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Control of Excitonic Properties in Transition Metal Dichalcogenide based
Structures

Abstract:
In recent years, atomically thin transition metal dichalcogenides (TMDs) have

emerged as promising semiconducting materials. Their unique properties stem from

their electronic band structure emerging from the broken inversion symmetry and

strong spin-orbit coupling, as well the presence of strongly bound excitons. This en-

dows them with additional degrees of freedom for charge carriers and excitons, which

are promising for both studies of fundamental physical phenomena and applications

in opto-electronic devices. Van der Waals nature of the interlayer bonding of TMDs

and other emerging layered materials allows for fabrication of complex multi-layered

structures, which add additional complexity and opportunity for achieving desired

opto-electronic properties. Despite intense research, many mysteries regarding the

fundamental physical phenomena governing properties of such structures remain to

be solved.

The ongoing need for investigation of the intriguing characteristics of TMDs

motivated the realization of this thesis. Here I present studies of several TMD-

based structures, the focus of which was the possibility of controlling the excitonic

properties via both intrinsic and extrinsic factors.

In monolayer MoS2 deposited on a patterned substrate I demonstrate the unex-

pected effect of anisotropic strain on the fine structure and polarization properties

of the charged exciton state.

In monolayer WSe2 I show the importance of the Dexter-like coupling mecha-

nism on the valley polarization and that it can be used for broad tunability of the

degree of valley polarization by the choice of excitation energy.

In WSe2/2D-perovskite heterostructure I reveal the successful spin injection

from TMD into the 2D-perovskite and the formation of an interlayer exciton state,

whose properties are closely related to those of the constituent WSe2 monolayer.

Finally I explore the excitonic landscape of a natural bilayer of MoSe2 and the

tunability of the excitonic states via application of electric field, which revealed

formation of new excitonic states and their complex interactions.

Overall, the results presented in this thesis constitute an important step towards

understanding of fundamental properties of TMDs and TMD-based structures.

Keywords: Semiconductors, 2D materials, Transition metal dichalcogenides,

Van der Waals structures, Excitons.





iii

Contrôle des propriétés excitoniques dans les structures à base de
dichalcogénures de métaux de transition

Abstract:
Ces dernières années, les dichalcogénures de métaux de transition (TMDs) atom-

iquement minces ont émergé comme des matériaux semi-conducteurs prometteurs.

Leurs propriétés uniques découlent de leur structure de bandes électroniques résul-

tant de la brisure de symétrie d’inversion et du fort couplage spin-orbite, ainsi que

de la présence d’excitons fortement liés. Cela leur confère des degrés de liberté sup-

plémentaires pour les porteurs de charge et les excitons, ce qui est prometteur à la

fois pour l’étude des phénomènes physiques fondamentaux et pour les applications

dans les dispositifs optoélectroniques. La nature van der Waals des liaisons inter-

couches des TMDs et d’autres matériaux stratifiés émergents permet la fabrication

de structures complexes multicouches, ajoutant une complexité et des opportunités

supplémentaires pour obtenir des propriétés optoélectroniques souhaitées.

Malgré une recherche intensive, de nombreux mystères concernant les

phénomènes physiques fondamentaux régissant les propriétés de ces structures

restent à élucider.

Le besoin continu d’explorer les caractéristiques intrigantes des TMDs a motivé

la réalisation de cette thèse. Ici, je présente des études sur plusieurs structures à

base de TMDs, dont l’objectif principal était d’examiner la possibilité de contrôler

les propriétés excitoniques par des facteurs intrinsèques et extrinsèques.

Dans le cas de la monocouche de MoS2 déposée sur un substrat structuré, je

démontre l’effet inattendu de la contrainte anisotrope sur la structure fine et les

propriétés de polarisation de l’état excitonique chargé.

Dans la monocouche de WSe2, je montre l’importance du mécanisme de couplage

de type Dexter sur la polarisation de vallée, et qu’il est possible d’ajuster largement

le degré de polarisation de vallée en fonction de l’énergie d’excitation choisie.

De même, dans une hétérostructure WSe2/pérovskite 2D, je révèle l’injection de

spin réussie du TMD dans la pérovskite 2D et la formation d’un état excitonique

inter-couche, dont les propriétés sont étroitement liées à celles de la monocouche

WSe2 constituante.

Enfin, j’explore le paysage excitonique d’une bicouche naturelle de MoSe2 et la

possibilité de moduler les états excitoniques via l’application d’un champ électrique,

ce qui a révélé la formation de nouveaux états excitoniques et leurs interactions

complexes.

Dans l’ensemble, les résultats présentés dans cette thèse constituent une étape

importante vers la compréhension des propriétés fondamentales des TMDs et des

structures à base de TMDs.

Mots-clés: Semi-conducteurs, Matériaux 2D, Dichalcogénures de métaux de

transition, Structures de Van der Waals, Excitons.
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Finally, I acknowledge the NCN Preludium Bis-I project: ”Towards Determin-

istic Control of van der Waals Heterostructures Properties” as well as the French

Government Scholarship for cotutelle PhD students for funding my research.





Contents

1 Properties of transition metal dichalcogenides 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Crystal structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Electronic structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Excitons in TMDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4.1 Bound electron-hole pair . . . . . . . . . . . . . . . . . . . . . 7

1.4.2 Excitonic species in TMDs . . . . . . . . . . . . . . . . . . . 10

1.4.3 Excitons and free carrier doping . . . . . . . . . . . . . . . . 18

2 Experimental Techniques 23

2.1 Optical spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.1.1 Reflectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.1.2 Photoluminescence . . . . . . . . . . . . . . . . . . . . . . . . 26

2.1.3 Photoluminescence excitation . . . . . . . . . . . . . . . . . . 30

2.1.4 Polarization-resolved measurements . . . . . . . . . . . . . . 32

2.1.5 Raman scattering . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.2 Optical spectroscopy setup . . . . . . . . . . . . . . . . . . . . . . . 35

2.3 Electrical measurements . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.4 Fabrication by all-dry transfer method . . . . . . . . . . . . . . . . . 43

3 Anisotropic strain effects in MoS2 monolayer 47

3.1 Sample structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.1.1 Fabrication of GaAs nanomembranes . . . . . . . . . . . . . . 48

3.1.2 MoS2 flake deposition and AFM characterization . . . . . . . 49

3.2 Optical characterization . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.2.1 Probing strain by Raman modes . . . . . . . . . . . . . . . . 52

3.2.2 Probing strain by excitonic transitions . . . . . . . . . . . . . 55

3.2.3 Charged exciton fine structure . . . . . . . . . . . . . . . . . 57

3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4 Control of the valley polarization by Dexter-like coupling effect 61

4.1 Dexter-like coupling in WSe2 monolayer . . . . . . . . . . . . . . . . 63

4.1.1 Sample characterization . . . . . . . . . . . . . . . . . . . . . 63

4.1.2 Valley polarization . . . . . . . . . . . . . . . . . . . . . . . . 66

4.1.3 Theoretical model . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1.4 Exciton renormalization . . . . . . . . . . . . . . . . . . . . . 72

4.2 Dexter-like transfer in WSe2/BA2PbI4 heterostructure . . . . . . . . 74

4.2.1 2D hybrid metal-halide perovskites . . . . . . . . . . . . . . . 74

4.2.2 Sample characterization . . . . . . . . . . . . . . . . . . . . . 76

4.2.3 Valley polarization . . . . . . . . . . . . . . . . . . . . . . . . 83



viii Contents

4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5 Electric field tuning of excitons in natural MoSe2 homobilayer 87

5.1 Double-gated MoSe2 homobilayer device . . . . . . . . . . . . . . . . 90

5.2 Optical response without the electric field . . . . . . . . . . . . . . . 92

5.3 Electrostatic doping . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.4 Excitonic landscape in electric field . . . . . . . . . . . . . . . . . . . 95

5.4.1 Reflectivity in electric field . . . . . . . . . . . . . . . . . . . 95

5.5 Many-body microscopic model . . . . . . . . . . . . . . . . . . . . . 96

5.5.1 Quadrupolar excitons . . . . . . . . . . . . . . . . . . . . . . 98

5.5.2 Carrier tunneling . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.5.3 Comparison of the experimental and theoretical pictures . . . 104

5.6 Photoluminescence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6 Conclusions 109

A Publications and conferences 111

Bibliography 115



Chapter 1

Properties of transition metal

dichalcogenides

1.1 Introduction

The discovery of graphene has shown how mundane materials like graphite can

exhibit drastically different properties in the form of atomically thin layers in con-

trast to bulk crystals. Demonstration of its outstanding properties [Geim 2007],

both mechanical and electronic has paved the way for a new class of atomi-

cally thin 2D materials. Graphite belongs to the family of van der Waals crys-

tals, with weak van der Waals forces connecting the individual layers. This

property allows for obtaining atomically thin layers even with simple mechani-

cal methods [Frindt 1963]. Van der Waals materials include a variety of com-

pounds with properties ranging from insulating, semiconducting, metallic, super-

conducting as well as magnetic and topological [Dean 2010, Mak 2010, Duan 2015,

Mueller 2018, Grancini 2019, Chen 2018b, Straus 2018, Geim 2007, Samarth 2017,

Klein 2018, Hu 2020, Kou 2017, Blatter 1996, Qiu 2021]. Among these, transi-

tion metal dichalcogenides (TMDs), such as MoS2, MoSe2, WS2 and WSe2, have

emerged as extremely promising 2D semiconductors. Their fascinating proper-

ties arise from the unique electronic structure in the monolayer form. Similar

to graphene they crystallize in a hexagonal lattice. The alternating metal and

chalcogen atoms in the hexagon corners however lead to the broken inversion sym-

metry, which manifests in the emergence of non-equivalent K and K′ valleys in

their Brillouin zone. Together with strong spin-orbit coupling stemming from

the contribution of the heavy metal atoms, these effects lead to the robust val-

ley physics [Chernikov 2014, He 2014, Ugeda 2014, Hanbicki 2015, Wang 2018a,

Yao 2008, Zhu 2011, Xiao 2012, Xu 2014, Yu 2015, Stier 2016]. Moreover, their

2D nature in combination with the dielectric confinement [Chernikov 2014] lead to

large exciton binding energies, making the excitonic particles stable even at room

temperature. On top of that, the van der Waals nature TMDs and other layered

materials allows for seamless stacking of virtually any combination of layers in or-

der to construct complex heterostructures [Geim 2013] with novel opto-electronic

properties. The pursuit for understanding the fundamental physical mechanisms

governing the properties of TMDs and the TMD-based structures is an ongoing

scientific endeavor. In particular, the control of their properties via both intrinsic

and extrinsic factors is essential for future applications in opto-electronic devices.
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1.2 Crystal structure

Transition metal dichalcogenides (TMDs) belong to the family of the 2D layered

van der Waals (vdW) crystals characterized by strong covalent bonds within the

plane of the layers and weak vdW forces connecting the layers in the out-of-plane

direction. The weak vdW forces between the layers of a bulk crystal allow to

relatively easily obtain very thin flakes, down to single monolayers via the process

called mechanical exfoliation [Castellanos-Gomez 2014], which traditionally relies

on the repeated tearing apart of a bulk crystal using an adhesive tape. Several

derivatives of the mechanical exfoliation methods have been created over the years

for improvement of the flake yield and quality [Li 2022]. Alternatively, atomically

thin TMDs can be grown via Chemical Vapour Deposition (CVD) [Aras 2022].

Moreover, the nature of the interlayer vdW forces removes the lattice matching

constraints present in the traditional epitaxial semiconductors, which allows for

seamless stacking of virtually any combination of layers of TMDs and other 2D

materials from the vdW crystals family. This opens the possibility for fabrication

of almost any complex, multi-layer structure to achieve various desired properties.

These can be tuned not only by the choice of materials, but also by the relative

orientation (twist angle) of the layers [Geim 2013, Novoselov 2016, Ciarrocchi 2022,

Huang 2022a].

The general formula of TMDs is MX2, where M stands for a transition metal

atom and X is the chalcogen atom. Similar to graphene [Geim 2007], TMDs crys-

tallize in a hexagonal (honeycomb) lattice. However, in contrast to graphene, whose

monolayer (i.e. a single stable layer of the material) lattice is composed of a

single sheet of carbon atoms, a TMD monolayer comprises three atomic sheets,

where the metal atoms are sandwiched in between two sheets of chalcogen atoms

[Bromley 1972, Manzeli 2017]. A monolayer can form in two typical crystallographic

phases characterized by different atomic configurations i.e. the octahedral and trig-

onal prismatic [Toh 2017, Coogan 2021], as can be seen in Fig. 1.1.

The octahedral coordination is characterized by an A-B-C sheet configuration,

where the in-plane position of atoms in the three atomic planes are shifted rela-

tive to each other. The trigonal prismatic coordination exhibits A-B-A configura-

tion, where the chalcogen atoms in the bottom and top atomic planes occupy the

same in-plane position. For each chemical composition MX2, the thermodynam-

ically stable phase is either octahedral or trigonal prismatic. Consequently, the

multi-layer crystals can exhibit different polymorphies (see Fig.1.1) depending on

which monolayer coordination type they are composed of. Monolayers of octahedral

coordination give rise to the so called 1T-phase (stacking) of tetragonal symmetry

(Group D3d), which exhibits metallic properties [Toh 2017] in case of the above

mentioned materials. The trigonal prismatic coordination, on the other hand, can

yield two polytypes: 2H-phase characterized by hexagonal symmetry (Group D3h),

corresponding to 60◦ twist angle between the consecutive layers, and 3R-phase char-

acterized by rhombohedral symmetry (Group C5
3v) corresponding to 0◦ twist angle

between the consecutive layers.
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Figure 1.1: Octahedral and trigonal prismatic atomic coordination in TMD layers

and the resulting crystallographic phases (polytypes): 1T, 2H and 3R. Adapted

from Ref. [Coogan 2021].

The most important TMD materials for the field of opto-electronics are the

group VI TMDs such as MoS2, WS2, MoSe2, WSe2 and MoTe2, for which the

trigonal prismatic coordination is thermodynamically preferred, although the oc-

tahedral coordination can be created in certain conditions as a metastable state

[Manzeli 2017, Friedman 2017, Gan 2018]. Both polytypes originating from the

trigonal prismatic coordination i.e. 2H and 3R, exhibit semiconducting properties.

The 2H-stacking is energetically favourable and therefore most common and also

found in naturally occurring crystals of MoS2 and WS2. The 3R-stacking can be

however also easily obtained either in Chemical vapour deposition (CVD) growth

[Li 2023b] or by artificial stacking of individual monolayers with the correct angle

alignment.

Fig. 1.2 (a,b) presents the schematics of the atomic arrangement of the typical

trigonal prismatic phase. Panel (a) shows the hexagonal lattice of a monolayer

TMD as viewed from the top, while panel (b) shows the side view with a second

monolayer added to show the 2H-stacking type (2H-stacked homobilayer), for which

the interlayer distance d (typically ≃ 0.6 − 0.65 nm) is marked. The yellow shaded

area in panel (a) marks the trigonal prismatic coordination of the metal atom.

The grey shaded area denotes the primitive unit cell constructed from the lattice

vectors a1 and a2. The hexagonal lattice of a monolayer possesses a 3-fold in-

plane rotational symmetry and at the same time it lacks the inversion center due

to the atomic sites in the hexagon corners being occupied by the M and X atoms

in alternating manner. Two crystallographic directions, referred to as zigzag (ZZ)

and armchair (AC) can be distinguished, which alternate for every 30 ◦ of in-plane
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Figure 1.2: (a) Schematic drawing of the hexagonal crystal structure of a monolayer

TMD with a trigonal prismatic coordination, as viewed from the top. The grey

shaded area is the primitive unit cell and a1 and a2 are the real space vectors.

The yellow shaded area emphasizes the trigonal prismatic coordination of the metal

atom. Two important crystallographic directions, armchair (AC) and zigzag (ZZ)

can be distinguished, marked by blue and green arrows, respectively. (b) Side view

of a 2H-stacked bilayer. d corresponds to the interlayer distance, determined by the

vdW forces between the monolayers (c) Results of the linear polarization resolved

Second Harmonic Generation. The left (Flake 1) and middle (Flake 2) polar plots

show results for two differently oriented MoS2 monolayers (as depicted by the shaded

triangles). The blue and green arrows mark the AC and ZZ directions, respectively.

The right-most plot shows the result on an artificially stacked TMD bilayer with

a non-zero twist angle. The purple arrow denotes the direction resulting from the

superposition of the AC directions from the individual monolayers. θ is the relative

twist angle between the monolayers composing the twisted bilayer. Panel (c) is

adapted from Ref. [Hsu 2014].

rotation (6-fold rotational symmetry). The ZZ direction runs across the positions of

the same atom type, while the AC direction crosses the alternating M/X pairs. This

is an important distinction as the M/X pairs in the AC direction feature a dipole

moment, which can interact with the electromagnetic field. This can be utilized to

stimulate the Second Harmonic Generation (SHG). If the driving laser is linearly
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polarized, then the maximum of the SHG signal intensity is reached when the plane

of polarization is parallel to the AC direction [Hsu 2014]. Thus, measurement of the

SHG signal resolved in a linear polarization basis allows for determination of the

crystallographic directions of the TMD monolayers [Hsu 2014]. Examples of such

measurements are shown in the left and middle graphs of Fig. 1.2 (c), where two

differently oriented monolayer flakes are compared. The same effect can be used

to determine the relative twist angle (θ) between the constituent layers of a bilayer

TMD. For the two extreme cases which are the 2H-stacking (see Fig. 1.2 (b)) and

3R-stacking characterized by 60◦ and 0◦ relative angles, respectively, the SHG signal

undergoes a fully destructive (no SHG signal) or fully constructive (double intensity

of SHG signal) interference, respectively [Hsu 2014]. This is due to the out-of-phase

dipole orientation in the 2H case (due to mirror symmetry of the two monolayers)

and in-phase orientation in the 3R case. For relative twist angles between 0◦ and 60◦,

the maximum of the SHG signal is projected onto the angle exactly in between the

individual AC directions of the constituent monolayers, as depicted in the right-most

graph of Fig. 1.2 (c). Hence the value of the twist angle can be determined either

by knowing the angles of maximum SHG signal for the two constituent monolayers

or in the bilayer region and one of the component monolayers.

1.3 Electronic structure

TMDs such as MoS2, WS2, MoSe2, WSe2 and MoTe2 exhibit semiconducting

properties with optical gaps in the visible and near infra red wavelength ranges

[Kumar 2012]. Especially the monolayers of these materials have attracted a great

interest in the opto-electronics field due to their optical gap transforming from an

indirect one characterizing bulk and few layer crystals to a direct one in their mono-

layer form [Splendiani 2010]. The comparison of the calculated band structures for

bulk and monolayer is presented in Fig. 1.3 (a) [Splendiani 2010]. The 2D hexago-

nal Brillouin zone is presented in Fig. 1.3 (b), with denoted high symmetry points

(also referred to as valleys): Γ - zone center, K/K′ - hexagon corners and the in-

termediate points Q/Q′ and M/M′. The indirect band gap in a multi-layer crystals

forms between Γ point in the valence band and the Q/Q′ point in the conduction

band. Meanwhile, in monolayers, the direct optical gap opens at the K/K′ points

(See Fig. 1.3 (a)). Such indirect to direct transition is directly related to the atomic

orbital contribution to the band structure. The K/K′ band edges are mainly con-

tributed by the d-orbitals of the heavy metal atom and are well confined within the

individual layers. On the other hand, the Q/Q′ point is composed in much higher

proportion by the p-orbitals of the chalcogen atoms and therefore is much more

influenced by the interlayer coupling [Splendiani 2010] and hence by the number of

layers. Such discrepancy explains the resulting thickness-dependent changes in the

band structure.

The lack of inversion symmetry in monolayer TMDs leads to the presence of

two degenerate but inequivalent types of points in their hexagonal Brillouin zone,



6 Chapter 1. Properties of transition metal dichalcogenides

Figure 1.3: (a) Calculated electronic band structure of bulk and monolayer MoS2.

The black arrows denote the lowest energy transition between valence and conduc-

tion bands. (b) 2D hexagonal Brillouin zone of TMDs, with marked high symmetry

points. The blue contour denotes the k-space cross-section for which the band struc-

tures in panel (a) are calculated. (c) Schematic of the electronic structure at the

K/K′ valleys. ∆CB/∆VB denote the SOC splitting in conduction and valence band,

respectively. The blue and orange arrows and values denote the electron spin ori-

entation and projection of the total angular momentum Jz of the electronic bands,

respectively. Black and grey arrows denote the inter-band transitions with corre-

sponding values of the change of the total angular momentum ∆Jz. The transitions

with ∆Jz of -1 in the K valley and +1 in the K′ valley (black) are spin-allowed,

while those with ∆Jz of 0 and ±2 (grey) are spin-forbidden. Panel (a) is adapted

from Ref. [Splendiani 2010].

which are customarily denoted with notprime and prime (e.g. K and K′) as can

be seen in Fig. 1.3 (b). Alternatively, “+” and “-” signs are used. Due to the 3-fold

rotational symmetry, each point appears three times in a single Brillouin zone. The

mirroring notprime (+) and prime (-) points are related to each other via the time

reversal symmetry, imposing opposite spin of the corresponding electronic bands

[Xiao 2012].

In addition, the strong spin-orbit coupling (SOC) present in TMDs, related to

the contribution of the heavy metal atoms d-orbitals [Liu 2013] leads to substantial

splitting of the spin-bands in the K and K′ valleys. The splitting in the valence

band (∆V B) is on the order of 200 (in MoX2) and 400 (in WX2) meV [Zhu 2011].

The splitting of the conduction bands (∆CB) is much smaller, yet still significant,

on the order of few to few tens of meV [Kośmider 2013].

The combination of both the broken inversion symmetry and strong SOC re-

sults in coupling of the spin and valley degrees of freedom, known as the spin-valley

locking [Yao 2008, Zhu 2011, Xiao 2012, Xu 2014, Yu 2015, Stier 2016]. This can

be seen in the contrast of the electronic structures of K and K′ points, schemat-

ically presented in Fig. 1.3 (c). The opposite color and arrow-mark direction of

the corresponding degenerate bands between the K and K′ signify the opposite
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value of the electron in-plane total angular momentum projection (Jz). This pic-

ture leads to the valley-dependent optical selection rules [Chernikov 2014, He 2014,

Ugeda 2014, Hanbicki 2015, Wang 2018a, Yao 2008, Zhu 2011, Xiao 2012, Xu 2014,

Yu 2015, Stier 2016]. The “optically bright” electronic transitions, i.e. those that

can couple to a photon, must satisfy the change in the total angular momentum of

∆Jz = ±1 (transitions with ∆Jz equal to 0 or ±2 are “optically dark” in-plane).

As depicted in Fig. 1.3 (c), two bright transitions, are possible in each valley. Both

transitions in the same valley have the same change of the total angular momentum

i.e. -1 in K and +1 in K′. Consequently, these transitions can couple to photons

of right-handed (-1→ σ+) and left-handed (+1→ σ−) helicity. The consequences of

this intricate electronic structure on the excitonic properties will be elaborated in

more detail in section 1.4.2.

1.4 Excitons in TMDs

1.4.1 Bound electron-hole pair

In semiconducting materials, due to the presence of an optical band gap and

strong Coulomb interactions, the dominating optical transitions stem from exci-

tons rather than free electron-hole inter-band transitions, especially at low tem-

peratures. Electron-hole pairs are created upon excitation of an electron to the

conduction band, which leaves a positively charged hole in the valence band. The

Coulomb interaction of the two charge carriers can lead to the formation of an exci-

tonic particle, which is a bound state of a correlated electron-hole pair. Two types

of excitons can be distinguished: Frenkel and Wannier-Mott excitons. Frenkel ex-

citons, also called bound excitons, are highly localized around an atom or molecule

and are characterized by very small size of their wave function, much smaller than

the lattice parameter of the crystal. These usually appear in materials of relatively

low value of dielectric constant such as insulators or molecular crystals, which aids

very strong Coulomb interactions. On the other hand, Wannier-Mott excitons, also

referred to as free excitons, are less localized with a wave function extending over

several unit cells of the crystal lattice. These can move freely within the material.

This type of exciton is usually present in relatively high dielectric constant mate-

rials, resulting in reduced Coulomb interaction. Semiconductors, including TMDs,

predominantly host the Wannier-Mott type exciton.

Excitons can be thought of as analogous to hydrogen atom [Wannier 1937], i.e.

the electron and hole exhibit a correlated motion and orbit a common center of mass.

The two particles are correlated via Coulomb interaction which for a Wannier-Mott

exciton can be expressed in an effective Hamiltonian, analogous to the hydrogen

model [Peter 2010]:

H = − ℏ2

2me
∇2

e −
ℏ2

2mh
∇2

h −
e2

4πϵ20ϵ
2
r |re − rh|

, (1.1)

where me and mh are the effective masses of electron and hole, the ∇e and ∇h
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are the nabla operators for the electron and hole coordinates, respectively, e is the

elementary charge, ϵ0 and ϵr are the dielectric constants of the vacuum and the

material, respectively and the re/rh are the position vectors for the electron and

hole, respectively. Due to the Coulomb attraction between the electron and hole,

represented by the third term of the above equation, the exciton is characterized

by a reduced total energy with respect to the sum of energies of the non-interacting

electron and hole. This leads to appearance of excitonic states below the free particle

band gap (Eg). This energy difference is denoted as the exciton binding energy EB

and expressed in the following equation:

EB = Ee + Eh − EX = Eg − EX , (1.2)

where the e, h and X subscripts denote the electron, hole, and exciton, respectively.

Similar to the allowed energy levels of the hydrogen atom (Rydberg states), excitons

can also exist in excited states. In a 3D system, the level (n) dependent binding

energy can be modelled analogously to the 3D hydrogen model [Fox 2010] with a

formula:

EB(n) =
RX

n2
, (1.3)

where RX is the exciton Rydberg energy, which can be expanded to:

RX =
µ

m0ϵ2r
RH , (1.4)

where µ = memh
me+mh

is the reduced electron and hole mass, m0 is the free electron

mass, r is the e-h separation distance and RH is the hydrogen atom Rydberg energy

(RH = 13.6 eV).

Furthermore, the n-dependent wave function size i.e. the electron-hole orbit

radius [Fox 2010] is described by equation

rn = n2aX , (1.5)

where (aX) is the exciton Bohr radius and is given by

aX =
m0

µ
ϵraH , (1.6)

where aH is the hydrogen atom Bohr radius (5.29×10−11 m).

From the above equations, one can note the inverse relation of the binding energy

and radius i.e. the ground exciton state (n = 1) exhibits the highest binding energy,

which translates to the lowest total energy as well as the smallest radius.

The binding energy of an excitonic particle is also the energy it takes to disso-

ciate it into separate, non-interacting electron and hole (i.e. dissociation energy).

Thus, the value of EB determines the exciton stability, especially against interac-

tion with thermally excited lattice vibrations. For example, in archetypical epitaxial

semiconductors, such as GaAs, the binding energies are on the order of a few meV.

At room temperature, the thermal phonon energies reach value of kBT ≈ 25meV .
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Figure 1.4: (a) Exciton dispersion relation E(K), where K is the exciton center-

of-mass momentum. EX , Eg and EB are the 1s exciton energy, band gap energy

and binding energy, respectively. |0> denotes the ground state, |ns> is the exciton

Rydberg progression, where s corresponds to the spherical symmetry in analogy

to atomic orbitals, and |∞> is the free particle continuum. (b) Exciton wave

function in a bulk TMD (left) and in a monolayer (right). Here, ϵ3D, ϵ2D and ϵ0
represent the dielectric constant of the 3D, 2D semiconductor and the environment

(e.g. vacuum or air), respectively. (c) 1s and 2s excitons wave functions in a TMD

monolayer. The ϵ1s and ϵ2s denote the effective dielectric constants experienced by

the 1s and 2s exciton states respectively. Panels (b) and (c) are adapted from Ref.

[Chernikov 2014].

Hence in GaAs, the excitonic effects take precedence only at low, cryogenic tem-

peratures, where the thermal energy kBT ∼ T becomes lower than the binding

energy.

Fig. 1.4 (a) presents the picture of the exciton Rydberg series dispersion relation.

The excitonic energies of the n-th state can be expressed by the relation:

En(K) = Eg − EB(n) +
ℏ2K2

2(me + mh)
, (1.7)

where the last term corresponds to the kinetic energy of an exciton moving in the

material lattice and K is the exciton center of mass momentum.

In systems of reduced dimensionality, e.g. 2D systems such as atomically thin

TMDs, the additional quantum confinement along one of the directions yields a 2D

form of a hydrogen model [Yang 1991]:

EB(n) =
RX

(n− 1
2)2

. (1.8)

This shows, that the quantum confinement in low-dimensional systems results in

much larger exciton binding energies (four times larger for the ground excitonic state
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than in 3D system) and therefore enhanced excitonic effects. In real 2D systems such

as TMD monolayers, the reduced dimensionality additionally leads the 2D excitons

to experience reduced dielectric screening due to the dielectric contrast between the

2D semiconductor and the environment. This is due to the exciton wave function

extending beyond the borders of atomically thin material, thus experiencing directly

the dielectric effect of the surrounding environment, which is usually of much weaker

value (i.e. vacuum or air), as presented in Fig. 1.4 (b), which compares the wave

function of an exciton in a bulk and 2D semiconductor. This effect, called the

dielectric confinement, leads to further enhancement of the of the electron-hole

interaction and therefore binding energy [Chernikov 2014].

Moreover, as demonstrated experimentally and explained theoretically

[Chernikov 2014], the exciton Rydberg series in 2D semiconductors does not fol-

low the binding energy progression predicted by the 2D hydrogen model. This

deviation stems from the above mentioned dielectric screening i.e. the effect of

the contrast of the dielectric constants of the material and the environment on the

electron-hole interaction, as depicted in Fig.1.4 (c) [Chernikov 2014]. This inter-

action can no longer be described via the simple Coulomb potential. The more

appropriate model describing the electron-hole interaction in 2D systems, account-

ing for the non-hydrogenic binding energy scaling, is the Rytova-Keldysh potential

[Rytova 2018, Keldysh 1979]:

Veh(r) = − e2

8ϵ0r0

[
H0

(
ϵavgr

r0

)
− Y0

(
ϵavgr

r0

)]
, (1.9)

where r is the exciton radius, r0 is the screening length, H0/Y0 are the Struve/Bessel

functions and the ϵ0 and ϵavg are the vacuum permittivity and average dielectric

constant of the top and bottom environment.

1.4.2 Excitonic species in TMDs

The complex electronic structure of TMDs stemming from the broken inversion

symmetry and strong spin-orbit coupling [Chernikov 2014, He 2014, Hanbicki 2015,

Wang 2018a, Mueller 2018, Xiao 2012, Perea-Causin 2022] provide additional de-

grees of freedom in the form of spin, valley, energy and layer. This allows for

formation of plethora of excitonic species, which differ in energy, selection rules and

spatial character. Among them we can distinguish a variety of neutral excitons,

more complex excitonic particles e.g. trions or, in case of multi-layered structures,

interlayer excitons.

