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Abstract

Two-dimensional (2D) materials have attracted great research interest since the
breakthrough of graphene, revealing exceptional mechanical, electrical and optical
properties. The 2D material graphene has demonstrated excellent electrical prop-
erties. However, the absence of a bandgap is an obstacle for its interaction with
light and therefore limits applications in optics. In this aspect, atomically thin of
transition metal dichalcogenides (TMDs) semiconductors appear to be a promising
platform for optoelectronics, as they possess a direct bandgap at the K-points of
the Brillouin zone in the visible range. Despite being only three atoms thick, these
semiconductors show exceptionally large light absorption, efficient light emission,
and strong light matter interaction as summarized in Chapter 3. Their light matter
interaction is governed by Coulomb bound electron-hole pairs (excitons).

In addition to the impact of optical quality on several parameters, in Chapter
4 we highlight a key issue for efficient energy relaxation channels which directly
influence the exciton formation process, namely the exciton-phonon interaction in
MoSe2 monolayers both in absorption and emission. This experimental observation
was possible due to the narrow exciton linewidth which was masked by mainly in-
homogeneous broadening in earlier investigated samples.

Another striking feature of 2D materials is their unique ability to be combined
in stacks. The weak van der Waals force between adjoining layers in vertical homo-
or heterolayers results in strong with electrical coupling between layers. The light-
matter interaction is strongly modified when going from mono- to multilayers. The
modified electronic bandstructure in multilayer TMDs especially in bilayers enable
completely new excitonic properties and phenomena, which do not exist in the
monolayer. Homobilayers host new type of excitons named ‘interlayer excitons’
(IEs) where electrons are localized in a single layer while holes are delocalized over
both layers. The main features of homobilayer such as MoS2 are : strong absorption
of IEs which have an in-built static electric dipole.

In Chapter 5 we show in homo-multilayer systems that IE transitions with strong
absorption are visible up to room temperature. Chapter 6 is devoted to gated mul-
tilayer MoS2. There we measure a giant IE Stark splitting and a widely tunable
energy shift in applied electric fields due to the in-built static electric dipole. We
show strong coupling between intra- and interlayer excitons when they are energet-
ically tuned into resonance. In trilayer MoS2, we uncover two distinct types of IEs
in magneto-optics with very different in-built static electric dipoles.
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In this thesis, we show the impact of the local dielectric environment on the op-
tical transitions and how we can largely suppress the dielectric disorder in chemical
vapor deposition (CVD)-grown MoS2 monolayers by hexagonal boron nitride en-
capsulation in Chapter 7. The considerably improved optical sample quality allows
us to observe interlayer excitons and interlayer coupling in CVD-grown multilayers.

We determine a correlation between the stacking order and interlayer coupling
in artificially stacked and as-grown CVD layers shown in Chapter 8. We show that
hole delocalization over the bilayer is only allowed in 2H stacking and results in
strong interlayer exciton absorption and also in a modified valence band spin split-
ting as compared to 3R bilayers.

On the way to the realization of practical new photonic applications, this thesis
studies the fundamental aspects of rich optical properties : (a.) high optical quality
of large-area CVD-grown layer, (b.) tuning of interlayer exciton energy over a wide
energy range in electric and magnetic fields and (c.) strong interaction of interlayer
exciton with standard intralayer excitons.
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Résumé

Les matériaux bidimensionnels (2D) ont suscité un grand intérêt pour la recherche
depuis la percée du graphène, révélant des propriétés mécaniques, électriques et
optiques exceptionnelles. Le graphène a des propriétés remarquables. Cepen-
dant, l’absence de bande interdite est un obstacle à son interaction avec la lu-
miére et limite donc les applications en optique. Dans ce contexte, les semi-
conducteurs TMD atomiquement minces semblent être une plate-forme prometteuse
pour l’optoélectronique, car ils possèdent une bande interdite directe aux points K
de la zone Brillouin dans le domaine du visible. Bien qu’ils n’aient que trois atomes
d’épaisseur, ces semi-conducteurs présentent une forte interaction lumière-matière
comme résumé au chapitre 3. Leur interaction lumière-matière est régie par des
paires électron-trou (excitons) liées par attraction de Coulomb.

En plus de l’impact de la qualité optique sur plusieurs paramètres, dans le
chapitre 4, nous soulignons un problème clé pour des canaux de relaxation d’énergie
efficaces qui influencent directement le processus de formation des excitons, à savoir
l’interaction exciton-phonon dans les monocouches MoSe2 à la fois en absorption et
en émission. Cette observation expérimentale a été possible en raison de la largeur
de raie d’exciton étroite qui a été masquée par un élargissement principalement
inhomogène dans les échantillons étudiés précédemment.

Une autre caractéristique frappante des matériaux 2D est leur capacité unique à
être combinés en piles. La force de van der Waals entre les couches adjacentes dans
les couches homo- ou hétérogènes verticales se traduit par un couplage électrique
fort entre les couches. L’interaction lumière-matière est fortement modifiée lors
du passage de monocouches à multicouches. La structure de bande électronique
modifiée dans les TMD multicouches, en particulier dans les bicouches, permet des
propriétés et des phénomènes excitoniques complètement nouveaux, qui n’existent
pas dans la monocouche. Les homobicouches hébergent un nouveau type d’excitons
appelés «excitons intercouches» (IE) où les électrons sont localisés dans une seule
couche tandis que les trous sont délocalisés sur les deux couches. Les principales
caractéristiques d’une homobicouches tel que MoS2 sont : une forte absorption des
IE qui ont un dipôle électrique statique.

Au chapitre 5, nous montrons dans les systèmes homo-multicouches que les
transitions IE à forte absorption sont visibles jusqu’à la température ambiante. Le
chapitre 6 est consacré aux MoS2 multicouches avec contact électrique. Là, nous
mesurons une clivage géante de Stark pour les IEs et un changement d’énergie
réglable dans les champs électriques appliqués en raison du dipôle électrique sta-
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tique intégré des IEs. Nous montrons un fort couplage entre les excitons intra-
et intercouches lorsqu’ils sont énergiquement accordés en résonance. Pour les tri-
couches MoS2, nous découvrons deux types distincts d’IEs en magnéto-optique avec
des dipôles électriques statiques intégrés très différents.

Dans cette thèse, nous montrons l’impact de l’environnement diélectrique local
sur les transitions optiques et comment nous pouvons supprimer en grande partie le
désordre diélectrique par encapsulation de nitrure de bore hexagonal dans les mono-
couches MoS2 élaborés par dépôt chimique en phase vapeur (CVD) au chapitre 7.
Une qualité optique considérablement améliorée nous permet d’observer les excitons
intercouches et le couplage intercouche dans les multicouches développées par CVD.

Nous déterminons une corrélation entre l’ordre d’empilement et le couplage in-
tercouche dans les couches CVD empilées artificiellement que nous montrons au
chapitre 8. Nous montrons que la délocalisation des trous sur la bicouche n’est
autorisée que dans l’empilement 2H et entraîne une forte absorption d’exciton in-
tercouche et aussi dans un clivage spin-orbite de la bande de valence modifiée par
rapport aux bicouches 3R.

Sur le chemin de la réalisation de nouvelles applications photoniques pratiques,
cette thèse étudie les aspects fondamentaux des propriétés optiques riches : (a.)
Haute qualité optique de la couche à croissance CVD de grande surface, (b.)
Réglage de l’énergie d’exciton intercouche sur un large gamme d’énergie dans les
champs électriques et magnétiques et (c.) forte interaction de l’exciton intercouche
avec les excitons intra- couche.
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Chapter 1

Introduction to transition metal
dichalcogenides

Richard Feynman’s famous lecture [1] entitled “There is plenty of room at the
bottom" in the 1959 APS meeting is often regarded as an inspiration for the field
of Nanotechnology. This term was first introduced 15 years later by Norio Taniguchi
in a conference in Tokyo to explain a highly controlled processing of semiconductors.
However, it received worldwide attention a few years later through the 1981 paper
by K. Eric Drexler followed by his book named “Engines of Creation : The Coming
Era of Nanotechnology" in 1986. The era was indeed ushered and the field has
witnessed a rapid development ever since.

The properties of materials derive from their intrinsic atomic arrangement and
bonds. Metals, insulators, and semiconductors are made of atoms, however, they
differ in their electronic bandstructure. These properties can be modified as the
spatial dimensions of the crystal are changed. When thinned down to atomic mono-
layers thickness, materials reveal fascinating and unique properties. In 2004, two
scientists at the University of Manchester, Andrei Geim and Kostya Novoselov,
isolated a single layer of graphite. This two dimensional (2D) layered material is
named graphene, an extremely versatile semi-metal. After Novoselov’s paper, many
techniques for producing, characterizing, and manipulating atomically thin flakes
were developed, which in turn lead to the rapid growth of the field.

There are more than thousands of 2D materials available with diverse function-
ality as shown in Fig. 1.1 with a broad bandgap energy range from 0 eV (graphene)
conducting to 6 eV (hBN) insulating materials. This offers possibilities to use these
materials for a wide range of applications. For example, optoelectronic devices
such as light emitting diodes (LEDs), photovoltaics, photodetectors in addition to
transistors, fiber communications, thermal imaging among many others see Fig. 1.2.

Among 2D materials, transition metal dichalcogenides (TMDs) are particularly
interesting for their optical properties. These materials exhibit a crossover from an
indirect to direct bandgap by reducing the thickness to a single monolayer. The
most common method to obtain a thin film typically a few to tens of micrometers
in the lateral dimension is micro-mechanical cleavage (commonly referred to as
exfoliation or ’scotch-tape technique’) illustrated in Fig. 1.3. The weak van der
Waals force between the adjoining layers, compared to covalent bond that forms
the monolayer, make it possible to stack layers from different layered materials
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Figure 1.1: The main family of 2D materials. The figure is extracted from [2].

to get van der Waals heterostructures with new physical properties, see Fig. 1.4.
This technique is very simple and cost efficient compared to molecular beam epitaxy
(MBE) where lattice matching with the substrate material is a necessary ingredient.
However, this method is not useful for wafer scale production of 2D layers because
of its low yield and randomness in getting a monolayer on a substrate. But, this
technique is extremely useful at the fundamental research level for working on the
interesting physical properties of high quality, artificially stacked heterostructures.
Another fabrication technique that is also making progress to have a wafer scale thin
films is chemical vapor depositon (CVD). The detail optical spectroscopy studies
of atomic layer thick TMDs fabricated using exfoliation and CVD are discussed in
the following Chapters. In this Chapter, we will introduce very briefly the main
properties of TMD material family. From the next Chapter onward, we will mainly
discuss optical properties of monolayers MoSe2 and multilayers MoS2.
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Figure 1.2: (a) Wavelength range and energy bandgap covered by different 2D materials.
(b), (c), (d) and (e), respectively. The electronic band structure of 2D materials. The
figure is reproduced from [3] .

1.1 Transition metal dichalcogenides
TMDs are an extremely promising class of materials in the field of 2D materials.
The TMD family consists of about 60 materials, most of them are layered structures
in their bulk form with a weak van der Waals interaction between the layers.

1.1.1 Crystal structure

TMDs layered materials are represented as MX2. Here M stands for metal atoms
(Mo, W) sandwiched on either side by chalcogen atoms X (S, Se, Te). The prop-
erties of the MX2 materials are dependent on the choice of metal, chalcogen atom,
and the atomic configuration. Fig. 1.5 is an artistic representation of a monolayer
MX2 made of a honeycomb sheet of metal atoms covalently sandwiched between two
honeycomb sheets of chalcogen atoms. Layers of TMD monolayer can be stacked to
form multilayer or bulk. The height of the monolayer is approximately 0.6 - 0.7 nm
and can be measured by atomic force microscopy (AFM). In the MX2 structures,
each metal atom covalently bonds to 6 chalcogen atoms (3 on either side), and each
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Figure 1.3: A schematic showing graphene exfoliated from graphite. The figure is taken
from [4] .

chalcogen atom bonds respectively to 3 metal atoms. When Mo or W are combined
with S or Se monolayers are semiconductors. Whereas when Mo atoms combine
with Te the monolayer can be switched between semiconducting and metallic phase
by tuning strain or carrier concentration [5].

Moreover, TMDs monolayer can have two different phases : octahedral and
trigonal prismatic shown in Fig. 1.5. Octahedral is not as stable as the trigonal
prismatic phase. Hence, trigonal prismatic phase is the most likely to be found in
nature and also in the grown bulk material. In addition, the monolayers with this
phase are stable enough under ambient conditions to perform optical and electrical
characterization.

TMD bulk crystals and monolayer have different crystal symmetry. This can be
understood by considering the stacking order of TMD layers. Beyond monolayers,
several types of stackings are possible. We will discuss mainly the two different
stackings in TMDs layers : 2H (hexagonal) and 3R (rhombohedral). The digit
represents the numbers of layers in the crystallographic unit cell. In 2H stacking,
the adjacent layers are rotated by 180 degree and stack directly upon one another.
Hence, 2H bulk preserves crystal inversion symmetry while for a monolayer inver-
sion symmetry is broken. In general, crystal inversion symmetry is present with an
even number of layers while absent in samples with odd layer numbers. In contrast,
when the adjacent layers are displaced slightly from each other without any rota-
tion we obtain 3R stacking, see Fig. 1.5 (c). This type of stacking retains crystal
symmetry for repetitive building blocks of TMD layers. Therefore the stacking or-
der that changes the symmetry of the crystal plays a significant role in light-matter
interaction, leading to a different optical response in TMDs. Details are discussed
further in Chapter 8.

1.1.2 Bandstructure

TMDs exhibit one of the most interesting properties when thinned down to a single
monolayer limit, they show switching from indirect bandgap to direct bandgap in
theory and experiment as shown in Fig. 1.6.

In TMDs, the bandstructure changes between multilayers compared to mono-
layers due to two main effects : quantum confinement and the change in orbital
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Figure 1.4: A schematic of layered materials for a van der Waals heterostructure, also
represented in a very simple view as the assembly of building blocks. The figure is taken
from [3] .

hybridization. In bulk MoS2, for example, the valence band maximum (VBM) are
situated at the center of the hexagonal Brillouin zone referred to as Γ-point while
the conduction band minimum (CBM) are located nearly halfway along the Γ−K
direction [7, 8]. However, in monolayers, the CBM and the VBM both are located
at the corners of the first Brillouin zone Fig. 1.6 (b). The hexagonal Brillouin zone
looks similar to the one of graphene, but a bandgap is present at theK-points of the
Brillouin zone. Furthermore, in TMD monolayers, the six corners of the Brillouin
zone belong to two different groups represented by K+ and K−-point respectively.
Each group has three equivalent corners mutually related by reciprocal lattice vec-
tors. The energetically degenerate but non-equivalent states at the band extrema
K+ and K− transform into each other under the time-reversal operation. States
at K+ is attributed to a valley index of +1, and states at K− have a valley index
of -1. In addition to the spin, valley index quantum number can be initialized in
optical experiments and manipulated in electric and magnetic fields, see the details
below.

In TMD monolayers, the conduction band and the valence band states (Kc and
Kv) at K-point are mainly due to d-orbitals from the transition metal atoms M
which are sandwiched between the two layers of chalcogen atoms. In contrast, one of
the local minimum of the conduction band Qc and the local maximum of the valence
band Γv have a major contribution from Pz chalcogen atoms shown in Fig. 1.6 (b)
[9]. These orbitals are spatially more influenced by the interlayer coupling compared
to the d-orbitals because Pz is closer to the neighboring layers which can lead to
interlayer hopping. So by increasing the layer number from monolayer to bulk, the
energy of Γv is raised and that of Qc is lowered significantly, while the energies of
Kc and Kv do not change much. As a consequence, the bandgap crosses over to
an indirect one between Qc ↔ Γv in the Brillouin zone at the bilayer, and further
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Figure 1.5: Structural representation of different phases of TMD polytype ((a) oc-
tahedral, (b)-(c) trigonal prismatic) and their corresponding metal atoms coordination.
Dissimilar stacking sequences of trigonal prismatic single layers with a different rotation
angle of layers corresponding to each other can give different stacking : hexagonal sym-
metry 2H and rhombohedral symmetry 3R. The figure is taken from [3] .

decreases with the increase of thickness [10, 11, 12], see Fig. 1.6 (b).

1.1.3 Excitons in TMD monolayers

In typical semiconductors, an electron can be excited to the unoccupied conduction
band leaving an empty electron state in a sea of other electrons in the valence band.
This many-particle system can be reduced to the two-body problem of the nega-
tively charged conduction electron interacting by the strong Coulomb attraction
with a positively charged valence hole and give rise to a bound state called "exci-
ton". In semiconductors, the two main types of excitons can be formed : Frenkel
and Wannier-Mott excitons. A Frenkel exciton possesses a very strong Coulomb
attraction between the electron and hole. Their radius is of the order of 0.1 nm,
they are tightly-bound excitons. These excitons have a very large binding energy of
the order of 1.0 eV. Frenkel excitons are usually found in insulators, alkali halides,
and organic molecular crystals. In contrast, Wannier-Mott excitons due to weak
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Figure 1.6: (a) 3D model of the structure of a TMD monolayer and corresponding unit
cell. (b) Calculated bandstructure of bulk, bilayer and monolayer MoS2. The three panels
show the transition from indirect to direct bandgap semiconductor. The figure is taken
from reference [6]. (c) Sketch of the hexagonal Brillouin zone where the K, Γ, M points
are located. The light blue lines indicate the directions along which the bandstructure in
panel (b) is calculated. (d)-(e) Schematic shows that the conduction bands are opposite
in MoX2 and WX2 monolayers. The arrow represent spin allowed A-exciton transition
given by the optical selection rules.

Coulomb interaction between the carriers are free excitons delocalized over many
lattice sites. The binding energy is typically the order of tens of meV. Hence these
excitons are found in semiconductors with smaller energy bandgaps and higher val-
ues of dielectric constant as compared to materials that host Frenkel excitons. In
TMD monolayers, the exciton Bohr radius is about a few nanometers and the cor-
relation between an electron and a hole extends over several lattice periods. Hence,
the exciton can have an intermediate nature between the so-called Wannier-Mott
or large-radius-type (similar to classical semiconductors such as GaAs and CuO2)
and the Frenkel exciton.

The excitonic transition can be observed in the optical spectra : if the Coulomb
interaction is strong, it can be seen at lower energy compared to the free car-
rier bandgap Eg. This energy difference is the exciton binding energy EB, see a
schematic in Fig. 1.7.

In a 2D TMD crystal, the electron and the hole which form the exciton have
relative motions which are strongly coordinated as demonstrated in Fig. 1.7. The
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Figure 1.7: The picture schematically shows the optical absorption of an ideal 2D
semiconductor including the exciton and its series of excited states at lower energy than
the electronic bandgap. The inset shows an energy level scheme of the exciton states, in
analogy with the hydrogen atom. Principal quantum numbers identify the excited states.
The energy difference between the lowest energy exciton state (n = 1) and the free-particle
bandgap is the exciton binding energy EB. The figure is taken from Wang et al. [13]

. .

exciton center-of-mass with a wavevector ~Kexc can move freely in the plane of the
material, in accordance with the Bloch theorem. As a result of the large binding
energy of excitons and their small Bohr radius in real-space (aB ' 1 nm), the
exciton spreads in the k-space significantly. Hence, states at a larger distance from
the K-point are included in the exciton wavefunction as indicated in Fig. 1.7 (c).

We can analytically derive a numerical expression for the exciton energy con-
sidering the two-dimensional case in an effective mass approximation. The motion
of the electron and hole are confined to a monolayer plane so ~Kexc = ~Kx + ~Ky. As
a consequence the total energy of exciton states is given by [14]:

E2D
exc(n,

#»

Kexc) = Eg −R∗y
1

(n− 1
2
)2

+
~2| #»Kexc|2

2Mexc
(1.1)

where Eg the free carrier bandgap, exciton mass Mexc = me + mh and n is the
principal quantum number. When n → ∞, energies tend to the continuum which
corresponds to the free carrier bandgap : unbound electron-hole pairs. R∗y is the
exciton Rydberg energy given by :

R∗y =
13.6µ

m0ε2
(eV ) (1.2)

ε is the dielectric constant of the medium and µ is the reduced mass of the electron-
hole system :

8



µ =
memh

me +me

The evolution of exciton binding energy and Bohr radius as a function of prin-
cipal quantum number n are different for 2D and 3D excitons. In a first approxi-
mation for 3D excitons, the binding energy can be given by :

E3D
B = R∗y

1

n2
(1.3)

Therefore, we expect the different energy levels for n = 1, 2, 3.., give corresponding
transitions in optical spectroscopy experiments. The signal amplitude of these tran-
sitions can be assessed through a dimensionless parameter called oscillator strength
fn. The oscillator strength decreases with increasing n as :

f 3D
n ∝ n−3 (1.4)

Now we discuss about 2D excitonic properties. The binding energy of the exciton
EB which is defined earlier EB = Eg − E2D

exc, decreases when n increases. The
binding energies of 2D excitons in terms of the principal quantum number can be
written as [14, 15]:

E2D
B = R∗y

1

(n− 1
2
)
2 (1.5)

and the oscillator strength of an excitonic state is different in the 2D case compared
to 3D :

f 2D
n ∝ (n− 1

2
)−3 (1.6)

Comparing relations 1.3 and 1.5 shows the binding energies can change signifi-
cantly while going from 3D exciton to 2D exciton. We can further understand this
with an example for n = 1, in 3D we get a binding energy equal to R∗y however in
2D case, it is 4R∗y. By considering relations 1.4 and 1.6, we conclude that the oscil-
lator strength which depends on the principal quantum number are different for 2D
and 3D excitons. These two parameters play a very important role in fundamental
properties of TMD monolayers.

The binding energy depends on several factors, for example when the dimen-
sionalities of exciton are reduced from 3D to 2D, the electron and hole are confined
in the 2D plane. In this case, both carriers are spatially much closer which leads
to strong Coulomb interaction. It can be also affected by the local dielectric envi-
ronment experienced by 2D exciton because electric field lines between the electron
and the hole extend outside the monolayer. The local environment (vacuum, SiO2,
hBN, etc...) with a smaller dielectric constant compared to TMDs is used for exper-
iments which reduce dielectric screening for a 2D exciton compared to a 3D exciton
in a bulk TMD.

Furthermore, by considering the simple hydrogenic model 2D excitons in TMDs
have a large reduced mass µ ≈ 0.25 m0. This value of µ is very large compared to
the case of GaAs for which µ ≈ 0.06m0. The binding energy increases with reduced
mass, see Equ. 1.2. The binding energy of excitons in TMD monolayers is of the
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order of several hundreds of meV, which is considerably larger than for other typical
semiconductors such as GaAs (∼ 10 meV) or ZnO (∼ 60 meV [16, 17, 18, 19, 20].

The binding energy EB can be determined experimentally using techniques such
as linear reflectance, scanning tunneling spectroscopy (STS), 2-photon (PLE), sec-
ond harmonic generation. But in reality, it is difficult to measure the free carriers
bandgap because it merges with higher energy excitonic states Fig. 1.7. Hence
we could not determine the binding energy directly from experiments. However,
it is possible to extract the binding energy using simple optical spectroscopy ex-
periments such as photoluminescence (PL) or reflectivity when nB −→ ∞. The
energy, when nB −→ ∞ corresponds to the free particle bandgap. By measuring
the energies for different excitonic states (n = 1s, 2s, 2p, 3s..., ) and extrapolating,
the value of Eg can be deduced. The binding energy EB can be extracted by taking
a difference between the free carriers bandgap Eg and the optical bandgap E2D

exc. In
an ideal 2D system, the binding energy is given by : R∗y

1
(n− 1

2
)2

from the relation 1.1
in a hydrogenic series with n = 1, 2, 3, . . . . In fact, samples show deviation from the
relation 1.1. Therefore, we must take in account the Coulomb interaction which is
very sensitive to the local dielectric environment. The Coulomb interaction varies

from the (
1

r
) law caused by the nonlocal dielectric screening associated with a spa-

tially inhomogeneous environment [13, 21]. Hence, the electron and hole separation
variation strongly affects the energy spacing of the n = 1, 2, 3, .., exciton states
leading to large deviations from the 2D hydrogen model. Theoretical calculations
of excitonic states and binding energies in TMD MLs have been performed us-
ing several approaches, including effective mass methods, atomistic tight-binding,
and density functional theory (DFT). In the effective medium approximation, the
dielectric constant of the TMD monolayer is larger compared to the dielectric con-
stants of the surroundings. As a consequence, an effective interaction potential
varies differently for large and small relative electron-hole separation in TMD ML
[13]. The resulting overall form of the effective potential, called Rytova-Keldysh
potential [22, 23, 24], is given by :

V (r) =
−e2

8ε0r0

(
H0

(κr
r0

)
− Y0

(κr
r0

))
(1.7)

where e is electric charge, ε0 is the vacuum permittivity, H0 and Y0 are the Struve
and Neumann functions and r0 is the effective screening length, κ is an average
dielectric constant κ =

εtop + εbottom
2

with εtop and εbottom are the dielectric constants
of the top and bottom layers surrounding the monolayer. The screening length is
given by r0 = 2πχ2D with χ2D the 2D polarizability of the monolayer. Numerical
fits of spectroscopic data in MLs WS2, MoS2, MoSe2 and MoTe2 showing n = 1
and excited states (n > 1) can be performed using Equ. 1.7, see for example [25].

1.1.4 Spin valley coupling and optical selection rules

Spin orbit effects play a significant role in the TMD bandstructure. The spin-orbit
interaction is much stronger in TMDs than in graphene because TMDs consist of
relatively heavier elements. This leads to large spin splitting ∆V B

SO , especially in
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valence band at the K-point about 200 meV (Mo-based) and 400 meV (W-based)
[11, 16, 26, 27, 28]. However, the spin-orbit splitting in the CB in these TMDs is
one order of magnitude smaller (about tens of meV) than in the VB splitting [12,
26, 29, 30, 31, 32]. The smaller spin-orbit splitting at the CBM is ascribed to partial
compensation of the chalcogen p- and metal d-states contributions. Interestingly,
the conduction band splitting sign differs depending on the metal atom (Mo or W).
Therefore, the spin degeneracy of both the conduction and valence bands is fully
lifted at the K-point contrary to a typical GaAs or CdTe quantum well structures
where the CBM and the VBM remain spin degenerate at the Γ-point of the Brillouin
zone in a quasi particle picture.

The valence band at the K-point is split by the spin-orbit interaction in A and
B-branches. Both A and B valence states can be involved in optical transitions.
The optical transition from the first top valence band to the lower conduction band
is called as A-exciton. Similarly, the optical transition that happen from lower
the valence band to other conduction band is named as B-exciton. The energy
difference between these two excitonic transitions is approximately equal to the
spin-orbit splitting of the valence band ∆V B

SO .

By choosing a suitable laser energy, we can address B or A-exciton which will be
discussed in the section 3.2 of Chapter 3. In addition, by choosing σ+ and σ− po-
larized laser excitation, we can address optical transitions in the K+ and K− valley
respectively. The valley selective optical selection rules for interband transitions in
the K+ and K− valleys are given by the symmetry of the system. The orbital Bloch
functions of the valence band states at K-points are invariant, while the conduction
band states transform like the states with angular momentum components of +1 or
-1. Therefore the optical selection rules for interband transitions at K-points are
chiral, electrons can move VB↔ CB transitions between states with the same spin
orientation [26, 33, 34, 35, 36, 37]. As a consequence, the K+ valley can be excited
with a σ+ polarized laser while K− valley using a σ− polarized laser see Fig. 1.6.
These features of TMDs is important for studying the valley degree of freedom in
a very simple fashion. The degree of polarization can be measured in PL and is
given by :

Pc =
Iσ+ − Iσ−
Iσ+ + Iσ−

, where Iσ+ or Iσ− are the intensity of the right (σ+) and left (σ−)

circularly polarized emission. The circular polarization in time-integrated experi-
ments depend on the exact ratio of PL emission time versus depolarization time

(τdepol) : Pc =
P0

(1 + τPL
τdepol

)
, where P0 is the initially generated polarization, τPL is

the exciton lifetime. Extrinsic parameters such as short PL emission times due to
nonradiative channels can strongly affect this value, therefore a detailed analysis
of steady-state experiments is challenging. The polarization decay time (τdepol) for
exciton of the order of ps has been measured [38, 39]. Spin conserving interval-
ley scattering is generally energetically unfavorable as electron or hole either has
to change spin to go from one valley to the other. In another circumstance, if it
preserves its spin but has to overcome the spin-orbit splitting especially large in
the valence band. Therefore, spins- and valleys are coupled, one demands changing
valley state while other requires flipping spin. Moreover, the valley dynamics in
TMD MLs is strongly influenced by the Coulomb interaction between the charge
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carriers [40]. The long-range Coulomb exchange interaction between the electron
and hole forming an exciton gives rise to efficient decay mechanism for the exciton
polarization. This mechanism is efficient only for bright exciton states and the
dark states which are spin forbidden transition remain unaffected. This we can
understand by assuming a bright exciton propagating in the ML plane with the
center-of-mass wave vector Kexc as a linear combination of eigenstates active in the
σ+ and σ− circular polarization. One eigenstate has a dipole moment oscillating
along the wavevector Kexc, called longitudinal exciton while the other one has the
dipole moment oscillating perpendicular to the Kexc named as the transverse exci-
ton. The splitting between these two states ( the longitudinal-transverse splitting),
acts as an effective magnetic field and mixes the σ+ and σ− polarized excitons.
As a result of this, the circular polarization of the emitted light decays in time. In
TMD MLs the longitudinal-transverse splitting is 1 to 2 orders of magnitude larger
than 2D exciton in GaAs or CdTe quantum wells due to the stronger Coulomb
interaction. This results in comparatively faster exciton polarization relaxation on
ps timescales, see also section 3.2 in Chapter 3.

As excitation with circularly polarized light can induce valley polarization in
a TMD monolayer. Similarly, excitation with linearly polarized light can generate
a coherent superposition of K+ and K− valley states called valley coherence [41].

The linear PL polarization degree Plin is defined as Plin =
IX − IY
IX + IY

, where IX (IY )

denotes the intensity of the X and Y linearly polarized emission, respectively.
So far we have discussed mainly about the A-exciton which is optically active in

our TMD monolayers (see Fig. 1.6 d-e). The A-excitons result in the lowest energy
optical transition in the monolayer referred to as optical bandgap. The A-excitons
show large oscillator strength in absorption and strong emission in PL, also detailed
in the section 3.2 of Chapter 3.

For the light-matter interaction involving excitonic effects, optical transitions
have to obey the following rules [13, 43]. First, they have to conserve energy. It
means, the energy of the initial state should be equal to the final state. In an-
other words, the valence band energy should be equal to the difference between
the conduction band energy and the photon energy. Second, they have to preserve
its momentum. For TMDs monolayer, exciton dispersion in two-particle represen-
tation is shown in Fig. 1.8 (b). The photon wavevector (q||) should be equal to
the exciton wavevector which is given by : ~Kexc = ~ke + ~kh. Both wavevectors are
almost zero inside the light cone where bright exciton transitions happen, shown in
yellow color in Fig. 1.8 (b). Therefore, the exciton composed of an electron at the
K+-point and a hole at K−-point recombines at the center of the exciton Brillouin
zone Γ. The bright excitons transition in electronic bandstructure is represented
by yellow color in Fig. 1.8 (a). In TMDs, all optical transitions that happen at
K ↔ K valley correspond to bright excitons. In addition to energy and momen-
tum conservation, optical transitions have another restriction. The initial and final
states should have the same spin. The bright exciton transitions have the same
spin states which are pure either oriented up or down. However, in addition to the
bright excitons, we see additional optical transitions at lower energies compared to
the bright excitons in PL emission. There are two possibilities which could allow
these transitions : (i) Electrons have to mix their spin states in order to conserve
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Figure 1.8: (a) A schematic of typical optical transitions for the bright and dark exciton
states. For simplicity, we have shown only transitions evolving between the upper valence
band at K-points and the high-symmetry points K and Q in the conduction band in
W-based monolayers. (b) A pictorial illustration of the exciton ground-state dispersion
in the two-particle representation. The light cone for bright excitons is marked by the
free-space photon dispersion c.q||, where c is the speed of light and the excitons outside
of the cone are dark. The figure is reproduced from [13]. (c) Schematics of the one-
particle bandstructure of systems for MoX2 ML in the K+ valley. The spin-orbit induced
splittings for valence (VB) and conduction bands (CB) are shown. (d) Dark-bright energy
splittings of the A-excitons in the MoX2 and WX2 ML from G0W0 + BSE theory, the
bright exciton energy is set to be 0, in comparison with the conduction band splitting
induced by spin-orbit coupling. Insets are the corresponding qualitative bandstructure of
the excitons in Mo-(left) and W- based TMDs (right), with bright and dark excitons in
red and dotted gray, respectively. The figure is taken from [42].
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spin, are so-called spin-forbidden dark excitons shown in black color in Fig. 1.8
(a), and (ii) The electrons with the same spin states are in two different valleys,
so they have to change the valley which is possible via interacting with phonons
to conserve its momentum. They are momentum forbidden dark excitons, shown
in gray color in Fig. 1.8 (a). In TMDs, there are several types of phonons which
provides sufficient energy and momentum to exciton for relaxation. Some phonons
have energy with zero momentum. Hence, depending on the required energy and
momentum for the optical transitions, phonons take part in the optical processes.
In general, all optical transitions are consequences of an interplay between exciton
and photon, in some cases phonons.

We will now discuss about the important differences between the two main types
of excitons: bright excitons and spin-forbidden dark excitons. The bright excitons
have larger oscillator strength than the dark exciton, therefore, its intrinsic radiative
lifetime is shorter than for the dark state [44, 45]. The spin-forbidden dark excitons
have out-of monolayer-plane optical dipole moment (which comes from symmetry)
in contrary to bright exciton where optical dipole lies in the monolayer plane.
Therefore, it is possible to observe the dark exciton emission by exciting with a
laser in-plane to the monolayer. It can not be detected at all if light propagates
normal to the monolayer-plane. However, in our PL experiments, we observe dark
excitons transition in WSe2 and WS2 monolayers by exciting with a laser which
is perpendicular to the monolayer-plane. The main reason is that we use a large
numerical aperture microscope objective in excitation and detection because our
samples are of few µm in lateral size. Therefore, the electric field vector at the focal
tail has a significant out-of-plane component which enables excitation/detection of
the dark transition even at the normal incidence, see detail in Chapter 3. Also, local
strain or ripples can lower the symmetry of the 2D crystal induces a small mixing
between bright and dark excitons, yielding the observation of the dark component.
In W-based TMDs, the dark exciton existence can also be indirectly demonstrated
in temperature-dependent PL experiments showing an increased PL yield at higher
temperatures. In WS2 and WSe2 MLs, the dark excitons are present at lower energy
than the bright excitons. Here, most excitons thermalize in these dark states, which
drastically reduces the efficiency of light emission. As temperature increases, more
excitons occupy the energetically higher bright states within the light cone resulting
increased PL emission. Moreover, brightening of these states can also be observed
in low-temperature magneto-PL experiments by applying strong in-plane magnetic
fields. This increases the mixing of the spin-states and softens the spin-selection
rule [46, 47, 48, 49]. As a result, dark excitons appear about 50 meV below the
bright exciton resonance in magneto-PL spectra of W-based TMDs.

