon induces a movement of the
electrons. At di�erent atomic positions within the vibrational mode displacement
of the atom, the ability of the photon to move the electrons will be di�erent. This
is measured by the polarizability P. Hence, the vibrational modes are often called
normal modes and are connected to the electronic properties of the investigated
material.

Classical theory predicts that Raman scattering should be weaker than Rayleigh
scattering. To a �rst approximation, the relative Stokes and anti-Stokes intensity is
determined by the Boltzmann distribution of the phonons. The excited vibrational
state will be only thermally populated, and Stokes intensity will be much larger than
anti-Stokes. Indeed, in Figure 5.2 are illustrated the typical Rayleigh and Raman
traces, where an incident light with frequency ωi creates Stokes and anti-Stokes
components which correspond to the creation/annihilation energy of a phonon. In
Raman experiments using visible light, the wavevector of the incident photon is
of the order of 105 cm−1, which will create a maximum phonon wavevector of the
same order of magnitude. If we compare this value with the dimensions of the �rst
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Figure 5.2: Typical Rayleigh and Raman scattering peaks in the spectrum. The
intensity of the Stokes processes is typically stronger than the anti-Stokes processes.

Brillouin zone, which typically is of the order of 108 cm−1, we can see that Raman
scattering with visible light only probes phonons with small wavevectors and thus is
limited to the zone-center phonons. The probability to create or annihilate a phonon
depends on the phonon statistics, which is given by the Bose-Einstein distribution
function. At a given temperature, the occupation number of phonons nq with energy
Eq (and wavenumber q) is given by:

nq =

[
exp

(
Eq
kT

)
− 1

]−1
(5.6)

where k is the Boltzmann constant and T the temperature of the phonon system.
The intensity for the Stokes and anti-Stokes processes is di�erent. For the Stokes
process the matrix element for adding a phonon to the crystal is 〈n + 1|Q|n〉. For
the anti-Stokes process the corresponding matrix element for the annihilation of the
phonon is 〈n− 1|Q|n〉, where |n〉 is a many-body wavefunction and Qm(ω, q) is the
phonon coordinate or, alternatively, the amplitude of the mode of frequency ω and
wave vector q [Weber W.H. 2000]. In the former case the harmonic approximation
gives

√
nq + 1, while in the later case - √nq. The intensity ratio between the Stokes

and anti-Stokes signals can be approximated by:

IStokes
IaStokes

=
|Rij |2 × |

√
nq + 1|2

|Rij |2 × |
√
nq|2

=
nq + 1

nq
= exp

(
Eq
kT

)
(5.7)

where IStokes and IaStokes are the intensity for the Stokes and anti-Stokes peaks.
Rij is the �rst-order Raman tensor. Since the anti-Stokes signals are typically weaker
than the Stokes signals, it is common to refer to the Stokes spectra when showing
Raman experimental results. All the results presented in this chapter focus on the
Stokes contribution to the Raman spectrum.
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5.3 Phonon modes in bulk and monolayer WS2 crystals

This section brie�y describes the main phonon modes in bulk and monolayer tran-
sition metal dichalcogenides crystals. After discussing the main normal modes in
bulk and monolayer crystals2, we continue with the Raman spectra measured under
non-resonant and resonant excitations.

5.3.1 Non-resonant Raman scattering spectra

The symmetry space group of 2H-polytype TX2 bulk crystals is P63/mmc (point
group D6h). Therefore, having N = 6 atoms per unit cell result in 18 (3N) normal
modes of vibration: 3 acoustic and 15 (3N − 3) optic. The Γ point phonons modes
transform according to the following irreducible representation [Verble 1970]:

Γ = 2A2u + 2E1u + 2B2g + 2E2g +A1g + E1g +B1u + E2u (5.8)

where the A and B modes involve an out of plane vibrational motion of the atoms
and are non-degenerate, whereas the doubly degenerate E representations stand for
the in plane vibrational modes.

Figure 5.3: Schematic showing the normal modes of 2H-TX2 compounds. A1g, E1g,
E1

2g and E2
2g are Raman active modes, A2

2u and E2
1u - infrared active modes. The

T symbol denotes the transition metal atoms (blue circles), while X the chalcogen
atoms (orange circles). The A1g and E1

2g modes, enclosed by blue-dashed line, are
the main modes observed typically in the Raman spectra.

The A2
2u and E2

1u modes are infrared active and the other ones, A1
2u and E1

1u,
are inactive and by type are translational acoustic modes. There are four Raman
active modes A1g, E1g and 2E2g that can be observed in typical Raman spectra of
2H-TX2 bulk crystals are schematically illustrated in Fig. 5.3. Finally, 2B2g and
B1u are the silent modes.

In back scattering con�guration3, the E1g mode, associated with an in plane
2Only the 2H polytype is considered.
3Typically used in Raman experiments.
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Figure 5.4: Typical non-resonant Raman spectrum of a 2H-polytype WS2 bulk
crystal at room temperature. After Sekine et al. [Sekine 1980].

motion of only chalcogen atoms, is forbidden. The E2
2g is a shared mode originat-

ing from the relative motion of the atoms in di�erent layers and is observed only
in the very low frequency region (< 50 cm−1). As a result, the Raman spectra
of a bulk TX2 crystals are dominated by two �rst order modes: E1

2g, which is as-
sociated with the in plane motion of the chalcogen and transition metal atoms in
opposite directions and A1g, which is associated with the out of plane motion of
the chalcogen atoms (see the modes enclosed by a rectangle with blue-dashed line
in Fig. 5.3). Fig. 5.4 shows the typical Raman spectrum (488 nm excitation wave-
length) of 2H-WS2 bulk crystal measured at room temperature [Sekine 1980]. The
Raman spectrum is dominated by two strong resonances at around 355 and 423
cm−1 which correspond to the frequency of the main Raman-active modes E1

2g and
A1g in WS2, respectively [Sekine 1980, Sourisseau 1989].

While reducing the thickness of the bulk crystal to monolayer, the symmetry is
also reduced to the D3h point group (space group P6m2). This leads to a reduction
of the total number of phonons in monolayer to 9. The irreducible representations
of modes at the Γ-point of Brillouin zone is:

Γ = 2A2u + 2E2g +A1g + E1g (5.9)

where A2u is an infrared active mode and A1g, E1g and 2E2g are the Raman ac-
tive modes. In back scattering con�guration, the E2g mode is forbidden. Thus, the
Raman spectra in a monolayer are dominated by the same Raman-active modes E1

2g

and A1g. Recently it has been shown that the frequencies of these two modes depend
very strongly on the number of layers [Lee 2010, Plechinger 2012, Staiger 2015].
Such a dependence measured by Staiger et al. [Staiger 2015] is presented in Figure
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5.5(a). It is observed that with increasing number of layers the out of plane A1g mode
upshifts, whereas the in plane E1

2g mode softens. Evolution of the frequency of the
main E1

2g and A1g modes with the number of layers, as well as the frequency separa-
tion between these two modes is illustrated in Figure 5.5(b). It is generally accepted
that in bulk WS2 crystals, the separation between these two modes is 66cm−1 and it
decreases gradually with the number of layers reaching 62cm−1 for a monolayer, as
also reported in references [Gutiérrez 2013, Berkdemir 2013, Zhao 2013]. However,
due to strain, a small rigid shift of the two Raman peaks (A1g and E1

2g) can be
observed, but with no change in the peak separation (ω(A1g)− ω(E1

2g)), as can be
observed in Fig. 5.5. Typically this change is accompanied by a small change in
the emission PL maxima with changing the position of the laser spot on the sample
[Conley 2013, Rice 2013].

Figure 5.5: (a) Raman spectra measured for di�erent numbers of layers starting from
a monolayer up to bulk (nL) WS2 crystals. (b) Evolution of the frequency of the
main E1

2g and A1g modes with the number of layers. The dashed line shows the fre-
quency separation between the E1

2g and A1g mode. After Staiger et al. [Staiger 2015]

The sti�ening of the out of plane A1g mode has been explained by the increasing
interlayer interaction and subsequent rise in restoring forces on the atoms with
the number of layers [Lee 2010]. In contrast, the E1

2g mode anomalously softens.
For the E1

2g mode, the atoms move in plane and the in�uence of the inter layer
interaction sti�ening is thus expected to be smaller. The observed softening has
been attributed to an enhanced dielectric screening provided by additional layers
[Molina-Sanchez 2011]. Thus, the opposite frequency shifts of the A1g and E1

2g allow
the separation between the two modes to be used as a �ngerprint for the number of
layers.
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5.3.2 Resonant Raman scattering spectra

In some experiments the energy of the photon corresponds to the real electronic
states. If the photon energy does not correspond to a real transition in the electronic
band structure, the electron that absorbs the energy is said to be in a intermediate
state. From there, it can couple to the lattice. However, if the photon energy
used for crystal excitation corresponds to a real electronic transition in a crystal
from an occupied initial state to an unoccupied �nal state, the Raman scattering
intensity will be enhanced. Such a process is called resonant Raman scattering.
In TX2 materials, the excitonic transitions are placed in the visible spectral range
and the observation of resonant Raman scattering is natural. For example, several
experimental results on resonant Raman scattering have been reported on bulk
WS2 crystals [Sourisseau 1989, Sourisseau 1991, Sekine 1980] and their monolayer
crystals counterparts [Berkdemir 2013, Staiger 2015]. Figure 5.6(a) presents the
typical results of the Raman for di�erent excitation wavelengths. Among the �ve
wavelengths used for excitation, only the 488 nm laser line (blue line spectrum) is
out-of-resonance. The two �rst order Raman-modes (E1

2g and A1g), are visible in all
the spectra however, their intensity depends on excitation wavelengths. For resonant
excitation, some additional modes are seen. These new modes have been assigned to
a multi-phonon combinations of the �rst order modes (enclosed by a rectangle with
blue-dashed line in Fig. 5.6(a)) [Sourisseau 1989]. Moreover, at the low energy
side of E1

2g peak, a shoulder is observed whose intensity is very sensitive on the
excitation wavelength. This peak has been assigned to a second order longitudinal
acoustic mode (2LA) and also, in combination with the �rst order modes which give
rise to new additional modes [Sourisseau 1989].

The wavelength-dependent Raman scattering process has been explained re-
cently in terms of a spatial con�nement of the wave function which has a strong
in�uence on these processes [Scheuschner 2015]. It has been suggested that if the
Raman excitation is in resonance with the A or B exciton in few-layer TX2, the
excitation is still con�ned mainly to a monolayer. As a result, the bulk crystal re-
acts rather like an independent superposition of N single layers from a selection-rule
point of view. Only when the optical excitation creates an exciton that is extended
over the entire number of layers, as in resonance with the C transition, the sym-
metry of the bulk crystal becomes dominant and determines the selection rules.
Figure 5.6(b) illustrate schematically the di�erent regimes of optical excitations.
At 1.96 eV (red arrow in 5.6(b)), the A exciton resonance is reached and the inten-
sity of 2LA mode is stronger with respect to the intensity of E1

2g. With increasing
the excitation energy, from 2.33 to 2.41 eV, the B exciton is reached (green and
violet arrows in 5.6(b)). At 2.46 eV (dark yellow arrow in 5.6(b)), the C exciton
resonance is reached, which appears to be the �rst resonance which is extended over
a number of layers. At excitation energies below 1.9 eV (black arrow) and above
2.5 eV (blue arrow), the resonance is lost and the Raman signal is weak. Overall,
these results provide an initial understanding of the large resonance range in WS2
crystals. This is important, since resonant Raman scattering can provide signi�cant
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Figure 5.6: (a) Room temperature Raman spectra of bulk WS2 crystals for �ve
di�erent incident photon energies [Fan 2014]. The Raman modes enclosed by a
rectangle with blue-dashed line are multi-phonon combinations of the �rst order
modes due to resonant excitation. (b) Schematic illustrating the optical absorption
process for i) 1.96 and 2.09 eV, ii) 2.33 and 2.41 eV, iii) 2.46 eV, iv) <1.96 eV and
v) >2.5 eV excitation energies. After Scheuschner et al. [Scheuschner 2015].