1.4.2.1 Neutral excitons

TMD monolayers host several types of neutral (one electron, one hole) excitons

which differ in energy and selection rules. Firstly, due to the strong-spin orbit cou-

pling in the valence band as introduced in section 1.3, the excitons in the K/K′

valleys can form between different energy non-degenerate sub-bands of the CB and
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VB. In each valley there are two spin-allowed optically bright (∆Jz = ±1) excitons,

denoted as A exciton (lower energy) and B exciton (higher energy). Due to the spin-

valley locking, both transitions in the same valley are characterized by the same

change of the total angular momentum (-1 in K, +1 in K′), which results in the

coupling to the same helicity of the circularly polarized photons i.e. right-handed

σ+ in K and left-handed σ− in K′ as can be seen in Fig 1.5 (a). Such property allows

for selective addressing or readout of signal from the opposite valleys via the use

of circularly polarized light [Yao 2008, Xiao 2012, Xu 2014, Yu 2015, Stier 2016],

which lead the scientific community to investigate the potential valleytronics ap-

plications [Xu 2014, Schaibley 2016, Liu 2019b, Ciarrocchi 2022]. The remaining

two configurations of sub-bands yield spin-forbidden excitons, called dark excitons,

with ∆Jz = 0 and ∆Jz = ±2. The ∆Jz = ±2 excitons are optically inactive due to

mismatch with the photon angular momentum of ±1. The ∆Jz = 0 (denoted as D

in Fig. 1.5 (a)) however is not entirely dark, as it does have a dipole moment in the

out-of-plane direction (z) and thus is linearly polarized in this direction. Therefore,

it is not observed in the standard experimental conditions (excitation and detec-

tion perpendicular to the TMD plane), however can be accessed by excitation and

detection from the edge, parallel to the TMD plane [Wang 2017a].

Moreover, two types of TMD materials can be distinguished, i.e. “bright”TMDs

and “dark” TMDs which are characterized by the opposite sign of the SOC in

the conduction band, resulting in reversed band ordering, as shown in Fig. 1.5 (a)

and (b). In “bright” TMDs (MoSe2, MoTe2), the lowest energy exciton is opti-

cally bright (A exciton). Conversely in “dark” TMDs (WSe2, WS2), the ground

state is an optically dark exciton (D). The categorization of MoS2 material is on

the other hand slightly controversial as different theoretical calculations pointed

to different band ordering [Qiu 2015, Echeverry 2016, Deilmann 2017, Malic 2018],

however experimental studies suggested, that it may actually belong to the dark

category [Robert 2020]. One of the consequences of the “bright” or “dark” band

ordering is the impact on the ability to retain the injected valley-selective excitons

i.e. valley polarization for time periods that allow its effective control. Despite

the large separation of the K/K′ valleys in the momentum-space, the TMDs nev-

ertheless are prone to several depolarization processes such as intervalley spin-flip

scattering [Schmidt 2016a, Wang 2014, Song 2013, Ochoa 2013, Lu 2013, Dey 2017,

Kim 2017] and intervalley exchange interaction [Xiao 2012, Zeng 2012, Zhu 2014b,

Yu 2014a, Yu 2014b, Wang 2015c, Plechinger 2016, Dery 2016, Schmidt 2016b,

Hao 2017, Yan 2015] which tend to quickly equalize the exciton populations between

the two valleys and hence reduce the valley polarization. Studies on different TMDs

have shown, that the “dark” TMDs such as WSe2 and WS2 are better at retaining

the injected valley polarization in contrast to the “bright” MoSe2 system in which

the long-term polarization is hardly obtained. The mechanism responsible for this

difference was identified to be precisely the presence of the lower energy long-lived

dark exciton state, which acts as the reservoir for the higher lying bright excitons,

thus limiting the effects of depolarization [Baranowski 2017, Tornatzky 2018].

In addition to the bright A and B excitons located in the K/K′ valleys, higher
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energy bright transitions, referred to as C excitons can also be found [Arora 2015,

Hanbicki 2015, Frisenda 2017, Li 2018]. These are band-nesting excitons, which

form along the K − Γ direction in the Brillouin zone as depicted in Fig. 1.5 (c). All

three transitions can be observed in absorption-type optical measurements such as

differential reflectivity, as shown in Fig. 1.5 (d). In photoluminescence, usually only

the lowest energy A exciton is visible due to the efficient energy relaxation.

Figure 1.5: (a) and (b) Schematics of the electronic structure at the K/K′ valleys

for the case of “bright” (a) and “dark” (b) TMDs characterized by reversed band

ordering in the conduction band due to opposite sign of the SOC splitting (∆CB).

The arrows and values denote the electron spin orientation and projection of the

total angular momentum Jz of the electronic bands, respectively. A and B denote

the spin-allowed bright excitons with the total angular momentum change of ∆Jz
of -1 in the K valley and +1 in the K′ valley. σ+ and σ− denote the polarization

of the absorbed/emitted photon. D denotes the spin-forbidden dark exciton with

∆Jz = 0, which is polarized in the out-of-plane (z) direction. (c) Calculated band

structure of WS2 monolayer with marked A, B and C excitonic transitions. (d)

Differential reflectance spectrum of a monolayer WS2 showing resonances at energies

corresponding to transitions of A, B and C excitons. Panels (c) and (d) are adapted

from Refs. [Li 2018] and [Frisenda 2017], respectively.



1.4. Excitons in TMDs 13

1.4.2.2 Complex excitonic particles

In addition to the neutral excitons, composed of one electron and one hole, more

complex excitonic particles can form in semiconductors characterized by strong

Coulomb interactions, such as TMDs. Three-particle complexes i.e. an exciton

plus an additional charge carrier, either electron or hole, are referred to as charged

excitons or trions. In suitable conditions, higher number of particles can bind to-

gether to form even more complex excitons such as 4-particle biexciton (bound state

of two excitons), or five-particle charged biexciton. The binding of additional parti-

cles lowers the total energy of the excitonic complex due to the Coulomb interaction.

The energy offset between the simplest neutral exciton and the more complex ex-

citons is known as dissociation energy and it constitutes the energy necessary to

remove the excess charge carriers from the exciton. Fig. 1.6 shows the schematic

visualization of the several types of neutral and negatively charged excitonic com-

plexes as well as the occupation of the constituent charge carriers in electronic

bands in TMDs. Panels (a-d) show the general depiction of the different complexes

as n-particle states. Panels (e-l) depict the configurations of charge carriers for the

lowest energy versions of the excitonic complexes for the “dark” (e-h), and “bright”

(i-l) band orderings. The “dark” band ordering offers multiple possible configura-

tions which yield stable excitonic complexes. Panel (e) depicts a neutral exciton,

which forms between an electron in the higher conduction band and the hole in the

top valence band in one of the valleys. Charged excitons (trions), shown in panel

(f) present an interesting case as the special electronic structure of TMDs allows for

formation of different types of trions. The energetically lowest and optically bright

trions can be either intravalley singlet (electron spins – ↑↓) T−
S or intervalley triplet

(electron spins – ↑↑) T−
T , which slightly differ in dissociation energy. The neutral

biexciton, depicted in panel (g), is a bound state of a bright exciton (X) in one of

the valleys and the low energy optically dark (D) exciton in the other valley, form-

ing the so called XD complex. The photon emission from the XD complex results

from recombination of the spin-allowed X transition, which leaves behind the dark

exciton. Similarly, the charged biexciton, shown in panel (h), is the bound state of

an intravalley singlet trion (TS) in one valley and the dark exciton in the opposite

valley forming a TD complex. The described variety of excitonic complexes are

commonly observed in materials like WSe2 [Ye 2018b, Barbone 2018, Lyons 2019]

and WS2 [Plechinger 2016, Vaclavkova 2018, Conway 2022].

In case of the “bright” TMDs, in comparison, the spectrum of stable excitonic

complexes is less diverse. Neutral exciton, shown in panel (i), similarly forms be-

tween the spin-adequate bands i.e. top of the VB and bottom of the CB. The lowest

energy singlet and triplet trions, depicted in panel (j), on the other hand, are char-

acterized by the opposite valley configuration with respect to the “dark” TMDs i.e.

the singlet trion is an intervalley state, with the excess electron in the corresponding

band of the other valley, while the intravalley triplet trion involves two electrons

in the same lowest conduction band in a single valley. Consequently, the triplet

trion TT is an unbound state due to repulsive interactions between the electrons
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Figure 1.6: Schematic drawings of excitonic complexes: neutral exciton (a), nega-

tively charged exciton (trion) (b), biexciton (c) and negatively charged biexciton (d).

Schematic drawings of the lowest energy excitonic complexes within the electronic

structure of “dark” TMDs: (e) neutral exciton in the K valley, (f) two optically

active negatively charged excitons (trions) – 1. intravalley spin-singlet (↑↓) trion

TS and 2. intervalley spin-triplet (↑↑) trion TT , (g) biexciton XD forms from an

exciton in one valley (X) and dark exciton (D) in the opposite valley, (h) charged

biexciton TD forms between a spin-singlet trion (TS) in one valley and a dark ex-

citon (D) in the opposite valley. The wavy arrow denotes the recombining e-h pair

resulting in photon emission. Schematic drawings of the lowest energy excitonic

complexes within the electronic structure of “bright” TMDs: (i) neutral exciton in

the K valley, (j) Optically active intervalley spin-triplet (↑↑) trion TT (intravalley

spin-singlet (↑↑) trion TS is unbound). (k) Biexciton XX (l) Charged biexciton XT.

The wavy arrow denotes the recombining e-h pair resulting in photon emission.

[Tempelaar 2019] in the same valley and thus only the intervalley singlet exciton TS

contributes to the excitonic spectrum. The neutral and charged biexcitons, shown

in panels can form simply between two excitons in the two valleys (XX) in case

of neutral biexciton (panel (k)) and an exciton and trion in the two valleys (XT)
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in case of the charged exciton (panel (l)). However, these two states are not very

stable, which is in contrast to the biexcitons in “dark” TMDs, which incorporate a

long-lived low-energy dark state. They are therefore not observed in the photolu-

minescence spectra [Ross 2013, Shepard 2017, Ye 2018a]. On the other hand, they

can be detected in other types of measurement such as photoluminescence upconver-

sion [Jadczak 2023] or polarization-resolved two-dimensional coherent spectroscopy

[Hao 2017].

The spectrum of positively charged excitons, in both “bright” and “dark” TMDs,

is much simpler, which is related to the large valence band splitting in the range

of hundreds of meV. Thus effectively only the top valence band edges contribute to

trion formation so that only intervalley singlet trions (hole spins – ↑↓) form.

1.4.2.3 Interlayer excitons

Layer degree of freedom in multi-layer homostructures (all layers of the same ma-

terial) or heterostructures (layers of different material) provides the possibility for

formation of spatially indirect, interlayer excitons (IXs). In homobilayer TMD

structures (e.g. MoSe2/MoSe2), due to the energy degeneracy (same material of

both layers), there is no preference for the accumulation of the electrons and holes

in either layers, hence IXs of both configurations i.e. IX and IX′ can both exist

simultaneously [Arora 2017, Gerber 2019, Hagel 2022, Feng 2024]. Fig. 1.7 (a) and

(b) present the schematic drawing of a homobilayer TMD electronic structure (panel

(a)) and real space (panel (b)) featuring both intralayer excitons (X, X′), confined

within individual layers, and the two interlayer excitons (IX, IX′), where the charge

carriers are separated between the two layers. Here the notprime and prime corre-

spond to the layer degree of freedom. The spatial separation of the charge carriers

results in a static dipole moment directed out-of-plane – opposite for IX and IX′.

Heterobilayers (e.g. WSe2/MoSe2), on the other hand, usually exhibit a type II

band alignment, which results in the charge transfer of the electrons and holes to

the more energetically favourable layer, as depicted in panel (c) of Fig. 1.7. The pref-

erential electron and hole occupation of the energy states of opposite layers imposes

the specific orientation of the dipole moment [Jauregui 2019, Tran 2019, Choi 2021,

Nayak 2017, Baek 2023, Sokolowski 2023, Luong 2017, Hagel 2021, Okada 2018,

Tebyetekerwa 2021, Montblanch 2021, Yuan 2020, Li 2020a, Chen 2023, Yu 2020,

Zhang 2020a, Ma 2021, Cho 2021, Khestanova 2023], as also shown in the real space

schematic in Fig. 1.7 (d).

Additionally, in some structures of homo- and heterobilayers the Γ point tends to

be strongly hybridized between the adjacent layers [Wilson 2017, Paradisanos 2020],

which leads to delocalization of the hole between the layers. If the hybridized Γ point

is higher in energy than the K/K′ a charge transfer of the holes to the favourable

hybridized Γ point is enabled. Interlayer hybridized (IXH/IX′
H) excitons, here K-Γ,

can then form between the delocalized hole and the electron in one of the layers as

depicted in Fig. 1.7 (e) and (f).

Moreover, IXs can be further categorized in relation to the relative position of the
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Figure 1.7: (a) Band alignment in a TMD homobilayer. X/X′ and IX/IX′ denote

the intralayer and interlayer excitons. (b) Real space schematic of the intralayer

(X/X′) and interlayer excitons (IX/IX′) in a TMD homobilayer. (c) Band alignment

of a TMD heterobilayer (e.g. WSe2/MoSe2). Formation of only one IX is favoured

due to the band alignment and the resulting charge transfer of electrons (blue

arrow) and holes (red arrow). (d) Real space schematic of intralayer and interlayer

excitons in a TMD heterobilayer. (e) Interlayer hybridized excitons (IXH/IX′
H) in

a TMD bilayer with the Γ point hybridized between the layers. (f) Real space

schematic of interlayer hybridized excitons. The hole at the Γ point is delocalized

between the layers. (g) Different possible interlayer excitons in a bilayer TMD:

IXK-K – momentum-direct IX; IXQ-K, IXK-Γ, IXQ-Γ – momentum-indirect IXs. (h)

Reflectivity contrast spectra as a function of out-of-plane electric field in a MoS2

homobilayer. A, B and IL are the A exciton, B exciton and interlayer exciton

resonances, respectively. (i) Photoluminescence spectra as a function of out-of-plane

electric field of the interlayer hybridized exciton IXK-Γ and its phonon replicas in a

homobilayer MoSe2. Panel (h) and (i) are adapted from Refs. [Peimyoo 2021] and

[Sung 2020], respectively.
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charge carriers in the momentum space into the momentum-direct or momentum-

indirect IXs. Fig. 1.7 (g) depicts the band edges that can be involved in for-

mation of IXs: K and Q points for the electrons and K and Γ points for the

holes. Which types are preferentially formed in a given structure depends on the

TMD materials that compose it, specifically depending on the energy offsets of the

band edges in the electronic structure. For example, homobilayers of MoSe2 and

MoS2 feature both momentum-direct IXK-K and momentum-indirect (hybridized)

IXK-Γ IXs [Sung 2020, Kovalchuk 2023, Feng 2024, Shimazaki 2020, Peimyoo 2021,

Leisgang 2020, Lorchat 2021]. On the other hand, in WSe2 and WS2 homobilayers

usually only the momentum-indirect IXK-Q or IXQ-Γ are experimentally observed

[Wang 2018b, Huang 2022b, Brem 2020, Zhu 2014a, Tan 2019, Yan 2019].

Interlayer excitons endowed with a static out-of-plane dipole moments i.e. dipo-

lar excitons respond to the application of the out-of-plane electric field with the

field-induced energy shift due to the Quantum Confined Stark Effect (QCSE)

[Miller 1984]. The dipolar states in TMDs are characterized by the first order Stark-

shift [Jauregui 2019] which results in the linear dependence of the energy shift as a

function of the applied electric field through the relation:

∆E = −edLEz, (1.10)

where −edL is the dipole moment (e - elementary charge, dL - dipole length).

The sign of the energy shift (i.e. red shift or blue shift) depends on whether the

dipole is parallel or anti-parallel to the Ez vector meanwhile the slope of the en-

ergy shift is proportional to the value of the dipole moment. The dipolar IXs in

TMDs can be therefore easily tuned via the use of an external out-of-plane elec-

tric field [Wang 2018b, Peimyoo 2021, Liu 2020b, Tagarelli 2023, Tagarelli 2023].

Fig. 1.7 (h) presents an example of the electric field tuning of the interlayer exciton

state (measured in reflectivity contrast) in a homobilayer MoS2 [Peimyoo 2021].

For one direction of the electric field, due to presence of the IXs with both dipole

moments orientation, the applied field splits them into a linearly red shifting (∼IX)

and blue shifting (∼IX′) branch. For the opposite direction of the electric field,

the energy shift sign of the IX and IX′ is reversed. Fig. 1.7 (i) shows an example

of a momentum-indirect interlayer hybridized IXK-Γ in a homobilayer MoSe2. The

false color map shows the photoluminescence intensity as a function of electric field,

on which several PL peaks related to phonon replicas of the IXK-Γ state can be

observed. Here only the low energy red shifting branches for both field directions

are optically active due to the nature of the photoluminescence experiment.

The dipole length, i.e. the separation of the charges, which determines the

slope of the energy shift can be approximated by the interlayer distance of a bi-

layer structure [Jauregui 2019, Sung 2020], although in some cases the dipole length

values are found to be below the value of interlayer distance [Peimyoo 2021]. The

divergence is related to the not pure interlayer character stemming from the possible

interlayer carrier tunneling, which hybridizes intralayer and interlayer states. This

is especially prominent in the case of the earlier mentioned interlayer hybridized
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IXK-Γ (delocalized hole), which e.g. in MoSe2 homobilayer are found to exhibit an

effective dipole length of around half the value of that of the IXK-K [Sung 2020].

1.4.3 Excitons and free carrier doping

Formation of the charged excitonic complexes introduced earlier requires the pres-

ence of excess free carriers that can bind with the excitons. If the sample exhibits

an excess of free electrons in the conduction band (n-doping) then formation of

negatively charged complexes is enabled whereas the excess of free holes (p-doping)

allows for formation of positively charged complexes. The amount of the excess car-

riers can be expressed in terms of the density of free carriers or by the Fermi energy

– EF . In case of excess electrons, EF corresponds to the energy of an electron at

the Fermi level µ relative to the lowest level in the conduction band (Ec0):

EF = µ− Ec0. (1.11)

At the absolute zero temperature, the Fermi energy corresponds exactly to the

highest lying electron which at the same time is the kinetic energy ℏ2k2
me

(see Eq. 1.1)

of that electron as can be seen in Fig. 1.8 (a). Due to fermionic nature of electrons,

all states below µ are occupied. At non-zero temperatures, a part of the electrons

lie above µ, due to thermal excitation and their distribution is described by the

Fermi-Dirac statistics [Zannoni 1999, Dirac 1926]

Fig. 1.8 (b) and (c) show the doping dependence (induced via application of

gate voltage) of the excitonic spectrum (photoluminescence) of a monolayer WSe2
and monolayer MoSe2 [Lin 2022], respectively. For positive/negative gate voltages,

the samples are tuned into n-doping/p-doping regimes. In the n-doping regime,

monolayer WSe2 exhibits two negatively charged exciton features related to singlet

and triplet trions, meanwhile MoSe2 shows only one feature related to spin sin-

glet trion as expected for the “dark” and “bright” TMDs (see section 1.4.2.2). In

the p-doping regime, both materials show only one positively charged trion feature

as only one valence band of the opposite valley can contribute the excess holes.

Fig. 1.8 (d) and (e) present the doping dependent energies of the exciton and trion

features (panel (d)) as well as the relative energy distance between the two (panel

(e)) in a monolayer MoS2 [Mak 2013]. The data show that increasing of the Fermi

energy results in the red shift of the trion and blue shift of the exciton (panel

(d)). The synchronous energy shift of X and T energies, aside from their splitting

described below, can be attributed to doping-related effects such as exciton en-

ergy renormalization due to screening of Coulomb interaction by the excess carriers

[Chernikov 2015, Lundt 2018, Zhao 2020]. At the same time, the energy separation

between the two transitions maintains a linear dependence on the Fermi energy

(panel (e)). The simple explanation for this effect stems from the phase space fill-

ing effect i.e. occupation of the available energy states by the excess electrons as

depicted in Fig. 1.8 (a), which defines the Fermi energy. In the few-particle picture

of the exciton and trion, the neutral exciton can be treated as an ionized trion. The

ionization i.e. removal of the extra electron (which happens during recombination
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of the “exciton part” of the trion) requires the left behind electron to be moved into

the surface of the Fermi sea (i.e. the lowest available energy state in the conduction

band). The Fermi energy denotes the lowest available state for the electron and

hence the separation of the exciton and trion energy should scale linearly with the

Fermi energy [Huard 2000, Mak 2013]:

EX − ET = ET
B + αEF , (1.12)

where ET
B is the dissociation energy of trion (at infinitesimally small doping – EF ≈

0) and α is the proportionality factor.

Figure 1.8: (a) Schematic depiction of the free electron gas in the conduction bands

of the K/K′ valleys (blue shaded area) and the electrons (blue circles) occupying the

states up to the Fermi level µ. The Fermi energy (EF ) corresponds to the kinetic

energy of the highest energy electron in the electron gas and the energy between

the bottom of the conduction band (Ec0 to the Fermi level. (b) and (c) Doping

dependence of photoluminescence of monolayer WSe2 (b) and MoSe2 induced via

application of gate voltage. (d) and (e) Exciton and trion energies shift (d) and the

their energy separation (e) for monolayer MoS2 as a function of Fermi energy. The

linear fit in panel (e) has a slope of α = 1.2. Panels (b) and (c) are adapted from

Ref. [Lin 2022] and panels (d) and (e) from Ref. [Mak 2013].
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1.4.3.1 Fermi polarons

An alternative approach to the standard description of excitonic quasiparticles

as few-particle states, is the many-body description of excitons as Fermi po-

larons [Sidler 2017, Efimkin 2017, Glazov 2020, Wagner 2020, Liu 2021, Muir 2022,

Huang 2023]. This approach takes into account the direct interaction of the exci-

tons and the 2D electron or hole gases, which are present in TMD systems and is

therefore important for thorough understanding of excitonic physics in the presence

of Fermi gases. In this view, the excitons are treated as mobile impurities within

the Fermi sea, which interact with it via attractive and repulsive interaction, which

gives rise to the attractive polaron (AP) and repulsive polaron (RP) branches –

counterparts to the trion and exciton in the low doping limit, respectively, as de-

picted in Fig. 1.9 (a) [Sidler 2017].

Figure 1.9: (a) Schematic depiction of attractive polarons – AP (left) and repul-

sive polarons –RP (right) and their interaction with the electrons in the Fermi sea.

(b) Energy of the exciton/RP (EX) and trion/AP (ET ) as a function of Fermi

energy. (c) Fermi-polaron picture of attractive polarons in “dark” TMDs. Intraval-

ley/intervalley interaction of excitons with Fermi sea in the same/opposite valley

corresponding to two attractive polarons. (d) Few-particle picture of the intraval-

ley singlet and intervalley triplet trions. Trion states in (d) correspond to the AP

states in (c) in the low doping limit. Panels (a) and (b) are adapted from Refs.

[Sidler 2017, Huang 2023], respectively, and panels (c,d) from Ref. [Glazov 2020].

The red shift of the AP (trion) and blue shift of the RP (exciton), depicted in

Fig. 1.9 (b) [Huang 2023] and their relative splitting, (as well as oscillator strengths

and line widths) as a function of the Fermi energy can be explained by the sum

of effects of renormalization of exciton and the polaronic dressing [Sidler 2017] ac-

counted for in the Fermi polaron picture. The exciton renormalization accounts

for the modification of exciton energy and oscillator strength, meanwhile the po-

laronic dressing leads to the relative behaviour, including the linear splitting as
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a function of Fermi energy [Huang 2023]. The predicted proportionality factor α

in Eq. 1.12 takes the value of 3/2, related to the inverse reduced mass of exciton-

electron [Efimkin 2017], which corresponds also to the trion/exciton mass ratio

(2me+mh
me+mh

≈ 3/2, due to comparable effective masses of electron and hole in TMDs

me ≈ mh [Kormányos 2015]).

It was argued however, that many effects, even up to moderate doping levels re-

garding the properties of the attractive polarons (trions) can actually be explained

equally well within both Fermi-polaron (Fig. 1.9 (c)) and trion (Fig. 1.9 (d)) frame-

works [Glazov 2020]. On the other hand, some properties such as the exchange

interaction and its influence on the fine structure of excitons and trions substan-

tially differ for the two approaches. Namely, in the few-particle picture, the trion

does not exhibit fine structure splitting (e.g. in the presence of the symmetry mod-

ifying factors such as anisotropic strain fields) due to effectively nullified exchange

interaction. Conversely, in the Fermi polaron description, the attractive polaron re-

tains the exchange interaction characteristic for the neutral exciton [Iakovlev 2023].

Results presented in chapter 3 of this thesis, required taking into account the more

advanced Fermi-polaron description to understand the observed phenomenon of the

strain induced lifting of the degeneracy of a charged exciton state.





Chapter 2

Experimental Techniques

2.1 Optical spectroscopy

Optical spectroscopy is a powerful tool that allows to gain insight into the optical

and vibronic properties of the solid materials. It relies on the analysis of the spec-

trum of light either transformed due to interaction with the material or emitted

by the material itself. It usually requires initial illumination with a light source,

the interaction of which with the medium can be described in several general steps

[Fox 2010]. Firstly, at the interface of the material, part of the illuminated light

can be reflected from the surface. This depends on the reflectivity coefficient (R),

which is generally defined as the ratio of the reflected to initial intensity of the light.

Passing the interface, during propagation through the medium, the light undergoes

refraction i.e. decrease of the velocity and bending, which is defined by the refrac-

tive index (n). Light can also be scattered i.e. redirected due to interaction with

local inhomogeneity in the refractive index caused e.g. impurities (Rayleigh scat-

tering) or the vibrations of lattice i.e. phonons (Raman scattering). Moreover, if

the wavelength of light is resonant with electronic transitions of the material (such

as atomic, vibronic or electronic transitions), the light can be absorbed, which can

be quantified by the absorption coefficient (α). Finally, in the case of sufficiently

thin or transparent samples, part of the light can be transmitted (described by

transmitivity T ), leaving the material from the opposite side. All these interactions

are governed by the intrinsic optical properties of the investigated material, that

can be described, in particular, by the wavelength-dependent complex dielectric

permittivity ϵ̃ = ϵ1 + iϵ2, which is determined by the electronic band structure of

the material.

Analysis of the spectrum of light transformed by the interaction with the ma-

terial can therefore be utilized to obtain information about the energetic structure

of the material [Fox 2010]. Furthermore, in the aforementioned process of light ab-

sorption, the absorbed energy is subsequently released, usually in the form of lattice

vibration i.e. heat or re-emitted via the process of luminescence, which is a general

term for the spontaneous photon emission due to energy relaxation from an excited

state. Analysis of the emission spectrum provides further information about the

opto-electronic structure of the investigated material. Similarly, the interaction of

the light with phonons in Raman scattering event can provide information about

the phonon spectrum of the investigated system, which can be utilized for example

as a probe for strain in strain engineering applications.
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2.1.1 Reflectivity

Reflectivity is one of the most commonly used absorption-type spectroscopy tech-

niques providing insight into the opto-electronic properties of semiconductors. It

relies on the analysis of the spectrum of light reflected from the surface of the

measured material. It depends on the complex refractive index of the material

ñ = n + iκ, where n is the refractive index of the medium and κ is the extinction

coefficient. These coefficients are related to the complex dielectric permittivity via

relations:

ϵ1 = n2 − κ2,

ϵ2 = 2nκ.
(2.1)

The general formula for the reflectivity (R), in the simplest form (assuming per-

pendicular incidence on the sample and disregarding polarization of light), can be

written as

R =

∣∣∣∣ ñ− 1

ñ + 1

∣∣∣∣2 =
(n− 1)2 + κ2

(n + 1)2 + κ2
. (2.2)

The extinction coefficient, which describes the attenuation of light propagating in

the medium is directly related to the absorption coefficient (α) via relation

α =
4πκ

λ
, (2.3)

where λ is the free space light wavelength. This shows that optical response of the

material in the form of both reflection and absorption are governed by the same set of

material parameters. In this case, the absorption spectrum can be indirectly probed

by reflectivity, which is often the easiest measurement to realize experimentally as

it does not require the sample to be sufficiently thin and/or transparent.

It is possible to calculate the absorption spectrum based on measured reflectivity

by first deducing κ(ω) based on Eq. 2.2 and then applying the relation from Eq. 2.3.

The dependence on both n and κ can be untangled by using the Kramers-Kronig

relations, which describe the inter-dependence of the two parameters [Fox 2010]:

n(ω) = 1 +
1

π
P

∫ ∞

−∞

κ(ω′)

ω′ − ω
dω′, (2.4)

κ(ω) = − 1

π
P

∫ ∞

−∞

n(ω′) − 1

ω′ − ω
dω′, (2.5)

where P is the Cauchy principal value.

At the energies corresponding to electronic or excitonic transitions, the complex

refractive index changes abruptly when incident photons are absorbed. This leads

to the appearance of characteristic resonances in the reflectivity spectrum, which

can be modeled by dipole oscillators characterized by certain natural frequencies

[Fox 2010]. Since the reflected spectrum is essentially a transformed spectrum of the

initial illuminating light, it is most often useful to analyse relative reflectivity instead
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of raw reflectivity spectra, to avoid source-related artifacts. Relative reflectivity is

created relative to the spectrum of the initial illuminating spectrum i.e. reference

R0 and analysed in the form of either reflectivity divided by reference R/R0 or

reflectivity contrast (R−R0)/R0. The latter is especially useful for analysis in case of

thin (d << λ) and layered structures such as TMD flakes deposited on substrates in

order to calculate the absorption coefficient. Analysing the experimentally obtained

reflectivity in the (R−R0)/R0 form allow for valid approximations that reduce the

complexity of the expression for multi-layered structures related to their thicknesses

and reflections at the interfaces influencing the shape of the reflectivity spectrum

[McIntyre 1971]. A detailed calculation of the parameters of such samples can

be performed e.g. by the transfer matrix method [Hecht 2012, Robert 2018]. In

some cases, it is useful to calculate a 1st, or higher order derivative of the relative

reflectivity to identify or accentuate weak spectral features.

In the semiconductor systems, concerned in this thesis, the optical response is

dominated by the excitonic effects, described in more detail in section 1.4. Fig. 2.1

shows exemplary reflectivity spectra of a monolayer MoS2 deposited on Si substrate

in the form of R/R0 and 1st derivative of R/R0 with three observable resonant

features originating from excitonic transitions in MoS2, namely the charged exciton

(XT ), neutral A exciton (X0) and B exciton (XB).

Figure 2.1: Exemplary photoluminescence and reflectivity spectra of MoS2 on Si

substrate: the reflectivity in the form of R/R0 (brown curve) and its 1st derivative

(red curve) are shown. The PL spectrum (black curve) was fitted with 3-peak

Lorentz function to the three visible peaks assigned to charged exciton (XT), neutral

A exciton (X0) and B exciton (XB), with the individual fitted peaks plotted in dotted

lines. The resonances in the reflectivity spectrum match the peak positions of the

photoluminescence spectrum.
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2.1.2 Photoluminescence

Photoluminescence (PL) refers to the event of luminescence, which was initiated by

optical excitation (photo-excitation), while luminescence is a general term for spon-

taneous radiation of emission. The first step for realization of PL is the excitation

of the emitting material, e.g. semiconductor, from the ground state into an excited

state. The excitation - here via absorption of the incident photon energy - generates

a pair of charge carriers - electron and hole. The electron is elevated to higher en-

ergy level, which leaves behind an empty state - the hole. This event is also referred

to as the creation of an electron-hole pair. After excitation, the carriers (both elec-

tron and holes) undergo thermal relaxation to the lowest energy available states.