We have discussed above the main differences between the bright and dark
excitons including the possible optical transitions in W-based TMDs. We will now
highlight the main differences in optical transitions for W- and Mo-based TMDs.
Before going in detail we first underline fundamental differences between these
materials. The spin-orbit interaction that lifts the spin degeneracy of the CB has a
opposite sign for W- and Mo-based TMDs. This is why the dark excitons transition
is at lower energy than the bright excitons. According to first DFT prediction [50],
the conduction band splitting in W-based TMDs is larger compared to MoS2 and
MoSe2, where CBs crosses at the K-point of the exciton Brillouin zone, see Fig. 1.6
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(d-e) [29, 31].
For an example, we consider the transitions involving between the highest VB

and the two lowest CBs in a single-particle picture of a typical TMDs ML as shown
in Fig. 1.8 (c-d). Here Ω↑↓ represents spin-forbidden dark excitons transition and
Ω↑↑ shows bright exciton transition. In a simple approximation, the energy splitting
between bright and dark excitons is ∆dark−bright = Ω↑↓−Ω↑↑ mainly due to the CB
splitting (∆c) induced by spin-orbit coupling. Hence, it appears that ∆c can either
be negative for WX2 or positive for MoX2 systems. But for the accurate determi-
nation of the dark-bright exciton splitting, we need to consider the short-range part
of the e-h Coulomb exchange interaction for the exciton [42]. Therefore the dark-
bright exciton splitting is given by : ∆dark−bright = ∆exch + ∆c. This splitting is
positive for A- excitons in the cases of MoSe2 and MoTe2 MLs. These results are in
agreement with the measured dependence of the photoluminescence intensity with
respect to the temperature. In these materials, PL intensity goes down drastically
by increasing temperature from T = 4 K to 300 K [46, 51]. Similar observation has
been shown in MoS2 MLs and therefore is considered to be the bright excitons tran-
sition is at lower energy than the dark excitons. In MoS2 ML, this is not conclusive
yet as the CB spin-orbit splitting and the exciton exchange term almost cancel each
other yielding very small bright-dark exciton separations. Recent magneto-optics
results indicates that the spin-forbidden dark exciton in MoS2 MLs encapsulated in
hBN is about 15 meV below the spin-allowed bright exciton [52]. So an unified ex-
planation for temperature dependent, magnetic-field dependent and optical dipole
dependent spectroscopy still merits further investigation.
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Heterobilayer Homobilayer
(a) (b)

Intralayer

exciton

Intralayer

exciton

IE

Figure 1.9: (a) Schematic of type-II band alignment in the WSe2 - MoS2 heterostructure
with intralayer (A:1s) and interlayer (IE) excitons. The red and blue areas represent
corresponding bands in the two individual materials and the heterobilayer. Holes and
electrons are represented in positive and negative symbols, respectively. The figure is
taken from [53]. (b) Interlayer excitons formation while a hole is delocalized over two
different layers is represented in red area and intralayer excitons can be created when the
electrons and holes are in the same layer.

In TMDs, there could be other possible optical transitions which are different
than free excitons. For example : in the presence of impurities or strain in TMD
samples, electrons and holes can be trapped in potentials resulting in localized
excitons [54, 55, 56]. It can be determine as a spectrally narrow resonances appears
below the bright A-excitons in PL spectra at low temperature, see also section
3.1.1 in Chapter 3. These resonances can be ascribed to excitons trapped in local
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potential wells. They disappear at higher temperatures, where the thermal energy
is sufficient to overcome the trapping potential. Localized excitons which bind to
impurities or defects give important information about the materials purity and
the nature of the impurities. It has been shown in the past that these impurity
analysis are of a great importance to reach an effective and controlled doping of the
material in some case as a source of single photons.

In addition to the large variety of neutral excitons, other exciton complexes
such as charged excitons (trions) or biexcitons can be observed [57, 58, 59]. All
these different excitonic transitions make the optical spectra rich, and sometimes
difficult to interpret like in the case of tungsten-compounds with still many open
questions. The study of exciton species and their identification is very important
both fundamentally and for future applications.

1.1.5 Bilayer TMDs

The physics of excitons in monolayer TMDs is well developed. Excitons in multi-
layer van der Waals (vdW) structures is currently rapidly a growing research field
because if offers new excitonic features for light-matter interaction. When going
from monolayer to bilayer structures the electronic bandstructure changes which
significantly can lead to new tunable optical properties compared to a monolayer.

The van der Waals TMDs heterostructures switch from a direct to indirect
bandgap material by adding one atomic layer on monolayers. We have seen in
Fig. 1.6 (b), that the band extrema Kv, Γv and Qc(which is located between M
and Γ) shifts significantly while going from bulk to bilayer. The interlayer hopping
between the Pz orbitals of the nearest neighbor chalcogen atom is larger compared
to other orbitals which are more localized within each layer. It means that the
interlayer hopping at Kv is much weaker than Γv and Qc because Kv does not have
a contribution from Pz orbital like Γv and Qc [9, 13]. These effects considerably
modify the light-matter interaction in a bilayer. This results in the formation of
new exciton complexes where the electron and hole residing in different layers see
Fig. 1.9 (a). These spatially separated particles can form a so-called interlayer
exciton. Note that in this thesis, the interlayer exciton is labelled as (IE).

In contrary to monolayer, bilayer or multilayer offers a new degree of freedom
i.e twist angle. The 2H stacking is the most stable configuration for homobilayer
TMDs where the upper layer is rotated by 180 degree with respect to the bottom
layer [60]. Due to the restoration of inversion symmetry in 2H bilayers the valley
dependent physical properties of each monolayer such as the valley optical circular
polarization and valley Hall effect on average are zero. However, a perpendicular
electric field can break the inversion symmetry which can make these materials
useful for valley circular dichroism [61] and a valley Hall effect experiments [62].
Hence it possible to tune valley physical properties by changing the symmetry of
the system with a perpendicular electric field [9].

Interlayer exciton have been investigated experimentally in TMD heterobilayers
by aligning two different TMDs layers on each other in type-II band alignment.
This means that the conduction band and valence band of the second semiconduc-
tor are both lower than the band extrema of the first semiconductor, see Fig. 1.9
(a) [63]. The most commonly used combination is MoSe2/WSe2. The lattice mis-
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match in vertically stacked twisted bilayers assists the formation of moiré patterns
which offers the possibility to manipulate their electronic properties [53, 64, 65],
see also Chapter 3. The interlayer exciton in heterobilayers can be detected in pho-
toluminescence. However, it has much smaller oscillator strength compared to the
intralayer excitons which give rise to long recombination times measured for inter-
layer excitons which exceed ns, an order of magnitude longer than the intralayer
excitons ps. In heterobilayer system, electron and hole are in opposite layers, inter-
layer excitons have a permanent electric dipole in the out-of-plane direction. This
enables a large Stark shift (transition energy shift) of interlayer exciton by the ap-
plication of out-of-plane electric field in a gated device. The electron is located in
either the top or bottom layers decided by the initial stacking [63]. Heterobilay-
ers composed of a monolayer with a hole is located on top of another monolayer
carrying an electron in type II band alignment. Hence, by applying a negative
gate voltage, we can increase the relative band-offset lead to a blue shift in PL.
However, in an inverted system, where the stacking order of the two different layers
is reversed, shows a red-shifted [63]. Subsequently, the direction of its permanent
dipole can be determined from the electrical control of the energy of IE.

The interlayer exciton can also be formed in homobilayers [9, 60, 66, 67]. The
fundamental difference between interlayer excitons in hetero- and homobilayers is
that in heterobilayers the interlayer excitons are indirect in both real and recipro-
cal space while interlayer excitons in homobilayers are indirect in real space but
direct in reciprocal space [68, 69]. An important point to note is that because of
large oscillator strength in homobilayers the interlayer exciton transitions are vis-
ible in absorption whereas in heterobilayers this feature appears in emission only
[60, 66, 68] discussed further in Chapter 5. In MoS2 homobilayers investigated in
this thesis, the interlayer exciton form when an electron is localized in one layer
while the hole is delocalized over both layers for K − K transitions. Interlayer
excitons in MoS2 bilayers have a permanent built-in electric dipole oriented out-of
the bilayer plane and have degenerate states at zero electric field. Therefore, we
can lift the degeneracy of two IE states by applying a perpendicular electric field.
This effect enables us to achieve an exciton energy separation of two IEs by as
much as 120 meV (more than 10 times of their linewidth). There are two main
characteristics of interlayer excitons which are useful to identify them experimen-
tally. First, the interlayer excitons show large Stark shift compared to intralayer
excitons by applying out-of-plane electric field. In addition, the interlayer character
of the transitions in an applied magnetic field shows large Zeeman splittings with
opposite signs compared to intralayer transitions. The detail results are shown in
Chapter 6.

In homobilayers, interlayer exciton formation strongly depends on the stacking
order of the layers. In 2H -bilayers, the interlayer coupling of valence states is non-
zero which leads to the formation of interlayer excitonic states. However, interlayer
exciton can not form in 3R-bilayers because of the absence of interlayer coupling.
These are illustrated in detail in Chapter 8.

In this chapter, we have underlined the fundamental properties of TMDs, the
monolayers are direct bandgap semiconductors. We have also described the strong
excitonic effects in TMDs monolayers which dominate in the optical spectra of TMD
monolayers. The binding energy of 2D excitons is extremely large up to several

17



hundred meV, one to two orders of magnitude larger than the excitons in III-V
quantum wells. In TMDs, chiral selection rules allow us to create carriers in two
different valleys (K+ and K−) of the momentum space by means of light of different
circular polarization. We have also discussed that the electronic bandstructure
changes while increasing TMD layer thickness. This leads to new excitonic features
IEs appearing in TMD bilayers. We can tune the transition energy of the interlayer
excitons by applying out-of-plane electric as well as magnetic fields. The detail
studies on optical properties of MoS2 and MoSe2 monolayers, bilayers and trilayers
will be presented in the following Chapters. We will also present the high optical
quality of van der Waals heterostructures assembled using CVD-grown monolayers.

18



Chapter 2

Sample Fabrication

In the previous chapter, we have studied optical properties of TMDs layers. These
properties very much rely on the sample quality. Hence it is important to discuss
some technical details about sample fabrication, which is the goal of this chap-
ter. The deterministic transfer methods developed at LPCNO is implemented to
fabricate all samples which are used throughout this PhD thesis.

2.1 Monolayer isolation

As described in the previous chapter, most of the attractive optical and electronic
properties of 2D materials appears when TMDs are an atomic layer thick. The most
common examples are electron transport physics in graphene, or rich spin-valley
physics in TMDs with broken inversion symmetry and direct bandgap. Monolayers
of 2D materials could be obtained in two different ways : (i) "top-down" methods
i.e. exfoliation from the bulk material, and (ii) "bottom-up" methods of single-layer
growth. In this thesis, we have used two methods for sample fabrication : mechan-
ical exfoliation (LPCNO) and CVD growth of high quality crystals (performed by
collaborators). We will present both of these methods in the next sections.

2.1.1 Mechanical exfoliation

(a) (b)

Figure 2.1: Mechanical exfoliation. (a) MoS2 bulk crystal are used for mechanical
exfoliation. (b) Final step is peeling off sticky tape with the crystals from the substrate.
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This technique became famous after pioneering works in graphene and MoS2

[70, 71] and since then it has been greatly improved. Mechanical exfoliation is a
relatively simple technique that exploits weak van der Waals interaction between
several number of layers of 2D materials. To start exfoliation, the first step is to
select a high-quality bulk crystal shown in Fig. 2.1 (a), that will serve as source of
exfoliated monolayers. The TMD bulk materials can be purchased from commercial
suppliers such as 2D semiconductors. The bulk crystals are brought in contact with
a piece of sticky tape in order to cleave and peal-off some pieces of the crystals.
The pieces of the crystals which are now stuck on the scotch tape are further
cleaved on the clean part of the same tape. This step is then gently repeated
about 3-4 times to "open" the bulk crystals so that a major part of the tape
surface is covered. In the next step, the side of tape with freshly cleaved crystals is
applied on a SiO2/Si substrate. Before this, for a better interface between the TMD
layer and SiO2/Si substrate, the substrate is cleaned with acetone and isopropanol
using ultrasonication for 10 minutes. The substrate is then dried with a nitrogen
(N2) gun and exposed to 10 W oxygen/N2 plasma for 2 minutes (we are using
plasma treatment machine (NanoETCH SCI 1094). This pretreatment activates
the surface, which significantly improves monolayer yield on SiO2/Si substrate. All
of these steps are performed in a chemistry laboratory and not necessarily in a
clean room. The final step of exfoliation, shown in Fig. 2.1 (b) is to slowly peel-off
the scotch tape from the substrate, leaving thin flakes including monolayers on the
surface. Alternatively, crystals can be exfoliated on a piece of polydimethylsiloxane
(PDMS) polymer stamp for further transfers which will be discussed in the next
section.

2.1.2 Deterministic exfoliation

To fabricate van der Waals heterostructures, i.e. to stack different layered materials
on top of each other, it is essential to deposit layers at precise locations on a
substrate in a controlled way. However, the basic mechanical exfoliation process
described in the previous section transfers the layers at random locations onto the
substrate. To overcome this issue, we will introduce a method which relies on the
use of a PDMS viscoelastic stamp [72]. In this approach, instead of transferring
the layers directly from the scotch onto a substrate, we transfer the flakes from the
scotch tape onto a PDMS stamp supported by a glass slide. In the next step, we
look for a monolayer by looking at the optical contrast under an optical microscope.
The PDMS stamp on a glass slide is carefully fixed on a mechanical stage which can
move in the XYZ directions using micro-manipulators under an optical microscope,
see Fig. 2.2 (b)-(c). The whole PDMS surface with several TMD flakes of random
thickness is thus scanned with an optical microscope with a long working distance
objective. We use an Olympus objective MPLFLN x 10 with a working distance
of 11 mm. Once the monolayer is found on the PDMS stamp, it can be carefully
aligned with respect to the target substrate. In the next step, by slowly approaching
this stamp on a desired location of a target substrate and removing it steadily,
the layers can be transferred from the stamp onto the substrate. In the final
step, a thermal annealing at 150 ◦C in air is generally performed to enhance the
adhesion of the monolayer onto the substrate. The different steps of the technique
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are demonstrated in Fig. 2.2 (a). It is important to mention that due to the
strong light-matter interaction, TMDmonolayers can be simply identified by optical
contrast using an optical microscope with a high quality imaging camera. An image
of a TMD monolayer on PDMS is shown in Fig. 2.3 (b). Our exfoliation setup
allows us to measure the room temperature micro-photoluminescence of a flake.
TMD bilayers or the multilayers have an indirect bandgap and their PL is thus
strongly quenched. Therefore, the detection of a PL signal at T = 300 K is a
clear indication of the single layer TMD flake. Note that Raman spectroscopy can
also be used to discriminate between bulk and monolayer as E1

2g and A1
g mode

shifts while going from multilayer to a single layer [73]. Atomic force microscopy
(AFM) is another way to measure precise thickness of the layer precisely. However,
in general, for the main members of TMD family (MoS2, WS2, MoSe2, WSe2,
MoTe2), I have gained enough experience to be able to simply identify monolayers
by optical contrast. Identifying TMD bilayers and trilayers by optical contrast is
more challenging. Hence we perform AFM to confirm the layer thickness [60].

2.1.3 Van der Waals hetersostructures

We have briefly discussed a deterministic exfoliation method for isolating a single
layer of TMDs on a substrate like SiO2/Si. We will now describe a technique for
fabricating van der Waals hetersostructures. As mentioned in the previous chapter,
in 2D crystals weak van der Waals forces between layers offer the possibility to
combine layers of different materials. In van der Waals heterostructures, a single
building block is held together by the covalent bonds in the atomic plane, while
the van der Waals force provides the stability of the stack. Hence it is possible
to combine several layered crystals not found together in nature for different het-
erostructures. However, it is important to note that not all layered crystals are
stable under ambient condition, for instance CrI3 and black phosphorus are ex-
tremely fragile. A problem for monolayers (that do not oxidize or degrade quickly)
is the possible accumulation of adsorbents on the top surface. These contaminants
are usually squeezed into micron sized bubbles by the van der Waals force itself,
thus creating several clean regions on the monolayer flake. We can remove some
bubbles by thermal annealing. As temperature increases to about 150 ◦C, adsorbent
starts to move and eventually agglomerate in larger bubbles.

There are different approaches for fabricating van der Waals heterostructures.
The most desirable method for fabricating these heterostructures would be van der
Waals epitaxy[74], in which individual layers are grown on top of each other. But
the weak van der Waals force compared to the covalent bonds in monolayer makes
this method very challenging [75]. Moreover in order to avoid lattice distortion
in the crystal, this method requires the lattice of the top layer to be similar (in
terms of flatness and lattice constant) to that of the bottom layer. These issues
are currently addressed by ongoing research projects on growing heterostructures
using molecular beam epitaxy (MBE) [76]. For fundamental research, exfoliation
is a practical method due to its simplicity and cost efficiency.

The most common heterostructures fabricated in our laboratory are encapsu-
lated samples. In these heterostructures, a TMD monolayer is placed between
hexagonal boron nitride (hBN) flakes, which is an insulator with a wide bandgap
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Figure 2.2: (a) Schematic of dry exfoliation method [72]. Stepwise procedure for
the deterministic transfer of think flakes from bulk crystals. (b)-(c) schematic and a
photograph of our exfoliation setup in which the main components are a stamping and
a sample stages and a confocal optical microscope for high quality imaging and room
temperature photoluminescence.

(≈ 6 eV). The bulk crystals of hBN employed in our structures are highly pure
(i.e. have a considerably lower defect density than commercially available hBN),
synthesized from Ba-BN solvent at the NIMS Tsukuba, Japan [77]. hBN is also a
layered material and can therefore be exfoliated to obtain flakes of different thick-
nesses. The purpose of using a bottom hBN layer is to protect the TMD layer
from the detrimental impact of the substrate, for example, surface roughness and
charge fluctuations. A top hBN layer protects the monolayer from laser damage
or contamination [78]. Therefore encapsulated TMD layers show considerably im-
proved optical quality as compared to unencapsulated samples [51, 79, 80], see also
section 3.1 in Chapter 3 and section 7.2 in Chapter 7 for exfoliated and CVD-grown
monolayers. To prepare such heterostuctures shown in Fig. 2.3 (a), we first take
high quality bulk hBN crystals on a scotch tape and fold it repeatedly so that some
of these crystals spread over a large area of the tape. Employing a deterministic ex-
foliation method, we can transfer hundreds of flakes on the PDMS from the scotch

22



tape. Then, using the optical microscope we look for hBN layers which should have
a smooth surface and suitable thickness. We choose a particular thickness for the
bottom layer of hBN because the PL emission intensity and oscillator strength of
the exciton resonances are strongly influenced by the hBN thickness due to thin
film interference effects [81, 82]. The flake is then transferred to a substrate, and
annealed at 150 ◦C in air for 10 minutes. An image of a hBN flake exfoliated on a
SiO2 substrate is shown in 2.3 (b). Once the hBN bottom layer is transferred on
the substrate, we repeat the same procedure for transferring a TMD monolayer.
Finally, a second thinner (about 10 nm) hBN flake is used to cap the TMD mono-
layer. The optical micrographs of a sample at different stages are shown in Fig.
2.3 (b). Annealing is performed after transferring each layer during the fabrication
process. In a similar way, we can also encapsulate TMDs bilayer and trilayer in
hBN to investigate new exciton states. It will be discussed briefly in Chapters 5, 6
and 8.

1L-TMD/PDMS 1L-TMD/b- hBN/SiO2 t-hBN/1L-TMD/b- hBN/SiO2

t-hBN

1L-TMD

b-hBN

(a)

(b)

1L-TMD

Si

SiO2

Figure 2.3: (a) Schematic of sample structure, where t-hBN stands for top layer and
b-hBN for bottom layer hBN. (b) Optical microscope images at different stages of the
sample fabrication : TMD monolayer looks transparent on PDMS, it is shown in black
area in left panel, TMD monolayer transferred onto bottom hBN, see middle panel and
the right panel shows a complete van der Waals hetersostructures on SiO2.
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(a)

Figure 2.4: (a) Schematic representation of CVD set-up for the growth of MoS2 mono-
layers using a Knudsen-cell. The figure is taken from [83]. (b)-(d) Optical microscope
images of MoS2 monolayers grown by CVD. The grown crystals have a size distribu-
tion depending on the source MoO3 distance. As the distance increases the crystal size
decreases.

2.2 Large area CVD growth

In the previous section we have detailed exfoliation methods. In this section we will
describe another method for fabricating TMD monolayers. So far exfoliated TMD
crystals from high quality bulk show the lowest defect density (The flux technique
achieves a large reduction in defect density to below 1011 cm−2 [84]) and hence
better optical response compared to crystals grown by chemical vapor deposition
and molecular beam epitaxy [83, 84]. Exfoliation is very useful to fabricate high
quality samples for fundamental research. There are several limitations that prevent
exfoliation from being industrially viable : (a) to get a single monolayer is random
(i.e. we have to systematically scan the PDMS surface for getting monolayers
under an optical microscope), (b) it is time consuming, (c) the size of monolayers
is relatively small with an average lateral size of tens of micrometer, and (d) the
yield for finding monolayers per unit of surface area is very low.
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In my typical experiments, I obtained one TMD monolayer per PDMS stamp
surface area of 1 cm2. A variety of growth methods have made possible to increase
the number of monolayer flakes and control the layer size and thickness. Among
them CVD is an important method used for the growth of graphene crystals [85,
86]. Moreover, CVD based synthesis is the most simple and cost effective for
the growth of single crystalline TMD monolayers. CVD has already given several
promising results for the growth of TMDs: MoS2 [83, 87], WS2 [88], MoSe2 [89],
and MoTe2 [90]. Hence, it is an alternative approach to the mechanical exfoliation
for TMD monolayers and multilayers. In contrast, to the bottom-up approach
described in the previous section, this is a top-down technique which results in a
controllable growth of large single-crystalline flakes [91, 92, 93]. Growth of high
quality CVD samples investigated during this thesis is performed in the group of
Andrey Turchanin at FSU Jena, Germany. I do spectroscopy and encapsulation of
CVD-grown TMD layers, not CVD growth in Toulouse. For the growth, they use
83 nm thick silicon oxide (SiO2) on top of silicon (Si) as a growth substrate. The
thickness of the oxide layer is optimized to yield the highest optical contrast (defined
by light interference [94]) for monolayer TMDs so that ultrathin layers deposited on
the substrate could be identified. In this method, desirable powders of metal oxides
(e.g. MoO3 or WO3) and chalcogens (e.g. S, Se) are used as precursors. These
precursors are kept inside a reaction tube, heated to appropriate temperatures to
be evaporated in an inert gas atmosphere which transports them to the target
substrate, see Fig. 2.4 (a). Eventually the precursors are thermally activated to
react and subsequently form the desired TMD monolayers. An important challenge
for the 2D TMD high quality crystal growth is to control the flow rates of the
precursors for the nucleation and growth in the reaction zone. This is achieved by
using a Knudsen-type effusion cell for the chalcogen precursor instead of the most
commonly used open crucible [83]. The monolayer size (lateral dimension) depends
on the source (MoO3) distance, which typically is about 100 µm.

Once the TMDmonolayers are grown on the SiO2 substrate, they are transferred
onto PDMS from the substrate by a water assisted pick-up method for encapsu-
lating the monolayers in hBN for better optical response. The detailed optical
spectroscopy measurements of CVD-grown monolayer and bilayer are shown in
Chapters 7 and 8. In this thesis, we will investigate and compare in detail exci-
tonic features in monolayers and bilayers fabricated by dry exfoliation and using
CVD-grown monolayers.

2.2.1 Water assisted pick-up technique

MoS2 monolayers grown by CVD on SiO2 will adhere (’stick’) to the sample more
strongly than an MoS2 monolayer flake deposited by exfoliation on SiO2. CVD-
grown monolayers are usually released by wet etching from their growth substrate
followed by polymer-assisted wet- or dry-transfer [95, 96]. These processes involve
chemical etching of the growth substrates due to strong substrate interactions of
the CVD films compared to exfoliated flakes. Moreover, removal of the polymer
requires processing such as chemical dissolution and annealing. These processes fur-
ther contaminate or degrade the 2D material which is detrimental to optical quality
and eventually device performance. Therefore, to address these limitations, we fab-
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Figure 2.5: (a) Schematic of water assisted pick-up techniques for CVD-grown MoS2

monolayers for assembling bilayers for optics. (b) Optical micrograph of CVD-grown
MoS2 monolayers and a few homobilayers, transferred to the PDMS stamp following
water assisted pick-up from the growth substrate.

ricate van der Waals heterostructures with CVD-grown monolayers employing a
PDMS-based water assisted lift-off process [97]. The PDMS stamp is hydrophobic
in contrast to hydrophilic SiO2/Si growth substrate when in contact with droplets
of deionized (DI) water. Hence, by simply wetting the interface between the PDMS
stamp and 2D thin films grown on SiO2 substrates, monolayers can be released and
transferred onto the PDMS stamp prepared on a glass slide. We can therefore as-
semble, for example, 2H and 3R stacked MoS2 bilayers by employing water assisted
lift-off and PDMS-based dry transfer, see Fig. 2.5 (a) and also Chapter 8. This
transfer starts by gently pressing the substrate containing CVD-grown MoS2 flakes
onto a PDMS stamp supported by a glass slide and locking the glass slide, stamp
and substrate in place by means of a scotch tape. Subsequently, DI water droplets
are injected at the perimeter of the substrate, see Fig. 2.5 (a). It is crucial to allow
water to penetrate into the SiO2\MoS2\PDMS interfaces while preventing the sub-
strate from sliding during lift-off. The MoS2 film would not be transferred on the
PDMS stamp if the growth substrate and PDMS film are pressed together so firmly
that water cannot wet the interface. Detaching the growth substrate after 1-2 min-
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utes releases the MoS2 material reliably and over a large area onto the PDMS stamp
as shown in Fig. 2.5 (b). Thereafter, drying of the PDMS stamp with nitrogen gas
prior to the final transfer step ensures that no solution trapping can occur. The
risk of 2D crystal degradation and damage is minimized. Subsequently we can use
deterministic dry transfer to encapsulate the lifted-off, CVD-grown monolayers in
hBN. The whole process is facile, rapid, and potentially applicable to a wide range
2D materials.

We have highlighted different methods to obtain TMDs thin films. Now we will
explain briefly the selection of hBN thickness which impacts the optical quality. All
TMDs heterostructures that we will discuss in this thesis are encapsulated in hBN.
The hBN thickness plays an important role in the optical response of the samples,
see Fig. 3.2 (b) in Chapter 3. It is therefore important to acquire a certain control
on the hBN flakes that we use to fabricate samples. We scan the PDMS stamp to
find hBN layers and select them following the main criteria : their flatness, lateral
dimensions and thickness. We use hBN as a substrate and also for capping the
TMD layer. The bottom hBN layer as a substrate (thick bottom layer order of
100 nm) must be atomically flat to avoid creating strain in the TMD monolayer.
It must be thick enough to avoid any impact of the roughness of the underlying
substrate SiO2 and protecting the monolayer from charge fluctuations from SiO2.
The hBN flake for capping the TMD layer should be homogeneous and thin enough
(about 10 nm).

A basic way to evaluate the thickness of a hBN flake, instead of performing
each time AFM, is by optical color contrast. We have developed an understanding
of optical contrast variation on hBN thickness. Indeed, due to interference, hBN
thin films exhibit different colors depending on their thickness. To make the iden-
tification easier, we simulate hBN colors as a function of thickness using a transfer
matrix approach. Optimizing hBN thickness is very important for optical spectra
to enhance the visibility of exciton resonances in reflectivity spectra of the TMD
monolayer [81] and even for controlling the exciton lifetime [82]. In addition to us-
ing optical color contrast, we can measure reflectivity of an hBN flake and compare
this spectrum with the simulated reflectivity to know the thickness.

2.3 Interferences in van der Waals heterostructures
In this section, we will discuss a way to select a suitable thickness of hBN for our
samples. We use transfer matrix approach to model the full optical response of
the multilayer structure. The shape and visibility of the excitonic resonances vary
not just due to differences in oscillator strength but also because of interference
effects [81]. In this section, we use this method developed with our collaborators
M. Glazov and M. Semina (Ioffe Institute, St-Petersburg) to calculate reflectance
of our van der Waals heterostructures.

We consider a multilayer system : hBN\ MoS2 monolayer\ hBN\ SiO2(83
nm)\Si, see Fig. 2.6. We calculate the following matrices :

• Matrices at the interfaces : Tvacuum → Tt−hBN , Tb−hBN → SiO2, TSiO2 → Si

• Matrices accounting for the phase shifts of each medium acquired by the wave
propagating to the right and to the left : TSiO2 , Tb−hBN , TMoS2 and Tt−hBN .
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A:1s 
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A:2s 

Figure 2.6: The differential reflectivity spectra (the experimental technique is detailed
in Chapter 3) in black are plotted for a van der Waal heterostructure: t-hBN\WSe2

monolayer\ b-hBN\ SiO2(83 nm)\Si varying the bottom hBN thickness. The strong
transition at lower energy is due to the A-exciton (A:1s) ground state absorption. At
higher energies, two more transitions are clearly visible in the top panel, these transition
are ascribed to be the higher energy excited states of the A-exciton: A:2s and A:3s
respectively. The hBN thicknesses are determined by AFM. The reflectivity contrast
visiblity and the shape of the exciton resonances varies significantly on bottom hBN
thickness, while the thickness of other layer are fixed.

In each layer, the solution of the wave equation can be written as :

E(z) = E+e
ikL + E−e

−ikL

The matrix T accounting for the phase shift in a medium with each layer thickness
L :

T =

(
eikL 0

0 e−ikL

)
The white light used for reflectivity propagates from the layer with the refractive
index n1 to the layer with the refractive index n2.

The transfer matrix at an interface between the layers :

Tn1→n2 =
1

2n1

(
n1 + n2 n2 − n1

n2 − n1 n2 + n1

)
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Figure 2.7: A schematic of van der Waal heterostructure for transfer matrix simulation.
Light is propagating perpendicular to the monolayer plane. We numerically simulate the
transfer matrix of each interface layers for calculating the reflection coefficient rtot.

where, the wave vector k = nω
c
, ω is the angular frequency of light, n is the refractive

index of the medium and c is the speed of light in vacuum. Finally, we calculate
the matrix accounting for the TMD monolayer :

Tn1→n2 =
1

t

(
t2 − r2 r
−r 1

)
with t the transmission coefficient (t = 1 + r) and r the reflection coefficient.

We can express the coefficient r for the MoS2 monolayer as [81]:

r(~ω) =
3∑

n=1

iΓ0,A:ns

EA:ns − ~ω − i(Γ0,A:ns + ΓA)
+

iΓ0,B:1s

EB:1s − ~ω − i(Γ0,B:1s + ΓB)
.

It includes independent contributions of the A-exciton with principal quantum
number n = 1, 2, and 3 as well as that of the B-exciton, EA:ns, EB:1s are the
corresponding energies, and Γ0 and Γ are the radiative and nonradiative damping
of the excitons. The total transfer matrix for the whole structure is thus given by :

Ttot = TSiO2 →Si TSiO2Tb-hBN →SiO2 Tb-hBNTMoS2Tt-hBNTair → t-hBN (2.1)

The transfer matrix provides the following relation between rtot and ttot which
are the amplitude reflection and transmission coefficients respectively through the
structure :

Ttot

(
1
rtot

)
=

(
ttot
0

)
. (2.2)

Equation 2.2 allows us to obtain rtot from the transfer matrix 2.1 by simply
multiplying matrices of each medium at interfaces. By keeping LSiO2 = 83 nm,
Lt−hBN = 15 nm and varying the bottom hBN thickness (LSiO2) in the matrix
2.1, we evaluate the shape and relative intensities of the exciton transitions in the
reflectivity spectra. Using this approach in our heterostructures, we choose appro-
priate bottom hBN thickness for the enhanced visibility of excitonic resonances.
We note in Fig. 2.6 for example that for an encapsulated WSe2 monolayer in hBN
the visibility of the exciton features is much better for a bottom hBN thickness of
149 nm as compared to 76.4 nm.
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Figure 2.8: (a) Schematic of encapsulated MoSe2 monolayer charge tunable device. (b)
Colormap of photoluminescence spectra as a function of applied voltages at T = 4 K.
Holes are injected in the monolayer at positive voltages whereas electrons are injected at
negative voltages. Two transitions associated to charged excitons (X+ and X−) appear
while comparatively weak A:1s emission disappears by application of external voltage.

2.4 Heterostructure device

It is also possible to fabricate heterostructure devices using the same approach as
mentioned above for controlling the charge density or for tuning electric field inside
a TMD monolayer. The silicon substrate is connected to a source meter and acts
as a back gate while the top surface is patterned with gold electrodes. The bottom
hBN flake is exfoliated close to one electrode and, after the deposition of the mono-
layer, a thin graphite flake is used to connect with the gold electrodes, see Fig. 2.8
(a). Note that we position the graphite flake with the same technique as used for
TMDs and hBN, namely with a PDMS stamp. A capping hBN layer is used on
the top of the stack to protect the TMD layer. In this scheme, applying a voltage
between the top and the back gate will modify the charge density of the monolayer,
thus allows to explore effective p- and n-doping regimes (X+ and X−), see Fig. 2.8
(b). If the doping is significant, charged excitons (or trions) can be formed and be-
come dominant over the main neutral transition (A-1s) in the optical spectra, see
Fig. 2.8 (b). These three particles complexes consist of a charge (an electron or a
hole, depending on the type of doping) bound to a neutral exciton. Note that with
little variation on charge tunable structure it would be possible to build a device
in which we can apply different electric fields to the material without changing the
doping level, for studying the variation of its optical response (in a double gated
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structures). The detailed optical spectroscopy results on new exciton features in
MoS2 bilayers and trilayers in applied electric field will be given in Chapter 6. Using
different 2D materials in desired configuration with certain stacking orders allows to
build devices with different functionalities such as light emitting diodes (LEDs) [49].

In this chapter, overview of different fabrication techniques has been discussed.
Among them, mechanical exfoliation is described as it is the most popular in the
scientific community working on TMD monolayers. However, researchers are also
developing another methods for high quality wafer scale production of TMDs for
future industrial applications. In our laboratory, the deterministic transfer tech-
nique with PDMS has been used extensively for fabricating high quality van der
Waals heterostructures. It remains a technique with many attractive aspects : low
cost, applicable to many materials and resulting in high optical quality compared
to other methods. We have also developed an understanding of the impact of in-
terference effects in multilayer systems which significantly changes the visibility of
exciton resonances. In all our heterostructures, the bottom hBN thickness is care-
fully chosen based on transfer matrix simulations to have a better optical response.
We have shown that electric field tunable and change tunable device can also be
fabricated using deterministic exfoliation methods. We have developed a water as-
sisted pick-up method to assemble CVD-grown TMD layers with clean interfaces,
as will be detailed in Chapter 8. This approach will be useful for fabricating large
area TMD heterostructures with different stackings (i.e. twist angles), combining
TMD layers on hybrid structures to engineer optical and electric properties.
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Chapter 3

Optical spectroscopy techniques

In this chapter I give an introduction to optical spectroscopy for layered materials
as a powerful, non-invasive tool to access details of the electronic bandstructure
and crystal quality which have been discussed in the previous chapters. Potential
applications in photonics and optoelectronics are based on our understanding of
the light-matter interaction on an atomic monolayer scale. Here atomically thin
transition metal dichalcogenides, such as MoS2 and WSe2, are model systems for
layered semiconductors with a bandgap in the visible region of the optical spectrum.
They can be assembled to form heterostructures and combine the unique properties
of the constituent monolayers. I will summarize the working principles of micro-
photoluminescence spectroscopy and optical absorption experiments. I will discuss
the physical origin of the main absorption and emission features in the optical
spectra and how they can be tuned. I explain key-aspects of practical set-ups
for performing experiments in different conditions such as variable temperatures
or in applied magnetic fields and how parameters such as detection spot size and
excitation laser wavelength impact the optical spectra. I will describe the important
influence of the direct sample environment, such as substrates and encapsulation
layers, on the emission and absorption mechanisms. A survey of optical techniques
that probe the coupling between layers and analyze carrier polarization dynamics
for spin- and valleytronics is provided. The work corresponding to this chapter is
a submitted review article [98] that I wrote during my PhD thesis.