Figure 5.7: Room temperature resonant (a) and non-resonant (b) Raman spectra
of monolayer WS2 crystals [Berkdemir 2013].
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additional information concerning the electronic properties in this material.
Recently, the resonant Raman scattering in a monolayer WS2 �akes has been

reported in references [Berkdemir 2013, Staiger 2015]. As in the bulk WS2 crystals,
the resonance in monolayer still occurs over a large range of wavelengths. The res-
onant energy range seems to be una�ected by the transition from indirect to direct
gap when the crystal is thinned down to a monolayer. This suggests that the reso-
nance is dominated by the excitonic excitations at the K point of the Brillouin zone,
in both bulk and monolayer WS2. One di�erence between the resonant spectra of
the bulk and monolayer is, in fact, a stronger intensity of the overtone of the acous-
tic mode LA(M) when the excitation wavelength is in the vicinity of B exciton as
illustrated in Fig. 5.7. It has been suggested that the observation of a strong second
order Raman resonance involving the longitudinal acoustic phonons (2LA) in mono-
layer WS2 is a signature of the monolayer nature of the sample [Berkdemir 2013].
However, we will see that the amplitude of the 2LA Raman mode depends on the
polarization of the excitation, as well as on the temperature.

5.4 Experiment - Resonant Raman scattering in mono-

layer WS2

Here we present our investigation of resonant µRaman scattering in monolayer WS2.
The monolayer samples used for measurements have been described in Chapter 3.
In our resonant Raman scattering experiments, a green solid state laser, emitting
at 532 nm, which is in resonance with the direct excitonic transition B (2.4 eV) was
used. Typical room temperature resonant Raman spectrum of a monolayer WS2
is presented in Fig. 5.8. Due to resonant excitation, the Raman spectrum is very
rich, revealing second order peaks that are stronger than those observed in the bulk
material. Figure 5.8 gives also the symmetry assignments for several peaks according
to previous reports in bulk and fullerene-like WS2 nanostructures [Sourisseau 1989,
Sourisseau 1991, Staiger 2012, Berkdemir 2013]. The strong resonance around 417
cm−1 in Figure 5.8 corresponds to the �rst-order Raman modes A1g. However, the
peak around 353 cm−1 is more complicated: a peak at 351 cm−1 accompanied by a
weaker peak at 355 cm−1 corresponding to the E1

2g mode in monolayer WS2. This
additional peak has been assigned to a second order Raman resonance involving
longitudinal acoustic phonons (2LA) and has been reported for bulk crystals and
only very recently for monolayer WS2 [Berkdemir 2013, Song 2013]. The other two
Raman modes with low intensity observed at ∼ 300 and ∼ 320 cm−1 in Figure 5.8
could be assigned to some combinational modes which involve the �rst-order E1g

mode, which in bulk crystals is not allowed in the back scattering geometry.
Here, the resonant Raman spectra of monolayer 2H-WS2 have been investigated

mainly in the vicinity of the Raman-active E1
2g phonon at 355 cm−1 and A1g phonon

at 417 cm−1 (see the red-dashed-rectangle in Fig. 5.8). In the following the temper-
ature, excitation-power and polarization dependence of the resonant Raman modes
are discussed.
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Figure 5.8: Typical room-temperature Raman spectrum from a monolayer WS2
region using 532 nm laser excitation. The E1

2g, A1g and LA are are the �rst order
Raman modes. The other assignments denote the second order Raman modes. In
this chapter is investigated the resonant Raman scattering spectral range enclosed
by a rectangle red-dashed line.

5.4.1 Temperature-dependence resonant Raman scattering

In Fig 5.9(a) is presented the resonant Raman spectrum taken at 300K. The reso-
nance peak at 417 cm−1 corresponds to the A1g mode in monolayer of tungsten disul-
phide [Gutiérrez 2013, Berkdemir 2013, Zhao 2013, Zeng 2013, Song 2013]. Since
the Raman spectrum is now illustrated for a much smaller range, it is clearly seen
that the peak around 353 cm−1 has a shoulder which has been previously assigned
to the 2LA and E1

2g modes, respectively. Although, the spectrum is slightly more
complicated, the separation between A1g and E1

2g is still 62cm
−1 which proves the

single layer character of our sample. At �rst sight, our data suggests, in appar-
ent agreement with calculations and measurements presented by [Berkdemir 2013],
that the 2LA mode is stronger than E1

2g mode for monolayer material.
Independent proof of the 2LA character of the peak at 351 cm−1 is provided

by measurements at low temperature (T = 4K) presented in Fig 5.9(b). Compared
to the Raman data measured at 300K, a small blue shift of the resonance frequen-
cies is observed with decreasing temperature due to the anharmonic vibrations in
the lattice in the interatomic potential energy mediated by phonon - phonon in-
teractions [Yan 2014, Lanzillo 2013]. As the lattice expands or contracts because
of temperature changes, the equilibrium positions of the atoms and consequently
the interatomic forces change, which induces shifts in the phonon energies. Such
a behavior of Raman peak frequencies with temperature is seen in many materials
within a certain temperature range [Hart 1970, Postmus 1968]. The dominant ef-
fect of the temperature is the radical change in the intensity ratio between the E1

2g

and 2LA modes. At room temperature the 2LA mode dominates over the E1
2g while
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Figure 5.9: (a), (b) Typical µRaman spectra of a monolayer WS2 measured at room
and low temperature (T = 4K). The dashed lines indicate the position of three
Raman modes: 2LA, E1

2g and A1g.

at low temperature the situation is reversed. As the 2LA mode is an overtone it's
temperature dependence is expected to take the form

[n(ω1, T ) + 1]× [n(ω2, T ) + 1] (5.10)

where n(ω, T ) =
(
exp

( ~ω
kT

)
− 1
)−1

is the phonon occupation number for a pro-
cess in which phonons with frequencies ω1, ω2 are absorbed and created respectively
[Chen 1974]. A quick estimation using the frequency of 2LA mode shows that it's
intensity should decrease by 1.5 times between room temperature and 4K. This
estimation is in a good agreement with our data with the assumption that the in-
tensity of the E1

2g mode is rather insensitive to temperature [Sourisseau 1991]. Our
data is clearly not consistent with the assignment of the 351 cm−1 feature to a
combination process whose temperature dependence would take the form similar to
[Chen 1974]:

n(ω1, T )× [n(ω2, T ) + 1] (5.11)

In such a scenario the resonance would simply vanish at 4K. The temperature
dependence of the intensity of this resonance is therefore an independent proof of
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it's 2LA character. We note that the variation of the direct gap with temperature
could detune the resonant excitation and also in principle contribute to a decrease
of the intensity of the 2LA overtone resonance. However, the phonon occupation is
expected to dominate the temperature dependence.

5.4.2 Excitation-power dependence resonant Raman scattering

We have studied the resonant Raman scattering of 2LA, E1
2g and A1g modes as

a function of excitation power of the laser. We start with the power-dependent
measurements at low temperature (T = 4K). Four representative low-temperature
Raman spectra collected at di�erent laser powers are presented in Fig. 5.10(a).
As the laser power increases, both of the Raman-active modes frequencies remain
unchanged. This demonstrate that at low temperature the maximum power used
does not heat locally the sample. However, to avoid the damage and any local
heating to the sample and stay within a linear regime, the laser excitation power
was kept below 0.5 mW.

Figure 5.10: (a) Power dependence of µRaman spectra of a monolayer WS2 measured
at low temperature (T = 4K). Spectra are o�set vertically for clarity. The dashed
lines indicate the position of three Raman modes: 2LA, E1

2g and A1g. (b) The
integrated intensity of the Raman modes at increasing excitation laser power. The
lines show the results of a linear �t. In the inset is illustrated an example of the
Lorentzian �tting for the 2LA and E1

2g resonances at 0.462 mW excitation power.

To extract the intensity of the Raman modes a �t with a Lorentzian function
was performed, as shown in the inset of the Fig. 5.10(a). Thus, the intensity of
the �rst-order Raman-active modes, as well as of the second-order mode 2LA(M),
increase linearly with the excitation power as presented in Fig. 5.10(b). A similar
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linear intensity variation as a function of laser power was previously observed for
ClO−4 and A1g �rst order bands for WS2 bulk crystals imbedded in KClO4 in order
to avoid any local heating [Sourisseau 1991]. This allows us to de�nitively rule out
the existence of a complex multi-photon processes leading to transitions originating
from vibrationally and electronically excited states, since in these cases the intensity
dependencies will show a saturation-like behavior [Cosse 1980].

Figure 5.11: (a) Power dependence of µRaman spectra measured at room tempera-
ture (T = 300K). Spectra are o�set vertically for clarity. The dashed lines indicate
the position of three Raman modes: 2LA, E1

2g and A1g. (b) The Raman shifts of the
modes at increasing excitation laser power. The lines show the results of a linear
�t. The χp parameter denotes the slope of the �tting.

We have also investigated the excitation laser-power-dependent µRaman at room
temperature (T = 300K). A strong thermal e�ects induced by the excitation laser
power was observed in Raman spectra from substrate-supported monolayer WS2
�akes. The characteristic Raman spectra taken for di�erent excitation powers of
the monolayer WS2 at 300 K is shown in Fig. 5.11(a). Again, the Raman spectrum
has been �tted using Lorentzian functions to extract the the intensity and position of
the Raman modes. As already shown in previous subsection, at room temperature
the intensity of second-order Raman mode 2LA is stronger with respect to �rst-
order Raman mode E1

2g. However, with increasing the excitation power a red-shift
for both �rst-order Raman active modes is observed, as shown in Fig. 5.11(b) and
(c). Similar behavior in the Raman frequency modes has been previously observed
in a substrate-supported monolayer MoS2 �akes [Najmaei 2012, Yan 2014]. This
can be explained by local heating on the samples due to a higher temperature of the
lattice using similar optical excitation powers as in low-temperature measurements.
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Because of that a thermal expansion of the sample lattice and subsequently, softening
of the phonon frequencies take place. The small di�erence in slope for out of plane
(A1g) and in plane (E1

2g) modes presented in Fig. 5.11(b) and (c), is possibly due to
a di�erent thermal expansion coe�cients of WS2 in the two directions. Intuitively
we expect that due to the large ' 7Å interlayer separation, the monolayer crystals
can expand more in the out of plane than in plane direction.