In semiconductors, this is usually bottom of the conduction band for the electrons

and top of the valence band for the holes. The thermal relaxation processes i.e.

scattering with phonons, are very efficient and happen on very short timescales on

the order of 100 fs [Fox 2010]. After a while, the electron-hole pairs can recombine,

i.e. return to the ground state, which is also referred to as the annihilation of an

electron-hole pair. The recombination can be divided into two types i.e. radiative

and non-radiative. (i) In radiative recombination, the energy of the electronic tran-

sition is released by emission of a photon - luminescence. The characteristic mean

time after which the event of emission takes place is the radiative lifetime τr. The

values of τr tend to be much longer as compared to the relaxation processes, on the

order of nanoseconds [Fox 2010] in epitaxial semiconductors or picoseconds in the

case of TMDs at low temperature [Palummo 2015, Robert 2016]. This leaves suffi-

cient time window for the carriers to thermalize, hence the observable luminescence

predominantly originates from the fundamental (lowest energy) transitions in the

material. (ii) In non-radiative recombination, the energy is released usually in the

form of heat i.e. emission of phonons. Alternatively the non-radiative recombina-

tion can result in energy transfer to the so called trap states (defects, impurities)

or to excite a neighbouring carrier to a higher energy level (Auger recombination

[Li 2012]). The mean time for non-radiative recombination, not taking into account

the specific origin, can be described by an analogous parameter of non-radiative

recombination lifetime τnr.

The dynamics of the system returning to the ground state via radiative and

non-radiative events can be described via the general relation:

1

τ
=

1

τr
+

1

τnr
, (2.6)

where 1
τ is the rate of the transition from the excited to ground state.

The different emission origins can be additionally divided into monomolecular

and bimolecular processes [Pelant 2012]. The monomolecular recombination in-

volves a single particle or quasi-particle. It is characteristic of the emission from

localized centers such as local defects/impurities or excitons in which the electron

and hole are correlated via Coulomb attraction and hence cannot be treated as

independent particles (see section 1.4.1). The dynamics of monomolecular process
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is determined by concentration (N) of the recombination centers (or population in

case of excitons) which can be described via the relation:

dN(t)

dt
= G− N

τr
− N

τnr
= G− N

τ
, (2.7)

where G is the generation term, which can be approximated as the product of

excitation intensity and absorption coefficient G = αIexc, where Iexc denotes the

number of photons per unit of area and time. The decay of the monomolecular

luminescence (i.e. after switching off the excitation – G = 0 at time t = 0) can be

then written as:
dN(t)

dt
= −N

τ
, (2.8)

with solution in the form of N(t) = N(0)e−t/τ . The resulting time dependence of

luminescence decay takes form of a mono-exponential decay:

I(t) =
N(t)

τr
=

N(0)

τr
e−t/τ = I(0)e−t/τ . (2.9)

In the steady state conditions (usually acquired by using a continuous wave (cw) ex-

citation source) i.e. when the generation and recombination reaches an equilibrium

(dN(t)
dt = 0) resulting in constant luminescence intensity, the Eq. 2.7 then reads:

G =
N(0)

τr
+

N(0)

τnr
= I(0) +

N(0)

τnr
. (2.10)

Relating the generation term directly to the excitation intensity via G = αIexc, we

can obtain the luminescence intensity as a function of the excitation in the form:

I(0) = G− N(0)

τnr
= αIexc −

τr
τnr

I(0). (2.11)

From the above equation we can obtain the proportionality I(0) ∝ Iexc, which shows

that the monomolecular luminescence intensity is a linear function of the excitation

intensity.

The bimolecular recombination involves two independent particles. An exam-

ple of the bimolecular process in semiconductors is the recombination of the free

electron-hole pairs i.e. the direct band-to-band transitions. For such an event to

take place, a free electron in CB and a free hole in VB must randomly encounter

each other so that their wave functions overlap considerably. The recombination is

thus proportional to the product of free electron (n) and free hole concentrations

(p) as described in the relation:

dn(t)

dt
= G− βnp. (2.12)

The β parameter is the bimolecular recombination coefficient, which includes both

the radiative and nonradiative terms – β = βr + βnr. In the simple case of an

intrinsic semiconductor (where n = p), the above equation reads:

dn(t)

dt
= G− βrn

2 − βnrn
2 = G− βn2, (2.13)



28 Chapter 2. Experimental Techniques

where the βrn
2 and βnrn

2 denote the radiative (luminescence) and nonradiative

recombination terms. The decay of a bimolecular process (G = 0 at t = 0) can be

obtained from the above equation as:

dn(t)

dt
= −βn2. (2.14)

The solution of this equation, following the substitution of 1
n = x and boundary

conditions of n(t = 0) = n(0), reads:

n(t) =
n(0)

βn(0)t + 1
. (2.15)

The time dependence of the the luminescence intensity I(t) taken as I(t) = βrn
2(t)

can be then deduced as:

I(t) =
βrn

2(0)

(βn(0)t + 1)2
=

I(0)

(βn(0)t + 1)2
=

I(0)

( β√
βr

√
I(0)t + 1)2

. (2.16)

As can be seen from the above equation, in contrast to the monomolecular process

whose decay is a monoexponential function, here the decay is a power-law function

– approximately proportional to t−2 at longer times.

In the the steady state conditions (dn(t)dt = 0), the Eq. 2.13 gives:

I(0) = βrn
2(0) = G− βnrn

2(0) = G− βnr
I(0)

βr
. (2.17)

By assuming that the generation term G = αIexc and transforming the above

equation into:

I(0) =

(
βr

βr + βnr

)
G =

(
βr

βr + βnr

)
αIexc, (2.18)

we obtain the linear dependence of the luminescence intensity on the excitation

intensity, similar as in the monomolecular process. It is worth noting however, that

in excitation conditions which do not result in obtaining of the steady state, e.g.

when using excitation with very short pulses, the dependence may become quadratic

instead of linear [Pelant 2012]. This is due to the bimolecular recombination prob-

ability being proportional to the square of the electron-hole pair density.

Focusing specifically on the radiative recombination, there are several possible

(both monomolecular and bimolecular) channels which can result in the photon

emission such as: recombination of free electron-hole pairs, free excitons, free exci-

tons with emission of LO phonons, bound excitons (e.g. bound to donor or acceptor

states), excitonic complexes (e.g. trions, biexcitons) or defect-related such as donor-

acceptor pairs or free electrons/holes with neutral acceptor/donor [Pelant 2012].

Among them, the most illustrative for the overall picture in semiconductor systems

are the free electron-hole pair, excitonic and defect emission, which are schemati-

cally presented in Fig. 2.2.
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Figure 2.2: Typical radiative recombination types in semiconductors. (a) Band to

band recombination in direct band gap semiconductors, (b) Excitonic recombina-

tion. Here the |n⟩ denotes the number in the exciton Rydberg series (|0⟩ being the

ground state) and |∞⟩ corresponds to the free-particle limit continuum. (c) defect-

related emission: (i) donor-acceptor, (ii) band-acceptor, (iii) donor-band. Here x

(horizontal axis) denotes the spatial coordinate.

The free electron-hole pair (direct band to band) recombination emission (see

Fig. 2.2 (a)) entails the recombination between the free electrons in CB and free

holes in VB. As mentioned, this type of recombination belongs to the bimolecular

process category since it requires interaction of two independent particles. The

energy of the emitted photon is equal to the energy difference between the electron

state in CB (E2) and hole in the VB (E1), satisfying the law of conservation of

energy:

Ephoton = E2 − E1. (2.19)

In direct band gap semiconductors, the lower limit of the photon energy is thus

naturally the value of the electronic band gap - Eg. Additionally, the radiative

transition must meet the condition of conservation of the quasi-momentum ℏk.

Since the photon momentum ℏkphoton is very small (kphoton ≈ 10−3a−1
0 , where a0 is

the crystal lattice parameter) compared to the range of electronic band structure

dispersion E(k), the optical transitions can take place only if the wave vectors of

the electron and hole have practically the same value i.e. ke = kh. Such transition

between the two bands can be drawn as a vertical arrow, as depicted in Fig. 2.2 (a).

The PL spectrum resulting from the combination of transitions at different k-values

is the convolution of the density of states and thermal distribution of the carriers.

At low temperatures, due to the efficient thermal relaxation of the free carriers,

most free electrons and holes will predominantly recombine in the vicinity of the

band edges at k = 0.

The excitonic (see more details on excitons in section 1.4) recombination, pre-

sented schematically in Fig. 2.2 (b), is a monomolecular process since the electron

and hole constituting an exciton are correlated and act as a single quasi-particle.
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Since the movement of the electron and the hole are correlated in an excitonic parti-

cle, the momentum is expressed in terms of the exciton wave vector (K) giving the

center of mass momentum ℏK. The conservation of the momentum dictates that

the excitonic transition can occur only within the photon momentum dispersion i.e.

light cone, which is a region defined in the E(K) space by:

E ≥ ℏc|K|√
ϵ

, (2.20)

where the ϵ is the dielectric constant of the material. As the excitonic state is

annihilated upon recombination, its momentum must vanish completely. Therefore

the exciton can recombine only at the bottom of the exciton dispersion curve (see

Eq. 1.7) at K ≈ 0, as drawn in Fig. 2.2 (b). The energy of the exciton (EX) is lower

than the band gap energy Eg due to the binding energy EB resulting from the

Coulomb interaction between the correlated electron and hole. Taking into account

the momentum conservation condition (K ≈ 0) for the radiative recombination, the

energy of the emitted photon Ephoton is then simply:

Ephoton = EX = Eg − EB. (2.21)

Another type of emission present in semiconductors is the defect-related emis-

sion, such as for example the donor-acceptor, band-acceptor or donor-band tran-

sition, depicted in Fig. 2.2 (c) which involves electronic excitations localized in the

crystal structure. The defect states are energetically located within the band gap

of the material (ED < Eg) and therefore are usually preferentially occupied by the

thermally relaxing carriers (carrier trapping), which is often detrimental to the per-

formance of devices. The radiative recombination originating from such states is

also a monomolecular process with similar recombination dynamics as the excitonic

one. Importantly however, the density of the defects in a given material is fixed. At

low excitation powers, the luminescence intensity is a linear function of the excita-

tion intensity as per Eq. 2.11, same as as for the excitonic emission. At very high

excitation powers, in contrast to excitonic emission, the luminescence intenstity of

defects becomes saturated when all recombination centers are already excited, and

becomes constant, independent from the excitation intensity.

In the atomically thin TMD systems which are the subject of this thesis, the

most important type of emission originates from the excitonic states. This is due

to the very strong Coulomb interaction enhanced by their natural 2-dimensionality

(spatial confinement) and the dielectric confinement, leading to large binding en-

ergies, making the excitons stable and primary features even at room temperature

[Chernikov 2014].

2.1.3 Photoluminescence excitation

Photoluminescence excitation (PLE) is another absorption-type experiment in

which a series of PL measurements is taken at varying excitation energies (Eexc). A

PLE spectrum is constructed by plotting the PL intensity (IPL) at a fixed emission
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energy (EPL) or integrated intensity of specific emission peak as a function of the

excitation energy. If we assume that the PL yield efficiency is independent on the

Eexc and keep the excitation intensity constant (number of photons per unit of time

and area) at all Eexc, then the PLE spectrum essentially recreates the absorption

spectrum (α(E)) of the material [Pelant 2012]:

IPL(EPL) ∼ α(Eexc), (2.22)

which at the same time means that the higher the excitation power i.e. more

photons absorbed, the more light is subsequently emitted. This simple picture

does not take into account the possible non-linear effects or efficiencies of differ-

ent processes such as carrier relaxation or transfer, nevertheless demonstrates the

utility of PLE measurements as a simple technique for study of the opto-electronic

properties of the material. It is a useful tool to complement the reflectivity mea-

surement as it additionally provides practical information on the optimal excita-

tion parameters for obtaining the best PL signal. An exemplary PLE spectrum of

encapsulated monolayer WSe2 together with reflectivity spectrum for comparison

are presented in Fig. 2.3 Furthermore, since PLE is more sensitive to the inter-

Figure 2.3: Exemplary PLE measurement and comparison with reflectivity on 1L-

WSe2: (a) PL spectrum of 1L-WSe2 excited at the energy of B1s resonance (∼2.167

eV). Emission peak assigned to the A1s exciton is marked. (b) Excitation energy-

dependent (PLE) intensity of A1s exciton and reflectivity in the form of the 1st

derivative of R/R0. Both PLE show clear resonances at A2s and B1s transition

energies. Additional features are visible in the PLE spectrum i.e. the high energy

shoulder of the A2s exciton, most likely originating from higher Rydberg states

(Ans,n>2), weak enhancement at B2s transition energy and at C exciton.

mediate processes happening between the absorption and emission, it can be used
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for example to obtain information on energy or charge transfer processes, espe-

cially in more complex devices composed of more than one semiconductor material

[Karpinska 2021, Karpińska 2022, Tanoh 2020, Zhang 2019, Kozawa 2016], which

can occur due to the specific band/excitonic structures of constituent materials.

Moreover, by employing additional techniques e.g. in the form of resolving of

the PL polarization (described in section 2.1.4), one can study the dynamics of

spin/polarization transfer. An example of such study will be presented in detail in

this thesis in chapter 4, where the excitation energy dependent valley polarization

properties of monolayer WSe2 and (BA)2PbI4/WSe2 heterostructure are studied.

2.1.4 Polarization-resolved measurements

Every optical transition, aside from conserving the energy and momentum, (as

described earlier in section 2.1.2) must also conserve the total angular momentum

J⃗ , which is the sum of spin (S⃗) and orbital angular (L⃗) momentum (J⃗ = S⃗ + L⃗).

The total angular momentum of a photon is ±1 in the units of reduced Planck

constant ℏ. The transition must then satisfy a total angular momentum change of

∆J = ±1, (2.23)

which is transferred to the emitted photon (or from an absorbed photon). This

means that the transitions with the ∆J ̸= ±1 can not couple to photons, thus they

are optically dark.

The total angular momentum at the same time defines the helicity of the photon

polarization i.e. J = −1 → σ+ and J = +1 → σ−, which correspond to right-

handed and left-handed circular polarization, respectively. On the other hand, a

superposition of the left- and right-handed circularly polarized light results in the

linear polarization. By resolving the polarization of the photon one can obtain

additional information about the band structure properties and optical selection

rules of the investigated material.

The circular polarization usually reflects the rotational symmetry of the inves-

tigated system. In this case, the helicity of the polarization corresponds directly to

the total angular momentum of the emitting state e.g. an exciton. The study of

circular optical polarization is especially important in TMD systems, which exhibit

unusual polarization properties. These are related to the spin-valley locking effect

[Yao 2008, Zhu 2011, Xiao 2012, Xu 2014, Yu 2015, Stier 2016], due to which the

excitons localized in the opposite valleys K/K′ in their Brillouin zone only couple

to the σ+/σ− polarized photons. This feature gives the possibility to selectively

address or detect signal originating from the two valleys. (see details in sections

1.3 and 1.4.2). On the other hand, the linearly polarized emission usually indicates

some form of anisotropy of the structure either intrinsic (e.g. low symmetry crys-

tallographic structure) or extrinsic (e.g. anisotropic strain field), which is especially

prominent in semiconductor nanostructures such as quantum dots or nanowires

[Hu 2001, Kumar 2006, Lundskog 2014, Thomas 2021] and distorted 2D crystals

such as 2D perovskites [Posmyk 2024b, Posmyk 2024a]. In TMDs, which nominally
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emit circularly polarized light, the linear optical polarization can be induced via

application of anisotropic strain [Mitioglu 2018, Glazov 2022, Jasiński 2022], which

breakes the rotational symmetry of the system. Alternatively, the linear optical

polarization can arise via the valley coherence effect, through which, upon exci-

tation with a linearly polarized source, which coherently excites both K and K′

valleys, the PL emission keeps the same linear polarization as that of the source

[Jones 2013, Zhu 2014a, Hao 2016, Yu 2015, Wang 2015a, Dufferwiel 2018, Li 2024].

2.1.5 Raman scattering

Raman spectroscopy is a technique that utilizes the phenomenon of Raman (inelas-

tic) scattering to probe the phonon spectrum of the measured material.

The scattering of light can be put in two main categories [Toporski 2018,

Larkin 2017]: First, elastic scattering i.e. conserving the scattered photon energy.

This is referred to as Rayleigh scattering. It results in the change of the direction

of light without changing the photon energy. In solids, the Rayleigh scattering is

usually the result of scattering on material impurities or irregularities (roughness)

of the surface. Second type is the inelastic scattering i.e. Raman scattering. In

this case both the direction and the energy of the photon are changed. In a solid

material, the Raman scattering is related to scattering on the vibrational motion

of the lattice i.e. phonons. The energy of the Raman scattered photon (ERaman)

will be increased or decreased with respect to the initial photon (E0), depending

whether an already existing phonon energy (Ephonon) was transferred to the photon

or whether part of the photon energy was transferred to excite a new phonon in the

lattice.

ERaman = E0 ± Ephonon. (2.24)

The scattered Raman light spectra can be separated into two parts, appearing

on the low and high energy side of the initial excitation, and are referred to as

Stokes and anti-Stokes Raman, respectively. The Stokes part of the spectrum is

usually characterized by higher intensity, especially at low temperatures, than anti-

Stokes, which due to the probability of encountering an already excited phonon

being lower than that of the ground, unexcited vibrational state. For this reason,

the analysis of the Raman spectrum usually focuses on the low energy, Stokes part.

The three scattering types, i.e. Rayleigh, Stokes Raman and anti-Stokes Raman,

are schematically drawn in Fig. 2.4 (a).

The phonon structure in semiconductors follows similar dispersion relation E(k)

as the electronic bands for electrons and holes [Peter 2010]. Two main categories

of phonons are distinguished, namely acoustic (A) and optical (O) phonons. The

acoustic phonons are characterized by a coordinated in-phase oscillation (atom dis-

placement) which travels throughout the crystal lattice constituting a sound wave.

Their energy (or frequency) is 0 at the center of the Brillouin zone (k = 0) and their

dispersion (E(k)) is linear in the vicinity of that momentum space point. These do

not interact with light because their dispersion falls outside of the light cone (as



34 Chapter 2. Experimental Techniques

defined in Eq. 2.20). Additionally, along the high-symmetry directions of the crys-

tal lattice, the longitudinal (LA) and transverse (TA) phonons can be distinguished

which relates the direction of the atom displacement and the wave vector k, i.e.

parallel for LA and perpendicular for TA. The optical phonons on the other hand

are the characterized by an out-of-phase motion of molecules and therefore require

the correlated motion of at least two atoms. Their energy is non-zero at k=0 and

therefore they meet the light cone requirement for coupling to photons. Similarly

to acoustic phonons, the two types i.e. longitudinal (LO) and transverse (TO) can

be distinguished.

Figure 2.4: (a) Schematic representation of the Stokes Raman (i), Rayleigh (ii) and

Anti-stokes Raman (iii) scattering events. (b) Exemplary Stokes Raman spectrum

of monolayer MoS2 deposited on Silicon (Si) substrate. Prominent longitudinal

optical mode of the Si substrate (Si LO) and the characteristic monolayer MoS2 in-

plane (E′) and out-of-plane (A′
1) modes can be observed. (c) Evolution of Raman

spectra for increasing level of uniaxial strain in MoS2. At higher strain fields,

the in-plane E′ mode splits into E′− and E′+ due to breaking of the rotational

symmetry. (d) Thickness (number of layers) dependence of the frequency of Raman

modes E1
2g and A1g (multilayer counterparts to E′ and A′

1 in monolayer) as well

as their frequency difference in MoS2. Panels (c) and (d) are adapted from Refs.

[Conley 2013] and [Lee 2010], respectively.
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Typical Raman-active phonons energies present in TMDs, which are the subject

of this thesis have energies in the range of few to few tens of meV, which is a very

small detuning with respect to the incident laser. Therefore, use of a high quality

laser with sufficiently low energy linewidth is required for proper spectral resolution

of the Raman signal.

In this work, Raman scattering experiment was used as a probe to to detect

and quantify the strain fields by tracking the change in the relevant Raman-active

phonon mode energy and intensity. In particular, for atomically thin layers of

TMDs, the frequency shift of E′ mode (see exemplary Raman spectrum of mono-

layer MoS2 in Fig. 2.4 (b)) can be directly recalculated to strain using experimentally

obtained gauges. For example, under biaxial tensile strain, the Raman mode fre-

quency red shifts [Lloyd 2016, Michail 2023, Shin 2024] and the opposite is the case

under compression [Hui 2013]. In the case of uniaxial tensile strain, due to break-

ing of the rotational symmetry, the degeneracy of the in-plane E′
1 mode is lifted at

higher strain fields into a doublet – E′− and E′+, which are polarized along the major

strain axes [Conley 2013, Dadgar 2018] as can be seen in Fig. 2.4 (c). Furthermore,

the frequency separation ∆F = FA′
1
−FE′ depends on the thickness (number of lay-

ers) of a TMD flake which can be used to define the number of layers of the studied

TMD sample as can be seen in Fig. 2.4 (d) [Lee 2010]. Similarly, the intensity of

Raman modes also primarily depends on the sample thickness [Lee 2010].

2.2 Optical spectroscopy setup

The setup I used to realize the experiments presented in this thesis allows to perform

a variety of optical experiments such as PL, PLE, reflectivity and Raman scattering

as well as their more complex derivatives. The simplified schematic drawing of the

setup is shown in Fig. 2.5.

The setup can be divided into three fundamental parts i.e. excitation, sample

and detection. For PL, PLE and Raman scattering, a monochromatic excitation

source such as a laser is used to photoexcite (PL, PLE) or scatter from (Raman)

the sample. For measurements of reflectivity, a broadband white light source such

as a Tungsten-halogen lamp is used instead. The light beam path is created by

a series of mechanical and optical elements, such as mirrors, lenses, beam splitter

cube. The light is focused on the sample by a x50 microscope objective with high

numerical aperture (NA=0.55 or NA=0.75) providing high spatial resolution limited

by the wavelength diffraction limit of around 1 µm. This corresponds to the size

of the laser/white light spot. For example, using Rayleigh resolution criterion for

typically used wavelength of 532 nm and objective of numerical aperture NA=0.55,

we obtain R.R. = 0.61λ/NA ≈ 0.59µm. The signal from the sample is collected by

the same objective and directed into the detection part where the signal is focused

by a lens onto the entrance slit of a spectrometer (Teledyne Princeton Instruments

HRS-500 or Acton SP-2300) coupled with a liquid nitrogen cooled CCD camera

(Teledyne Princeton Instruments PyLoN) allowing for the spectral analysis of the
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Figure 2.5: (a) Simplified schematic drawing of the optical spectroscopy setup. (b,c)

Schemes of additional elements necessary to perform linear and circular polarization

resolved measurements, respectively.

sample’s optical response. Additional edgepass filter, adequate for the excitation

laser protects the CCD camera from the high power laser beam reflected or Rayleigh

scattered from the sample. In order to control the temperature of the sample, it

is mounted on a cold finger inside the vacuum chamber of a helium flow cryostat

(MicrostatHires Mk2). The combination of the cryogenic gas flow stimulated by

an external pump and with regulated flux along with an in-built heater allows for

stabilization of the temperature in the range of 3.4 K to 500 K.

The requirements of various experiment types necessitate either exchange of or

addition of optical elements or switching of the light source, which is described

below. Table 2.1 contains the list and parameters of the light sources used in

experiments shown in this work.

Reflectivity measurements were performed with a broad-band source in the form

of a halogen white lamp (Ocean Optics HL-2000) In this case, no elements perturb-

ing the white light spectrum i.e. edge-pass filters were used.

For standard PL measurements a monochromatic, continuous wave excitation

laser source was used, either 532 nm or 405 nm. During experiment, it is vital
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Table 2.1: Light sources

Short

name

532 nm

cw laser

405 nm

laser
Ti:Saph + OPO White lamp

Name MGL-III-532

Omicron

Quixx®
PS120

Coherent

Chameleon

Ocean

Optics

HL-2000

Type DPSS laser
Diode

laser
Ti:Saph + OPO

Tungsten

-Halogen

lamp

Wavelength

(nm)
532 405

Ti:Saph 680-1080,

Ti:Saph SHG 340-540,

OPO 1000-1600

OPO SHG 500-1000

360-2400

Operation

mode
cw cw/pulsed pulsed -

Repetition

rate

(MHz)

- 0-100 80 -

Pulse

length

(ps)

- 70/500
Ti:Saph ∼0.15

OPO ∼0.3-0.4
-

to filter out the part of excitation light that was reflected from the surface of the

sample in order to protect the CCD camera as well as remove the features from

the spectrum unrelated to the investigated structure. For that, edge-pass filters are

used in front of the spectrometer slit with edge wavelength adequate for the used

excitation source. Additionally, when necessary, additional filters, edge-pass or laser

line filters are used in the excitation part of the setup for additional cleaning of the

excitation spectrum.

The PLE measurements have been performed with a tunable Ti:Saph laser in

conjunction with optical parametric oscillator (OPO) allowing for tuning of the

excitation wavelength in a wide range.

In polarization-resolved measurements, in order to resolve the photon polar-

ization, optical elements such as linear polarizers (LP) and retardation plates i.e.

half-wave plate (λ/2) and quarter-wave plate (λ/4) must be implemented. For lin-

ear polarization, necessary additions to the setup are shown in Fig. 2.5 (b). On the

excitation part a linear polarizer is used to properly clean the initial linear laser po-

larization. Optionally, a half-wave plate is used to rotate the angle of the exciting

linear polarization e.g. to match the structural axes of the investigated structure.

On the detection line, a λ/2 together with another LP form the analyser. The LP

fixes the polarization angle incoming into the spectrometer in order to avoid the in-

fluence of the spectrometer grating efficiency dependence on the light polarization.
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Figure 2.6: Scheme of the effects of retardation plates on light polarization. (a)

Half-wave plate (λ/2) rotates the linearly polarized light by the angle 2×Φ, where

the Φ is the angle between the initial light polarization and the fast axis (F) of

the half-wave plate. (b,c) Linearly polarized light passing through a quarter-wave

plate (λ/2) can be transformed into circularly polarized light provided the angle

between the incoming light and the fast axis is 45◦ for left-handed (σ−) or −45◦

for right-handed (σ−) helicity. Initial light polarization angle matching either fast

or slow (S) axis results in no change to the polarization. For angles in between

the aforementioned extreme cases, the resulting light polarization is elliptical. In

the reversed scenario, when circularly polarized light passes through a quarter-wave

plate, it is transformed to a linearly polarized light with angles defined by the light

helicity and the orientation of quarter-wave plate axes. The opposite helicities of

light are always projected into two orthogonal linearly polarized states.

The angle selection is made by rotating the λ/2 which projects the linearly polar-

ized light onto the LP according to the working principle shown in Fig. 2.6 (a). In

the case of analysis in circular polarization basis, an additional λ/4 is implemented

which allows to transforms the linearly polarized into circularly polarized light (and

vice versa), provided that a 45◦ angle between the light linear polarization and the

slow axis of λ/4 is kept (see Fig. 2.6 (b,c)). In this work, a single λ/4 plate is used as

shown in Fig. 2.5 (c), that serves a double role due to its placement in the common

path of the excitation and detection beams. Initially linearly polarized laser light is

transformed into either left-handed or right-handed circularly polarized light pass-

ing through the λ/4. The circularly polarized signal from the sample is transformed

by the same λ/4 into linearly polarized light (see Fig. 2.6b,c). The previously left-

handed and right-handed components of emission are transformed respectively into

two orthogonal linearly polarized states. This way, the analyser composed of λ/2

and LP can be used in a similar manner to resolve the two helicity components of

emission.

To realize a Raman scattering measurement, two important requirements have

to be met: Firstly, the excitation laser line width has to be sufficiently narrow,

which is achieved by the use of a cw laser (532 nm) with an additional laser line

filter. Secondly, due to close energetic proximity of the excitation laser and the

Raman features, the laser beam has to be sufficiently filtered out before entering

the spectrometer and the CCD camera. To realize that, instead of a beam splitter
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cube, an adequate dichroic mirror (cut-off wavelength 532 nm) is installed which

does not let the laser beam pass through into the detection line.

2.3 Electrical measurements

Part of the experiments realized in this work (chapter 5) rely on the controlled

application of the electric field and free carrier doping in gated devices. To real-

ize that, substrates with gated samples (details further below) are installed in 20

I/O pin chip carriers (Kyocera® ceramic package), shown in Fig. 2.7 (a), which are

then placed in a custom-made adapter for the cryostat (depicted in Fig. 2.7 (b)).

The adapter consists of several elements depicted in Fig. 2.7 (c). The copper mount

comprises a thin base for mounting and a 5mm x 5mm column in the center extend-

ing vertically. The PCB (printed circuit board) mounted on the base of the copper

mount (around the central column) features twenty gold-plated pads, five on each

side, matching the arrangement of the gold pads of the chip carrier (see Fig. 2.7 (a)

and (d)). The oppositely located pairs of pads are electrically shorted. Each pair

is connected to an output pin, giving 10 output pins in total. These pins are sub-

sequently connected separately to the ten cryostat pins inside the vacuum chamber

via insulated silver-plated copper wires (ÖLFLEX® HEAT 260). The insulating

plastic positioner, placed on top of the PCB, features 20 vertical bores matching

the arrangement of the PCB and chip carrier pads. These contain spring-loaded

pins which make physical contact with the PCB pads on the bottom side and pro-

trude out of the positioner on the top. The chip carrier is positioned on top of the

spacer so that the chip carrier pads (located on the ridges of the bottom surface)

make contact with the spring-loaded pins. At the same time, the middle part of

the bottom surface of the chip carrier makes physical contact with the protruding

copper column providing thermal contact. Top securing plate is installed with two

screws (see top view of the adapter in Fig. 2.7 (d)), which allows to slightly press the

chip carrier down onto the pins engaging the springs and improving physical con-

tact with the copper column. A small amount of silver paste (alternatively rubber

cement glue - Fixogum®) is put between the copper and chip carrier to improve

the thermal contact. This design guarantees good electrical connection between the

sample and the rest of the electrical connections without the need for soldering, at

the same time providing an easy way of exchanging samples. To selectively apply

voltage to a given contact, an electrical cord is used to connect the 10-pin electrical

output of the cryostat and a break-out box with ten numbered BNC sockets each

corresponding to a specific contact reaching the sample. Two single-channel volt-

age sources, VS1 (Keithley series 2400 Sourcemeter) and VS2 (Yokagawa GS200

DC Voltage/Current source), can be connected simultaneously to desired contacts

for voltage application, as depicted in Fig. 2.7 (e). On the other hand, in order to

ground a given contact, a BNC terminator is plugged into a corresponding socket.