3.1 Measuring optical absorption and luminescence
in layered semiconductors

The fundamental optical transitions in TMDs lie in the energy range from ≈ 1.1 eV
(monolayer MoTe2) up to ≈ 2.1 eV (monolayer WS2). Ferromagnetic semicon-
ductors, such as CrBr3 and CrI3 cover similar transition energies [99, 100]. Inter-
layer excitons in heterostructures such as MoS2/WSe2 can reach emission wave-
lengths above 1100 nm (<1.1 eV), approaching the telecommunication bands [101].
Black phosphorous is a layered semiconducting material with a direct bandgap
that strongly varies with the number of layers and covers the visible (monolayer) to
mid-infrared (bulk) spectral region [102]. The same evolution of bandgap change
versus thickness occurs in PtSe2 [103], but here the bandgap is indirect as for Si,
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so applications for detectors are possible. At the opposite end of the spectrum
layered hexagonal boron nitride (hBN) has a bandgap in the deep ultraviolet at
6 eV (200 nm). Below we describe the working principles of experiments to study
absorption and emission of the optical transitions in layered semiconductors.

3.1.1 Optical spectroscopy equipment

A typical spectroscopy set-up contains a light source and several optical compo-
nents to guide the excitation light to the sample and the signal to the spectrometer
(monochromator) and detector. A charged-coupled device (CCD) or a complemen-
tary metal–oxide–semiconductor (CMOS) camera is also essential for the sample
imaging. In this section we outline the characteristics of the main components
and explain in Fig. 3.1 the working principle of a versatile micro-spectroscopy set-
up, widely used in commercial and also home-built systems. A typical microscope
set-up shown in Fig. 3.1 can be used to perform with similar equipment photolumi-
nescence, reflectance, photoluminescence excitation (PLE), Raman scattering and
second harmonic generation (SHG) spectroscopy experiments.

Light sources.- The main parameters for the laser excitation depend on the
application and the sample’s bandstructure : (i) the wavelength is selected in accor-
dance to the investigated optical transitions (ii) the laser can be continuous-wave
(CW) or pulsed. Pulsed lasers are more suitable for time-resolved experiments.
For femtosecond (fs) or picosecond (ps) pulse duration the spectral width should
be taken into account when investigating transitions close in energy. At the same
time, the laser peak power should be calculated to avoid sample damage. High
beam quality (aiming for perfect collimation, i.e. low M2 factor) lasers are prefer-
able for focusing the beam tightly to a diffraction limited spot, considering the small
lateral dimensions of many exfoliated samples. For CW excitation, laser diodes can
be typically selected between 375 nm and 2000 nm. For experiments requiring tun-
able wavelength excitation, convenient solutions for the 700-1000 nm range include
Titanium Sapphire (Ti:sapphire) lasers, which can be either pulsed (ps/fs) or con-
tinuous. To cover the wavelength range between 500-700 nm and 1000-1600 nm,
an optical parametric oscillator can be coupled to the Ti:sapphire laser combined
with a doubling crystal. Dye lasers can also be used, where the choice of dye and
its solvent allows for the selection of the emission range. Absorption or reflection
measurements are performed using a broadband white-light source to cover the full
visible wavelength range. Often a simple halogen lamp suffices. When only one
specific optical transition is investigated, a monochromatic LED or SLED with 10-
20 nm spectral bandwidth can be used. This enables a good compromise between
a small spot size and sufficient excitation power. Other solutions include laser
driven light-sources or super continuum white lasers that allow to select a broad or
narrow wavelength range for excitation, which makes them versatile for photolu-
minescence but also for broad band absorption experiments. All the experimental
data presented in this thesis were performed using HeNe laser (632.82 nm), green
laser (532.83 nm), Ti:sapphire laser (700-1000 nm) and white halogen lamp as a
light source.

Optical components.- The optical components used in the set-up are selected
for a specific wavelength range depending on both the excitation source and the
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Figure 3.1: A typical microscope for optical spectroscopy compatible for
temperatures T = 4 − 300 K: Micro-photoluminescence and reflectivity set-ups
have to fulfill several key criteria : High spatial resolution for sample mapping and
accessing specific sample areas, high detection efficiency for example for quantum
emitters in layered materials, combination of two detectors (one CCD/CMOS cam-
era for sample imaging to guide the experiment and another camera to accumulate
the emission signal as a function of wavelength). All this can be combined in a
microscope, where excitation and detection pass through the same objective (epi-
fluorescence geometry). Excitons in layered materials can have an optical dipole
either in-plane or out-of-plane, see inset representing emitters with in-plane and
out-of-plane optical dipoles. Objectives with high numerical aperture (NA) also
collect part of the emission from an out-of-plane optical dipole. The samples are
placed on nonmagnetic nanopositioners (travel distance several millimetres). An
objective located inside a cryostat is more stable for long signal integration times.
The other microscope components remain at room temperature. The microscope
design has several modules : The excitation light propagates through an optical
fiber via the lower horizontal arm. The upper horizontal arm consists of a cam-
era and broad-band light source for sample imaging. The vertical arm is used for
detection. The signal is collected by a spectrometer with a diffraction grating cou-
pled to a highly sensitive Si-CCD camera. The fiber transports the signal from the
microscope to the spectrometer entrance and also acts as a spatial pin-hole, mak-
ing this a confocal arrangement for increased lateral (xy) and depth (z) resolution
[104]. Both linear polarization and circular polarization analysis can be achieved
for studying layered materials such as TMDs for spintronics and valleytronics.
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emission wavelength. These include the polarization components, microscope ob-
jectives, and lenses (ideally achromatic doublets) shown in Fig. 3.1. Homogeneous
areas (flat surface, no charge fluctuations) in typical exfoliated sample have lateral
dimensions down to a few micrometers. Therefore small excitation/detection spots
close to the diffraction limit are crucial to record spectra with transition linewidths
limited by the homogeneous, not inhomogeneous, broadening. A diffraction limited
spot diameter can be achieved by using high numerical aperture (NA) objectives.
The spatial resolution is given by the diameter ∆ of the detection spot. This
depends on the NA of the objective and the wavelength λ through the Rayleigh
criterion as ∆ = 0.61λ

NA
[105], where NA > 0.8 is common in commercial objectives.

For linear polarization, in the excitation part a Glan-Taylor (GT) polarizer and
a halfwave plate (λ/2) can be inserted. It is important to take into account the
impact of the beamsplitters (BS) on the polarization state. Circular polarization
can be achieved by adding a quarter wave plate (λ/4) that transforms the linear
into circular polarization and vice versa. A liquid crystal retarder (where a precise
retardance of λ/2, λ/4 etc. can be adjusted by the applied bias) is used in the
detection path to avoids a macroscopic beam movement which can occur during ro-
tation of a typical waveplate as the retardance/polarization is changed, see Fig. 3.1.
The performance of all optical set-up components is wavelength dependent, such
as limited bandwidth of reflection coatings, chromatic aberrations of the objective
or optical retardance for specific wavelength.

Detection.- The final target is to detect the intensity as a function of wave-
length of the light emitted from/scattered by the sample. The signal is focused
onto the entrance slit of a spectrometer. The collected signal is then dispersed
by a monochromator, which can host different diffraction gratings, where a small
(large) number of lines/mm allows studying a broad (narrow) spectral range (here
we show a Czerny-Turner geometry), see Fig. 3.1. The signal can then be detected
by a CCD or high quality CMOS chips. Alternatively, the monochromator can be
left out and a simple combination of filters can be used in front of the detector.

Experimental conditions.- Control of the ambient conditions is crucial. Many
experiments are carried out at room temperature but low temperature experiments
are necessary to access particular optical transitions. In simple bath cryostats the
sample is kept in thermal contact with a liquid helium bath at T = 4 K, either via
helium exchange gas or a cold finger. The main drawback is that the bath needs
to be periodically refilled with liquid helium. Alternatively, closed-cycle cryostats
liquify the helium gas using external compressors and allow continuous operation.
The external compressor needs to be mechanically decoupled from the sample space
to minimise vibrations. A piezo-based 3-axis stage with nanometer step-size is used
to place a specific area of the layer of interest in the focal point of the objective. For
high mechanical stability of the set-up, a low-temperature compatible microscope
objective can be placed inside the cryostat, see Fig. 3.1.

The sample holder can also be placed inside the bore of a superconducting coil
to apply magnetic fields. In this case the nanopositioners, as well as the objec-
tive lens must be made of non-magnetic materials such as titanium and beryllium
copper. The sample needs to be placed at the centre of the coil which limits in
practice the sample size and also the optical access (beam diameter). The motiva-
tion for magneto-optics is manifold such as extracting the valley Zeeman splitting,
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and hence identifying the origin of new excitonic transitions including interlayer
excitons in TMD homo- and heterobilayers, trilayers and bulk [68, 106]. Further-
more, it is possible to investigate valley polarization dynamics and ’brightening’ of
otherwise spin forbidden-transitions [107]. Attention should be given to undesired
Faraday effects in certain optical components. Magnetic ions in the glass result in
an undesired rotation of the linear polarization in the presence of magnetic fields.
This needs to be compensated by other polarization control elements.

3.1.2 Absorption spectroscopy

Strictly speaking, measuring absorption (A) requires to measure both transmittance
(T ) and reflectance (R) where A = 1−R− T . Transmission measurements require
a transparent substrate and a detection path different from the excitation path, for
example a separate microscope objective on each side of the sample or alternatively
one objective combined with a fiber on the other side of the sample [25]. In prac-
tice often reflectivity is measured as it is the simplest experiment for samples on
substrates like SiO2/Si that are not transparent. To get a quantity independent of
the optical response of the set-up, one generally measures the reflectivity contrast
defined as (Rsam − Rsub)/Rsub, where Rsam is the intensity reflection coefficient of
the sample with the TMD layer and Rsub comes from the same structure without
the TMD layer. The multiple reflection caused by the samples and substrate inter-
faces can affcet the lineshape of the spectra and also real absorption. The absolute
absorption can be obtained from the reflectivity contrast using Kramers-Kronig
relation [14].

The optical properties of a material can be seen in a simple classical picture
as the interaction between light (electromagnetic radiation), and various types of
oscillators [14]. In TMD monolayers, the dominating oscillators are exciton reso-
nances. Therefore, in reflectivity different exciton resonances are accessible up to
room temperature as they possess strong oscillator strength and high density of
states (DOS). This allows to observe the Rydberg series of the A-exciton : 1s, 2s,
3s...(see Fig. 3.2 (b) bottom panel), thus giving a measure of the exciton binding
energy and the quasi particle bandgap [19, 25] Other optical transitions related to
defect states in the gap or other exciton complexes which posses weaker oscillator
strength and/or comparatively lower density of states are difficult to trace in ab-
sorption, although they might appear in photoluminescence emission, as discussed
below.

Monolayers.- The energy of the A-exciton transition in TMD monolayers is
given by the difference of the quasi particle bandgap (of unbound electrons and
holes) and the exciton binding energy. Engineering the dielectric environment (and
hence all energy scales linked to the Coulomb interaction) results in significant
changes in the quasi particle bandgap [109] and the exciton binding energy of TMD
monolayers. But the shift in the global A-exciton transition energy is rather small,
as changes in quasi particle bandgap and the exciton binding energies partially
compensate each other. Compare Fig. 3.2 (c) for monolayer MoSe2 transition ener-
gies with and without hBN encapsulation, which are very close in value. However,
the linewidth in absorption is significantly impacted by dielectric disorder [79]. For
instance, bubbles, wrinkles, polymer residues and hBN have different dielectric con-
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Figure 3.2: Variation in photoluminescence (PL) response for different
experimental conditions. (a) Optical micrograph of a typical van der Waals
heterostructure sample containing a WSe2 monolayer between hBN top and bottom
encapsulation layer, sample homogeneity and sample imperfections (bubbles and
wrinkles) can be seen. The homogeneous and non-homogeneous regions of the
sample are labelled 1 and 2 in white, respectively. (b) Typical PL spectra at
T = 4 K recorded at two different locations 1 and 2 of the sample shown in (a). The
main exciton transitions (neutral excitons (A:1s), charged excitons (T) and spin-
forbidden dark exciton (D) are quenched and localized emitters appear when PL is
recorded on the bubbles or on wrinkles. However, strong PL emission corresponding
to the main excitons from WSe2 monolayers is recorded on the flat region of the
sample. (c) Sketch of MoSe2 monolayer sample structures in different dielectric
environment. The left panel is the sample structure of a non-encapsulated TMD
monolayer on SiO2 and the TMD monolayer encapsulated in hBN is on the right
panel. Typical PL spectra recorded at T = 300 K and 4 K on the encapsulated
and the non-encapsulated sample are shown in the bottom panel. The linewidth
reduces significantly for the encapsulated sample at T = 4 K compared to non-
encapsulated sample. (d) hBN encapsulated MoSe2 layer suspended over a trench
[108] and corresponding spectra are shown in (e). The PL emission energy remains
constant on suspended samples on different locations on the monolayer showing
sample homogeneity [108]. (f) WS2 monolayer encapsulated in hBN on a SiO2/Si
substrate, WS2 layer plasma treated to generate optically active defects. Typical
PL emission spectra for CW laser (532 nm) excitation at 0.01 µW and 5 µW at
T = 4 K. The PL emission intensity of the main excitons are clearly visible at
high power density, whereas these features are almost not detectable at low laser
power density. PL spectra at low laser power density reveal that carriers can be
trapped efficiently by defect sites and recombine by emitting photons at lower
energy. Therefore at low laser power the PL emission of defects is considerably
stronger than the free exciton emission.
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stants. Therefore, a non-uniform dielectric environment affects the energy of the
exciton transitions and the overall shape of reflectivity spectra. Uniform dielectric
slabs such as thick (tens to hundreds of nm) hBN layers can be exploited to steer
the absorption. The visibility of exciton resonances in absorption is mainly influ-
enced by the thickness of hBN and SiO2, see Fig. 3.2 (b). This is due to thin-film
interference effects, the bottom hBN thickness determines how far the monolayer is
from the Si/SiO2 interface, which acts as a mirror. The choice of hBN thickness of
the heterostructure can be optimized using a transfer matrix approach to increase
the visibility of the targeted transitions [81]. In this process, the particular energy
of the excitonic resonance of the layered semiconductor should be taken into ac-
count [81] also described in the previous chapter. Recent results in TMD materials
placed in front of mirrors show a modulation in the absorption strength of up to
100% due to interference/cavity effects [110]. The strong influence of the dielec-
tric environment on the light-matter interaction of atomically thin semiconducting
membranes motivates a great potential for sensing applications including novel de-
vice architectures with precisely tunable optical properties.

Multilayers.- In general the nature (direct or indirect) and the energy of the
bandgap evolves as a function of the layer number for a given material. In ad-
dition, the absorption of layered semiconductors such as black phosphorous [102]
and ReSe2 [111, 112] reveals information on the crystal structure of these partic-
ular materials as it is highly anisotropic in the layer plane, as a direct result of
a highly anisotropic lattice structure. In TMD multilayers and even bulk strong
excitonic features are reported even at room-temperature in early studies [113]. In
addition to these features typically attributed to the intralayer A- and B-exciton,
more recently the observation of interlayer excitons (formed by carriers in two adja-
cent layers) has been reported in absorption of bulk samples [68, 114]. Absorption
of interlayer excitons is also reported in homobilayers and homotrilayers of MoS2

[60, 67]. In these systems the transition energy of the absorption can be tuned
through the application of an electric field perpendicular to the layers (Stark shift)
over 120 meV and the interaction between interlayer and intralayer excitons can be
investigated [106, 115].

3.1.3 Photoluminescence spectroscopy

Luminescence experiments are widely used for studying the macroscopic optical
properties of materials as well as their microscopic electronic excitation, for the eval-
uation of crystalline quality (presence of defects) and for testing novel optoelectronic
devices [121, 122]. Luminescence is defined as a surplus of the electromagnetic ra-
diation (light) emitted by a solid, in addition to its equilibrium radiation described
by Planck’s law. This surplus energy is transformed into detectable luminescence
radiation. During the process of luminescence the electrons are excited to higher
energy states (by a light-source in the case of photo-luminescence). Subsequently
the carriers relax in energy for example through phonon emission, followed by pho-
ton emission. The succession of all involved relaxation and recombination events
lasts a relatively long time, which is a main difference compared to other types of
so-called secondary radiation : reflected light and scattered light (for example Ra-
man). Once the material is excited with a light pulse, the luminescence continues to
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Figure 3.3: Moiré interlayer excitons in heterobilayers. (a) Two different
monolayer materials stacked vertically that display a moiré pattern due to slight
lattice mismatch and twist angle. Different local atomic alignments in the het-
erostructure show different optical properties [116, 117]. Three spots labelled 1, 2
and 3 are chosen for PL measurements on MoSe2 monolayer, WSe2 monolayer and
MoSe2/WSe2 heterostructure, respectively, and corresponding spectra are shown
in (c). (b) SEM imaging of hBN-encapsulated twisted WSe2 bilayers with a spa-
tially varying reconstruction pattern due to the interaction between the respective
layers after stacking [118]. (c) Example of photoluminescence spectrum from an
hBN-encapsulated MoSe2 monolayer (solid red curve), MoSe2/WSe2 heterostruc-
ture (solid black curve) and WSe2 monolayer (solid blue curve) [119]. Intralayer
exciton emission is observed from the MoSe2 and WSe2 monolayers. The inter-
layer exciton emission (IX1 and IX2) appear in energy below the intralayer reso-
nances from the heterostructure. (d) Electrical control of interlayer excitons in
MoSe2/WSe2 heterobilayer. Colormap of PL emission spectra as a function of ap-
plied gate voltages VTG and VBG when sweeping at constant doping. Stark shift of
the interlayer excitons in applied electric fields perpendicular to the layers showing
out-of-plane electric dipole [119]. (e) Polarization-resolved second harmonic gen-
eration (SHG) intensity of the individual monolayers from a different publication
compared to panels (c)-(d), indicating the armchair directions of the monolayers
which determine the twist angle (θ) between the WSe2 and MoSe2 layers [120].
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decay for some time and can be recorded in time-resolved photoluminescence [121].
These experiments give information on carrier relaxation and recombination times.
In addition to time-resolved photoluminescence (an incoherent technique), also im-
portant information can be gleaned from coherent spectroscopy such as four-wave
mixing and two-color pump-probe experiments [123].

In absorption spectra optical transitions with large oscillator strength and high
density of states dominate. In contrast, the emission spectrum given in photolumi-
nescence experiments can be dominated by other transitions as these experiments
probe the population of a state. Typically, optical transitions at lower energies
are detected in PL as carriers relax towards these lower energy states before radia-
tive recombination. It is therefore instructive to compare emission with absorption
spectra (measured in reflection geometry) as in Fig. 3.2 (b). For the material inves-
tigated, monolayer WSe2, the main bright exciton transition (A:1s) that dominates
in absorption is not generally the strongest feature in PL emission, as electron-hole
pairs can relax towards states lying at lower energy to recombine [43].

Sample temperature.- At room temperature, the main transitions such as
the A- and B-excitons in TMDs will be broadened due to scattering with phonons,
compare spectra at T = 4 K and 300 K in Fig. 3.2 (c). Carriers or excitons are
mobile at high temperature and defect potentials in the lattice with only shallow
confinement energy will not act as efficient trapping sites. At low temperature
phonon absorption is reduced and the linewidth reveals the sample quality (inho-
mogeneous broadening versus homogeneous broadening [82]). This is illustrated in
Fig. 3.2 (c). Spectral lineshape and main emission energy can change compared to
high temperature. Carriers can get trapped at sufficiently deep defect potentials.
Also excitonic complexes with lower binding energy, such as trions, are now stable
and contribute to the PL signal, see Figs. 3.2 (b), (c), (f) for three different mate-
rials [45, 51, 123, 124].

Excitation power.- Laser power plays an important role as it controls the
number of photoexcited carriers. Strictly speaking, the power density (defined as
the average power per unit area) is directly related to the photogenerated exciton
density in layered semiconductors. It is inversely proportional to the square of the
focused beam radius, thus it is directly related to the numerical aperture of the
objective lens and laser wavelength. Let us take an example of a sample with a
finite value of defect density : for a tightly focused beam (spot size ≈ 1 µm), at
low laser power (typically hundreds of nW) all carriers can be trapped at defect
sites and the PL signal of free excitons is not visible, as in Fig. 3.2 (f), lower panel.
Increasing laser power (few µW) fills all defect sites and free exciton PL can be
measured in addition to defect emission, see Fig. 3.2 (f) upper panel. Further in-
crease in power (tens to hundreds µW) will lead to such a high concentration of
excitons that exciton-exciton interactions start to play a role. At high excitation
density very different phenomena such as biexciton formation and exciton-exciton
annihilation can be studied depending on the material [125, 126]. Understanding
emission for high exciton (carrier) concentrations is crucial for applications such as
lasing and for investigating collective states such as condensates [127].

Sample quality and dielectric environment.- Two monolayer samples ex-
foliated from the same quality bulk crystal but placed on different substrates can
exhibit very different PL characteristics, see Fig. 3.2 (c) for a comparison of MoSe2
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on SiO2 and on hBN, respectively. The total line broadening comes both from
homogeneous contributions given by ≈ 1 ps lifetime (below 1 meV linewidth) and
inhomogenous contribution from sample imperfections (impurities, defects, inter-
face, substrate, etc) [128]. The key role of high quality hBN buffers with low defect
density is to provide atomic flatness [77] for monolayer deposition and a very clean,
homogeneous dielectric environment. The hBN bulk bandgap of 6 eV [129] is high
enough to use it as an essentially transparent encapsulation layer for many mate-
rials, providing an ideal environment to address intrinsic properties of 2D-TMDs
and preserving good optical quality of air-sensitive materials such as CrI3 or black
phosphorous. As the inhomogenous broadening is largely suppressed in high qual-
ity samples of TMD monolayers, the linewidth starts to be an indication of the
exciton lifetime (homogeneous broadening) and can be tuned by carefully choosing
the encapsulating hBN thickness - placing the monolayer on a node or anti-node of
the electromagnetic field in the multilayer structure [82].

PL emission is sensitive to the presence of wrinkles or bubbles which induce
strain and localization potentials in encapsulated monolayers. Small strain (1%) in
monolayer induces a rather significant (about 50 meV) shift in bandgap energy [38]
which can explain shifts in absolute emission energy from sample to sample and
for different areas of the same sample. Therefore, in practice PL emission intensity
as well as linewidth varies on different location of TMD monolayers, see Fig. 3.2
(b) when the detection spot (1 µm diameter) is scanned across a WSe2 monolayer.
Remarkably, exciton emission energy that does not vary as a function of the de-
tection spot position has been observed in hBN-encapsulated MoSe2 monolayers,
suspended over a trench, see Fig. 3.2 (d), (e) [108], indicating a stable, inert envi-
ronment.

The general study of the dielectric environment, surface quality, flatness, charg-
ing events and their impact on optical properties is very important also for other
nanostructures such as carbon nanotubes [130, 131] and layered perovskites [132]
which show strong excitonic effects.

Interference effects.- Layered materials are usually placed on a substrate such
as Si with an SiO2 layer of typically 85 nm. As discussed earlier for white light
absorption experiments, optical interference will also be important for the laser ex-
citation beam and the PL emission as a function of the SiO2 thickness and possibly
the encapsulation layer thickness. Reversely, for constant SiO2 thickness absorption
and emission intensities and directivity will depend on the wavelength, as detailed
in [133, 134]. In practice the thickness of the SiO2 layer on top of Si is chosen
to maximize optical contrast of monolayers already during sample fabrication, as
discussed in detail for graphene on SiO2 [135].

Emission dynamics.- The detected luminescence signal from a layered semi-
conductor is the result of an intricate interplay between radiative and non-radiative
energy relaxation. Time-resolved PL can be performed using a pulsed laser exci-
tation and measuring the recombination (emission) time. In clean TMD samples
the strong exciton oscillator strength leads to an intrinsic radiative lifetime of the
order of 1 ps at low temperature [39]. Localized emitters recombine considerably
slower and also dark excitons have a lifetime up to 3 orders of magnitude longer.
In the time domain, low temperature measurements on high quality samples allow
spectrally isolating each transition (either with bandpass filters or with a spectrom-
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eter) and then studying the emission dynamics of each optical transition separately
[44, 45, 82].

Optical dipole orientation.- In TMD monolayers the main optical transitions
have an in-plane optical dipole, they therefore emit light normal to the monolayer
plane. However, in addition to these bright (spin-allowed) transitions also excitons
that have an out-of-plane optical dipole emit light [43]. Out-of-plane dipole tran-
sitions are also prominent in InSe [136]. Due to the small sample dimensions most
experiments are carried out in a microscope using an objective with high (>0.8)
NA, see inset on microscope objective in Fig. 3.1. As a result, PL emission con-
taining out-of-plane and also in-plane components in the monolayer are detected.
In WSe2 and WS2 monolayers, dark excitons are prominent, see Fig. 3.2 (b) and
lead to exotic, higher order complexes (such as biexcitons made up of a dark and a
bright exciton and so-called dark trions [125]), that can be identified by monitoring
the orientation of the exciton dipole. The role of out-of-plane dipole emission is
also investigated for quantum emitters in WSe2 [137]. Brightening of (spin-) dark
states due to an increased mixing of the spin-states in WSe2, WS2, MoSe2 and
MoS2 monolayers can be observed in low-temperature magneto-PL experiments by
applying strong (ideally several tens of T) in-plane magnetic fields [45, 52].

Multilayers.- PL spectroscopy is useful also in TMD heterobilayers with type
II alignement for the examination of spatially indirect interlayer exciton (see Fig. 3.3
(c)) with large binding energies (≈ 150 meV) [63, 138]. A long period moiré pat-
tern (see sketch in Fig. 3.3 (a)) offers new directions to explore and control exciton
arrays in twisted TMD heterobilayers from potentials that trap individual excitons
to the formation of minibands. This allows physics related to the Mott-insulator
[117], for potential applications in quantum optoelectronic devices [115]. Some key
characteristics of interlayer excitons include a long-lifetime (ns), a wide transition
energy tunability that ranges over several hundreds of meV via applied electric
fields, see Fig. 3.3 (d) and a characteristic Zeeman splitting when compared to
intralayer excitons [114].

3.1.4 Photoluminescence excitation spectroscopy

In photoluminescence excitation spectroscopy (PLE) the PL emission intensity for
a chosen energy is recorded for different photon excitation energies. Tunable lasers
or powerful white light sources are used as an excitation source. The linewidth and
tuning step of the source will determine the spectral resolution of the PLE exper-
iment. The measured PL intensity will depend on two factors (i) the absorption
strength at the excitation energy and (ii) the efficiency of energy relaxation followed
by radiative recombination (in competition with non-radiative channels). This com-
bined dependence on both absorption and energy relaxation (often through phonon
emission) make PLE spectroscopy a very interesting tool for several investigations :

Interlayer excitons.- A PL signal enhancement of interlayer excitons is ob-
served when the laser excitation energy is resonant with intralayer states in one of
the layers, confirming that interlayer excitons form via charge transfer processes
between the layers [119, 63, 139], see Fig. 3.3 (c). In general electronic coupling or
charge transfer between layers can be investigated by tuning a laser in resonance
with an electronic transition in one layer and monitoring PL emission at an energy
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corresponding to the adjacent layer or to the heterostructure.
Measuring excited exciton states.- PLE can be also used to establish a

link between optical transitions with similar microscopic origin within the same
monolayer. In MoS2 monolayers, B-exciton states energetically overlap with the
excited A-exciton states (A:2s, A:3s..,). PLE spectroscopy allows to distinguish
the excited states by collecting the emission intensity of the ground state, A:1s, as
a function of the excitation laser energy, scanned over the energy of A:2s, A:3s, etc.
Besides states with s-symmetry, also p-states can be examined. To access p-states,
two-photon absorption processes are necessary and therefore the laser energy needs
to be tuned to half of the transition energy [129]. The identification of high-excited
exciton states in one and two-photon-PLE is a powerful method to evaluate the
impact of different dielectric environments on the energy evolution of the exciton
states. Furthermore, it is possible to extract the exciton binding energies [140]
and investigate predictions of splittings of the p-exciton states [141]. However, one
should note that the crystal symmetry or disorder effects can mix s and p exciton
states [142].

Identification of dominant phonon modes for energy relaxation.- In
addition to key information on absorption, PLE is used to identify efficient relax-
ation channels. In PLE experiments on MoSe2 monolayers a periodic oscillation in
energy is observed over an energy range without any expected exciton resonance
(roughly constant absorption [143]). These maxima are all equally spaced in en-
ergy by longitudinal acoustic phonons at the M point of the Brillouin zone, LA(M),
revealing the efficient energy relaxation of excitons through emission of LA(M)
phonons [144, 124]. This experimental observation was possible due to the spec-
trally narrow excitation source, resolving fine separations between different peaks
related to phonon emission [124].

3.2 Accessing spin-valley polarization in optical sp-
ectroscopy

The symmetry of the electronic states in monolayers and multilayer crystals governs
the optical selection rules for light polarization in emission and absorption [116], as
studied since several decades for semiconductor nanostructures [145]. For polariza-
tion analysis, linear polarizers and waveplates can be inserted in the detection and
excitation path of the set-up, see Fig. 3.1 for practical details. Exciting a system
with polarized light can address a specific spin or valley state, see Fig. 1.6 (d) and
(e) in Chapter 1. The emitted light gives information on spin and valley dynamics
in time-integrated PL experiments. The circular polarization in time-integrated ex-
periments depends on the exact ratio of PL emission time τPL versus depolarization
time (τdepol) as Pc = P0/(1 + τPL

τdepol
), where P0 is the initially generated polarization

which could depend on the excitation energy [146].
TMD monolayers.- The interband transitions in monolayer materials such as

MoS2 are governed by chiral selection rules as optical transitions in the K+ (K−)
valley are σ+ (σ−) polarized. For neutral, bright excitons the intrinsic lifetime is of
the order of 1 ps, so from time-integrated PL experiments that report Pc values in
the order of 50% one can infer that τdepol is at least of this order of magnitude. In
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practice more sophisticated pump-probe measurements reveal very short valley life-
times for neutral excitons [128]. The ratio τPL

τdepol
can be tuned by placing monolayers

in optical microcavities [147]. Longer valley lifetimes in monolayers are reported
for resident carriers [148] not excitons, measured with pump-probe techniques such
as Kerr rotation employed for probing polarization in semiconducting or metallic
nanostructures [149].

TMD heterobilayers.- Optical spectroscopy can be used to probe the local
atomic registry, i.e. how metal and chalcogen atoms are aligned in the top with
respect to the bottom layer [116, 119, 150]. Here information can be gleaned on the
formation of nano-scale, periodic moiré potentials, see sample sketch in Fig. 3.3 (a).
But similar to bilayer graphene, reconstruction can occur when two TMD layers
are brought in contact, which can be visualized using imaging techniques such as
transmission electron microscopy (TEM) or scanning electron microscopy (SEM).
Recently Sushko et al. [118] reported SEM imaging of hBN-encapsulated twisted
WSe2 bilayers showing that a spatially varying reconstruction pattern develops due
to the interaction between the respective layers after stacking, see Fig. 3.3 (b).
Polarization selection rules probed in PL also carry information on different stack-
ings (H -type or R-type for 60◦ or 0◦ twist angle, respectively) [151]. Therefore,
polarization-resolved optical spectroscopy together with direct atomic-resolution
imaging of the lattice is a very powerful combination for analyzing the formation of
moiré potentials [152]. The PL experiment samples over a spot diameter of 1 µm,
whereas moiré potentials can occur with a periodicity of nanometers, see Fig. 3.3
(a), which leads to averaging effects. The intrinsic lifetime of interlayer excitons is
of the order of ns at low temperature and not ps as in monolayers, which allows
for imaging exciton and polarization spatial diffusion in PL maps [153, 154]. The
physics of both intralayer and interlayer excitons can be accessed in the monolayer
and bilayer regions of the same sample, as in Fig. 3.3 (a) and (c).

Experiments in applied magnetic fields.- The circular polarization can be
manipulated by applying external magnetic fields [155]. Interesting examples are
heterobilayers, where a giant Zeeman splitting of 26 meV at B = 30 T for interlayer
excitons induces near-unity valley polarization measured in PL emission [120]. In
monolayer MoSe2 a field of 7 T results in near unity polarization of electrons probed
in absorption and emission [156].

3.3 Optical techniques for accessing crystal quality
and orientation

Raman spectroscopy is based on the analysis of laser light scattered by a mate-
rial. During this process the crystal typically absorbs (or emits) energy in the form
of lattice vibrations - phonons. The analysis of the scattered light’s energy and
polarization reveals information on the crystal symmetry and quality, doping and
where applicable alloying and stacking in multilayers. A typical PL set-up (shown
in Fig. 3.1) can be conveniently adapted to collect the Raman spectra by selecting a
suitable set of filters according to the wavelength of the excitation laser. Typically,
filters for Raman spectroscopy reject the excitation laser with a cut-off frequency
of few tens of cm−1 (≈ 10 meV from the single mode energy). The selection of laser
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wavelength λ has an important impact on the spectral sensitivity as the intensity
of the Raman signal is proportional to λ−4. Key parameters of the excitation laser
include spectral linewidth (≤1 GHz) for high spectral resolution systems, frequency
and power stability, spectral purity (≥65 dB side-mode suppression ratio), beam
quality (close to Gaussian) and output power. The excitation wavelength in the
Raman scattering of TMDs is also important because of the presence of excitonic
states. When the photon energy matches the transition energy of a real state it
gives rise to a strong signal enhancement and appearance of new features, associated
to symmetry dependent electron-phonon interactions (resonant Raman scattering)
[157, 158].

Information on the structural phase and composition of materials can be ob-
tained by means of Raman spectroscopy [159]. This allows for example investigating
currently debated link between ferromagnetic ordering and structural phase tran-
sitions in CrI3 [160] as a function of temperature. Raman spectroscopy can reveal
anisotropy in the crystal structure of, for example, ReSe2, which can be directly
linked to measurements of anisotropic optical absorption in the same material [161].
Electron-phonon interactions can have significant effects on the Raman frequencies.
As a result, doping effects can be effectively monitored in TMD monolayers for ex-
ample with the out-of-plane phonon, A′1, due to its strong electron-phonon coupling
[162]. It is also possible to extract quantitative information about the presence of
uniaxial strain since the in-plane phonon energy, E ′, decreases with applying ten-
sile strain and a splitting occurs (degeneracy is lifted) [163]. An estimation of the
monolayer crystal quality and presence of defects can be realized due to the activa-
tion of defect-induced zone-edge phonon modes, such as the LA(M). Furthermore,
disorder and interference effects originating from the substrate impact the intensity
and spectral shape of the optical phonons in the monolayer. A powerful and reli-
able means to determine the number of TMD layers with atomic-level precision is
to measure the energy difference between the two main vibrational modes (E and
A phonons), affected by interlayer interactions. Apart from the high-frequency (≥
80 cm−1) spectral range, the number of layers can be identified by collecting optical
signatures of the rigid layer vibrations (breathing and shear modes) in the ultra-
low frequency range [164]. In this case, important information on the interlayer
interaction and determination of the stacking order in multilayers can be obtained.
In TMD multilayers resonant Raman spectroscopy can also provide a fingerprint
of the extension of excitons over several layers, as otherwise symmetry forbidden
modes are activated for the so-called C-exciton region in energy above the A- and
B-exciton. Raman spectroscopy can also be used to investigate the competition
between formation of periodic moiré potentials and local reconstruction (compare
Figs. 3.3 (a) and (b)) in artificially stacked WSe2/MoSe2 and bilayer MoS2 as a
function of twist angle [165].