5.4.3 Polarization-dependence resonant Raman scattering

In the following, we investigate the in�uence of the linear polarization of the excita-
tion and detection on the intensity ratio of second-order 2LA mode to the �rst-order
E1
2g mode. µ-Raman spectra have been measured at T = 4.2K as a function of the

relative angle θ between the linearly polarized excitation and the emission. We have
performed measurements when the linear polarization of the excitation was �xed
and the angle was varied in the detection and vice versa. We have veri�ed that the
results are only dependent on the angle θ; the same Raman spectra are always ob-
served for co linearly polarized beams in excitation and detection independently of
the angle of the linear polarization with respect to the sample. Also, similar spectra
are observed for the cross polarized con�guration. Typical results are presented in
Fig 5.12(a) for frequencies in the region corresponding to the 2LA and E1

2g modes
and in Fig 5.12(b) for the A1g mode. The spectra for di�erent angles are shifted
vertically for clarity. The spectra for co and cross polarized con�guration are indi-
cated by thick red lines. The intensity of the 2LA mode changes as a function of the
angle θ. When the polarization of the excitation and detection are orthogonal, the
intensity of 2LA phonon resonance reaches a minimum. For parallel con�guration
the 2LA mode is stronger than E1

2g. For angles 0 < θ < 90 degrees the intensity
of 2LA mode changes gradually. A similar behavior is observed for A1g mode while
the intensity of E1

2g is constant within experimental error.
To better visualize this e�ect, we have extracted the intensity of the 2LA, E1

2g and
A1g modes as a function of θ by �tting with Lorentzian functions. The intensities of
the Raman peaks as a function of the angle between polarization of the excitation
and detection are presented in Fig 5.13. The linear polarization in detection was
�xed, either horizontal or vertical as indicated by the red arrows on Fig 5.13(a)-
(b). The polarization of the excitation was then rotated through 1800. The co and
cross polarized con�gurations are indicated by the arrows in Fig 5.13(a)-(b). The
black arrow represent the orientation of the polarization of the excitation. The data
obtained for horizontal and vertical con�gurations are presented in Fig 5.13(a)-(b)
respectively. The experimental values of the intensity of 2LA and A1g modes are
indicated by symbols. The data is well described by a cos2θ function (solid line).
The minimum of the intensity of both modes for horizontally polarized detection is
shifted by 90 degrees with respect to the results for the vertically polarized detec-
tion. This proves that the ratio between 2LA and E1

2g depends only on the angle
θ between the excitation and detection polarization. For the A1g mode the oscil-
lation of the intensity as a function of the angle θ, as well as the lack of intensity
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Figure 5.12: Typical results are presented in (a) for the frequency region corre-
sponding to the 2LA and E1

2g modes and in (b) for the A1g mode. The spectra
for di�erent angles θ are vertically shifted for clarity. The spectra for co and cross
polarized con�guration are indicated by thick red lines. The orientation of the de-
tection (red arrows) and excitation (black arrows) linear polarization are indicated
for the co and cross polarization con�guration.

changes of E1
2g (Fig 5.13(c)) is understood and comes from the form of Raman

tensors [Loudon 1964].
The in plane mode E1

2g is doubly degenerate and can vibrate in x -y directions.
The out of plane A1g mode in non-degenerate. The Raman tensor assumes well-
de�ned forms:

α
A1g

j =

b 0 0

0 b 0

0 0 c

 , α
E2g

j =

0 a 0

a 0 0

0 0 0

 ,

a 0 0

0 −a 0

0 0 0

 (5.12)

where, a, b and c are major terms in the Raman tensors of the Raman active
modes with di�erent symmetry and re�ect the physics of interaction between light
and crystal lattice. Due to symmetry, the other terms are negligible and are noted
as 0. Using the above Raman tensors, the intensity of the Raman modes can be
calculated
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Figure 5.13: Intensity of the 2LA, A1g and E1
2g modes (symbols). (a), (b) represent

two di�erent experimental con�gurations; the linear polarization in detection was
either horizontal or vertical as indicated by the red arrows. (c) illustrates the inten-
sity dependence of E1

2g mode. The black arrows indicated the excitation polarization
in the co and crossed con�gurations.

I ∝ |gs · αj · gi|2 (5.13)

where gi and gs are the polarization vectors of the incident and scattered light.
Considering that the linear polarization of the excitation was �xed and the angle
was varied in detection, i.e. is arbitrary. The polarization vectors are gi = (1, 0, 0)

and gs = (cosθ, sinθ, 0), respectively. Hence, the intensity of the A1g mode becomes
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IA1g ∝

∣∣∣∣∣∣∣(cosθ, sinθ, 0)

b 0 0

0 b 0

0 0 c


1

0

0


∣∣∣∣∣∣∣
2

∝ |(b · cosθ)|2 (5.14)

Therefore, when the polarization angle θ is varied from 0 to 90 degrees, the
intensity of the A1g mode monotonically decreases from maximum to zero.

Similar matrix operations can be performed for E1
2g Raman-active mode. Thus,

we have IE1
2g−x ∝ a2sin2θ, IE1

2g−y ∝ a2cos2θ, IE1
2g

= IE1
2g−x + IE1

2g−y ∝ a2. There-

fore, the intensity of E1
2g mode is independent on θ and unchanged when θ is varied

from from 0 to 90 degrees, which is consistent with our experimental results. The
analysis for the 2LA mode is not as straightforward as that of the A1g, since the
2LA mode arises from a double resonance process. However, it is experimentally well
established that the A1g and 2LA modes have the same polarization dependence.
For example, the polarization characteristic of 2LA mode has been determined in
bulk crystals [Sourisseau 1989, Sourisseau 1991, Sekine 1980] where it was com-
pared with the results of neutron scattering where the phonon dispersion along
crystal axis was measured in the same plane as the polarization of the light. As
already demonstrated by Chen et al. [Chen 2014] a single layer, exhibits the same
polarization characteristic.

5.5 Assigning layer thickness in WS2 �akes

Finally, we focus on the analysis of the separation between these three resonances
which is crucial for layer assignment. Regardless of the temperature, the separation
between A1g and E1

2g is 62 cm−1 and the separation between A1g and 2LA is 66
cm−1. The separation between the 2LA and E1

2g modes is only 4cm−1 so that, any
broadening of the peaks due to impurities/defects in the sample or simply a lack
of resolution might lead to an incorrect determination of the frequency of the E1

2g

mode. As a result, the separation between A1g and E1
2g might be overestimated,

in turn leading to an overestimation of the number of layers in the sample. To
illustrate the universality of this problem, we have measured Raman spectra for
several monolayer �akes in order to analyze the separation ∆ω between di�erent
Raman features. The summary of such an analysis is presented in Fig. 5.14.

The symbols correspond to the three di�erent combinations:

∆ω1 = ω(A1g)− ω(2LA) (5.15)

∆ω2 = ω(A1g)−
ω(2LA) + ω(E1

2g)

2
(5.16)

∆ω3 = ω(A1g)− ω(E1
2g) (5.17)
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Figure 5.14: The symbols indicate the frequency di�erence ∆ω between: A1g and
2LA, between A1g and the average frequency of 2LA and E1

2g, and between A1g

and E1
2g. The dashed lines indicate the accepted values for the separation of A1g

and E1
2g for mono-, bi -, tri-layer and bulk [Molina-Sanchez 2011, Berkdemir 2013,

Zhao 2013].

The Raman splitting ∆ω3 is generally used in the literature to determine the
number of layers present. For comparison, the literature values for the separation
between (A1g and E1

2g for mono-, bi -, tri-layer and bulk [Molina-Sanchez 2011,
Berkdemir 2013, Zhao 2013] are indicated by broken lines.

For our data, in which E1
2g and 2LA are clearly resolved, for all the �akes,

∆ω3 is equal to 62cm−1, demonstrating the single layer character of our �akes
[Molina-Sanchez 2011, Berkdemir 2013, Zhao 2013]. However, if the modes E1

2g and
2LA are not well resolved, in any analysis which neglects the possible presence of
the 2LA mode the assignment of the number of layers becomes problematic. If the
2LA mode dominates over E1

2g the measured di�erence will correspond to the ∆ω1 =

ω(A1g) − ω(2LA) which is approximately 66cm−1, leading to the incorrect assign-
ment of Raman from a bulk sample [Sourisseau 1989, Sourisseau 1991, Sekine 1980].
On the other hand, if the intensity of 2LA and E1

2g modes are similar, the frequency
of the Raman features will correspond to the average of the two peaks. The mea-
sured frequency di�erence ω(A1g)−(ω(2LA)+ω(E1

2g))/2 ' 64cm−1 then correspond
to the bi- or tri-layer system [Molina-Sanchez 2011, Berkdemir 2013, Zhao 2013].



5.6. Conclusion 77

This poses a signi�cant problem for the correct assignment of the number of layers
especially since the relative intensity between between E1

2g and 2LA depends on sev-
eral parameters, including the temperature and the excitation wavelength (2LA is
only observed for resonant excitation) as shown for bulk crystals [Sourisseau 1991,
Sourisseau 1989].

5.6 Conclusion

In this chapter, we have studied the Raman spectra of monolayer WS2. We focused
on properties of three features: the E1

2g and A1g �rst order Raman modes, and the
second order 2LA mode visible under resonant conditions. The presence of the 2LA
Raman mode complicates the determination of the number of layers in WS2 �akes.
Thankfully, the assignment of a monolayer from the E1

2g-A1g separation remains ro-
bust. However, mono layers can be incorrectly assigned to bi-layer, tri-layer or even
bulk crystals depending on the intensity of the 2LA mode. All our data has been
taken using 532nm excitation, nevertheless, our conclusions should apply to other
excitation wavelengths. Sourisseau et al. [Sourisseau 1989, Sourisseau 1991] studied
in detail the dependence of the intensity of 2LA mode as a function of excitation
wavelength. They have shown, that whenever the laser is in resonance with the
excitonic transition (A, B or C) both the 2LA and the A1g modes are enhanced.
Thus, these conclusions and analysis will be valid whenever the 2LA mode is present
in the Raman spectrum, in other words whenever the laser is in resonance with one
of the excitonic transitions. The evolution of the intensity ratio of the 2LA and
E1
2g-A1g modes with polarization prescribes using the intensity of the 2LA mode to

identify a monolayer, unless the polarization angle between excitation and detection
is carefully controlled, which is rarely the case. As many Raman characterizations
are frequently performed close to resonant excitation, and without controlling the
polarization angle, considerable care should be exercised when analyzing these spec-
tra.
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In this chapter, the preliminary results of low-temperature time-resolved photolu-

minescence measurements to probe the dynamics of neutral and charged excitons in

monolayer WSe2 are presented. We �nd that the dynamics of charged and neutral

excitons are independent due to the direct generation of charged excitons follow-

ing a photon absorption under quasi resonant excitation. Time-resolved circularly-

polarized µPL provides a direct access to the inter valley scattering of excitons.

Using a rate equations model, compatible with the recent theory of valley depolariza-

tion based on electron-hole exchange, we evaluate the inter valley scattering time.

Finally, the results of power-dependent valley dynamics are discussed.

6.1 Introduction

One of the �rst results on two-dimensional monolayer dichalcogenides that has trig-
gered such a popularity of the dichalcogenides was the discovery of a valley po-
larization, which can be manipulated using circularly polarized light. Steady-state
polarization-resolved photoluminescence suggest a polarization decay time τiv > 1ns
[Mak 2012, Zeng 2012]. The polarization decay time re�ects the stability of valley-
polarized states and thus, is important for development of novel valleytronics de-
vices. The degree of circular polarization Pcirc is determined by the initially created
polarization P0, the exciton photoluminescence decay τ and inter valley scattering
time τiv [Mak 2012]:

Pcirc =
P0

1 + τ/τiv
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It is not clear to what extent the inter valley scattering time τiv value evaluated
from steady-state PL measurements [Mak 2012] is close to the genuine value, since
it was not directly measured but roughly estimated assuming the exciton lifetime
to be >50ps and the degree of circular polarization to be 100%. Because in most
of the monolayer dichalcogenides samples reported in the literature to date these
parameters, exciton lifetime and degree of circular polarization, are much smaller
[Kioseoglou 2012, Cao 2012, Jones 2013, Wang 2013], a detailed understanding of
the exciton spin dynamics and valley/spin relaxation processes is crucial.

Using time-resolved techniques several groups have studied the exciton dynamics
in monolayer transition metal dichalcogenides. In particular, polarization resolved
pump-probe spectroscopy revealed the decay of the circular dichroism occurring on
a timescale in the range between a few and almost 100 ps [Wang 2013, Mai 2014a,
Mai 2014b, Zhu 2014]. The proposed mechanism underlying the loss of valley po-
larization is the long range electron-hole exchange interaction, which couples the
bright exciton states [Mai 2014b, Yu 2014b, Glazov 2014].

In this chapter, we investigate the exciton dynamics and inter valley exciton re-
laxation in monolayer WSe2 via time- and polarization-resolved photoluminescence
measurements. We start with the analysis of the trion dissociation energy and
discuss the possible trion formation scenarios. Then, we show that the valley polar-
ization created with a pulsed, quasi-resonant, circularly polarized excitation decays
due to the transfer of the excitons and trions between the valleys. The respective
inter valley scattering times extracted using a rate equation model demonstrate that
the scattering of trions occurs faster than for the neutral excitons.