It serves to short the electrical path with the metal casing of the break-out box,

which itself is grounded by securing it to the grounded surface of the optical table.
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Figure 2.7: Electrical measurement setup. (a) Microscope image of a real sam-

ple, bonded and installed in a chip carrier. (b) 3D visualization of the electrical

measurements sample adapter. (c) Schematics of the adapter elements: 1 - M2

screws, 2 - securing top plate, 3 - chip carrier, 4 - insulating plastic positioner, 5

- spring-loaded pin, 6 - PCB, 7- 5 wire-pin connector, 8 - modified copper mount.

(d) Schematic top view of the adapter with installed sample in a chip carrier. (e)

Schematic drawing of the setup for electrical measurements. First electrical output

of the cryostat is connected to the temperature controller, while the second (output

of the pins inside the cryostat) is connected to a break-out box with BNC sockets,

which allows to externally connect to the 10 available electrical paths inside the

cryostat. The metal casing of the break-out box is grounded. An exemplary con-

nection is shown: voltage sources connected to sockets 1 and 9, terminators (path

grounding) plugged in sockets 2 and 10.

2.3.0.1 Fabrication of double-gated devices

The electrically contacted devices presented in chapter 5 are designed in a parallel

plate capacitor like structure. They feature two electrical gates i.e. the bottom

gate (BG) and the top gate (TG), which are the bottom-most and top-most layers

of the structure, respectively. The active TMD layer is positioned in the center of
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the device. The insulating spacers in the form of hBN are used between the TMD

and the two gates to isolate them electrically. Additional electrodes (at least one)

are in direct contact with the TMD layer providing electrical grounding (grounding

contacts). All electrodes are made of few layer graphite (FLG) flakes, which is

a conductive, semi-transparent material. The scheme of the device structure is

presented in Fig. 2.8 (a).

The substrates (chips) used for fabrication of the devices are pre-patterned with

evaporated gold pads to provide electrical connections. These are made by first

evaporating a thin layer of adhesion-improving metal layer (here, 11 nm of tita-

nium) followed by evaporation of 100 nm of gold (see Fig. 2.8 (b)). Two areas,

each featuring four gold pads (∼ 350 µm2), are located in the opposite corners

of the substrate, arranged as depicted in Fig. 2.7 (b) and (e). Narrow gold paths

(∼ 5µm) extend from the gold pads into the central space i.e. the sample area,

in which the devices are assembled flake by flake via the all-dry transfer method

[Castellanos-Gomez 2014] (see section 2.4). All FLG electrodes are deposited so

that they overlap the nearby gold paths providing electrical connection with the

larger gold pads. Schematics of the top view of the sample area together with an

exemplary arrangement of the flakes is shown in Fig. 2.8 (c).

Figure 2.8: (a) Schematics of the double-gated device with marked electrical con-

nections. “gr.” denotes the grounding FLG electrodes. (b) Schematical top view

of the sample area between the gold pads. The shaded shapes correspond to flakes

constituting the device shown in (a), with corresponding colors. (c) Schematical

cross-section of the evaporated gold pads on the Si/SiO2 substrate. On top of the

natural Si/SiO2 surface, a thin layer of titanium followed by 100 nm of gold layer is

deposited.

With the structure assembled, the substrate is subsequently installed in a chip

carrier using a two-ingredient epoxy glue (EPO-TEK® H20E). The gold evaporated

contacts on the substrate are then wire bonded (with a 25µm gold wire) to the

contacts on the chip carrier as depicted in Fig. 2.7 (b) and (e). The completed chip

carrier is then ready for installation within the custom made electrical adapter for

the helium flow cryostat as described in the previous subsection.

2.3.0.2 Application of electric field and free carrier doping

In the complete device, the individual electrical connections to bottom and top gates

as well as the grounding contacts can be connected to voltage sources or grounded.
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The typical connection scheme entails grounding of all the grounding contacts, while

the voltage is actively applied independently to the bottom (VBG) and top (VTG)

gates.

The two gates are characterized by their geometric capacitance per unit of area:

CTG =
ϵ0ϵhBN

dt−hBN
,

CBG =
ϵ0ϵhBN

db−hBN
,

(2.25)

which depend on the out-of-plane dielectric constant of the insulating hBN spacer

(ϵhBN ) and its thickness db−hBN/dt−hBN , for the bottom and top hBN respectively.

Based on the parallel plate capacitor model [Leisgang 2020], application of voltage

to each gate controls independently displacement field to the active material (TMD)

inside the device:

DTG = CTG(VTG − V 0
TG),

DBG = −CBG(VBG − V 0
BG),

(2.26)

where the V 0
BG/TG are the offset voltages, related to the presence of intrinsic un-

intentional doping. The displacement field induces both the free carrier doping

(i.e. shifting of the Fermi energy) and the uniform out-of-plane electric field (Ez).

The contribution to the induced carrier doping from the each gate as a function of

applied gate voltage can be formulated as:

nTG =
1

e
CTG(VTG − V 0

TG),

nBG =
1

e
CBG(VBG − V 0

BG),

(2.27)

where e is the elementary charge.

The total free carrier doping is the sum of the induced carrier density related

to the bottom and top gates [Leisgang 2020]:

n = nTG + nBG =
ϵ0ϵhBN

e

(
(VTG − V 0

TG)

dt−hBN
+

(VBG − V 0
BG)

db−hBN

)
∝ VTG

dt−hBN
+

VBG

db−hBN
,

(2.28)

Meanwhile, the effective out-of-plane electric field Ez within the TMD can be

calculated from the effective displacement field via D = ϵ0ϵTMDEz, which gives

[Leisgang 2020]:

Ez =
ϵhBN

2ϵTMD

(
(VTG − V 0

TG)

dt−hBN
−

(VBG − V 0
BG)

db−hBN

)
∝ VTG

dt−hBN
− VBG

db−hBN
, (2.29)

where ϵTMD is the out-of-plane dielectric constant of the TMD sample within the

device.

By analysing the above equations for n and Ez, it is clear that a double gated

device allows for independent control of the two effects. The free carrier doping
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scales with the sum of the gate voltages divided by their respective hBN layer

thickness (Eq. 2.28), while the electric field scales with their difference (Eq. 2.29).

Therefore, applying the gate voltages (VTG and VBG) of the same polarity with a

ratio that accounts for unequal hBN thicknesses (e.g.
dt−hBN

db−hBN
= 1

2 → VTG
VBG

= 1
2)

induces free carrier doping while the Ez is invariant. If the gate voltages polarities

are opposite (e.g. VTG
VBG

= −1
2), then the Ez can be tuned while the induced carrier

concentration n is set. Diverging from the optimal voltage ratio in either of the two

modes leads to both effects being present simultaneously.

Figure 2.9: 1L-MoSe2: (a) PL spectra at different gate voltages. X0, X− and X+

denote the neutral, negatively charged and positively charged exciton, respectively.

(b) False-color map of PL intensity as a function of gate voltage.

An example of the effect of a single gate control is shown in Fig. 2.9, where

PL spectra of 1L-MoSe2 are plotted a function of the gate voltage. Application

of the voltage to a single gate generates both the uniform electric field as well as

induces carrier doping. The monolayer MoSe2 spectrum shows a clear change be-

tween the doping regimes, consistent with prior reports [Shepard 2017], meanwhile

the effect of the out-of-plane electric field is negligible as expected for monolayers

where excitons are strongly confined in-plane. A double-gated device based on a

natural homobilayer of MoSe2 is studied in chapter 5, where the independent doping

and out-of-plane electric field measurements, utilizing a double-gated control, are

presented.

2.4 Fabrication by all-dry transfer method

The all-dry flake transfer method [Castellanos-Gomez 2014] is a well established and

relatively simple method for fabrication of van der Waals structures composed of

virtually limitless number of constituent layers. The process is based on exfoliation

of atomically thin flakes of a given material from the bulk crystal and subsequent

deposition by visco-elastic transfer as described in the following steps:
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1. Bulk crystal of the material (TMD, hBN or graphite) is cleaved to uncover

clean and smooth surface.

2. An adhesive tape is subsequently placed on the smooth surface and then slowly

ripped off, so that thin flakes of the material remain on the tape, which is

referred to as exfoliation.

3. Another tape is then placed on the first tape. The two are then slowly taken

apart, which results in further thinning of the material flakes, which divide

between the two tapes. This process is repeated several times, also with fresh

tapes in order to obtain tape pieces containing reasonably thin flakes of the

material.

4. From the selection of available tapes, a chosen one is placed on a square sheet

of PDMS (Polydimethylsiloxane) gel of approximately 1 cm2 in size, which is

pre-mounted on a microscope glass slide. The tape is then slowly ripped off

from the PDMS sheet, which leaves the exfoliated flakes on the PDMS.

5. Microscope glass slide containing PDMS with exfoliated flakes is placed un-

der the microscope. The flake with desired properties (number of layers, size,

shape, smoothness) is found by manual search under the microscope via opti-

cal contrast. Fluorescent microscopy can also be used to detect the emission

originating from TMD monolayers, by illuminating the PDMS with an ultra-

violet instead of the white light.

6. Once the appropriate flake has been found, the glass slide containing it is

installed upside down in a holder mounted on stages, which allow for fine

movement in all three directions.

7. A substrate, usually silicon, is mounted on the heater stage under the micro-

scope.

8. The glass slide containing the flake and the substrate are aligned under the

microscope, so that the flake can be deposited in a desired spot. Additionally

a manual rotation of the substrate is used when angle-aligning is required e.g.

with another, already deposited flake or with structures such as evaporated

gold pads.

9. Substrate is heated to moderate temperatures of 60-90◦ Celsius, which aids

in adhesion between the flake and the substrate.

10. Flake is deposited by slowly coming in contact of the PDMS and the substrate.

After a short period of ∼ 2 minutes. The PDMS is very slowly lifted off the

substrate. The viscoelastic properties of PDMS result in the flake remaining

on the substrate.

11. After successful deposition, the substrate is annealed for ∼ 15 minutes at

higher temperatures of ∼ 150◦ in order to improve adhesion of the flake to
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the substrate and at the same time to remove air bubbles, which tend to form

during the deposition.

12. For multi-layered devices, the process described in points (1-11) is repeated

and subsequent flakes are stacked on top of each other to form the desired

device structure.





Chapter 3

Anisotropic strain effects in MoS2
monolayer

Monolayer flakes of TMDs have been shown to exhibit robust durability against

applied external strain reaching up to 10 % [Bertolazzi 2011]. This fact paves

the way for effective straintronics applications in TMD devices. Stress in TMDs

can be applied using two approaches. First, on the “macro” level either by me-

chanical bending on a flexible substrate, piezoelectric substrates or other me-

chanical systems [Rice 2013, Hui 2013, Zhu 2013, Dadgar 2018, Christopher 2019,

Mart́ın-Sánchez 2017]. The stress level can be tuned continuously, but it affects

the whole sample uniformly. Secondly, on a “micro” level by deposition on pat-

terned substrates or nanostructures e.g. nanopillars, the morphology of which de-

terministically induces local stress in the deposited flake [Palacios-Berraquero 2017,

Branny 2017, Wang 2021b, Ji 2023, Kumar 2015]. Usually, the patterning is done

in dielectric SiO2 on SiO2/Si substrate. The SiO2, however, suffers due to high

surface roughness and dangling bonds, which may be suboptimal for the device

performance [Koperski 2015]. Thus, development of alternative high quality mate-

rials for deterministic patterning is required. One such attractive material system

is the III-V epitaxial semiconductors, technology of which is highly developed. The

advanced state of epitaxial growth and processing of III-V crystals allows for a vast

playground with plethora of varying in shape nanostructures of high quality, which

can be grown deterministically.

In this chapter, I show the results of the investigation of the optical properties of

monolayer MoS2 deposited on deterministically grown nanostructures in the form

of GaAs nanomembranes. The studies comprised the determination of how the

nanostructured pattern affects the strain distribution and excitonic properties. This

is probed by spatially resolved optical spectroscopy measurements such as Raman

scattering, PL, and reflectivity. Furthermore, by resolving PL in linear polarization

basis I tested whether the imposed strain impacts the excitonic fine structure via

changes to the symmetry of the system.

3.1 Sample structure

The samples on which I performed the optical measurements have been fabricated

and characterized by AFM (Atomic Force Microscopy) and SEM (Scanning Electron

Microscopy) in École Polytechnique Fédérale de Lausanne (EPFL) in the group lead

by Anna Fontcuberta i Morral. Their expertise in MBE (Molecular Beam Epitaxy)
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growth of nanostructures [Tutuncuoglu 2015] presented a possibility to study TMDs

deposited on high quality GaAs patterned substrates.

3.1.1 Fabrication of GaAs nanomembranes

Figure 3.1: Nanomembrane growth procedure starts with a prepared, clean sub-

strate of undoped (001) GaAs (1) on which 25 nm of SiO2 mask is deposited by

PECVD (2). Next, a layer of ZEP resist is deposited (3). Electron beam lithog-

raphy is then performed to deterministically define the pattern in the resist (4),

followed by development in n-amyl acetate. Next, the pattern in SiO2 mask is

etched in a two step etching (5). First, fluorine chemistry dry etching, followed

by wet etching in HF solution. Afterwards, the substrates are placed in the MBE

system. Before the growth, the substrates are annealed at 630◦ under As4 flux (6).

Further, at 610◦ Ga deposition together with As4 flux allows for GaAs growth in

the SiO2 mask openings (7). The defined patterns of the SiO2 mask and the crys-

tallographic properties result in the growth of GaAs in the form of nanomembranes

(8).

For the pattern of nanostructures acting as the stressor for TMD flake, we

have chosen GaAs nanomembranes (NMs). These are essentially horizontally grown

nanowires of triangular cross-sections defined by the crystallographic directions of

GaAs. As depicted and detailed in Fig. 3.1, the growth of the NMs starts with

deposition of an SiO2 mask on a clean, undoped GaAs substrate. Then, via E-

beam lithography and etching, an appropriate pattern of openings is created. Sub-

sequently, during MBE deposition of GaAs, the material grows only within the

pattern-defined slits, forming the NMs. Their size is determined by the size of the

etched openings. Fig. 3.2 shows the SEM images of an exemplary substrate with the

pattern of NMs. In panel (a), three adjacent NMs, part of an array, are presented

showcasing high precision of the growth process. In a close-up view of a single NM
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(panel (b)) we can see the triangular shape of the NM cross-section and part of the

surrounding flat surface with thin 25 nm layer of SiO2 mask. Panel (c) presents the

top SEM view of the NMs with marked crystallographic directions. The NMs are

elongated along the <0-11> direction.

Figure 3.2: SEM images of an exemplary substrate with nanomembranes. Here,

gold is evaporated on the surface to provide contrast for SEM imaging. These

images present a different substrate to the one used in the experiments presented

chapter. (a) View from the side of a cleaved substrate (b) Zoom-in side view of

a single NM. (c) Top view of the nanomembranes with marked crystallographic

directions.

In the investigated sample, the NMs are arranged in arrays with a separation

of 1 µm between adjacent NMs. Their width is nominally ∼ 50 nm, and length is

20 µm. Such design aims to impose periodic, uniaxial stress on the deposited TMD

flake.

3.1.2 MoS2 flake deposition and AFM characterization

For the TMD material, we chose an MoS2 monolayer. This material is relatively

easiest technically in terms of achieving large flake sizes and at the same time the

most studied among other TMD materials. In particular, MoS2 monolayer was

the one demonstrated to withstand the highest stress of ∼ 10 % before breaking,

[Bertolazzi 2011] making it optimal for the strain engineering. The flake was ob-

tained via exfoliation of MoS2 crystal by a scotch tape and subsequent deposition on

viscoelastic material (PDMS). The flake was then stamped on top of the nanomem-

brane array using the established all-dry transfer method [Castellanos-Gomez 2014].

The results of the stamping are presented in the optical images shown in Fig. 3.3.

Large monolayer (1L) part and smaller bilayer (2L) part can be distinguished by

the optical contrast. Additionally, local morphological features such as wrinkles and

fractures in the flake can be observed (Fig. 3.3 (a)). The sample includes also a small

1L located outside of the NM arrays on the flat part of the substrate (Fig. 3.3 (b)),

thus being nominally unstrained and therefore suitable as a reference in further

optical characterization.

To characterize the flake morphology after deposition we performed the AFM

measurements. Fig. 3.4 shows an AFM map (Fig. 3.4 (a)) of a region at the edge

of the deposited flake and bare, uncovered NMs, to compare the height profiles

from the two areas (Fig. 3.4 (b)). As can be seen from the comparison of the AFM
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Figure 3.3: (a) Microscope image of the MoS2 flake deposited on GaAs nanomem-

branes. The blue rectangle denotes the AFM scan area presented in Fig. 3.4 (b)

Wider area view showing both the investigated flake on nanomembranes as well as

a small monolayer flake (Reference flake) located outside of the NM arrays.

cross-sections across the bare NMs and NMs covered by the MoS2 flake we can see

a very good conformity of the monolayer to the nanostructures. The flake does

not adhere completely to the nanomembranes, forming a tent-like structure across,

and seems to be slightly elevated (a few nm) above the in between flat surface.

Nevertheless, the observed morphology of the deposited flake points to the presence

of the uniaxial tensile strain, particularly around the tips of the NMs, with the

major axis (stretching direction) across the NMs.

Figure 3.4: (a) AFM scan of a 6x6µm2 area at the edge of the flake and bare exposed

NMs. The false-color map corresponds to the height - h. (b) Comparison of cross-

sections taken across bare NMs (1) and across NMs covered with the deposited

MoS2 flake (2).

Additional AFM measurements from different parts of the flake are shown in
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Fig. 3.5. Inside the the middle parts of the NMs, the flake conforms quite well

keeping a reasonable homogeneity although some local fractures can be observed in

the form of tears in the flake, an example of which is shown in Fig. 3.5 (a,d). At the

ends of the NMs on the other hand, the flake tends to form wrinkles extending out,

(see Fig. 3.5 (b,e)), which includes the few micrometer gap between adjacent NM

arrays. There, plethora of wrinkles have formed, connecting the neighbouring NMs.

Such dense formations of wrinkles might perturb the uniformity of the distribution

of strain across the deposited flake.

Figure 3.5: (a) False-color map of AFM height in the area of the flake located inside

the NM array. The dashed red rectangle marks a fracture in the flake. (b) False-

color map of AFM height centered at the gap between two adjacent NM arrays.

Additional fractures and formations of wrinkles can be observed. (c) Micrograph

of the sample with marked areas of AFM mapping corresponding to graph (a) and

(b). (d) and (e) 3D AFM visualizations from the marked (red dashed lines) areas

in panel (a) and (b), respectively.

The AFM characterization shows that although the process of fabrication is

in principle deterministic, many factors influencing the deposition and details of

design ultimately decide the structure homogeneity. The result overall is successful

and allows to make a step in the direction of deterministic and repeatable structure



52 Chapter 3. Anisotropic strain effects in MoS2 monolayer

engineering.

3.2 Optical characterization

In this section, I present the results of the optical characterization performed on the

MoS2/Nanomembranes structure. The goal of the measurements was the study of

the impact of nanomembranes on the optical properties of monolayer MoS2. These

experiments included spatially resolved Raman scattering, photoluminescence, and

reflectivity, which can be used to estimate the character and spatial distribution of

strain. Finally, I measured photoluminescence resolved in the linear polarization

basis in order to determine the effect of strain on the excitonic fine structure.

3.2.1 Probing strain by Raman modes

To obtain information about the distribution of strain I performed the Raman scat-

tering experiment as the first step in the optical characterization of the sample. Ra-

man modes depend directly on the crystallographic structure and the lattice param-

eters. Application of strain changes the lattice parameters, therefore its effects can

be observed and estimated by measuring the change in the frequency (energy) of the

Raman modes. In TMDs, the characteristic in-plane E′ and out-of-plane A′
1 Raman-

active vibration modes [Molina-Sanchez 2011] are commonly used to estimate the

level of strain [Rice 2013, Hui 2013, Zhu 2013, Dadgar 2018, Christopher 2019].

Here I measured the spatially resolved Raman response from the sample, from which

I determined the position-dependent intensities and frequencies of the Raman-active

modes i.e. the GaAs LO mode and the E′ and A′
1 Raman modes of MoS2. The in-

tensities of MoS2 Raman modes along with the frequency separation between them,

give information about the thickness (number of layers) of the measured flake. The

shift in frequencies, especially the in-plane E′ mode, on the other hand, allows for

estimation of the level and character (i.e. tensile or compressive) of strain. The

effectiveness of the nanomembranes in deterministic imposition of strain can be de-

termined by spatially correlating the Raman frequency shift with the morphology

of the structure.

Raman scattering measurements were performed at cryogenic temperature (≃
5 K) with 532 nm cw laser at P = 2 mW power. First, in Fig. 3.6 (a) I compare the

Raman spectra taken from the bare NMs, NMs with 1L-MoS2 and 2L-MoS2. At

≃ 295 cm−1 a strong characteristic longitudinal optical (LO) mode of GaAs can be

observed, which is the only resonance in the spectrum of bare NMs in the presented

frequency range. In spectra taken at spots with deposited MoS2 at ≃ 386 cm−1

and ≃ 407 cm−1 appear the characteristic MoS2 modes E′ and A′
1, respectively.

As can be seen the frequency separation ∆F = FA′
1
− FE′ between the two modes

and their intensities increase for the spectrum taken at 2L-MoS2/NM as compared

1L-MoS2/NM to confirming the 1L and 2L assignment. Next, in Fig. 3.6 (b,c,d) I

show the intensities of the three Raman modes: GaAs LO and MoS2 E′ and A′
1,

respectively. For the GaAs LO we can distinguish the areas of NM arrays and the
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Figure 3.6: (a) Raman spectra for bare GaAs NM, NM with 1L-MoS2 and NM with

2L-MoS2 on top. (b,c,d) Spatially resolved intensity of GaAs LO Raman mode (a),

in-plane E′ mode (b) and out-of-plane A′
1. (c).

flat substrate. The NM arrays exhibit increased intensity of the GaAs LO mode

as compared to the rest of the substrate. This can be attributed most probably to

the lack of SiO2 capping the GaAs NMs. The intensity of MoS2 Raman modes E′

(Fig. 3.6 (c)) and A′
1 (Fig. 3.6 (d) both show similar response being mostly dependent

on the thickness of the flake, where the 2L-MoS2 part of the flake is much brighter

than the 1L-MoS2 [Lee 2010].

Looking at the modes’ frequencies presented in Fig. 3.7 (a,b) again the largest

difference in frequency can be seen between the 1L and 2L parts of the flake. In

particular, the frequency separation map (Fig. 3.7 (c)) clearly shows the distinction

between 1L and 2L, where the separation is ≃ 21 cm−1 and ≃ 23 cm−1, respectively.

Having obtained the general picture, next I analyze in detail the Raman shift of

the in-plane E′ mode, which is the most sensitive to the in-plane strain fields and

will allow to quantify the strain imparted by the NMs. For clarity I focus only on

the 1L-MoS2 part of the flake. In Fig. 3.8 (a) I compare the Raman spectra from

two different regions of the flake showing red shift of the E′ mode on the order of

0.5 cm−1. The spectra marked 1 and 2 are taken from the spots marked in the
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Figure 3.7: (a) and (b) Spatially resolved Raman frequency shift for modes E′ and

A′
1, respectively. The frequencies were obtained by Lorentzian fitting of the Raman

peaks. (c) Spatial map of frequency difference ∆F = FA′
1
− FE′ .

E′ frequency map in Fig. 3.8 (b), where the color-axis is rescaled to exclude the bi-

layer region. We can distinguish regions of the flake lying on NMs with higher (1)

and lower (2) E′ frequency signifying low and high level of tensile strain, respec-

tively. Using the experimentally obtained strain gauge from ref [Christopher 2019]

of 2.1 cm−1/% the variation in Raman frequency can be recalculated into the vari-

ation of strain, which is presented on the secondary color-axis in Fig. 3.8 (b). The

variation of strain across the sample is found to be around 0.35 %.

Figure 3.8: (a) Representative Raman spectra of the E′ and A′
1 modes taken from

areas denoted 1 and 2. The solid lines correspond to double Lorentzian fitting to

the datapoints (scatter points). (b) Position-dependent E′ Raman frequency. White

circles corresponds to the areas from which spectra 1 and 2 in graph (a) were taken.

The black dotted lines correspond to the fractures in the MoS2 flake.

As a general observation we can note an increase in the tensile strain in the

regions of the flake on NMs, especially on the left-side NM array (Fig. 3.8 (b)). All
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deviations from the general trend, resulting in not full uniformity can be traced

back to the local morphology of the flake observed in optical imaging (3.3 (a)) and

AFM (3.3 (a)). Several unintentional features such as wrinkles and fractures in the

flake correlate very well with the Raman response. For example, the two prominent

tears in the flake seen in the AFM map (Fig. 3.5), also marked with black dotted

lines on the Raman response maps, would relax the strain in the flake in their

vicinity, thus resulting in lower or no red shift of E′ mode frequency, which is

exactly what can be observed. Similarly, in the micrograph in Fig. 3.3 one can see

nonuniform color (brighter and darker areas) within the monolayer part of the flake.

These correlate as well with the spatial strain distribution and signify that the flake

conforms to the substrate to a varying degree. Despite those imperfections, the

presence of tensile strain is confirmed and demonstrates the possibility of utilizing

GaAs nanostructures as deterministic stressors.

3.2.2 Probing strain by excitonic transitions

As a second characterization tool I performed the position-dependent PL studies

using 405 nm cw laser of P = 500µW power complemented by position-dependent

reflectivity in order to determine the exciton energies. Similar to the Raman re-

sponse, the strain-induced changes in the crystal structure will affect the band

structure of the material. In MoS2, the tensile (compressive) strain will result in

red shift (blue shift) of the energy of excitonic transition [Christopher 2019]. Based

on the exciton energy shift, the level of strain can be estimated, making it a com-

plementary experiment to Raman scattering.

Figure 3.9: (a) PL spectra taken from regions (1) and (2) as well as PL spectrum

of a reference flake (“Ref”). XA and XT denote the neutral and charged exciton,

respectively. (b) Spatially resolved map of PL intensity. (c) Spatially resolved map

of XT peak energy. The secondary color-bar corresponds to the level of uniaxial

tensile strain calculated based on the XT energy with a 0 % set for the peak energy

of the reference flake.
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The results of the PL experiment are shown in Fig. 3.9. In panel (a) I compare

PL spectra from the same regions of the sample (1 and 2) as previously in Raman

experiment. The third spectrum (denoted “Ref”) was taken from the reference flake

located on the flat substrate away from the NMs (see Fig. 3.3 (b)). The spectra

show an asymmetric peak structure with a high energy shoulder. The reflectivity

spectra (Fig. 3.10 (a)) show more clearly the presence of two resonances at ∼1.91

eV and ∼1.94 eV matching the main peak and the high energy shoulder position in

PL, respectively. Due to their energy position and relative energy distance, the two

peaks/resonances are assigned as the charged exciton (XT) and neutral A exciton

(XA) [Mak 2013]. The high ratio of charged to neutral exciton PL emission intensity

signifies strong unintentional doping in the structure. Though non encapsulated

MoS2 is known to usually exhibit unintentional n-doping, here additional effect of

GaAs as the substrate might contribute due to type-II band alignment between

GaAs and MoS2 [Iff 2017, Rojas-Lopez 2021]. In that case, I focus the analysis

on the charged exciton emission. From the compared spectra, we can notice that

energy of XT in spectrum 1 matches closely that of the “Ref” spectrum, which is

from a nominally unstrained flake. This shows that the region 1, located around a

fracture in the flake exhibits relaxed strain and can be therefore treated as mostly

unstrained. The XT in spectrum 2 is red shifted by ≃ 16 meV, which based on the

strain gauge for charged exciton from ref. [Christopher 2019] (43 meV/%) amounts

to almost ≃ 0.4 % of strain, very close to the value obtained in Raman measurement.

Figure 3.10: (a) Normalized reflectivity contrast R−R0
R0

taken from the regions (1)

and (2) and from the reference flake (“Ref”). The grey lines correspond to the

transfer-matrix fitting curves in the range of the XB resonance. (b) Spatially re-

solved XB resonance energy. Energy values were obtained from the transfer-matrix

fitting.

Very similar picture can be obtained by tracking the excitonic resonance energies

in the reflectivity (Fig. 3.10). Panel (a) again shows the exciton red shift on the

strained MoS2 areas with respect to the reference. Panel (b) shows the position-
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dependent B exciton (XB) energy obtained by fitting the reflectivity spectra using

the transfer-matrix method [Robert 2018]. Here the XB energy is shown instead

of the XT or XA due to broadening related energy overlap of these two making it

difficult to perform a reliable fitting. Nevertheless, the position dependent map of

XB energy shows the same spatial distribution as the PL and Raman presented

earlier.

3.2.3 Charged exciton fine structure

Having determined the strain imposed by GaAs nanomembranes on the MoS2

monolayer I have performed linear polarization resolved PL measurements on the

strained areas of the sample in order to determine the effects of the uniaxial

strain on the excitonic fine structure due to lowering of the system symmetry.

In other typical semiconductor systems, especially prevalent in epitaxial quantum

dots [Bayer 2002, Gong 2011, Höfer 2019], the low symmetry of the structure, ei-

ther intrinsic (e.g. low crystal symmetry or anisotropic confinement) or externally

imposed by anisotropic strain leads to the lifting of the degeneracy of excitonic

states causing energy splitting of its fine structure and changing the polarization to

linear along the main anisotropy axes. Similar, low-symmetry effect can be found in

some other semiconductors, e.g. 2D perovskites [Posmyk 2024b], but also in TMDs

[Mitioglu 2018]. In work [Mitioglu 2018], the authors observed experimentally the

fine structure splitting and linearly polarized emission. There however, uniaxial

strain causing the effect had random, fabrication-related direction. Here, on the

other hand, the major axes of uniaxial strain are expected to be defined by the

morphology of the stressor, i.e. the NMs.

Fig. 3.11 (a) shows the results obtained at four different spots on the sample:

three from the strained MoS2 on NMs and one on the reference flake. The top

panel of Fig. 3.11 (a) shows the PL intensity as a function of the polarization an-

gle, while the bottom panel shows the PL peak energy corresponding to the XT

energy. Both the intensity and peak energy of photons emitted from the reference

flake (“Ref”) remain constant regardless of the polarization angle, indicating either

complete circular polarization or unpolarized light. This outcome aligns with the

anticipated behavior stemming from the three-fold rotational symmetry inherent in

an unstrained TMD monolayers i.e. circularly polarized photon emission [Yu 2015].

Conversely, all series measured on the NMs show a sinusoidal dependence on the

polarization angle with the extreme angles corresponding to the two characteristic

directions in the structure i.e. along the length of NMs (denoted as X) and across

the NMs (denoted as Y). We observe that for the X direction, the peak energy

is highest and the intensity lowest, while the opposite is true for the Y direction.

The estimated energy splitting (∆E) between the two orthogonal polarizations is

between 1-1.5 meV while the degree of linear polarization (Pl) reaches 12-15 %, de-

pending on the measured spot (Fig. 3.11 (b,c)). Furthermore, a correlation between

∆E and Pl and the average PL energy, which corresponds to the level of strain

(Fig. 3.11 (c)) corroborates the interpretation that the strain in the monolayer is
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the determining factor for the observed charged exciton fine structure splitting.