Second-harmonic generation (SHG) is a nonlinear optical process that con-
verts two photons of the same frequency into one photon of twice the original
frequency. It is a powerful technique to analyze the orientation and symmetry prop-
erties of 2D materials. For SHG experiments, the optical set-up is typically coupled
to a pulsed laser that is capable of generating sufficient peak power for this nonlin-
ear optical process. The SHG signal depends on the elements of the second-order
susceptibility tensor χ(2) [14], which are non-vanishing for non-centrosymmetric me-
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dia (i.e. odd number of TMD layers) along the armchair direction of TMDs. This
crystalographic direction can thus be directly determined by rotating the linear po-
larization in the experiment. The resulting polar plot of the SHG intensity reveals
the crystallographic orientation of the material, useful to precisely measure the
relative twist angles (stacking) of homo- and heterobilayers [166], see Fig. 3.3 (e).
Novel techniques exploit this effect to map with high spatial resolution (≈ 400 nm)
the armchair orientation in twisted bilayers, as well as in large (> 104 µm2) mono-
layer areas and evaluate their crystal quality since dislocations and grain boundaries
can affect the armchair orientation i.e. change the lattice vector [167]. Also the
presence of uniaxial strain can be quantified by measuring the SHG intensity along
different polarization directions [168].

The SHG response of a material does not only reflect the crystal structure but
also depends on the electronic excitations. The efficiency of the SHG signal can be
enhanced by several orders of magnitude by selecting the excitation energy to be in
resonance with excitonic states of the investigated materials. This opens the way for
investigating in general the role of electronic excitations (exciton resonances) on the
SHG response of a material [169]. Using the sensitive SHG response to detect the
energy position of electronic transitions is termed ’SHG spectroscopy’. In bilayer
CrI3 SHG has been shown to originate from the layered antiferromagnetic order,
which breaks both the spatial inversion symmetry and the time-reversal symmetry
[170] of this centro-symmetric crystal. This makes SHG a highly sensitive probe
also for magnetic ordering in layered materials.

3.4 Conclusions
We dedicated this chapter to the description of the experimental set-ups and tech-
niques we used for studying layered materials. We underlined technical challenges
that can be resolved by careful considering different variables. We highlighted
key-parameters of practical set-ups for performing optical experiments in different
temperatures or in applied magnetic fields and the influence of parameters such
as detection spot size, excitation laser wavelength, excitation power and also the
direct sample environment on the optical spectra. We also described the main op-
tical techniques which will be extensively used in the next chapters for investing
optical transition not only in stander monolayer but also for discovering new opti-
cal transitions and its optical properties in TMD multilayers. These techniques are
our main tool for investigating the samples and understanding the physics which
govern these atomically thin layered crystals.
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Chapter 4

Observation of exciton-phonon
coupling in MoSe2 monolayers

In this chapter we study experimentally the exciton-phonon interaction in MoSe2

monolayers (MLs) encapsulated in hexagonal boron nitride (hBN), which has an
important impact on both optical absorption and emission processes. The exciton
transition linewidth down to 1 meV at low temperatures makes it possible to observe
high energy tails in absorption and emission extending over several meV, not masked
by inhomogeneous broadening. To fit and interpret our spectra, our collaborators
Marina Semina and Mikhail Glazov (Ioffe Institute, St. Petersburg, Russia) have
developed an analytical theory of the exciton-phonon interaction accounting for the
deformation potential induced by the longitudinal acoustic phonons, which plays
an important role in exciton formation. Their theory allows fitting absorption and
emission spectra that I have measured using the experimental techniques described
in Chapter 3. This reveals information about the deformation potential in MoSe2

monolayers. The importance of exciton-phonon interactions is further highlighted
by the observation of a multitude of Raman features in the photoluminescence
excitation (PLE) experiments. The work corresponding to this chapter is published
as Shree et al [124].

4.1 Introduction to exciton-phonon coupling
The interaction of excitons with phonons governs many important aspects of the
optical properties of 2D materials [171, 172, 173, 174] and semiconductor nano-
structures in general [175, 176, 177] including energy relaxation, dephasing and
transition linewidth broadening with temperature. Under non-resonant optical
excitation high energy excitons are generated that subsequently loose energy by
phonon emission, as recently discussed for MoSe2 MLs [144]. Interactions of carri-
ers with phonons play a key role in the exciton formation process [178, 179, 180].
Other important signatures of the exciton-phonon interaction are single resonant
and double resonant Raman scattering processes [157, 181, 182, 183]. Also the
possible impact of polarons, electrons dressed by a phonon-cloud, on the optical
properties has been discussed [184] for TMD MLs.

There is a multitude of neutral and charged excitons in ML TMDs that give
rise to complex photoluminescence (PL) spectra [185]. Here phonons provide the

49



necessary energy and in certain cases momentum for transitions between states in
different valleys [186, 187]. Knowing details about the interaction of excitons with
phonons is therefore important for exciton dynamics that dominates light-matter
interaction in TMD MLs.

The deformation potential is a key parameter which describes the interaction of
the charge carriers and excitons with phonons. It controls a plethora of effects in-
cluding momentum and energy relaxation processes, linewidth broadening, as well
as the photoelastic properties of nanosystems relevant for optomechanical applica-
tions. The direct determination of the deformation potential, e.g., by shifts of the
exciton line as a function of the elastic strain or deformation as in Refs. [188, 189] is
difficult due to the necessity of applying homogeneous uniaxial strain and requires
substantial deformations in order to provide a measurable line shift. That is why
determination of the deformation potential values from other effects, like thermal
broadening of the exciton emission lines and asymmetric shapes of the exciton ab-
sorption lines are of high importance, as we discuss in this chapter.

Recently encapsulation in hBN of TMD monolayers has resulted in considerable
narrowing of the exciton transition linewidth, down to about 1 meV [182, 190, 51],
as mentioned in the previous chapters. This gives now access to interesting details
of the exciton spectra. Here we show in photoluminescence excitation spectroscopy
on monolayer MoSe2 encapsulated in hBN at T = 4 K a strong absorption tail at en-
ergies as high as 15 meV above the neutral exciton peak, well outside the transition
linewidth. We demonstrate in resonant absorption experiments with a tunable laser
that this high-energy tail is a very prominent feature in several samples investigated,
underlining the importance of phonon-assisted exciton formation. In temperature
dependent PL experiments we show a high energy emission tail appearing as the
temperature is raised from 9 K to 70 K. We argue that the efficient interaction
between excitons and acoustic phonons is responsible for both the broadening in
absorption and the unusual evolution of the PL line with temperature observed on
the same sample. For comparison with results from other groups, phonon sidebands
in absorption spectra of ML MoSe2 are discussed in [184]. Here we provide evidence
for this coupling at low temperature, previously masked by inhomogenous broad-
ening, and introduce exciton-acoustic phonon coupling as an important ingredient
also for emission lineshape analysis. Based on the model calculations developed by
M. Semina and M. Glazov within an analytical approach and taking into account
the deformation potential interaction between excitons and acoustic phonons we
obtain compact expressions for the absorption spectrum and phonon-assisted emis-
sion. This allows for a numerical fit of our absorption and emission experiments.
We discuss the role of phonons in exciton formation and compare our findings to
exciton-phonon interactions in quasi-2D quantum well structures.

The chapter is organized as follows: In Sec. 4.2 we report on experimental meth-
ods and results. Sec. 4.3 presents the model and analytical results. In Sec. 4.4 we
compare the experiment and theory and estimate the exciton – acoustic phonon
coupling strength. Conclusions are given in Sec. 4.5.
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Figure 4.1: Optical spectroscopy results. ML MoSe2 encapsulated in hBN
- Sample 1 (a) Typical PL emission spectrum at T = 4 K. Emission peaks at
energy 1.613 eV and 1.637 eV are due to the charged (T) and the neutral exciton
A:1s. Inset of panel (a): Schematics of sample structure: MoSe2 ML encapsulated
in hBN, the bottom hBN layer is (140 ± 5 nm) thick as determined by AFM, the
SiO2 layer is 80 nm thick. (b) PLE experiments : Integrated A:1s PL intensity
plotted in terms of excess energy (bottom axis), defined as the difference between
the laser energy (top axis) and the A:1s resonance. The average oscillation period
corresponds to the M-point longitudinal acoustic phonon LA(M). Inset of panel (b):
Schematics of 2D Brillouin zone with K, M and Γ-points. (c) Integrated trion PL
intensity as a function of excitation energy scanning laser across A:1s resonance. (d)
Contour plot of trion PL intensity scanning laser across A:1s resonance at T = 4 K.
(e) Temperature dependent PL emission at A:1s resonance. For better comparison
of emission shape, the A:1s PL intensity is normalized to the maximum value and
the energy shifted to compensate the temperature evolution of the bandgap.
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Figure 4.2: Sample 2.(a) PLE spectra of MoSe2 ML plotted in terms of excess
energy (bottom axis), defined as the difference between the laser energy (top axis)
and the A:1s resonance. (b) Contour plot of the same data, where sharp Raman
features are superimposed on broad exciton absorption features. Sample 3. (c)
Same as (a) but for different sample. (d) same as (b) but for different sample.
Phonons are labelled according to [183]. In samples with more disorder and stronger
localization, Raman features are more prominent as momentum conservation is
relaxed [183], which leads to rich features in panel (d). In addition to PL emission,
the integrated signal in panels (a) and (c) also contains contributions from Raman
scattered photons if the laser energy is a multiple of a prominent phonon energy
above the A:1s transitions. In panels (b) and (d) the Raman features are spectrally
very narrow due to the narrow linewidth of the excitation laser used.
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4.2 Optical Spectroscopy Results

4.2.1 Experimental methods

The samples are fabricated by mechanical exfoliation of bulk MoSe2 (commercially
available from 2D semiconductors) and very high quality hBN crystals [77] on
80 nm-thick SiO2 on a Si substrate, as described in detail in Chapter 2. Details on
the optical spectroscopy set-up are given in Chapter 3. The experiments are carried
out in a confocal microscope built in a vibration free, closed cycle cryostat with
variable temperature T = 4 − 300 K. The excitation/detection spot diameter is
∼ 1 µm. The monolayer is excited by continuous wave (cw) Ti-Sa laser (Msquared
solstis) with sub-µeV linewidth. The photoluminescence signal is dispersed in a
spectrometer and detected with a Si-CCD camera. The typical laser excitation
power is 3 µW .

4.2.2 Experimental results

In PL experiments shown in Fig. 4.1 (a) we observe well-separated (≈ 25 meV)
emission lines for neutral (A:1s at ≈ 1.637 eV) and charged excitons (trions, T, at
≈ 1.613 eV) [58, 191]. The transitions at low temperature in encapsulated MoSe2

MLs show very narrow lines with a linewidth down to 1.2 meV [51]. This gives
access to physical processes previously masked by inhomogeneous contributions to
the linewidth. We study now in detail quasi-resonant and resonant laser excitation
of the A:1s transition. We start by discussing PL excitation experiments detecting
the A:1s PL emission intensity as function of excitation laser energy. The integrated
intensity of the A:1s transition is plotted in Fig. 4.1 (b). We tune the laser (cw
Ti-Sa laser from Msquared) from 1.651 eV to 1.747 eV in 2.5 meV steps (wavelength
is incremented by ∆λ = 0.5 nm). We observe oscillations of the PL intensity as a
function of excitation energy, see also Fig. 4.2 (a), (c) for different samples. Please
note that the laser power was kept constant for these measurements. The period of
the oscillation is ∼ 20 meV and exactly matches the longitudinal acoustic phonon
energy at the M-point of the 2D hexagonal Brillouin zone, LA(M), as discussed
in detail [144]. As the excitation laser energy approaches the A:1s transition, we
make an important observation : in Fig. 4.1 (b) the PL emission intensity starts
to increase considerably for excitation energies below 1.653 eV, even though the
A:1s resonance is still ∼ 15 meV away and the A:1s PL emission line is spectrally
very narrow. We verified this surprising result by performing PLE measurements
on several other samples of MoSe2 MLs encapsulated in hBN, compared in Fig. 4.2.

As we approach the A:1s transition with the laser, scattered laser light starts to
obscure the PL signal on the CCD. In order to avoid this complication, we change
detection scheme : We approach the A:1s resonance further with our laser but we
detect the trion emission and assume that it is a reasonable measure of A:1s ab-
sorption. The excitation energy is tuned from 1.632 eV to 1.647 eV. The integrated
trion emission intensity as a function of laser energy is recorded in Fig. 4.1 (c). This
A:1s absorption spectrum strongly deviates from a symmetric Lorentzian lineshape,
with a pronounced tail on the high-energy side of the main resonance. We have
repeated this experiments for different laser powers (kept constant during the indi-
vidual measurement cycle) and have reproduced each time this highly asymmetric
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lineshape. Note that instead of monitoring the trion emission when scanning across
the neutral exciton transition, also upconversion emission of the B-exciton and the
excited A-exciton states can be monitored. I have carried out the upconversion
measurements on several MoSe2 samples and have confirmed the pronounced high
energy tail in absorption. These upconversion results are published together with
the work of my fellow PhD students Bo Han and Emmanuel Courtade on MoTe2

MLs in Han et al [192], where the reader can find further details.
In addition to this high energy tail in absorption, we also obtain a surprising

result when studying emission at different temperature. In temperature dependent
PL from 10 K to 70 K of the A:1s, shown in Fig. 4.1 (d), we observe an asymmetric
broadening, with stronger broadening on the high energy side, a clear deviation
from a standard Lorentzian emission lineshape.

In the following section we will explain the observed asymmetry in absorption
and emission due to the efficient coupling of excitons to acoustic phonons. Espe-
cially the strong dependence on temperature of the asymmetry observed in emission
is a strong indication that phonon related processes are important. Our theoretical
investigation is further motivated by the efficient exciton-phonon coupling observed
for two additional samples in Fig. 4.2. Also for these sample we confirm the strong
absorption tail at higher energy, well above the A:1s resonance. In Figs. 4.2 (a) and
4.2 (c) for samples 2 and 3, respectively, this absorption tails is clearly observable
up to 25 meV above the A:1s resonance. At higher excitation energy also for these
samples we observe the multi-phonon LA(M) resonances as for sample 1 in Fig. 4.1
(b). In addition samples 2 and 3 show strong resonant Raman signals, involving
different phonons and their multiples, as indicated in Fig. 4.2 (b) and (d).

4.3 Theory of exciton-phonon interaction
The aim of this section is to develop a simplified but analytical approach to exciton-
phonon interaction in TMD monolayers. Here we argue that taking into account
emission and absorption of acoustic phonons the broadening of the exciton line
both in absorption at low temperature shown in Fig. 4.1 (c) and in emission at
higher temperature shown in Fig. 4.1 (e) can be explained. The final target is to fit
the experiments to demonstrate order of magnitude agreement between our model
and the measurements. For a complementary, self-consistent approach the reader
is referred to [184], where a polaron framework was used and the link between dark
(momentum-forbidden) excitons and phonon-side band formation is discussed in
detail.

4.3.1 Deformation potential interaction

In semiconductors usually two types of interaction between excitons and acoustic
phonons are discussed : the deformation potential interaction and the piezoelectric
interaction [193, 194]. Although the latter is typically dominant for individual
charge carriers [193, 194, 195], the piezoelectric coupling is expected to be strongly
suppressed for excitons in transition metal dichalcogenides for mainly two reasons :
(i) Due to close values of effective masses of electrons and holes, the wavefunction
overlap is nearly perfect (i.e. the exciton is charge neutral). Note that the exact
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effective mass values are still debated, our argument is based on predictions by
theory [196]. (ii) The exciton has a small Bohr radius.

Since the width of the a semiconductor bandgap depends on the lattice constant
and on the arrangement of the atoms in the basis, a change of these quantities
will influence the bandstructure. In this context a phonon can be considered as
a periodic deformation of the arrangement of atoms, and the carriers "feel" the
resulting modulation of the bands. The resulting interaction between carriers and
phonons is called deformation-potential scattering [14]. The deformation potential
interaction involves, in the axially symmetric approximation, longitudinal acoustic
phonons. This is because the energy shift of the charge carriers dispersion is, within
the axial approximation, proportional to the divergence of the lattice displacements
u(r): U ∝ ∇ · u(r). Thus, U 6= 0 for the longitudinal phonons only, where
the displacements of atoms are parallel to the phonon wavevector. Hereafter we
consider only the phonons from the MoSe2 monolayer because the electron-phonon
deformation potential interaction occurs in general at short range. The van der
Waals interaction between the monolayer and surrounding is relatively weak and,
unlike ionic or covalent bonding, is not expected to efficiently transfer deformation
from one layer (or material) to another. The exciton perturbation due to the
deformation potential reads

Uq =

√
~

2ρΩqS
qb†q[e

−iqreDc − e−iqrhDv] + c.c. . (4.1)

Here q is the phonon wavevector, b†q (bq) is the phonon creation (annihilation)
operator, ρ is the two-dimensional density of mass of the TMD ML, Ωq = sq is the
phonon frequency, s is the (longitudinal) sound velocity, S is the normalization area,
Dc (Dv) are the deformation potential constants for the conduction (valence) band,
c.c. stands for the complex conjugate. The matrix element describing the exciton
scattering from the state with the center of mass wavevector k to the state with
the center of mass wavevector k′ accompanied by the phonon emission is derived
from Eq. 4.1 with the result

Mq
k′k =

√
~

2ρΩqS
q(Dc −Dv)F(q)δk,k′+q , (4.2)

where the form-factor

F(q) =

∫
e−iqρ/2ϕ2(ρ)dρ =

1[
1 +

(
qaB

4

)2
]3/2

, (4.3)

is introduced. Here and in what follows we assume equal electron and hole effective
masses, ϕ(ρ) =

√
2/(πa2

B) exp (−ρ/aB) is the ground state envelope function (taken
in the hydrogenic form), aB is the effective exciton Bohr radius. For relatively small
phonon wavevectors qaB � 1 the form-factor is not sensitive to the shape of the
envelope function.
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4.3.2 Exciton-phonon scattering

In this subsection we study the phonon-induced broadening of exciton resonance
in the simplest possible approach based on the Fermi golden rule. This broadening
can be related to temperature dependent measurements I performed, which allow
determining the PL linewidth as a function of temperature plotted in Fig. 4.3. First
we introduce the out-scattering rate 1

τk
from the exciton state with the wavevector

k and kinetic energy Ek = ~2k2/2M , where M is the translational mass of the
exciton M = me +mh, due to emission of the acoustic phonons:

1

τk
=

2π

~
∑
k′q

|Mq
k′k|

2δ(Ek − Ek′ − ~Ωq). (4.4)

For Ek, Ek′ � Es, where Es = Ms2, the exciton-phonon scattering is quasi-
elastic [193] (this point is discussed in detail below in Sec. 4.3.3), thus we can
omit the phonon energy, ~Ωq, in the energy conservation δ-function. The calcu-
lation of the sum (

∑
k . . . = S/(2π)2

∫
dk . . .) in Eq. 4.4 is trivial assuming that

typical phonon and exciton wavevectors are smaller than the inverse of Bohr radius
k, k′ � a−1

B (this condition is fulfilled at all realistic temperatures). We put the
form-factor F ≡ 1 and obtain from Eq. 4.4 and Eq. 4.2:

1

τk
=
M(Dc −Dv)

2

4π~2ρs

∫
dφk′

√
2− 2 cosφk′ =

8

~
√

2(Ms2)3Ek
(Dc −Dv)

2

4π~2ρs4
. (4.5)

E−1 =
(Dc −Dv)

2

4π~2ρs4
, Es = Ms2 . (4.6)

Eq. 4.5 thus reads
1

τk
= 8

√
2E3

sEk
~E

.

Since exciton-phonon scattering is quasi-elastic both absorption and emission
processes are possible because the phonon energy ~Ωq is typically much smaller
than kBT with T being the temperature and kB the Boltzmann constant. Thus,
for a thermalized exciton gas one has

1

τT
=

2π

~
∑
k′q

|Mq
k′k|

2(1 + 2nq)δ(Ek − Ek′), (4.7)

where
nq =

1

exp
(

~Ωq
kBT

)
− 1

is the phonon occupation number. For ~Ωq � Ek, Ek′ ∼ kBT we have nq =
kBT/~Ωq � 1 and, as it follows from Eq. 4.7 1

1

τT
=

4π

~
EskBT

E
. (4.8)

1In Ref. [197] analogous expression, Eq. (25), was derived for the electron-phonon scattering.
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Figure 4.3: Measured Exciton linewidth (2× half width at half maximum at low
energy side) as a function of temperature extracted from the PL data in Fig. 4.1 (e)
(points). Fit - 1 (red solid curve) is performed by Eq. 4.10 with the parameter set
γ(0) = 1.52 meV, c1 = 52 µeV/K, c2 = 11.52 meV and ~Ω0 = 13.4 meV. Fit - 2 (blue
dashed curve) is performed by Eq. 4.10 with the parameter set γ(0) = 1.49 meV,
c1 = 88 µeV/K, c2 = 14.9 meV and ~Ω0 = 15.5 meV.

The phonon-induced exciton linewidth can be roughly estimated making use of
Eqs. 4.7 and 4.8 with the result :

~
τT

= c1T, c1 = 4π
EskBT

E
. (4.9)

This is an important result as we can link now theory to experimental findings.
The parameter c1 can be accessed in experiments [51, 198] and I have measured it
here : Fig. 4.3 presents the dependence of the exciton linewidth in photolumines-
cence (measured as full width at half maximum) on the sample temperature. Two
fits are performed with very close values of parameters according to the general
expression [198, 199]

γ(T ) ≡ ~
τT

= γ(0) + c1T +
c2

exp
(

~Ω0

kBT

)
− 1

. (4.10)

Here γ(0) is the zero-temperature linewidth not related to the exciton-phonon inter-
action, the T -linear term is due to the exciton-acoustic phonon scattering, Eq. 4.9,
and the last term describes the interaction of excitons with optical phonons or
acoustic phonons at the Brillouin zone edges, ~Ω0 is the effective phonon energy.
Reasonable fit quality can be achieved for the values of c1 which differ by a factor
of 2, compare Fit - 1 and Fit - 2 parameter sets in the figure caption.
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Since the material parameters and the speed of sound are known to a large
extent, the experimentally determined value of cexper1 allows us to estimate the
strength of the exciton-phonon interaction. This can be done by combining Eq.
4.9 and 4.6 with the relevant parameters of the exciton-phonon interaction summa-
rized in Tab. 4.1. Analysis above demonstrates that the accuracy of determination
of c1 parameter is not extremely high because at moderate to high temperatures
the broadening can be dominated by the optical phonons and acoustic phonons
at the Brillouin zone edge. Therefore the values cexper1 and the deduced deforma-
tion potentials can be considered as order-of-magnitudes estimates only. So using
cexper1 = 52 . . . 88 µeV/K we find for our MoSe2 monolayer a difference in valence
and conduction band deformation potential of |Dc −Dv| = 5 . . . 6.5 eV.

Table 4.1: Material parameters
Property MoSe2 MoS2 WSe2 WS2

s (105×cm/s)a 4.1 6.6 3.3 4.3
ρ (10−7×g/cm2)b 4.46 3.11c 6.04 4.32
cexper1 (µeV/K) 91d, 52 . . . 88e 45f , 70g 60h 28d

|Dc −Dv|fit (eV)i 5 . . . 6.5 5.5f , 7.7g, 10.5j 5.4k 3.5
a From Ref. [200].
b Calculated from the data on bulk crystals as ρ = ρbulkc/2, where c is the
lattice constant for the 2H polytype.

c From Ref. [197].
d From Ref. [198].
e This work.
f From Ref. [199].
g From Ref. [51].
h From Ref. [123].
i Fit to experimental data on c1 (thermal broadening of exciton resonance)
after Eq. (4.9).

j From experimental data in Ref. [188] on strain tuning of optical resonances.
k From experimental data in Ref. [189] on strain tuning of optical resonances.

4.3.3 Phonon-assisted absorption and high-energy tail: Per-
turbative derivation

In this paragraph we aim to discuss exciton formation, assisted by phonons, for laser
excitation energies below the first LA(M) resonance i.e. closer than 19 meV to the
neutral exciton resonance. In absence of exciton-phonon interaction the absorbance
of the transition metal dichalcogenide monolayer at the normal incidence of radi-
ation in the spectral vicinity of exciton resonance is described by the Lorentzian
profile

A0(ω) =
2Γ0Γ

(~ω − ~ω0)2 + (Γ + Γ0)2
. (4.11)

Here ω is the incident light frequency, ω0 is the exciton resonance frequency, Γ0

is the exciton radiative decay rate, Γ is the non-radiative decay rate of the ex-
citon. This expression can be derived within the non-local dielectric response
theory [40, 201] by calculating the amplitude reflection r(ω) and transmission
t(ω) = 1 + r(ω) coefficients of the monolayer and evaluating the absorbance as
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Figure 4.4: (a) Absorbance at the A:1s exciton in MoSe2 monolayer. Experimental
data same as Fig. 4.1 (c) - red squares, data at lower laser excitation power shown
as small blue squares, full theory by solid green curve, Eqs. 4.18 and Eq. (4.19),
black dashed curve shows the result in the absence of phonon-assisted transitions.
Γ0 = Γ = 0.47 meV, |Dc−Dv| = 11 eV, other parameters are from the Tab. 4.1. in
the calculation T = 4 K. (b) Normalized to the value at T = 70 K with the T → 0
offset subtracted intensity of PL emission measured (symbols) and calculated after
Eq. 4.21 (solid lines) as a function of temperature at a fixed detunings of ∆ = 3
(red), 4 (black), and 6 meV (blue). The parameters of the calculation are the same
as in (a). (c) Schematics illustrating exciton and phonon dispersion, the intersec-
tion gives the energy scale 2Ms2, for Ek � Ms2 the exciton-phonon interaction
is quasi-elastic. Steps (1), (2), and (3) describe, respectively, photon absorption
with exciton formation in a virtual state, exciton-phonon scattering resulting in a
real final state for exciton (on the exciton dispersion, 2), and relaxation toward
the radiative states inside the light cone (3). (d) Sketch of the photon absorption
accompanied by the phonon emission. Exciton and phonon wavevectors have same
absolute value but opposite directions.
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A0(ω) = 1 − |r(ω)|2 − |t(ω)|2. Hereafter we disregard the effects related with the
light propagation in the van der Waals heterostructure [81]. The estimates per-
formed for our structures show that the asymmetry in the shape of the A0(ω)
related to the light propagation effects is negligible. Also, we observe this asymme-
try in absorption for 3 different samples with different hBN top and bottom layer
thicknesses, see Figs. 4.1 and 4.2.

Our target now is to obtain an expression for absorption similar to (Eq. 4.11)
but that takes in addition phonon-assisted absorption into account. To look ahead,
the final result of the derivations below will result in Eqs. 4.18 and 4.19 which will
allow to fit the experimental spectra I recorded, see Fig. 4.4 (a).

To simplify derivations we consider in a first approach in what follows the limit
of Γ0 � Γ, which allows us to take into account the light-matter interaction pertur-
batively. In this limit we can arrive at Eq. 4.11 making use of the Fermi’s golden rule
and evaluating the rate of the transitions to the excitonic state with the in-plane
wavevector k = 0 as

A0 =
2π

~
|Mopt|2δ(~ω − ~ω0).

Here |Mopt|2 is the squared matrix element of the optical transition to the k = 0
state normalized per flux of the incident photons. The δ-function ensuring the
energy conservation is broadened by non-radiative processes

δ(~ω − ~ω0) =
1

π

Γ

(~ω − ~ω0)2 + Γ2
.

The radiative broadening of the exciton resonance can be introduced as Γ0 =
|Mopt|2/~. Within second-order perturbation theory the phonon-assisted absorp-
tion [schematically shown in Fig. 4.4, panels (c) and (d)] is possible for ~ω > ~ω0

via a two step process: First the exciton is created in the intermediate (virtual)
state with k ' 0 and the emission of the phonon takes place as a second step.
Correspondingly, the contribution to absorbance due to this two-step process reads

A1 =
2π

~
∑
k,q

∣∣∣∣Mq
k,0Mopt

∆

∣∣∣∣2 δ(∆− Ek − ~Ωq). (4.12)

Here
∆ = ~ω − ~ω0, (4.13)

is the detuning between the photon energy and the exciton resonance energy.
It follows from the momentum conservation law that the phonon wavevector

q = −k as the total linear momentum of the electron-hole pair is equal to the in-
plane photon momentum, that is close to zero at the normal incidence of radiation.
The energy conservation law therefore reads

~2k2

2M
+ ~sk = ∆. (4.14)

Eq. 4.14 can be readily solved to obtain the phonon energy in the form (q = k)

~Ωk = Es

(√
1 +

2∆

Es
− 1

)
≈

{
∆, ∆� Es,√

2∆Es, ∆� Es.
(4.15)
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For typical parameters Es ∼ 100 µeV� ∆ all energy is transferred to the recoil
exciton, leaving the phonon with a small energy

√
2∆Es � ∆. An illustration of

the exciton and phonon dispersions is shown in Fig. 4.4 (c). Summation over k in
Eq. 4.12 can be performed for any ratio of ∆ to Es with the result

A1 = 2πΓ0
F2(Ωk/s)

E
P
(

∆

Es

)
Θ(∆), (4.16)

where Θ(∆) is the Heaviside Θ-function and the function P(x) is defined as

P(x) =
1√

1 + 2x

(√
1 + 2x− 1

x

)2

≈

{
1, x� 1,√

2/x3, x� 1.

For the experimentally relevant situation where x = ∆/Es � 1 the function P(x) ≈√
2/x3/2 and A1 in Eq. 4.16 reduces to

A2 = 2
√

2πΓ0
F2(Ωk/s)

E

(
Es
∆

)3/2

Θ(∆). (4.17)

Eq. 4.17 describes the tail of absorption at ~ω − ~ω0 ≡ ∆� Γ,Γ0, Es, Ωk is given
by Eq. 4.15, similarly to predicted and observed in Ref. [184]. Accounting for both
the phonon emission and absorption processes gives rise to an additional factor of
(1 + 2nk) in Eq. 4.17.

For the purpose of direct comparison with experiment, it is convenient to obtain
a model expression for the absorption spectrum which accounts for both the (no-
phonon) direct and indirect (phonon-assisted) processes. To that end we employ
the self-consistent Born approximation [202] for the exciton-phonon interaction, see
[124] for details, and arrive at

A(~ω) =
2Γ0[Γ + γph(∆)]

∆2 + [Γ + Γ0 + γph(∆)]2
, (4.18)

where the acoustic phonon scattering rate is:

γph(∆) = coth

(
~Ωk

2kBT

)
πF2(Ωk/s)∆

2

E
P
(

∆

Es

)
Θ(∆). (4.19)

In Eqs. 4.18 and 4.19 both phonon absorption and emission processes are included.
The results of calculation of A(~ω) are shown in Fig. 4.4 (a) and fit very well the
measured absorption spectra, they are discussed further in Sec. 4.4.

4.3.4 Temperature-dependent photoluminescence

In the photoluminescence process the exciton formed non-resonantly relaxes in en-
ergy towards small k-states. For a monolayer in free space the light cone is defined as
qphot = ω/c, c is the speed of light, and when k(ω) 6 qphot the exciton can recombine
by emitting a photon. In the absence of exciton-phonon interaction the photolumi-
nescence spectrum has a simple Lorentzian form, cf. Eq. 4.11. The exciton-phonon
interaction makes states outside the light cone optically active as well. For example,
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an exciton with the wavevector k can decay by emitting a phonon with wavevector
q = k and in addition a photon along the monolayer normal i.e. qphot = 0. For
experiments at finite temperature not only the phonon emission, but also phonon
absorption processes become important.

In general the calculation of the photoluminescence spectrum requires detailed
analysis of the exciton energy relaxation and recombination processes [203, 204].
Here, to simplify the consideration as we aim for a qualitative comparison with our
experimental data, we assume that the excitons are thermalized and their occupa-
tion numbers are described by the Boltzmann distribution

fk = exp

(
µ− Ek
kBT

)
,

where µ < 0 is the chemical potential of the exciton gas. The increase in tem-
perature mainly results in occupation of higher energy excitonic states, which
due to the quasi-elastic character of the exciton-phonon interaction gives rise to
the high-energy wing in the photoluminescence which is so striking for the exper-
iments shown in Fig. 4.1 (e). Denoting, as in Sec. 4.3.3, by ~ω the energy of the
emitted photon, by ~ω0 the energy of the exciton at k = 0, and by ∆ the detuning,
Eq. 4.13, we arrive at the photon emission rate in the form [cf. Eq. (4.12)]

I(ω) ∝
∑
k,q

fk(1 + 2nq)

∣∣∣∣Mq
0,kMopt

∆

∣∣∣∣2 δ(∆− Ek). (4.20)

Eq. 4.20 holds for ∆� Γ, in the energy conservation δ-function the phonon energy
is omitted. The calculation shows that the photoluminescence spectrum at the
positive detunings related to the phonon-assisted emission takes the form

I(ω) ∝ e−∆/kBT
kBTEs

∆2
F2

(√
2∆Es
~s

)
, ∆� Γ . (4.21)

The coefficient in Eq. 4.21 is temperature and detuning independent. For given
detuning ∆ > 0 the relative photoluminescence intensity drastically increases with
temperature mainly due to the presence of excitons with higher energies.

At the same time, the photoluminescence spectrum at ω < ω0 (negative detun-
ing ∆ < 0) is practically unaffected by the temperature increase. Indeed, to emit a
photon with energy significantly (by more that ~Γ) lower than ~ω0 a phonon with
the energy ~Ωq > |∆| should be emitted as well. The rate of this process is given
by

I(ω) ∝
∑
k,q

fk(1 + nq)

∣∣∣∣Mq
0,kMopt

∆

∣∣∣∣2 δ(∆− Ek + ~Ωq).

Due to the energy conservation law the process is allowed for small absolute values
of detunings only |∆| 6 Es/2, see Fig. 4.4. Thus, for the experimentally rel-
evant parameters the photoluminescence increase at negative detunings
is not expected in the theory, in agreement with the observation of an
asymmetric lineshape in Fig. 4.1 (e).
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4.4 Discussion
Fig. 4.4 (a) (same data as Fig. 4.1 (c)) shows the A:1s absorption measured via
the integrated trion PL intensity with a very prominent high energy tail. The re-
sults of our model calculations using Eqs. 4.18 and 4.19 for the best fit parameters
(given in the caption) are shown by the red solid line. For comparison, blue dashed
curve shows the symmetric Lorentzian which describes the low-energy wing of the
absorption (~ω < ~ω0), but does not reproduce the high energy wing. In contrast,
the full calculation fits the spectrum and reproduces the observed absorption asym-
metry very well, giving a strong indication that including exciton-phonon coupling
is important for describing the absorption process.

The free parameters in our fit are the radiative, Γ0, and nonradiative, Γ damp-
ing of the exciton as well as the difference of the deformation potentials for the
electron and hole, |Dc −Dv|. The values used for Γ0 = Γ ' 0.5 meV is in order of
magnitude agreement with results from time resolved spectroscopy reporting hun-
dreds of fs to few ps lifetimes [205, 128, 44]. The best fit value of |Dc − Dv| of
11 eV is somewhat larger than the literature and experimental data summarized
in Tab. 4.1, but within the same order of magnitude. The discrepancy can origi-
nate from the simplification of the model, particularly, the absence of the coupling
with optical phonons as well as with phonons at the Brillouin zone edge. Another
potential source of error can be related to the inaccuracy in determination of the
deformation potentials through fitting of the temperature-induced broadening, as
discussed above for the data shown in Fig. 4.4. Additionally, the presence of free
charge carriers may also provide a contribution to the high-energy wing in absorp-
tion due to the possibility to relax the momentum conservation law. We also stress
that the absorption (Figs. 4.1 (c) and 4.4 (a)) is detected via the photoluminescence
of the trion, therefore, efficiency of the relaxation pathway may play a role as well.
Recent A:1s absorption experiments in our group based on detecting upconversion
PL, which I performed on MoSe2 MLs, have confirmed the high energy absorption
tail [192]. So the experimental observation for these absorption experiments is in-
dependent of the detection method.