6.2 Time-resolved µPL in monolayer WSe2

Here we present our investigation of time-resolved µPL in monolayer WSe2. In
our time-resolved µPL measurements, the PL was excited using a femtosecond
pulses generated by a tunable frequency-doubled OPO emitting at λ = 670nm
(E=1850 meV), which is close to resonance with the direct excitonic transition A.
This translates into Ek ≈ 120meV excess kinetic energy. The excess kinetic energy
plays an important role according to the recent theory of valley depolarization in
monolayer dichalcogenides [Yu 2014b]. Under quasi resonant excitation, the exci-
tons are generated with a non-zero center-of-mass momentum resulting from the
excess energy Ek and thus, an e�cient depolarization takes place due to the long-
range exchange interaction. The circular degree of polarization is therefore strongly
dependent on the excitation energy [Kioseoglou 2012].

Figure 6.1(a) shows steady-state µPL spectrum for WSe2 monolayer which sub-
sequently was measured in the time-resolved set-up. The emission from trion (X−)
dominates over the exciton (X) emission due to the excess carriers which are pho-
toionized from the neutral donors. The dynamic response of neutral exciton de-
pends on concentration of excess carriers, which in our samples changes under ex-
ternal illumination. For example, by changing the excitation power we can tune
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Figure 6.1: (a) Steady state µPL spectra of a WSe2 monolayer measured at T = 4

K. (b) Streak camera image of time-resolved µPL showing di�erent emission times
for neutral exciton (X) and trion (X−). (c) Vertical cross-section shows the rise-
and decay-time of the neutral exciton.

the trion/exciton intensity ratio. In the range of the excitation powers used in our
experiment, the density of photo excited free carriers (estimated from the change
in the trion dissociation energy) can be tuned between 0 and 3 × 1012 cm−2. In
Figure 6.1(b) is sketched the time-resolved µPL spectrum measured at T = 4K (on
the same �ake) using the streak camera. The spectrum is obtained by taking a cross
section at a certain time illustrated here in the streak PL image by the red-dashed
rectangle. The time-evolution of a particular wavelength or spectrum can be ob-
tained by taking the cross section at a particular wavelength region. Figure 6.1(c)
shows the time evolution of photoluminescence for the neutral exciton (X) for the
cross section indicated by a blue-dashed rectangle.

In Figure 6.2, we plot the experimental photoluminescence decays (symbols) for
neutral exciton and trion at low excitation power summed over the two detection
polarizations. To extract the decay times, we �t the measured signals with a con-
volution of a bi-exponential decay and a Gaussian laser temporal pro�le. The �tted
long decay time is the same for the exciton and trion and equal to tlong = 75 ± 5

ps. A similar decay time has been previously observed and attributed to a phonon
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Figure 6.2: Temporal evolution of the exciton and trion emission for a WSe2 mono-
layer. Blue (red) points denote the experimental data. The solid lines are the result
of �tting with a bi-exponential decay convoluted with a Gaussian laser temporal
pro�le. The straight gray lines show the time ranges for the short and long decays.

scattering process. Our time-resolved µPL measurements have been performed at
low temperature and thus, allows us to rule out this process. However, we believe
that the tlong is due to a transfer process of excitons from localized and/or dark
states, which is in agreement with the results of Wang et al. [Wang 2014]. The
short decays, which is attributed to inter valley scattering, are tX = 9.5±0.5 ps and
tT = 11.5± 0.5 ps, for the exciton and trion, respectively.

6.2.1 Polarization-resolved valley dynamics

Among all the scattering mechanisms present in traditional semiconductors, of par-
ticular interest for 2D monolayer dichalcogenides physics is the inter valley scattering
mechanism. In order to analyze the inter valley scattering we have performed time-
resolved measurements using circularly polarized excitation and detection. Typ-
ical circular polarization results for neutral and charged exciton are presented in
Fig. 6.3. Due to contrasting selection rules, by using σ+ (σ−) polarized light,
we excite electron-hole pairs only in K+ (K-) valley. Circularly polarized de-
tection is used to discriminate the emission from each valley. The results for σ±

polarized detection are shown in Fig.6.3(a) and (b) for the exciton and trion, re-
spectively using σ− excitation. Independently on the polarization of the excitation
we observe a similar trend for co and cross polarized emission. It is clearly seen
in Fig.6.3 that for both PL signals the co-polarized emission is stronger than the
counter-polarized one. This is an indication of the valley selective optical dichroism
[Xu 2014, Cao 2012, Mak 2012, Zeng 2012]. After �tting the measured signals with
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a convolution of a bi-exponential decay and a Gaussian laser temporal pro�le we
obtained aproximately the same decay time for the exciton and trion.

Figure 6.3: (a) and (b) Temporal evolution of the neutral exciton and trion PL
excited with a σ− circularly polarized laser for a WSe2 monolayer. Blue (red)
points denote σ− (σ+) polarized PL signal.

The roughly equal decay rates of the exciton and trion PL could point to a
speci�c hierarchy of the recombination times and the trion formation time. In the
case of quantum wells, the dominant trion formation scenario involves an exciton
binding the additional charge [Vanelle 2000]. As demonstrated for quantum wells
under quasi resonant excitation [Kossacki 2002], if the trion radiative rate is much
faster than both the trion formation and exciton recombination, both complexes
exhibit the same PL decay with a characteristic rate 1/τdecay,X = 1/tf + 1/trad,X,
where tf and trad,X are the trion formation time and the exciton radiative recombi-
nation time, respectively. Thus, the exciton dynamics govern the temporal behavior
of both emissions. In such a case, the decay of the optically induced circular polar-
ization would also exhibit the same decay time for the exciton and trion. However,
as seen in Fig. 6.4(a), this is not the case. We therefore conclude that the trion
formation in WSe2 does not involve the exciton state and the complex is formed
in a tri-molecular process. Indeed, such a mechanism proved to be important in
quantum wells with a large concentration of free carriers [Portella-Oberli 2009]. As
we know from our power-dependent µPL measurements the density of excess car-
riers in our WSe2 sample is large, the above discussion allows us to conclude that
the �tted values of tX and tT represent, respectively, the exciton and trion decay
times related to radiative recombination or transfer of excitons to the non-radiative
states. Thus, in principle the value of 10 ps sets the lower limit for the intrinsic ra-
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diative recombination time, in agreement with other reports on WSe2 [Wang 2014]
and other dichalcogenides [Korn 2011, Lagarde 2014]. However, recent calculations
show that the intrinsic exciton lifetime in WSe2 at 4 K is equal to about 4 ps and
increases sharply with temperature [Palummo 2015]. Taking into account that ex-
citon lifetime 1/τ = 1/τr + 1/τnr, we conclude that the initial PL decay is mostly
due to radiative recombination.

Figure 6.4: Temporal dependence of the circular polarization of exciton and trion
PL for the short time range. Lines: results of �tting of a rate equations model. The
�tted parameters, respectively for the exciton and trion PL, are: p = 0.81; 0.78,
trec = 9; 11 ps, and tiv = 20; 11 ps.

To extract the inter-valley scattering dynamics, we analyze the degree of circular
polarization of the time-resolved PL signal de�ned as Pcirc = (Iσ+−Iσ−)/(Iσ++Iσ−),
where I± are the intensities of the PL signal in σ± polarizations. The temporal de-
pendence of Pcirc, plotted as symbols in Figure 6.4, shows that during the arrival of
the excitation pulse, the Pcirc is approximately constant, with a value of about 60%.
Pcirc starts to decay after a delay of about 10 ps. The decay is non-exponential
and quicker for the trion than for the neutral exciton, and after about 35 ps, Pcirc
vanishes. Note that the scattered points seen in Fig.6.4 suggesting a non-zero back-
ground actually result from the logarithmic scale.

6.2.2 Rate equation model

Here we consider as an example, the case of σ(−) excitation. Since the excita-
tion is quasi resonant and σ(−) polarized, due to the valley contrasting selection
rules, the excitons are formed uniquely in the K- valley. However, since the ex-
citons are created with a non-zero center-of-mass momentum k resulting from the
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excess energy (shown in Fig.6.5 as Ek), an e�cient depolarization process gov-
erned by the long-range exchange interaction takes place. Namely, the long-range
electron-hole exchange, which can be treated as a source of an e�ective, momentum-
dependent magnetic �eld Ω [Yu 2014b], induces a precession of the valley pseudospin
around Ω and momentum scattering events result in valley relaxation by the mech-
anism proposed for quantum well excitons [Maialle 1993]. Since Ω ∼ k [Yu 2014b],
the PL circular polarization exhibits a strong dependence on the excitation energy
[Kioseoglou 2012, Wang 2015]. In particular, for the values of Ek from our exper-
iments, an initial depolarization time of the order of 10 fs is expected [Yu 2014b].
After thermalization and subsequent cooling, which occur during the �rst 0.5 ps
after excitation, the average k value of the exciton population is reduced and, con-
sequently, the valley depolarization is slowed down.

Figure 6.5: Schematic illustration of the rate equation model. Valley selective exci-
tation is denoted by the dashed arrow. Thermalization and initial depolarization of
high momentum excitons is marked by grey arrows. Ek ≈ 120meV is the excess ki-
netic energy after exciting with 1850 meV. Inter valley scattering and recombination
is denoted as thin and thick arrows, respectively.

In order to reproduce the measured temporal dependence of Pcirc and to phe-
nomenologically extract the valley scattering times, we employ a rate equation model
schematically depicted in Fig. 6.5. The excitons created with the excess kinetic
energy thermalize with a characteristic time tth. The initial, fast depolarization
process is accounted for by introducing a probability p . 1 of �nding an exciton
at the bottom of the K- valley. This parameter controls the initial value of Pcirc.
The thermalized excitons then recombine with a characteristic time trec or scatter
to the neighboring valley with a time tiv. Since the electron-hole exchange couples
only bright exciton states [Yu 2014b], only two states are involved in the inter-valley
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scattering, i.e. we neglect the dark con�gurations with parallel electron and hole
spins. We recall that in the case of the negative charged exciton, there are six bright
spin/valley con�gurations split by both electron-hole and electron-electron exchange
interactions (see Fig.1.12). Since the splitting between the ground and the �rst ex-
cited trion con�guration is about 6 meV [Yu 2014a], which is an order of magnitude
larger than the thermal energy, we assume that only the ground con�guration is
populated and neglect the higher energy states.

Solving a set of three coupled, linear di�erential rate equations allow us to extract
the expressions for the population of excitons in the K+ and K- valleys (nK− and
nK−). The rate equations for the neutral exciton populations at the K+ and K-
valleys are as follow:

dnx
dt

= −nx
tth
, (6.1)

dnK−

dt
= p

nx
tth
− nK−

trec
− nK−

tiv
+
nK+

tiv
, (6.2)

dnK+

dt
= (1− p)nx

tth
− nK+

trec
− nK+

tiv
+
nK−

tiv
. (6.3)

Here nx, denotes the initially created excitons with the a non-zero center-of-mass
momentum k resulting from the excess energy Ek. Under the assumption that
nx(t = 0) = N0 and nK−(t = 0) = nK+(t = 0) = 0, where N0 is the initial photo
generated exciton population.