Figure 3.11: (a) Linear polarization angle dependent PL intensity (top panel) and

peak energy corresponding to the XT energy (bottom panel) measured on the refer-

ence flake (“Ref”) and 3 spots on the nanomembrane-strained flake (on NM 1,2,3).

The extreme angles denoted X and Y correspond to the directions along the length

of NMs and across NMs, respectively, as shown in the inset. (b) Two orthogo-

nal spectra at X and Y angles for the spot on NM 2. (c) Energy splitting (∆E)

and degree of linear polarization (Pl) as a function of the average PL energy. (d)

Schematic depiction of uniaxial strain induced lifting of the XT state degeneracy

and linearization of photon polarization.

These results paint a picture of the lifted degeneracy of the excitonic states due

to the anisotropy induced by uniaxial strain as schematically depicted in Fig. 3.11d,

similar to other systems such as the aforementioned quantum dots [Bayer 2002].

It is worth noting however, that the origin of the splitting is the electron-hole

exchange interaction [Bayer 2002]. Due to that fact, at least in tightly confined

systems like quantum dots or for localized excitons, only the neutral excitons are

expected to undergo the splitting and linearization of the polarization. This is

because in the case of charged excitons, the additional electron with an antiparallel

spin occupies practically the same space as the primary electron causing the local

spin density to be zero (together forming a spin singlet state), thus nullifying the

exchange interaction [Bayer 2002]. In experimental observations presented here
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however, the charged exciton clearly shows the strain-induced splitting and linearly

polarized emission, defying the initial expectations. Experimentally, in uniaxially

strained TMD systems, both the neutral excitons [Glazov 2022, Mitioglu 2018] and

charged excitons [Mitioglu 2018] have been shown to undergo the splitting under

uniaxial strain. This clearly shows, that the simple, few-particle picture of a charged

exciton, like the one appropriate in quantum dots, here is not sufficient to explain

the observed phenomenon. It is then necessary to take a different approach to the

description of excitonic complexes and include the many body effects arising from

interactions of excitons and their environment. Since TMD systems host 2D free

electron gases, it is vital to consider the interaction of excitons and the Fermi sea.

In this picture, the excitonic particles should be thought of as excitons dressed

in electron-hole excitations within the Fermi sea i.e. Fermi polarons [Sidler 2017]

(see section 1.4.3. This approach gives an exciton-like repulsive polaron and trion-

like attractive polaron. The attractive polaron can be described as an exciton

correlated with a Fermi sea electron-hole excitation of zero total spin, thus such

complex essentially has the same total angular momentum of ±1 characteristic of

the neutral exciton. This picture indeed predicts that both neutral and charged

excitons in TMD systems experience the anisotropic strain induced fine structure

splitting which has been theoretically demonstrated in Ref. [Iakovlev 2023].

3.3 Summary

In summary of the results presented in this chapter, I have studied the possibility of

imposing a deterministic strain on a monolayer MoS2 via deposition on III-V nanos-

tructures in the form of GaAs nanomembranes. The samples and the structural

characterization (AFM and SEM) were provided by the group of Anna Fontcuberta

i Morral (EPFL, Lausanne). By means of optical spectroscopy I characterized the

spatial strain distribution of an MoS2 monolayer deposited on the nanomembranes.

The results of Raman scattering, PL and reflectivity consistently show a picture

of uniaxial tensile strain on the order of ≃ 0.3 − 0.4 %. Though the spatial dis-

tribution is not perfectly uniform due to uncontrolled effects such as formation of

wrinkles and fractures of the flake, it shows that the strain can be succesfully ap-

plied by utilising the high quality III-V substrate patterning paving the way for

further development of deterministic straintronics in TMDs. Finally, I investigated

the effect of the strain on the fine structure of the charged exciton. Remarkably, the

charged exciton displays similar effect of lifting of the fine structure degeneracy as

the neutral exciton under the influence of an anisotropic strain field. Such behaviour

can be explained by turning to the Fermi polaron picture of excitonic particles, in

which the electron-hole exchange interaction is not zero for the trion-like attractive

polaron. These findings demonstrate an additional control knob of the excitonic

properties using strain engineering e.g. for applications in devices utilizing the lin-

early polarized signal. The results of these studies were published in 2D Materials

9.4 (2022), p. 045006 - Jakub Jasiński et al. “Strain induced lifting of the charged
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exciton degeneracy in monolayer MoS2 on a GaAs nanomembrane” [Jasiński 2022].



Chapter 4

Control of the valley polarization

by Dexter-like coupling effect

TMDs are known for their robust valley physics [Chernikov 2014, He 2014,

Ugeda 2014, Hanbicki 2015, Wang 2018a, Yao 2008, Zhu 2011, Xiao 2012, Xu 2014,

Yu 2015, Stier 2016] due to the spin-valley locking effect [Yao 2008, Zhu 2011,

Xiao 2012, Xu 2014, Yu 2015, Stier 2016] (as described in detail in sections 1.4

and 1.4.2.1). The direct band gap in their band structure appears at points

(valleys) named K− and K+. Six valleys in total (three of each type) appear

at opposite corners of their hexagonal Brillouin zone and are related via time-

reversal symmetry, yielding exactly opposite spin values in the corresponding

bands of the neighbouring valleys, which in turn translates to contrasting polar-

ization selection rules. This, together with sizeable spin orbit coupling, which

splits the conduction band (∆CB ≃ tens of meV) and valence band (∆VB ≃
few hundred meV) [Zhu 2011, Kośmider 2013], endows TMDs with additional de-

grees of freedom for carriers or excitons in the form of spin and valley (pseu-

dospin) indices [Xu 2014]. From the spin and energy separation, the robust

polarization properties were expected to arise, which allow for selective initia-

tion and readout of the valley excitons via circularly polarized light. The im-

balance of the exciton population between the two valleys in TMDs is known

as the valley polarization [Yao 2008, Xiao 2012, Xu 2014, Yu 2015, Stier 2016].

The valley excitons are however prone to some depolarizing processes such as

spin-flip intervalley scattering [Schmidt 2016a, Wang 2014, Song 2013, Ochoa 2013,

Lu 2013, Dey 2017, Kim 2017] and, the most prominent, intervalley exchange in-

teraction [Xiao 2012, Zeng 2012, Zhu 2014b, Yu 2014a, Yu 2014b, Wang 2015c,

Plechinger 2016, Dery 2016, Schmidt 2016b, Hao 2017, Yan 2015], which limit the

long-term persistence of the valley polarization.

In this section I present results of investigation of the effects of another, ex-

tremely important, and not yet very emphasized in the literature, intervalley

coupling mechanism. The mechanism is the Dexter-like coupling, which couples

the same-spin states of the opposite valleys in k-space as presented in Fig. 4.1

[Berghäuser 2018]. In resonant excitation conditions, the coherent exciton popu-

lation in the excited state in one of the valleys can be effectively transferred to

the corresponding same-spin states of the opposite valley, which results in the in-

version of the valley polarization. The initial theoretical and experimental inves-

tigation of this effect has been conducted by the group of Ermin Malic (Marburg

Technical University) [Berghäuser 2018]. These results demonstrated the impor-
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Figure 4.1: Schematic of Dexter-like coupling mechanism. The effect of the induced

exciton population transfer on the valley polarization for polarized excitation res-

onant with A1s state in K valley (top) and B1s in K valley (bottom) are shown.

Figure adapted from Ref. [Berghäuser 2018].

tance of Dexter-like coupling at very short timescales (≃ 100 fs) and allowed to

explain the previous observation of upconversion characterized by inverted optical

polarization [Manca 2017]. My studies extended the existing research to the static,

time-integrated regime in which, as it turns out, the effects of Dexter-like coupling

profoundly influence the valley polarization properties. This chapter is divided in

two sections containing results on two different TMD-based systems:

The first section (4.1) concerns the investigation on encapsulated monolayer

WSe2, on which I performed optical spectroscopy measurements in the form of PL,

reflectivity and PLE, additionally resolved in circular polarization basis. The sample

was fabricated and provided by Maciej Śmiertka (Wroc law University of Science and

Technology). The theoretical calculations complementing the experimental results

were provided by the collaborators from the group of Ermin Malic, most notably,

by Joshua J. Thompson.

The second section (4.2) entails similar optical studies on a heterostruc-

ture composed of a monolayer WSe2 and a thin multi-layer of buthylammonium

lead iodide (BA2PbI4), which is a member of 2D Ruddlesden Popper hybrid

organic-inorganic perovskite [Stoumpos 2016]. The sample was provided by the

collaborators from the group of Alexey Chernikov (Dresden Technical Univer-

sity), specifically, fabricated by Jonas D. Ziegler. The TMD/2D-perovskite het-

erostructures have been heavily investigated in recent years [Yang 2019, Fu 2019,

Zhang 2020b, Wang 2020a, Erkılıc 2019, Chen 2020a, Chen 2020b, Wang 2021c,

Wang 2021a, Zhou 2022, Karpinska 2021, Karpińska 2022, Baranowski 2022b,
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Yao 2022, Singh 2023] and have been shown to exhibit interesting features

such as charge transfer, which can result in formation of an interlayer ex-

citon [Chen 2020a, Chen 2020b, Karpińska 2022, Yao 2022] or energy transfer

[Zhang 2020b, Wang 2021a, Karpinska 2021, Karpińska 2022, Baranowski 2022b],

which occurs for heterostructures characterized by energy resonance between exci-

tonic states of TMD and 2D-perovskite. Additionally, by utilizing chiral spacers

in the 2D-perovskite, selective spin injection from TMD into 2D-perovskite were

shown [Chen 2020a, Chen 2020b, Wang 2021a, Baranowski 2022b]. For standard,

achiral perovskites, signs of spin-conserving transfer of the valley polarized carri-

ers from TMD to 2D-perovskite have been observed [Singh 2023]. The studies I

present in this section expand on the aspects of charge transfer and spin injection

and demonstrate that the interlayer exciton found in these heterostructures inherits

the valley properties of the constituent TMD, which is evidence of successful spin

injection. This is shown clearly by observation of the same Dexter-like coupling

effect influencing the interlayer exciton, which is found for excitonic transitions in

bare WSe2 monolayer, presented in the first section.

4.1 Dexter-like coupling in WSe2 monolayer

4.1.1 Sample characterization

The investigated sample is a fully hBN-encapsulated WSe2 monolayer, deposited

on a Silicon substrate. The optical image, presented in Fig. 4.2 shows the structure

of the sample with the constituent layers of bottom hBN, 1L-WSe2 and top hBN

outlined. The sample was fabricated by Maciej Śmiertka, layer by layer using an

all-dry transfer method, which is described in section 2.4 in more detail.

Figure 4.2: Optical microscope image of the investigated encapsulated 1L-WSe2
sample. The 1-L WSe2 and the top and bottom hBN flakes are outlined with blue,

red and orange lines, respectively.

In the optical image (Fig. 4.2) we can observe the presence of unintentional bub-
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bles, which are notorious in van der Waals stacks obtained via the all-dry transfer

method. To avoid the disorder in the optical response created by those locally

strained areas, the measurement spots for all the experiments was always chosen

in the flat part of the 1L-WSe2 flake. To achieve that, firstly the spot was chosen

by looking at the preview microscope image of the sample and, secondly, by the

energy position and shape of the PL response. For each measurement, the sample

position was chosen so that in similar excitation conditions, the PL spectrum shape

and energy position were consistent.

Figure 4.3: Optical characterization of encapsulated 1L-WSe2: reflectivity in the

form of 1st derivative of R/R0 (red curve), PLE intensity of A1s exciton state (green

curve), PL spectrum excited at B2s resonance (blue curve) with laser power P = 50

µW. The PLE intensity data points were obtained by Lorentzian fit to the A1s peak.

To characterize the basic optical response and determine the excitonic transi-

tions in the sample I conducted reflectivity, PL and PLE experiments. The results

of all three combined are presented in Fig. 4.3. The PL spectrum (blue curve)

shows a multi-peak structure, common in the encapsulated 1L-WSe2, where the

different PL peaks correspond to different excitonic complexes. The most promi-

nent of which are marked in the spectrum as the neutral A exciton (A1s), triplet

and singlet charged excitons (TT and TS) and the neutral and charged biexcitons

(XX and XX−). The assignment was based on their energy position and rela-

tive energy separation from the neutral A1s exciton i.e. the dissociation energy

[Ye 2018b, Chen 2018a, Gupta 2019, Li 2018, Li 2020b] as well as the, discussed
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further, power dependence of the PL intensity shown in Fig. 4.4.

Reflectivity (red curve) shows four prominent resonances, which are assigned

based on their energy position and separation to the A1s, A2s, B1s and B2s excitonic

transitions, in agreement with previous reports [Zhu 2023, Wang 2020b, Liu 2019a,

Chen 2019]. Additional small features just below the A1s resonance might belong

to the direct absorption of the more complex excitonic particles - charged excitons

and biexcitons, due to matching of the resonance and PL emission energy. The PLE

measurement (green curve), with monitored intensity of the A1s exciton, corrobo-

rates the results of reflectivity, showing, in the scanned excitation energy range,

three resonances belonging to the A2s, B1s and B2s transitions.

The excitation power dependent PL measurement is presented in Fig. 4.4. Panel

(a) shows a stack of PL spectra at different excitation powers using a 405 nm laser

in cw mode. The spectra are normalized to the A1s PL peak intensity to emphasize

the change in the intensity ratio between different excitonic complexes. At low pow-

ers, the neutral A1s exciton dominates the spectrum. By increasing the excitation

power we can observe that the intensity of the PL peaks assigned to XX and XX−

increase faster than the A1s. This is clearly shown by the dependence of PL inten-

sity (extracted from the fitting of the PL peaks by 5-peak Lorentz function) on the

excitation power shown in panel (b). The excitons and charged excitons exhibit a

lower power coefficient (parameter b in the y = axb fitting function), close to 1 i.e.

linear. The biexcitons are characterized by higher, superlinear power coefficient of

b ≃ 1.5, characteristic of higher order excitonic particles. Panel (c) and (d) show

similar power dependence as in (a) and (b), but for the pulsed excitation mode.

In this case we can observe that the XX− peak dominates starting at low powers.

This is due to the pulsed excitation mode, in which, the average measured power

does not correspond directly to the power affecting the sample. The high amount of

excitation energy is accumulated in short pulses with long breaks in between con-

secutive pulses. Effectively the sample is excited on a short time scale with a much

higher power than the measured average, explaining the discrepancy between the

two excitation modes. The power coefficients deduced for the observed transitions,

however exhibit comparable values to those obtained in cw mode. The parameters

of the observed excitonic transitions combined from all experiments are summarized

in Table. 4.1.

Table 4.1: Encapsulated 1L-WSe2 - Parameters of excitonic transitions.

Exciton XX− TS TT XX A1s A2s B1s B2s

Energy (eV) 1.676 1.690 1.697 1.709 1.727 1.864 2.164 2.324

Dissociation

energy (meV)
51 37 30 18

1s-2s separation (meV) 137 160

Power coefficient - cw 1.35 1.04 1.28 1.56 1.15

Power coefficient - pulsed 1.39 1.01 1.28 1.46 1.21
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Figure 4.4: 1L-WSe2 Excitation power dependence of PL. (a,c) PL spectra at dif-

ferent excitation powers (numbers next to curves correspond to the average power

in [µW] measured by power detector) for cw excitation and pulsed excitation. (b,d)

PL intensity as a function of excitation power (double logarithmic scale) of the

five identified excitonic transitions denoted XX− (charged biexciton), TS (singlet

charged exciton), TT (triplet charged exciton), XX (biexciton) and X (neutral ex-

citon), for cw and pulsed excitation, respectively. The dotted lines correspond to

fitting with a function y = axb, where b is the power coefficient. Both modes of

excitation have been performed with the same 405 nm laser, by switching of the

lasing mode. The PL intensities were obtained by fitting of the 5-peak Lorentz

function to the PL spectra.

4.1.2 Valley polarization

To gain insight into the valley polarization properties and detect the fingerprints

of the Dexter-like coupling I conducted the PLE experiment with additional res-

olution in circular polarization basis. For broad range wavelength tuning, the

Ti:Saph+OPO source was used, which produces pulsed signal (80MHz repetition

rate) of ≃ 150 (bare Ti:Saph) or ≃ 300 − 400 (OPO) fs temporal line width (Table

2.1). Circular polarization is resolved by polarizing the excitation light into one of
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the circular states (σ+ or σ+) and detection of the same polarized (co-polarized)

and orthogonally polarized (cross-polarized) optical response. In TMDs, since the

photon polarization is coupled to the valley from which the excitonic recombination

takes effect i.e. σ+(−) for the K+(−) valley (as described in section 1.4.2.1), we can

then assume that the calculated degree of circular polarization (Pc) defined as:

Pc =
Ico − Icross
Ico + Icross

, (4.1)

where Ico/cross denote the intensity of the co- and cross-polarized emission compo-

nent, respectively, directly corresponds to the valley polarization.

Figure 4.5: (a) Schematic of Dexter-like exciton transfer. Here is shown an example

of the Dexter-like transfer of excitons from the resonantly pumped B+
1s state into

the A− states in the opposite valley. The “ns” subscript denotes the Rydberg series

of the given exciton type. (b) Comparison of the co-polarized and cross-polarized

spectra for excitation energy matching the A2s resonance (top panel) and slightly

below B1s resonance (bottom panel), which corresponds to the most cross-polarized

emission. (c) Reflectivity spectrum with marked A2s, B1s and B2s resonances (d)

Degree of circular polarization (Pc) calculated from the co- and cross-polarized

component of A1s emission intensity shown in (e). The PL intensity values were

obtained by Lorentzian fit to the A1s peak.

Time-integrated PL measurements allow to examine the optical response from the
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fundamental i.e. lowest lying states from which PL emission predominantly origi-

nates. Hence I focus the study of the Dexter-like coupling related effect by probing

the polarization of the PL emission, while tuning the excitation energy in the higher

energy range i.e. at the energies corresponding to the higher lying states and in be-

tween them. An exemplary experimental condition of excitation resonant with the

B1s state in the K+ valley (selection of the valley via circularly polarized excitation

light - σ+) is depicted in Fig 4.5 (a). The Dexter-like coupling [Berghäuser 2018]

couples the same-spin states of the opposite valleys in k-space (see Fig. 1.5 (a,b) in

section 1.4.2.1) i.e. the A+
ns ↔ B−

ns and A−
ns ↔ B+

ns. Consequently, such excitation

conditions are expected to result in a transfer of the coherent exciton population,

into the A states (all Rydberg states) in the opposite valley [Berghäuser 2018]. Due

to the efficiency of the exciton transfer, a significant part of the initially created

excitons, after transferring, will eventually recombine with the opposite circular

polarization with respect to excitation. This results in the inversion of the valley

polarization of the A states of the TMD system on very short time scales, during

and shortly after the excitation pulse [Berghäuser 2018]. Here I probe, whether

the static, time-integrated optical response shows any fingerprints, and therefore

evidence for Dexter-like exciton transfer.

First, looking at the co- and cross-polarization components of the PL response

when the excitation is resonant with the A2s state, as shown in the top part of

Fig. 4.5 (b), we can observe that the emission is strongly co-polarized as emphasized

by the blue shadowed area corresponding to the difference in intensity in favour of

the co-polarized response. The Pc value of the whole PL spectrum is approximately

30 %, which agrees with the expectation that, normally, resonant excitation helps

partially preserve the induced valley polarization by minimizing the number of

relaxation processes and time for depolarizing processes to take effect. Bottom part

of the same figure, on the other hand, shows the PL response when the excitation

is just below (∼ 20 meV) the B1s resonance. We observe the strong reduction in the

Pc of the whole spectrum reaching 0 % or slightly below 0 % for the lower energy

part of the spectrum corresponding to the emission from more complex excitonic

particles, which is emphasized by the more intense red shadowed area.

Focusing now on the neutral A1s exciton, its broad-range excitation energy de-

pendent polarization properties are presented in Fig. 4.5 (c-e). Panel (c) shows the

reflectivity spectrum with marked energy positions of the A2s, B1s and B2s excitons

which serves as comparison for the PLE experiment. Panel (d) shows the value of

Pc as a function of the excitation energy, which was calculated using the formula

4.1 from the co-polarized and cross-polarized intensity components shown in panel

(e). The Pc exhibits a clearly non-monotonic dependence on the excitation energy.

The observed trend can be broken down into two main factors. Firstly, there is an

overall tendency for the increase of the Pc as the excitation energy decreases. At

the highest measured excitation energy of ≃ 2.48 eV the Pc is around 10 %, while in

the low energy range, around A2s resonance and between the A2s-B1s resonances,

Pc reaches approximately 35 %. This behaviour is expected as the electron-hole ex-

change, the most prominent valley depolarization mechanism depends on the excess
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energy of the pump (i.e. relative energy distance from the emission) and is more

efficient, the higher the excess energy [Yu 2014b, Baranowski 2017]. Secondly, when

the pump energy crosses the B2s and B1s resonances, the Pc value deviates from

the above mentioned trend in the form of a strong decrease, within the broadening

of these resonances. This effect is especially prominent around the B1s resonance,

where the Pc reaches the lowest value of ≃ 0 %. This observation is a clear signature

of the Dexter-like coupling and its profound influence, even at long timescales, as

clearly seen in the time-integrated results presented here. The final result of vanish-

ing (∼ 0%) valley polarization is the product of all the intervalley processes which

take place between the excitation pulse and the radiative exciton recombination,

which for this sample was found to be around 25 ps [Jasiński 2024b]. In addition to

the Dexter-like transfer, which inverts the valley polarization, there are also other

depolarization mechanisms. The most prominent are the efficient electron-hole ex-

change intervalley coupling [Xiao 2012, Zeng 2012, Zhu 2014b, Yu 2014a, Yu 2014b,

Wang 2015c, Plechinger 2016, Dery 2016, Schmidt 2016b, Hao 2017, Yan 2015]

and the low efficiency phonon-mediated intervalley scattering [Schmidt 2016a,

Figure 4.6: (a) Reflectivity spectrum with marked resonances of A2s, B1s and B2s

states. (b) Degree of circular polarization (Pc) calculated from the co- and cross-

polarized component of XX emission intensity shown in (c). (d-f) same as (a-c),

but for the XX− transition.
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Wang 2014, Song 2013, Ochoa 2013, Lu 2013, Dey 2017, Kim 2017], both of which

act to equalize (bring to 0 %) the valley polarization. It is worth adding, that a

similar experiment, showing practically the same result for the excitation energy de-

pendent Pc of the A1s exciton, has been conducted before [Wang 2015b], however,

the authors of the cited paper did not comment on the peculiar observation.

Similar analysis on the XX and XX− complexes is presented in Fig. 4.6. The

excitation energy dependent Pc shown in panel (b) and (e), for XX and XX−,

respectively, show the same general trend as the neutral A1s exciton. One difference,

however, is visible in the absolute values of Pc. At low excitation energies the the Pc

reaches higher values of around 40 %. At the same time, around the B1s resonance,

the Pc becomes clearly negative with lowest value of around -7 %. This shows that

the effect of the Dexter-like coupling is more pronounced for the more complex

excitonic particles. A probable explanation of such a behaviour might be related

to the fact that due to larger number of component particles involved in formation

of the more complex excitons such as trions and biexcitons. This in turn would

make them more robust against other depolarization mechanisms [Singh 2016] that

equalize the valley polarization following the Dexter-like transfer.

4.1.3 Theoretical model

To corroborate the experimental observations, we employed the theoretical simu-

lation performed by our collaborators from the group of Ermin Malic (Marburg

Technical University). The calculations are based on a fully microscopic model,

which tracks the time evolution of the both coherent (pump-driven) and incoherent

exciton populations [Berghäuser 2018, Bernal-Villamil 2018, Jasiński 2024b]. This

framework allows to simulate the evolution of the valley polarization of the neutral

exciton as a function of excitation energy.

Fig. 4.7 shows the results of the simulation of the time evolution of the A1s ex-

citon state following a single excitation pulse, which is centered at t = 200 fs with

FWHM = 400 fs (pulse onset at t = 0 ps). Panel (a) and (b) present the PL decay

of the co- and cross-polarized component for an off-resonant excitation energy be-

tween the A2s and B1s resonances (a) and resonant with the B1s exciton state (b).

The initial strong co-polarized signal in Fig. 4.7 (a) is due to quick relaxation to

the emissive A1s state. The cross-polarized signal rises slowly due to intervalley ex-

change and phonon-scattering processes which transfer excitons to the opposite val-

ley. For excitation resonant with the B1s exciton in Fig. 4.7 (b), the state is initially

populated, however, the excitons are quickly transferred via Dexter-like coupling to

the opposite valley, leading to an initial strong cross-polarized signal. Then, the in-

tervalley exchange repopulates the originally pumped valley. The interplay between

the excitons relaxing from the directly excited B state and the intervalley exchange

and scattering processes of both the still occupied B states and A states produces

a complex picture of the ratio of the co- and cross-polarized signal. After initial

domination of the Dexter-mediated transfer of coherent population to the opposite

valley, the co-polarized signal briefly rises above the cross-polarized signal before
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Figure 4.7: Simulation of time evolution of the valley polarization of A1s exciton.

(a) and (b) Simulated PL decay curves of the co-polarized and cross-polarized signal

after a single excitation pulse modeled as a gaussian of FWHM = 400 fs, centered at

200 fs (grey shadowed curve) for off-resonant excitation energy (a) and resonant with

the B1s state (b). (c) Comparison of the time evolution of the valley polarization

(VP) for the two excitation energies presented in (a) and (b). (d-f) Simulation of

the A1s PLE spectrum with resolved co-polarized and cross-polarized components

(bottom panels) and calculated valley polarization (top panels) at t = 40 s (d),

t = 4 ps (e) and time-integrated (f). (g) Experimentally obtained PLE intensity

(bottom) and Pc (top) as a function of excitation energy.

then switching again due to decrease of the influence of the B state population due

to exchange. At longer times, when the incoherent populations are established, the

further decay are mediated by the exchange and scattering processes which in the

end equalize the contributions of the two polarization components. Panel (c) of
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Fig. 4.7 shows the evolution of the valley polarization for the two excitation condi-

tions calculated from the intensity values shown in panel (a) and (b). Panels (d-g)

compare the simulated PLE intensity spectrum at time points of t = 40 fs i.e. onset

of the pump pulse (d), at 4 ps, when the pump pulse is mostly over thus suppressing

Dexter-like transfer (e), time-integrated result of the simulation (e) and the experi-

mentally obtained data in (f). Comparing the time-integrated simulation in (e) and

experimental time-integrated PLE we observe a good qualitative agreement of the

valley polarization dependence on the excitation energy. At low excitation energies

in the vicinity of A2s resonance, the valley polarization shows similar value of around

30 %. Within the line widths of all the Bns states there is a strong, flat decrease in

the valley polarization reaching small negative values of minus few %. The absolute

minimum of valley polarization in the simulation coincides at the energy between

the B1s and B2s resonances which is related to the overlap of the Dexter-mediated

inversion arising in both states. In contrast, the experimental curve shows much

narrower dips in Pc around the B1s and B2s resonances, despite nominally the same

transition line width. For example, a substantially positive Pc is recovered in be-

tween the resonances. This discrepancy might stem from the differences between

the parameters of the simulation and those present in the real sample, which can

not be experimentally deduced for perfect matching between the theoretical model

and experiment, such as e.g. the speed of coherent to incoherent population transfer

at A and B states.

Furthermore, the experimental curves of Pc for all analysed excitonic complexes

(Fig. 4.5 (d) and Fig. 4.6 (b,e)) and shows the minimum value is actually slightly

below, ∼ 20 meV, the B1s resonance. This is consistent with the prior observations

presented in reference [Wang 2015b]. The probable explanation for this behaviour

might be related to the fact that the Dexter-like transfer is equally efficient within

the full line width of the resonance as is evident from the simulation, which leads to

early onset of the decrease in Pc. At the same time, other scattering processes, likely

underestimated in the simulation, lead to the fast increase of the time-integrated Pc

with rising excitation energy within a given resonance, which ultimately results in

the observed experimental picture. Another point suggesting an underestimation

of the scattering or exchange processes in the simulation is the fact, that in the

experiment, the Pc vanishes, while in time-integrated simulation it remains slightly

inverted. Despite the discrepancies, a very good qualitative and reasonable quan-

titative agreement between the theoretical model and experimental results demon-

strate the profound importance of the Dexter-like intervalley coupling.

4.1.4 Exciton renormalization

Another prediction of the theory behind the Dexter-like transfer, is the Dexter-

mediated broadening and energy renormalization of excitonic resonances as shown

in one of the earlier publications [Bernal-Villamil 2018] on the topic. To investigate

these effects, I extracted the PL energy positions and line widths of the A1s, XX and

XX− from the circular polarization resolved PLE experiment presented earlier. The
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Figure 4.8: 1L-WSe2 Dexter-like coupling induced renormalization. (a-d) Reflec-

tivity (a) and exciton energy dependent energy shift ∆E for A1s (b), XX (c) and

XX− (d) transition. (e-h). Reflectivity (e), same as in (a), and excitation energy

dependent FWHM of A1s (f), XX (g) and XX− (h) transition. Dashed lines mark

the positions of A2s, B1s and B2s resonances.

results are presented in Fig. 4.8. For all of the analysed excitonic complexes, there

is a small, clear red shift of the emission energy by approximately 2 meV (see panels

(b-d)), as well as increase in the line width in the form of FWHM from ≃ 10 meV

to ≃ 13 meV (see panels (f-h)), when the excitation energy coincides with the B1s

exciton resonance at ≃ 2.16 eV. The observed shift in energy is in fact larger, than

predicted for the similar material of WS2 [Bernal-Villamil 2018], which again shows

the profound influence of this intervalley coupling mechanism.
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4.2 Dexter-like transfer in WSe2/BA2PbI4 heterostructure

4.2.1 2D hybrid metal-halide perovskites

The 2D hybrid metal-halide perovskites are a class of layered semiconducting mate-

rials, which are of great interest to the scientific community due to their wide tun-

ability of opto-electronic properties [Chen 2018b, Mao 2018, Smith 2018] and high

optical yield, which make them especially promising in light emission and photo-

voltaic applications [Cao 2015, Tsai 2016, Blancon 2017, Chen 2018b, Gong 2018,

Straus 2018]. Their intriguing properties arising from their electronic properties

and a soft, ionic lattice resulting in strong electron-phonon coupling render them

interesting for studying of the nature of the fundamental excitations and polaronic

effects [Straus 2018, Hurtado Parra 2022, Dyksik 2024].

2D-perovskite crystals are composed of alternating inorganic and organic sheets.

The inorganic “inner” sheet consists of metal-halide octahedral slabs, which exhibit

semiconducting properties. The organic “outer” sheet, often referred to as spacer, is

an insulator with a drastically lower dielectric constant. Such structure resembles

that of a quantum well, as depicted in Fig. 4.9 (a). The organic spacer acts as a high

energy barrier forcing the charge carriers to locate in the inorganic, semiconducting

layer. Due to the very high spatial and dielectric confinement and a smooth inter-

face (due to natural atomic arrangement), the 2D-perovskites are regarded as the

natural quantum wells. The coupled effect of spatial and dielectric confinements,

similar to TMDs, results in greatly enhanced electron-hole interaction, resulting

in binding energies reaching few hundred meV [Cao 2015, Tsai 2016, Blancon 2017,

Chen 2018b, Gong 2018, Straus 2018, Baranowski 2022a]. The same as in quantum

wells, the thickness of the the semiconducting layer, which can be controlled by the

number of octahedral slabs n (see Fig. 4.9 (a)), impacts the optical band gap energy

(Fig. 4.9 (b)) and modifies the exciton binding energy and radius (Fig. 4.9 (c)). On

the other hand, the properties of the 2D-perovskites depend very weakly on the

crystal thickness i.e. the total number of individual layers, which can be considered

as electronically decoupled [Takeoka 2006, Dou 2015].