Similarly to the high energy tail in the absorption, the calculations predict the
same asymmetry in the photoluminescence emission spectrum. As described in
Sec. 4.3.4 this is because the excitons with wavevectors k & qphot = ω/c become op-
tically active due to the phonon-assisted processes. The increase in the temperature
gives rise to the increase of the occupancy of excitonic states at larger wavevectors.
This is exactly what is observed in Fig. 4.1 (e). Fig. 4.4 (b) shows the intensity of
photoluminescence at three values of the positive detuning ∆ = 3, 4, and 6 meV
(all on the high energy wing) as a function of temperature. The experimental data
are in reasonable agreement with the calculation after Eq. 4.21 and indeed confirm
the importance of the phonons in the photoluminescence emission.

4.5 Conclusion
Our combined experimental and theoretical study sheds light on the strong impact
of the exciton-acoustic phonon interaction in TMDmonolayers on exciton formation
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and recombination. We interpret strong absorption above the exciton resonance in
terms of phonon-assisted exciton formation. Asymmetric lineshapes with high-
energy tails in emission are observed in temperature dependent experiments. Also
this unusual emission lineshape is due to deformation potential exciton-acoustic
phonon coupling and can be fitted by our simplified analytical theory. The devel-
oped analysis shows that exciton-phonon interaction is quite strong in transition
metal dichalcogenide MLs as compared with conventional GaAs-based quantum
wells. We have to keep in mind an important difference: in a MoSe2 ML, which
is a 2D crystal, the exciton will interact with phonons that have a 2D density of
states. In contrast, in GaAs quantum wells the 2D exciton will interact with 3D
phonons in the crystal. For example the parameter c1 in GaAs quantum wells [206]
is an order of magnitude smaller than in MoSe2 despite higher values of deformation
potential and the fact that exciton interacts with bulk (3D) phonons in GaAs-case.
Qualitatively, the enhanced exciton-phonon interaction in atom-thin crystals is due
to the fact that for small wavevectors the phonon density of states is larger in 2D
than in 3D. This is because the density of states of 2D phonons ∝ q is greatly
enhanced compared to that of the bulk (3D) phonons ∝ q2. This results in about
an order of magnitude enhancement (see [124] for further details) and accounts for
the observation of the high-energy tails in exciton absorption in TMD monolayers.
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Chapter 5

Interlayer excitons in bilayer MoS2
with strong oscillator strength up to
room temperature

Coulomb bound electron-hole pairs, excitons, govern the optical properties of semi-
conducting transition metal dichalcogenides like MoS2 and WSe2. In this chapter
we study optical transitions at the K-point for 2H homobilayer MoS2 in reflectiv-
ity measurements in high quality samples encapsulated in hexagonal boron nitrite
(hBN) and compare with Density Functional Theory (DFT) calculations performed
by Iann Gerber (LPCNO) including excitonic effects (GW-BSE). In both calculated
and measured spectra we find a strong interlayer exciton transition in energy be-
tween A- and B-intralayer excitons, observable for T = 4 − 300 K, whereas no
such transition is observed for the monolayer in the same structure in this energy
range. The interlayer excitons consist of an electron localized in one layer and a
hole state delocalized over the bilayer, which results in the unusual combination
of high oscillator strength and a static dipole moment. We also find signatures of
interlayer excitons involving the second highest valence band (VB) and compare
absorption calculations for different bilayer stackings. For homotrilayer (TL) MoS2

we also observe interlayer excitons and an energy splitting between different in-
tralayer A-excitons originating from the middle and outer layers, respectively. The
work described in this chapter corresponds to the publication [60].

5.1 Introduction to multi-layers
Van der Waals materials have in-plane covalent bonding and the individual layers
are held together by the so-called dispersion forces [75, 207]. A fascinating aspect
of this class of materials is the drastic change of physical properties by changing
the sample thickness by just one atomic monolayer. A prominent example is the
striking difference between mono- and bilayer graphene [208]. For the van der Waals
semiconductor MoS2 the transition from indirect to direct bandgap material occurs
when going from bilayers to a monolayer [6, 71]. These dramatic changes are very
different from classical semiconductors like GaAs for example, where the optical
properties change gradually with thickness [209].

The light-matter interaction in monolayer (ML) transition-metal dichalcogenides
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Figure 5.1: Schematics of intralayer and interlayer excitons in 2H MoS2

homobilayers. (a) Intralayer excitons consist of an electron (red) and a hole (blue)
in the same layer while in (b) an electron localized on one layer interacts with a
hybridized hole state to form an interlayer exciton. Optical selection rules, repre-
sented by wavy lines, for intralayer and interlayer transitions in k-space are also
given for K-points, respecting spin conservation. For clarity only one interlayer
exciton (spin up) is shown, there is also the spin down state with the same energy.

is governed by Coulomb bound electron-hole pairs, excitons [19, 210]. As a sec-
ond layer is added, the light-matter interaction is strongly modified since new
exciton complexes can form, with electron and hole residing in different layers
[139, 211, 212, 213, 214], as sketched in Fig. 5.1 (b). These interlayer excitons show
interesting properties [66], also for thicker layers [68, 215] and more sophisticated
van der Waals structures [216]. A very active branch of research investigates spa-
tially indirect interlayer excitons in TMD heterobilayers of with great prospects for
spin-valley physics and nano-scale moiré potentials [116, 120, 150, 153, 217]

In this chapter I will discuss interlayer excitons in homobilayers of MoS2. Con-
trary to interlayer excitons in TMD heterobilayers, which are indirect both in real
and reciprocal space, we find strong signatures in absorption of the interlayer exci-
ton, about 20% of the oscillator strength of the intralayer exciton. The DFT-GW
calculations solving the Bethe-Salpeter equation uncover a strong, spin allowed in-
terlayer exciton peak about 80 meV above the A:1s transition. We find a 20%
reduction of exciton binding energy of the interlayer exciton compared to the in-
tralayer exciton. The calculated absorption also predicts an interlayer transition
involving the B-valence band located in energy above the B:1s intralayer transition.
We compare several bilayer stackings in our calculations of optical absorption spec-
tra [211, 218]. Our experiments on high quality bilayer and trilayer MoS2 in hBN
show prominent signatures of interlayer excitons up to room temperature in ab-
sorption, signalling strong oscillator strength. The clear manifestation of interlayer
excitons opens the way for electric field control of the optical transitions based on
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Figure 5.2: Calculated absorption spectra for a single mono-, bi and tri-
layer (2H ). Interlayer exciton transitions are marked by green circles. Orange
arrows for the TL case indicate intralayer transitions involving only the middle
layer (L2) of the three layers, while the marroon ones stress the L1, L3 intralayer
transitions.

their out-of-plane electric dipole [212], as discussed in detail in Chapter 6. Their
strong oscillator strength makes this in addition an interesting system for efficient,
tunable coupling to optical microcavities and plasmons [219, 220, 221, 222, 223].
Our work shows directly the stronger interlayer coupling for the hole states in MoS2

as compared to much weaker coupling expected for K-excitons in WSe2 homobi-
layers due to the larger A-B valence band separation [224, 225].

5.2 Bandstructure and absorption spectra calcula-
tions

The calculations of bandstructures and optical absorption by Iann Gerber (LPCNO)
have been crucial for the analysis of the optical spectroscopy that I have performed.
Here I summarize the main results of these calculations : The natural MoS2 bilayer
(BL) stacking is AA’, see Fig. 5.3 (a) for atomic stacking representation, corre-
sponding to the 2H bulklike symmetry. This is thermodynamically the most stable
configuration. When using the DFT-D3 exchange-correlation functional scheme of
Grimme et al [226], the AB-stacking, prototypical of the 3R-structure [218], has
the same binding energy as 2H within meV accuracy, i.e 117 meV/formula unit.
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In other words, both monolayers gain 117 meV (per elementary cell) by forming
a bilayer as compared to staying at infinite distance. AA-stacking is much less
favorable : 82 meV per formula unit. The interlayer distance dinter found is simi-
lar for 2H and 3R stacking order, being 6.17 Å, in good agreement with previous
studies [227, 228].
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Figure 5.3: Calculated absorption spectra for a bilayer, using three dif-
ferent stackings. The green lines mark interlayer transitions for AA’ stackings
(2H ).

In Fig. 5.2, we show absorption spectra calculated from the imaginary part
of the complex dielectric function extracted from GW+BSE procedure, for free-
standing ML, BL-AA’ and trilayer (TL) in 2H -like stacking systems, which are
the most relevant for samples exfoliated from naturally occurring MoS2 [229]. The
calculations for the absorbance are based on a precise determination of the band-
structure and then including the strong excitonic effects. In order to validate the
computational approach and precision, which is of the order of few tens of meV for
excitonic peak positions, we perform calculations for monolayer MoS2 in vacuum
and we identify and reproduce the peak positions of the different spectral features
as in the work of Qiu et al. [18, 230]. Note that the 2s feature oscillator strengths
are overestimated due to limited number of k-points used in the response function
calculations in the BSE step of the calculations. Using a higher number of k-points
is not practical for this study as already the calculations presented here took several
weeks to perform. The accurate monolayer results give us confidence for the bilayer
system where comparison with experimental data was so far not possible in detail
because of the poor optical quality of the structures. As expected, when the number
of layers is increased the fundamental gap Eg at the K-point is decreased : 2.62,
2.43 and 2.30 eV for ML, BL and TL respectively, when the multilayered systems
become globally indirect in the Γ−K direction, as it can be seen in Fig. 5.6.
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In the calculated 2H -BL absorption spectrum we can see an additional transition
between the A- and B-intralayer exciton 1s states, 0.09 eV above the A- and B-
peaks, see Fig. 5.2. Considering only the spin up transitions in the K valley as
proposed in Fig. 5.1 (b), it has 19 % of the oscillator strength of the corresponding
A:1s intralayer transition. Its main contributions come from states corresponding
to the valence band spin up : VB of L1 and VB−1 of L2 partially hybridized, and a
well-localized electron lying in the second lowest conduction band (CB+1) states of
L2. Here the hole states delocalized over the bilayer are important, as the transition
we call for brevity interlayer has an intralayer contribution, sketched in Fig. 5.1 (b):
the intralayer (L2) VB−1 to CB+1 oscillator strength is roughly 18% of the spatially
indirect VB to CB+1 one. We recall that the symmetry of the first VBs in K are
mainly of dx2−y2 and dxy characters, mixed with px,y orbitals of S, when the first
CBs are made of dz2 orbitals. Interlayer hopping (hybridization) are thus possible in
the VBs, helped by the S−pz orbital contributions in Γ, but remains impossible for
electrons in the CBs [12, 211, 218]. We experimentally control interlayer excitons
formation by choosing different stackings as shown in Chapter 8.

Quantitative analysis of the optical transitions in the related system of MoSe2

bilayers in hBN using the Dirac-Bloch equations also predicts an oscillator strength
of 20% of the interlayer A-exciton compared to the intralayer exciton [66]. In their
work the encapsulation in hBN is taken explicitly taken into account, whereas our
calculations are performed in vacuum to avoid high computational cost. The general
target was to see what type of new exciton absorption feature emerges as we go
from monolayer to bilayer material - the exact energy position of the transition will
be sensitive to screening by the dielectric environment [231, 232]. We extract in
BL MoS2 the exciton binding energies for the intralayer excitons of about 0.45 eV
compared to 0.36 eV for interlayer excitons. This relative comparison shows strong
binding for interlayer excitons with carriers residing in different layers, although
the absolute values will be smaller in encapsulated samples in hBN principally
due to the globally higher dielectric constant, see measurements for encapsulated
monolayers in [25].

For the trilayer case shown in Fig. 5.2, several interesting features are observed :
The A:1s state is split, with the intralayer exciton of the central layer (L2) having
the largest binding energy and followed in energy by intralayer excitons from the
two outside layers (L1, L3). In our calculations we also see clear signatures of
interlayer excitons in TLs. A set of interlayer transitions is present 0.05 eV above
the A-peak and again split by 0.03 eV due to the possibility for the carriers to reside
either in the central or outside layers. The interlayer exciton oscillator strengths
are relatively large as in the bilayer case, around 20% of the intralayer transitions.

Interlayer coupling of VBs and CBs is governed by symmetry and also the spin-
orbit splitting between spin-up and spin-down bands, as revealed in very early
work in bulk samples [215]. Whereas interlayer coupling for electrons is suppressed
by symmetry also for 2H stacking [211], the interlayer coupling for hole states
depends on both symmetry (and more specifically on atomic arrangement between
layers) and, if allowed, also on the amplitude of the spin-orbit splitting [211, 218].
In that respect 2H stacking in bilayer MoS2 provides favorable conditions for the
observation of interlayer excitons, as the interlayer coupling of VBs is allowed and
the spin-orbit splitting is smaller than in MoSe2, MoTe2, WSe2 and WS2. So
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Figure 5.4: Monolayer (ML), bilayer (BL) and trilayer (TL) MoS2 en-
capsulated in hBN. (a) Optical microscope image of the hBN/MoS2/hBN het-
erostructure. (b) AFMmeasurements confirms atomic steps. (c) Differential reflec-
tivity of the three different thicknesses (ML, BL and TL) at a sample temperature
of T = 4 K. Spectra have been shifted for clarity. The intralayer A- and B-excitons
(A:1s, A:2s, A:3s and B:1s) and the two interlayer resonances IE(A) and IE(B) are
labelled.

for sake of completeness, we also calculated the absorption spectra for AA and
AB stacking (corresponding to 3R symmetry in bulk), for which we observe no
signature interlayer exciton transitions as shown in the comparison in Fig. 5.3.
More detailed theory and experiment on MoS2 bilayers in 2H versus 3R stacking
will be presented later in this thesis.

5.3 Optical Spectroscopy on MoS2 mono-,bi- and
trilayers in hBN

Bilayer MoS2 is a fascinating system with tunable properties, explored in a large
spectrum of theoretical work [16, 211, 212] and also experiments [228, 233, 61, 234].
So far experimental studies of optical properties concentrated on the intralayer ex-
citon. As bilayer MoS2 has an indirect gap, the technique of choice is absorption
spectroscopy, either in transmission or reflection geometry, emission in photolumi-
nescence on the other hand is strongly quenched compared to the monolayer [6, 71].
Further progress was hampered until recently by the very broad optical transition
linewidth in MoS2 based nanostructures of the order of 50 meV. Encapsulation in
hexagonal boron nitride (hBN) of MoS2 monolayers (MLs) has resulted in con-
siderable narrowing of the exciton transition linewidth down to 1 meV [51, 235]
and allowed identification of excited exciton states [81]. This gives access to fine
features of the exciton spectra and considerably clearer comparison with theory.
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We fabricated a sample with monolayer steps (ML, BL, TL) encapsulated in hBN
by exfoliating MoS2 bulk crystals, see Chapter 2 for details, so we compare all 3
different thicknesses in identical conditions, see Fig. 5.4. Atomic force microscopy
(AFM) measurements have been performed in tapping mode, before deposition of
the top hBN layer. The topography of Fig. 5.4 (b) shows height steps correspond-
ing to monolayer, bilayer and trilayer MoS2. The extremely different white light
reflectivity spectra in Fig. 5.4 (c) are so striking, they can be used for thickness
identification, as discussed below. As this sample is exfoliated from 2H bulk, the
bilayer stacking is the thermodynamically most stable 2H configuration, analyzed
in detail by DFT in the previous section.

5.3.1 Low temperature differential reflectivity

First we discuss the measurements at low temperature T = 4 K. We measure
differential reflectivity (RML − Rsub)/Rsub, where RML is the intensity reflection
coefficient of the sample with the MoS2 layer and Rsub is the reflection coefficient
of the hBN/SiO2 stack. Please note that the overall shape of the differential re-
flectivity depends on cavity effects (thin layer interference) given by top/bottom
hBN and SiO2 thickness. This leads to exciton transition lineshape variations in
amplitude and sign in the presented spectra, see section 2.3 in Chapter 2 and also
section 3.1 in Chapter 3 for a detailed discussion and comparison with transfer
matrix simulations [81].

Monolayer. As for theory, also for experiment the monolayer sample allows us
to validate our approach : the spectra are very similar to the exciton states iden-
tified for hBN encapsulated MoS2 in previous work [81], with a clear signature of
the A:2s exciton state superimposed on B:1s, where we find a typical A-B exciton
separation of 150 meV in energy [12]. Here cavity effects determined by the top and
bottom hBN thickness used for encapsulation need to be taken into account to an-
alyze the oscillator strength [81]. The identification of the A:2s and A:3s as excited
A-excitons is confirmed by analyzing the diamagnetic shift in magneto-absorption
[25] and using photoluminescence excitation experiments [81]. Note that for the
monolayer A:1s to A:2s separation we find an energy of about 170 meV. This is less
than the 1s to 2s exciton state separation measured for the B-exciton in uncapped
monolayer MoS2 on hBN/SiO2 of about 225 meV [140]. This follows the general
trend of finding lower exciton binding energies in hBN encapsulated samples as
compared to non-encapsulated ones, underlining the importance of the dielectric
environment for the strength of the Coulomb interaction [231, 21].

Bilayer. The difference between ML and BL absorption is striking : there is an
additional transition in Fig. 5.4 (c) right between A:1s and B:1s. We attribute this
transition 70 meV above the A:1s to the interlayer exciton IE(A), with both carriers
at the K-point but in different layers. The energy position between A:1s and B:1s
fits well with the predictions from our DFT calculations, compare with Fig. 5.2. In
the region of the B-excitons we find 2 transitions. In addition to B:1s the second
peak is the interlayer exciton IE(B) involving the B-valence band. The interlayer
character of peaks are confirmed by its comparatively large Stark shift and also
with large amplitude and opposite Zeeman splitting to the intralayer excitons, see
Chapter 6 for the details.
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Figure 5.5: Optical spectroscopy results: Temperature dependent differential
reflectivity spectra for monolayer (a), bilayer (b) and trilayer (c) MoS2 encapsu-
lated in hBN.

Trilayer. Finally we investigate a homotrilayer. Here a striking aspect is the ob-
servation of not one but two features associated with the main intralayer A-exciton.
Here our DFT calculations suggest, see Fig. 5.2, that the higher exciton binding
energy for intralayer excitons in the middle layer (L2) results in a lower transition
energy as compared to the intralayer excitons from the two outer layers (L1 and
L3). The measured splitting between the two transitions is about 20-25 meV. In
addition, between the A- and B-intralayer excitons we observe two features which
are separated by 15 meV in energy that we can attribute to interlayer excitons, as
we compare our experiment in Fig. 5.4 (c) with the calculation in Fig. 5.2. From
the DFT calculations and experiments in applied magnetic and electric fields (see
Chapter 6 for details) we uncover two types of interlayer excitons in MoS2 trilayer.

Both homobilayer and trilayers are indirect semiconductors. The optical transi-
tions involving excitons direct in momentum space with carriers from the K-points
can be spectrally broadened compared to the ML case due to relaxation towards
the lower lying indirect bandgap.

5.3.2 Temperature evolution of absorption from 4 K to room
temperature

In Fig. 5.5 we analyze the temperature evolution of the differential reflectivity
spectra. The evolution of the ML spectrum up to room temperature shows a
standard shift of the A:1s transition with temperature. At T = 300 K at first glance
two strong transitions are visible, separated by 170 meV. The B:1s absorption is very
broad and its energy cannot be fitted precisely. Surprisingly, the most pronounced
feature at higher energy is not the B:1s but the A:2s state. In general to observe
excited exciton states also at room temperature is consistent with the high binding
energy of these intralayer excitons in hBN encapsulated MoS2 of about 220 meV
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[81].
Remarkably, for the bilayer in Fig. 5.5 (b) the intralayer but also the interlayer

transition are still observable at room temperature, again consistent with a high
exciton binding energy, as indicated by our ab initio results. The good visibility of
the interlayer exciton at room temperature has inspired different groups to perform
strain tuning experiments, which confirmed that the transitions originate from the
K-points [236, 237]. For the trilayer, the double feature for the intralayer A-exciton
is visible at all temperatures. The main interlayer exciton is still discernible at
240 K.

5.4 Discussion

For simplicity, in our theory and experiment we concentrate on optical transitions
with large oscillator strength, so in our optical absorption spectra we have no
clear signature of possible optical transitions indirect in k-space, for example, that
involve carriers from the Γ-point [8, 238]. In this work we exclusively discuss tran-
sitions involving carriers in different layers and bands, but all at the K-point. The
bandstructure of TMD bilayers is rather complex at the K-point, with spin-split
conduction and valence bands [31, 211, 29]. Already in a quasi particle picture
this gives rise to several optical transitions. In optical spectroscopy experiments we
work with excitons not band to band transitions, so all energy scales are renormal-
ized by the Coulomb interaction, the direct and exchange terms.

We now try to analyze why the interlayer and intralayer A-excitons have differ-
ent transition energies, similar arguments hold for the B-excitons. In the bilayer
absorption measurements in Figs. 5.4 (c) and 5.5 (b) and also calculations in Fig. 5.2
we observe the intralayer exciton transition about ∆exp = 70 meV lower in energy
than the interlayer exciton. Several effects can contribute to this difference :
(i) Difference in intralayer (calculated 0.45 eV) and interlayer exciton binding en-
ergy (0.36 eV). Although the calculations are for structures in vacuum and our
sample is encapsulated in hBN, we see this difference is significant and will pro-
vide an important contribution to ∆exp. The physical origin of the difference in
binding energies can come from the different spatial extension of the exciton in the
intra- and interlayer configuration. The effective mass for spin-up and spin-down
conduction and valence bands that we can extract from our bandstructure calcu-
lations is another source for differences in the binding energies of different exciton
species [12]. For the A-interlayer exciton the difference in mass of the two lowest
lying conduction bands is relevant, and we find 0.47 m0 for CB+1 and 0.42 m0

for CB, respectively, where m0 is the free electron mass. Though significant, our
calculations show this mass difference remains a smaller contribution compared to
the exciton spatial extension change between the two configurations.
(ii) Due to spin-conservation in optical dipole transitions, the interlayer excitons
is formed with an electron in the second lowest, not lowest conduction band, see
Fig. 5.1 (b). The conduction band spin splitting is estimated to be in the meV
range [31, 29], we find 13 meV in our calculations, see Fig. 5.6, in very good agree-
ment with a recent experimental measurement [239]. So this conduction band spin
splitting can contribute to ∆exp, but is not the dominating term.
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(iii) The exchange terms of the Coulomb interaction are also important and for
the case of MoS2 might reverse the order in energy of the spin-allowed and spin
forbidden transitions [107, 42].

In a very recent preprint interlayer excitons in MoS2 [67] are discussed in de-
tail for bilayer and trilayers using k.p theory and comparing with magneto-optics.
Although the theoretical approach is very different from our ab-initio calculations,
both approaches agree on the existence and importance of interlayer K-point exci-
tons. Predicting the exact energy positions is still challenging due to the uncertain-
ties in amplitude and sign of the conduction band spin splitting [240], the Coulomb
exchange terms and also the effective masses [239], see [67] for a complementary
analysis.

5.5 Conclusions.
In this chapter we presented optical transitions at the K-point for homobilayer
and trilayer MoS2 in absorption. Interlayer excitons with high oscillator strength
are found in post-DFT calculations and optical absorption measurements on MoS2

homobilayers and trilayers. The interlayer excitons are mixed with intralayer B-
excitons due to hole delocalization over two individual layers that results strong
oscillator strength. The optical signatures of interlayer excitons are visible up to
room temperature both in bilayer and trilayer MoS2. The interlayer coupling for
hole states in the valence bands is governed by symmetry and also the spin-orbit
splitting. DFT bandstructure and absorption calculations show hole delocalization
is forbidden due to symmetry in 3R stacking and is allowed in 2H. Therefore 2H
MoS2 bilayers show favorable conditions to observe interlayer excitons in absorption,
as hole hybridization is symmetry allowed and the valence band spin-orbit splitting
is comparatively small compared to WSe2 for example. In principle, the interlayer
exciton with large oscillator strength and a large static dipole moment in bilayer
and trilayer MoS2 structures offer desirable configurations for coupling quantum
tunneling with cavity photons, previously reported at cryogenic temperatures in
III-V semiconductor nanostructures [241]. The evolution of the interlayer excitons
in applied magnetic and electric fields will be discussed in the next chapter and
coupling between intralayer and interlayer excitons will be investigated.
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Figure 5.6: Quasiparticle bandstructures at the G3W0 level in (a) AA’ BL, (b)
AB BL and (c) AA’A TL stacking.
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Chapter 6

Stark splitting of interlayer excitons
in bilayer and trilayer MoS2

In TMD monolayers optical absorption is strong, but the transition energy is not
tunable as the neutral exciton has essentially no out-of-plane static electric dipole.
In contrast, interlayer exciton transitions in heterobilayers are widely tunable in
applied electric fields, but their coupling to light is considerably reduced. We have
shown strong optical absorption of interlayer exciton in homobilayer MoS2 in the
previous chapter. In this chapter first I discuss magneto-optics results for identifi-
cation of interlayer excitons. The interlayer excitons show larger Zeeman splitting
with opposite sign compared to intralayler excitons [68]. Our knowledge about in-
terlayer versus intralayer magneto-optics is crucial for the analysis and discussion of
our bilayer and trilayer results. In the remaining part of this chapter I show tuning
of interlayer excitons over a wide energy range in bilayer MoS2 by application of
electric fields. These energy shifts are due to the quantum confined Stark effect. We
optically probe the interaction between intra- and interlayer excitons in homobilayer
and trilayer MoS2 as they are energetically tuned into resonance. Our experimental
observations are supported by beyond-standard density functional theory calcula-
tions performed by Iann Gerber (LPCNO) including excitonic effects (GW-BSE).
In MoS2 trilayers, our experiments uncover two types of interlayer excitons with
and without in-built electric dipoles, respectively. The results described in this
chapter are based on the publication [106] also thanks to a fruitful collaboration
with the group of Richard Warburton at the University of Basel (Switzerland).

6.1 Introduction.

In TMD layers the spin splittings in the two non-equivalentK+ andK− valleys have
opposite signs. Therefore valley degree of freedom can be manipulated by applying
an external magnetic field perpendicular to the 2D layer (Faraday configuration).
The degeneracy of the two valleys in magnetic field can be lifted and measured
as valley Zeeman splitting. This is achieved by monitoring the energy splitting
between the two circularly polarized photoluminescence or reflectance. The Zeeman
splitting of intralayer and interlayer excitons shows different amplitude and sign.
Therefore these two criteria are used to identify the interlayer transitions in our
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recorded spectra.
High quality van der Waals heterostructures show close-to-unity, gate-tunable

reflectivity of a single MoSe2 layer [110, 242], variation of the transition energies
of interlayer excitons over a broad wavelength range in heterobilayers [63, 243] and
valley polarized exciton currents [154].

In this chapter, we aim to combine the strong light-matter interaction of excitons
in monolayers with high tunability of interlayer excitons in external electric fields.
In heterobilayers interlayer excitons are observed in photoluminescence emission
[63, 154, 243] as interlayer absorption is very weak. The 2H stacked MoS2 homo-
bilayers and trilayers exhibit two important properties : First, a strong interlayer
exciton absorption observed up to room temperature has been observed in earlier
studies on MoS2 bilayers [60, 67, 216, 236, 237], and also discussed in the previous
chapter. Second, in principle, the large in-built electric dipole of interlayer excitons
as they form with the electron residing in either the top or the bottom layer [244],
whereas the hole is delocalized over both layers [211]. Because of this characteristics
no Stark shift is observable for the intralayer excitons A:1s and B:1s, as reported
for monolayers [245, 246]. We integrate MoS2 bilayers and trilayers in devices with
Au-contacts for applying an out-of-plane electric field (Fz). The energy degeneracy
of the two interlayer exciton configurations is indeed lifted, see below: In absorp-
tion, we observe two well-separated features as the amplitude of the electric field
is increased. This result reveals the large in-built electric dipole and proves the
interlayer character of the transition. By adjusting Fz, we tune the energy split-
ting between the two interlayer excitons. The blue-shifted interlayer exciton and
the B-intralayer exciton exhibit a pronounced avoided crossing accompanied by a
transfer of oscillator strength, two clear indications for a strong admixture of these
states. In contrast, the red-shifted interlayer exciton and the strong A-intralayer
exciton exhibit a weak avoided crossing, evidence that these states do not admix
significantly. In MoS2 trilayers, we discover two different interlayer excitons with
very distinct Stark shifts.

6.2 Zeeman splitting and Stark effect tuning of in-
terlayer excitons in bilayer MoS2.

The strong oscillator strength of interlayer excitons in the homobilayers is shown
in the previous chapter. I now show magneto-optics results that I have performed
on the same sample. The optical reflectivity was measured at low temperature
(T = 4 K) using a home-built confocal microscope and a white light source. The
imaginary part of the optical susceptibility Im(χ), a measure of the absorption,
was deduced from the differential reflectivity signal ∆R/R0, ∆R = R − R0, using
the Kramers-Kronig relation, where R is the reflectivity spectrum obtained on the
MoS2 flake and R0 is the reference spectrum (see Supplement of [247] for a detailed
description).
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Figure 6.1: Sample 1 and device 1 structure. Schematics and microscope
images of (a) sample 1 (the same as discussed in chapter 5) and (b) an electrical
gated device 1, both consisting of bilayer (BL) and trilayer (TL) MoS2 encapsulated
in hBN.

6.2.1 Magneto-reflectance measurements for identification of
interlayer excitons.

In bilayer MoS2, each band is doubly degenerate with opposite spin configurations
due to inversion and time-reversal symmetry. For the 2H stacking, adjacent lay-
ers are rotated by 180◦, which results in an inversion of the spin orientation while
going from one layer to the another layer. For instance, the K+ valley, the upper
valence band V B1 and the lower conduction band CB1 for layer 1 (layer 2) have
spin down (up) character, see Fig. 6.2 (a). The intralayer transitions are similar
to the monolayer case [231]. The spin states for the σ+ and σ− interlayer transi-
tions are reversed as compared to intralayer transitions. In a simple quasi particle
(not exciton) picture, the spin contributions to the Zeeman splitting for an optical
transition within the same layer cancel (at least partially) for intralayer excitons,
whereas they are additive for interlayer excitons [68, 67]. This gives an indication
why the interlayer exciton Zeeman splitting is larger.

The polarization-resolved reflectance measurements of the interlayer transitions
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are performed in an out-of-plane magnetic field (Faraday geometry). The optical
experiments are carried out by exciting the sample 1, see Fig. 6.1 (a) with linearly
polarized white light. The absorption is subsequently analyzed in a circularly po-
larized basis, allowing us to directly access the resulting valley-selective splitting of
the transitions and quantify the Zeeman splitting. Fig. 6.2 (b) shows the absorp-
tion spectra of the interlayer excitons for both detection polarizations in magnetic
fields at 0 and +9T. Two main observations are immediately apparent from the
data. First, the energy degeneracy of the interlayer transitions is lifted for fields
Bz >0. For increasing magnetic fields, the energy of the σ+ polarized component
of interlayer exciton increases while it decreases for the σ− polarized component
opposite to the intralayer exciton characteristics. Second, the amplitude of the en-
ergy splitting in magnetic field for intralayer exciton (A:1s) is smaller compared to
interlayer excitons (IE). The intralayer exciton shows a negative Zeeman splitting
of about 2 meV at Bz = +9T, which changes sign as the magnetic field direction
is reversed shown in Fig. 6.2 (b) and (c). The Zeeman splitting for the interlayer
exciton IE is about 4 meV at Bz = +9T, and the sign is opposite compared to
the intralayer case. The Zeeman splittings of the two excitonic transitions are de-
fined as ∆EA = E(σ+) − E(σ−) = gAµBBz and ∆EIE = gIEµBBz with E(σ+)
and E(σ−) being the transition energies for the two circular polarizations, gA and
gIE are the excitonic g-factors, and µB = 58 µeV/T is the Bohr magneton. From
the data presented in Fig. 6.2 (b), we deduce a negative Landé g-factor of around
−4 for the intralyer exciton A:1s and a positive g-factor of about gIE ≈ 8 for the
interlayer exciton [67]. Additionally, a transition ∼ 145 meV above the intralayer
exciton A:1s is identified as interlayer exciton, labelled as BIE in Fig. 6.2 (b) with
positive g-factor and large energy tunability similar to interlayer exciton IE. To
summarize these experiments, magneto-optics performed on MoS2 bilayers allows
to distinguish between intralayer and interlayer exciton transitions.

6.2.2 Stark effect tuning of interlayer excitons in bilayer
MoS2.

Our next target is to tune the interlayer transition energy in the MoS2 bilayer ab-
sorption spectrum that carries an in-built out-of-plane electric dipole. This effect
is based on the quantum confined Stark effect [248]. For bilayer MoS2, our experi-
ments focus on momentum-direct intralayer and interlayer excitons originating from
valence and conduction bands around the K-points. The strong oscillator strength
of the interlayer exciton originates from a strong admixture with the B-intralayer
transition, see scheme in Fig. 6.4 (d) also detailed in the previous chapter 5 and ref.
[60]. We performed experiments as a function of the out-of-plane electric field in
2H stacked bilayer MoS2 using devices 1, with a geometry as depicted in Fig. 6.1
(b): Two hexagonal boron nitride (hBN) flakes are used as dielectric spacers, and
top and bottom few-layer graphene (FLG) act as transparent electrodes (All layers
were transferred using deterministic dry exfoliation, see section 2.1 in Chapter 2
for a detail description). Applying a DC voltage to the two FLG electrodes creates
an electric field in the MoS2 (device 1), oriented perpendicular to the bilayer.

Fig. 6.3 (a) shows typical absorption spectra extracted from a colourmap of
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Figure 6.2: Magneto-optics of bilayer MoS2 (sample 1) at T = 4 K. (a)
Optical selection rules for the intralayer and interlayer transitions at Bz = 0 (left)
and Bz >0 (right) between the valence band V B1 and the conduction bands CB1

and CB2 (with carrier spins marked) bilayer or bulk MoS2 in a simple quasi par-
ticle picture. The dashed lines in the right panels indicate the band positions for
B = 0. Vertical and diagonal arrows indicate intralayer (A:1s) and interlayer transi-
tions (IE). The schematics is taken from [68]. (b) Polarization-resolved absorption
spectra for bilayer MoS2 in magnetic fields (Bz = 0T and Bz = +9T) applied per-
pendicular to the layers. The orange and blue curves correspond to σ− and σ+

detection polarization. (c) Energy difference ∆E between the two circular polar-
ization for the intralayer (red) and interlayer (blue) excitons at different magnetic
fields Bz. The g-factors of the two transitions are extracted from linear fits. The
intralayer A-exciton has a negative g-factor, gA ≈ −4, while the interlayer excitonic
g-factor is approximately twice as large with opposite sign, gIE and gBIE.
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Figure 6.3: MoS2 bilayer van der Waals heterostructure (vdWH) in an
applied electric field at T = 4 K. (a) Typical absorption spectra recorded
without (Fz = 0 MV/cm) and with (Fz = −0.69 MV/cm) an applied electric field,
extracted from (b). (b) Colourmap of the absorption spectra of bilayer MoS2

vdWH (device 1). Stark shift of the interlayer excitons at small electric fields. The
intralayer A- and B-excitons (A:1s and B:1s) and the two branches of the interlayer
A-resonances (IE1 and IE2) are labelled. (c) Schematics of interlayer excitons in
homobilayer MoS2. An electron localized in one layer interacts with a hybridised
hole state to form an interlayer exciton. The direction of the dipole moment depends
on the location of the electron, either in the bottom (µIE1) or top (µIE2) layer.
(d) Stark shift of the interlayer A-excitons as a function of Fz, extracted from
the spectra in panel (b). The solid blue and purple lines are linear fits to the
experimental data points at small/moderate electric fields (Fz = 0 MV/cm to
Fz = −0.69 MV/cm).
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the absorption spectra as a function of the electric field Fz shown in Fig. 6.3 (b),
recorded on device 1. Three prominent transitions can be clearly identified at
zero electric field (Fz = 0 MV/cm) : The intralayer A- and B-excitons (A:1s and
B:1s) near 1.918 eV and 2.09 eV, respectively, and the interlayer A-exciton (IE) at
1.98 eV [60]. On applying an external electric field Fz, the IE splits into two sepa-
rate branches, as seen in Fig. 6.3 (a) for Fz = −0.69 MV/cm. Remarkably, at finite
electric fields Fz = −0.69 MV/cm, the absorption strength does not vanish but re-
mains rather strong. When the electric field Fz is increases from 0 to -0.69 MV/cm,
the energy difference between the IE1 and IE2 states is about ∼ 28 meV. So, the
IEs show a wide energy splitting in contrast to the intralayer exciton (A:1s), see
Fig. 6.3 (a)-(b).