Introducing the obtained expressions for nK− and nK− in the relation for the
degree of polarization yields

Pcirc =
exp (t/trec) (exp (t (−2/tiv − 1/trec + 1/tth))− 1) (2× p− 1)tiv(trec − tth)

(exp (t/trec)− exp (t/tth)) (2× trec × tth + tiv × (tth − trec))

which we use to �t the measured data of the Pcirc temporal dependence (Fig.6.4).
In a similar manner, the rate equations for the charged excitons population are

obtained. As argued above, the dynamics of charged and neutral excitons are inde-
pendent, which allows us to treat the valley depolarization of trions independently
of neutral excitons. For this reason, we apply the model separately to the exciton
and trion Pcirc. The value of trec is taken from the �tting of the temporal decays
(see Fig. 6.3(a) and (b)). Thus, there are three �tting parameters: p, tth, and tiv.
Results of the �tting are presented as lines in Fig. 6.4. We �nd that the inter-valley
scattering time for trions is signi�cantly shorter than for excitons. Namely, for the
exciton PL polarization shown in Fig. 6.4(a) we obtain tiv = 20± 2 ps and for the
trion tiv = 11 ± 2 ps. On the other hand, the �tting yields very similar values of
p= 0.81 and 0.78 for the exciton and trion, respectively. These results indicate that
the initial depolarization dynamics occurring at high k are not very di�erent for hot
excitons and trions, while they notably di�er at low k, i.e. for cold exciton and
trion populations. This allows us to conclude that this slow depolarization process
is responsible for di�erent circular polarizations observed for the exciton and trion
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PL signal. We suppose that the faster trion depolarization originates from the rich
structure of trion states, mixed by both electron-hole and electron-electron exchange
[Jones 2013].

6.3 Excitation-power dependence valley dynamics

We have also studied the time-resolved µPL measurements of neutral exciton and
charged exciton as a function of excitation power of the laser. Four representative
low-temperature experimental time-resolved µPL spectra collected at laser powers
tuned from 0.3 to 3.6 mW are shown in Fig. 6.6. Similar behavior for both neutral
and charged exciton can be observed in the power-dependent time-resolved spec-
tra. As the laser power increases, both neutral and charged excitons decay times
becomes shorter. In order to extract the quantitative values of the decay lifetimes,
the experimental time-resolved PL curves has been �tted using two-exponential de-
cay functions. For this temporal resolution we concentrate on the short-lived decay
component. The �tting results for neutral and charged exciton at di�erent pow-
ers showed that the short-lived components of the decay di�er by ≈ 1ps. This
di�erence is considered to be within the experimental uncertainties. Nevertheless,
the overall change with increasing the excitation power is above this uncertainty.
Thus, in Figure 6.7 we plot the overall power-dependence for both the neutral
and charged exciton. It is observed that with increasing the excitation power, the
short-lived component of the decay decreases down to the temporal resolution of
our experiment for the highest used excitation power of 3.6 mW.

Figure 6.6: Time-resolved power dependence of neutral exciton (a) and charged
exciton (b) decay times in monolayer WSe2 measured at T = 4K. The lines show
the results of a linear �t.
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Figure 6.7: Extracted decay times for the exciton as a function of excitation power
in monolayer WSe2 measured at T = 4K.

Recent transient re�ection spectroscopy studies on monolayer transition metal
dichalcogenides suggested that the exciton dynamics is dominated by exciton-exciton
annihilation [Mouri 2013, Sun 2014, Shin 2014]. Our excitation-power dependence
exciton dynamics data re�ect a similar behavior in which the decay times decrease
with power; however, in order to con�rm this hypothesis further studies are required.

6.4 Conclusion

In this chapter, we have studied time- and polarization-resolved PL in monolayer
WSe2. Although being excited in quasi resonance, a signi�cant number of free car-
riers is created in our samples due to the photo ionization of the donor states. As
a consequence, both charged and neutral excitons are well resolved in the PL spec-
trum. In the time-resolved PL measurements we observe two decays: (i) a short
decay which we attribute to inter valley scattering and for the exciton and trion are
tX = 9.5±0.5 ps and tT = 11.5±0.5 ps, respectively; and (ii) a long decay tlong which
is due to a transfer process of excitons from localized and/or dark states. Moreover,
our time-resolved PL measurements strongly suggest that the charged excitons are
formed in a tri-molecular process, i.e., from free independent carriers. The inter val-
ley scattering dynamics is monitored by the PL circular polarization. Immediately
after the valley selective excitation, the polarization is lower than 100% owing to
an ultra fast valley depolarization of X with high center-of-mass momentum. After
thermalization, the inter valley scattering slows down and the polarization decays
on a timescale of 10 ps, while the X− decays roughly twice faster.
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In this chapter, the results of low-temperature magneto-optical studies of mono-

layer and bulk WSe2 crystals are presented. Monolayer �akes were studied using

micro-photoluminescence technique in dc magnetic �eld up to 30T. The macro-

transmission through thin bulk crystals was measured in the pulsed magnetic �eld

up to 65T. High magnetic �elds data reveal the very di�erent nature of carriers

in monolayer and bulk transition metal dichalcogenides. We demonstrate that in

monolayer, the carriers behave as massive Dirac fermions that can be described us-

ing a single particle picture Dirac-like Hamiltonian. In contrast, in bulk crystals

the optical absorption measurements show a distinctly excitonic behavior which is

best described within the 3D hydrogen model. Some of the results presented in this

chapter have been accepted for publication in Nano Letters 15 (7), 4387 (2015).

7.1 Introduction

Recent theoretical and experimental studies have clearly demonstrated that the
electronic properties of bulk dichalcogenides di�er signi�cantly from those of a 2D
monolayer of the same material [Mak 2010, Splendiani 2010, Wang 2012, Xu 2014].
This behavior has been explained through the lowering of crystal symmetry while
thinning down to the monolayer limit. The bulk dichalcogenides crystals exhibit an
inversion symmetry, with the inversion center between the layers, which is explicitly

http://dx.doi.org/10.1021/acs.nanolett.5b00626
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broken in 2D monolayers. This leads to di�erent optical selection rules and elec-
tronic properties in bulk and monolayer systems. As in the case of recently studied
boron nitride (BN), monolayer transition metal dichalcogenides host 2D massive

Dirac fermions1 [Castro Neto 2009, Rose 2013]. Understanding the carrier na-
ture is critical both for the elucidation of the underlying many-body physics in
such materials and for their use in electronic, photonic and valleytronic devices.
Using spectroscopic tools in high magnetic �elds, such as micro-photoluminescence
and inter-band optical absorption, it is possible to probe the nature of carriers.
Although measuring magnetic �eld e�ects in monolayers is not entirely straightfor-
ward experimentally, progress is being made in this respect [Li 2014, Aivazian 2015,
MacNeill 2015, Srivastava 2015]. However, direct evidence of the very di�erent na-
ture of the carriers in bulk and 2D monolayer transition metal dichalcogenides crys-
tals is still lacking.

The �rst magneto-spectroscopy measurements on bulk layered transition metal
dichalcogenides date from the late sixties. Evans and coworkers, have investigated
the n ≥ 2 excitons in MoS2 in a weak magnetic �eld up to 2.7T and found a small
diamagnetic shift in the studied crystals [Evans 1967]. Later, Neville et al. have
studied the n = 1 level of the A-exciton and determined the Zeeman splitting.
However, the diamagnetic shift in magnetic �elds up to 10T was too small to be
measured accurately [Neville 1976]. More recently, Goto et al. have performed
measurements in high magnetic �eld up to 150T [Goto 2000]. All the published
magneto-spectroscopy measurements to date concern bulk MoS2 crystals. To the
best of our knowledge, there is no published data for tungsten dichalcogenides (WS2,
WSe2) bulk crystals.

Here, we present an experimental investigation of excitons in monolayer and bulk
WSe2 in high magnetic �elds. We show that in monolayer both the exciton and the
trion exhibits a splitting which originates from the lifting of the valley degeneracy by
a magnetic �eld. Moreover, we show that magnetic �eld has little e�ect on the valley
polarization of the neutral exciton, whereas it can signi�cantly in�uence the valley
polarization of the trion. The linear evolution of the energy of the exciton and trion
features in magnetic �eld is described using a Dirac-like Hamiltonian for massive
Dirac fermions. In bulk crystals, we see 3D excitonic behavior with absorption to
the 1s and 2s hydrogen like states. Both states show a spin (Zeeman) splitting
accompanied by a small diamagnetic shift at low magnetic �elds.

WSe2 is a representative member of the transition metal dichalcogenides family
that includes MoS2, MoSe2, and WS2, all of which share similar properties with
respect to atomic and electronic structure. The advantage of WSe2 for this study
is the large spin-orbit splitting between the A and B excitons being of the order of
400 meV [Zeng 2013, Jones 2013, Wang 2014]. In addition, the electronic transitions
in the WSe2 samples exhibit narrow spectral features, permitting the identi�cation
and analysis of di�erent excitonic states and detailed quantitative comparison with
theoretical predictions.

1Dirac fermions is the name given to particles obeying the Dirac equation
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7.2 Dichalcogenides in high magnetic �eld

To provide insight into the origin of the e�ects of magnetic �elds in monolayer and
bulk WSe2 crystals, we �rst consider two theoretical models used to interpret the
magneto-optical spectroscopy results. First, the massive Dirac fermion model for
the carriers in 2D monolayer dichalcogenides, proposed by Rose et al. [Rose 2013],
is presented. This is followed by a discussion of the hydrogen model previously used
to describe the excitons in layered bulk, such as GaSe and PbI2 [Miura 2007].

7.2.1 Massive Dirac model for monolayer crystals

A monolayer of dichalcogenides is very similar to graphene except that the two car-
bon atoms, that correspond to the A and B sublattices, are now transition metal
(Mo, W) and chalcogen (S, Se) atoms. As a results, the 2D monolayer dichalco-
genides do not have inversion symmetry. The dispersion relations of both the valence
and conduction bands can be found at the K(+) and K(-) points of the hexagonal-
shaped �rst Brillouin zone, which are parabolic at low energies and linear at high
energies. The carriers in a direct gap monolayer at the vicinity of K(±) points can be
described by a simple tight binding Hamiltonian [Xiao 2012]. The carriers behave
as massive Dirac fermions with a moderate spin-orbit coupling. The corresponding
low energy Hamiltonian reads:

Ĥ = ~υF (ξqxσx + qyσy) + ∆σz (7.1)

where υF is the Fermi velocity (which replace the speed of light and, here is a
constant independent of the carrier density), ξ labels the K(+) and K(-) valley and
∆ is a half of the band gap which is also so-called "mass gap"; σx, σy and σz are
the Pauli matrices. Unlike graphene, the ∆σz term is nonzero because of the broken
inversion symmetry.

The Hamiltonian for a monolayer of dichalcogenides subjected to a magnetic
�eld is obtain using the Peierls substitution q → q− eA/h, where A is the magnetic
vector potential in the Landau gauge [Rose 2013]. The energy of the carriers in the
conduction and valence bands in a magnetic �eld perpendicular to the layer, i.e.
the Landau level energies at K(±) are:

E±Kλ = λ
√

∆2 + nε2, (7.2)

where λ = ±1 designates the conduction/valence band, n is the Landau level index,
and the characteristic magnetic energy ε =

√
2~vF /`B. Here, vF is the Fermi

velocity and `B = (~/eB)1/2 is the magnetic length which represents the radius of
the cyclotron orbit of the ground state. As in graphene, in the transition metal
dichalcogenides monolayer the selections rules for dipole allowed optical transitions
are ∆n = ±1, i.e. the Landau level index changes by one (see Fig. 7.1). In this
case spin is conserved and any spin splitting of the Landau levels will not give rise
to a splitting of the optical transition. Therefore, the splitting observed in magnetic
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�eld measurements is due to the valley splitting which is generally referred to as a
valley Zeeman e�ect [Xiao 2012, Li 2014, Srivastava 2015, Aivazian 2015].