Moreover, the different members of 2D-perovskites crystallize in one of the

two distinct phases, Dion-Jacobson (DJ) [Mao 2018] or Ruddlesden-Popper (RP)

[Chen 2018b]. The two phases differ in their interlayer binding. In DJ perovskites

the organic spacer is shared between the consecutive inorganic sheets (layer order:

-O-I-O-I-). On the other hand, in RP perovskites, each inorganic sheet is indi-

vidually surrounded by the organic spacers on both sides, while the consecutive

layers are connected via van der Waals forces (layer order: · · ·O-I-O· · ·O-I-O· · · ).
The latter 2D RP perovskites, due to their weak van der Waals bonding between

the layers allows to relatively easy obtain very thin or even single layers of the

material via mechanical exfoliation. This feature is especially interesting in terms

of constructing complex heterostructures with other 2D layered materials such as

TMD/2D-perovskite heterostructures [Baranowski 2022b], which are the subject of

this chapter.
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Figure 4.9: (a) Top: schematic drawings of 2D-perovskites single sheet structures

for different number of octahedral slabs (n). Bottom: schematics of band alignment

of the conduction and valence band energies as well as dielectric constands (ϵ) of the

inner inorganic layer and outer organic spacer. (b) Dependence of the band gap and

1s exciton energies on the number of octahedral layers for PEA′
2MAn−1PbnI3n−1.

(c) Dependence of exciton binding energy and radius on the number of octahedral

layers for PEA′
2MAn−1PbnI3n−1. (d) Schematic of a general exciton fine structure

due to exchange interaction in 2D-perovskites. J and Jz are the total angular

momentum and in-plane projection of the total angular momentum, respectively.

(e) Comparison of conduction and valence band offsets for several TMDs and 2D

Ruddlesden-Popper perovskites: PEPI ((PEA)2PbI4) and BAPI ((BA)2PbI4). Pan-

els (a-c) and (e) are adapted from Ref. [Baranowski 2022b].

The chemical formula for the RP 2D-perovskites is A′
2An−1MnX3n−1, where

A′ is the 1+ large organic cation (e.g. BA+ - buthylammonium or PEA+ -

phenylethylammonium), A is a small 1+ cation (e.g. MA+, FA+, Cs+), M is the

metal atom (e.g. Pb2+, Sn2+, Cd2+) and X is the halide anion (I−, Cl−, Br−),

meanwhile n denotes the number of octahedral slabs within the inorganic sheet

[Tang 2021, Baranowski 2022b, Baranowski 2022a].

2D-perovskites exhibit a direct optical gap at Γ point in the Brillouin zone

[Baranowski 2019, DeCrescent 2020]. A characteristic feature of their band struc-

ture is that, in contrast to the traditional III-V semiconductors, the strong spin

orbit coupling affects the conduction band instead of the valence band [Even 2013].

This is due to the VB being composed mainly from the s-like orbitals, while the CB



76 Chapter 4. Control of the valley polarization by Dexter-like coupling effect

is mainly composed of p-like orbitals [DeCrescent 2020, Baranowski 2022a]. Conse-

quently, the lowest CB is the spin-orbit coupling split band with electron angular

momenta of ±1
2 , which is the same as the top of the VB. The excitons are composed

of the electrons and holes from the CB and VB edges, both characterized by the

total angular momenta of ±1
2 , which yields 4 possible excitonic states: one with the

total angular momentum of J = 0, which is optically dark, and the remaining three

with J = 1 i.e. optically bright, with the in-plane projections Jz = −1, 0, 1. Due

to the exchange interaction, the degeneracy of the bright states and the dark state

is lifted [Baranowski 2022a], yielding the dark exciton as the ground state of the

system [Dyksik 2021, Posmyk 2024b, Posmyk 2024a]. Furthermore, the spatial con-

finement due to the 2D nature results in the splitting off of the exciton with Jz=0.

Due to its out of plane dipole orientation it is coupled to photons with an out-of

plane linear polarization [Posmyk 2024b, Posmyk 2024a]. The remaining Jz=±1

are degenerate and couple to the left-handed (σ−) and right-handed (σ+) circularly

polarized photons. The resulting exciton fine structure is shown in Fig. 4.9 (d). The

degeneracy of the two in-plane excitons can be further lifted in 2D-perovskites char-

acterized by in-plane anisotropy, the example of which can be found in the archetyp-

ical PEA2PbI4 [Dyksik 2021, Posmyk 2024b, Posmyk 2024a]. On the other hand,

in the BA2PbI4 (BAPI), which is the component of the TMD/2D-perovskite het-

erostructure studied in this chapter, no evidence of a substantial in-plane excitons

splitting has been observed so far.

Heterostructures composed of RP 2D-perovskites and TMDs are expected to

exhibit type II band alignment as shown in Fig. 4.9 (e) [Baranowski 2022b]. This

opens the possibility of charge transfer leading to formation of interlayer excitons

[Chen 2020a, Chen 2020b, Karpińska 2022, Yao 2022], which is of interest in the

studies presented in the following sections of this chapter.

4.2.2 Sample characterization

The investigated TMD/2D-perovskite heterostructure (HS) sample was prepared

using an all-dry transfer method by Jonas D. Ziegler from the group of Alexey

Chernikov (Dresden Technical University). The microscope image and schematic

drawing of the HS are presented in Fig. 4.10. In the microscope image in panel

(a) the lines marking the positions of the constituent flakes show that areas of bare

WSe2, bare perovskite and HS regions can be distinguished. The HS is encapsulated

from bottom and top side with insulating hBN layers. The HS itself consists of

monolayer WSe2 flakes (bilayer WSe2 in part of the HS) on the bottom and the

thicker, multi-layer (BA)2PbI4 on the top. The individual (BA)2PbI4 layers have

the octahedral sheet thickness of n = 1 i.e. a single octahedral PbI4 sheet between

organic BA cations (see Fig. 4.9 (a) in section 4.2.1) as schematically drawn in panel

(b).

To determine basic optical properties of the HS I performed spatially resolved

PL measurements complemented with reflectivity at several representative spots

on the sample. The results are shown in Fig. 4.11. Panel (a) shows PL and re-
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Figure 4.10: (a) Microscope image of the investigated WSe2/(BA)2PbI4 heterostruc-

ture. The WSe2 and perovskite flakes are outlined. (b) Schematic drawing of the

heterostructure with 1L-WSe2 on the bottom and multi-layer (BA)2PbI4 n = 1 on

top.

flectivity spectra from regions of HS, bare 1L-WSe2 and bare perovskite. Bare

1L-WSe2 spectra exhibit very similar structure to those presented in previous sec-

tion in Fig. 4.3, in which emission of several excitonic complexes and reflectivity

resonances of higher excitonic states can be observed. Bare perovskite spectra show

excitonic emission and absorption in two energy ranges around 2.53 eV and 2.4 eV,

which correspond to the low temperature (LT) and high temperature (HT) phases

of (BA)2PbI4 [Baranowski 2019, Ziegler 2022]. Despite the cryogenic temperatures

at which, the optical spectra were taken it is possible for the HT phase to partially

persist [Baranowski 2019] as seen here. The same absorption features are present

in the reflectivity spectrum of the HS. There, aside from the perovskite features

we can observe that the features related to the WSe2 are practically absent. This

is likely related to the appearance of additional electronic interactions with the

perovskite and non-radiative charge or energy transfer [Wu 2019, Zhou 2020] from

WSe2 to the perovskite layer. On the other hand, the reflectivity of HS exhibits an

additional feature at ≃ 2.08 eV, denoted as XHS
B , which is around ≃80 meV lower in

energy from the B1s exciton in bare 1L-WSe2. The PL spectrum of HS, similar to

reflectivity, shows suppressed emission of the WSe2 excitonic complexes, e.g. A1s

as evident by its much weaker emission as compared to bare 1L-WSe2.

In the PL spectrum of the HS, the typical excitonic transitions of the WSe2 are

strongly suppressed, similar as in the reflectivity spectrum. Furthermore, a new

feature can be spotted in form of a broad PL emission peak at ≃ 1.55 eV. This PL

peak is assigned to the interlayer exciton (IX), which is expected to form due to the
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Figure 4.11: Optical characterization of the heterostructure. (a) Bottom of the

graph: PL spectra from different regions of the sample: heterostructure (HS) region

(orange PL curve), bare 1L-WSe2 (blue PL curve) and bare BA2PbI4 (BAPI) per-

ovskite green PL curve). HS and 1L-WSe2. Top of the graph shows corresponding

in color reflectivity spectra of bare 1L-WSe2, bare BA2PbI4 and the heterostruc-

ture, for comparison. Inset shows the band alignment of the heterostructure and

schematic drawing of the origin of the interlayer exciton (IX). (b-d) False-color maps

of spatially resolved PL Intensity integrated in the regions corresponding to the new

IX peak (b), the neutral WSe2 A1s exciton (c) and the exciton of the BA2PbI4 (d).

Red lines mark the positions of the WSe2 flakes (solid for 1L and dashed for 2L),

while the white dotted line outlines the perovskite flake. PL Maps in (b) and (c)

were obtained with excitation wavelength of 532 nm (2.33 eV), (i.e. below the band

gap of the perovskite) and perovskite PL map (d) with 430 nm (2.883 eV).
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type II band alignment in TMD/2D-perovskite heterostructures (see Fig. 4.9 (e)).

As in the earlier reported comparable heterostructures of MoSe2/PEA2PbI4 and

MoSe2/BA2PbI4, the expected band alignment is shown in the inset of panel (a).

The included band offsets of the organic spacer suggest the blocking of the elec-

tron transfer between the WSe2 and PbI4 layers and at the same time a cascaded

charge transfer of the hole from the WSe2, through BA to PbI4. Consequently,

the IX state should form between the electron in the conduction band of the WSe2
and the hole in the valence band of the perovskite, precisely in the inorganic PbI4
slab. It is worth noting, that the PL spectra in Fig. 4.11 (a) for the 1L-WSe2 and

the HS were acquired with excitation energy below the band gap of the perovskite

(as noted in the caption of Fig. 4.11), so that the electron-hole pairs are created

nominally only in the WSe2. The detection of the WSe2 or HS emission for ex-

citations above the perovskite band gap was not reliable due to strong overlap of

the tail of the intense low energy below-band gap PL emission from the perovskite

of uncertain origin (likely self-trapped or defect related). The realized below-band

gap excitation condition additionally strengthens the interpretation of the new PL

feature in the HS as the IX. Upon excitation of the WSe2, the electron is blocked

in the WSe2 layer due high potential barrier of the organic spacer of the perovskite

(BA), meanwhile the hole transfer to the inorganic PbI4 layer of the perovskite is

allowed due to the step-like structure of the valence band alignment (see inset of

Fig. 4.11 (a)). The observed formation of the IX state is in agreement with theo-

retical predictions and observations in other TMD/2D-perovskite heterostructures

[Chen 2020a, Chen 2020b, Karpinska 2021, Karpińska 2022].

The spatially resolved PL measurements are presented in panels (b-d) of

Fig. 4.11. Panel (b) shows the PL intensity integrated in the energy range cor-

responding to the IX peak. From the map we note that it is present only in the

regions, where the WSe2 (red lines) and perovskite (white dotted line) overlap i.e.

in the HS. This further corroborates the assignment of the peak as an interlayer

exciton. Panel (c) shows the PL intensity of the neutral A1s exciton of WSe2. Its

emission is clearly observed on the bare monolayer WSe2 flakes and much weaker

one the bare bilayer part. It is also strongly suppressed in the HS region as was

visible on the exemplary PL and reflectivity spectra in panel (a). Panel (c) shows

the PL intensity of the LT phase exciton of BA2PbI4. The different intensity levels

correspond to the thickness of the the perovskite flake matching the color contrast

seen in the microscope image (Fig. 4.10 (a)).

To further confirm the origin of the IX peak as an interlayer transition I per-

formed the PL measurement on the HS as a function of excitation power and tem-

perature.

The power dependence is depicted in Fig. 4.12. Panel (a) shows PL spectra at

powers ranging from 1 to 50µW. Four emissions are marked as IX, L (localized

states), T (charged exciton) and A1s states. The PL intensity of these as a function

of excitation power is shown in panel (b). All four emissions show a power coefficient

close to 1, which suggests the free excitonic character. An exception for the L states

is visible due to saturation of emission at highest excitation powers, which in turn
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Figure 4.12: Power dependence of PL emission on the heterostructure: (a) Stacked

PL spectra at different excitation powers. Inset shows the zoom-in on the IX peak

evolution on stacked normalized PL spectra. (b) Double logarithmic scale of PL

Intensity of the four emissions marked in (a) as a function of excitation power.

(c) Energy shift and FWHM of the IX peak as a function of excitation power in

logarithmic scale.

rather suggests localized state as the origin. The inset of panel (a) shows vertically

stacked PL spectra normalized to the intensity of the IX peak, which emphasizes

its strong energy blue shift with increasing excitation power. The energy shift is

plotted in panel (c). The high value of the blue shift slope i.e. ≃ 30 meV per only

one order of magnitude change in excitation power is a characteristic feature for

interlayer excitons of dipolar nature due to strong dipolar repulsion [Butov 1999,

Laikhtman 2009, Rivera 2015] and is in agreement with results in similar TMD/2D-

perovskite heterostructures [Chen 2020a, Yao 2022].

Fig. 4.13 shows the temperature dependence of the PL emission from the HS.

Panel (a) shows the stacked PL spectra at different temperatures, which show the

evolution of both IX and the A1s neutral exciton of WSe2. Both transitions exhibit

an energy red shift and a non-monotonic intensity change with increasing temper-

ature, which are analysed in detail in panels (b) and (c), respectively. Panel (b)

shows the emission energy of IX and A1s as a function of temperature. The en-

ergy shift as a function of the temperature for both transitions was fitted using a

modified Varshni formula [Huang 2016] given by:

E(T ) = E(0) − S⟨ℏω⟩ ·
(

coth
⟨ℏω⟩

2KBT
− 1

)
, (4.2)

where the E(0) is the energy at T = 0 K, S is the dimensionless parameter describ-
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ing the strength of the electron-phonon coupling and ⟨ℏω⟩ is the average acoustic

phonon energy. The A1s transition red shifts with increasing temperature as ex-

pected in TMDs [Liu 2020a]. The fit with Eq. 4.2 gives the parameter values of

S ≈ 2.15 and ⟨ℏω⟩ ≈ 17.5 meV, similar to what was obtained in earlier studies on

monolayer WSe2 [Huang 2016]. The IX state red shifts in similar manner to A1s

Figure 4.13: Temperature dependence of PL emission of the heterostructure. (a)

Stacked PL spectra at different temperatures. The number above each spectrum

corresponds to the temperature T (K). (b) Peak energies of IX and A1s as a func-

tion of temperature. The lines represent the fit to the data with modified Varshni

formula (Eq. 4.2). For the IX state the last two temperature data points were pur-

posefully omitted from the fitting procedure due clearly diverging from the linear

behaviour expected from the Eq. 4.3. This might be related to additional mecha-

nisms affecting the excitonic energy, which are not considered, or to the uncertainty

of the energy position obtained from Gaussian fitting due to very low IX intensity

at high temperatures. (c) Plots of PL intensities of IX and A1s peak (in logarithmic

scale) as a function of inverse temperature. The lines represent the Arrhenius fits

to the data (Eq. 4.3) with two activation energies Eq (quench) and Es (supply) as

parameters, which account for the temperature induced decrease and increase of

intensity, respectively.

with increasing temperature albeit more strongly. The obtained fitting parameters

are S ≈ 7.7 and ⟨ℏω⟩ ≈ 29.4 meV. The (BA)2PbI4 also exhibits a red shift of

the band gap with increasing temperature [Gong 2024]. The faster energy shift is

hence likely related to the IX state energy being dependent on the bands shifts in

both of the constituent materials, specifically CB shift of WSe2 and VB shift in

2D-perovskite, the effects of which sum up. Panel (c) shows the extracted from
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fitting PL intensities of the IX and A1s peaks plotted as a function of inverse tem-

perature. We can clearly observe the temperature-induced brightening of both IX

and A1s peaks. This effect is expected for the so called “dark” TMDs due to the

band ordering, which yields the spin-dark exciton state as the lowest energy state

[Kapuściński 2021] (see Fig. 1.5 (a,b) in section 1.4.2). In that case, increasing the

temperature promotes the excitons from the lower energy dark state to the higher

energy bright state resulting in increase of the emission intensity. To extract the ac-

tivation energies of the involved processes I fit the data in panel (c) with a modified

Arrhenius formula [Huang 2016]:

I(T ) = I0 ·
1 + Bs · exp ( −Es

kB ·T )

1 + Bq · exp(
−Eq

kB ·T )
, (4.3)

which includes the standard quenching term exp(
−Eq

T ·kB ) with related activation en-

ergy Eq, which corresponds to a non-radiative recombination process and an ad-

ditional supply term exp ( −Es
T ·kB ) with activation energy Es, which corresponds to

a process supplying excitons to the emitting state. The I0 is the PL intensity at

T = 0 K, kB is the Boltzmann constant and the Bq(s) corresponds to the magnitude

of the quenching (supply) process.

The Es of the A1s state value of ≈ 27 meV falls in between the calculated

value of the conduction band splitting calculated for a free standing monolayer

[Kośmider 2013, Liu 2013, Kormányos 2015] of ≈ 36 meV and obtained experimen-

tally for a fully encapsulated monolayer ≈ 14 meV [Kapuściński 2021]. The deter-

mined activation energy however does not correspond directly to the energy splitting

between the dark and bright states. The obtained value based on Arrhenius analysis

is convoluted with competing non-radiative processes. It also does not account for

the temperature dependence of the radiative lifetime as well as the thermal equilib-

rium between the populations of the two states [Zhang 2015]. One of the possible

processes responsible for the quenching of emission is the dissociation of excitons i.e.

overcoming of the binding energy. The binding energy of the exciton in 1L-WSe2
is expected to be on the order of 400 meV (based on the A1s-B1s energy separation

in the studied sample), thus not matching the fitted value of ≈ 91 meV. However,

previous studies also reported much lower values than the expected binding energy

[Huang 2016, Davila 2024] and related this effect to the presence of defects, impu-

rities as well as interaction with the substrate, which create additional quenching

channels. The IX emission shows comparable values of Es ≈ 15 meV and Eq ≈ 61

meV. The smaller values likely stem from additional non-radiative channels avail-

able for this state (shared between WSe2 and BA2PbI4), due to more complex

environment posed by the HS, as well as probably lower binding energy of the IX

complex. The similarity of the temperature-dependent behaviour of the A1s and IX

state suggests nevertheless that the IX properties are in large proportion inherited

from the TMD layer.
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4.2.3 Valley polarization

The optical characterization of the IX state shown in the previous subsection

strongly suggests the substantial similarity of its properties to the excitons in the

TMD layer. In the next step I performed the circular polarization resolved PLE on

the IX state, similar to that presented for excitons in bare WSe2 in section 4.1.2.

This experiment allows to acquire information whether the IX also inherits the

valley polarization properties of the TMD.

Figure 4.14: Valley polarization of IX state. (a,b) Co- and cross-polarized PL

spectra of the heterostructure (HS) excited at the energy corresponding to the A2s

resonance of 1L-WSe2 (a) and to the XHS
B resonance present in the HS. The blue

and red shaded areas in (a,b) denote the intensity difference in favour of the co- or

cross-polarized emission, respectively. (c-e) Circular polarization resolved PLE of

IX state. (c) Reflectivity spectrum of the HS (green curve) and of the bare 1L-WSe2
for comparison (brown curve). (d) Pc as a function of excitation energy, calculated

from the co- and cross-polarized PLE intensity shown in (e).

Fig. 4.14 shows the results of the PLE experiment. Panels (a) and (b) compare

the co- and cross-polarized PL spectra of the HS at two different excitation energies

corresponding to the A2s state of WSe2 (a) and the new feature present on the HS

at ≃ 2.08 eV named XHS
B . We can observe that the whole spectrum i.e. both the

WSe2 excitons and the IX are strongly polarized in the (a) case with Pc ≈ 30 %,

which is a similar result to that on the bare WSe2 presented earlier. In the case of
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(b), on the other hand, there is a clear difference between the low energy side of the

spectrum (dominated by IX), which shows more cross-polarized intensity, and the

high energy side of the spectrum (dominated by WSe2 excitons), which is more co-

polarized. The entire PLE series of the IX state is presented in panels (c-e). Panel

(c) shows the reflectivity spectra for the HS and bare 1L-WSe2 for comparison of

the energy position of excitonic resonances. Panel (d) shows the excitation energy

dependent Pc calculated from the co- and cross-polarized PLE intensities shown

in panel (e). The PLE intensity shows comparable shape to that of bare WSe2
shown earlier in Fig. 4.5 (e). There are however two important distinctions. Firstly,

the extrema around the WSe2 related resonances are much more broadened, which

might be related to disorder and more available coupling channels. Secondly, there

seems to be two PLE intensity maxima in the vicinity of WSe2 B exciton. The

higher energy one at ≃2.16 eV corresponds well to the B1s resonance of bare WSe2,

while the lower energy one at ≃ 2.18 eV is a new feature with respect to the bare

WSe2 and matches energetically the resonance, which appears only on the HS,

denoted as XHS
B . The Pc also shows a comparable response to that of bare WSe2.

At low excitation energies, including both excitation around the A1s and A2s states

of WSe2, the Pc of IX is strongly positive at around ≃ 30 %. However, when the

excitation energy falls in the vicinity of the B1s exciton and the new XHS
B feature,

the Pc decreases strongly to around ≃ 0 % and even slightly below into the negative

values. This is a clear indication that the Dexter-like coupling exciton transfer

affects the IX state in a similar manner as excitons in bare WSe2. This observation

demonstrates that the charge transfer of the hole from the valence band of TMD to

the PbI4 layer of the perovskite is a spin conserving process, which allows for the

preservation of the valley polarization originated in the TMD layer, thus facilitating

a successful spin-injection.

Interestingly, the absolute minimum of ≃ −8% corresponds to excitation at the

XHS
B resonance. The origin of this new feature present only on the HS is not fully

understood. On the one hand, it is clearly characterized by the same Dexter-like

effect as the excitation at B1s for the A1s. One possibility would then be that the

XHS
B is a renormalized B1s state of WSe2 due to the dielectric environment of the

HS. However, the 80 meV difference is too large to be the result of the change in

the dielectric environment. At the same time, the PLE intensity of the IX and

accordingly Pc seems to react at both of these energies.

Moreover, I compare the Pc and PLE intensity of the IX and the A1s exciton

from the very same PLE spectra on HS, which are shown in Fig. 4.15. There, it

is clear that the A1s exciton response is very similar to that of the bare WSe2 i.e.

the Dexter-like effect of decrease of the valley polarization is present only around

the B1s exciton and not at the energy corresponding to the XHS
B . This observation

suggests that two separate entities simultaneously exist within the HS. The fact that

only the IX state responds to the resonance of the XHS
B indicates that this might

be another form of an interlayer exciton state, related to the B state, presence

of which was not initially predicted. In that case, its presence in the reflectivity

spectrum would suggest the momentum-direct nature of this transition. On the
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Figure 4.15: Comparison of Dexter-like coupling effect for IX and A1s. (a) Reflec-

tivity spectra of heterostructure (HS) and bare WSe2 for comparison. (b) Pc of IX

and A1s calculated from the PLE intensity data points from panel (c). The PLE

data for the IX and A1s excitons is taken from the same PLE measurement.

other hand, the clear resonance of XHS
B visible in reflectivity stands as a counter

argument to that interpretation as the interlayer states are usually characterized

by very low absorption probability and therefore are rarely visible in reflectivity

spectra. Another probable explanation might be that the XHS
B originates from a

form of a TMD-perovskite hybridized state with a momentum-direct nature of its

transition. To fully understand the origin of the new state present on the HS,

further experimental and theoretical investigations are necessary.

Overall, the observed excitation energy dependence of the valley polarization of

an interlayer state in TMD/2D-perovskite heterostructure demonstrates the possi-

bility of controllable spin injection from TMD into the 2D-perovskite. The observed

Dexter-like coupling effect, which impacts the interlayer exciton in a similar fashion

as the intralayer TMD excitons shows that its properties are largely dependent on

the choice of the TMD and at the same time provides an additional control knob

for tuning of the optical polarization in such systems.

4.3 Summary

The results presented in this chapter provide insight into the profound effects that

Dexter-like intervalley coupling has on the polarization properties of TMDs and

TMD-based structures such as the presented TMD/2D-perovskite heterostructure.
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I have studied this effect by characterizing the excitation energy dependent PL in-

tensity resolved in the circular polarization basis. This allowed for quantification

of the valley polarization in the time-integrated regime. I studied two samples, one

consisting of an encapsulated monolayer WSe2 (section 4.1) and second consisting

of a heterostructure of 1L-WSe2/(BA)2PbI4 (section 4.2). In the bare 1L-WSe2 I

investigated the polarization properties of several excitonic complexes such as the

neutral exciton, biexciton and charged biexciton. In the TMD/2D-perovskite het-

erostructure I studied the response of an interlayer exciton, which emerges as a

consequence of type II band alignment at the interface of TMD and 2D-perovskite.

In both cases, the PL emission of WSe2 intralayer excitons as well as in the in-

terlayer exciton in the heterostructure exhibit strong decrease or even inversion

of the valley polarization, when the polarized excitation is energetically resonant

with higher lying B exciton states of WSe2 and, uniquely in the heterostructure,

the new state (XHS
B ), which appears below the B1s resonance of WSe2. The same

effect experienced by both intralayer (WSe2) and interlayer exciton (HS) demon-

strated that the charge transfer of the hole from the TMD to 2D-perovskite is

a spin-conserving process, which opens the possibilities for applications utilizing

spin-injection. Overall, the demonstrated Dexter-like coupling gives an additional

control knob in tuning of the excitonic properties, in the form of optical polariza-

tion, which can be switched, simply by choosing an appropriate excitation energy.

The results presented in chapter 4.1 were published in 2D Materials 11.2 (2024), p.

10110 - Jakub Jasiński et al. “Control of the Valley Polarization of monolayer WSe2
by Dexter-like Coupling”[Jasiński 2024b]. The results shown in 4.2 are the topic of

a currently prepared manuscript to be submitted for review.
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Electric field tuning of excitons in

natural MoSe2 homobilayer

TMD structures can be regarded as ideal platforms for engineering of excitonic

properties and light matter interactions. Firstly, due to the fascinating excitonic

physics related to strong electron-hole interactions enhanced by their 2D nature

and dielectric screening with the additional control opportunities provided by

the spin-valley physics [Chernikov 2014, He 2014, Hanbicki 2015, Wang 2018a,

Mueller 2018, Xiao 2012, Perea-Causin 2022] (see sections 1.3 and 1.4). Secondly,

the lack of stacking constraints due to van der Waals nature of interlayer binding

of TMDs and other emerging 2D materials allow for seamless stacking of virtually

any combination of layers to form complex devices, properties of which are

additionally tunable by the interlayer relative orientation (twist angle) and choice

of materials [Geim 2013, Novoselov 2016, Ciarrocchi 2022, Huang 2022a]. One

of the prominent properties of the multilayer structures is the emergence of the

long-lived interlayer excitons (IXs), in which the constituent electrons and holes are

separated into different layers of the structure [Rivera 2015, Rivera 2018, Lee 2014,

Gerber 2019, Jiang 2021, Arora 2017, Merkl 2019, Sung 2020, Kovalchuk 2023,

Villafañe 2023, Feng 2024, Shimazaki 2020, Peimyoo 2021, Leisgang 2020,

Lorchat 2021, Van Der Zande 2014, Liu 2014, Arora 2018, Wang 2018b,

Huang 2022b, Brem 2020, Zhu 2014a, Tan 2019, Yan 2019, Jauregui 2019,

Tran 2019, Choi 2021, Nayak 2017, Baek 2023, Sokolowski 2023, Luong 2017,

Hagel 2021, Okada 2018, Tebyetekerwa 2021, Montblanch 2021, Yuan 2020,

Li 2020a, Chen 2023, Yu 2020, Zhang 2020a, Ma 2021, Cho 2021, Khestanova 2023]

(see section 1.4.2.3). Such spatial arrangement of the charge carriers endows these

excitonic states with a static, out-of-plane dipole moment. Such interlayer,

dipolar excitons can be easily tuned via the application of an out-of-plane electric

field [Wang 2018b, Peimyoo 2021, Liu 2020b, Tagarelli 2023, Tagarelli 2023]. In

the widely studied TMD heterobilayers [Jauregui 2019, Tran 2019, Choi 2021,

Nayak 2017, Baek 2023, Sokolowski 2023, Luong 2017, Hagel 2021, Okada 2018,

Tebyetekerwa 2021, Montblanch 2021, Yuan 2020, Li 2020a, Chen 2023, Yu 2020,

Zhang 2020a, Ma 2021, Cho 2021, Khestanova 2023], the band alignment of

the constituent materials results in the interlayer exciton being the lowest

energy state of the system and, at the same time, enforces the singular orien-

tation of the dipole moment. In homobilayers, the energy degeneracy allows

for simultaneous existence of dipolar excitons with opposite dipole moments

[Arora 2017, Gerber 2019, Hagel 2022, Feng 2024].
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The dipole-dipole interactions are highly tunable via extrinsic factors such as

tuning of charge and exciton density or electric field and are also heavily influenced

by intrinsic factors such as material composition and relative twist of layers compos-

ing the TMD structure. In particular, the interactions of dipolar state system are

strongly influenced by the presence of the periodic moiré potential, which emerges in

twisted or lattice-mismatched TMD bilayers [Yu 2017, Wu 2017]. The moiré super-

lattice leads to the formation of flat minibands [Zhang 2020c, Li 2021, Kundu 2022],

which decreases the kinetic energy of the states trapped in the moiré sites.

The relative decrease of the kinetic energy with respect to the Coulomb inter-

action energy enhances the correlations between the charges or excitons. The

dipolar interactions can lead to emergence of exciting many-body physics phe-

nomena such as superfluidity, Mott insulators and Bose-Einstein condensates

[Eisenstein 2004, Wang 2019, Fogler 2014, Regan 2020, Tang 2020, Huang 2021,

Gu 2022, Zhou 2021, Xu 2020, Xiong 2023, Brem 2024]. Fig. 5.1 shows examples

of correlated states realized in TMD heterobilayers in the form of excitonic insu-

lator consisting of moiré trapped interlayer excitons, realized in a heterobilayer of

WSe2/WS2 (panel (a)) and interlayer exciton condensation in MoSe2/WSe2 (panel

(b)).