For small to moderate electric fields, before significant interaction between the
interlayer states and the A- and B-excitons, we observe a linear energy shift with
Fz for both peaks, IE1 and IE2, suggesting a first-order Stark shift caused by the
static electric dipole moments across the MoS2 bilayer (Fig. 6.3 (d)). In Fig. 6.3
(d) we plot the transition energies extracted from Fig. 6.3 (b) as a function of the
applied field Fz and perform a linear fit. We extract large dipole moments of µIE1

and µIE2 with a lower bound of about 0.3 e·nm with e being the electron charge.
Applying higher electric fields in our experiment, we discover that the shifts devi-
ate from a simple linear Stark shift, reflecting, as discussed below, very different
interactions of the interlayer excitons with the A- and B-intralayer excitons. Our
experiments clearly show that the absorption peak IE, initially at 1.98 eV, corre-
sponds to interlayer exciton resonances with out-of-plane oriented electric dipoles :
The carriers clearly do not reside within the same layer. For the intralayer excitons
on the other hand, the energy shift with applied electric field is negligible, as in the
case for excitons in monolayers [245, 246]. The magneto-optics and electric filed
tuning confirm interlayer character of the IE1,2 excitons. In terms of the magnitude,
the large extracted dipole moments are similar to results on interlayer excitons in
MoSe2/WSe2 heterobilayers as determined by photoluminescence [63, 154, 243]. In
the case of bilayer MoSe2, K-K interlayer excitons are observed with similarities
to the case of MoS2, but with significantly lower oscillator strength [115, 66]. This
is mainly due to the larger valence band spin-orbit splitting of MoSe2 compared to
MoS2, which makes hole delocalization over both layers and hence the formation
of interlayer excitons less favourable [211]. Signatures of interlayer excitons in bulk
2H MoSe2 have been reported, but the same study did not find K-K interlayer
exciton signatures for bulk 2H WSe2 [114].

6.2.3 Tuning interlayer and intralayer absorption into reso-
nance.

We have shown Stark splitting of interlayer exciton for very small electric field
range because our device shown in Fig. 6.1 (b) is single gated, device 1. For small
fields we confirmed Stark splitting of IEs in Fig. 6.3 (b) and also in Fig. 6.4 (a),
different interactions of interlayer exciton resonances around the transition energy of
intralayer excitons A:1s and B:1s. Note that the data presented in Fig. 6.4 (a) is 2nd

derivative of reflectivity contrast for clarity. For further quantitative understanding
83



IE2

B:1s

-2.0 -1.6 -1.2 -0.8 -0.4
Electric field Fz (MV/cm)

2.10

2.05

2.00

En
er

gy
 (e

V)

a

BL1

BL2

2.15

-2.0 -1.6 -1.2 -0.8 -0.4
Electric field Fz (MV/cm)c

d

-2.0 -1.6 -1.2 -0.8 -0.4
Electric field Fz (MV/cm)

2.15

2.10

2.05

2.00

En
er

gy
 (e

V)

50

30

10

R
el

at
iv

e
ab

so
rp

tio
n 

st
re

ng
th

 (%
)

0.01 0.02 0.03 0.04 0.05

Im(Ȥ)

0

(i) (ii) (iii)

BL2
IE2

BL1

BL2

BL1

IE2

E1, E2

E+, E-

1.96

1.94

1.92

1.90

En
er

gy
 (e

V)

-2.0 -1.6 -1.2 -0.8 -0.4
Electric field Fz (MV/cm)b

IE1

0.1 0.2 0.30

Im(Ȥ)

A:1s

e

Energy (eV) Energy (eV) Energy (eV)

0.02

0.04

0

0.06

Im
(Ȥ

)

(iii) Fz= -1.46 MV/cm(ii) Fz= -1.76 MV/cm(i) Fz= -2.06 MV/cm

IE2 IE2
BL1 BL1

BL2 BL2

2.08 2.142.02 2.082.02 2.08 2.142.022.14

IE2
BL1

BL2

-15 -12 -9 -6 -3

1.96

2.00

2.04

2.08

2.12

En
er

gy
 (e

V)

Voltage (V)

-1.250E+04-32506000

Z 
of

 S
he

et
1

-12 -8 -4

-12 -8 -4

1.95

2.00

2.05

2.10

En
er

gy
 (e

V)

-1.250E+04-27507000

Z 
of

 S
he

et
1

Voltage (V)
(a)

6000                         -3250                     -1.25x10-4

BL2

BL1

IE2

IE
2

B:1s

-2.0 -1.6 -1.2 -0.8 -0.4

Electric field F
z 
(MV/cm)

2.10

2.05

2.00

E
n
e
rg

y
 (

e
V

)

a

B
L1

B
L2

2.15

-2.0 -1.6 -1.2 -0.8 -0.4

Electric field F
z 
(MV/cm)c

d

e

-2.0 -1.6 -1.2 -0.8 -0.4

Electric field F
z 
(MV/cm)

2.15

2.10

2.05

2.00

E
n
e
rg

y
 (

e
V

)

Energy (eV) Energy (eV) Energy (eV)

0.02

0.04

0

0.06

Im
(Ȥ

)

(iii) F
z
= -1.46 MV/cm(ii) F

z
= -1.76 MV/cm(i) F

z
= -2.06 MV/cm

IE
2

IE
2

B
L1

B
L1

B
L2

B
L2

2.08 2.142.02 2.082.02 2.08 2.142.022.14

IE
2

B
L1

B
L2

50

30

10

R
e
la

ti
v
e

a
b
s
o
rp

ti
o
n
 s

tr
e
n
g
th

 (
%

)

0.01 0.02 0.03 0.04 0.05

Im(Ȥ)

0

(i) (ii) (iii)

B
L2

IE
2

B
L1

B
L2

B
L1

IE
2

E
1
, E

2

E
+
, E

-

1.96

1.94

1.92

1.90

E
n

e
rg

y
 (

e
V

)

-2.0 -1.6 -1.2 -0.8 -0.4

Electric field F
z 
(MV/cm)b

IE
1

A:1s

0.1 0.2 0.30

Im(Ȥ)

(b) (d)

(c)

L1 L2

IE2

L1 L2

IE1

L1 L2L1 L2

A:1s BL1 BL2AL1 AL2 B:1s 

a b c d
CB+1

CB

VB-1

VB

L1 L2

IE2

L1 L2

IE1

L1 L2L1 L2

A:1s BL1 BL2AL1 AL2 B:1s 

a b c d
CB+1

CB

VB-1

VB

L1 L2 L2L1

L1 L2 L1 L2

IE1 IE2

AL1 AL2A:1s BL2BL1 B:1s

2nd derivative of ΔR/R

IE1

Figure 6.4: Electric field dependence: (a) Colourmap of the 2nd derivative of
reflectivity contrast (∆R/R) spectra centered around the intralayer B-exciton for
a single gated device 1. (b) Colourmap of the absorption spectra centred around
the intralayer B-exciton. BL1 and BL2 are the intralayer excitons residing in layer
1 (L1) and 2 (L2), respectively for a double gated device, see [106] for a detail con-
figuration. Dashed vertical lines show shift in resonance energy. (c) Colourmap of
the absorption spectra (σ+-polarization) centered around the intralayer A-exciton,
showing a very small avoided crossing with IE1. The data is for the same device as
in (b). (d) Band diagram and schematics of intralayer and interlayer excitons in
homobilayer MoS2 at the K-point. Intralayer resonances in the top panel A:1s and
B:1s correspond to excitons where the electron and the hole reside in the same layer.
Intralayer excitons can form in each of the two layers, denoted by the subscript L1

(L2) for layer 1 (layer 2). Interlayer excitons in the bottom panel IE1 and IE2

consist of an electron confined in one layer and a hole delocalized over both layers.
Wavy lines connect the states involved for the formation of the different excitonic
complexes at the K-point.
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about the interaction of interlayer excitons with intralayer excitons resonances we
collaborated with Richard Warburton’s group at University of Basel. The further
measurements at high electric fields were performed on a double gated device bilayer
MoS2 by Nadine Leisgans and Lukas Sponfeldner. The main advantage of a double
gated device is the independent control of the applied electric field and the carrier
concentration in the bilayer, here kept in the neutral regime. Due to the very large
tunability shown in Fig. 6.3 (b) for the interlayer transition energy, we further
tune the interlayer excitons into resonance with the A- and B-intralayer excitons
while maintaining charge neutrality. Comparing Fig. 6.4 (b) (IE2 ↔ B) with 6.4
(c) (IE1 ↔ A) shows the interactions are very different : In Fig. 6.4 (c), the IE1

transition merges with the A-exciton line at around -1.3 MV/cm; at the highest
electric fields in these experiments. This points to a small avoided crossing of the
weak IE1 exciton with the strong A-exciton. Our estimate for the coupling of the
IE–A excitons in the present sample is 5 ± 3 meV. In contrast, tuning the upper
interlayer branch IE2 energetically close to resonance with the B-exciton leads to a
clear avoided crossing, see data in Fig. 6.4 (b). For the B-exciton, we can distinguish
two resonances associated to intralayer excitons in the two different layers L1 and
L2, labelled as BL1 and BL2. The transition BL1 does not share any state with IE2

as evidenced by a nearly constant transition energy, see Fig. 6.4 (b). Importantly,
as IE2 has a strong BL2-intralayer component, see scheme in Fig. 6.4 (d), these
states interact strongly. The pronounced avoided crossing between IE2 and BL2 is
accompanied by a transfer of oscillator strength from BL2 to IE2, a clear indication
for strong coupling. Fitting the data in Fig. 6.4 (b) with a simple coupled 2 level
model for the two transitions BL2 and IE2, we can extract a coupling energy an
interaction energy W = 33± 5 meV, see [106] for more details.

6.3 GW+BSE modelling of excitons in MoS2 bi-
layers.

The main observations of the experiments are : (i) the splitting and very large
energy shifts of the IE transitions in an applied electric field, (ii) anticrossing of the
IE2 with the B-intralayer exciton, and (iii) small avoided crossing of the IE1 with
the A-intralayer exciton. In order to compare our experiential results with theory,
our colleague Iann Gerber at the LPCNO performed beyond DFT calcuations in-
cluding GW+BSE. The approach used here is based on the inclusion of the applied
electric field as a perturbation in the band structure calculations, similar to the
approach in [212] (see Supplement of [106] for computational details). Please note
that we have only considered freestanding 2H MoS2 bilayers in our calculations,
i.e. placed in vacuum, as we aim to reproduce qualitatively the main trends. When
applying an electric field, we observe a global shift for L1 of the relevant conduction
and valence bands at the K-point down in energy with respect to L2, marked as the
Stark shift ∆EStark (see Fig. 6.5 (b) for the electric field configuration and Fig. 6.5
(c) for a bandstructure schematic). From the sketch in Fig. 6.5 (c), it is thus clear
that the IE transitions will split in energy : Transitions involving the L2 valence
bands and the conduction bands in L1 will lower in energy, whereas transitions
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Figure 6.5: Beyond-DFT calculations of the electric field effects on the
bandstructure and excitonic properties of 2H MoS2 bilayer. (a) Absorb-
tion spectra as a function of the applied electric field Fz. Our DFT-GW-BSE
calculations determine both energy position and absorption strength corresponding
to exciton transitions as shown with vertical black lines. We estimate the numeri-
cal precision of our calculations to be of the order of ±5 meV (see computational
settings in Supplement) such that any splitting below this value does not have any
physical significance. For comparison with the experiment, we introduce an arti-
ficial broadening of the order of 10 meV for each transition. This results in the
spectra shown with solid black lines; the three main transitions A:1s (intralayer A),
IE (interlayer) and B:1s (intralayer B) are labelled. (b) Structural model of the
2H bilayer stacking and electric field direction. (c) Schematic of the bandstructure
modification due to the application of Fz showing a global shift, denoted ∆EStark,
between the distinct band structures of the two layers (see Supplement for detailed
results on GW band structure calculations). (d) Evolution of the excitonic peak
positions with respect to the electric field, and the corresponding dipole moment
estimates for IE1 and IE2 excitons.
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involving the L1 valence bands and L2 conduction bands will increase in energy.
The calculated absorption shown in 6.5 (a) looks very similar to our measure-

ments at small electric fields, see Fig. 6.3 (b). Fig. 6.5 (d) demonstrates how the IE
transition energy changes, roughly linearly, with the applied electric field. At large
electric field values of 5 MV/cm, we see two main groups of transitions : At the
low energy side, the IE1 close to the A-exciton energy and, at the high energy side,
the IE2 close to the B-exciton. There are essentially no transitions in the energy
range in-between. We refrain in our calculations to comment on any higher electric
field values as our initial assumption to treat the electric field as a perturbation, in
comparison with other energy splittings in the band structure, reaches its limits.

The exact nature and mixing of the absorption peaks, calculated in Fig. 6.5
(a), contain information on the evolution of the exciton states with electric field
(see Supplement of [106]). Our theory indicates very little mixing between the
A-intralayer exciton and the IE, consistent with the experiments in Fig. 6.4 (c).
Concerning interactions with the intralayer B-exciton, the IE exciton, with a delo-
calized hole, is mixed with the intralayer B-exciton as they share the same valence
states. This was suggested in [60] and also discussed in the previous chapter to
explain the surprisingly high oscillator strength of the IE transitions. From the
calculations, we see that the mixing between the higher energy IE branch and the
B-exciton becomes stronger as the electric field amplitude is increased (see Supple-
ment of [106] for a detailed description of each component). We suggest that this
clear admixture of the IE-exciton with the B-exciton in our calculations is the origin
of the observed avoided crossing between IE2 and BL2 shown in Fig. 6.4 (a) and
(b). Highly tunable excitonic transitions with large in-built dipoles and oscillator
strengths will result in strong exciton-exciton interactions and therefore hold great
promise for non-linear optics with polaritons.

6.4 Interlayer excitons in MoS2 trilayers.

We apply our combined approach using experiments and theory to uncover and
manipulate novel exciton species in a more complex system, namely MoS2 ho-
motrilayers. In contrast to inversion symmetric MoS2 bilayers, trilayers could be
advantageous in nonlinear optics due to the broken inversion symmetry that gives
rise to a non-vanishing second-order nonlinear susceptibility. In the trilayer system,
we uncover additional types of interlayer excitons as compared to the bilayer in our
experiment : At zero electric field, two different interlayer transitions appear in ab-
sorption, labelled IE∗ and IE in Fig. 6.6 (a). We show absorption measurements as
a function of the electric field and make a surprising observation : Whereas IE splits
into two branches (IE1 and IE2) as for the bilayer studies, IE∗ does not show any
measurable splitting and hence, a negligible or at least very small in-built electric
dipole moment. Interestingly, we make the same observation in our GW+BSE cal-
culations, shown in Fig. 6.6 (c). We can explain the different behaviour in applied
electric fields by analysing the microscopic origin of IE and IE∗ in our calculations,
see Supplement of [106]. The schematic in Fig. 6.6 (b) shows these excitons to have
very distinct characteristics : For the IE, two degenerate states form at zero electric
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field, i.e. IE1 and IE2. For IE1, the electron is localized in the bottom layer and the
hole is delocalized between the middle and bottom layers. For IE2, the electron is
localized in the top layer and the hole is delocalized between the middle and top
layers. As such, IE1 and IE2 have a finite dipole moment, similar to the interlayer
excitons in bilayers. We extract a dipole moment of |µ| ≈ 0.15 e·nm. This smaller
value as compared to the bilayer can have its origin in the different dielectric en-
vironment and a more localized hole wavefunction. Admixture of intralayer with
interlayer excitons does not change significantly over the investigated electric field
range (see Supplement of [106]). For the IE∗ at slightly lower energy, the situa-
tion is different compared to IE : the electron is localized in the middle layer and
the hole is delocalized over all three layers. This results in a negligible in-built
electric dipole moment of IE∗ which translates into a non-resolvable Stark splitting
of the transition in our measurements. The absence of a clear Stark shift might
put the interlayer nature of IE∗ into question. To answer this, I have performed
magneto-optics as previously for the bilayer, shown in Fig. 6.6 (d). We observe for
the intralayer excitons a Zeeman splitting of the order of 2 meV for Bz = +9 T and
for IE and IE∗, a Zeeman splitting of the order of 4 meV, with opposite sign com-
pared to the intralayer transitions. Therefore, we confirm the interlayer character
of these peaks. These results lead to an unusual situation for interlayer excitons :
We observe a strong splitting in magnetic fields for IE∗, but a very small Stark shift
in electric fields.

6.5 Conclusions.

In this chapter we presented a way to clearly distinguish and identify intralayer and
interlayer transitions by magneto-optics. There are two criteria : (i) The interlayer
excitions transition shows larger Zeeman splitting compared to intralayer excitons
and (ii) The g-factors of interlayer and intralayer excitons are opposite in sign.
We further demonstrated interlayer excitons character in externally applied elec-
tric field. The transition energy of interlayer excitons with the large in-built electric
dipole in bilayer MoS2 can be tuned to A:1s and B:1s resonances. These energy
shifts are due to the quantum confined Stark effect. These interlayer excitons have
a large oscillator strength such that they can be detected easily in absorption. The
interaction of the blue-shifted interlayer exciton with the intralayer B-exciton shows
clear signatures of strong coupling. In contrast, the interaction of the red-shifted
interlayer exciton with the intralayer A-exciton shows only a weak coupling. This
allows us to conclude that the interlayer exciton has a strong B-exciton component
in its wave function but a much smaller A-exciton component. Our observations are
supported by beyond-standard density functional theory calculations including ex-
citonic effects. We expect that at even higher fields than those in these experiments,
the interlayer exciton will lie lower in energy than the A-exciton and will recover
its absorption strength once it is sufficiently red-detuned from the A-exciton. This
will represent an advantageous scenario for applications : the ground-state exci-
ton is long-lived and possesses both a large in-built electric dipole moment and a
strong absorption. For optoelectronics, the highly tunable excitons with an in-built
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dipole found here in MoS2 bilayers are promising for exploring coupling to optical
cavity modes, where excitons and photons can couple to form polaritons. In MoS2

trilayers, we uncover different interlayer excitons with very distinct Stark shifts :
Similar to the bilayer, one interlayer exciton splits into two resonances and shifts
with electric field, indicating a large dipole. In contrast, a second interlayer exciton
at lower energy shows a negligible Stark shift. According to our calculations, this
second exciton shows a spatially symmetric charge distribution with respect to the
middle layer and, hence, a negligible in-built dipole.
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Figure 6.6: MoS2 trilayer in an applied electric field. (a) Colourmap of the
absorption spectra in device 1. (b) Schematic of 2H stacked trilayer studied with
scheme representing the microscopic origin of IE and IE∗. (c) Theoretical absorp-
tion spectra of 2H MoS2 freestanding trilayer without (top) and with (bottom)
electric field. See Supplement for a detailed discussion of the trilayer bandstructure
and the effect of the electric field on it. The Stark shifts of interlayer excitons
IE and IE∗ are indicated by arrows. (d) Magneto-optics on sample 1 with small
Zeeman splitting for intralayer excitons (A:1s) and large Zeeman splitting for in-
terlayer excitons IE and IE∗ in magnetic fields of Bz = +9 T perpendicular to the
monolayer plane.
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Chapter 7

High optical quality of MoS2
monolayers grown by chemical vapor
deposition

In the previous chapters, we discussed the excitonic transitions in MoS2 mono-
layers (MLs) and multilayers. We showed their refectivity spectra and presented
data from samples which were exfoliated using high quality bulk crystals and en-
capsulated in hBN. Both fundamental research and potential applications of TMD
layers rely on high quality samples. The targets are to tune optical properties,
achieve high emission yields and high carrier mobility in transport, for example.
The optical and transport properties depend on the intrinsic quality of the TMD
crystals [249, 250]. But also the surrounding dielectric environment such as the
substrate used for growth or deposition [251, 239] plays an important role. It has
been shown in several independent studies that using high quality hBN [77] encap-
sulation is crucial to access the intrinsic optical properties of the exfoliated TMD
materials [51, 235, 252, 253]. In addition to high quality crystals for future applica-
tions the availability of large area TMD MLs is also critical. Individually exfoliated
MLs from TMD bulk are typically only tens of micrometers in lateral size, com-
pared to hundreds of micrometers in lateral size and a large number of flakes on the
same substrate or even continuous films grown by chemical vapor deposition (CVD)
[83, 87, 254, 255, 256]. However, so far the optical quality of CVD-grown MoS2 has
been considered too low for detailed optical investigations and the vast majority of
work especially at low temperature is carried out on individual exfoliated flakes.

In this chapter we show that CVD growth performed in the group of our col-
laborators Andrey Turchanin and Antony George (FSU Jena, Germany) yields
MoS2 monolayers with high optical quality. We determine a defect concentration
of 1013 cm−2 for our samples by HRTEM, comparable to defect concentrations for
exfoliated MLs from naturally occurring bulk reported by several groups in the
literature [257, 258, 84]. Based on this measurement we therefore expect similar
optical quality to exfoliated material. However, our photoluminescence and reflec-
tivity experiments on as-grown CVD MoS2 MLs showed optical transitions with
large inhomogeneous broadening (≈ 50 meV at T = 4 K), as commonly reported
in the literature for this system [259, 260, 261]. To avoid detrimental effects from
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ML-substrate interaction and to minimize therefore the impact of disorder [79, 84]
I have removed the MLs from the SiO2 growth substrate. I subsequently encapsu-
lated the MoS2 in high quality hBN [77] and have carried out optical absorption
and emission experiments for temperatures between 4 K to 300 K. These hBN
encapsulated CVD-grown MoS2 MLs show very narrow optical transition linewidth
with 5 meV FWHM at T = 4 K, similar to values for exfoliated material [51, 262]
as mentioned in Chapter 3. The PL is dominated by free excitons and not by de-
fects even at cryogenic temperatures. High optical quality of the samples is further
confirmed by the observation of excited states of the Rydberg series in absorption
for the A-exciton [25, 81]. Using above bandgap, polarized laser excitation, we
optically generate large valley coherence and valley polarization in our CVD-grown
MoS2 layers [41]. It is therefore possible to explore spin and valley physics in these
high quality CVD samples of large surface area in more detail. The results pre-
sented in this chapter are based on the publication Shree. et al [80]. This chapter
focuses on improving the optical quality of CVD monolayers. In the next chapter
we will use these large flakes with well defined shapes to build bilayer structures
with tunable interlayer coupling.

7.1 Crystal quality from atomic resolution micro-
scopy and optimized growth.

The defect density reported in the literature for MoS2 is typically around 1013

cm−2. The dominant type of point defect varies depending on the material source,
as reviewed recently [84]. In naturally occurring MoS2 and CVD-grown films, sul-
fur vacancies can dominate [263], whereas in synthetic crystals grown by chemical
vapour transport (CVT), metal vacancies and antisites tend to dominate [250].
First, we describe how we quantitatively determine the defect density (i.e. of the
dominating sulfur vacancies) in the CVD-grown monolayers and compare this data
with measurements in the same set-up on an exfoliated monolayer.

The MoS2 crystals were grown at FSU Jena by a modified CVD process in
which a Knudsen-type effusion cell is used for the delivery of sulfur precursor, for
details of the growth see [83]. Fig. 7.1 (a) presents an optical microscope image of
a typical sample with a high density of ML MoS2 crystals with lateral dimension of
several tens of micrometers, a similar kind of sample grown under the same condi-
tions in the same set-up investigated in optical spectroscopy experiments detailed
below. To study the crystalline quality of the samples on an atomic scale we apply
HRTEM at Ulm University (collaboration with the group of Ute Kaiser) with the
Cc/Cs-corrected sub-Angstrom low-voltage electron microscope (SALVE) operating
at 60 kV. Our collaborators in Ulm carefully optimize high resolution with respect
to minimal radiation damage [264]. By this we mean that the electron beam itself
can induce considerably more defects in the sample during the measurements than
were initially present. The Ulm group has optimized this process during many years
using low energy electron beams.

As can be seen in Fig. 7.1 (b)-(d), the CVD-grown MoS2 MLs show an overall
excellent crystallinity with a low defect density. Fig. 7.1 (d) shows an enlarged
image of the area marked with a red square in Fig. 7.1 (b), where some double
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Figure 7.1: (a) Optical microscope image of as grown-CVD MoS2 monolayers on
SiO2/Si wafers (300 nm of SiO2) showing their characteristic triangular shapes. (b)
60 kV HRTEM image of MoS2. Defect densities were evaluated by direct counting of
vacancies on clean areas as can be seen within the blue framed area. The diffraction
pattern in (c) shows a high crystallinity over the whole imaged area in (b). The
red square in (b) is magnified in (d). For better visualization, different atoms are
colored. Orange dots indicate two stacked-up S atoms (S2) and turquoise solid dots
correspond to Mo atoms. White circles mark the positions of vacancies.
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sulfur vacancies typically present in the ML MoS2 samples [83, 264, 265], can be
recognized.

The double sulfur vacancies were directly counted from the HRTEM images as
in Fig. 7.1 (d) to determine a quantitative value for their density C = V/A, where
V is the number of the sulfur vacancies per area A. In the CVD-grown samples
we find a density of the vacancies equal to 7.9(7) × 1013 V/cm2. The value in the
brackets gives the confidence intervals, see corresponding calculation in the SI of
[80]. For comparison, we investigated ML samples prepared by exfoliation from
bulk MoS2 crystals. We found a vacancy density of 3.6(4)× 1013 V/cm2. The mea-
sured defect density of CVD-grown ML MoS2 is therefore roughly of the same order
of magnitude as for exfoliated MLs from natural or CVT grown bulk [250, 266, 267].
Based on our HRTEM investigation we conclude that the CVD-grown ML MoS2

possess comparatively high structural quality and therefore high optical quality in
emission and absorption experiment of these samples could be expected.

7.2 Optical Spectroscopy of CVD-grown MoS2 mo-
nolayers.

The optical transition linewidth of ML TMDs contains homogeneous and inhomo-
geneous contributions. As the radiative broadening is of the order of 1 meV any
substantially larger linewidth at low temperature is dominated by inhomogeneous
contributions due to imperfections in the ML or the direct environment [79, 123],
see section 3.1 in Chapter 3 for details. I have studied the optical quality in PL
and differential reflectivity experiments, using a detection and excitation spot di-
ameter of the order of 1 µm. I have performed measurements on MoS2 MLs in
three different structures, see Fig. 7.3 (a)-(c). Large-area, as-grown MoS2 films on
SiO2 by CVD are represented by sample 1 in Fig. 7.3 (a). To fabricate sample 2,
we proceed as follows : First we deposit an hBN flake about 100 nm thick on a
SiO2/Si target substrate (different from the growth substrate). Then we remove
the CVD-grown MoS2 from the growth substrate using a water assisted pick-up
method [97] and deposit this layer on top of the prepared hBN flake on the target
substrate, see section 2.1 in Chapter 2 and also Chapter 8 for the technical details.
Please note that separating the ML from the growth substrate can be achieved in
a controlled way by water assisted pickup method [97]. In the last fabrication step,
the MoS2 layer is covered by a large hBN flake about 10 nm thick. Sample 2 has
therefore the following structure: SiO2/hBN/MoS2 ML CVD/hBN, see Fig. 7.2 for
an optical contrast image of this van der Waals heterostructure.

Sample 3 is an exfoliated MoS2 monolayer from commercial bulk MoS2 (from
2D Semiconductors) encapsulated in hBN, similar to exfoliated and encapsulated
samples we studied previously [81, 51]. The difference between sample 2 and 3 is
just the source of the MoS2 ML using CVD-grown ML and exfoliated from bulk
crystals, respectively.

First, we discuss differential white light reflectivity measurements at low tem-
perature, T = 4 K, see section 3.1 in Chapter 3 for technical descriptions of the
set-up. We compare the reflectivity spectra of the CVD-grown films to those of
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Top hBN

Bottom hBN
MoS2 CVD ML

Figure 7.2: Sample 2. Optical microscope image of the CVD-grown MoS2 mono-
layer (outline marked in yellow) sandwiched between an hBN bottom flake (marked
in red) and a hBN top flake (marked in green). As the MoS2 monolayer surface
area is larger than the hBN flake area, there is also a ML part directly in contact
with the SiO2 substrate.

exfoliated MoS2 in hBN, which represent the current state of the art in terms of
linewidth close to the homogenous limit, see three panels of Fig. 7.3 (d). In differ-
ential reflectivity, the A- and B-exciton transitions are very broad (several tens of
meV) in as-grown CVD monolayers (labeled A:1s, B:1s) for sample 1. However, for
sample 2 the A:1s transition is considerably narrower. Near the B-exciton transition
energy, two different transitions can be distinguished, namely the B:1s, much nar-
rower than for sample 1 and in addition the excited state of the A-exciton, namely
A:2s [19, 210]. The improvement in optical quality of CVD-grown MoS2 in hBN is
significant compared to the as-grown monolayer from the same sample. Globally
the reflectivity spectrum of sample 2 and sample 3 are very similar, showing the
high optical quality of our CVD-grown samples when they are encapsulated. Seeing
the A:2s state in sample 2 is a sign of high optical quality [25] as with the larger
Bohr radius we sample a bigger sample volume [253]. For enhanced visibility of the
A:2s state also the clean dielectric environment i.e. the hBN material with very
few defects is important, as excited exciton states are broadened considerably by
dielectric disorder [79] and are therefore spectrally narrower in encapsulated sam-
ples [190]. The A-exciton transition A:1s is red-shifted by about 50 meV in sample
1 compared to both samples 2 and 3, which might be due to strain induced in the
layer during the cool-down process after growth [260].

Now we discuss PL spectroscopy of the three samples, a technique considerably
more impacted by the presence of defects compared to reflectivity, as described in
the section 3.1 of Chapter 3. The PL spectrum of the as-grown MoS2 monolayer
on SiO2 is shown as the blue curve in Fig. 7.3 (e) using a laser energy of 2.32 eV
well above the emission energy. It shows a roughly 50 meV wide A-exciton emis-
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Figure 7.3: (a) Schematics of sample 1, as-grown CVDMoS2 ML on SiO2. (b), (c)
CVD-grown and exfoliated MoS2 monolayer encapsulated in hBN layers – sample 2
and sample 3, respectively. (d) Differential reflectivity measurements at T = 4 K
performed on different samples 1,2 and 3. A-exciton and B-exciton transitions are
marked for sample 1. For samples 2 and 3 excited state of the A-exciton at higher
energies are clearly visible marked A:2s, A:3s. (e) PL spectra of the as-grown and
encapsulated MoS2 in h-BN, respectively at T = 4 K, which highlights the very
different linewidth and shift in emission energy. PL excitation conditions : sample
1 (λLaser = 532 nm, P = 5 µW), sample 2 (633 nm, 5 µW), sample 3 (633 nm,
1 µW).

sion at 1.863 eV, very similar to other spectra reported for as-grown samples in the
literature [256]. We also note that the transition energy of neutral exciton A:1s
is red-shifted compared to standard MoS2 ML both in PL as observed also in re-
flectivity in Fig. 7.3 (d). The broad linewidth of the PL emission, similar to the
broad linewidth measured in differential reflectivity, indicates large inhomogeneous
broadening of the A-exciton transition. This is surprising when taking into account
the high structural quality measured for this CVD-grown material, see Fig. 7.1 and
hints at detrimental effects from the environment to be at the origin of this inho-
mogeneous broadening.

For sample 2 the PL emission linewidth is clearly reduced by a factor of 10 after
encapsulating the CVD-grown MoS2 monolayer in hBN. We also noticed a signifi-
cant enhancement in PL emission intensity at the A:1s energy after encapsulation
as compared to low energy defect related emission, see discussion of Fig. 7.4 below.
The PL linewidth for sample 2 with 5 meV in Fig. 7.3 (e) is a typical linewidth
reported also for MoS2 exfoliated and encapsulated material at T = 4 K [51, 262].
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So finally these spectra indicate that the comparable structural quality of our CVD
layers to exfoliated material also results in comparable optical quality, once the
detrimental impact of the substrate (surface roughness and charge fluctuations)
are suppressed thanks to the hBN buffers. Sample 3 shows an even narrower PL
emission linewidth with 1.3 meV and indicates that further reduction of inhomo-
geneous broadening for the CVD sample can be targeted in the future by tailoring
growth and improving the encapsulation procedure, see discussion below. Note that
for sample 3 the homogeneous contribution to the linewidth (i.e. determined by
the radiative lifetime) will be important and for an exact linewidth analysis cavity
effects due to different hBN layer thicknesses have to be taken into account [82]
also shown in Chapter 2.

We now study the emission properties of sample 2 in more detail in Fig. 7.4.
Fig. 7.4 (a) shows the PL spectrum for selected temperatures from 260 K to 4 K.
The PL spectrum at T = 4 K exhibits a neutral exciton A:1s peak centered at
1.944 eV. The linewidth of the A:1s peak is around 5 meV and moreover the PL
intensity of the defect related peaks at lower energy is significantly smaller than that
of the A:1s peak, we see no clear indication of a charged exciton peak (trion) [245,
268], indicating close to charge neutrality. The fact that the PL spectrum with low
laser power excitation (5 µW) is dominated by the main neutral exciton emission is
a clear proof of a low defect density, in agreement with the HRTEM results shown
in Fig. 7.1 (e). It is very important to note that PL spectra with spectrally narrow
A:1s emission and very weak defect emission are observed throughout the sample
and not just for a specific detection spot location.

PL spectra measured at different locations on sample 2 are shown in Fig. 7.5.
Although there are small variations in A:1s emission energy (meV scale) our sample
2 shows narrow excitonic PL emission and only weak intensity of defect related
emission for all detection spot positions.

In order to further study the main exciton transition, we measure the emission
energy and linewidth as a function of temperature. Fig. 7.4 (a) shows the A:1s
peak position plotted as a function of temperature. The A:1s transition energy can
be fitted by the following standard expression for the temperature dependence of a
semiconductor bandgap [269]:

EG(T ) = EG(0)− S〈~w〉[coth(〈~w〉/(2kBT ))− 1]. (7.1)

where EG(0) is the optical bandgap at T = 0 K, S is a dimensionless electron-
phonon coupling constant, kB is Boltzmann’s constant, and 〈~w〉 is an average
phonon energy. Fitting the data in Fig. 7.4 (a) with Eq. 7.1 yields EG(0) = 1.944 eV,
S = 1.9±0.1 and 〈~w〉 = 20±2 meV. These parameters are very close to the values
obtained for high quality exfoliated samples, which confirms that the narrow peak
of 5 meV observed for sample 2 is indeed the main A-exciton transition (optical
bandgap) of the MoS2 monolayer [51]. This is further verified by the measurement
of the same transition energy in PL and reflectivity.