Figure 7.1: Schematic showing possible optical transition of massive Dirac fermions
in a magnetic �eld together with the dipole allowed 0 → 1 and 1 → 0 transitions
which select the valley involved (solid lines are Landau levels, solid arrows indicate
the transitions). The red and green colors show the two pairs of massive Dirac cones
separated by spin-orbit coupling. After Rose et al.[Rose 2013]

According to the massive Dirac fermion model [Rose 2013], the n = 0 level is
special and there is a single n = 0 Landau level per valley. For both spin levels, the
n = 0 Landau level is �xed at the top of the valence band for the K+ valley and at
the bottom of the conduction band for the K− valley. This is direct consequence of
the fact that electrons behave as Dirac massive fermions in these systems. Figure
7.1 illustrates the possible optical transition of massive Dirac fermions in a magnetic
�eld. The n > 0 Landau levels always occur in pairs with one in each valley in both
the conduction and valence bands. Thus, in a magnetic �eld resonant σ± excitation
selects 0 → 1 or 1 → 0 optical transitions, respectively, and therefore selecting the
valley as in the zero magnetic �eld case.

7.2.2 Hydrogen model for layered bulk crystals

Layered semiconductor crystals such as GaSe, PbI2 as well as TX2 dichalcogenides,
show prominent exciton e�ects due to the large exciton binding energy [Miura 2007].
This also re�ects the large e�ective masses of electrons and holes compared to III-
V semiconductors. An exciton is a quasi-particle in which an electron and hole
are bound with each other by Coulomb interaction. The energy states of excitons
resemble those of a hydrogen atom.

The di�erence between the exciton states in transition metal dichalcogenides
and those of hydrogen atom is that the positively charged particles (holes) have a
comparable mass with that of the negatively charged particles (electrons), and they
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move around together in the crystal. Thus, the Hamiltonian of exciton states in a
magnetic �eld is represented by [Knox 1963]

Ĥ =
1

2m∗e
(pe + eA(re))

2 +
1

2m∗h
(ph + eA(rh))2 − e2

4πκε0r
= − ~2

2m∗e
∇2
e −

~2

2m∗h
∇2
h

− e2

4πκε0r
+
ie~
m∗e

A(re)∇e −
ie~
m∗h

A(rh)∇h +
e2

2m∗e
A(re)

2 +
e2

2m∗h
A(rh)2 (7.3)

wherem∗e andm
∗
h, re and rh are e�ective masses and position coordinate of electrons

and holes. As both electrons and holes are mobile, the motion of the center of gravity
should be included in the kinetic equations. Using a canonical transformation

Ψ(ρ, r) = exp
(
i
[
K− e

~
A(r)

]
ρ
)
F (r)

with the wave vector of the center-of-mass motion K of excitons we obtain:

Ĥ = [
~2

2µ
∇2 − e2

4πεr
+ ie~

(
1

m∗e
− 1

m∗h

)
A(r) · ∇

+
e2

2µ
A(r)2 − 2e~

m∗e +m∗h
A(r) ·K]F (r) (7.4)

where µ = memh/(me + mh) is a reduced mass of excitons and F (r) is an eigen-
function.

Here, the �rst term represents the kinetic energy of the relative motion of elec-
trons and holes, the second term the Coulomb potential energy between the electrons
and holes, the third term the Zeeman energy of the envelope function which is zero
for s-states, the fourth term the diamagnetic energy. The �fth term can be con-
verted to the Lorentz force acting on the motion of the exciton and considered to
be an e�ective electric �eld. This term is in ordinary cases very small, because of
the small wave vector of the incident light to create excitons.

In addition to the orbital terms expressed in Equation 7.3, there is a spin Zeeman
term

Ĥz = geµBseB + ghµBshB

where ge, gh, se, sh are g-factors and the spins of electrons and holes. As a con-
sequence, the degeneracy of the electronic levels is lifted (spin Zeeman splitting).
As the dominant terms in Equation 7.4 are just the �rst and the second terms, the
Hamiltonian for exciton states in a magnetic �eld is reduced to a problem similar
to that for hydrogen atom.

There is no analytical solution for the hydrogen atom in a magnetic �eld. How-
ever, there are numerical calculations for the hydrogen energy levels in high mag-
netic �eld, see e.g. ref. [Makado 1986]. Nevertheless, for the analysis of magneto-
spectroscopy data in semiconductor structures, such as quantum wells and quantum
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dots, usually a simpli�ed analytical solution can be used to describe the exciton.
The evolution of the 1s and 2s exciton states in a magnetic �eld is phenomenolog-
ically well described by the same equation as for the ground state of a harmonic
oscillator in perpendicular magnetic �eld:

∆E = −~ω0

2
+

~
2

√
ω2
0 + ω2

c ±
1

2
gsµBB (7.5)

Here ω0 is the harmonic trap frequency, which controls the diamagnetic shift and
ωc = eB/m∗ is the cyclotron energy. The Zeeman splitting is introduced through
the second term in Eq. 7.5, where gs is the e�ective g-factor. The �rst term is added
simply for convenience so that ∆E = 0 when B = 0.

7.3 Monolayer and bulk WSe2 spectroscopy at B=0T

The aim of our work was to compare the character of the carriers in both bulk and
monolayer WSe2 crystals at the K point of the Brillouin zone. Optically this can
be done by probing the exciton properties at the K point in these two systems. In
monolayer, where the band gap becomes direct at the K point, the resulting strong
photoluminescence emission can be used. In bulk, with an indirect band gap at the
Γ and T points of the Brillouin, there is no emission at the K point. Therefore, the
only access to A and B excitons at the K point in bulk crystals is via inter band
absorption.

Figure 7.2: WSe2 electronic band structure illustrating the (a) indirect and direct
transition in bulk and (a) direct transition in monolayer dichalcogenides. The red
arrow (left side) depicts the indirect transition (I) in bulk crystals. The blue (left
side) and black arrows (right side) indicate the direct transitions (A and B) in both
bulk and monolayer crystals. After Roldan et al. [Roldán 2014].

Figure 7.2 schematically illustrates the indirect (I) and direct transitions (A and
B) in bulk and monolayer WSe2 crystals. We restrict our analysis to the spectral
range in the vicinity of A-exciton, which, according to [Coehoorn 1987], is the
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ground state of an excitonic series (A) [Evans 1967, Neville 1976] connected with
the transitions from K1 spin-orbit split valence band to a K5 conduction band.

Figure 7.3: (a) Typical low temperature µPL (black color) of monolayer and trans-
mission (gray color) spectra of bulk WSe2. The spectra are shifted vertically for
clarity. (b) Polarization resolved µPL showing the exciton and trion emission. σ+

was used for excitation. Two spectra are shown corresponding to σ+ and σ− detec-
tion. The right axis indicates the degree of circular polarization (symbols) in the
region of the exciton and trion emission.

We start our discussion by presenting the µPL and transmission spectrum of
monolayer and bulk WSe2 crystals. Figure 7.3(a) shows a comparison of these
spectra. In both spectra we observe a strong resonance around 1730 meV which
corresponds well to the energy of 1s (n = 1) state of the A-exciton, previously
reported for monolayer [Zeng 2013, Zhao 2013, Jones 2013, Wang 2014] and bulk
WSe2 [Beal 1976, Zeng 2013]. The slightly higher energy of the A exciton emission
observed in monolayer layer WSe2 (compared to bulk transmission) is in agreement
with previous studies [Zeng 2013, Zhao 2013]. On the higher energy side of the 1s
resonance in the transmission spectra we observed an additional resonance. The
detail analysis in magnetic �eld shows that it originates from the 2s (n = 2) exciton
level, previously reported in re�ectance measurements [Beal 1976]. As we have
already discussed in Chapter 4, the WSe2 monolayer exhibits several PL emission
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lines that originate from the negatively charged and neutral excitons (labeled as X−

and X in Fig. 7.3). The other PL peaks labeled as �L�, below the trion emission,
have been assigned to localized (bound exciton) states, previously reported in WSe2
and MoS2 [Wang 2014, Zhu 2014, Mak 2012].

We have also veri�ed the degree of circular polarization of the emission from
monolayer WSe2 using polarization resolved excitation and detection. The polar-
ization is de�ned as P = (Iσ+ − Iσ−)/(Iσ+ + Iσ−) where Iσ± is the intensity of the
emission. For the exciton we found a circular polarization Pcirc = 25% and for the
charged exciton Pcirc = 40%. This is not surprising, as our circular excitation at
λ = 640nm (E=1.93 eV) was relatively close to the exciton resonance (∼ 200 meV
above neutral exciton emission). Our results are in good agreement with those pre-
viously reported for WSe2 [Jones 2013]. We will see that the degree of circular
polarization depends on the magnetic �eld value.

7.4 Magnetic �eld experimental results

Let us discuss now the optical response of monolayer and bulk WSe2 in the pres-
ence of magnetic �eld. In both µPL and transmission measurements, the mag-
netic �eld was applied in the Faraday con�guration. Typical low temperature µPL
spectra of monolayer WSe2 measured in dc magnetic �elds up to 30T are presented
in Fig 7.4(a). The results of the absorption measurements through the thin lay-
ers of bulk WSe2 measured in pulsed magnetic �elds up to 65T are presented in
Fig 7.4(b) using σ+ and σ− detection. The photoluminescence was excited using
σ+ polarization while for the transmission unpolarized white light was used for the
excitation.

Already, the raw data reveals that in both bulk and monolayer crystals the
polarization resolved measurements indicate a splitting of the exciton transition in
magnetic �eld. For monolayer, the exciton splitting is of the order of ∼ 8 meV at
30 T, whereas for the bulk the splitting of the same neutral exciton transition is
∼ 5 meV at 65 T. This suggest a very di�erent physical origin of the splitting due
to the markedly di�erent optical selection rules in bulk and monolayer WSe2.

7.4.1 Monolayer WSe2 crystals magneto-µPL analysis

The PL spectra presented in Fig. 7.4 have been �tted using two Gaussian functions
to extract the integrated intensity and energy of the excitonic resonances. The
results of analysis for magnetic �eld measurements performed on monolayer WSe2
are presented in Fig. 7.6. Both the exciton and trion emission shifts linearly to
higher energy with increasing magnetic �eld showing a pronounced splitting which
also evolves linearly with magnetic �eld.

We recall that in monolayer dichalcogenides, the n 6= 0 Landau levels always
occur in pairs with one in each valley in both the conduction and valence bands.
The n = 0 level is di�erent and there is a single n = 0 Landau level per valley. For
both spin levels, the n = 0 Landau level in the K+ valley is �xed at the top of the
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Figure 7.4: Typical low temperature spectra at various magnetic �elds of (a) µPL
from monolayer WSe2 and (b) absorption of the thin WSe2 bulk crystal, using σ+

and σ− detection. For the PL shown here σ+ polarized light was used for excitation
while the white light for the optical absorption measurements was unpolarized. The
dashed lines are drawn as a guide for eye showing the evolution of exciton features
with magnetic �eld. The spectra have been shifted vertically for clarity.

valence band, whereas in the K− valley is located at the bottom of the conduction
band [Rose 2013]. Thus, in a magnetic �eld resonant σ± excitation selects 0→ 1 or
1 → 0 optical transitions, respectively, and therefore selecting the valley as in the
zero magnetic �eld case as schematically presented in Figure 7.6.

The observed splitting of the transitions is included in the magnetic Hamiltonian
simply as a phenomenological valley splitting ±1

2gvµBB where gv is the e�ective
valley g-factor:

E±Kλ = λ
√

∆2 + nε2 ± 1

2
gvµBB, (7.6)

In the literature the splitting of the transition is often described, using a slightly
di�erent language, in terms of a two band tight binding model in which the atomic
d-orbitals form the conduction and valence bands [Aivazian 2015, Srivastava 2015].
This �rst contribution to the magnetic moment of charged particles is called intra-
cellular component and originates from the hybridization of the dxy and dx2−y2-
orbitals which provide the electrons in the valence band with an in plane angular
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Figure 7.5: Magnetic �eld dependence of the energy of the polarization resolved
exciton emission in monolayer WSe2 measured at T = 4.2 K. The solid lines are �ts
to the data using the Hamiltonian for massive Dirac fermions.

momentum m~ with m = ±2 according to the valley index. This is included in our
model by the second term in Equation 7.6. The other component which contributes
to the magnetic moment is called intercellular component. This originates from
the phase winding of the Bloch functions and, in our case, it is expressed by the
�rst term of Equation 7.6.