Figure 5.1: (a) Bosonic correlated insulator state in WS2/WSe2 moiré heterobilayer

consisting of moiré trapped dipolar interlayer excitons (IXs). (b) Temporal coher-

ence visibility as a function of optical path for the IX state pointing to a coherent IX

condensation in MoSe2/WSe2 heterobilayer. Panels (a) and (b) are adapted from

Refs. [Xiong 2023] and [Sigl 2020], respectively.

Additionally, strong interactions between dipoles of opposite orientation of

their dipole moment can lead to the formation of higher order states, namely,

the quadrupolar excitons. The quadrupole-quadrupole interactions open the path

for even more exciting physics in the form of rotonization, Bose-Einstein con-

densates with new properties with respect to the dipole-based ones, topologi-

cal superfluids and charge-density waves [Weber 2003, Lahrz 2014, Lahrz 2015,

Bhongale 2013, Slobodkin 2020]. The quadrupolar systems are especially promis-

ing for the quantum simulations and revealing novel many-body phenom-
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ena [Slobodkin 2020, Astrakharchik 2021]. In recent years, the emergence of

quadrupolar excitons have been theoretically predicted and observed experimen-

tally in TMD heterotrilayers [Yu 2023, Li 2023a, Lian 2023, Bai 2023, Xie 2023,

Slobodkin 2020, Astrakharchik 2021, Deilmann 2024]. Such trilayer structures (e.g.

WSe2/WS2/WSe2) pose the adequate symmetry for formation of two dipolar ex-

citons with anti-aligned dipole moments. One is formed between the bottom and

middle layer, while the other - between the middle and top layer. Through super-

position of these two dipolar states via charge carrier tunneling between the outer

layers, the formation of the linear electric quadrupole has been realized, as depicted

in Fig. 5.2 (a). A characteristic feature of quadrupolar excitons is their nonlinear

energy shift in the out-of-plane electric field, shown in 5.2 (b), which is due to ac-

quisition of non-zero dipole moment as the electric field increases [Barré 2023].

Figure 5.2: (a) Schematic of a TMD hetero-trilayer structure (WS2/WSe2/WS2)

with depicted intralayer non-polar excitons, interlayer dipolar excitons and

quadrupolar excitons (superposition of two anti-aligned dipolar excitons due to

electron tunneling between the outer WS2 monolayers). (b) Dependence of the

quadrupolar exciton energy on the applied out-of-plane electric field Ez. For high

Ez, the quadrupolar state transitions into a dipolar state. Panels (a) and (b) are

adapted from Ref. [Barré 2023].

On the other hand, the TMD homobilayers also allow for simultaneous existence

of anti-aligned dipolar excitons [Arora 2017, Gerber 2019, Hagel 2022, Feng 2024].

This suggests that, at least in principle, quadrupolar formation could be possible

also in those systems, although no clear observation of quadrupolar features has been

made so far. Additionally, the homobilayers, especially the natural (Hh
h-stacked) ho-

mobilayers provide a platform with the additional advantage of simplicity for both

practical device realization as well as the experimental and theoretical investigation

due to clean, moiré- and reconstruction-free interface, strong interlayer hybridiza-

tion and smooth potential landscapes [Hsu 2019].

In this chapter I present the experimental and theoretical studies on the prop-

erties of a fully encapsulated natural homobilayer of MoSe2 under the influence of

the out-of-plane electric field. In particular, I focused on the tunability of vari-



90 Chapter 5. Electric field tuning of excitons in natural MoSe2 homobilayer

ous interactions between excitonic particles and observation of novel states, such

as the quadrupolar excitons. This project was realized in collaboration with the

group of Ermin Malic (Marburg Technical University), which provided the micro-

scopic many-body theoretical simulations and with the group of Alexey Chernikov

(Dresden Technical University), which provided the know-how in the fabrication of

gated devices and technical realization of measurements utilizing electric field. To

carry out the studies I constructed a gated device in a design resembling a parallel

plate capacitor, which allows for independent control of electric field and free car-

rier doping (see details of fabrication and realization of electrical measurements in

sections 2.3, 2.4 and 5.1. To characterize the intricate excitonic landscape of the

MoSe2 homobilayer I performed reflectivity and PL measurements as a function of

the out-of-plane electric field and free carrier doping. The experimentally obtained

complex picture of the excitonic landscape was complemented by the microscopic

model provided by the group of Ermin Malic (Marburg Technical University), which

aided the interpretation of the observed phenomena.

5.1 Double-gated MoSe2 homobilayer device

The controlled application of an electric field in a TMD-based structure requires

fabrication of a device with electrical contacts and gates, to which voltage can

be applied. For the purpose of investigation of excitonic properties in electric

field, presented in this chapter, I fabricated double-gated, capacitor-like devices

containing natural MoSe2 homobilayers using a well established all-dry transfer

method [Castellanos-Gomez 2014], which is a relatively simple method for fabrica-

tion of multilayer structures (see the general scheme of the fabrication process in

section 2.4).

Figure 5.3: (a) Optical microscope image of the natural 2L-MoSe2 device with con-

stituent layers outlined. The white circle marks the position of the signal collection

in optical measurements. (b) Scheme of the device. Vertical arrows illustrate the

application of an out-of-plane electric field.
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The parallel plate capacitor-like design of the device allows for independent

tuning of the out-of-plane electric field and free carrier doping, as described in

section 2.3. To function properly, the device requires at least three electrical con-

tacts. Two of them serve the role of bottom and top gates. These are isolated

from the main sample material via insulating spacer layers of hexagonal boron ni-

tride (hBN). Additionally, at least one lateral contact, which physically touches the

active material (i.e. the MoSe2 homobilayer) serves as the grounding contact to

the sample. The conductive material used to construct electrical contacts in this

case is the few layer graphene (FLG). Each of the FLG electrodes are connected

separately between the device and the nearby evaporated gold pads on a prepared

Si/SiO2 substrate (see section 2.3 for details). The individual layers composing the

device were stacked in the space between the evaporated gold pads (see Fig.2.8 (b)

in section 2.3) using the aforementioned all-dry transfer deposition method, in the

following order:

1. Bottom gate – FLG

2. Bottom insulating spacer – hBN

3. Sample – MoSe2 homobilayer

4. Grounding contact – FLG (at least one).

5. Top insulating spacer – hBN

6. Top Gate – FLG

Additional FLG flakes were used in step 4. and 5. as a bridge between the primary

FLG electrodes and the evaporated gold pads, to ensure the electrical connection.

The results of the fabrication are presented in Fig. 5.3. Panel (a) shows the

microscope image of the double-gated MoSe2 homobilayer device, where the con-

stituent layers are outlined. Panel (b) shows the schematic of the device with

marked electrical connections. The vertical arrows illustrate the application of the

out-of-plane electric field (Ez).

As described in section 2.3, in a double-gated device, the effective out-of-plane

electric field (Eq. 2.29) and the free carrier doping (Eq. 2.28) can be tuned inde-

pendently. To achieve that, the possible inequivalence of the thicknesses of the

insulating hBN spacers, which results in difference in the displacement field expe-

rienced by the TMD sample, has to be accounted for. Therefore, the ratio of the

voltages applied to the bottom and top gates should be kept close to the ratio of

the hbn thicknesses i.e.: |VBG
VTG

| =
db−hBN

dt−hBN
, where db−hBN/t−hBN is the thickness of

the bottom/top hBN spacer. By keeping that ratio and applying the voltages of

the same polarity, the effect of the electric field inside the device cancels out (see

Eq. 2.29), which leaves the free carrier doping as the only applied effect. Conversely,

applying the voltages of the same ratio, but with opposite polarity induces out-of-

plane electric field without doping. For the device investigated in this chapter, the
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experimentally obtained voltage ratio (opposite polarity), which accounts for the

difference in the hBN thicknesses was found to be approximately |VBG
VTG

| ≈ 1
2 .

5.2 Optical response without the electric field

Figure 5.4: (a) Optical response of the MoSe2 homobilayer without electric field

in PL and reflectivity in the form of 1st and 2nd derivative of R/R0. The PL

spectrum was acquired using 532 nm cw laser at ≃ 1 mW power. (b) Schematic of

the momentum-indirect (IXind) exciton originating from the K-Γ transition, where

the electron is localized in one of the layers, while the hole is delocalized over both

layers due to strong hybridization of the Γ point present in homobilayers.

The initial optical characterization of the MoSe2 homobilayer without applica-

tion of Ez is presented in Fig. 5.4 (a), which shows PL and reflectivity in the form of

1st and 2st derivatives of R/R0. The differential reflectivity spectra (red and purple

curves) show a typical optical response of a bilayer MoSe2, with the strongest reso-

nance associated with the neutral A1s excitons at ∼1.606 eV. On the higher energy

side, other intralayer transitions of A2s, B1s and B2s can be observed. The PL (blue

curve) is similarly dominated by the transition originating from the A1s exciton at

the same energy as the corresponding absorption feature in reflectivity. On the low

energy shoulder of the main peak, a weaker emission of the trion (T) can be ob-

served. This suggests the presence of some unintentional doping. However, the fact

that the neutral exciton remains much stronger and the simultaneous lack of trion

(or attractive Fermi polaron [Sidler 2017]) related feature in reflectivity shows that

the amount of doping in the sample is relatively low. Furthermore, at much lower

energies, around 1.42 eV, a broad, weak emission, denoted as IXind can be observed.

This feature matches prior observations in similar homobilayer structures of MoSe2
[Sung 2020, Kovalchuk 2023, Villafañe 2023], and is ascribed to the momentum-

indirect IX, which stems from transition between the electron localized in the K/K′

valley in one of the layers and the hole delocalized over both layers at the strongly

hybridized Γ point (see schematic in Fig. 5.4 (b)). The additional small PL peak



5.3. Electrostatic doping 93

denoted as 1L on the high energy side of the A1s exciton is most probably related

to the stray emission from a nearby (few µm away) monolayer part of the flake.

This is likely due to the large excitation power necessary to observe emission in

bilayers (here used ≃ 1 mW). As opposed to monolayers, the bilayer TMDs become

indirect bandgap semiconductors [Splendiani 2010], which substantially lowers PL

efficiency. Thus, despite spatial separation, the much stronger PL of the nearby

monolayer might contribute to the PL spectrum.

The signatures of the momentum direct IXs cannot be immediately observed

in the optical response, which is likely related to their very low oscillator strength

as compared to the intralayer transitions, as well as them not being the ground

energy states of the system favoured by relaxation processes. On the other hand,

some very weak features seem to emerge in the 2nd derivative reflectivity spectrum

such as the two marked by purple arrows in 5.4 (a). Such features are however

barely distinguishable from the background noise. Thus, for further investigation,

the application of the out-of-plane electric field is required, which should reveal the

presence of IXs due to their electric field-dependent energy shift.

5.3 Electrostatic doping

Before applying the electric field I have performed free carrier doping measurements

of PL and reflectivity, which are presented in Fig. 5.5. The goal of this experiment

was to find the most neutral regime of doping as an optimal starting point for the

electric field sweep, in order to avoid additional complexity posed by the presence

of charged excitonic states. Panel (a) of Fig. 5.5 of shows the false color map of PL

as a function of the applied gate voltages of the same polarity (with pre-determined

ratio of VBG = 1
2VTG). In the vicinity of 0 V of gate voltages, the spectrum

shows emission from the neutral A1s as well as the neutral A2s and B1s excitons.

A weak IXind emission is located ≃ 190 meV below the A1s. For positive gate

voltages (VBG = 1
2VTG > 0.5 V) we can observe a stark change of the emission

due to appearance of the now dominating negatively charged exciton A−
1s, which

continues to red shift with increasing gate voltages, consistent with an increasing

Fermi energy [Huang 2023]. The charged B−
1s exciton similarly shows a consistent

red shift. The charged A2s exciton is observed briefly for very low positive gate

voltages (VBG = 1
2VTG < 1V ), however, the emission quickly quenches at higher

doping levels. The emission of the IXind is quenched in a similar manner, howeve,r

a weak red shifting trace can be observed, likely related to the emission from the

charged version of the state. For negative gate voltages, in the hole doping regime,

the neutral A1s emission remains as the dominant peak and no clear energy shift is

observed for all emission peaks. The IXind, on the other hand gains intensity, which

may be related to more holes being localized in the hybridized Γ point, available for

formation of the IXind complex. The complementary false color map of reflectivity

is shown in Fig. 5.5 (c).

For positive gate voltage, the absorption features related to intralayer transitions
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follow exactly the same evolution as in the PL emission. For the negative voltages on

the other hand, clear emergence of positively charged A+
1s state (or attractive Fermi

polaron [Sidler 2017]) on the low energy side of the neutral A1s can be observed,

which is not the case in the PL spectra. This can be potentially due to the relaxation

of the holes to the energetically favourable Γ point in the band structure, which

limits the PL emission. Compared individual spectra of PL and reflectivity at

several gate voltages are shown in Fig. 5.5 (b) Based on the characterization of

doping regimes as a function of the gate voltages it is clear that the most neutral

regime falls in the vicinity of VBG = 1
2VTG = 0 V. which shows that the investigated

sample nominally exhibits minimal unintentional doping. Thus, the VBG = 1
2VTG =

0 V conditions are appropriate as the starting conditions for the electric field sweep.

Figure 5.5: 2L-MoSe2 - Doping regimes: (a) False-color map of PL intensity (excited

with 532 nm cw laser at ∼1 mW power) as a function of the applied gate voltages

of the same polarity (applied with constant ratio of: VBG = 1
2VTG). The low

(< −125 meV) and high (> 62 meV) energy range are multiplied (x17) with respect

to the middle range in order to emphasize the weak PL features. (b) Comparison of

PL and 1st derivative of reflectivity (R/R0) spectra at VBG = 1
2VTG of -5 V, 0 V and

+5 V, i.e. in the n-doped, neutral and p-doped regimes. The spectra are shifted

vertically for clarity. (c) False-color map of 1st derivative of reflectivity (R/R0) as

a function of the applied gate voltages (same voltage range as in (a)).
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5.4 Excitonic landscape in electric field

5.4.1 Reflectivity in electric field

To detect the presence of interlayer excitons and characterize their properties I per-

formed the reflectivity measurement as a function of electric field. Fig. 5.6 presents

the results of electric field sweep via application of the gate voltages, swept with a

constant ratio of VBG = −1
2VTG, which minimizes the contribution of free carrier

doping. In order to emphasize the very weak spectral features the reflectivity spec-

tra are shown firstly in the form of 1st (top graph) and then 2nd (bottom graph)

derivatives of relative reflectivity R/R0. The obtained reflectivity spectra reveal a

very rich excitonic landscape and its evolution in the presence of the electric field.

Figure 5.6: False-color maps of reflectivity in the form of 1st (top graph) and 2nd

(bottom graph) derivatives of R/R0 as a function of the electric field via application

of gate voltage. The dashed lines track the evolution of the visible intralayer (grey)

and interlayer (black) excitons. The energy onset (at 0 field) of the dipolar interlayer

excitons is marked by white arrows. In both graphs, the dominating A1s exciton is

intentionally over-saturated in order to emphasize the weaker features in the spectra.

Note here that for the downward Ez direction, below VBG = 1
2VTG = −1.5 V there

is a considerable unintentional doping in the sample, thus only the positive Ez

direction is considered.

Firstly, the initially identified in the 0 field spectra (Fig. 5.4 (a)) intralayer tran-

sitions (A1s, A2s, A2s B2s) do not exhibit any significant change in their energy as

expected for excitons confined within one layer (no out-of-plane dipole moment).
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Notably however, some of these states exhibit splitting into two branches (denoted

as notprime and prime), value of which increases with the electric field.

Secondly, four states (marked by arrows in Fig. 5.6) split into red shifting and

blue shifting branches which shift linearly with increasing Ez. The linear shift in

the presence of electric field confirms the dipolar nature of these states. The two

oppositely shifting branches originate from the oppositely aligned IX dipoles. Their

energy position and comparable Stark shift indicate that they originate from the

different species of lower and higher energy momentum-direct IXs (see Fig. 5.7 in

the following section 5.5) and their excited Rydberg states. At higher electric fields

however, their energy shifts slightly deviate from the linear behaviour. Interestingly,

this is correlated with the earlier mentioned splittings and energy shifts of some of

the intralayer states.

Thirdly, two additional features on the high energy side of the A1s exciton,

named Q1 and Q2 (same weak features spotted in the 0 field spectra Fig. 5.4 (a)),

show a clear quadratic Stark shift. This matches the expected behaviour of

quadrupolar excitons, similarly to those observed in TMD heterotrilayers (see

Fig. 5.2).

As can be seen, the observed spectrum and the correlated behaviour of the

various intralayer and interlayer states is very complex. In order to explain these

observations, a thorough analysis, aided by a theoretical model, has been performed,

which is presented in the following section.

5.5 Many-body microscopic model

In order to construct a thorough theoretical model, let us first consider the exci-

tonic species which are expected to form in natural MoSe2 bilayer. Natural TMD

homobilayers exhibit the Hh
h stacking configuration, equivalent to 60◦ (or 180◦) twist

angle between the two layers. In such configuration, the K/K′ valleys of the bottom

layer overlap in momentum space with the opposite K′/K valleys of the top layer.

To simplify the notation of the excitonic species, the momentum-aligned valley of

the top layer (layer 2) will inherit the name (K or K′) of the bottom layer (layer 1)

valley, while being characterized by reversed spin configuration of the bands as de-

picted in Fig. 5.7. Furthermore, the TMD homobilayers host a fourfold degeneracy

of excitonic states which stems from the combination of layer and valley degrees

of freedom. Thus, among each exciton species type, intralayer and interlayer alike,

four sub-species can be distinguished, characterized by their spin configuration and

spatial position of the constituent carriers (layer 1 or layer 2). In addition, the spin

degree of freedom results in the presence of the spin-singlet (↑↑/↓↓) and spin-triplet

(↑↓/↓↑) states.

On the example of the neutral spin-singlet intralayer A exciton schematically

depicted in Fig. 5.7 (a) we can distinguish two opposite spin configurations ↑↑ (lo-

calized in K valley) and ↓↓ (localized in K′ valley) for the two excitons localized in

layer 1. The first arrow denotes the spin of the electron and the second of the hole.
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Figure 5.7: Exciton species in MoSe2 homobilayer. Schematic representation of the

(a) 4-fold degenerate intralayer A1s excitons, (b) spin-singlet IXs and (c) spin-triplet

IXs. (d) Example of the (spin-singlet) lower energy A-like and higher energy B-like

IXs denoted with superscript “A” and “B”, respectively.

Note here that in the electron-hole picture, the spin of the hole is reversed. The

two counterpart A excitons localized in layer 2 are denoted with prime and have

the opposite valley/spin relation.

In the case of spatially-indirect interlayer excitons (IXs), the constituent carri-

ers are separated between the two layers as schematically depicted in Fig. 5.7 (b,c),

which shows the spin-singlet and spin-triplet IXs, respectively. Here the spatial

position of the carriers is better thought of in terms of the static dipole moment

orientation, which emerges as a result of charge separation. In this case the not-

prime and prime denote the excitons with opposite dipole moment i.e. exchanged

positions of the electron and hole. Moreover, similar to the intralayer A and B exci-

tons, the IXs can also exist in the lower energy (A-like) and higher energy (B-like)

states as schematically presented in Fig. 5.7 (d).

All the complexity posed by the degrees of freedom present in the natural MoSe2
homobilayers can be implemented in the effective many-body microscopic model,

developed by the collaborating group of Ermin Malic (Marburg Technical Univer-

sity). The model is used to simulate the evolution of the excitonic energy landscape

in the presence of external electric field making it complementary to the experimen-

tally obtained spectra. The effective Hamiltonian in this model includes three terms

that account for various interactions present in a TMD homobilayer structure. In

the simple form, it can be written as:

H = H0 + HT + HQC . (5.1)

The H0 accounts for the electron-hole Coulomb interaction via the generalized

Wannier equation [Ovesen 2019]. This term also describes the response of the ex-

citonic state to the applied external electric field. The HT is the charge carrier

tunneling term. The last term HQC is derived from a generic Coulomb Hamilto-

nian, through which different dipoles can be mixed. It is attributed to the dipolar

exchange interaction, which couples anti-aligned dipoles, as required to form the

quadrupolar states.
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5.5.1 Quadrupolar excitons

Figure 5.8: 2L-MoSe2 in electric field. (a) Several selected spectra at various gate

voltages of opposite polarity (VBG = −1
2VTG) between 0–3.5 V, which translates to

application of an out-of-plane electric field. (b) False-color map of 2nd derivative

of reflectivity (R/R0) as a function of applied gate voltages (with constant ratio of

VBG = −1
2VTG). The A1s exciton feature is intentionally over-saturated in order to

emphasize the weaker features in the spectrum. The horizontal dashed line marks

the zero Ez. The arrow points to the energy position (≃ 90 meV) of degenerate IXs

at 0 electric field. Note here that for downward direction, below VBG = 1
2VTG =

−1.5 V there is a considerable unintentional doping in the sample, thus for simplicity

only the upward direction is analysed.

At first, I focus on the origin of the formation of quadrupolar excitons. Fig. 5.8

shows the 2nd derivative reflectivity spectra focused in the range of the quadratically

shifting Q1 and Q2 features. Panel (a) of Fig. 5.8 shows several reflectivity spec-

tra obtained for different values of gate voltages (VBG = −1
2VTG) between 0–3.5 V,

where 0 V corresponds to the spectrum without electric field. Panel (b) contains

the false color map of reflectivity from which the spectra shown in panel (a) were

extracted. The Q1 and Q2 states exhibit a quadratic energy red shift at low Ez,

which becomes more linear at higher Ez. This behaviour is a clear evidence of the

quadrupolar nature of these states [Yu 2023, Li 2023a, Xie 2023]. Quadrupolar ex-

citons form as a result of superposition of a pair of anti-aligned dipolar excitons. As

per definition, the dipole moment of an electric quadrupole is zero due to symmetric

arrangement of the four constituent charges. The application of an external electric

field displaces the charge carriers breaking the symmetrical arrangement. This way,

the quadrupoles gradually acquire a non-zero dipole moment with rising strength

of the electric field, giving rise to the quadratic Stark shift. At sufficiently high

electric fields, the electrons and holes become separated into the opposite layers so

that the quadrupolar state effectively transitions into a dipolar state with linear

Stark shift proportional to its dipole moment. Additionally, on the higher energy

side (≃ 1.696 meV at 0 V), we can observe transitions related to interlayer dipolar
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IX/IX′ states, which follow a linear dependence on the applied electric field.

In order to obtain quadrupolar states, a coupling between two oppositely aligned

dipolar states, as schematically shown in Fig. 5.9 (a), is required. Such coupling, in

the simplest form, can be expressed via a Hamiltonian:

H =

(
EIX + dLEz J

J∗ EIX′ − dLEz

)
, (5.2)

where EIX/EIX′ are energies of the oppositely oriented dipolar IXs. The dLEz

describes the linear Stark shift in electric field, where dL is the dipole length. The

J is the coupling between the two anti-aligned dipoles. The diagonalization of

this simple Hamiltonian yields two quadrupolar branches: low energy red shifting

(symmetric) Q and high energy blue shifting (anti-symmetric) Q′, separated by the

value of 2J . Transformation of the spectrum due to coupling J is schematically

drawn in Fig. 5.9 (b) and (c). Additionally, upon inclusion of the coupling J (panel

(c)), the dipolar IXs, which formed the quadrupoles are no longer the eigenvalues

of the system and hence disappear from the spectrum.

Figure 5.9: (a) Schematic representation of coupling between two anti-aligned dipo-

lar IXs via coupling J . (b) Schematic drawings of the IX spectrum in the presence

of electric field without J coupling. (c) Transformation of the IX spectrum from

panel (b) upon including coupling J , which results in formation of two quadrupoalar

branches Q and Q′ of opposite curvature.

As we can see, this simple form of the dipole coupling is not sufficient to explain

the experimentally obtained picture as seen in Fig. 5.8. The reflectivity spectra

show not one, but two (Q1/Q2) red shifting quadrupoalar branches. At the same

time the dipolar state is still present in the spectrum.

In order to obtain a proper picture, it is necessary to increase the complexity

of the model by including all the possible spin-valley configurations of the excitons

stemming from the spin, valley and layer degrees of freedom (Fig. 5.7). These are

incorporated in the J̃ coupling term, which is included in the Hamiltonian:

HQC =
∑

s̃s̃′ξξ′LL′Q

J̃ s̃ξL
s̃′ξ′L′(Q)Xξs̃†

LQX
ξ′s̃′

L′,Q, (5.3)

where the summation runs over the valley index ξ(ξ′) = (ξe, ξh), spin index s̃(s̃′) =

(↑↑, ↓↓, ↑↓, ↓↑), layer index for hole and electron L(L′) = (le, lh), and the center-of-

mass momentum Q. The X(X†) is the exciton annihilation(creation) operator. For
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the dipolar exchange coupling J̃ it is assumed that the coupling for the 2s excitonic

states is weak and therefore only the 1s states are taken into account. Noteworthy,

the J̃ only couples the spin-singlet IXs (↑↑/↓↓) as the spin-triplet states (↑↓/↓↑) are

not spin conserving.

Due to the four-fold state degeneracy, there are four degenerate spin-singlet

IXs, two of them having an opposite dipole moment (IX↑↑, IX↓↓) with respect to

the remaining two (IX′
↑↑ ,IX′

↓↓) as shown in Fig. 5.7 (b). This yields two possible

pathways for the dipolar exchange coupling (J̃ = J + J ′): First one, denoted as J ,

is the coupling between two anti-aligned spin-singlet IXs which reside in the same

valley, but have the opposite spin configuration i.e.: IX↑↑+IX′
↓↓ and IX↓↓+IX′

↑↑. The

second pathway, denoted as J ′, is the coupling between two anti-aligned spin-singlet

IXs which reside in the opposite valleys but have the same spin configuration i.e.:

IX↑↑+IX′
↑↑ and IX↓↓+IX′

↓↓. The two types of couplings are schematically presented

in Fig. 5.10 (a) and (b). The extended Hamiltonian, which explicitly includes the

two coupling pathways can be written as:

HQC =
∑

s̃s̃′ξξ′LL′Q

(
J s̃ξL
s̃′ξL′(Q)δξξ′ + J ′s̃ξL

s̃ξ′L′(Q)δs̃s̃′
)
Xξs̃†

LQX
ξ′s̃′

L′,Q. (5.4)

As can be seen from the above equation, the J ′ term entails mixing of IXs between

different valleys, and therefore exhibits only the long-range interaction (short-range

interaction is symmetry forbidden [Yu 2014a]), as opposed to J which has both

long-range and short-range interactions. Therefore the strength of the J coupling

is expected to be larger than that of the J ′.

The effects of the dipolar exchange couplings J/J ′ on the spectrum of interlayer

excitons is schematically presented in Fig. 5.10 (d-f). Panel (d) shows the evolu-

tion of the spin-singlet and spin-triplet IX excitons in the presence of the electric

field without including the J/J ′ coupling. There we can see that both spin-singlet

and spin-triplet states, which at Ez = 0 are separated energetically by the value

of spin orbit coupling (SOC), split and shift linearly with increasing electric field

as expected for dipolar excitons. Panel (e) shows the picture with J coupling in-

cluded. Now the spin-singlet IXs hybridize which yields two, quadratically shifting

(red shifting symmetric and blue shifting anti-symmetric) branches of quadrupolar

excitons - Q and Q′. Each of two branches are separated by the coupling value of J

from the energy position of spin-singlet IXs from which they originate (separated by

2J from each other). By further including the second coupling channel - J ′ (panel

(f)), the two quadrupolar branches experience an additional splitting into the Q1,

Q2 and Q′
1, Q′

2, respectively. The doublets are separated by the value of 2J ′. The

spin-triplet IX states, since they do not interact via dipolar exchange, retain their

dipolar character and linear Stark shift.

The obtained theoretical picture matches the experimental observations in re-

flectivity (Fig. 5.8). The two quadratically shifting branches can then be assigned to

the double red shifting symmetric branch of the quadrupolar excitons, which formed

from the combinations of pairs of spin-singlet IXs, precisely: Q1 ∼ IX′
↑↑ + IX↓↓ and
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Figure 5.10: Dipolar exchange coupling in 2L-MoSe2 homobilayer. (a) Schematic

drawing of the two possible paths of dipolar interaction between the anti-aligned

spin-singlet dipolar excitons residing in the same valley but having different spins,

denoted as J , and anti-aligned spin-singlet dipolar excitons from opposite valleys

but with the same spin, denoted as J ′. (b) Schematic drawing of the real space

interaction via J and J ′ between the spin-singlet dipolar excitons. (c) Schematic

evolution of exciton energy landscape in electric field without dipolar exchange (d),

including the J term (e) and including J ′ term (f).

Q2 ∼ IX′
↓↓+IX↑↑. Simultaneously, the higher energy linearly shifting states (IX and

IX′) are attributed to the spin-triplet IXs, which do not mix through the dipolar ex-

change interaction J̃ and retain their dipolar character. Although spin-triplet states

are usually optically dark, in the case of interlayer excitons they can become bright

[Yu 2018], which could explain their weak presence in the reflectivity spectrum.

The coupling values of J and J ′ can be estimated based on the energy positions

of the Q1, Q2, and IX features in the experiment. By estimating the energy sep-

aration (at zero electric field) between the two quadrupolar branches of ≃ 16 meV

as equal to 2J ′ we obtain J ′= ≃ 8 meV. The energy separation between the middle

point of the Q1, Q2 and the spin-triplet IX (at 0 field) + the value of SOC (in

the simulation assumed to be 22 meV [Kormányos 2015]), yields the value of J of

≃ 90 meV. The obtained values match the aforementioned expectation that J > J ′

due to lack of short-range interactions in the J ′. The absolute values are however
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much larger than expected for dipolar exchange interactions in TMDs. In the case of

intralayer excitons, the exchange coupling value was calculated to be around 20 meV

[Qiu 2015]. For interlayer excitons it should hence be even smaller due to reduced

wave function overlap of the constituent electron and hole with respect to an in-

tralayer exciton. On the one hand, it suggests that the coupling strength might have

been underestimated, and that TMD homobilayers host much stronger exchange in-

teractions than previously considered. On the other hand, likely other effects such

as, for instance, the density dependent dipole-dipole attractive interaction, which

are not taken into account in the model might contribute to the effective coupling

strength. Additionally, the inherent variability of TMD-based devices properties

which depends on the technical details of each fabrication process might play a role

in determining the performance of a given device. Overall, the very good qualita-

tive agreement of the simulated and measured spectra with regards to formation

of quadrupoles shows that they can emerge from the dipolar exchange interaction.

The understanding of the difference between the expected and measured coupling

strength, however, requires further investigation.

5.5.2 Carrier tunneling

Having understood the probable origin of the emergence of two quadrupolar excitons

Q1 and Q2, now I focus on the complex interactions between various intralayer and

interlayer states.

Firstly, as can be observed in Fig. 5.11 (a), the dipolar interlayer IXs repulse

with intralayer states as they are tuned closer into energy resonance by the applied

electric field. This additionally leads to the splitting of the intralayer states at

higher electric fields, accompanied by the exchange of the oscillator strengths. These

interactions are marked with black arrows in 5.11 (a). Fig. 5.11 (b) presents the

simulated excitonic landscape in the presence of electric field with included only

the hole tunneling (th) term. As can be observed, the marked interactions can be

very well recreated by the model and attributed to the effect of states mixing via

hole tunneling.