The evolution of the linewidth with temperature can be phenomenologically
approximated by a phonon-induced broadening [198, 199] as already studied in
Chapter 4 :

γ = γ0 + c1T +
c2

e〈~w〉/kBT − 1
. (7.2)
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Figure 7.4: Sample 2. (a) A contour plot of the temperature dependence of the
photoluminescence intensity using a laser excitation density 5 µW/µm2. The dotted
line tracks the evolution of the peak position of the neutral exciton (optical bandgap
A:1s) with temperature according to Eq.(1). (b) PL spectra T = 4 K with cw laser
at 2.32 eV for excitation power 7 µW and 100 µW. Low energy, spectrally broad
defect emission is clearly visible at low excitation power, but not at high power. The
inset shows a double logarithmic plot of the integrated PL intensity as a function
of excitation power for A:1s (purple filled squares) and defect emission (green filled
squares). The solid curves represent I ∝ Pα, a fit to PL intensity, yielding an α
of 1.0 for A:1s and 0.7 for the defect state. (c) and (d) Polarization-resolved PL
at T = 4 K following circularly and linearly polarized laser excitation at 2.32 eV,
exhibiting efficient exciton valley polarization and valley coherence, respectively.
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Figure 7.5: Sample 2. Photoluminescence emission at T = 4 K from sample
2. Spectrally narrow emission (FWHM ≈ 5 meV) from the A-exciton (A:1s) is
dominating independent of the exact sample area investigated. So for different
positions of the detection spot on the sample, the characteristics are very similar
: Weak defect emission at energies below 1.9 eV and strong exciton emission at
around 1.95 eV from the CVD-grown MoS2 monolayer.

where γ0 = 5.6 ± 0.2 meV, c1 = 56 ± 6 µeV/K−1 describes the linear increase due
to acoustic phonons, and c2 = 31 ± 2 meV is a measure of the strength of the
exciton-phonon-coupling are determined by fitting linewidth evolution with tem-
perature using Equ. 7.2. 〈~w〉 = 20 meV is the averaged energy of the relevant
phonons, that we obtained by fitting the optical bandgap energy shift with Eq.(7.1)
for consistency. Again these extracted values are very similar to reports on exfo-
liated MoS2 MLs, indicating similar strength of the exciton-phonon interaction
in our CVD-grown layers and hence no major additional broadening mechanisms
[51, 198, 123, 199]. The temperature dependent PL data also shows the low energy
(< 1.9 eV) defect associated emission disappears above T = 150 K.

Another indication for high optical quality comes from power dependent PL.
The inset of Fig. 7.4 (b) displays the spectrally integrated PL intensity I, defined
as the peak area, as a function of excitation power P (with I ∝ Pα) for A:1s (filled
purple squares) and defect states (filled green squares). As laser power increases,
more carriers are generated that fill-up gradually all available defect sites, leading
to a gradual saturation of the defect assisted emission. This leads to a sublinear
behavior when defect emission is plotted as a function of laser power for the de-
fect peak reaching α = 0.68. The power dependence of defect emission follows a
nonlinear curve, while A:1s is linear with fitted α ≈ 1. Only at higher excitation
powers when exciton-exciton scattering processes become important also the neu-
tral exciton emission will saturate with power, for example due to exciton-exciton
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Figure 7.6: Sample 2. (a) Polarization-resolved photoluminescence emission
spectra at T = 4 K for MoS2 monolayer in positive and negative magnetic fields
(Bz = 0 T and Bz = −9 T ) applied perpendicular to the layer. The orange and
blue curves correspond to σ+ and σ− polarization. (b) Energy difference between
the two circular polarizations for the A:1s excitons at different magnetic fields Bz.
The Landé g-factor of the neutral excitons is extracted from linear fit.

annihilation [270, 271], but this is beyond the laser power range investigated here.
The high quality sample 2 is further confirmed in studies using polarized light

in excitation and detection. Studies of optically controlled valley polarization and
valley coherence are one of the main motivations for the quest of cleaner TMD
materials with narrower linewidth [272]. We first investigate exciton spin-valley
polarization based on the chiral optical selection rules [26, 33].

In our experiment the MoS2 ML is excited by a circularly polarized (σ+) con-
tinuous wave He-Ne laser (1.96 eV) with power density 5µW/µm2. We define the
circular PL polarization degree as Pc = Iσ+−Iσ−

Iσ++Iσ−
, where Iσ+(Iσ−) are the intensity

of the right (σ+) and left (σ−) circularly polarized emission as detailed in Chapter
1 and Chapter 3. We find Pc ≈ 50% for the emission in Fig. 7.4 (c), comparable to
previously reported values in exfoliated MoS2 ML samples [35, 37, 51, 273].

A coherent superposition of valley states, valley coherence, can be generated
using linearly polarized excitation [41, 274]. The MoS2 ML is excited by a linearly
polarized (X) laser and we detect the emitted light in both polarization directions
X and Y. The linear PL polarization degree Plin is defined as Plin = IX−IY

IX+IY
, where

IX(IY ) denotes the intensity of the X and Y linearly polarized emission, respectively.
In our experiment we find sizeable Plin of about 26% for the emission in Fig. 7.4
(d). Please note that the exact values of Pc and Plin critically depend on the laser
excitation energy [20], which was not varied here. The results in Fig. 7.4 (c) and
(d) show that we can generate exciton valley polarization and valley coherence opti-
cally, making these large area CVD-grown films highly useful for future the studies
of valley and spin physics in monolayer MoS2. Optical generation of spin-valley
polarization in TMDs is interesting for hybrid devices that rely on subsequent spin
transfer to graphene for effective spin transport [275, 276].

The narrow PL linewidth in CVD-grown monolayer now allows us to distinguish
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spectrally the emisssion from non-identical valleys K+ and K− and to study the
valley Zeeman effect. Fig. 7.6 (a) shows the polarization-resolved PL spectra at
T = 4 K in applied magnetic field. We discuss the change in the PL emission
energy when applying a magnetic field Bz perpendicular to the monolayer plane
(Faraday geometry). Comparing the top panel of Fig. 7.6 (a) at Bz = 0 T and
bottom panel of Fig. 7.6 (a) at Bz = −9 T we observe the σ+ polarized emission is
shifted to higher energy compared to the σ− polarized component. In Fig. 7.6 (b)
we plot the full magnetic field dependence of the energy splitting in magnetic field
Bz = −9 T to +9 T showing good agreement with time-reversal symmetry.

∆Z = EPL
σ+ − EPL

σ− = gµBBz

Here, g is the effective g-factor and µB is the Bohr magneton. The Zeeman
splitting is extracted by fitting the A:1s emission spectra with Lorentzians as dis-
cussed in the section 6.2 of Chapter 6. We observe a clear linear dependence of the
A:1s splitting on the applied fields and the extracted Landé g-factor = -2.4 close
to the value obtained in capped MoS2 monolayers [51]. Some literatures reported
the experimental values for the exciton g-factor on MoS2 MLs between -4 and -4.5
[231, 277], obtained with magneto-reflectivity measurements on CVD-grown MoS2

monolayers. Variations in the measured neutral exciton g-factor can be due dif-
ferent strain in CVD monolayers. Our measurements show the Zeeman effect of
excitons can be studied in CVD-grown monolayers even in small continuous mag-
netic fields, so far this was only possible in pulsed magnetic fields of the order of
50 T .

7.3 Discussion and Conclusions.

The first optical spectroscopy reports for emission in MLMoS2 exfoliated on SiO2/Si
substrates have given PL linewidth of the order of 50 meV, even at low temperature
[6, 36, 71, 273, 278]. Now in exfoliated and hBN encapsulated samples we approach
the radiatively broadened, homogeneous limit with linewidth of 1 meV [51, 235, 262].
This research field has made impressive progress as the impact of disorder in the
ML environment on the measured optical properties of the ML is better understood
[79, 84]. In this chapter I have shown with our collaborators that CVD-grown
monolayers, picked-up from the growth substrate and encapsulated in exfoliated
hBN flakes show high optical quality and allow detailed spectroscopic and valley
polarization studies. An important aspect of our work is that the initial growth is
performed on SiO2, a commonly available substrate material of industrial grade.

Other hybrid approaches with CVD growth and exfoliated flakes have also shown
promising results using different substrates. In general, the detrimental effects of
the substrate material can be studied for monolayers that are lifted of the substrate
after growth, for instance, Yu et al [261] reported strongly enhanced PL emission
for suspended MoS2 and WS2 monolayers. Recent experiments on MoSe2 mono-
layers encapsulated in hBN and suspended over a micro trench do not only show
extremely narrow linewidth close to the homogeneous limit, but also display very
little variation of the emission energy in a spatial scan of the suspended region
[108]. Better optical quality for CVD-grown WS2 removed from the substrate has
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also been reported by Hoshi et al [259] and for CVD-grown WSe2 by Delhomme et
al [279], confirming this trend.

Direct growth not on SiO2 but directly on hBN is another way to achieve high
quality material, demonstrated for both WS2 and MoS2 monolayers [280]. A com-
bination of CVD-grown hBN and CVD-grown MoS2 that can be stacked on top of
each other has also been reported, where these stack showed superior optical quality
to as-grown MoS2 on SiO2 [281]. Also molecular beam epitaxy (MBE) is making
progress for large scale growth of layered materials [27]. Here for example large area
films of MBE-grown hBN can be used as a substrate to transfer TMD monolayer
flakes. This heterostructure also showed overall spectrally narrow emission of the
TMD ML [282]. MBE growth of MoSe2 on hBN flakes also resulted in MLs with
high optical quality and uniformity [283].

As substrate and encapsulation techniques progress, ultimately the TMD mate-
rial quality itself will need to be improved. Bulk materials for exfoliation, the flux
growth techniques is reported to generate MLs material with very low defect den-
sity [246]. Here further improvement in the structural quality of CVD-grown layers
needs to be investigated in the future. Additional decrease of the defect density in
TMD samples grown by CVD can be achieved by optimization of the multiple ther-
modynamic and kinetic growth parameters including temperature, partial pressure
of the components and their flow rates, as well as the TMD monolayer/substrate
interaction. Moreover, the application of the gaseous precursors for transition met-
als and chalcogens in combination with the appropriate catalysts may provide an
additional degree of freedom for optimizing the crystalline growth in the future. A
specific aspect that can be improved at the LPCNO is the pick-up process for the
CVD layers, as will be detailed in the next chapter. This will allow us to use high
quality CVD layers as building blocks for van der Waals structures with controlled
interlayer coupling.
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Chapter 8

Controlling interlayer excitons in
MoS2 layers grown by chemical
vapor deposition

Combining MoS2 monolayers to form multilayers allows to access new function-
alities. Deterministic assembly of large area van der Waals structures requires
concrete indicators of successful interlayer coupling in bilayers grown by chemical
vapor deposition (CVD). In this chapter, I examine the correlation between the
stacking order and the interlayer coupling of valence states in both as-grown MoS2

homobilayer samples and in artificially stacked bilayers from monolayers, all grown
by CVD. We experimentally demonstrate that hole delocalization over the bilayer
is only allowed in 2H stacking and results in strong interlayer exciton absorption
and also in a larger A-B exciton transition separation as compared to 3R bilayers.
Comparing 2H and 3R reflectivity spectra allows to extract an interlayer coupling
energy of about t⊥ = 49 meV, so far only estimated from model calculations. Be-
yond DFT calculations performed by Iann Gerber (LPCNO) including excitonic
effects confirm signatures of efficient interlayer coupling for 2H stacking in agree-
ment with our experiments. The results reported in this chapter are published in
[284].

8.1 Introduction
Transition metal dichalcogenides (TMDs) with the form MX2 (M = Mo, W, Ti,
etc and X = S, Se, Te) have tunable electronic properties from metallic to semi-
conducting depending on the crystal symmetry, composition and number of layers
[139, 185, 207, 285, 272]. The bandstructure of TMD semiconductors is drastically
modified by changing for instance, the combination of two different monolayer ma-
terials such as MoSe2-WSe2 into a heterobilayer results in type II band alignment
and opens new research perspectives on periodic moiré potentials for carriers in
the different layers and the resulting interlayer excitons [150, 286, 287, 288, 289].
Twisted homobilayers of graphene, WSe2 and MoSe2 allow accessing new supercon-
ducting phases and correlated insulating states [117, 290]. In Chapters 5 and 6, we
studied naturally occurring bilayers of 2H MoS2. To access the new functionalities
provided by assembling monolayers to form multilayers it is necessary to identify
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physical parameters that strongly depend on interlayer coupling and to experimen-
tally control them. One approach is to compare CVD-grown MoS2 bilayers with
artificially stacked bilayers made from CVD monolayers with 2H (180◦ twist angle)
and 3R (0◦ twist angle) stacking. Studying these two precise alignments is also
relevant for samples initially assembled with other twist angles as reconstruction
results also in these experiments in the formation of µm wide 2H and 3R areas
[115, 291], which are energetically most stable. To artificially stack large area CVD
layers and control interlayer coupling through stacking (i.e. 0◦ or 180◦ twist angle)
is technologically relevant for 2D materials optoelectronics [289], as CVD substrates
are covered by a large number of monolayers and are very practical to stack (twist)
due to their symmetric triangular shape and well characterized edge termination.

In this chapter, I show thanks to a fruitful collaboration between experiment
and theory (from Iann Gerber, LPCNO) that the valence states for 2H bilayers
are strongly impacted by interlayer coupling as the hole is delocalized over the 2
layers [60, 212, 67]. This leads to important changes in the optical spectra gov-
erned by K−K transitions as we observe strong absorption from interlayer excitons
and a clear change in separation between A- to B-exciton transition in differential
white light reflection at T = 4 K. These observations are made possible due to
the drastically improved optical quality of CVD samples removed from the growth
substrate and encapsulated in hBN [80], as described in the previous Chapter 7.
We show that both indicators for interlayer coupling are absent in the measured
3R bilayer spectra as hole hopping between the layers is symmetry forbidden [211].
Comparing for 3R (no interlayer coupling) and for 2H, the A-B exciton absorption
spectra allows us to extract an experimental value of the perpendicular hopping
(coupling) term of t⊥ ≈ 49 meV, important for moiré superlattices [292] and so far
only roughly estimated from theory [211].

In addition to our optical spectroscopy experiments, I compare our results with
density functional theory (DFT) calculations, as well as by applying GW-type ap-
proaches. The calculations show that the valence band (VB) splitting for 2H differs
from 3R due to interlayer coupling. In the calculated absorption spectra, including
excitonic effects by solving the Bethe-Salpeter-Equation (BSE) on top of GW calcu-
lations, for 2H stacking we show strong interlayer exciton absorption, absent for 3R
stacking. Note that the similar results are obtained using different computational
setting shown in Chapter 5.

8.2 Experimental Results

8.2.1 Interlayer excitons in as-grown CVD MoS2 homobilay-
ers.

The thermodynamically most stable configurations of TMD homobilayers are the
2H and the 3R stacking [60, 226]. In practice, most naturally occurring molyb-
denite shows 2H, not 3R stacking [229]. In this chapter we focus on high quality
CVD-grown flakes for several reasons : during CVD growth of MoS2 both 2H and
3R stackings for bilayers can occur [293] and we are therefore able to compare
the optical response for samples grown under identical conditions. Secondly, as all

104



CVD flakes on our substrate show the same edge termination (see Fig. 8.1 (b) and
Fig. 8.2 (a)), we can artificially stack two layers in 2H and 3R configuration with
a precise twist angle to compare with the as-grown samples - see discussion below.
Third, many monolayers cover the SiO2 substrate and can all be picked-up in a
single step, which makes fabrication of bilayer structures very efficient. CVD flakes
with larger surface area are also more convenient to fabricate devices with electrical
contacts.

Before presenting optical spectroscopy results on as-grown 2H and 3R bilayers,
I give more information on sample fabrication and characterization :

CVD samples growth. MoS2 crystals were grown in the group of Andrey
Turchanin (FSU Jena) on thermally oxidized silicon substrates (Siltronix, oxide
thickness 300 nm, roughness < 0.2 nm RMS) by a modified CVD growth method
in which a Knudsen-type effusion cell is used for the delivery of sulfur precursor
[83]. This is the same set of CVD samples investigated in Chapter 7.

Determination of bilayer stacking. Optical microscope images of as-grown
CVD bilayers on SiO2/Si with 3R and 2H stacking (sample 1) are presented in
Fig. 8.2 (a). The stacking can be determined already by the relative rotation
of the triangular monolayers and was confirmed in second harmonic generation
(SHG) experiments [168, 294], which I carried out during my one month stay in
Richard Warburton’s group at University of Basel (Switzerland) during June 2019
with Nadine Leisgang, see technical details in the section 3.3 of Chapter 3. SHG
spectroscopy is a second-order nonlinear process. Broken inversion symmetry and
strong light matter interaction in bilayer 3R MoS2 enables us to observe higher
harmonics generation. In a SHG experiment, two photons of the same frequency
are converted into a single photon with twice that frequency :

P
(2)
i (2ω) ∝ χ

(2)
ijkEi(ω)Ek(ω).

where, Pi is the induced polarization and Ei,k the applied electric field vector
components. TMD monolayer crystal lattices in the 2H phase belong to the trigo-
nal prismatic (D3h) point group. The second-order nonlinear susceptibility tensor
χ

(2)
ijk has four non-zero elements with one free parameter χ(2)

0 in this symmetry
[168, 294]. The TMD layers are excited with linearly polarized light under normal
incidence. We detect the SHG response with a linear polarizer, oriented along the
fundamental polarization angle. This results in a six-fold SHG intensity pattern
I
‖
SHG ∝ cos2 3(θ − θ0) (SHG polarization parallel to the excitation polarization),
where the angle θ0 is the rotation of the armchair direction of the crystal relative
to the laboratory axis. Polarization-resolved SHG experiments were performed us-
ing a home-built, confocal microscope set-up at room temperature. A Ti:Sapphire
laser source with 76 MHz repetition rate at a wavelength of 804 nm was used.
The laser (average power 8 mW) with a spot size (∼ 1.5 µm ) was focused on
the sample by a microscope objective lens (NA = 0.65) at normal incidence and
with a fixed linear polarization. The SHG signal was collected by the same ob-
jective and directed through a dichroic beamsplitter to a spectrometer with a 300
grooves/mm grating and a nitrogen cooled silicon charge-coupled device (CCD).
The SHG intensity strongly depends on the polarization angle (θ - θ0) between the
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Figure 8.1: SHG characterization of encapsulated 3R bilayer MoS2. (a) Schematic
representation of the crystallographic orientation of MoS2 monolayer. (b) Optical
image of the as-grown MoS2 3R and 2H bilayers before encapsulation. The armchair
direction forms an angle θ0 with respect to the laboratory axis (LAB). The indicated
armchair and zigzag edges were determined by polarization-resolved SHG performed
on the 3R bilayer. (c) PL spectrum of ML MoS2 transferred and encapsulated in
hBN following the water-assisted transfer method. A laser (532 nm) was used as
an excitation source and the spectrum was collected at T = 4 K. (d) Polar plot
of the polarized SHG signal of CVD grown 3R MoS2 bilayer. Fitting the angular
dependence to I‖SHG ∝ cos2 3(θ− θ0) (solid red line), the armchair direction (orange
arrow) of the sample is determined as θ0 = 6.9◦. This armchair direction is 30◦

from the zigzag direction (light green arrow).

laser polarization E(ω) and the armchair direction of the crystal shown in Fig. 8.1
(b). To perform polarization-resolved SHG, the laser polarization was rotated using
a half-wave plate, and the SHG intensity I‖SHG was collected. The polar plot of 3R
MoS2 bilayer in Fig. 8.1 (d) directly reveals the stacking order and the crystallo-
graphic orientation of the bilayer. It is important to note that for the 2H MoS2

bilayers no SHG signal could be detected as inversion symmetry is restored, only
3R bilayers gave an SHG response. SHG spectroscopy therefore allows a clear dis-
tinction between 3R and 2H stacked bilayers studied in this work.

Sample pick-up and encapsulation. We first identified suitable bilayers on
the substrate and picked-up onto PDMS from the substrate to encapsulate them
in hBN, the procedure is also mentioned in the section 2.1 in Chapter 2. Here we
developed with my colleague Ioannis Paradisanos the following procedure : The
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SiO2/Si substrate for hosting the van der Waals structure was cleaned with a 10
minute ultrasonication bath in acetone and isopropanol followed by oxygen plasma
exposure. A clean PDMS stamp was first placed on a glass slide and the SiO2/Si
substrate containing the as-grown CVD MoS2 monolayers and homobilayers was
brought in contact with the PDMS stamp [97]. The substrate was pressed against
the PDMS stamp and distilled water droplets were injected at the perimeter of
the substrate. Water droplets penetrated into the SiO2/MoS2/PDMS interface and
after 1 minute the SiO2/Si substrate was carefully lifted, resulting into the transfer
of a large area of CVD-grown MoS2 triangles onto the PDMS stamp, as shown in
Fig. 8.3 (b). During the water-assisted pick-up technique, high-purity (> 20 MΩ)
deionized water was used and the samples were dried with a nitrogen gun. Finally,
hBN flakes were exfoliated from high quality bulk crystal [77] onto the target sub-
strate and subsequent deterministic-dry transfer of the CVD-grown MoS2 triangles
from the PDMS stamp on top of the hBN was applied. Thermal annealing at 150
deg. for 30 minutes is performed after each transfer step. The thickness of the top
and bottom hBN has been carefully selected to optimize the oscillator strength of
the interlayer excitons (IEs) [60]. As a result, using a water assisted pick-up tech-
nique [97], the as-grown CVD bilayers have been deterministically transferred and
encapsulated in hBN to achieve high optical quality [80], which has recently been
shown to be crucial for optical spectroscopy on CVD samples lowering the typical
emission linewidth from about 50 meV to below 5 meV at T = 4 K. An example
of a photoluminescence spectrum of a CVD MoS2 monolayer used here is shown in
Fig. 8.1 (c). I present a typical PL spectrum collected from a hBN-encapsulated
ML MoS2 next to the manually assembled bilayers. The A-exciton emission has
a linewidth of 8 meV at the full width at half maximum (FWHM), very close to
the recently reported high optical quality encapsulated CVD ML MoS2 [80] as de-
scribed in Chapter 7.

Low temperature reflectance measurements. Low temperature reflectance
measurements were performed in a home-built micro-spectroscopy set-up assembled
around a closed-cycle, low vibration attoDry cryostat with a temperature controller
(T = 4 K to 300 K). The white light source for reflectivity is a halogen lamp with
a stabilized power supply focused initially on a pin-hole that is imaged on the
sample. The excitation/detection spot diameter is ≈ 1 µm, i.e. smaller than the
typical size of the homobilayers. The imaginary part of the optical susceptibility
Im(χ), a measure of the absorption, were deduced from the differential reflectivity
signal, using the Kramers-Kronig relation [247].

In Fig. 8.2 (c), the absorption spectra for as-grown CVD 2H and 3R MoS2

bilayers (sample 1) can be compared. There are two striking differences between
the 2H and 3R bilayer spectra : (i)While A and B intralayer excitons are identified
for both configurations, a pronounced feature at ≈ 2 eV appears exclusively in
the 2H bilayer. This feature is assigned to an interlayer state, its energy being
in good agreement with the very recently identified IEs in high quality and hBN
encapsulated, exfoliated MoS2 bilayers with 2H stacking [60, 236, 67], in contrast to
CVD-grown samples studied here. This observation of IEs was made possible by our
specific CVD sample preparation for the optical spectroscopy experiment [80] also
as explained in Chapter 7. IE absorption was not detectable in very detailed earlier
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Figure 8.2: (a) Optical microscope images of as-grown 3R (left) and 2H CVD
MoS2 bilayers (right) on SiO2/Si before pick-up. (b) Schematic of 3R stacked
bilayer with intralayer excitons (top) compared to 2H stacked bilayer where in
addition interlayer excitons are observed as in panel (b). (c) Typical absorption
spectra for sample 1 with as-grown 2H -bilayer (blue) and as-grown 3R-bilayer (red),
are recorded at T = 4 K, both bilayers are encapsulated in high quality hBN for
optical spectroscopy [77].

works due to considerably larger optical linewidth or detection of emission and not
absorption [166, 295, 296]. In contrast to 2H stacking, in the 3R configuration no
additional states are detected between the A- and B-excitons, thus indicating that
delocalization of holes is not allowed in this particular stacking order [60], see below
for a more detailed discussion. (ii) The separation between the A- and B-exciton
transitions is considerably larger in the 2H bilayers (about 185 meV) as compared
to the 3R bilayer (about 150 meV, mainly given by the spin-orbit splitting in the
VBs). This is a second indication for efficient interlayer coupling of A-B valence
states for 2H stacking, as the separation of the valence states mainly governs the
A-B exciton separation [12, 211, 67].

8.2.2 Controlling interlayer coupling through stacking.

In Fig. 8.2 we show that as-grown CVD MoS2 bilayers experience interlayer cou-
pling resulting in interlayer exciton formation, here observed for a non-contaminated
interface between the top and bottom layer. Contamination from secondary trans-
fer processes could potentially suppress the coupling between the layers and hence
IE formation. By choosing 2H or 3R orientation manually when stacking CVD-
grown monolayers to form bilayers one can allow hole tunneling between the layers
or not. This requires to pick-up the CVD-grown monolayers from their growth
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Figure 8.3: (a) Schematic of sample pick-up, bilayer assembly and encapsulation
for optics. (b) Optical micrograph of CVD-grown MoS2 monolayers and a few
homobilayers, transferred to the PDMS stamp following water assisted pick-up
[97] from the growth substrate. (c) Optical micrograph of artificially-assembled
3R and 2H MoS2 homobilayers encapsulated in hBN (sample 2), fabricated by
an all-dry deterministic transfer process. (d) Absorption spectra of sample 2 are
collected from different areas of the artificially stacked 3R (red) and 2H (blue)
MoS2 homobilayers.

substrate while maintaining their structural integrity, optical quality and a suffi-
ciently clean interface after transfer. Furthermore, fine control of the twist angle
between the top and bottom layer is needed, since the IE formation is allowed only
in a precise stacking order, see sample preparation schematic in Fig. 8.3 (a). Here
we use water assisted deterministic transfer that allows the ability to controllably
assemble CVD bilayers with a desired twist angle [97]. First, CVD-grown mono-
layers have been carefully picked-up from the growth substrate and transferred to
PDMS [97, 72]. The structural integrity of the CVD-grown monolayers is preserved
in this case. Then we stack manually 2H and 3R bilayers and encapsulate them
in hBN as shown in Fig. 8.3 (c). Small deviations from 0◦ or 180◦ twist angle are
expected but natural reconstruction of the bilayer will again favor the lowest energy
arrangement, 3R and 2H, respectively [115, 291], as detailed in Chapter 3.

Absorption spectra have been collected from ten different areas of the assem-
bled 2H and 3R bilayers sample. In Fig. 8.3 (d), typical examples of the assembled
2H and 3R absorption spectra are presented. The spectra show a striking resem-
blance with the as-grown bilayer spectra discussed before in Fig. 8.2 (c). So also
for the assembled 2H bilayers we identify clear interlayer exciton absorption and an
increased separation between the A- and B-excitons. It is important to note that
the IE transition was clearly observed over the whole surface area of the manu-
ally constructed 2H bilayer. We take it as a strong indication of efficient interlayer
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Figure 8.4: Absorption spectra collected at T = 4 K from two different areas of
the artificially stacked 3R (red) and 2H (blue) MoS2 homobilayers, from a different
sample as compared to Fig. 8.3 (d).

coupling and possibly efficient reconstruction/self-rotation to the 2H configuration.
We therefore further confirm the formation of IEs exclusively in the 2H stacking.
By manually choosing the stacking configuration i.e. twist angle, it is possible to
tune the VB splitting and the formation of interlayer excitons in large area, high
quality CVD samples. An important step is to show reproducibility of the results
obtained through manual stacking. I have fabricated another set of 2H and 3R
stacked bilayers and have clearly confirmed the results on interlayer coupling, see
Fig. 8.4. Please note that difference in the overall spectral shape can arise from
small variations in the top and bottom hBN layer thickness.

8.3 Beyond-DFT band structure calculations includ-
ing GW+BSE.

In order compare our optical spectroscopy analysis with theory, our colleague Iann
Gerber at the LPCNO performed beyond DFT calculations to study the striking
differences between 2H and 3R MoS2 bilayers, see [284] for the computational
details. Please note that the GW+BSE calculations are performed for MoS2 bilayers
in vacuum for simplicity and not in hBN. The general target of our calculations
is to understand the microscopic origin of the optical transitions and to reproduce
the energetic order qualitatively.

In GW calculations we compare bandstructures corrected by screening effects,
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Figure 8.5: (a) Valence and conduction bands around K-point calculated at the
G0W0 level for 2H and 3R stacking, with the energy value of the VB set to 0 in
K. (b) Calculated absorption using G0W0+BSE approach for both stackings. (c)
Schematic of the A- and B-valence bands for 3R bilayers (left) and 2H bilayers
(right) as a function of the spin-orbit splitting ∆SO and the interlayer coupling
parameter t⊥. (d) Energy difference between B- and A-exciton for the as-grown
(orange), as well as artificially-assembled (black) 2H and 3R MoS2 homobilayers.
The error bars represent the standard deviation extracted over 10 different spectra
in each case. Grey shaded are is a guide to the eye to underline clear differences
between 3R and 2H bilayers.

the exciton description being added later. In the vicinity of the K-point of the
Brillouin zone, see Fig. 8.5 (a) and schematic in Fig. 8.5 (c), differences between
2H and 3R stacking in VB, VB−1 states are clear. We find a VB splitting between
A- and B-exciton states in the 2H bilayer that is 19 meV larger than in the 3R
bilayer. By solving the BSE we obtain the absorption for the 2H and 3R bilayers
shown in Fig. 8.3 (b). The main characteristics are : (i) The presence of
a strong interlayer exciton peak in 2H and (ii) A larger A-B exciton
separation for 2H than for 3R configuration, exactly as found in the
experiments shown in Figs. 8.2 and 8.3. Interestingly, in 3R stacking, there is
a minor departure from degeneracy that splits VB and VB−1 states from distinct
layers when they remain degenerate in 2H configuration. As a consequence, two
distinct A-type excitons separated by only 14 meV constitute the A-peak of the
3R-bilayer absorption spectrum in our calculation, explaining its larger width com-
pared to the 2H case, see Fig. 8.5 (c). The origin of this splitting, that keeps
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Monolayer 3R-bilayer 2H-bilayer t⊥
VB splitting 178 (189) 175 (189) 194 (203) 57 (42)
S 185 186 205 43

Table 8.1: Valence band splittings, A-B transition energy differences (S) extracted
from GW and GW+BSE calculations and the corresponding interlayer coupling
parameters. Values extracted for standard DFT calculations are in parentheses.
All values are given in meV.

VB(L1) and VB(L2) states to be of the same spin-states, is the lack of symmetry
inversion combined with different atomic environments for Mo atoms [297]. This
is especially true for the VBs since the atomic orbitals that constitute those states
are particularly sensitive to crystal field splitting.

8.4 Discussion
To summarize the main experimental findings, first we observe strong interlayer
exciton absorption between the main A- and B-exciton transitions for CVD-grown
(Fig. 8.2 (b)) and artificially stacked (Fig. 8.3 (d) and 8.4) 2H bilayers, whereas
this interlayer transition is absent for 3R stacking as hole tunnelling is symmetry
forbidden and only intralayer exciton transitions are observed. A second striking
observation is that stacking of the layers also affects the energy difference between
A- and B-exciton transitions. This is demonstrated in Fig. 8.5 (d), where the A-B
exciton energy difference is compared between as-grown and assembled 2H and
3R bilayers. It is apparent that 2H bilayers exhibit a significantly larger energy
difference between the A- and B-exciton states, compared to 3R bilayers.

Our next target is to experimentally extract the interlayer hopping term, t⊥
based on a k . p model of bilayers in the vicinity of K- points [211, 67, 292] and
compared it to post-DFT estimates. As indicated in Fig. 8.5 (c), for 3R stacking the
measured A- to B-exciton splitting S3R is roughly given by the spin-orbit splitting
as S3R = ∆SO. For 2H -stacking the A-B splitting in the valence band depends on
the coupling energy t⊥ as S2H =

√
∆2

SO + 4t2⊥ and hence

t⊥ =

√
S2

2H −∆2
SO

4
, (8.1)

where S2H is the measured A-B exciton splitting of the as-grown 2H MoS2 bilayer
and as a value for ∆SO we take the measured A-B separation in the 3R sample.
For S2H = 183 meV and ∆SO = 155 meV, we obtain t⊥ ≈ 49 meV. This value can
be compared to the ones extracted from our standard DFT calculations as previ-
ously done [211], or from more advanced GW and GW+BSE calculations. Table 8.1
summarizes calculated valence band splittings and A-B energy differences for mono-
layer, 2H and 3R stacking as well as the corresponding coupling strength, directly
extracted from the VB splitting as in [292] or Eq. 8.1. The agreement between the-
oretical, including previous rough estimates [211], and experimental results is good
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as we reproduce the larger A-B splitting for the 2H bilayers as compared to 3R.
Although we measure exciton transitions and not directly the VB splitting in the
2H bilayer, the agreement between theory and experiment strongly supports our
interpretation for the reason behind the different A-B exciton splitting. It should
be noted that for 3R bilayers, t⊥ = 0 since interlayer hopping is not allowed in this
case. This short numerical analysis highlights that the efficiency of this interlayer
coupling will depend on the ratio of t⊥ versus the spin-orbit VB splitting [66], which
is much smaller in MoS2 (∆SO ≈ 150 meV) as compared to WSe2 (∆SO ≈ 430 meV).
This leads in principle to tunable interlayer coupling for MoS2 [61] and so called
spin-layer-locking for WSe2 bilayers [298].

Larger A-B exciton splitting in bulk MoS2 for 2H compared to 3R stacking
has also been demonstrated in early experiments using optical transmission spec-
troscopy [299, 300] and more recently in angle resolved electron emission spec-
troscopy [301]. The A-B exciton splitting in MoS2 bilayers has been previously
studied by several groups [166, 302, 303]. In these reports, the spin-orbit coupling
and interlayer coupling have been discussed, but neither interlayer exciton forma-
tion nor an experimental analysis of the coupling term t⊥. In our study the direct
comparison in the same set-up on the same substrate of 2H and 3R bilayers with
good optical quality due to encapsulation allows to determine the difference in A-B
exciton energies precisely, which we ascribe to interlayer coupling, as supported by
our quasi-particle GW and absorption spectrum including excitonic effects calcu-
lations. From an experimental point of view, our results suggest two practical test
criteria for interlayer coupling following artificial stacking : the strong interlayer
exciton absorption and the clear difference in A-B exciton transition energies. The
physics discussed here for 2H and 3R bilayers is also relevant for samples with
a twist angle slightly different from 0◦ or 180◦ as reconstruction/self-rotation re-
sults in artificial stacks typically in large areas of 2H and 3R stacking, which will
show the optical properties of the samples investigated here. Interestingly inter-
layer exciton absorption has been reported in bulk 2H -MoTe2 and bulk 2H -MoSe2

[68, 114]. Please note that the interlayer coupling for CVD-grown MoS2 bilayers is
also studied in a very recent report [304].