The solid lines in �gure 7.5 are the transitions energies calculated from the
energies of the 0 → 1 and 1 → 0 transitions from Equation 7.6 with a Fermi ve-
locity vF = 0.51 × 106 m/s and an e�ective valley g-factor gv = 4. The measured
value of ~vF = 3.36Å eV suggests t = 1.02 eV which is roughly 15% less than
the e�ective hopping integral predicted from �rst principle band structure calcula-
tions [Xiao 2012, Rose 2013]. We have included excitonic e�ects simply by subtract-
ing the exciton (trion) binding energy from the calculated transition energy. The
parameter set provides a reasonable �t to both the exciton and trion emission data.
The transition energies evolve linearly with magnetic �eld which can be understood
as follows: The band gap of WSe2 is large so that for the magnetic �elds of inter-
est here ∆2 � ε2 and the orbital contribution to the Landau level energy is well
approximated by a Taylor expansion

En = ±
√

∆2 + 2n~eBv2F = ±∆

√
1 +

2n~eBv2F
∆2

' ±
(

∆ +
n~eBv2F

∆

)
(7.7)

The last term can be associated with the cyclotron energy n~ωc. Thus, the carriers
behave as massive Dirac fermions with an e�ective mass m∗ = ∆/v2F ' 0.7me

where me is the free electron mass. Note, that this result can also be obtained by
comparison with the Klein-Gordon equation E2 = m2c4 + p2c2 replacing the speed
of light with the Fermi velocity. For this reason ∆ ≡ mc2 is often referred to as the
�mass gap�.
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Figure 7.6: Schematic showing the dipole allowed 0 → 1 and 1 → 0 transitions
which select the valley involved (solid lines are Landau levels, solid arrows indicate
the transitions). Spin is conserved so that the Zeeman energy (not shown here)
does not split the transition. Any asymmetry of the electron/hole Dirac cones,
which modi�es the energy of the n = 1 Landau levels, would split the transition as
indicated by the dashed lines/arrows.

The observed splitting is asymmetric due to the orbital (Landau level) contri-
bution which is always positive. The low energy peak almost does not move in
magnetic �eld as the orbital and valley contributions are of similar size but of op-
posite sign. Li et al. [Li 2014] observe a symmetric splitting in MoS2 in �elds up to
10T, albeit with a somewhat smaller valley splitting of 0.12meV/T. As it is unlikely
that the Fermi velocity in MoS2 is signi�cantly smaller than found here for WSe2,
this may suggest that the orbital contribution is quenched in their measurements,
either due to the higher temperature used (T = 10 K) or increased disorder in their
sample (ωcτ < 1).

The valley splitting observed in our data (gv = 4.0±0.5) agrees perfectly with the
splitting of 4µBB observed in the data of Srivastava and co-workers [Srivastava 2015].
A factor of two lower value (' 2µBB) has been the published recently by Aivazian
and co-workers [Aivazian 2015]. In the tight binding model, the valley magnetic mo-
ment due to the self rotation of the wave packet gives no contribution to the splitting
provided the electron and hole masses are identical. Aivazian et al. [Aivazian 2015]
invoked di�erent electron and hole masses to correctly predict the observed splitting
in their samples. Similarly, in our Hamiltonian any asymmetry of the electron and
hole Dirac cones would lead to a splitting of the 0 → 1 and 1 → 0 transitions (see
Figure 7.6). However, as our data corresponds to the expected splitting of 4µBB,
this suggest that electron-hole asymmetry in WSe2 is small and makes no signi�cant
contribution to the observed valley splitting.
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7.4.2 Bulk WSe2 crystals magneto-optical analysis

For bulk WSe2 crystals, the dipole selection rules are ∆n = 0 [Neville 1976]. The
observed splitting of the optical transitions will be a spin (Zeeman) splitting and
is included in the theoretical model as a ±1

2gsµBB term. Figure 7.7 illustrates
the scheme of the energy levels and excitonic transitions in magnetic �eld in bulk
WSe2 crystals. Thus, in a magnetic �eld the circularly polarized light σ± will select
0→ 0 optical transitions of the electron-hole pairs with an opposite spin, as shown
schematically in �gure 7.7.

Figure 7.7: Schematic showing the energy levels and dipole allowed excitonic tran-
sitions observed in high magnetic �elds measurements.

The energy of the polarization resolved exciton features in transmission for bulk
WSe2 shown in �gure 7.8 clearly shows signs of excitonic e�ects with quadratic
diamagnetic shift at low magnetic �elds which becomes more linear at high �elds.
The diamagnetic shift in the A-exciton peak is caused by deformation of the rela-
tive motion of the electron and hole in the exciton due to the Lorentz forces. At
low magnetic �elds, such deformation can be treated as a perturbation. For the
ground state, with an s-envelope wave function and angular momentum of l = 0,
the deformation can be described as an combination of the p-envelope functions
with l = 1 [Klingshirn 2005]. As a consequence, the exciton angular momentum
becomes proportional to the magnetic �eld B. The energy of the magnetic dipole
in a magnetic �eld is also proportional to magnetic �eld B, resulting in an overall
quadratic dependence of the excitonic energy with respect to magnetic �eld in the
low magnetic �eld region. Thus, the evolution of the data in magnetic �eld can be
well described using

∆E↑↓ = −~ω0

2
+

~
2

√
ω2
0 + ω2

c ±
1

2
gsµBB (7.8)

where ~ω0 is an energy which controls the diamagnetic shift, ~ωc = eB/m∗ is the
cyclotron energy and m∗ is the reduced exciton mass, gs is the e�ective g-factor.
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Figure 7.8: Magnetic �eld dependence of transmission in bulk WSe2 measured at
T = 1.8 K. The solid lines are �ts to the data using Equation 7.8 to model the
diamagnetic (quadratic) shift at low magnetic �elds followed by a linear Landau
like behavior at high magnetic �elds.

Neglecting spin for the moment, at high magnetic �eld ω2
c � ω2

0 and the energy
is well approximated by ~ωc/2. At low �elds when ω2

0 � ω2
c to �rst order a Taylor

expansion gives the diamagnetic shift

∆E = −~ω0
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introducing the relation for ωc gives

∆E ' ~e2B2

4ω0m∗2
= e2a20B

2 (7.9)

Here we have de�ned a length a0 =
√
~/4m∗2ω0 which can be identi�ed with

the e�ective Bohr radius in the hydrogen model [Walck 1998]. The solid lines in
�gure 7.8 are the transition energies calculated using Equation 7.8. For the 1s
absorption, we use an e�ective mass m∗ = 0.7me as in monolayer WSe2, an e�ective
g-factor gs = 2.3 and ~ω0 = 8 meV giving a diamagnetic shift at low magnetic �elds
of ∆E ≈ 0.9µV/T2. The e�ective Bohr radius is a0 ≈ 1.8 nm from which we can
obtain a rough estimate of the exciton binding energy in the hydrogen model

EB =
e2

8πεrε0a0
≈ 56 meV (7.10)

using a dielectric constant εr ' 7 for bulk 2H-WSe2 [Beal 1976]. This value agrees
well with the exciton binding energy of ' 55 meV determined directly from the n =

1, 2, 3 hydrogen series of levels in re�ectance measurements on bulk 2H-WSe2 crystals
[Beal 1976]. A similar binding energy (' 56 meV) has been reported [Goto 2000]
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in high magnetic �eld measurements up to 150 T on bulk MoS2, however with a
much smaller diamagnetic shift ' 0.2µeV/T2. The approximately four fold smaller
diamagnetic shift is however, fully consistent with our data on WSe2 when the
smaller Bohr radius (1.28 nm) and smaller reduced exciton mass (0.4me) in MoS2
are taken into account [Goto 2000]. From Equation 7.9, the diamagnetic shift in
MoS2 is expected to be ∼ 0.57 times smaller due to the e�ective mass and ∼ 0.5

times smaller due to the square of the Bohr radius.
For completeness, we have also �tted the 2s data using the same e�ective mass

m∗ = 0.7me, a slightly larger e�ective g-factor gs = 2.8, and ~ω0 = 2 meV. The
diamagnetic shift ∆E ≈ 3.4µV/T2 is larger due to the more delocalized nature of
the 2s wave function which extends over ≈ 3.7 nm. The obtained value of e�ective
Bohr radius for the 2s (n = 2) exciton level is roughly two times less than the value
predicted by hydrogen model [Pelant 2012].

7.5 Magnetic �eld dependent valley polarization

In monolayer WSe2 the circular polarization σ± of the excitation allows us to selec-
tively pump the K+ or K− valley. The circular polarization of the emission then
depends on the inter valley scattering rate and the radiative recombination lifetime.
In the absence of inter valley scattering the emission would be 100% polarized. The
degree of circular polarization Pcirc for the exciton and trion emission has been
obtained by �tting the spectra for each value of magnetic �eld.

We have analyzed data for all four possible combinations of the circular polar-
ization of the excitation and detection. Typical polarization resolved µPL spectra
measured at 30 T for σ+ and σ− excitation are presented in Fig. 7.9(a) and (b)
respectively. Note that the direction of the magnetic �eld was the same for all
measurements. The required polarization combination was selected by rotating the
excitation and detection polarization optics located outside of the cryostat. As in
zero �eld, the 30 T raw data clearly shows that both neutral and charge exciton
exhibits a signi�cant degree of circular polarization.

The full magnetic �eld dependence of calculated degree of circular polarization
of the neutral and charged exciton calculated using Equation 4.3 is presented in
Fig. 7.9(c),(d) respectively. Both neutral and charged exciton shows a valley polar-
ization in zero magnetic �eld, although we are not exciting exactly at the resonance.
This is not surprising since it has been shown that WSe2, which has the largest spin
orbit induced spin splitting in both valence and the conduction bands of any mem-
ber of the TX2 family, has a valley polarization which is the most robust of all the
transition metal dichalcogenides [Jones 2013]. For the exciton the degree of the
circular polarization remains almost unchanged with the magnetic �eld suggesting
that magnetic �eld has little in�uence on the inter valley exciton scattering rate. On
the other hand the degree of polarization of the trion is strongly in�uenced with the
polarization of the σ+ excited emission (pumping K+ valley) increasing strongly,
accompanied by an equally strong reduction in the degree of polarization for σ−
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Figure 7.9: (a),(b) Typical µPL spectra in monolayer WSe2 excited σ+ and σ−

polarized laser, respectively. The red/blue lines denote the detection in σ+ and σ−

respectively. (c),(d) degree of circular polarization P = (Iσ+ − Iσ−)/(Iσ+ + Iσ−)

of the neutral and charged exciton, respectively. The open symbols denote σ+

excitation and symbols correspond to the σ− polarization of the excitation.

Figure 7.10: Simple picture showing the evolution of energy levels in conduction
and valence band at the K+ and K− points of the Brillouin zone in magnetic �eld.
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excitation (pumping K− valley). This suggests, that although the magnetic �eld
does not modify the inter valley exciton scattering rate, it can nevertheless modify
the probability for trion formation, most likely via its in�uence on the excess elec-
tron population of the spin orbit split spin levels in the conduction band for each
valley. Figure 7.10 illustrates the polarization, σ+ (blue) and σ− (red), selection
rules and energy shifts of inter band optical transitions in the K+ and K− valley
in momentum space under an applied magnetic �eld. Spin up and down states are
indicated by short arrows.