Secondly, at intermediate electric fields we can observe a small but clear avoided

crossing when the interlayer states pass through the A1s resonance (see dashed oval

Fig. 5.11 (a)). This phenomenon cannot be explained by the hole tunneling as in

Fig. 5.11 (b) no such avoided crossing can be observed. In order to understand

the emergence of this feature we include also the electron tunneling term (te). It

leads to mixing of the interlayer states to their respective A1s exciton sub-states

as shown in Fig. 5.10 (a) and (b). Fig. 5.11 (c) shows the results of the simulation

with both hole and electron tunnelings included. As marked by the dashed oval,

the same avoided crossing as observed in the experiment (panel (a)) emerges and

hence can be attributed to the effect of electron tunneling. Surprisingly however,

for naturally stacked Hh
h homobilayers, the electron tunneling is expected to be

symmetry forbidden [Wang 2017b]. Nevertheless, the experimental results clearly

show that some limited electron tunneling is allowed and its inclusion is necessary
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Figure 5.11: (a) False-color map of 2nd derivative of R/R0. The black arrows

mark the interactions between the various intralayer and interlayer states. The

dashed oval marks the avoided crossing region between the interlayer dipolar and

quadrupolar states with the A1s excitons. (b) and (c) Simulated exciton energy

landscape in the presence of electric field with included only the hole tunneling th
(b) and both hole and electron tunneling th+te (c). The color coding corresponds to

the degree of intra-inter layer spatial character of the transitions, where blue, purple

and red correspond to intralayer, hybrid and interlayer character, respectively. The

carrier tunneling values used in the simulation are th = 56.3 meV [Hagel 2021] and

te = 11.9 meV. Here, the assumed value of te is the value calculated for a similar

HX
h stacking [Hagel 2021].

to explain the observed avoided crossing.

The mixing of the states due to both hole and electron tunnelings result in the

change in the spatial character of the transitions as can be seen in the color coding

of the simulated states in Fig 5.11 (b) and (c). The states can be effectively tuned

between the intralayer, hybrid and interlayer characters by tuning the value of the
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applied electric field. This can be utilized as an additional control knob in tuning

of the many-body interactions in TMD homobilayer systems.

5.5.3 Comparison of the experimental and theoretical pictures

Finally, I compare the experimental picture and the simulation which includes all

the discussed couplings in the form of dipolar exchange, hole and electron tunneling.

The full Hamiltonian can be written as:

H =
∑

ξξ′s̃s̃′QLL′µν

((
E s̃ξµ

LQ + dLEz

)
Xµs̃ξ†

LQ Xµs̃ξ
LQ δLL′δs̃s̃′δξξ′δµν

+ Tµνξ
LL′ X

µs̃ξ†
LQ Xνs̃ξ

L′Qδs̃s̃′δξξ′ +
(
J s̃ξL
s̃′ξL′(Q)δξξ′ + J ′s̃ξL

s̃ξ′L′(Q)δs̃s̃′
)
Xξs̃†

LQX
ξ′s̃′

L′,Q

)
,

(5.5)

where E s̃ξµ
LQ is the bare exciton dispersion and dLEz is the Stark shift in electric

field. In the model, the nominal value of dL = 0.65e·nm was used [Laturia 2018].

The Tµνξ
LL′ is the tunneling matrix element which includes both the hole and electron

tunneling. The indices µ and ν are the exciton Rydberg progression number, which

correspond to 1s and 2s states, respectively. The simulation was performed sepa-

rately for the spin-singlet and spin-triplet states. For the spin-triplet configuration,

only the 1s states where taken into account.

The comparison is presented in Fig. 5.12 (a,b) in which we can see a very good

qualitative agreement. The interactions between the intralayer and interlayer states,

as well as formation of quadrupolar states are reproduced well by the theoretical

model.

An additional prediction of the microscopic model is that the intralayer states

can exhibit a non-zero splitting even at zero electric field (Fig. 5.12 (b)), This can be

explained by the fact, that even at zero electric field, the various states exhibit a not

pure intra- or inter-layer character related to the mixing due to carrier tunneling.

In turn, the dipolar exchange coupling J̃ can affect all states which exhibit non-zero

interlayer character in an attempt to form quadrupolar states. This would result

in splitting of the four degenerate states into two pairs prime and notprime. In the

measured spectra (Fig. 5.12 (b)) this is clearly visible for the A2s/A′
2s states, in line

with the theoretical picture. For other interlayer states, the splitting at zero field

is much less visible, probably due to broadening of the features, which obscures the

visibility of the effect. The more prominent splitting of the A2s/A′
2s states, might

be caused by the close energy proximity to the predicted anti-symmetric branch of

the quadrupolar states (Q′
1/Q′

2) with which they heavily mix. This, at the same

time, is also the probable explanation as to why, the anti-symmetric quadrupoles

are not directly observed in the reflectivity spectra (5.12 (a)). These results signify

the importance of carrier tunneling, both electron and hole, as well as dipolar

exchange in understanding of the complex excitonic landscape present in natural

MoSe2 homobilayers. The carrier tunneling explain the mutual interactions of the

intralayer and interlayer states accompanied by exchange of their spatial character.
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Figure 5.12: (a) False-color map of 2nd derivative of reflectivity (R/R0) as a function

of applied gate voltages (constant ratio of VBG = −1
2VTG). The horizontal dashed

line marks the zero Ez. The remaining dashed lines mark the evolution of several

of the observed states with increasing Ez. The right axis shows the calculated Ez

strength based on matching the slope of the IXA
1s,↑↓ state to the simulated slope

in (b). (b) Simulated exciton energy landscape in the presence of electric field.

The simulation contains three types of interactions i.e. hole tunneling, electron

tunneling and dipolar exchange. The energy is measured relative to the energy

position of A1s exciton at zero field (1.606 eV).

The dipolar exchange coupling constitutes the probable explanation for the origin

of the formation of quadrupolar excitons.

5.6 Photoluminescence

To complement the experimental data obtained in reflectivity I performed addi-

tional PL measurements as a function of the electric field. Fig. 5.13 shows the PL

measurement in the presence of the out-of-plane electric field. Panel (a) of Fig. 5.13

shows the false color map of PL intensity as a function of electric field. Panel (b)

of Fig. 5.13 shows selected PL spectra from the positive Ez direction from 0 to 0.24

V/nm. At zero field, the PL emission is dominated by the A1s exciton and a weaker

low energy shoulder related to the trion (T) emission. The energy position of the

A1s follows the same trend with increasing Ez as its absorption feature in the reflec-
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Figure 5.13: (a) False-color map of PL intensity (excited with 532 nm cw laser at

≃ 1 mW power) as a function of electric field. The overlaid white points correspond

to the transitions energies extracted from the PL spectra. The grey overlaid points

correspond to the quadrupolar Q1 and Q2 branches extracted from the reflectivity

spectra. (b) Selected individual spectra taken from the positive Ez direction be-

tween Ez = 0 − 0.24 V/nm. The spectra are vertically shifted for clarity. In both

(a) and (b) the low (< −128 meV) and high (> 50 meV) energy ranges are multi-

plied (x10) with respect to the middle range in order to emphasize the weak PL

features. For the negative Ez direction, below ≃ −0.03 V/nm, the sample becomes

unintentionally doped, similarly as was observed in the reflectivity measurement,

therefore only the positive Ez direction is analysed.

tivity (Fig. 5.12 (a)). At Ez ≈ 0.10−0.15 V/nm, the PL energy of A1s is modulated

between lower then higher energy, which coincides exactly with the avoided crossing

with the approaching quadrupolar states Q1, Q2 (see the overlaid black points in

Fig. 5.13 (a)). At higher Ez, the low energy shoulder of the A1s (attributed to weak

trion emission at low Ez), brightens and broadens, as a result of energy overlap

with the red shifting quadrupolar states which have passed the avoided crossing

region with the A1s. At this point the low energy shoulder of A1s is likely related to

the convoluted emission of the trion and the quadrupolar excitons (T+Q). Similar
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crossing-related energy modulation can be found around Ez ≈ 0.08 − 0.18 V/nm

range for the B1s states. Furthermore, the A2s emission shows a doublet of peaks,

separated by around 25 meV. The higher energy peak matches, with energy posi-

tion and the same small red shift with increasing Ez, the A2s absorption feature

in the reflectivity. The lower energy PL peak follows the same red shift as the

higher energy PL peak. Its origin is probably related to the charged A−
2s (similar

to what was observed for monolayer TMDs [Sell 2022]) due to unintentional doping

in the sample. Moreover, at the low energy side of the spectrum, around -180 meV

of energy detuning we can observe a weak emission from the momentum-indirect

IXind. It is exhibits a linear red shift and brightening with increasing Ez. The

energy shift slope is approximately 50% of that observed for the momentum direct

IXs in the reflectivity spectra (Fig. 5.12 (b)), Similar to what was observed in other

MoSe2 bilayer systems [Sung 2020, Kovalchuk 2023, Villafañe 2023]. This corrob-

orates the interpretation of its origin as the momentum-indirect interlayer exciton

which is composed of an electron in the K valley in one of the layers and the hole

delocalized over both layers at the hybridized Γ point (as schematically depicted in

Fig 5.4 (b)), thereby lowering its effective dipole moment.

Overall, the presented studies of reflectivity and PL under the out-of-plane elec-

tric field, complemented with many-body microscopic simulations allowed to un-

cover the very rich excitonic interactions present in natural MoSe2 homobilayers.

Utilization of the coupling effects stemming from the hole and electron tunneling,

allows for high tunability of not only the energies but also the spatial characters of

the excitonic transitions by tuning the value of applied electric field. The surprising

emergence of the quadrupolar states has been attributed to the dipolar exchange

coupling, which hybridizes spin-singlet interlayer excitons of opposite static dipole

orientation.

5.7 Summary

The investigation of the properties of natural homobilayer MoSe2 device under

electric field presented in this chapter provided a fascinating picture of a rich and

complex exciton energy landscape. Combining optical spectroscopy in the form of

electric field-resolved reflectivity and photoluminescence with microscopic simula-

tions helped reveal and explain the observation of several different kind of exciton

types and their mutual interactions. The emergence of the two quadrupolar states,

characterized by a quadratic Stark shift, can be attributed to the mixing of anti-

aligned spin-singlet dipolar excitons via the dipolar exchange interaction. The large

coupling value obtained from the experiment suggests that natural TMD homobi-

layers harbour much stronger dipole-dipole interactions than the previously studied

TMD heterotrilayers. Besides the quadrupolar excitons, four highly tunable dipolar

exciton states were observed, found to be originating from the 1s spin-triplet states

and 2s spin-singlet states, which are not affected by the dipolar exchange coupling

and thus retaining their dipolar character. On top of that, the spatial charac-
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ter of the excitons can be effectively tuned between the interlayer and intralayer

character depending on the value of applied electric field. The mixing between

intralayer and interlayer states is primarily driven by a strong hole tunneling, as

evidenced by the avoided crossings and exchange of the oscillator strength between

the involved states. In addition, the observed avoided crossing between the A1s

neutral exciton and some of the interlayer states could be explained by inclusion

of the electron tunneling. For natural TMD bilayers, the electron tunneling was

thought to be symmetry-forbidden, however the clear experimental results indicate

that some limited electron tunneling is actually possible and necessary to account

for the abovementioned effect.

These results show that devices based on natural TMD bilayers are an excellent

platform for electric field tuning of excitonic properties and light matter interactions.

Moreover, such devices provide the additional simplicity, due to lack of requirement

for twist-angle engineering and resulting from that inherent immunity to either

moiré or reconstruction effects. The surprising emergence of quadrupolar excitons,

attributed to the effect of dipolar exchange coupling paves the way for realization

of advanced correlated states utilizing quadrupole-quadrupole interactions. The

results presented in this chapter are the topic of a scientific manuscript: J. Jasiński

et al “Quadrupolar Excitons in natural MoSe2 Bilayers” [Jasiński 2024a], currently

under review.
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Conclusions

In this thesis I explored the optical properties of several structures based on transi-

tion metal dichalcogenides, which are currently intensively researched by the scien-

tific community due to their outstanding opto-electronic properties. In particular,

I focused on the possibilities of control of the excitonic features utilizing both in-

trinsic characteristics of TMDs as well as external tuning parameters such as strain

and electric field.

In Chapter 3 I investigated the effects of uniaxial stress on the polarization

properties of trions in MoS2 monolayers. The strain was imposed via deposition

of MoS2 on a patterned substrate in the form of GaAs nanomembranes. I esti-

mated the strain distribution imposed by the nanomembranes and correlated the

optical properties with the morphological features of the structure. Using linear

polarization resolved photoluminescence I observed a strain induced lifting of the

charged exciton degeneracy, resulting in a fine structure splitting and linearly po-

larized emission. The unexpected emergence of this phenomenon was attributed to

the Fermi polaron nature of excitons in TMDs.

In Chapter 4 I investigated the valley polarization properties in monolayer

WSe2 (chapter 4.1) and a TMD/2D-perovskite heterostructure 4.2, precisely

WSe2/(BA)2PbI4. In both structures I studied the possibility of controlling the

value and sign of the valley polarization by utilizing an intrinsic feature of TMDs

in the form of Dexter-like intervalley coupling. This mechanism enables for efficient

transfer of coherent exciton populations from one, resonantly pumped valley, into

the same-spin states of the opposite valley. The valley polarization was found to be

strongly dependent on the energy of the circularly polarized excitation. In mono-

layer WSe2, the valley polarization of the ground A exciton state reaches above

30% for excitation energies resonant with the excited A exciton Rydberg states and

between the excitonic resonances. On the other hand, for excitation energies in

the vicinity of the B exciton states, the valley polarization vanishes for the neutral

exciton and even changes sign to around -8% in the case of biexciton and charged

biexciton. In the TMD/2D-perovskite heterostructure I demonstrated similar exci-

tation energy dependent valley polarization in the interlayer excitons, which form

between an electron in TMD and a charge transfered hole in the inorganic layer of

the 2D-perovskite. The observation of the same behaviour for both TMD intralayer

and interlayer excitons in the heterostructure testifies to the succesful spin injection

from TMD to the 2D-perovskite. These results have shown the importance of the

Dexter-like coupling, which allows to tune the degree and sign of the valley polar-

ization via excitation energy, thus becoming an additional control knob in tuning
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of the excitonic properties.

The studies presented in Chapter 5 concerned the tuning of the excitonic prop-

erties via application of electric field in natural bilayers of MoSe2. An emergence

of quadrupolar excitonic states, i.e. a superposition of anti-aligned dipolar states,

was observed for the first time in a homobilayer structure. Aided by theoretical cal-

culations, the probable mechanism for the formation of quadrupolar excitons was

attributed to the dipolar exchange between spin-singlet dipolar interlayer excitons.

Moreover, the complex interactions of the intralayer and interlayer excitons in the

presence of electric field was revealed and attributed to hybridizations stemming

from both the electron and the hole tunneling. Consequently, the spatial char-

acter of the excitons between the intralayer, hybrid and interlayer character was

found to be a strongly electric-field tunable property. These results demonstrated

the importance of taking into account different coupling mechanisms in the form

of charge carrier tunneling and the dipolar exchange coupling in order to under-

stand the excitonic landscape of the natural homobilayers of MoSe2. The observed

strong tunability of the excitonic properties signifies the potential of the TMD ho-

mobilayer systems as electric field tunable platform for investigations of many-body

phenomena.

Overall, the results presented in this thesis add another important layer to un-

derstanding of the physical mechanisms governing the excitonic properties of tran-

sition metal dichalcogenides. Control of these properties via intrinsic and extrinsic

factors has great potential for their future applications in both fundamental studies

as well as realization of practical opto-electronic devices.
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Baranowski, D. K. Maude, E. Malic, P. P lochocka.

2. Flatlands - Beyond graphene 2023

25-29 September 2023, Prague, Czech Republic

Oral presentation: “Valley Polarisation in Monolayer TMDs and TMD/2D

Perovskite Heterostructures”

J. Jasiński, S. Palai, J. Thompson, M. Śmiertka , J. D. Ziegler, K. Watanabe,

T. Taniguchi, M. Baranowski, A. Surrente, E. Malic, A. Chernikov and P.

P lochocka.

3. Exciton Transport in 2D Materials

30 May- 2 June 2023, San Sebastián, Spain

Poster presentation: “Valley Polarisation in Monolayer TMDs and TMD/2D

Perovskite Heterostructures”

J. Jasiński, S. Palai, J. Thompson, M. Śmiertka ,J. D. Ziegler, K. Watanabe,

T. Taniguchi, M. Baranowski, A. Surrente, E. Malic, A. Chernikov and P.

P lochocka.

4. Workshop “MAGNETIC FIELDS IN MATERIALS RESEARCH”

22-24 May 2023, Wroc law, Poland

Poster presentation: “Valley Polarisation in Monolayer TMDs and TMD/2D

Perovskite Heterostructures”

J. Jasiński, S. Palai, J. Thompson, M. Śmiertka , J. D. Ziegler, K. Watanabe,

T. Taniguchi, M. Baranowski, A. Surrente, E. Malic, A. Chernikov and P.

P lochocka.

5. Mauterndorf Winterschool 2023

12-17 February 2023, Mauterndorf, Austria

Poster presentation: “Strain induced lifting of the charged exciton degeneracy

in monolayer MoS2 on GaAs nanomembranes”

J. Jasiński, A. Balgarkashi, V. Piazza, D. Dede, A. Surrente, M. Baranowski,

D. K. Maude, M. Banerjee, R. Frisenda, A. Castellanos-Gomez, A. Fontcu-

berta i Morral and P. P lochocka.
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6. Flatlands - Beyond graphene 2022

28-30 September 2022, Lanzarote, Spain

Oral presentation: “Strain induced lifting of the charged exciton degeneracy in

monolayer MoS2 on GaAs nanomembranes”

J. Jasiński, A. Balgarkashi, V. Piazza, D. Dede, A. Surrente, M. Baranowski,

D. K. Maude, M. Banerjee, R. Frisenda, A. Castellanos-Gomez, A. Fontcu-

berta i Morral and P. P lochocka.

7. 50th International School & Conference on the Physics of Semiconductors

“Jaszowiec 2022”

4-10 June 2022, Szczyrk, Poland

Oral presentation: “Strain Engineering of the Polarization Properties of MoS2
Monolayers via Integration on GaAs Nanomembranes”

J. Jasiński, A. Balgarkashi, V. Piazza, D. Dede, A. Surrente, M. Baranowski,

D. K. Maude, M. Banerjee, R. Frisenda, A. Castellanos-Gomez, A. Fontcu-

berta i Morral and P. P lochocka.

8. Optics of Excitons in Confined Systems OECS17

30 August-2 September 2021, Dortmund, Germany

Poster presentation: “Optical Properties of MoS2 on GaAs nanomembranes”

J. Jasiński, A. Balgarkashi, D. Dede, A. Surrente, M. Baranowski, R. Frisenda,

A. Castellanos-Gomez, A. Fontcuberta i Morral and P. P lochocka.
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[Berghäuser 2018] Gunnar Berghäuser, Ivan Bernal-Villamil, Robert Schmidt,

Robert Schneider, Iris Niehues, Paul Erhart, Steffen Michaelis de Vasconcel-

los, Rudolf Bratschitsch, Andreas Knorr and Ermin Malic. Inverted valley

polarization in optically excited transition metal dichalcogenides. Nature

communications, vol. 9, no. 1, page 971, 2018. (Cited on pages 61, 62, 68

and 70.)

[Bernal-Villamil 2018] Ivan Bernal-Villamil, Gunnar Berghäuser, Malte Selig, Iris
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Rosaĺıa Serna, Giovanni Piredda, Sandra Stroj, Johannes Edlinger, Chris-

tian Schimpf, Johannes Aberl, Thomas Lettner, Johannes Wildmann, Huiy-

ing Huang, Xueyong Yuan, Dorian Ziss, Julian Stangl and Armando Rastelli.

Strain-tuning of the optical properties of semiconductor nanomaterials by

integration onto piezoelectric actuators. Semiconductor Science and Tech-

nology, vol. 33, no. 1, page 013001, 2017. (Cited on page 47.)

[McIntyre 1971] JDE McIntyre and David E Aspnes. Differential reflection spec-

troscopy of very thin surface films. Surface Science, vol. 24, no. 2, pages

417–434, 1971. (Cited on page 25.)

[Merkl 2019] Philipp Merkl, Fabian Mooshammer, Philipp Steinleitner, Anna

Girnghuber, K-Q Lin, Philipp Nagler, Johannes Holler, Christian Schüller,

John M Lupton, Tobias Kornet al. Ultrafast transition between exciton

phases in van der Waals heterostructures. Nature materials, vol. 18, no. 7,

pages 691–696, 2019. (Cited on page 87.)

[Michail 2023] Antonios Michail, Dimitris Anestopoulos, Nikos Delikoukos, Spyri-

don Grammatikopoulos, Sotirios A Tsirkas, Nektarios N Lathiotakis, Otakar

Frank, Kyriakos Filintoglou, John Parthenios and Konstantinos Papagelis.

Tuning the Photoluminescence and Raman Response of Single-Layer WS2

Crystals Using Biaxial Strain. The Journal of Physical Chemistry C, vol. 127,

no. 7, pages 3506–3515, 2023. (Cited on page 35.)

[Miller 1984] David AB Miller, DS Chemla, TC Damen, AC Gossard, W Wieg-

mann, TH Wood and CA Burrus. Band-edge electroabsorption in quantum

well structures: The quantum-confined Stark effect. Physical Review Letters,

vol. 53, no. 22, page 2173, 1984. (Cited on page 17.)

[Mitioglu 2018] Anatolie Mitioglu, Jonathan Buhot, MV Ballottin, Sergiu Anghel,

Konstantin Sushkevich, Leonid Kulyuk and Peter CM Christianen. Ob-

servation of bright exciton splitting in strained WSe 2 monolayers. Physical

Review B, vol. 98, no. 23, page 235429, 2018. (Cited on pages 33, 57 and 59.)

[Molina-Sanchez 2011] Alejandro Molina-Sanchez and Ludger Wirtz. Phonons in

single-layer and few-layer MoS 2 and WS 2. Physical Review B, vol. 84,

no. 15, page 155413, 2011. (Cited on page 52.)

[Montblanch 2021] Alejandro R-P Montblanch, Dhiren M Kara, Ioannis Paradis-

anos, Carola M Purser, Matthew SG Feuer, Evgeny M Alexeev, Lucio Stefan,

Ying Qin, Mark Blei, Gang Wanget al. Confinement of long-lived interlayer

excitons in WS2/WSe2 heterostructures. Communications Physics, vol. 4,

no. 1, page 119, 2021. (Cited on pages 15 and 87.)

[Mueller 2018] Thomas Mueller and Ermin Malic. Exciton physics and device ap-

plication of two-dimensional transition metal dichalcogenide semiconductors.



Bibliography 135

npj 2D Materials and Applications, vol. 2, no. 1, page 29, 2018. (Cited on

pages 1, 10 and 87.)

[Muir 2022] Jack B Muir, Jesper Levinsen, Stuart K Earl, Mitchell A Conway,

Jared H Cole, Matthias Wurdack, Rishabh Mishra, David J Ing, Eliezer

Estrecho, Yuerui Luet al. Interactions between Fermi polarons in monolayer

WS2. Nature Communications, vol. 13, no. 1, page 6164, 2022. (Cited on

page 20.)

[Nayak 2017] Pramoda K Nayak, Yevhen Horbatenko, Seongjoon Ahn, Gwangwoo

Kim, Jae-Ung Lee, Kyung Yeol Ma, A-Rang Jang, Hyunseob Lim, Dogyeong

Kim, Sunmin Ryuet al. Probing evolution of twist-angle-dependent interlayer

excitons in MoSe2/WSe2 van der Waals heterostructures. ACS nano, vol. 11,

no. 4, pages 4041–4050, 2017. (Cited on pages 15 and 87.)

[Novoselov 2016] KS Novoselov, o A Mishchenko, o A Carvalho and AH Cas-

tro Neto. 2D materials and van der Waals heterostructures. Science, vol. 353,

no. 6298, page aac9439, 2016. (Cited on pages 2 and 87.)
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Excitons in Moiré MoSe 2 Homobilayers. Physical Review Letters, vol. 130,

no. 2, page 026901, 2023. (Cited on pages 87, 92 and 107.)

[Wagner 2020] Koloman Wagner, Edith Wietek, Jonas D Ziegler, Marina A Semina,

Takashi Taniguchi, Kenji Watanabe, Jonas Zipfel, Mikhail M Glazov and

Alexey Chernikov. Autoionization and dressing of excited excitons by free

carriers in monolayer WSe 2. Physical review letters, vol. 125, no. 26, page

267401, 2020. (Cited on page 20.)

[Wang 2014] L Wang and MW Wu. Electron spin relaxation due to D’yakonov-

Perel’and Elliot-Yafet mechanisms in monolayer MoS2: role of intravalley



Bibliography 143

and intervalley processes. Physical Review B, vol. 89, no. 11, page 115302,

2014. (Cited on pages 11, 61 and 70.)

[Wang 2015a] Gang Wang, Xavier Marie, I Gerber, Thierry Amand, Delphine La-

garde, Louis Bouet, M Vidal, Andrea Balocchi and Bernhard Urbaszek. Gi-

ant enhancement of the optical second-harmonic emission of WSe 2 mono-

layers by laser excitation at exciton resonances. Physical review letters,

vol. 114, no. 9, page 097403, 2015. (Cited on page 33.)

[Wang 2015b] Gang Wang, Cédric Robert, Aslihan Suslu, Bin Chen, Sijie Yang,

Sarah Alamdari, Iann C Gerber, Thierry Amand, Xavier Marie, Sefaattin

Tongay and Bernhard Urbaszek. Spin-orbit engineering in transition metal

dichalcogenide alloy monolayers. Nature Communications, vol. 6, no. 1, page

10110, 2015. (Cited on pages 70 and 72.)

[Wang 2015c] Yu-Ting Wang, Chih-Wei Luo, Atsushi Yabushita, Kaung-Hsiung

Wu, Takayoshi Kobayashi, Chang-Hsiao Chen and Lain-Jong Li. Ultra-

fast multi-level logic gates with spin-valley coupled polarization anisotropy in

monolayer MoS2. Scientific Reports, vol. 5, no. 1, page 8289, 2015. (Cited

on pages 11, 61 and 69.)

[Wang 2017a] Gang Wang, Cédric Robert, Mikhail M Glazov, Fabian Cadiz, Em-

manuel Courtade, Thierry Amand, Delphine Lagarde, Takashi Taniguchi,

Kenji Watanabe, Bernhard Urbaszeket al. In-plane propagation of light in

transition metal dichalcogenide monolayers: optical selection rules. Physical

review letters, vol. 119, no. 4, page 047401, 2017. (Cited on page 11.)

[Wang 2017b] Yong Wang, Zhan Wang, Wang Yao, Gui-Bin Liu and Hongyi Yu.

Interlayer coupling in commensurate and incommensurate bilayer structures

of transition-metal dichalcogenides. Physical Review B, vol. 95, no. 11, page

115429, 2017. (Cited on page 102.)

[Wang 2018a] Gang Wang, Alexey Chernikov, Mikhail M Glazov, Tony F Heinz,

Xavier Marie, Thierry Amand and Bernhard Urbaszek. Colloquium: Exci-

tons in atomically thin transition metal dichalcogenides. Reviews of Modern

Physics, vol. 90, no. 2, page 021001, 2018. (Cited on pages 1, 7, 10, 61

and 87.)

[Wang 2018b] Zefang Wang, Yi-Hsin Chiu, Kevin Honz, Kin Fai Mak and Jie Shan.

Electrical tuning of interlayer exciton gases in WSe2 bilayers. Nano letters,

vol. 18, no. 1, pages 137–143, 2018. (Cited on pages 17 and 87.)

[Wang 2019] Zefang Wang, Daniel A Rhodes, Kenji Watanabe, Takashi Taniguchi,

James C Hone, Jie Shan and Kin Fai Mak. Evidence of high-temperature exci-

ton condensation in two-dimensional atomic double layers. Nature, vol. 574,

no. 7776, pages 76–80, 2019. (Cited on page 88.)



144 Bibliography

[Wang 2020a] Qixing Wang, Qi Zhang, Xin Luo, Junyong Wang, Rui Zhu, Qijie

Liang, Lei Zhang, Justin Zhou Yong, Calvin Pei Yu Wong, Goki Eda, Juer-

gen H Smet and Andrew T Wee. Optoelectronic properties of a van der

Waals WS2 monolayer/2D perovskite vertical heterostructure. ACS Applied

Materials & Interfaces, vol. 12, no. 40, pages 45235–45242, 2020. (Cited on

page 63.)

[Wang 2020b] Tianmeng Wang, Zhipeng Li, Yunmei Li, Zhengguang Lu, Sheng-

nan Miao, Zhen Lian, Yuze Meng, Mark Blei, Takashi Taniguchi, Kenji

Watanabe, Sefaattin Tongay, Dmitry Smirnov, Chuanwei Zhang and Su-Fei

Shi. Giant valley-polarized Rydberg excitons in monolayer WSe2 revealed

by magneto-photocurrent spectroscopy. Nano Letters, vol. 20, no. 10, pages

7635–7641, 2020. (Cited on page 65.)

[Wang 2021a] Haizhen Wang, Jiaqi Ma and Dehui Li. Two-dimensional hybrid

perovskite-based van der Waals heterostructures. The Journal of Physi-

cal Chemistry Letters, vol. 12, no. 34, pages 8178–8187, 2021. (Cited on

page 63.)

[Wang 2021b] Qixing Wang, Julian Maisch, Fangdong Tang, Dong Zhao, Sheng

Yang, Raphael Joos, Simone Luca Portalupi, Peter Michler and Jurgen H

Smet. Highly polarized single photons from strain-induced quasi-1D localized

excitons in WSe2. Nano letters, vol. 21, no. 17, pages 7175–7182, 2021.

(Cited on page 47.)

[Wang 2021c] Qixing Wang and Andrew TS Wee. Upconversion photovoltaic effect

of WS2/2D perovskite heterostructures by two-photon absorption. ACS nano,

vol. 15, no. 6, pages 10437–10443, 2021. (Cited on page 63.)

[Wannier 1937] Gregory H Wannier. The structure of electronic excitation levels in

insulating crystals. Physical Review, vol. 52, no. 3, page 191, 1937. (Cited

on page 7.)

[Weber 2003] Tino Weber, Jens Herbig, Michael Mark, Hanns-Christoph Nagerl

and Rudolf Grimm. Bose-Einstein condensation of cesium. Science, vol. 299,

no. 5604, pages 232–235, 2003. (Cited on page 88.)

[Wilson 2017] Neil R Wilson, Paul V Nguyen, Kyle Seyler, Pasqual Rivera, Alexan-

der J Marsden, Zachary PL Laker, Gabriel C Constantinescu, Viktor

Kandyba, Alexei Barinov, Nicholas DM Hineet al. Determination of band

offsets, hybridization, and exciton binding in 2D semiconductor heterostruc-

tures. Science advances, vol. 3, no. 2, page e1601832, 2017. (Cited on

page 15.)

[Wu 2017] Fengcheng Wu, Timothy Lovorn and Allan H MacDonald. Topological
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