8.5 Conclusions

In this chapter we have discussed the fabrication methods for 2H and 3R MoS2

bilayers from CVD as-grown homobilayers and artificially assembled bilayers from
monolayers. The stacking order can be identified by SHG spectroscopy as only 3R
stacked bilayers show SHG signal, no SHG signal can be obtained from 2H stacked
bilayers because of restored inversion symmetry. We have demonstrated experimen-
tally and theoretically the interlayer coupling of the valence states in as-grown MoS2

homobilayer sample and manually stacked bilayers. The hole delocalization is for-
bidden in 3R and is only allowed in 2H stacking. There are two main difference in
3R and 2H bilayers : First 2H bilayer exhibits a larger A-B separation as compared
to 3R stacking. Another clear difference is that the interlayer exciton transition is
absent in 3R bilayers as hole tunneling is forbidden due to symmetry. In addition,
we have extracted experimentally the interlayer coupling energy of about 49 meV
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which is very close to the value extracted from GW+BSE calculations.
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Chapter 9

Conclusions and prospective

In this chapter I will summarize the main results presented in this PhD thesis
manuscript and introduce some ideas for future research directions for fundamental
optical properties of 2D materials and future applications.

In the beginning of this PhD thesis we have presented experimental observations
of the exciton-phonon interaction in MoSe2 monolayers encapsulated in hexagonal
boron nitride (hBN), which has an important impact on both optical absorption
and emission processes. The exciton transition linewidth down to 1 meV at low
temperatures makes it possible to observe high-energy tails in absorption and emis-
sion extending over several meV, not masked by inhomogeneous broadening. Our
combined experimental and theoretical study sheds light on the strong impact of
the exciton-acoustic phonon interaction in TMD monolayers on exciton formation
and recombination. We interpret the observed strong absorption above the exciton
resonance in terms of phonon-assisted exciton formation. Asymmetric lineshapes
with high-energy tails both in emission and absorption are due to deformation
potential exciton-acoustic phonon coupling and can be fitted by our simplified an-
alytical theory. Our developed analysis shows that exciton-phonon interaction is
quite strong in TMD MLs as compared with conventional GaAs-based quantum
wells. In 2D crystals, the excitons interact with phonons that have a 2D density of
states. In contrast, in GaAs quantum wells, the 2D exciton will interact with 3D
phonons in the crystal. The strength of the exciton-phonon interaction in GaAs
quantum wells is smaller than in MoSe2 despite higher values of deformation poten-
tial. Qualitatively, the enhanced exciton-phonon interaction in atom-thin crystals
is due to the fact that for small wavevectors, the phonon density of states is larger
for 2D phonons than for 3D phonons.

In Chapter 5, I have investigated new optical transitions at the K-point of
homobilayer and trilayer MoS2 in absorption. These transitions correspond to in-
terlayer excitons that are mixed with intralayer B-excitons due to hole delocaliza-
tion over two individual layers that results strong oscillator strength. The optical
signatures of interlayer excitons are visible up to room temperature in optical ab-
sorption measurements on both bilayer and trilayer MoS2. The microscopic origin
of these transitions is uncovered in post-DFT calculations performed by Iann Ger-
ber (LPCNO). An experimental way to identify intralayer and interlayer transitions
and tuning transition energy of interlayer exciton in magnetic field is discussed in
Chapter 6. There are two criteria which identify intra/interlayer exciton character
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by performing magneto-optics : (i) The interlayer excitions transition shows larger
Zeeman splitting compared to intralayer excitons and (ii) The Landé g-factors of
interlayer and intralayer excitons are opposite in sign. We further demonstrated
interlayer excitons character in externally applied electric fields. The transition en-
ergy of interlayer excitons with the large in-built electric dipole in bilayer MoS2 can
be tuned to A:1s and B:1s resonances. These energy shifts are due to the quantum
confined Stark effect. The interlayer excitons split into two transitions and both
shifts in energy under external electric fields. We have observed strong coupling of
the blue-shifted interlayer exciton with the intralayer B-exciton. In contrast, the
interaction of the red-shifted interlayer exciton with the intralayer A-exciton shows
only a weak coupling. From our experimental observation we conclude that the in-
terlayer exciton has a strong B-exciton component in its wave function but a much
smaller A-exciton component. Our observations are supported by beyond-standard
density functional theory calculations including excitonic effects. We expect that
at even higher applied electric fields than those in these experiments, the interlayer
exciton will lie lower in energy than the A-exciton and will recover its absorption
strength once it is sufficiently red-detuned from the A-exciton. This will represent
an advantageous scenario for applications : the ground-state exciton is long-lived
and possesses both a large in-built electric dipole moment and a strong absorp-
tion. For optoelectronics, the highly tunable excitons with an in-built dipole found
here in MoS2 bilayers are promising for exploring coupling to optical cavity modes,
where excitons and photons can couple to form polaritons.

In MoS2 trilayers, we uncover different interlayer excitons with very distinct
Stark shifts : Similar to the bilayer, one interlayer exciton splits into two reso-
nances and shifts with electric field, indicating a large dipole. In contrast, a second
interlayer exciton at lower energy shows a negligible Stark shift. According to our
calculations, this second exciton shows a spatially symmetric charge distribution
with respect to the middle layer and, hence, a negligible in-built dipole. In prin-
ciple, the interlayer exciton with large oscillator strength and a large static dipole
moment in bilayer and trilayer MoS2 structures offer desirable configurations for
coupling quantum tunneling with cavity photons, previously reported at cryogenic
temperatures in III-V semiconductor nano-structures.

Thanks to hBN encapsulation of CVD-grown monolayers we are able to largely
suppress the detrimental impact of disorder in the ML environments. This leads
to improved optical quality as a result the PL emission linewidth for our CVD
grown samples is decreased by one order of magnitude. This allows detailed optical
spectroscopy and valley polarization studies described in Chapter 7. Our result
shows that the optical quality not only depends on the intrinsic crystal quality but
in addition is impacted by the local environment which the monolayer interacts
with. We show that CVD-grown crystals can be used for investing excitonic physics
for fundamental research and hold great promise for wafer-scale applications. For
future device applications we can further improve the optical quality of CVD-grown
crystals by lowering its defect density and also choosing a suitable substrate. Direct
growth not on SiO2 but directly on hBN is another way to achieve high optical
quality.

The improvement in our transfer approach for the CVD-grown layers at LPCNO
allows us to use high quality CVD layers as building blocks for van der Waals
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structures with controlled interlayer coupling which are discussed in Chapter 8. The
interlayer coupling for hole states in the valence bands is governed by symmetry and
also the spin-orbit splitting. DFT band structure and absorption calculations show
hole delocalization is forbidden due to symmetry in 3R stacking and is allowed in
2H. Therefore 2H MoS2 bilayers show favourable conditions to observe interlayer
excitons in absorption, as hole hybridization is symmetry allowed and the valence
band spin-orbit splitting is comparatively small compared to WSe2 for example.
By manually stacking the 2H and 3R MoS2 bilayers using CVD-grown monolayers
we experimentally investigate the interlayer coupling of the valence states. We
experimentally demonstrated that hole delocalization is forbidden in 3R and is
only allowed in 2H stacking. Our results are supported by GW+BSE calculations.
The interlayer coupling in assembled bilayer clearly reveals clean interface and high
structural integrity which are important requirements for device assembly.

The progress in high optical quality of CVD-grown monolayers using encap-
sulation in hBN combined with our stacking approach will be useful for study of
van der Waals heterostructure for examples layer dependent studies or exploring
twisted homo- and heterobilayers and multilayer structures.

The large number of layered materials which are stable in ambient conditions
opens up many possibilities of combining mono- and few-layer crystals. The number
of the resulting combinations and the possible functionalities are of great interest
for research. In this framework very interesting studies are currently being done
by combining semiconducting TMDs with ferromagnetic layered materials such as
CrI3 and CrBr3. We can use for example CVD-grown TMD layer on magnetic
layered materials. The presence of a local magnetic field could lift the valley de-
generacy of a TMDs monolayer without the need of an external magnetic field.
The idea is to induce a valley Zeeman splitting in TMD monolayer already at zero
applied magnetic field due to proximity effects. Another pathway of modifying the
light-matter interaction in TMD monolayers for example is to couple the exciton
resonance to optical nanoresonators. In a collaboration with the group of CEMES,
I am working on enhancing light emission of exciton resonances by coupling WSe2

and MoSe2 monolayers to nanoresonators where the TMD monolayer active region
is simply exfoliated on the top of the Si-based nanoresonator.
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In the very end I would like to present the list of published papers to which
I gave my contribution during my three year PhD. Most of them are extensively
covered in writing this manuscript while some are on different topics (such as GaAs
quantum dots, TMD monolayers on nanoantennas) are left out.
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Summary in French

Chapter 1: Introduction aux dichalcogénures de mé-
taux de transition

L’étude des monocouches atomiques remonte en fait à plusieurs décennies, mais
c’est seulement avec l’isolement d’une seule couche de graphite que les recherches sur
les matériaux lamellaires ont évolué dans un domaine très actif. Parmi les matériaux
actuellement étudiés récemment environ 1800 matériaux ont été prédits pour être
exfoliables, stables sous forme de monocouche. Ces matériaux sont disponibles avec
diverses fonctionnalités comme le montre la Fig. 9.1 avec une large plage d’énergie
de la bande interdite qui offre des possibilités d’utilisation de ces matériaux pour une
large gamme d’applications. Leur finesse ultime donne accès à de nouveaux degrés
de liberté du système électronique comme l’indice de vallée ou les interactions entre
quasi-particules comme les excitons (paires électron-trou liées à Coulomb). Des
fonctionnalités supplémentaires émergent lorsque ces matériaux sont empilés dans
des hétérostructures van der Waals.

Les TMD massifs et à quelques couches présentent une bande interdite indirecte
cependant, les monocouches TMD montrent une bande interdite directe donnant
lieu à une forte émission et entraînant également une grande absorption accordable
comme le montre la Fig. 9.3 (a). Les propriétés optiques des TMD sont dominées
par des excitons, c’est-à-dire les paires électron-trou. Ceci donne lieu à des maxima
d’absorption bien définis en énergies en dessous de la bande interdite des porteurs
libres. Les monocouches de TMD consistent d’une couche d’atomes de métal de
transition coordonnée de manière hexagonale prise en sandwich entre les couches
de chalcogène supérieure et inférieure, conduisant à une structure cristalline pris-
matique trigonale, voir Fig. 9.2. La symétrie du cristal est donnée par l’ordre
d’empilement, qui joue un rôle important dans l’interaction lumière-matière, con-
duisant à une réponse optique qui dépend du nombre de couches et de l’angle de
torsion (twist angle) entre les couches.

Les excitons dans les monocouches TMD ont des énergies de liaison remar-
quablement élevées de l’ordre de plusieurs centaines de meV. Cela est dû aux
grandes masses effectives d’électrons et de trous aux points K de la zone de Bril-
louin, à l’écrantage diélectrique réduit et au confinement idéal 2D des porteurs dans
le plan monocouche. Par conséquent, dans les monocouches TMD, les résonances
excitoniques dominent au-delà de la température ambiante. Un fort clivage spin-
orbite d’environ 200 meV (pour Mo) et 400 meV (pour W) apparaît dans les bandes
de valence au point K. En conséquence, deux transitions optiques interbandes dis-
tinctes sont observées en absorption, nommées A (transition de la bande de valence
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Figure 9.1: (a) Gamme de longueurs d’onde et bande interdite d’énergie textbf (b) -
(e) couverte par différents matériaux 2D. La figure est reproduite à partir de [3].

supérieure) et B (transition de la bande de valence inférieure).
Les transitions optiques qui sont permises par le dipôle, l’impulsion et le spin

sont appelées excitons brillants. Dans les matériaux lamellaires, des excitons avec
différentes orientations spatiales du dipôle optique, soit dans le plan soit hors du
plan de couche, participent aux transitions optiques. Ces deux types d’excitons
peuvent être sondés optiquement en raison de règles de sélection optique sélectives
de vallée. Les transitions interbandes dans les matériaux monocouches tels que
MoS2 ou WSe2 sont régies par des règles de sélection chirale car les transitions
optiques dans la vallée K+ (K−) sont σ+ (σ−) polarisé, voir Fig. 9.3 (b) - (c). Par
conséquent, un matériau TMD est un système idéal pour étudier le degré de liberté
de la vallée d’électrons dans le cadre de ce que l’on appelle la valleytronics.

D’une part dans les hétérobilayers TMD, des excitons intercouches peuvent se
former en raison de l’alignement de bande de type II (ou décalé) avec les électrons
photoexcités et trous résidants dans différentes couches comme indiqué sur la Fig.
9.4. Ces excitons sont appelés indirects dans l’espace réel. D’autre part, dans
les homobilayers, l’exciton intercouche se forme lorsqu’un trou est délocalisé sur
les deux couches alors qu’un électron est dans une couche. Dans ce cas, l’exciton
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Figure 9.2: Représentation structurelle des différentes phases du polytype TMD
((a) octaédrique, (b) - (c) trigonal prismatique) et leur coordination des atomes
métalliques correspondants. Des séquences d’empilage dissemblables de couches
simples prismatiques trigonales avec un angle de rotation différent des couches cor-
respondant les unes aux autres peuvent donner un empilement différent: symétrie
hexagonale (2H ) et symétrie rhomboédrique (3R). Le schema est tiré de [3]

intercouche a une contribution de l’exciton intralayer (également appelé exciton in-
tercouche mixte). Ces excitons intercouches possèdent une forte force d’oscillateur
et peuvent être sondés jusqu’à la température ambiante en absorption, pas en pho-
toluminescence, car ce n’est pas la configuration d’exciton la plus basse énergie.

Chapter 2: Techniques expérimentales

Exfoliation

Les méthodes répandues pour fabriquer des échantillons 2D sont l’exfoliation mé-
canique à partir de cristaux massifs et la croissance directe par dépôt chimique en
phase vapeur (CVD) d’échantillons monocouches sur des substrats tels que SiO2 /
Si.
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Figure 9.3: (a) Structure de bande calculée de MoS2 massif, bicouche et monocouche.
Les trois panneaux montrent la transition du semi-conducteur à bande interdite indirecte
au semi-conducteur direct. La figure est tirée de la référence [6]. (b) - (c) Le schéma
montre que les bandes de conduction sont opposées dans les monocouches MoX2 et WX2.
La flèche représente la transition A-exciton autorisée en terme de conservation de spin en
respectant les règles de sélection optique.

Les forces de van der Waals intercouches sont considérablement plus faibles que
la liaison covalente intra-couche, ce qui rend un très grand nombre de cristaux exfo-
liables. Les cristaux TMD exfoliés à partir d’un crystal de haute qualité présentent
une densité de défauts comparativement faible jusqu’à moins de 10 11 cm−2) et
une meilleure réponse optique par rapport aux cristaux élaborés par CVD [84].
L’exfoliation est la méthode la plus utilisée en raison de la haute qualité des échan-
tillons, de la simplicité de la manipulation et de la rentabilité. Cependant, il existe
plusieurs limitations qui empêchent l’exfoliation d’être viable au-delà des applica-
tions en recherche: (a) l’emplacement d’une seule monocouche sur le tampon / sub-
strat est aléatoire, (b) la recherche d’une monocouche parmi des flocons d’épaisseur
variable prend du temps (c) les monocouches sont relativement petites avec une di-
mension latérale moyenne de quelques dizaines de micromètres, et (d) le rendement
pour trouver une monocouche par unité de surface est très faible.
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Figure 9.4: (a) Schéma de l’alignement des bandes de type II dans l’hétérostructure
WSe2 - MoS2 avec des excitons intralayer (A: 1s) et intercouche (IE). Les zones rouge
et bleu représentent les bandes correspondantes dans les deux matériaux individuels et
l’hétérobilayer. Les trous et les électrons sont représentés respectivement par des symboles
positifs et négatifs. La figure est tirée de [53]. (b) Formation d’excitons inter-couches
pendant qu’un trou est délocalisé sur les deux couches représentées en rouge et un exciton
intra-couche peut être créé lorsque l’électron et le trou sont situés dans une couche.

Comme alternative à l’exfoliation, CVD est simple, rentable et permet une
croissance directe de matériau monocouche sur une grande surface [83, 259]. Dé-
tacher des monocouches élaborés par CVD du substrat de croissance pour fab-
riquer des hétérostructures est possible en utilisant, par exemple, un processus
assistée par vapeur d’eau [97, 284]. Pour de nombreuses études de spectroscopie
optique d’échantillons élaborés par CVD et également d’échantillons exfoliés, la
qualité intrinsèque des monocouches n’était pas le facteur limitant de la qualité op-
tique (c’est-à-dire l’émission de défauts et un large élargissement inhomogène ont
été observés), mais l’impact néfaste de l’environnement diélectrique local comme
le substrat. Cela a été démontré en comparant des couches de TMD directement
élaborés ou exfoliées sur SiO2 avec des couches de TMD prises en sandwich entre
des couches épaisses (jusqu’à plusieurs dizaines de nm) de hBN supérieur et in-
férieur. [51, 79, 80]. La réponse optique est encore améliorée en sélectionnant une
épaisseur optimisée de hBN pour l’hétérostructure de van der waals [81, 82].

Des couches individuelles de cristaux massif de haute qualité peuvent être as-
semblées dans l’hétérostructure van der Waals en utilisant l’estampage à sec déter-
ministe [72] ou le prélèvement direct. Cela permet un transfert contrôlé des couches
à des emplacements précis sur un substrat.

Chapter 3: Techniques de spectroscopie optique

Dans ce chapitre, nous donnons une introduction à la spectroscopie optique pour
les matériaux lamellaires en tant qu’outil puissant et non invasif pour accéder aux
détails de la structure de bande électronique et de la qualité du cristal. Les applica-
tions potentielles en photonique et en optoélectronique sont basées sur notre com-
préhension de l’interaction lumière-matière à l’échelle d’une monocouche atomique.
Les TMD atomiquement minces, tels que MoS2 et WSe2, sont des systèmes modèles
pour les semi-conducteurs en couches avec une bande interdite dans la région visible
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du spectre optique. Ils peuvent être assemblés pour former des hétérostructures et
combiner les propriétés uniques des monocouches constituantes. Nous décrivons
les principes de fonctionnement de la spectroscopie de micro-photoluminescence
et des expériences d’absorption optique. Nous discutons de l’origine physique des
principales caractéristiques d’absorption et d’émission dans les spectres optiques et
comment elles peuvent être accordées. Nous expliquons les aspects clés des config-
urations pratiques pour effectuer des expériences dans différentes conditions telles
que des températures variables ou dans des champs magnétiques appliqués et com-
ment des paramètres tels que la taille du faisceau de détection et la longueur d’onde
du laser d’excitation impactent les spectres optiques, voir Fig. 9.5 . Nous décrivons
l’influence importante de l’environnement de l’échantillon direct, tels que les sub-
strats et les couches d’encapsulation, sur les mécanismes d’émission et d’absorption
illustrés dans la Fig. 9.5. Un aperçu des techniques optiques qui sondent le couplage
entre les couches et analysent la dynamique de polarisation des porteurs pour la
spintronique et la valléetronique est fourni. Le travail correspondant à ce chapitre
est va apparaitre dans un article de revue [98] que j’ai rédigé pendant ma thèse.

Chapter 4: Observation du couplage exciton-phonon
dans des monocouches MoSe2

Dans ce chapitre, nous étudions expérimentalement et théoriquement dans les
monocouches MoSe2 encapsulées dans hBN l’interaction exciton-phonon, qui a un
impact important sur les processus d’absorption optique et d’émission. La largeur
de la raie de transition d’exciton jusqu’à 1 meV à basses températures permet
d’observer des queues de haute énergie en absorption et en émission s’étendant
sur plusieurs meV, non masquées par un élargissement inhomogène. Pour adapter
et interpréter nos spectres, nos collaborateurs Marina Semina et Mikhail Glazov
(Ioffe Institute, Saint-Pétersbourg, Russie) ont développé une théorie analytique
de l’interaction exciton-phonon tenant compte du potentiel de déformation induit
par les phonons acoustiques longitudinaux, qui joue un rôle important dans la
formation des excitons. Leur théorie permet d’ajuster les spectres d’absorption
et d’émission que j’ai mesurés et d’estimer le potentiel de déformation dans les
monocouches MoSe2, voir Fig. 9.6. Nous soulignons les raisons pour lesquelles
le couplage exciton-phonon est beaucoup plus fort dans les TMD bidimensionnels
par rapport aux structures de puits quantiques classiques. L’importance des in-
teractions exciton-phonon est en outre mise en évidence par l’observation d’une
multitude de caractéristiques Raman dans les expériences d’excitation de photo-
luminescence. Les travaux correspondant à ce chapitre sont publiés sous le titre
Shree et al. [124].

126



1.5 1.6 1.7 1.5 1.6 1.7

on SiO2

Energy (eV)

N
o

rm
a

lis
e

d
 P

L
 i
n

te
n

s
it
y

Energy (eV)

capped

on SiO2

0

1

1.8 1.9 2.0 2.1
0

1

high power 

 excitation

N
o

rm
a
lis

e
d
 P

L
 i
n
te

n
s
it
y

5 mW/mm2

0.01 mW/mm2

Energy (eV)

low power

 excitation

   

hBN/1L-WSe2/hBN/SiO2/Si

5 μm

laser spot
2

1

(a)

hBN

Contaminants

SiO2 SiO2

(d)

A:1s

A:1s

T

T = 4K

1L-WSe2

D

D

2

1

(c)

(b)

T

T

A:1s

Laser

hBN

encapsulatedLocalised

emitters
1L-MoSe2/SiO2

(e)

A:1s

A:1s
A:1s

A:2s

T = 4K

T = 300K T = 300K

T = 4K

Laser

A:1s

(f)

1L-MoSe2

1L-WS2

A:1s
T

A:1s

1L-MoSe21L-MoSe2

1.60 1.62 1.64 1.66
0

1

N
o
rm

a
lis

e
d
 P

L
 i
n
te

n
s
it
y

Energy (eV)

On SiO2

Suspended

0

3000
0

2500

1.6 1.7 1.8 1.9

-0.3

0.0

0.3

P
L
 i
n
te

n
s
it
y
 (

c
o
u
n
ts

/s
e
c
)

hBN 149 nm

D
R

/R

Energy (eV)

hBN 76.4 nm

h

h

Figure 9.5: Variation de la réponse de photoluminescence (PL) pour dif-
férentes conditions expérimentales. (a) Une micrographie optique d’un échan-
tillon d’hétérostructure van der Waals typique contenant une monocouche WSe
2 entre la couche d’encapsulation hBN supérieure et inférieure, l’homogénéité de
l’échantillon et les imperfections de l’échantillon (bulles et rides) peuvent être vus.
Les régions homogènes et non homogènes de l’échantillon sont marquées 1 et 2
en blanc, respectivement. (b) Spectres PL typiques à T = 4 K enregistrés à
deux emplacements différents 1 et 2 de l’échantillon montré dans (a). Les prin-
cipales transitions d’excitons (excitons neutres (A: 1s), excitons chargés (T) et
exciton noir (dark) à spin interdit (D) sont désactivées et des émetteurs localisés
apparaissent lorsque PL est enregistré sur les bulles ou sur les rides. Cependant,
une forte émission de PL correspondant aux principaux excitons des monocouches
WSe2 est enregistré sur la région plate de l’échantillon. (c) Esquisse de structures
d’échantillon monocouche MoSe2 dans différents environnements diélectriques. Le
panneau de gauche est la structure d’échantillon d’une monocouche TMD non en-
capsulée sur SiO 2 et la monocouche TMD encapsulée dans hBN est sur le panneau
de droite. Les spectres PL typiques enregistrés à T = 300 K et 4 K sur l’échantillon
encapsulé et non encapsulé. La largeur spectrale diminue considérablement pour
l’échantillon encapsulé à T = 4 K par rapport à l’échantillon non encapsulé. (d)
couche MoSe2 encapsulée par hBN suspendue au-dessus d’une tranchée [108] et les
spectres correspondants sont affichés dans (e). L’énergie d’émission PL reste con-
stante sur les échantillons en suspension à différents endroits sur la monocouche
montrant l’homogénéité de l’échantillon [108]. (f) WS2 monocouche encapsulée en
hBN sur un substrat SiO2 / Si, couche WS2 traitée au plasma pour générer des
défauts optiquement actifs. Spectres d’émission PL typiques pour une excitation
laser CW (532 nm) à 0,01 µ W et 5 µ W à T = 4 K. L’intensité d’émission PL des
excitons principaux est clairement visible à haute densité de puissance, alors que
ces caractéristiques ne sont presque pas détectables à faible densité de puissance
laser. Les spectres PL à faible densité de puissance laser révèlent que les porteurs
peuvent être piégés efficacement par les sites de défauts et se recombiner en émet-
tant des photons à une énergie plus faible. Par conséquent, à faible puissance laser,
l’émission de défauts PL est considérablement plus forte que l’émission d’exciton
libre.
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Figure 9.6: Résultats de la spectroscopie optique. ML MoSe 2 encapsulé
dans hBN - Exemple 1 (a) Spectre d’émission PL typique à T = 4 K. Les
pics d’émission à l’énergie 1,613 eV et 1,637 eV sont dus à l’exciton A: 1 chargé
(T) et neutre. Encart du panneau (a): Schémas de la structure de l’échantillon:
MoSe2 ML encapsulé dans hBN, la couche inférieure de hBN a une épaisseur de
(140 ±5 nm) comme déterminé par l’AFM, la couche SiO 2 a une épaisseur de
80 nm. (b) Expériences PLE: Intensité PL intégrée A: 1s tracée en termes d’énergie
excédentaire (axe inférieur), définie comme la différence entre l’énergie laser (axe
supérieur) et la résonance A: 1s. La période d’oscillation moyenne correspond
au phonon acoustique longitudinal LA (M) du point M. Encart du panneau (b):
Schémas de la zone de Brillouin 2D avec points K, M et Γ. (c) Intensité trion PL
intégrée en fonction du laser à balayage d’énergie d’excitation à travers la résonance
A: 1s. (d) Courbe de contour du laser à balayage d’intensité trion PL à travers une
résonance A: 1s à T = 4 K. (e) Emission PL dépendante de la température à la
résonance A: 1s. Pour une meilleure comparaison de la forme d’émission, l’intensité
A: 1s PL est normalisée à la valeur maximale et l’énergie décalée pour compenser
l’évolution de la température de la bande interdite.
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Chapter 5: Excitons intercouches dans des bicouches
de MoS2 avec une forte force d’oscillateur jusqu’à
température ambiante

Les paires électron-trou liées par l’interaction de Coulomb, les excitons, régissent les
propriétés optiques des dichalcogénures de métaux de transition semi-conducteurs
comme MoS2 et WSe2. Dans ce chapitre, nous étudions les transitions optiques
au point K pour 2H homobilayer MoS2 dans les mesures de réflectivité dans des
échantillons de haute qualité encapsulés dans du nitrite de bore hexagonal (hBN)
et comparons avec les calculs de la théorie fonctionnelle de la densité (DFT) réalisé
par Iann Gerber (LPCNO) avec effets excitoniques (GW-BSE). Dans les spectres
calculés et mesurés, nous trouvons une forte transition d’exciton intercouche en én-
ergie entre les excitons intra-couches A et B, observable pour T = 4− 300 K, alors
qu’aucune transition de ce type n’est observée pour la monocouche dans la même
structure dans cette gamme d’énergie, voir Fig. 9.8. Les excitons intercouches con-
sistent en un électron localisé dans une couche et un état de trou délocalisé sur la
bicouche, ce qui se traduit par la combinaison inhabituelle d’une force d’oscillateur
élevée et d’un moment dipolaire statique, voir Fig. 9.7. Nous trouvons également
des signatures d’excitons intercouches impliquant la deuxième bande de valence la
plus élevée (VB) et comparons les calculs d’absorption pour différents empilements
bicouches. Pour l’homotrilayer MoS 2, nous observons également des excitons inter-
couches et une division d’énergie entre différents A-excitons intra-couches provenant
respectivement des couches moyenne et externe. Le travail décrit dans ce chapitre
correspond à la publication [60].

Effet Stark des excitons intercouches en MoS2 bi-
couche et tricouche

Dans les monocouches TMD, l’absorption optique est forte, mais l’énergie de tran-
sition n’est pas accordable car l’exciton neutre n’a pratiquement pas de dipôle
électrique hors plan. En revanche, les transitions d’exciton entre les couches dans
les hétérocouches sont largement accordables dans les champs électriques appliqués,
mais leur couplage à la lumière est considérablement réduit. Dans ce chapitre, nous
montrons l’accord de plus de 120 meV d’excitons intercouches avec une forte force
d’oscillateur dans des bicouches MoS2, comme le montre la figure 9.9. Ces décalages
sont dus à l’effet Stark à confinement quantique, ici l’électron est localisé dans l’une
des couches mais le trou est délocalisé sur la bicouche. Nous sondons optiquement
l’interaction entre les excitons intra et inter-couches car ils sont énergétiquement
accordés en résonance, voir Fig. 9.10. Nos observations expérimentales sont étayées
par des calculs au-delà de la théorie fonctionnelle de densité DFT par Iann Gerber
(LPCNO), y compris les effets excitoniques (GW-BSE). Dans les trilayers MoS2,
nos expériences mettent en évidence deux types d’excitons intercouches avec et
sans dipôles électriques intégrés. Les transitions excitoniques hautement accord-
ables, avec une grande force d’oscillateur et des dipôles intégrés, qui conduisent à
des interactions exciton-exciton considérables, sont très prometteuses pour l’optique
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Figure 9.7: Schéma des excitons intralayer et interlayer dans 2H MoS2

homobilayers. (a) Les excitons intra-couche consistent en un électron (rouge) et
un trou (bleu) dans la même couche alors que dans (b) un électron localisé sur
une couche interagit avec un état de trou hybridé pour former un exciton inter-
couche. Les règles de sélection optique, représentées par des lignes ondulées, pour
les transitions entre couches et entre couches dans l’espace k sont également données
pour les points K, respectant la conservation du spin. Pour plus de clarté, seule
un exciton intercouche (spin up) est représentée, il y a aussi l’état spin down avec
la même énergie.

non linéaire avec polaritons (en microcavité). Les résultats décrits dans ce chapitre
sont basés sur la publication [106] également grâce à une collaboration fructueuse
avec le groupe de Richard Warburton à l’Université de Bâle (Suisse).

Chapter 7: Haute qualité optique des monocouches
MoS2 élaborés par dépôt chimique en phase vapeur

Dans les chapitres précédents, nous avons discuté des transitions excitatrices dans
les monocouches MoSe2 et les monocouches et multicouches MoS2. Toutes les don-
nées présentées proviennent d’échantillons qui ont été exfoliés à l’aide de cristaux
massifs de haute qualité et encapsulés dans du hBN. Tant la recherche fondamentale
que les applications potentielles des couches TMD reposent sur des échantillons de
haute qualité. Le dépôt chimique en phase vapeur (CVD) permet de cultiver des
TMD sur de grandes surfaces sur des substrats peu coûteux.

Dans ce chapitre, nous montrons que la croissance CVD réalisée dans le groupe
de nos collaborateurs Andrey Turchanin et Antony George (FSU Jena, Allemagne)
donne des monocouches de MoS2 de haute qualité optique. Nous déterminons une
concentration de défauts de 1013 cm −2 pour nos échantillons par HRTEM, com-
parable aux concentrations de défauts pour les ML exfoliées de la masse naturelle
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Figure 9.8: Résultats de la spectroscopie optique: Spectres de réflectivité
différentielle en fonction de la température pour les monocouches (a), les bicouches
(b) et les tricouches (c). MoS2 encapsulé dans le hBN. Réflectivité différentielle
des trois épaisseurs différentes (ML, BL et TL) à une température d’échantillon
de T = 4 K jusqu’à 300 K. Les spectres ont été décalés pour plus de clarté. Les
excitons intralayer A et B (A:1s, A:2s, A:3s et B:1s) et les deux résonances interlayer
IE(A) et IE(B) sont étiquetés.

signalées par plusieurs groupes dans la littérature [257, 258, 84]. Pour avoir accès à
la qualité optique intrinsèque des ML, j’ai retiré les ML du substrat de croissance
SiO2 et les ai encapsulés dans des flocons de hBN à faible densité de défauts, afin de
réduire l’impact nuisible du désordre diélectrique. Nous montrons une largeur de
raie de transition optique de 5 meV à basse température T = 4 K pour les excitons
libres en émission et en absorption. Ceci est comparable au meilleur échantillon de
ML obtenu par exfoliation mécanique d’un matériau en vrac. La photoluminescence
de MoS2 ML produite par CVD est dominée par les excitons libres et ne présente
pas de défauts même à basse température. La qualité optique élevée de l’échantillon
est confirmée par l’observation des états d’excitation de la série de Rydberg. Nous
générons optiquement la cohérence et la polarisation de la vallée dans nos couches
de MoS2 produites par CVD, ce qui montre la possibilité d’étudier la physique du
spin et de la vallée dans les échantillons CVD de grande surface comme le montre.
Les résultats présentés dans ce chapitre sont basés sur la publication Shree. et al
[80].

131



0.0

0.5

1.89 1.92 1.95 1.98 2.01
0.0

0.5

Im
(c
)

Im
(c
)

Energy (eV)

A:1s

IE

IE2IE1

A:1s

Fz = 0 MV/cm

Fz = -0.69 MV/cm

-0.8 -0.6 -0.4 -0.2 0.0
-15

-10

-5

0

5

10

15

IE2

 

 

En
er

gy
 s

hi
ft 

(m
eV

)

Electric Field (MV/cm)

IE1
Equation y = a + b*x
Plot ?$OP:A=1
Weight No Weighting
Intercept 0.5172 ± 0.22108
Slope -16.8223 ± 0.54159
Residual Sum of Squares 1.38252
Pearson's r -0.99537
R-Square (COD) 0.99076
Adj. R-Square 0.98973

(a) (b)

(c)

-
+

μIE1

μIE2

-
+

Fz

Fz

(d)
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istrés sans (Fz = 0 MV/cm) et avec (Fz = −0, 69 MV/cm) un champ électrique
appliqué, extraits de (b). (b). Carte de couleurs des spectres d’absorption de la
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petits champs électriques. Les excitons intralayer A et B (A:1s et B:1s) et les deux
branches des résonances interlayer A (IE1 et IE2) sont étiquetés. (c) Schéma des ex-
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La direction du moment dipolaire dépend de la localisation de l’électron, soit dans
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Chapter 8: Contrôle des excitons intercouches dans
les couches MoS2 cultivées par dépôt chimique en
phase vapeur
La combinaison de monocouches MoS2 pour former des multicouches permet d’accéder
à de nouvelles fonctionnalités. L’assemblage déterministe de structures de van der
Waals de grande surface nécessite des indicateurs concrets de la réussite du cou-
plage entre les couches dans les bicouches produites par dépôt chimique en phase
vapeur. Dans ce chapitre, j’examine la corrélation entre l’ordre d’empilement et
le couplage entre les couches des états de valence dans des échantillons de mono-
couches de MoS2 tels qu’ils ont été cultivés et dans des bicouches artificiellement
empilées à partir de monocouches, toutes cultivées par dépôt chimique en phase
vapeur. Nous démontrons expérimentalement que la délocalisation des trous sur
la bicouche n’est autorisée que dans l’empilement 2H et qu’elle entraîne une forte
absorption d’exciton entre les couches ainsi qu’une plus grande séparation de tran-
sition d’exciton A-B par rapport aux bicouches 3R. Au-delà des calculs de TFD
effectués par Iann Gerber (LPCNO) incluant les effets excitoniques, les signatures
de couplage efficace entre les couches pour l’empilement 2H sont confirmées en
accord avec nos expériences. Les résultats présentés dans ce chapitre sont publiés
dans [284].
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