The evolution of the exciton and trion polarization reported here is somewhat dif-
ferent from previous investigations of WSe2 monolayers [Aivazian 2015] and MoSe2
monolayers [MacNeill 2015], which might be due to the low magnetic �elds employed
(B ≤ 7 T). For example, in our data, the true behavior of the trion polarization is
only revealed for magnetic �elds B ≥ 5 T. Additionally, the polarization depends
sensitively upon the exact excitation used, together with sample dependent param-
eters such as the valley scattering rate. Nevertheless, the trion polarized-resolved
photoluminescence in a magnetic �eld con�rms the theoretical prediction that the
inter valley trion is more stable than the intra valley trion due to exchange inter-
action. This provides important information about the valley character of the trion
in monolayers.

7.6 Conclusion

In this chapter, we have investigated monolayer and bulk WSe2 in high magnetic
�elds up to B = 65 T using optical spectroscopy. In monolayer WSe2, the exciton
emission exhibits a splitting which originates from lifting of the valley degeneracy by
the magnetic �eld. The linear evolution of the energy of the exciton features in mag-
netic �eld can be described using a Dirac-like Hamiltonian for massive Dirac fermions
with a Fermi velocity of 0.51 × 106m/s and an e�ective valley g-factor gv = 4 for
an assumed e�ective spin s = 1/2 system. The measured value of ~vF = 3.36Å eV
suggests t = 1.02 eV which is roughly 15% less than the e�ective hopping integral
predicted from �rst principle band structure calculations [Xiao 2012, Rose 2013]. In
contrast, in bulk WSe2 where the inversion symmetry is restored, transmission mea-
surements show that the exciton exhibits a spin (Zeeman) splitting and the exciton
1s and 2s features show a small diamagnetic shift which allows us to determine the
exciton binding energy of around 56 meV within the three dimensional hydrogen
model. In two dimensions, the binding energy is enhanced by at most a factor of
four, so the predicted 2D exciton binding energy (4× 56 ≈ 224 meV) is signi�cantly
less than the established value of 370 meV in monolayer WSe2 [Beal 1976]. This
suggests that dielectric screening (image charge), due to the very di�erent dielec-
tric environment outside of the material [Lin 2014, Chernikov 2014], signi�cantly
enhances the exciton binding energy in monolayer transition metal dichalcogenides.
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Conclusions

Two dimensional (2D) systems have attracted renewed interest since the discovery
of graphene (Nobel Prize in Physics in 2010). Currently the research �eld of single
layer truly 2D materials is highly competitive with a large number of groups around
the world working on this topic. As the isolation of a monolayer of di�erent dichalco-
genides is recent, many electronic properties are still unknown. This work reports
new experimental results in this �eld; the nature of carriers in monolayer and bulk
dichalcogenides WS2 and WSe2 have been probed by means of optical spectroscopy
in high magnetic �eld.

Micro-photoluminescence (µPL) experiments on monolayer WS2 andWSe2 show,
that the trion emission is enhanced in our ungated samples due to the n-type nature
of the crystals. Two color µPL experiments using above and below band gap illu-
mination demonstrate that the trion/exciton intensity ratio can be independently
tuned. The below band gap excitation tunes the excess electron density in the con-
duction band via the dynamic photo-ionization of neutral donors. This is a direct
evidence that we can control the density of carriers in a 2D system by optical means.
Moreover, since the photo-ionization threshold will be similar to the donor binding
energy ' 260meV this provides a possible method for the optical detection of far
infrared radiation.

Raman scattering in monolayer WS2 shows that under resonant conditions, a
second order longitudinal acoustic mode (2LA) is observed at only 4cm−1 below
the �rst order E1

2g mode. These two Raman modes can be undistinguishable due
to their small separation, leading to an erroneous estimation of the separation of
the E1

2g and A1g modes, which is normally accepted to be a robust indication of the
crystal thickness. Measurements involving linear polarization show that depending
on the angle between polarization of the excitation and detection the 2LA mode
can even dominate over the E1

2g mode or vice versa. Thus, monolayers can be incor-
rectly assigned to bi-layer, tri-layer or even bulk crystals depending on the intensity
of the 2LA mode. These results demonstrate that great care has to be exercised
when interpreting Raman spectra taken under resonant conditions, especially if the
excitation polarization is not carefully controlled.

The valley dynamics in monolayer WSe2 has been probed with the use of a
time-resolved method. The emission and polarization resolved dynamics of neutral
and charged excitons in µPL have been investigated, with temporal resolution down
to a few picoseconds. The exciton inter valley scattering between the K+ and K−
valleys is found to be of the order of several picoseconds. Possible origins for the fast
inter valley scattering time include the long-range exchange interaction between an
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electron and a hole in the exciton. Con�rmation of this hypothesis requires further
studies.

Magneto-spectroscopy experiments reveal marked di�erences between the nature
of carriers in monolayer and bulk dichalcogenides. In monolayer WSe2, the exciton
emission exhibits a splitting which originates from lifting of the valley degeneracy
by the magnetic �eld. The linear evolution of the energy of the exciton features in
magnetic �eld can be described using a Dirac-like Hamiltonian for massive Dirac
fermions with a Fermi velocity of 0.51×106m/s, which is twice less than in graphene
(1.03× 106m/s) and slightly smaller than in monolayer MoS2 (0.85× 106m/s). The
measured Fermi velocity can be used to estimate the e�ective hopping integral t
of the tight binding Hamiltonian t = 1.02 eV, which is roughly 15% less than the
predicted e�ective hopping integral.

In contrast, in bulk WSe2 where the inversion symmetry is restored, transmis-
sion measurements show that the exciton exhibits a spin (Zeeman) splitting and
the exciton 1s and 2s features show a small diamagnetic shift which allows us to
determine the exciton binding energy of around 56 meV within the 3D hydrogen
model. In two dimensions, the binding energy is enhanced by at most a factor of
four, so the predicted 2D exciton binding energy (4 × 56 ≈ 224 meV) is signi�-
cantly less than the established value of 370 meV in monolayer WSe2. This suggests
that dielectric screening (image charge), due to the very di�erent dielectric environ-
ment outside of the material, signi�cantly enhances the exciton binding energy in
monolayer transition metal dichalcogenides.

Finally, we have demonstrated the ability to tune of the valley degree of freedom
in monolayer transition metal dichalcogenides using a magnetic �eld. The trion
polarized-resolved photoluminescence in a magnetic �eld con�rms the theoretical
prediction that the inter valley trion is more stable than the intra valley trion due
to exchange interaction. This provides important information about the valley char-
acter of the trion in monolayers. Moreover, the manipulation of the valley degree of
freedom in monolayer transition metal dichalcogenides opens up new opportunities
to understand and explore the valley physics in these materials. Future experiments
in this area will probably focus on creation of quantum bits in the excited coherent
states at the K+ and K− valleys, and the generation of a steady state valley-spin
current.
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Probing the electronic properties of bulk and monolayer crystals

of dichalcogenides using magneto-spectroscopy.

Abstract: Layered compounds involving transition metals from group VI and
chalcogens (the so-called dichalcogenides) are promising candidates for exploring
atomically thin structures. Bulk crystals are semiconductors with an indirect gap
in the near infrared spectral range. In contrast, monolayer dichalcogenides are 2D
semiconductors with a direct gap in the visible spectral range. Moreover, the in-
version symmetry breaking together with strong spin-orbit coupling in monolayer
dichalcogenides leads to valley contrasted optical selection rules. As a consequence,
the population of each valley can be controlled by the circular polarization of light.
Therefore, monolayer dichalcogenides have been proposed as a building block for
valleytronics. However, for applications an understanding of the electronic proper-
ties is crucial.
In this thesis, we have studied tungsten dichalcogenides (WS2 and WSe2) by means
of steady-state µ-photoluminescence (µPL) and Raman spectroscopy, optical in-
terband absorption and time-resolved µPL techniques in the visible spectral range
combined with high magnetic �elds.
We demonstrate that the ratio between the trion and exciton emission can be tuned
by varying the power of the laser used for excitation of the µPL in ungated mono-
layer WS2 and WSe2 samples. Moreover, the intensity of the trion emission can be
independently tuned using additional sub band gap illumination. This is a direct
evidence that we can control the density of carriers in a 2D system.
We have investigated the resonant Raman scattering in a WS2 monolayer. We ob-
serve a second order longitudinal acoustic mode (2LA) at only 4cm−1 below the �rst
order E1

2g mode. We demonstrate, that depending on the intensity ratio and the
respective line widths of these two peaks, any analysis which neglects the presence
of the 2LA mode can lead to a potentially incorrect assignment for the number of
layers.
The valley dynamics in monolayer WSe2 has been probed by monitoring the emission
and polarization dynamics of neutral and charged excitons in µPL. We demonstrate
that the exciton inter valley scattering between the K+ and K- valleys is in the
order of several picoseconds.
Finally, using magneto-spectroscopy studies, we reveal the very di�erent nature of
carriers in monolayer and bulk dichalcogenides. We demonstrate that in monolayer
WSe2, the carriers behave as massive Dirac fermions, while in bulk WSe2 we observe
a distinctly excitonic behavior which is best described within the hydrogen model.
Keywords: Dichalcogenides, monolayer, bulk, massive Dirac fermions, Fermi ve-
locity, valley splitting.



Etude des propriétés électroniques de monocristaux massifs et

monocouches de dichalcogénures par magnéto-spectroscopie.

Résumé: Les composés strati�és dits "dichalcogénures" impliquant des métaux
de transition du groupe VI et des chalcogénes sont des candidats prometteurs pour
l'étude des propriétés électroniques de structures atomiquement minces. Tandis que
les monocristaux massifs sont des semi-conducteurs à gap indirect dans la plage spec-
trale du proche infrarouge, la monocouche possède un gap direct dans le domaine
du visible. Dans cette dernière, la brisure de symétrie d'inversion et la présence
d'un fort couplage spin-orbite mènent à di�érentes règles de sélection optique pour
chaque vallée du semi-conducteur. Ainsi, dans chaque vallée, la population de por-
teurs de charge peut être modulée par la polarisation circulaire de la lumière, faisant
des monocouches des candidats potentiels pour l'électronique de vallée. Cependant,
avant toute application, la compréhension de leurs propriétés électroniques est cru-
ciale.
Dans cette thèse, nous avons étudié les propriétés électroniques de WS2 et WSe2 par
µ-photoluminescence (µ-PL), spectroscopie Raman, absorption optique inter bande
et µ-PL résolue en temps combinées avec des champs magnétiques intenses.
Nous montrons que l'émission de l'exciton par rapport au trion dans les monocouches
de WS2 et WSe2 est fonction de la puissance du laser utilisé pour l'excitation de
la µ-PL. De plus, nous montrons que l'intensité de l'émission du trion peut être
contrôlée indépendamment en utilisant une énergie d'excitation plus basse que la
bande interdite. Il s'agit d'une preuve du contrôle de la densité de porteurs dans
ces systèmes 2D.
Nous avons également étudié la di�usion Raman en résonance dans une monocouche
de WS2. Nous observons un mode acoustique longitudinale (2LA), seulement 4cm−1

en-dessous du mode E1
2g. Nous montrons qu'en fonction du rapport des intensitée et

la largeur de ligne de chacun de ces deux pics, toute analyse qui néglige la présence
de la mode 2LA peut conduire à une estimation incorrecte du nombre de couche.
Les propriétés électroniques de chaque vallée d'une monocouche de WSe2 ont été
sondées par µ-PL via l'étude de l'émission et de la polarisation des excitons neutres
et chargés. Nous montrons que le temps de di�usion de l'exciton entre les vallées de
K + et K- est de l'ordre de plusieurs picosecondes.
En�n, grâce à la magnéto-spectroscopie, nous mettons en évidence di�érents types de
porteurs de charges entre la monocouche et le cristal massif de dichalcogénures. Nous
montrons que dans la monocouche, les porteurs de charge se comportent comme des
fermions massifs Dirac, tandis que dans le monocristal de WSe2 nous observons un
comportement excitonique, décrit par le modèle de l'atome d'hydrogène.
Mots clés: Dichalcogénures, monocouche, fermions massifs Dirac, vitesse Fermi.
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